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savings, achieved without significantly increasing installed capacity, but with a more efficient distribution,
which also reduces the total investment cost by around 32 % due to economies of scale.

1. Introduction

A pivotal challenge of this century lies in orchestrating a clean en-
ergy transition. Key contributors to greenhouse gas (GHG) emissions are
in particular the buildings sector representing 35 % of energy-related EU
emissions and the transport sector representing around 25 % of the EU’s
total greenhouse gas emissions [1,2]. The European commission ac-
knowledges the role of sector integration in the fulfilment of the ob-
jectives: “Linking sectors will allow the optimisation of the energy
system as a whole, rather than decarbonising and making separate ef-
ficiency gains in each sector independently” [3].

A renewable energy community (REC) [4] can help optimize the use
of the existing grid, integrating more renewable energy, electrifying
transport and buildings, with an additional positive effect on household
expenditures [5].

1.1. Research contribution

Despite significant advances in modeling RECs, existing studies often
focus on isolated aspects like photovoltaic system sizing or economic
feasibility, lacking a comprehensive framework for holistic
optimization.

Our study introduces a complete simulation tool that integrates
critical dimensions of RECs identified in literature. To our knowledge, it
is the first to offer such a comprehensive perspective on energy com-
munities. In summary, our simulation tool addresses a crucial gap in
REC literature by integrating multiple features into a single, compre-
hensive framework and demonstrating its efficacy in real-world sce-
narios. It provides a robust solution to optimize energy communities,
ensuring they are economically viable, environmentally sustainable, and
socially equitable. This represents a step forward in the clean energy

Table 1
Features of renewable energy community model.

transition and serves as a valuable resource for researchers, policy-
makers, and practitioners.

1.2. Literature review

The state-of-the-art literature review provides a comprehensive
overview of the research status in the field of energy communities, and
they are divided per main topic. Table 1 provides the key features of
analyzed models and Table 2 shows further classification according to

[6].

1.2.1. Optimization and energy planning

Several studies provide valuable models to guide energy experts and
urban planners in optimizing the sizing and management of Renewable
Energy Communities (RECs), considering various configurations and
their impacts to maximize efficiency and minimize costs.

Cielo et al. [7] propose a model which optimize size of photovoltaic
(PV) system and electrochemical energy storage, demonstrating the
sensitivity to energy markets and operating costs. Furthermore, they
also consider the management costs of the Renewable Energy, i.e. the
cost of acquiring and sharing measurements among the REC share-
holders. Minuto et al. [8] develop a framework that accounts for eco-
nomic and environmental indicators with the objective to maximize the
economic feasibility and minimize the impact on the distribution grid,
the primary energy consumption, and the emissions.

Similarly Coletta and Pellegrino [9] and Cutore et al. [10] propose an
optimal design methodology for sizing a REC while comparing central-
ized and decentralized configurations, to assess energetic, economic,
and social impacts. Pontes Luz and Amaro E Silva [11] evaluate the
technical-economic feasibility of different configurations of an energy
community - which integrates the city consumers and a local winery -
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Table 2
Renewable energy community existing methodologies.
Objective Energy Spatial Temporal Modeling Modeling Location Year
resolution resolution method tool
coverage
1 min JADE (Java)
Celik et al. [25] Optimize REC performance electric 20 smart homes - SO0 ’ - 2017
(MATLAB)
1 day
electric 1h
100 h hold ME: Anylogi
Reis et al. [29] Optimize loads and dispatch thermal 0o Ousenoics, 3 SMEs, - SO0 Y ogie (ava Portugal 2018
coordinator, retailer agent IDE Eclipse)
transport 1 wk
. electric HERO-Hybrid
Fleischhacker et al.
?;f] ackereta Assess REC capacities thermal - 1h MOO EneRgy Austria 2019
transport Optimization
. Lo 1 month
Ka[rluzn]athllake etal. Elebt(ermme ideal technology electric B . FOP (STELLA) Canada 2020
10 years
Design building energy system  electric jointly acting renewables self- th
Kotarela et al. [16] . 8 J &Y sy J v J - SO0 - Greece 2020
lifecycle thermal consumers
1 year
. . households and commercial 1h HERO-Hybrid
Radl et al. [22] Optimize PV system and electric consumers: 23 individuals, 11 - Lp EneRgy EU 2020
energy storage thermal SO0 L
cars 1 year Optimization
30 min
Alnaser et al. [28] Optimize battery scheduling electric 102 households - SO0 AIMMS, OpenDSS - 2020
1 day
Di Lorenzo et al. Investigate building energy . Simulink
lect: - 1 - - 2020
[30] community feasibility electric s (MATLAB)
- . 1h
Cielo et al. [7] Optimize PV system and electric school, gymnasium, town hall, i MILP (Python) Italy 2021
energy storage 10 households SO0
1 year
Optimize technology electric condominium with 74 30 min
Mi 1. [8 . . .. . - - Ital 2021
inuto et al. [8] configuration and sizing thermal households, 13 office/shop 1 year 500 taly 0
Coletta and Assess REC capacities 1h
Pellegrino [] (centralized, distributed PV) electric 52 households - SO0 (MATLAB) Italy 2021
1 year
Pontes Luz and
Amaro E Silva Assess REC capacities electric local winery, 30 households 15 min SO0 Calliope (Python) Portugal 2021
[11]
local authority, fire 1h
Cosic et al. [13] Mlnlmlz'e énergy costs and electric del?aljtment, 'bank, res%dentlal . MILP B Austria 2021
CO;, emissions building, 3 single-family MOO
1 year
houses
1h
Alonso et al. [14] Compare regulatory schemes electric ) MILP Spain 2021
’ P J y - 1 wk. for SO0 - P
season
Rikkas and Optimize size and operation of  electric 1h LP/MILP
Lahdelma [15] hybrid energy solutions thermal mixed-type building 1 year SO0 Finland 2021
Gjorgievski et al 15 min
J [ 1§] ’ Real-time fair energy sharing electric 2/15 households - simulation (Python) - 2021
1h
5 small medium enterprises LP YALMIP Austria.
P 1. [18 Maximi ial welf: 1 i ’ 1h ’ 2021
erger et al. [18] aximize social welfare electric 10 households 500 (MATLAB) Germany 0!
. . . . 1h
Zatti et al. [19] O'ptlr'mze: design and revenue electric 6 households, 3 commercial . MILP B Ttaly 2021
distribution thermal users SO0
5 days
Assess REC capacities (focus 10 households, commercial 15 min
Fioriti et al. [20] D: . electric ’ - SO0 - Italy 2021
on rewards and exit costs) users, aggregator
1 year
electric 1h MINLP
Wang et al. [23] Optimize REC performance 4 households - (Python), (GAMS) extra UE 2021
transport MOO
1 day
1 ingle-family h 1h
Bashir et al. [24] Optimize thermal storage for thermal d?s(t)r?:i:at?;m }; 0rl(i.seast’or MILP (MATLAB), Finland 2021
) REC heating with renewables . . S, 488Te8 SO0 (GAMS)
with wind farm 1 year
S electric 1h
Chronis et al. [26] Evalu?te. REC participation thermal 60 households, Mayor’s office - MILP - Greece 2021
benefits in local market SO0
transport 1 year
Maximize REC self-sufficiency  electric 15 min OpenDSS
Secchi et al. [27] and minimize BESS capacity thermal 90 members 1 ear MOO (MATLAB) Italy 2021

(continued on next page)
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supported by collective photovoltaic self-consumption, showing the
advantages and disadvantages of centralized or decentralized systems.

Cosic et al. [13] and Alonso et al. [14] contributions reside in
providing mathematical frameworks for optimizing the planning and
management of RECs, considering factors such as energy costs, emis-
sions reductions, and regulatory influences. Rikkas and Lahdelma [15]
and Kotarela et al. [16] focus on optimizing energy systems within
communities to enhance efficiency and reduce costs. Rikkas and Lah-
delma [15] devise an optimization framework targeting a building
comprising residential, office, and commercial spaces, considering
diverse local energy generation and storage systems for electricity,
heating, and cooling, while Kotarela et al. [16] implement a collective
energy consumption model typical urban multifamily nearly zero-
energy buildings (nZEB) to achieve energy self-sufficiency and grid
stability.

1.2.2. Equity and energy sharing

The literature extensively considers economic aspects beyond the
mere dimension of renewable systems, focusing particularly on profit-
ability for all members during the management of REC. In particular,
Vladimir Z Gjorgievski et al. [17], Perger et al. [18], Zatti et al. [19], and
Fioriti et al. [20] focus on promoting fair energy distribution within
communities. They propose various methodologies and models aimed at
ensuring that energy sharing among community members is equitable,
considering individual contributions, preferences, and seasonal varia-
tions in energy demand. Profit distribution, as suggested by Zatti et al.
[19], is modeled as a cooperative game, incentivizing electricity con-
sumption shifting and encouraging active participation from all mem-
bers. Fioriti et al. [20] additionally consider user cooperation and
efficient operation in their tailored business model, with exit clauses and
aggregator payments.

1.2.3. Economies of scale

The optimal configuration between centralized and decentralized
systems is often shaped by economies of scale, a topic extensively
addressed by Fleischhacker et al. [21] and Radl et al. [22] within the
context of energy communities. Fleischhacker et al. [21] emphasize the
importance of considering the economies of scale in energy community
design to enhance the overall efficiency and their economic viability.
Similarly, Radl et al. [22] introduce a linear optimization framework
aimed at reducing community energy expenses by investing in PV

Table 2 (continued)
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systems, batteries, and thermal storage, while considering that the
community has the advantage of investing together in assets and bene-
fits from economies of scale and reduced grid tariffs for electric energy
exchanged.

1.2.4. Storage technologies, load shifting and demand side management

Wang et al. [23] and Bashir et al. [24] Celik et al. [25], and Chronis
et al. [26] explore the use of energy storage technologies, such as bat-
teries and thermal systems, to enhance flexibility and demand side
management (DSM) within communities.

Wang et al. introduce a model for a peer-to-peer energy sharing
community with an internal pricing scheme, and an energy fluctuation
penalty algorithm. The aim is to encourage participation from both
prosumers and consumers, motivating them to adhere to the energy
smart contract and engage in electricity peak-shifting activities. Simi-
larly, Bashir et al. [24] develop a mixed integer linear programming
(MILP) based model to size thermal storage for meeting community hot
water demand using renewable energy. An aggregator, overseeing a
wind farm and DWHP system, optimizes storage size and schedule hot
water loads based on individual parameters.

Chronis et al. [26] simulate the local energy market within an energy
community, optimizing energy exchanges among both residential and
commercial members, some of whom possess flexible loads, such as
electric boilers, battery electric vehicle (BEV) chargers. Secchi et al. [27]
address the BESS sizing challenge with a prosumer-centered approach,
seeking to minimize BESS capacity and highlight the effective utilization
of BESS in peer-to-peer (P2P) sharing.

1.2.5. Decentralized control and optimization of energy exchanges

Celik et al. [25], Alnaser et al. [28] propose decentralized control
algorithms and optimization models to manage energy sharing and
consumption efficiently. Celik et al. [25] introduce a decentralized
control algorithm which coordinates energy sharing among smart homes
in residential areas using game theory and a multi-agent system (MAS),
while Reis et al. [29] and Di Lorenzo et al. [30] include a coordinating
entity managing and distributing energy resources within the commu-
nity. Alnaser et al. [28] develop a residential community energy man-
agement system, where a community operator maximizes the energy
sufficiency of the community over a specific operational planning period
by efficiently controlling residential batteries.

Objective Energy Spatial Temporal Modeling Modeling Location Year
resolution resolution method tool
coverage
Maximize investment 1h (MATLAB
Cut t al. [10 lectri 17 buildi - SO0 Ital 2023
utore et al. [10] profitability of REC electric uildings R2021a) ay
1 year
10 min
imi i NLP Mi ff
Silvestre et al. [32] Op’[lle-e CDnSl.lInptlon or electric households - GRG Microsoft Italy 2023
generation design SO0 Excel Solver
1 month
Elomari et al. The system, its boundaries, 1h Homer Pro
[33] : and the capacity of REC electric 100 residential buildings - MOO (Python) Spain 2024
o system 1 year y
Minelli et al. Evaluation of usefulness of electric School bu'lldmg' (cor?sumer), 1h . . Ene.rgyPlu's,
. newly built residential NZEB - simulation Design Builder Italy 2024
[34] NZEB target in REC thermal
(prosumer) 1 year (Python)
Optimize operational and electric 5 households (both prosumers 1h P oemof
current study expansion capacities and fair thermal and consumers) - MOO (Python) Italy -
benefit distribution in REC transport flexible application 1 year ¥

Fuzzy Optimization Problem (FOP).
Multi-Objective Optimization (MOO).
Single-Objective Optimization (SOO).
Linear Programming (LP).

Mixed-Integer Linear Programming (MILP).
Nonlinear Programming (NLP).
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1.2.6. Energy community composition

As discussed in Volpato et al. [31], examining the composition of an
REC is crucial for ensuring its overall effectiveness, sustainability, and
economic viability before its establishment. Each consumer has distinct
energy consumption patterns, peak demand times, and preferences,
therefore Different types of consumers within an energy community may
have complementary energy profiles. By understanding and optimizing
the composition of the community, it becomes possible to match supply
and demand more efficiently, reducing waste and optimizing resource
utilization. These aspects are partly addressed by Reis et al. [29] and by
Silvestre et al. [32].

Reis et al. [29] proposed model includes a coordinating entity that
manages and distributes the community’s energy resources by taking
into account agent preferences, such as load usage periods and
comfortable temperatures, and cross-sector activities, such as public
lighting and EV charging stations.

Silvestre et al. [32] introduces an algorithm designed to optimize the
composition of consumers within an energy community with the
objective to maximize the economic advantages derived from self-
consumption of a specified PV plant, but also, to determine the ideal
size of the PV system for a specific group of consumers. In this context,
Elomari et al. [33] developed a model that uses a multi-objective opti-
mization algorithm to estimate future costs and levelized cost of energy
as the main objective, with environmental impact as a secondary
objective. This method provides valuable insights into various renew-
able energy community configurations, aiding decision-makers in
selecting the most appropriate options. Minelli et al. [34] also demon-
strated that complementarity between prosumers is key for effective
renewable energy use, showing that coupling an NZEB with a neigh-
boring building can reduce grid overload, especially with time-shifted
energy loads.

As outlined in the literature review, all stakeholders involved in
establishing a REC encounter numerous challenges in addressing spe-
cific queries, such as determining the appropriate capacity for installa-
tion and identifying the optimal number of members and energy
consumption patterns. Additionally, they need to evaluate the signifi-
cance of including residential, commercial, and industrial profiles, and
devise effective strategies for managing energy flows to maximize rev-
enue and minimize costs. At the same time, they select members based
on specific objectives and needs, plan infrastructure according to
building availability and consumption profiles, and evaluate manage-
ment strategies to optimize production and consumption. Considering
local laws and regulations to ensure community compliance is essential,
as is ensuring that community participation and the benefits of renew-
able energy are equally distributed among all members, thus avoiding
socio-economic disparities. Lastly, conducting environmental impact
assessments is crucial to the overall success of the REC. It is therefore
possible to confirm the growing need for updated mathematical models
characterized by the most relevant features to interpret increasingly
intricate regulatory guidelines.

Building on key insights from our literature review, this work dis-
tinguishes itself by integrating valuable elements from existing re-
searches while introducing advancements in the optimization and
energy planning of RECs. Our model leverages linear programming
techniques to optimize energy flows by focusing on cost minimization,
efficiency maximization, demand management, sector coupling, and
economies of scale.

In terms of equity and energy sharing, our model incorporates
cooperative game theory to fairly allocate the economic benefits of en-
ergy sharing, based on each participant’s contribution, as detailed in our
previous work [35]. This alignment of individual contributions with
community-wide benefits, combined with demand management strate-
gies, enhances overall system effectiveness.

We address the often-overlooked concept of economies of scale by
developing a comprehensive framework that optimizes both the design
and the management of energy systems within RECs, ensuring cost-
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effectiveness and improved economic outcomes for community
members.

Our model integrates energy storage and demand management to
balance supply and demand optimally, enhancing the reliability and
sustainability of the energy community.

Additionally, our model accommodates both centralized and
decentralized systems, allowing for a thorough analysis of each. This
flexibility enables the exploration of diverse configurations and the
identification of optimal solutions.

Finally, our model is designed to evaluate various configurations,
including prosumers, consumers, and producers of different types,
within regulatory constraints. This ensures the potential to maximize
self-consumption while assessing the relative benefits of different
configurations.

Broadening the existing integrated REC model described in Casa-
licchio et al. [35,36], this study aligns with the objective of supporting
the decision-making process by incorporating the following features
—optimization and sector coupling- and ensuring that every aspect
identified in the literature analysis is comprehensively addressed within
a single framework.

- Optimization: The model is tailored to optimize the dispatch and
design of the REC system, taking into consideration economies of scale,
costs, and emissions.

- Sector coupling: The model enables the evaluation of potential
synergies among the electric, thermal, and transportation sectors within
the energy system.

This work is organized as follows. Section 2 presents the methodol-
ogy adopted to implement the additional features and the overall
characteristics of the proposed model.

Section 3 provides detailed information on the case study and its
tests. Section 4 discusses the detailed results and finally the main find-
ings and observations are summarized in Section 5.

2. Methodology

This section describes the adopted methodology and the model
characteristics and structure.

The model developed in this work builds on Casalicchio et al. [35,36]
and is based on a bottom-up approach and a linear programming, which
implements a static approach focusing on a short-term target period of
one year.

2.1. Objective function formulation

Our model is implemented using the Open Energy Modeling
Framework, oemof [37] which casts both objectives and constraints as
linear functions, enabling optimization through linear programming
techniques. The oemof framework supports optimizing both the opera-
tional dispatch of energy resources and the expansion of system capacity
within a REC, providing a comprehensive approach to cost minimization
and efficient energy planning.

It is an open-source, modular, and flexible software that represents
energy systems as networks of nodes and links, offering high adapt-
ability for modeling diverse configurations. Its continuous updates and
active development ensure it remains a robust and current tool for en-
ergy system analysis. For instance, Fig. 1 illustrates the interactions
among model components.

Oemof offers essential components for constructing energy system
models. Here is a concise overview of these linear components:

Bus - Balancing object ensuring flow balance at each timestep.

Sink - Single-input-flow object.

Source - Single-output-flow object.

Transformer - Linear object with multiple inputs and outputs,
defined by input and output conversion factors.

Link - Connects two buses with specific conversion factors and ca-
pacity limits, regulating flow direction.
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Fig. 1. Streamlined illustration of a renewable energy community as an oemof-network (sector coupling).

GenericStorage - Models various storage types, considering capacity,
energy loss, and charging/discharging efficiencies.

SinkDSM - Facilitates consumption flexibility through load shifting
or shedding strategies, with options for upper and lower bounds, shift
interval, and associated costs.

StratifiedThermalStorage - Represents simplified large-scale sensible
heat storage with ideal stratification.

The general dispatch optimization problem entails determining the
best utilization of resources to meet demand while minimizing expenses
and encompasses two main aspects:

- operational optimization: this focuses on minimizing the daily
operational costs by optimizing the dispatch of energy resources.
expansion capacity optimization: this involves determining the
optimal expansion of system capacity, including investments in new
generation units, storage solutions, or other infrastructure compo-
nents. The goal is to identify the most efficient capacity expansion
strategy that minimizes long-term costs while ensuring adequate
supply to meet the demand.

The objective function OFgc in Eq. 1 reflects these dual goals by
incorporating both operational costs and capacity expansion costs. Eq. 1,
expresses the overall cost of purchased energy u, by member m, at time ¢,
times its variable cost vcp, [€/kWh] and the investment, and opera-
tions and maintenance costs epc, of optimized systems capacity C,. We
denote with U the set of all purchased energy flows, with M the set of all
the members and with T the set of all timesteps.

The hourly power balance in each Bus, and the maximum deliverable
power from all sources govern the goal function.

minimize OFgc = ZZZEMW ® VCpyt +Cm @ €pC,, (€8]
meM ueU teT

The model is flexible enough to implement any type of REC, given

the defined component configuration, as it allows for a potentially un-

limited number of nodes. In practice, the number of nodes is constrained

by the computational capabilities and available resources.

2.2. Electric sector modeling and improvements

The Sink and SinkDSM components, as shown in Fig. 1, are used to
model fixed and flexible loads with load profiles for users represented by
Lgyem [kWh], Lgey n [kWh]. In particular, the SinkDSM component allows
for the modeling of both load shifting and load shedding. In our model,
we focus specifically on load shifting, and we introduce upper and lower
bounds that enable demand to vary within these limits. This component
ensures that any upward shift in demand is balanced by a corresponding
downward shift, maintaining overall system stability. Both flexible and
fixed electric load profiles of residential users are obtained using the
LoadProfileGenerator (LPG) application [38]. Based on the load type,
we determine whether the demand is shiftable or not, enabling the
modeling of load shifting in the optimization process.

While Sink components were already introduced in Casalicchio et al.
[36], in this work, the electrical section is further expanded to incor-
porate economies of scale for both photovoltaic (PV) and battery com-
ponents, including both electric and thermal storage systems. The
economies of scale costs are considered by setting both a variable capital
expenditure of investment CAPEX,, [€/kW] a fixed capital expenditure of
investment CAPEX g, [€] to approximate the economies of scale curve
and the operating expenditure of investment OPEXpy [€/year].
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These costs are given as an input to oemof to calculate the equivalent
periodical costs epc, [€/y] and epc,g,, [€/y] and perform the capacity
optimization of the PV system as shown in Egs. 2 and 3, together with
the life expectancy of investment lifetime, and the weighted average cost
of capital (WACQC).

A maximum limit is also set for the capacity Cpax py [KW] that can be
built in case of limited available area or other constraints to be taken
into account.

(1 + wacc)#eimen
epc,, = CAPEX,, e wacc o 1+ waco# @ 1 + OPEX,, (2)
(1 + wacg)Fetmen
€PCoffsetm = CAPEXaffseLm ® wacc e (1 + Wacc)lifetimem -1 + OPEXOﬁSEf-m 3

The economies of scale stem from the simple fact that larger elements
are more cost-effective. Therefore, one or more stores that are respon-
sible for the installation of the components under analysis are analyzed
to collect turnkey costs, i.e. system costs that include the cost of in-
verters, switchboards, cables, support structures, the cost of labor, and
so on. Once these costs for different size systems are obtained, an
interpolation curve is created for each system to identify the average
variable costs (value dependent on the installed capacity) and the
average fixed costs (value not dependent on the size of the installed
capacity).

2.3. Thermal sector

Three SinkDSM components are introduced to model heating, do-
mestic hot water (DHW), and cooling demands. Shedding and shifting
are two demand response strategies aimed at managing energy con-
sumption during peak periods. Gils [39] recommends prioritizing the
shifting strategy over shedding due to its lower impact on comfort and
productivity. Gils [39] provides data on shifting periods and limitations,
including the percentage reduction in load s,egycion [%] and its impact on
comfort and routines.

In this work, the “oemof” model is chosen for the SinkDSM object due
to its computational efficiency and simplicity, requiring fewer parame-
ters while still being adequate for the task.

This component ensures that the total electricity demand remains
constant over time (Eq. 7). A portion of the flexible load E [kWh] can be
shifted, as long as it stays within the defined upper bound cap,,, [%] and
the lower bound capy,,, [%]. The shifting occurs within the shift in-
terval tyy [h] where the upward-shifted demand DSMUPSMIft [kWh] is

balanced by the downward- shifted demand DSMf"'Shift [kWh].

Eofort = Ebefmvt + DSMtlp.shift - DSM?o,shift 4)
Eattert = Ebefore -+ DSMIPsHift _ pgpypdoshift (5)
DSM{**™ < ap i, ® Evefore.e ©6)
Z DSMtuP‘Shm — Z DSM?O’Shiﬁ (7)
tet shife tEthis

Both air heat pumps and water heat pumps are examined and
modeled through a Transformer in oemof to provide space heating and
cooling as well as residential hot water demands.

The oemof component takes as input the electricity flow and gives as
output the heat flow according to the coefficient of performance (COP)
of the heat pump COPyp, [-] which varies every time step and is
assessed by a dedicate oemof function by setting the ‘compression heat
pump’ or ‘chiller’ mode.

It increases the temperature of a flow using a compressor that con-
sumes electric power. The inlet heat flux comes from a low temperature
source Ty, [°C] and the outlet has the temperature level of the high
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temperature sink Ty, [°C]. The same cycle can be used for heating (heat
pump) or cooling (chiller).

The COP formulation incorporates the Carnot cycle efficiency and is
adjusted by a correction factor ¢ [—] to accommodate real-world per-
formance [40], as depicted in Eq. 8, 9, 10.

Tsink

COP = ¢-COP*™ = = ®)
Tsink - Tsource

Thigh

COPCamot —_ “heh (9)
HP Thigh — Tiow
T,
copSumot — ___“low (10)

chiller
Thigh — Tiow

The COP is affected by the source temperature [40], hence an hourly
ambient temperature T, [°C] is supplied corresponding to the loca-
tion of the EC.

It is essential to assess the system type, along with the assumptions
and implemented functions, to determine the input temperatures:

Air systems — heating and cooling.

Residential comfort temperatures, corresponding to the Ty of the
COP, are reported for both summer and winter season in UNI EN ISO
7730 [41].

Water systems - cooling.

The model addresses the need to maintain minimum floor temper-
atures in homes, as specified by ‘UNI EN ISO 7730’ [41], to prevent
discomfort and humidity condensation, incorporating insights from
[42]. It examines various heat gain configurations affecting interior
ambient temperature, adjusting supply cold water temperatures for floor
systems accordingly to ensure floors remain within acceptable temper-
ature ranges.

Water systems - heating.

Hot water temperatures - supplied to the radiators for heating the
rooms - vary depending on the system in place using a thermoregulation
approach based on a climatic curve as reported in (Eq. 11). It determines
the hourly supply water temperature Te poine ['C] based on outdoor
temperatures, ensuring continuous adjustment for optimal comfort. It
depends on the maximum Tpaxfow [ C] and minimum supply flow tem-
perature Tpinflow ['C], the minimum temperature outside Tiingms| C] and
the outdoor temperature threshold Tmaxam [ C] for which there is no
demand for heat output.

Tmaxﬂow - Tminﬂow

° (Tamb - Tminamb) + Tmaxﬂow (11)

Tset point =
point
Tminamb - Tmaxamb

2.4. Heating and cooling load profiles

Space heating demand profiles are generated using the EN 15316-4-
2:2018 regulation [43] and a custom function, based on a stationary bin-
method approach that considers ambient temperature trends and
building energy labels to determine annual heating and cooling profiles.

The amount of heat needed and the heat present in the environment
are related in a linear manner, taking into account factors such as the
maximum energy required during extreme temperatures Qmax[kWh], the
annual energy demand of the house based on its energy class Q, [kWh],
whether the system should be activated or deactivated §;[ — ] according
to regulations and climatic conditions, and the design temperature
representing the desired room temperature T, K] for each season, as
well as the outdoor temperature Ty [K] at which space heating or
cooling is no longer required (Egs. 12 and 13).

Additionally, the yearly energy requirements for each user are
determined based on the European Union energy label
Qzuiaber [KWh/m?], the percentage of energy allocated for space heating

EPgy [%], and the total surface area S [m?](Eq. 14).
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Toit — Tambe

= S+ 12
Qi = Qua o2 12)
_ Q
Qunax = 6 Toir—Tamb.e 3
n Ty —Tgesign
Qy = QEUlabel 'EPSH’S (14)

European Union energy labels, which outline energy consumption
including heating, cooling, hot water production, lighting, and ventila-
tion requirements, are assigned to users probabilistically using reference
area statistics. The area allocation is based on the number of users in
each utility and regional housing standard.

The method employed to create space heating demand profiles is also
applied to generate the cooling load profile, adjusting parameters, and
utilizing data from LPG on appliance activation and deactivation times.

Water systems - Domestic hot water.

In domestic hot water systems, Legionella contamination poses a
risk, especially in centralized setups like hospitals and residential com-
plexes. To prevent this, thermal treatments, such as maintaining water
temperatures above 50 °C continuously or recirculating water at 60 °C
for 30 min daily, are commonly used [44]. A periodic treatment is
preferred, maintaining water at 40 °C when untreated, thus a function is
created to return the hourly hot water supply temperature, impacting
energy requirements.

2.5. Domestic hot water load profiles

The LPG application is also used to collect the hourly load profile for
the DHW peculiar to the household under consideration, which provided
the demand in liters of DHW.

A function takes hourly DHW demand profiles expressed in liters
Vpuw [1] as input and returns the hourly DHW demand Qpgw [kWh].

2.6. Thermal energy storage

Additional Source components are integrated for each member to
simulate both an electric boiler and a gas boiler, with costs associated,
reflecting the electricity and gas prices as well as the efficiencies of the
systems. The StratifiedThermalStorage component is utilized twice to
model thermal energy storage (TES) for space heating and a storage tank
for DHW, allowing for precise temperature settings and detailed evalu-
ation of losses.

The TES module models a cylindrical storage system composed of
two distinct temperature zones: a hot region and a cold region. These
zones are characterized by constant temperatures corresponding to the
feed-in and return temperatures of the connected heating system.
Charging or discharging the storage causes the thermocline—the
boundary between the two zones—to shift downward or upward,
respectively.

The TES is defined by its autonomy duration, its maximum storage
capacity and heat losses to the environment. Eq. 22 outlines the energy
balance of the storage at each timestep t, accounting for constant heat
losses through the top and bottom surfaces & [kWh], losses through the
lateral surface proportional to the state of charge pQi; [kWh], and
overall lateral surface losses yQn [kWh]. These losses depend on the
storage’s thermal transmittance uyaye [W/m2/K], which is is assumed to
be uniform and influenced by material properties, also assumed constant
throughout the system, such as the insulation layer thickness s;s, [mm],
the insulation material conductivity A [W/m/K], and the internal and
external heat transfer coefficients o; [W/m2/K] and o, [W/m2/K]. The
relationships governing these dynamics are presented in Eq. 16. Input
data for this study are drawn from Raccanello et al. [45], whose rec-
ommended values for single-tank thermal energy storage systems align
with the modeling framework adopted here.
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Qout.tAt

out

Q = Qu-13(1 — B) — yQu — 8+ Qun i AL — (1s)
1

1y Sise 4 1
a + Aiso + o

Uyalue = (16)

Furthermore, the TES system includes equivalent periodic costs
epc, [€/y] and epc,g,,, [€/y], which are provided during the capacity
optimization process. The investment mode outputs the optimal storage
capacity, the optimal dispatch, and the loss values.

2.7. Modeling of the transport sector

An additional Bus is introduced for each member to incorporate a
Sink, a GenericStorage, and a Link oemof components, aiming to
simulate a battery BEV. The Sink component represents the vehicle’s
load during operation, with the associated profile Lye,; [kWh]. The
GenericStorage (described by Eq. 17) receives as inputs the capacity of
the battery Cp., [kWh], the efficiencies (r]bev_cha,ge [%], MNbey,discharge [%]),
and a minimum storage level depending on the hour which is provided
to guarantee a minimum charge SOCp,,, [kWh] (Eq. 18). The primary
component here is the Link, offering two distinct configurations. This
Link establishes a connection between the vehicle Bus and the user Bus,
enabling energy flow sharing when the input efficiency equals 1. It is
necessary to provide the conversion factor for flow in both directions,
namely from the user to the vehicle CFyyg ppveharge [%] and from the
vehicle to the user CFyag pvdischarge [%]. The CF varies according to the
chosen configuration, with two possibilities: vehicle-to-grid (V2G) and
vehicle smart charging (VSC). With V2G active, the vehicle can function
as a battery, allowing connection to the grid while parked, facilitating
energy flow bidirectionally between the user and the vehicle, as
expressed in Egs. 19 and 20.

Edischarge

C; = Cp_y + Ehoree _—— 1

t -1 1+ B ® Npey charge rlbevydischarge a7
SOCbev‘t < Ct < Cnom (18)

_ 1 ibeev.i =0
CFvag BEVcharget = { 0'if Lyoys > 0 (19)
1if Lyey; =0
CFva6 pEvdischarget = { 0 l_'; L:m. >0 (20)
ev,i

On the contrary, in VSC mode, the car battery can only be charged
when parked, and no energy flow from the vehicle to the user bus is
permitted, as illustrated in Egs. 21 and 22.

1if Lpey; =0
CFysc BEvcharget = { 0 l']{- L:m"l. <0 21
ev.l

CFvsc Bvdischarge: = 0 (22)

In the case of a non-electric vehicle, the Link and GenericStorage
components are replaced by a Source representing the fuel source for a
typical gasoline vehicle.

In the study by Secchi et al. [46], various methodologies for opti-
mizing V2G systems are explored. These methodologies aim to enhance
charging processes while addressing diverse objectives, including
maximizing the exploitation of renewable energy sources, reducing peak
load demand through scheduling strategies, balancing the net grid load,
and minimizing net-load variance. In this paper, we focus on a cost
reduction approach as the primary objective for both VSC and V2G
systems. The charging and discharging functions aim at minimizing the
overall system costs, according to PV production and grid costs. This
approach aligns with the findings of Jadoun et al. [47] and Shi et al. [48]
which, however, also associate system cost minimization with NLV
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minimization. Other studies consider cost minimization by targeting
electric vehicle charging costs, as Garcia-Villalobos et al. [49], or focus
on electric vehicle grid services revenue as Englberger et al. [50].

The RAMP mobility tool [51] is employed to create consumption and
charging models for BEVs based on assumed BEV usage patterns.

The RAMP mobility tool, an open-source bottom-up stochastic
model, necessitates the specification of BEV share, battery capacity
ranges, maximum charging and discharging power, and charging-
discharging efficiency. Subsequently, exclusively utilizing publicly
available data, it simulates the temporal series of mobility and charging
for BEVs with high temporal resolution.

2.8. Economic and environmental outputs

The economic costs considered inside the model to run the optimi-
zation are revised through implemented functions in order to obtain the
provide the cashflow CF by taking into account investment CAPEX,, and
operational and maintenance costs OPEX,,, incentives of the REC from
sharing valorization opt(EC), savings in the bills S,,, revenues from en-
ergy injection into the grid R,, and deductions D,: Eq. 23 and 24
respectively show the yearly cash flow and the NPV.

CF = S+ R+ 0pt(EC) — OPEX, (23)
meM
NPV = — "CAPEX,, + D + Zit eZ)
et w7 (1 +wacc)

Annual CO; emissions are computed by multiplying the energy
purchased across all sectors by the corresponding emission factor, as
depicted in Eq. 25. Additionally, constraints on emissions can be
established during operational and expansion capacity optimization, as
illustrated in Eq. 26.

CO, = L eCOY+ L% e COY+ Y L7 o COY (25)
meM meM meM
COz < limitcoz (26)

3. Case study

We designed a hypothetical small Italian community with five
households to showcase the potentialities of the simulation model in
optimizing energy sharing for sustainability and cost-efficiency. This
case study aims to demonstrate the model’s predictive capabilities in
assessing strategies for promoting energy efficiency within
communities.

The decision to focus on a small community was made to simplify the
model’s presentation, highlight its potential more clearly, and ensure
that results, such as tables and images, are easily interpretable. Addi-
tionally, regulatory requirements do not impose strict limitations on
community configurations, other than the need for at least two members
(either consumers or producers) and two distinct connection
points—one for consumption and one for production. The model is
flexible and can be applied to any community structure, with compu-
tational time being the main constraint.

The REC is located in Bolzano (Italy) in 2019, focusing solely on
photovoltaic sources. Key data includes an average annual Global Hor-
izontal Irradiance (GHI) of 1434 kWh/m2, an average temperature of
12.4 °C, and geographic coordinates of 46.4936 latitude and 11.3346
longitude. The radiation database used is CMSAF from 2007 to 2016
[52], with PV systems positioned at a 30° tilt and facing south.

For this research, we adopted transitional phase measures for RECs
in Italy [53]. The regulatory framework adopted in Italy operates as a
virtual model, offering incentive mechanisms for RECs. These incentives
comprise the cost of energy not used within the shared energy pool and a
specific tariff applied solely to shared energy. Table 4 outlines the value
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and origins of these balance components for the two configurations
utilized in this context. Essentially, members maintain their full elec-
tricity billing arrangements with suppliers but receive periodic pay-
ments from the community for energy sharing, effectively serving as a
tax-free bill reduction.

In our simulations, we use data from 2019 to get aligned with the
transitional phase regulations of RECs. Furthermore, most profiles in our
model are synthetic and thus less reliant on specific years. Using more
recent data would not significantly impact on the robustness of our
methodology.

3.1. Load profiles

Table 3 provides an overview of the primary data and tools utilized
to derive synthetic electrical demand profiles, heating and cooling loads
(National guidelines [54], Italian regulations [55]), domestic hot water
(“UNI 9182” [56]), and electric vehicles, aligning with national guide-
lines and standards to ensure accuracy in representing the Italian
scenario.

Regarding the load profiles, it is important to highlight that sector
coupling increases overall electricity demand by incorporating the en-
ergy needs of additional sectors. This rise in demand enhances the cost-
effectiveness of photovoltaic systems, as it creates more opportunities
for self-consumption. Specifically, if the electricity demand profile bet-
ter aligns with the photovoltaic generation profile, it optimizes the
balance between supply and demand, making photovoltaic generation

Table 3
Overview of data and tools for deriving energy consumption profiles.

Category Description Values Profile generator/
Source
Electric load profiles 4.02/ .
Electric load (max/min/average 0.02/0.27 I[JS;?PTOﬂleGeneramr
values) kWh .
DHW loz'id profiles 670/ LoadProfileGenerator
(max/min/average 0.00/10 [38]
Domestic hot values) 1/h
water Temperature assumption
for DHW conversion 48 °C “UNI 9182 [56]
from 1 to kWh
Climatic zone E ENEA [57]
Heating load profiles 5.53/
(max/min/average 0.00/0.70 -
values) kWh
Thermal performance ~103
Heating and index for winter heating kWh/m2/ ENEA [57]
cooling EPHtot y
loads Cooling load profiles 43.20/
(max/min/average 0.00/0.22 -
values) kWh
Thermal performance
index for summer air ~5 kWh/ ENEA [57]
conditioning EPCtot m2/y
) 8.93/ s
BEV load profiles (max/ 0.00/0.16 RAMP mobility tool
min/average values) KWh [51]
Average annual energy
consumption per BEV 1.1 MWh/ Eurostat [58]
charging station y
Average distance 11.4 km/
Battery covered by BEV per day day Eurostat [58]

electric 0.23

BEV consumption De Cauwer et al. [59]

vehicle kWh/km
loads 30-80
. kWh, . R
Battery capacities peak ~50 EV Database’ [60]
kWh
Max1mu{n charging/ 3.7 kW Fachrizal et al. [61]
discharging power
Estimated charging ~0.9 Fachrizal et al. [61]

efficiency
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more efficiently utilized within the community.
3.2. Costs and parameters

Key techno-economic factors associated with both PV and battery
energy storage systems (BESS) in 2021 include a PV system lifetime of
25 years and a BESS system lifetime of 15 years. The BESS has a
maximum state of charge (SOC) of 0.8 and a minimum SOC of 0.2, along
with charging and discharging efficiencies of 99 % and 98 % respec-
tively. Additionally, the wacc is 0.05, and there is a tax deduction of 50
% spread over 10 years for expenses incurred in system installation.

Fig. 2 and Fig. 3 depict the economies of scale profiles for PV and
storage systems, based on data from Enel X ([62,63] respectively).
Additionally, the PV system’s operating expenditure (OPEX) is €19 per
kW per year [64], while for the BESS, it amounts to €9 per kWh per year
[65].

We outline essential parameters and temperatures for heat pumps,
incorporating correction factors—dependent on the heat/cool sour-
ce—from oemof documentation [66], validated by Patteeuw et al. [67]:
for example, ranging from 0.4 for air source HPs to 0.5 for HPs utilizing
groundwater as a source.

Comfort temperatures, as defined by ‘UNI EN ISO 7730:2006° [41],
are set at 21 °C for winter and 25 °C for summer. To accommodate
additional radiation heat gain in summer, an extra 3 °C adjustment is
applied, bringing the summer comfort temperature to 28 °C.

The TES system is characterized by a 20-year lifetime [68], 90 %
efficiency [68], 6-h autonomy [66], 100 mm insulation thickness s;,, a
thermal conductivity 1 of 0.039 W/m/K [69], and internal «; and
external a, heat transfer coefficients of 7 and 4 W/m2/K respectively
[66].

Fig. 4 depicts the profile of economies of scale for the TES system
derived from the data in Cordivari [70].

The energy tariffs, encompassing incentives, are comprehensively
outlined in Table 4. The procurement expenses for energy is acquired
from the Italian Regulatory Authority for Energy, ARERA [71]. Corre-
spondingly, selling costs are retrievable from the GME website [72]. Gas
costs associated with relevant flows in the absence of thermal sector
electrification are obtained from the ARERA website [71]. Furthermore,
annual fuel prices [73] are employed to compare internal combustion
engine vehicles with BEVs, with the latter’s specifications including a 40
kWh battery capacity [60], a 3.7 kWh charging power [60], a charging
efficiency of 99 % [61], and a discharge efficiency of 98 % [61].

€ 3,400

£2,900

€2,400

£1,900

Cost by unit

o]
£ 1,400 .

€900
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3.3. Simulation setup

We describe our experimental setup, which entails the analysis of
five households. The base case is provided by the case where the five
households are independent and only account for their individual
electric demand, without accounting for the electrification of thermal
and transportation demands.

We then consider three incremental experimental setups that builds
on the base case:

Case 1. - We incorporate thermal, and transportation demands in the
scenario (sector coupling).

Case 2. - The households participate to an energy community.

Case 3. - The energy community invests based on economies of scale.

To provide a comprehensive perspective on the possible energy
profiles, we consider a set of diverse nodes/households:

Node 1 - a couple, with both members working.

Node 2 - a family with 2 children, where both parents work.

Node 3 — a family with 3 children, where both parents work.

Node 4 - a single working man.

Node 5 — a family with 1 child, where both parents work.

The reference year is 2019: for each simulation, energy costs for the
reference year can be entered as tariffs have a strong impact on shared
energy management.

Table 5 presents the key details of the five households included in the
case studies. It includes their electricity, heating, and transportation
demands, along with the maximum capacity for installing PV systems.
These data are consistent across all scenarios, although some may focus
solely on electricity demand.

Fig. 5 exemplifies the annual demand profiles of a single user (Node
1) across various sectors—electricity, heating, cooling, domestic hot
water, and electric vehicles—presented seasonally using box plots.

In the previous section, we discussed the key turnkey cost curves for
PV and battery systems. For scenarios that do not incorporate economies
of scale, we adopt a linear cost model.

4. Results

In this section, we present the outcomes of our simulation setups,
starting with the base case scenario where only electrical demand is
considered and then progressing through the three incremental setups
outlined. We analyze the impacts of incorporating thermal and trans-
portation demands, participating in a REC, and leveraging economies of
scale within the community.

@ Photovoltaic system from Enel X

€400

1l 13 15 17 19
CevkW

Fig. 2. Economies of scale curve of PV system (Enel X [62] - 2021).
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& Lithium battery system from Enel X
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Fig. 3. Economies of scale curve of lithium battery energy storage system (Enel X [63] - 2021).
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Fig. 4. Economies of scale curve of thermal energy storage (Cordivari [70] - 2022).

Table 4
Italian incentives for energy sharing through two eligible configurations.

Arera Resolution of August 4, Ministerial Decree of

2020 [74] September 16, 2020
[75]
not applicable transmission
Jointly acting and distribution network
renewables self- charges 100 €/MWh
consumers and extra revenue for avoided
network losses
Renewable energy not applicable transmission
. and distribution network 110 €/MWh
community
charges
Table 5
General information of the five households in the case studies.
Node 1 Node 2 Node 3 Node 4 Node 5
Electric load kWh 2304 3294 3898 1506 2334
Heating load kWh 4389 8609 10,761 1050 5852
Cooling load kWh 1390 2719 3398 331 1848
DHW 1 56,390 77,035 190,850 38,170 75,740
EV load kWh 1386 1406 1428 1422 1334
Max installable PV kWp 3 10 8 3 3

11

4.1. Base case

In this scenario, which considers only electricity demand, each
household operates independently, installing PV systems according to
individual preferences solely to meet their own energy needs. The
optimization result (Table 6) clearly shows that installing PV systems
without additional incentives is not economically viable. This is pri-
marily because the electricity demand—excluding the electrification of
the thermal and transport sectors—is not sufficiently high to justify the
investment. As a result, the households would not recover the installa-
tion costs, at least in the case under study. This dynamic changes in the
subsequent scenarios analyzed, where the inclusion of thermal and
transport electrification increases overall energy demand, enhancing the
economic feasibility of PV system installations.

4.2. Case 1

We now revisit the same households analyzed in the base case study,
extending our analysis beyond electrical loads, to include sector
coupling, therefore thermal and mobility sector electrification (smart
charging strategy is considered). The households demonstrate diverse
energy requirements, encompassing heating, cooling, DHW, and BEVs
charging, as outlined in Table 7. By incorporating a broader spectrum of
energy demands, we attain a more comprehensive understanding of
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Fig. 5. Load profiles node 1.

Table 6
Base case settings.
Node 1 Node2 Node3 Node4 Node5
Optimized PV kW 0 0 0 0 0
Self-consumption 0 0 0 0 0
Self sufficiency 0 0 0 0 0
Shared energy consumption
KWh 0 0 0 0 0
Table 7
Case 1 settings.
Nodel Node2 Node3 Node4 Node5
Optimized PV kW 2.2 2.4 2.4 2 2.2
Self-consumption 93 % 97 % 95 % 83 % 96 %
Self sufficiency 46 % 31% 30 % 58 % 46 %
Shared energy consumption
KWh 0 0 0 0 0

Base bill € 991 1426 1779 668 1096
Self-consumption savings € —463 —436 —534 —388 -506
Sharing incentives € 0 0 0 0 0
Grid feed-in revenue € -10 -8 -8 -22 -6
Net total € 518 1237 1237 258 584

12

consumption patterns within each household.

The integration of different sectors, known as sector coupling, con-
tributes to an increase in electrical demand. Consequently, the viability
of installing a PV system significantly improves: each user indepen-
dently installs a PV system with a capacity of around 2 kWp.

The optimization results are depicted in Table 7, while the energy
flow data is illustrated in Fig. 6.

Here’s a concise breakdown of its economic components:

1. Base Bill: Initial electric energy cost before any adjustments.

2. Self-consumption Savings: Savings achieved through consuming
self-generated energy.

3. Sharing Incentives: Benefits from sharing energy resources within
the community (if any).

4. Grid Feed-in Revenue: Revenue from feeding excess energy back
into the grid from renewable sources.

5. Net Total: The final adjusted electric energy cost, considering all
factors.

4.3. Case 2

We now present the results of the base case scenario within the en-
ergy community framework, where incentives for energy sharing are
anticipated. The results are presented in Table 8, energy flow data are



V. Casalicchio et al.

Applied Energy 395 (2025) 125942

12k Node 1 Node 2 Node 3 Node 4 Node 5
[ purchased energy
10k [ self consumed energy
= [l BESS self consumed energy
= B purchased shared energy
= 8k [ self consumed energy
(%]
g 7] sold shared energy
= 6k BESS charging energy
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Fig. 6. Electric demand fulfilment and photovoltaic production utilization among users — case 1.
Considering the collective savings for all users, it’s evident that, after
Table 8 £ S . . . . o
. actoring in savings and incentives, they pay approximately 7 % less
Case 2 settings. . . .
annually, translating to over €240 less than the previous scenario, and
Nodel Node2 Node3 Node4 NodeS accumulating to a total annual savings surpassing €2600. Although the
Optimized PV kW 3 0 3 2.5 3 initial investment is marginally higher, the return on investment occurs
Self-consumption 77 % - 84 % 65 % 68 % approximately 2 years earlier.
Self sufficiency ) 64% - 7% 68% - 70% For simplicity, the incentive derived from shared energy within the
Shared energy consumption . . . .
KWh 131 2710 250 53 90 energy community is allocated among users based on their contribution
Base bill € 991 1426 1779 668 1096 to energy sharing. Thus, those who contribute more receive a greater
Self-consumption savings € -524 0 -580 -394 560 incentive. It is worth noting that this allocation method may not
Sharing incentives € —58 -160 54 —60 —58 necessarily be the fairest, but for the purposes of this paper, it suffices.
Grid feed-in revenue € —48 0 -31 -51 —43
Net total € 361 1266 1114 163 435

shown in Fig. 7.

Despite Node 2 having the highest installable capacity (10 kWp), its
energy production at the same capacity is lower, making shared energy
utilization more favorable. This user opts not to install their own system,
instead relying on the energy shared by other participants within the
energy community, each installing approximately 3 kWp. As result of
energy sharing, the collective photovoltaic capacity increases: in com-
parison to the previous scenario, there’s roughly a 6 % boost in pro-
duction. Self-consumption, which was solely physical before, now
encompasses both physical and virtual aspects, rising from 39 % to 44 %.

Node 1 Node 2 Node 3

12k
10k
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6k

4k

Energy analysis (kwh)

Node 4

0 S—

4.4. Case 3

In this scenario, we evaluate the impact of the economy of scale on
the energy community. The results are presented in Table 9, while, for a
comprehensive view of the energy flows and costs in this scenario, refer
to Fig. 8.

A first evident qualitative result is that the installed capacity does not
change significantly compared to Case 2, but is distributed differently
among users. Notably, only 2 out of 5 users install systems, in contrast to
the previous case where 4 out of 5 users do so.

Fewer installations results in roughly 4 % less production. While self-
consumption, both physical and virtual, reaches approximately 62 %,

Node 5

purchased energy

self consumed energy

BESS self consumed energy
purchased shared energy
self consumed energy

sold shared energy

PEEEED

BESS charging energy
excess

%,
”,
'9’70' l’(‘[)
’7 %

Fig. 7. Electric demand fulfilment and photovoltaic production utilization among users — case 2.
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Table 9
Case 3 settings.
Nodel Node2 Node3 Node4 Node5
Optimized PV kW 0 0 8 0 3
Self-consumption - - 40 % - 80 %
Self sufficiency - - 42 % - 52 %
Shared energy consumption 2370 2890 18 1734 123
kWh

Base bill € 991 1426 1779 668 1096
Self-consumption savings € 0 0 —744 0 —566
Sharing incentives € —139 —-170 —372 —102 -55
Grid feed-in revenue € 0 0 —322 0 -41
Net total € 852 1256 341 558 434

indicating a 40 % increase compared to case 2.

The optimization results (Table 9) highlight the advantages of
leveraging economies of scale. Despite the greater savings from self-
consumption compared to incentives for shared energy, the analysis
suggests that installing a single, larger PV system and sharing the energy
is more advantageous than opting for multiple smaller systems for self-
consumption.

While savings appear to be lower than the previous scenario by about
€100 per year, the overall investment costs, factoring in economies of
scale, are approximately 33 % lower, enabling a return approximately 5
years earlier.
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4.5. Discussion

Fig. 9 graphically summarizes the optimization results for the
expansion capacity across the four case studies, illustrating member
loads (circular elements) and PV capacity (square elements), with ar-
rows representing admissible flows of virtually shared energy. The size
of each element is proportional to the load or system capacity.

The 100 % stacked column graph in Fig. 10 offers a clear visual
representation, aiding in the comparison of data categories and trend
identification: initially, PV systems may not seem financially viable
(base case), but as we consider diverse energy demands, their appeal
grows due to increased electrical demand (case 1). Participating in en-
ergy communities enhances resource optimization and self-sufficiency
(case 2). Additionally, larger, shared PV systems, leveraging econo-
mies of scale, prove superior to individual installations (case 3).

5. Limitations of the study

It is essential to emphasize that the study does not aim to provide
definitive or universally applicable results. Instead, its primary value lies
in its innovative methodology and its adaptability to various configu-
rations when integrated with real-world data, which inherently carries
uncertainties. Consequently, the conclusions drawn from this study are
contingent on the hypothetical scenario considered and should not be

Node 5

purchased energy

self consumed energy

BESS self consumed energy
purchased shared energy
self consumed energy

IEEEEE

sold shared energy
BESS charging energy
excess

Fig. 8. Electric demand fulfilment and photovoltaic production utilization among users — case 3.
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base case case 1

INSTALLED
PV CAPACITY
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Fig. 9. Expansion capacity optimization across cases. Node sizes are proportional to electricity demand and PV/BESS capacities.
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Case 1
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Fig. 10. Comparative analysis of photovoltaic system viability and community energy benefits across cases.

interpreted as absolute.

Specifically, synthetic demand profiles for electricity, heating, and
transportation were utilized, and assumptions were applied. As a result,
the data does not fully represent the actual consumption patterns of a
real community. Additionally, the community analyzed is hypothetical,
and its size was determined based on assumptions designed to simplify
the model’s presentation, while ensuring compliance with regulatory
frameworks on energy community configurations.

It is also important to acknowledge that other critical data used in
this analysis—such as investment costs (CAPEX), operational expendi-
tures (OPEX), electricity prices, and other economic variables—were
sourced from references without conducting a sensitivity analysis, as
this was beyond the scope of the paper. Despite these limitations, the
study remains an innovative tool for evaluating the feasibility of shared
self-consumption configurations and assessing the benefits of sector
integration and the implemented features.

6. Conclusions

This study provides valuable insights into the effectiveness of
Renewable Energy Communities in promoting energy sharing while
considering economic, social, and environmental dimensions. By
developing a comprehensive simulation model tailored to the research
objectives, we demonstrate the potential of RECs in enhancing sustain-
ability and cost-efficiency within communities.

Our model, informed by existing frameworks and methodologies,
enables to evaluate different energy optimization strategies and their
impacts on economic expenditures. Through a bottom-up approach and
linear programming techniques, we integrate multiple energy sectors,
including electricity, heating, cooling, DHW, and transportation, into a
unified framework. This approach highlights the importance of sector
coupling and collaborative energy sharing in achieving significant cost
savings and sustainability benefits.

Our study, set in a hypothetical small Italian community, sheds light
on the economic advantages of integrating various energy demands —
thermal, transportation, and electrical — within RECs. We observe
noteworthy economic savings for participating households, with an
average annual reduction exceeding €500 compared to base case sce-
narios. Moreover, by leveraging economies of scale through shared in-
stallations, households within the energy community framework

15

achieved additional average annual savings of approximately €240,
totaling over €2600 per year.

Optimizing energy communities to fully exploit economies of scale
emerges as a crucial strategy for achieving even greater savings and
faster returns on investment. By demonstrating the economic viability of
renewable energy installations, particularly PV systems, within RECs,
our study underscores the significance of collaborative energy-sharing
models in advancing both energy efficiency and sustainability
objectives.

Our conclusions highlight the pivotal role of integrating diverse
energy sectors, leading to enhanced economic feasibility, especially
concerning PV system installations. Furthermore, our analysis un-
derscores the substantial advantages of energy communities, with sig-
nificant reductions in household expenses compared to scenarios of
independent operation. Lastly, the implications of economies of scale are
evident, with our study demonstrating lower overall investment costs
and expedited returns on investment through optimized energy com-
munity projects.

The implications of our research extend to policymakers, industry
stakeholders, and communities interested in promoting renewable en-
ergy initiatives. By incentivizing participation in RECs and facilitating
investment optimization, policymakers can accelerate the transition
towards a more resilient and sustainable energy future. Furthermore,
our study emphasizes the importance of considering user convenience
and engagement in REC design and implementation, ensuring that
communities can fully realize the economic and environmental benefits
of energy sharing.

Future developments may involve integrating methodologies like
Multi-Criteria Decision Analysis into the model. While previous research
has explored this integration, none have applied it to the analysis of
RECs, where economic factors intersect with additional co-benefits and
impacts. Exploring this direction presents both challenges and oppor-
tunities for advancing REC decision support systems.
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Appendix A. Appendix

This appendix presents the annual demand profiles for each sector (electricity, heating, cooling, domestic hot water, and electric vehicles) by
season, using box plots to illustrate their trends.
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Fig. 11. Electric load profiles for season.
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Fig. 12. Heating load profiles for season.
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Fig. 13. Cooling load profiles for season.
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Fig. 14. DHW load (liters) profiles for season.
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Fig. 15. Electric vehicle load profiles for season.

Data availability

Data will be made available on request.
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