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Abstract: Renewable energy communities (RECs) around photovoltaic systems on public buildings
are optimal solutions to counter energy poverty, ensuring all stakeholders access to cheap, reliable,
sustainable, and modern energy systems. As the neighborhood is the minimum suitable unit for the
implementation of highly sustainable settlements, this article discusses the potential and criticality
of RECs at this scale in southern Italy. Starting with the concept of RECs, this study presents a
methodology to size sustainable urban communities around school buildings. It integrates practical
energy indicators with those defining performance in vegetation and water management. The
impact of these factors is analyzed to identify the ideal community size in terms of energy efficiency,
economic value, and social cohesion. An interactive scorecard ranks high school sites suitable for
transformation into community hubs, taking into consideration the scale of substation distribution.
The findings provide empirically validated operational guidelines and best practices to support the
transition to smart, efficient, and socially inclusive communities. At the urban scale, the analysis
evaluates different urban morphologies, microclimates, characteristics and density of buildings,
and population around each assumed community hub. The study provides valuable guidance to
local designers, planners, and administrators for the implementation of sustainable technologies by
preparing a map of potential RECs.

Keywords: construction; sustainability; renewable energies; process model; urban equipment
regeneration

1. Introduction

The European Union set targets for reducing CO2 emissions through renewable energy
use to achieve carbon neutrality [1]. Cities are key places to implement transformations
toward the development and welfare of the population, consistent with the planet’s capacity.
Contemporary transitions (technological–digital, energy–environmental, and demographic–
social transitions) lead to redefining citizens’ social responsibilities, evolving the current
urban development pattern, promoting social cohesion, and adopting circular economy
models [2].

Renewable energy communities (RECs) are solutions for pursuing environmental,
economic, and social sustainability [3]. The EU’s Clean Energy Package for 2019 includes
provisions to help local societies in the transition through energy communities. These
are associations of citizens, companies, businesses, and territorial and local authorities
coming together to produce and share electricity from renewable sources in a decentralized
grid [4]. In general, renewable energy communities and energy communities involve
multiple disciplines and many scientific studies examine them from one or more factors,
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such as technical, economic, and ecological [5]. Studies also [6,7] examine techno-economic
aspects, defining the best technical frameworks in relation to individual or community
economic return. Other studies identify combinations between forms of prosumership and
renewable energy models to foster payback on initial investments [8,9].

Several studies [10–12] outline RECs in terms of architectural and urban design by
structuring the elements into physical and symbolic networks. These allow a progressive
strengthening of community education, representation, and function by crossing technolo-
gies and cultures. Decarbonization issues, the importance of renewable energy, and the
social repercussions of reactivating community dynamics and resource sharing should be
explained to all categories of users. The duty of public agencies is to plan and promote
cultural and social rearrangements at the necessary scale for the expected change.

The international literature suggests different organizational interpretive models of
RECs, which can be traced back to those driven by public governance (top-down approach);
pluralists, which apply horizontal models of community (bottom-up); and hybrids, as a
result of the intermediation between local projects and individual consumers [13]. Typical
distinctions relate to stakeholders, types of generated benefits, and triggered participatory
processes.

In the wide range of interpretations of the meaning of “community” within the RECs,
broad agreement exists regarding the importance of maintaining a certain level of both
local involvement and shared benefits to maximize acceptance and support, as well as
broader catalytic effects [14]. To this end, it is critical to prevent RECs from becoming solely
a business strategy tool for energy companies or mere profit vehicles for corporations.

With their provocative 1957 Solar Do-Nothing Machine, Charles and Ray Eames chal-
lenged the traditional conception of utility and productivity in favor of a more sustainable
approach in the modern era. This solar-powered kinetic sculpture was criticized by some
as an elitist and niche exercise, a superfluous toy for intellectuals detached from the real
needs of society (Figure 1). A similar perception of elitism could threaten renewable energy
communities, as promoted today. Although they propose a virtuous model of clean-source
energy production and consumption that is accessible and participatory, there is a risk that
they will be seen as niches reserved for the privileged few. To avoid this, it is essential to
clearly define the preferred legal form and actively promote the process of establishing
communities [15].
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In practice, a general lack of overall strategy and uneven development of RECs both
at the spatial level and in association models are noted, resulting in uncertainties about the
potential for scalability. There is a need for a scientific assessment of the actual utility and
universal applicability of the model, which has limitations in terms of affordability, technical
feasibility, and environmental sustainability in certain contexts. This analysis is crucial to
avoid improper generalizations of the paradigm and ensure its balanced and truly effective
diffusion. Energy communities, whether conceived from spontaneous bottom-up actions or
from non-profit administrative or private entities, encompass a transformation of the socio-
technical systems that form the basis of citizens’ daily lives. This necessitates understanding
the cultural, technical, and economic value of energy transformed communities, currently
challenged by an individualistic, poorer, inequitable, and fearful society and emphasizes
the collective to the collaborative [16].

This research, which is part of the PRIN 2022 “FASTECH” research project (a model for
rapid technological building retroFit to cut energy demAnd and GHG emiSsions of housing
Toward rEnewable energy self-Consumption and tHe smart energy communities; Principal
Investigator: F. Tucci; Research Lead at the University of Campania ‘Luigi Vanvitelli’: R.
Valente with the collaboration of Louise A. Mozingo, director of the Center for Resource
Efficient Communities (CREC) at the College of Environmental Design, University of Cali-
fornia at Berkeley, CA, USA.), tests a process for defining sustainable urban communities,
capable of sharing different natural, material, and immaterial resources, starting with the
broad theme of renewable energy communities.

The phases of this research are articulated in a nonlinear way to define scientifically
based solutions that complement the actions currently in place (Figure 2). The resulting
reflections aim to harmonize and expand the beneficial effects of community initiatives.
The creation of a repository of existing and planned RECSs in Italy, selected from those
with more pronounced characteristics of social commitment and public involvement, is
preparatory to the identification of economic and social indicators describing their potential,
strengths, and weaknesses. To fully understand the organizational, administrative, and
energy aspects of RECS, a multi-methodological survey is underway.
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The study conducted an initial, comprehensive review of relevant documentation.
Then, semi-structured interviews with key stakeholders and the administration of targeted
questionnaires (see Appendix A) capture the contextual peculiarities, the internal organiza-



Energies 2024, 17, 2247 4 of 26

tional dynamics, and the operational challenges faced by these entities, as well as collecting
quantitative data.

An integrated database records the collected information, meant as a knowledge base
for developing multidimensional optimization models. These allow assessment of the
replicability and potential impact of similar initiatives on lots around school buildings in
the Metropolitan City of Naples, selected based on similar conditions regarding housing
context, climatic characteristics, and socio-economic condition.

This contribution demonstrates the methodology to size constituent communities
around school buildings, integrating energy indicators with those defining performance
in vegetation and water management. We also study their impact by identifying the ideal
size of communities in terms of energy efficiency, economic value, and strengthened social
cohesion. We look for empirically validated operational guidelines and best practices to
support the transition to smart, efficient, and socially inclusive urban communities.

This research studies the development of additional integrated factors that give greater
meaning, social value, and environmental effectiveness to the concept of an energy commu-
nity in southern Italy. Since 2021, our research group from the Department of Engineering
at the University of Campania, “L. Vanvitelli”, has been working with the Metropolitan
City of Naples School Area (Campania Region in southern Italy), which manages 292 school
buildings for higher education in an area of 1171 sqkm that includes 92 municipalities.

The Register of School Buildings (ARES Anagrafe Regionale dell’Edilizia Scolastica)
database is a tool adopted at the national level in 2021 to survey the school building stock
managed by local administrations. It was analyzed—) in order to build a sustainable
integrated process model for the redevelopment of higher education school buildings,
establishing associations ated according to the clear logic of influence radii and catchment
areas. This develops an assessment of a high sustainability neighborhood, delving into
aspects of energy consumption and the possibilities and critical issues related to the imple-
mentation of a Renewable and Solidary Energy Community (RESC). The aim is to bridge
the gap between the knowledge acquired by the scientific community and the implemen-
tation and dissemination of best practices. We describe a tool for assessing the suitability
of public buildings to serve as energy hubs, in reference to to the size and scope of the
community served. This provides the basis for a model integrating morphological-urban
assessments with the socio-territorial characteristics of the schools’ sites.

The purpose is to develop a procedure for the design of sustainable urban communi-
ties, considering collective facilities as centers of energy, sustainability, and citizen health
management and conceiving them as interconnected spatial networks capable of providing
community services and generating positive spatial impacts. To this end, we also consider
the crucial role of green infrastructure in the urban environment for integrated natural
resource management. They can perform a range of environmental, economic, and social
functions, such as regulating the microclimate and water cycle, conserving biodiversity,
and ensuring the well-being of citizens [17]. The new tool is directed at local governments
to define and foster communities that can share and manage multiple natural resources (en-
ergy, water, and vegetation), optimizing operational energy consumption and greenhouse
gas emissions. Around these poles of physical, cultural, energy, and social aggregation, the
perimeters of the connected community also consider green areas and water runoff sub-
basins. These factors contribute to identifying communities of citizens that can share and
appropriately manage multiple natural resources and processes of physical transformation
in places.

GIS solutions are already being used to organize and visualize spatial data when
performing energy calculations, considering construction data, activity types, energy con-
sumption, load profiles, fuel rates and costs, and climate data. They identify potential sites
and analyze the distribution of customer characteristics [18,19]. Organically processing
the data, enriched with information from environmental contexts, identifies strategies for
enhancing renewable energy communities, referring to the latest regulatory provisions
to design feasible application solutions. At the urban scale, different spatial areas are
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analyzed, depending on the building density around each assumed energy community
hub. In addition, an interactive worksheet classifies high schools to transform into REC
hubs. The end result of the PRIN research will be a digital tool allowing local governments
to derive potential community perimeters based on savings parameters and by renewable
energy plant type on public sites.

2. Energy Transition and Electrical Network Infrastructure at the Neighbourhood Scale

Buildings are the largest consumers of energy, accounting for 40 percent of total
consumption in the EU and being the main sources of CO2. In Italy, the first regulations on
energy efficiency date back to the mid-1970s, and 65% of buildings in our country were
constructed before these important normative provisions [20].

Neighborhoods should be redesigned as effective powerhouses of energy production.
To reduce energy consumption, construction intervention on individual buildings has
objective limitations and precludes the fulfillment of system (neighborhood–city–territory)
results that would enable significant improvements in sustainability with an inter-scalar
and systemic logic. It is therefore essential to refer to the aggregations of buildings and
their interactions in terms of material–energy inputs and outputs. The intermediate scale of
the neighborhood represents the minimum compliant unit suitable for the implementation
of the characteristics that highly sustainable settlements should possess.

According to the international scientific literature [21–24], the four macro categories
of sustainable neighborhoods are: morphological and functional organization, emission
control, waste cycle, and energy consumption. To reduce the latter, it is necessary to
intervene both in buildings as well as optimizing energy and bioclimatic factors of the
neighborhood and city, understanding the interrelationships with the other three macro
categories. Spatial planning tools, both general and sectoral, lend themselves to directing
and encouraging transformation processes with high environmental sustainability in ex-
isting and new settlements. To achieve this aim neccesitates addressing the fundamental
problem of the relationship between the distribution network suitable for this new type of
spatial organization, such as primary urbanization and infrastructure, and the morphology
of neighborhoods. A further issue is the storage of non-programmable renewable energy to
compensate for the variability of energy sources and operate an effective match between
availability and demand.

Decarbonization and electrification can only happen with a modern, widespread,
and robust distribution network consisting of points and grids as in all primary urban-
ization [25]. This was designed on the assumption that electricity would be produced
at a few points in the territory, transported along large national backbones, and finally
distributed to end users. The tree-like logic resulted in a territorial configuration and
management of the grid that presently constrains the energy transition in the current
production, transportation, and distribution model.

Instead, a semi-lattice logic is needed [26], at least as a theoretical reference, almost
undifferentiated and not very hierarchical, covering the service territory. Although ne-
glected in the last two decades of debate on the energy transition, the importance of this
infrastructure is supported by the International Energy Agency (IEA), which declared only
two years ago that it must invest conspicuously in the adaptation of the electricity grid
according to the requirements and performance targets that the infrastructure will need.

Today, the typical size of a power-generating installation worldwide is generally
1000 MW, while in Europe it is 560 MW. In 2050, the average size in Europe will have to
drop to 32 MW (source: Enel Grid (https://www.enel.com/it/azienda/storie/articles/20
21/05/nuovo-modello-rete-distribuzione-energia accessed on 25 March 2024), which will
entail a much higher number of points of energy input to the grid distribution networks
not designed for this function. Within two decades, this condition will have to change
radically, as on the one hand the energy model will be subverted and on the other hand the
consumption of electricity will triple to meet new needs from utilities that today use gas,

https://www.enel.com/it/azienda/storie/articles/2021/05/nuovo-modello-rete-distribuzione-energia
https://www.enel.com/it/azienda/storie/articles/2021/05/nuovo-modello-rete-distribuzione-energia
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fuel oil, and gasoline. Consumption of about 20% of electricity by 2045/2050 will have to
reach 50% to meet the emission level deemed safe according to the Paris roadmap [27].

Electrification will take place first through consumer choices to decarbonize consump-
tion with the widespread use of photovoltaic panels, micro-eolic heat pumps, electric cars,
and induction cookers. This change in the energy model and increase in consumption will
involve the low-voltage distribution network, which is the most widespread and dispersed
but also the most antiquated and fragile. This transformation involves a change in the
role of the distributor, who becomes a system operator, an organizer of energy flows, and
collects the excess self-consumption and production connected to the distribution network.
The operator then harmonizes flows primarily for local consumption, possibly using pri-
mary electrical substations to transport them elsewhere. These substations, however, were
designed and built to transform energy from high voltage to low voltage, while in this new
energy model they will need to work in the reverse direction as well. This change of role
will involve technological and regulatory transformations, as well as the upgrading of the
grid, which must connect many more plants. It should have hosting capacity, i.e., the ability
to accept power from distributed generation and handle new discontinuous consumption
flows.

Digital technology provides an important contribution, providing the ability for net-
works to self-regulate and monitor consumption and failures. By changing configurations
in milliseconds and intervening in devices deployed along the route in the event of a
failure, computer-aided systems allow changes in distribution systems to leave as few
consumers as possible without supply. This ability to self-correct is possible only through
digital tools connected to advanced telecommunications networks. These are inevitably
conditioned and/or benefited by the actual characteristics of existing urbanization, which
in turn are consequential both to the morphology and the logical structure that generated
them over time. Distinguishing between the dynamics determining settlements formed
spontaneously over many years and those of planned interventions will determine a lesser
or greater susceptibility to the transformation of networked urbanization and especially of
the electrical infrastructure distribution.

Alongside these spatial characteristics, socio-economic ones must also be considered
when assessing the greater or lesser susceptibility of a context to reorganize itself as an
energy community to improve sustainability. An assessment based exclusively on spatial
characteristics also conflicts with the definition of the neighborhood unit [28], which con-
stitutes a first community level within the anthropized territory and has represented the
theoretical reference model in the planning, design, and realization (also spontaneous) of
Modern Movement neighborhoods. Spatial equity, which proper spatial planning must
strive for, increasingly involves energy issues; a free and unplanned process of energy
transition risks accentuating energy poverty and injustice. Physical transformations of the
territory and changes in the socio-economic conditions of communities and societies mutu-
ally influence each other. The analysis of the state of spatial layout must also involve the
analysis of socio-economic conditions, and the integrated understanding of both, favored
by governance techniques, must plan their correct interaction to structure a harmonious,
livable, and more sustainable neighborhood, including the identification and organization
of renewable and supportive energy communities.

3. Legislative Aspects

From the point of view of EU policies, the Covenant of Mayors for Climate and Energy
requires signatories to draw up a Climate and Sustainable Energy Action Plan with the
aim of reducing CO2 emissions by at least 40% by 2030 and increasing resilience to climate
change. Following the Paris Agreement on reducing greenhouse gas emissions, the EU
issued Directive No. 2001 on 11/12/2018, called “Renewable Energy Directive Recast”,
which requires that at least 32% of the energy produced in Europe come from renewable
sources by 2030. It regulates rights recognized by European citizens so that they can
establish a REC to create a sustainable energy market [29].
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Italy transposes this directive with Legislative Decree No. 199/2021, which defines
RECs as legal entities whose associates maintain their customer rights. In Mission 2 of the
PNRR (Piano Nazionale di Ripresa e Resilienza—National Recovery and Resilience Plan),
approximately 2.2 billion euros were allocated for the construction of RECs. Regarding
the sizing of the REC, its connection, and the age of the usable PV plants, resolution
727/2022/R/eel of 27 December 2022, published by ARERA (Autorità di Regolazione per
Energia Reti e Ambiente—Regulatory Authority for Energy Networks and Environment),
establishes that the plants may have a total power of up to 1 MW and must be connected to
the electrical grid through the same primary substation (Italy’s electricity distribution and
metering company, E-Distribuzione, has brought online the interactive map to check the
primary substation and the conventional geographical area of belonging). DL 162/2019
provides for incentive and payback mechanisms by valuing all energy fed into the grid at the
market price, fostering the economic return on investment for REC participants [30]. Public
and private entities provide various online tools to estimate the bill savings achievable
by indicating the number of housing units that will comprise the REC. ENEA (Agenzia
nazionale per le nuove tecnologie, l’energia e lo sviluppo economico sostenibile) offers the
Recon tool (a web application developed by ENEA to support preliminary energy, economic,
and financial assessments for the establishment of renewable energy, which is currently
being updated in communities https://recon.smartenergycommunity.enea.it, accessed on
20 March 2024), while Energy Service Companies (ESCo) have developed simplified models
useful for calculating reimbursement of system installation and maintenance costs, as well
as payback times. However, such calculation models are linked to individual buildings,
which is insufficient to define a holistic neighborhood-scale approach.

Italian energy planning is based on Law No. 10/1991, which prescribes the regions
to draw up PER (Piani Energetici Regionali—Regional Energy Plans). They must indicate
the actions necessary for the rational use of energy, its saving, and the development of
renewable sources. Among the provisions of art. 5, the PERs must contain indications of
energy balances, the identification of territorial energy basins (areas and energy islands
suitable for the most significant and profitable interventions), and procedures for the
identification and location of energy production plants up to 10 MW. The same art. 5,
paragraph 5, establishes that the regulatory plans of municipalities with a population of
over 50,000 inhabitants must provide for a specific sector plan concerning the rational use
of energy and the use of renewable sources, i.e., the municipal energy plan.

There are two possible configurations for electricity sharing under Italian law: the
renewable energy community when users are not located in the same building and the
collective autoconsumption groups when users reside in the same apartment block. The
latest Italian decree (Decreto Pichetto Fratin—9 December 2023, No. 181) [31] directs that
the power of individual plants connected to the power grid through the same primary
substation is limited to preserve the social character and prevent them from turning into
energy-producing enterprises. It is also reiterated that participation in the REC is open,
voluntary, and with no obligation of duration. Overall, member entities access the incentives
provided for the energy transition by depositing any surplus in storage systems or feeding
it into the grid for sale. Revenue sharing among community members is freely determined
through a private agreement.

The first energy community activated in Italy resides in the municipality of Magliano
Alpi, dating to 2020; later, examples such as the Community of East Naples or Ferla
(Syracuse, Sicily) inspired the birth of the Network of Renewable and Solidary Energy
Communities, an informal entity that aims to fight energy poverty by aspiring to greater
environmental and social justice through bottom-up participatory processes. This involve-
ment encourages civic participation and reinforces a sense of belonging and environmental
responsibility by characterizing RESCs (Renewable and Solidary Energy Communities) as
potential catalysts for initiatives that, while starting with energy issues, can influence local
development at all levels in an integrated way.

https://recon.smartenergycommunity.enea.it
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In Italy, the establishment of RECs around photovoltaic plants built on public buildings
represents an optimal solution to fight energy poverty, ensuring the actors involved access to
economic, reliable, sustainable, and modern energy systems [32]. To date, according to GSE
(Gestore dei Servizi Energetici—Energy Services Manager) data, 67 CACER (Configurazioni
di Autoconsumo per la Condivisione dell’Energia Rinnovabile—renewable energy shared
energy self-consumption configurations) operate in our country, including renewable
energy communities (30%) and collective self-consumption configurations (70%), with a
total of 501 connected end customers [33].

The latest regulatory directives provide for the association of public and private entities
supported by the capital invested by the GSE, which is responsible for the installation and
maintenance of the plant until the financing is extinguished [34]. The main recipients of
funding for the promotion of renewable energy communities are local governments, which
are considered the most appropriate actors to mobilize and coordinate other local actors.

American Legislations

There is no specific national regulatory framework for energy communities in the
United States as there is in Europe, but there are several similar initiatives and mod-
els emerging locally. Legislation about shared renewable energies has been enacted in
24 states [35]. California, along with the Hawaiian Islands, was the first state to legislatively
promote incentive tariffs for renewable energy production [36].

Community solar, sometimes referred to as a “solar garden”, is currently the most
popular form of shared renewables, with about 1600 projects nationwide [37]. Other
models of renewable energy sharing and consumption can be found in Community Choice
Aggregation (CCA) and community microgrids. In the former, local communities can
purchase power from alternative suppliers to the traditional utility by increasing the share
of renewables in the energy mix; in the latter, distributed renewable generation, storage,
and connected utilities are integrated at the neighborhood or community level, often in an
infrastructure isolated from the main grid. It is also interesting to note that blockchain-based
energy trading platforms are being experimented with to enable peer-to-peer exchange of
renewable energy between producers and consumers within an “energy network”.

Although the U.S. regulatory environment is different, these initiatives pursue the
same goals of democratization, decarbonization, and increased energy self-sufficiency in
local communities through renewables and participatory models.

4. Methodology

The process proposed by the research group involved cyclic repetition of the anal-
ysis, design, and verification phases to identify the best multi-purpose solutions. Pre-
dimensioning is carried out by using a balance equation between the self-consumption of
the school building and the perimeter of the community, considering the installed power.
The proposed model integrates morphological-urban evaluations through thematic maps
and the interactive worksheet.

Based on ARES data, we initially identified 48 secondary school buildings distributed
across 24 municipalities, defining their microclimatic, urban, and energy characteristics.
For each school, urban densities were categorized as low (involving 22 schools), medium
(involving 14 schools), and high density (involving 12 schools). Among these identified
institutions, five (A, B, C, D, and E) were selected, i.e., two with low density, two with
medium density, and one with high density. The selected institutions underwent analysis
regarding roofing type, orientation of the photovoltaic system, energy production capacity,
and sky-view factor [38,39] (Table 1).
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Table 1. Interactive worksheet of sample school buildings. Description of the urban and technological
characteristics of the considered high schools (source: authors).

School A B C D E

Building code ###### ###### ###### ###### ######

Municipality Melito di
Napoli

Giugliano in
Campania

Giugliano in
Campania

Giugliano in
Campania

Giugliano in
Campania

Latitude ###### ###### ###### ###### ######

Longitude ###### ###### ###### ###### ######

Primary electrical substation
code AC001E00225 AC001E00226 AC001E00226 AC001E00226 AC001E00226

Building density Low Medium Medium High Low

Technology of bearing structure Reinforced
Concrete

Reinforced
Concrete

Reinforced
Concrete

Reinforced
Concrete

Reinforced
Concrete

Roofing surface [sqm] 1890 4407 4657 6977 4622

Roofing tipology Plain Plain Plain Plain Plain

PV orientation South South South South-East South

Sky-view Factor 1 1 1 1 1

Albedo of roof 0.13 0.13 0.13 0.13 0.13

PV surface [sqm] 1062.88 1860.56 2463.88 3518.22 2070

Energy produced annually
[kWh] 252,429.21 446,639.55 601,391.08 830,052.1 467,062.39

building code and geographical data are not reported due to school identification concerns.

The study of urban, energy, and water spatial characteristics highlights an interesting
focus for Institutes D and E, both of which are located within the same municipality. The
overlapping of the spatial boundaries, primary electrical substations, and drainage micro-
basins shows, for case D, a special condition in which the interventions cannot be planned
and implemented by a unique institution as they fall within two different administrative
boundaries. On the other hand, for case E, the coincidence of the perimeters of the various
analysis factors defines an ideal community in which the different perimeters (territory,
energy, and water) characterize an ideal sustainable community scenario.

In the analysis, the energy consumption of the schools and the amount of energy
produced on the roof by the PV system were first drawn using the solar field sizing
software “Blumatica Impianti Solari” (version 2.0.1.0). The energy consumption of each
single POD (points of delivery) was estimated using the withdrawal profiles related to
domestic utilities [40].

Once the RECs were sized as in Bosco et al. [41], the indicators useful for identifying
the most energy-efficient solutions were selected within the most cost-effective ones. The
study compares the following two perimeters for each institution: the first identifies a
community in which all participants cut the cost of the power bill to zero, while the second
considers halving costs for users.

To map the membership of users in the identified communities, the number of PODs
in a building was estimated using ISTAT data through the following relationship:

POD = P × A, (1)

where P is the resident population and A is the number of housing units per resident
(housing/residents) (the number of dwellings for residents can be found in the datasets
"DICA_ALLOGGI" and "DICA_EDIFICIRES" provided by ISTAT, the Italian National
Institute of Statistics).
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Simultaneous microclimatic, vegetation, and hydraulic analyses enable design inter-
ventions to improve thermal comfort by impacting the energy performance of buildings.
Interventions include tree planting, the replacement of road pavements to reduce albedo,
and the installation of Green Stormwater Infrastructures (GSI). In the verification phase,
microclimatic, vegetation, and water management performance indicators allow compari-
son of the energy and environmental performance of the assumed technological solutions
and the selection of the most suitable ones. Results are reported in Files S1 and S2 in the
Supplementary Materials.

4.1. Pre-Sizing and Checking of RECs

Starting from the studies identified in the literature [42–46], we propose for the first
time a new model for sizing energy communities, divided into the following two stages:
pre-dimensioning, arising from the identification of cost-benefit ratios related to each
individual building, and verification, through appropriate indicators, of the solution that
provides the best energy balance. The theoretical experimentation considered two time
frames, i.e., one encompassing the span of a day (T); the other is the energy production
interval of the PV system (Th). In the first stage of the procedure, for greater technical and
economic simplification, we give the case of a REC with a hub affected by self-consumption
from a renewable source plant (PV) with no storage elements.

The theoretical assumptions for the development of the two phases derive from
considerations of the magnitudes of hourly energy flows occurring within the assumed
configuration [40]. The entities are as follows:

• The electricity that can be produced by PV over time Th is as follows:

Eprod = ∑j Ej
PV(Th), (2)

where Ej
PV(t) represents the power that the plant produces over time Th.

• The self-consumed electricity is as follows:

Esc = ∑j Ej
sc(Th), (3)

where Ej
sc(Th) represents the self-consumed power of the hub over time Th.

• The energy fed into the grid over time Th is as follows:

Einj = ∑j

[
Ej

PV(Th)− Ej
sc(Th)

]
; (4)

• The energy withdrawn from the grid over time Th is as follows:

Ewith = ∑j Ej
grid,out(Th), (5)

where Ej
grid,out(Th) represents the hourly withdrawal of PODs belonging to the REC,

only during the time when the plants produce energy.
• The energy shared within the REC over time Th, as per regulations [47], is as follows:

Esh = min
(
Einj; Ewith

)
; (6)

• The energy fed into the grid and not shared in the REC over time Th is as follows:

Eto,grid = Einj − Esh; (7)

• The energy consumed by all REC electric utilities is as follows:

Econs = Ewith + Esc; (8)
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• The REC users’ energy demand over time T is as follows:

Ue = ∑j U j
e(T); (9)

Here CHUB is the average annual power consumption in the Hub (kWh/year); CPOD
is the average annual power consumption of a POD (kWh/year); c is the unit cost of
power (EUR/kWh) (net of transport and management costs placed at EUR 0.12; data were
collected from ARERA on 8 March 2024). Assuming that the produced energy totally or
partially cancels out the costs in the bill over time Th, it was estimated here:

RTot = c·Eprod, (10)

RHUB = c·CHUB(Th), (11)

RPOD(Th) =
RTot − RHUB(Th)

n
, (12)

where (10) defines the total bill savings (EUR); (11) defines the Hub’s annual bill savings
(EUR); (12) defines the annual bill savings in euros of a POD; n is the REC’s POD number;
Th is the time in which energy is produced and shared with the community.

Given the annual bill savings of a POD and its annual power consumption, the annual
power cost was derived as follows:

Cn = c·CPOD(Th)− RPOD. (13)

By substituting (9), (10), and (11) into (12), we obtain the following:

n(C) =
c·Eprod − c·CHUB(Th)

c·CPOD(Th)− Cn
. (14)

where (14) is true for Cn ̸= c·CPOD. As CPOD varies, it is possible to derive the number of
PODs of the REC. Similarly, it is possible to derive n as a function of RPOD by substituting
in (12), (10), and (11):

n(R) =
c·Eprod − c·CHUB(Th)

RPOD
. (15)

The graphical representation of Equations (14) and (15), in which the x-axis shows
the values of costs CPOD and revenues RPOD and the y-axis shows the numbers of PODs,
defines a parabolic symmetrical diagram (Figure 3). The f (CPOD; n) represents an increasing
parabolic function with a vertical asymptote, which defines the number of PODs as the cost
increases. On the other hand, f (RPOD; n) represents a decreasing parabolic function that
defines the number of PODs as the economic savings in the bill increase.

Once the number of PODs has been derived as a function of bill savings or costs, the
second step is to verify the community size as a function of energy efficiency, using the
indicators of Cielo et al. [42]:

• Self-Consumption Index (SCI)

SCI(%) =
Econs

Eprod
, (16)

which expresses the amount of energy that can be shared within the community versus
the amount of energy that can be produced.
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• Self-Sufficiency Index (SSI)

SSI(%) =
Econs

Ue
, (17)

which expresses how much renewable energy is consumed by the community com-
pared to the users’ needs.

• The CO2 index, which expresses the amount of CO2 avoided in one year by establishing
a REC, is equal to the following:

∆CO2(%) =
εo − εCER

εo
, (18)

where:
εo = εrete·Econs, (19)

εCER = εrete·[Econs − (Esc + Esh)] + εPV ·Eprod, (20)

with:

• εo carbon dioxide emissions in the absence of a REC;
• εCER carbon dioxide emissions with the REC;
• εrete CO2 emission coefficient, which is equal to 0.276 kg of CO2/kWh, derived

from the literature;
• εPV CO2 emission coefficient related to the production and disposal of the photo-

voltaic system, obtained from the literature, is equal to 0.05 kg of CO2/kWh [36].

4.2. Assessing the Effects of Vegetation on REC

The potential effects of environmental design on microclimate are evaluated through
the strategic use of vegetation to optimize community energy consumption. Vegetation can
supply a variety of ecosystem services, including energy services through its thermoregu-
latory function as well as the absorption of air pollutants and stormwater [48]. Planting
trees at less than 18 m (60 ft) from buildings can decrease the amount of energy required for
indoor heating and cooling by reducing temperatures and wind and providing shade [49].
Using the i-Tree Eco simulation software (rel. 6), the energy and economic benefits provided
by trees were determined, allowing for community implementation. Indeed, by subtracting
the cost of electricity saved in (11) and (13), we obtain the following:

RHUB = c·CHUB(T)− RHUB.Tree(T), (21)

Cn = c·CPOD − RPOD − RPOD.Tree(T). (22)
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where CHUB.Tree is the energy savings of the HUB due to the effect of trees; CPOD.Tree is the
POD energy savings generated by the trees. Then, (13) and (14) become the following:

n(C) =
c·Eprod − c·CHUB(T)− RHUB.Tree(T)

c·CPOD(T)− Cc − RPOD.Tree(T)
. (23)

n(R) =
c·Eprod − c·CHUB(T)− RHUB.Tree(T)

RPOD
. (24)

With (23) and (24) and the savings provided by trees, it is possible to gain more PODs
than with (14) and (15) (Figure 4).
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4.3. Evaluation of the Effects of Microclimate and Water

Although the best-known urban climate phenomenon observed at the surface is
the urban heat island (UHI), the processes controlling it act across a range of spatial
and temporal scales that span the depth of the urban boundary layer (UBL) [50]. The
sparse presence of bodies of water, lawns, and trees results in significant temperature
increases within this layer of the atmosphere. In summer, the heat emitted by the HVAC
units’ engines further increases the temperature values in urban areas. Due to virtues
such as shading and evapotranspiration, planting trees provides a particularly effective
solution to reducing air temperatures. For this purpose, using the fluid-dynamic simulation
software for calculating microclimatic conditions ENVI-met (rel. 6.1), we identified critical
areas where the most unfavorable conditions occur, particularly in the summer. The
integrated design of rainwater harvesting systems (GSI) and vegetation allows for improved
microclimatic conditions [51], indirectly impacting the energy performance of buildings [52].
The reduction of outdoor temperatures results in a further reduction of energy consumption
from air conditioning systems, resulting in further energy retrofits.

5. Results and Discussion

The first part of the analysis phase on the two pilot case studies as a comparison
sample (D and E) enables an estimation of the number of PODs served by the REC through
(14) and (15), according to an energy–cost balance. Subsequent calculation of indicators
(16), (17), and (18) allows verification of PODs suitable to meet the economic and energy
needs of the renewable community. The study focuses on the minimum and maximum
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eligible perimeters. The former defines a REC capable of feeding surplus energy to the
power grid as well as ideally meeting the total renewable energy needs of the community.
The latter harnesses almost all the energy produced for the community while feeding a
negligible portion of it into the grid (Figures 5 and 6). Different REC configurations were
bordered through the GIS application, starting from the primary substations to which the
hubs belong.
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The subsequent identification of the runoff basins according to the trends of the
outflow lines defines two different configurations. In case E, the local catchment area, given
by the sum of the sub-basins, coincides with the perimeter of the REC, defining an ideal
condition. In case D, the results are only partially coincident with the community.

This case study was chosen as an example of foreshadowing a particular condition
in which the hydraulic intervention area includes both a portion of the primary electrical
substation and a municipal border (Figure 7). The GSI project allows up to 28% of rainwater
to be harvested for case E and up to 32% for case D (rainwater volume calculated for 30 min
with a 20-year return time). Encouraging infiltration and absorption reduces the risks
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associated with extreme weather events while avoiding costly upgrades to the urban sewer
system (Figures 8 and 9).

Thermo-fluid dynamics simulations carried out for the hottest day of 2022 (28 June)
showed significant improvements in design conditions at 9:00 a.m., 12:00 a.m., and 3:00 p.m.
For case E, decreases of up to 15% in PMV (predicted mean value), up to 1.5 ◦C in potential
air temperature, and up to 3.4 ◦C in surface temperature were recorded. For case D,
decreases of up to 21% in the PMV value, up to 2 ◦C in the potential air temperature, and
up to 3 ◦C in the surface temperature were recorded.

The landscaping project involves the planting of 268 new trees in case E and 165 in
case D. The increase of trees related to their strategic placement allows reducing the energy
costs of adjacent buildings by EUR 1610/year for case E and EUR 521/year for the other.
Trees allow their properties to achieve positive effects on the energy behavior of buildings.
With a simplified calculation considering the transmittance of the envelope walls and the
outdoor temperature, a natural reduction in indoor temperature of almost 1 ◦C is estimated.
Further building interventions would reduce the indoor temperatures of buildings while
diminishing the use of HVACs in the summer period.

Repeating the REC sizing phase through (23) and (24) results in a higher number of
PODs than calculated with (14) and (15). The recalculating indicators (16), (17), and (18)
allow new configurations to be determined. Defining flexible perimeters with variable
sizes according to both urban and building energy and environmental retrofits identifies
additional sharable resources within the community, beyond energy and environmental
resources. Sometimes these are not equally distributed, as in the case of the community
of school D. Such disparities may have negative consequences for the social cohesion and
well-being of the involved communities.
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Therefore, the aim was to define an inclusive process for sharing community services
even with those entities that, although belonging to the same urban catchment area, cannot
be part of the REC. In this way, efficient resource management can be ensured, promoting
equitable access to benefits and thus strengthening bordering communities.

The definition of a sustainable urban community involves sharing the immediate
benefits of a REC together with improvements in:

• Microclimatic conditions;
• Resilience to extreme weather events;
• Real estate value;
• Sharing economy and pooling of additional community services (e.g., neighborhood

laundries, internet points, and recycling of goods);
• Energy performance of the hub and buildings.

In conclusion, a sustainable urban community is a function of:

S.U.C. = f (FV, Trees, Microclimate, Social, Retro f it HUB, Retro f it Building). (25)

This relationship can be represented by an increasing graph with upward concavity in
which, as benefit values increase, the number of PODs that a community can accommodate
increases (Figure 10).
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The work focuses on defining an operational process model, starting with estimating
the suitability of public buildings to become hubs of energy communities. The annual trend
of energy consumption in a school shows that residential units can benefit from almost all
the energy produced during periods of interruption of educational activities, resulting in
even more substantial savings.
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We overlap thematic layers representing the distribution of other resources in the REC
perimeters, predicting their induced effects, criticalities, and appropriate technical solutions.
The proposal seeks to prompt bureaucrats and stakeholders to take an integrated view of
urban and social problems. The concept is the extension of the technical energy model for
communities to include sustainability, solidarity, and sociality in urban neighborhoods for
activism projects underlying aggregation initiatives and the transformation of the energy
pattern itself.

Keyword analysis of the selected contributions in the scoping review led to the iden-
tification of the following five areas of inquiry: renewable energy, energy management,
energy policy, sustainable urban development, and built environment management. The
last three present the most numerous connections, suggesting a strong correlation between
urban and energy policy issues. The research related to each one can have a positive impact
on the others. The analysis suggests a possible line of investigation about the integration of
more strictly technological issues with the social and management nature of the built envi-
ronment. In particular, the research focuses on how energy communities formed around
public buildings can represent effective organizational models.

The conditions of the existing buildings suggest the need for a renovation effort set at
the level of territorial government, encouraging its transformation into a resource capable
of producing energy alongside other community services. Public-interest endowments
constitute a material and symbolic space where influential city regeneration processes
can be triggered [53]. Rethinking the concept of standards through the lens of accessibil-
ity, sustainability, and people’s health [54] fosters the transition to energetic community
hubs. This means embracing a systemic vision where the facilities become dynamic and
responsive supports whose spatial relationships shape people’s practices on principles of
mutualism and subsidiarity [55]. Considering energy in the same way as other unalienable
community assets (water, health, and education), it is natural to think of its distribution
and management as a public duty, unified by general regulations.

The reflection is about an integrated and complex consideration of urban resources,
considering an effectively ecosystemic and intra-scale vision under which the relations
of coexistence to re-design are based on tangible opportunities and shared characteristics.
These become easily conveyed through the intrinsic effects of environmental education and
social empowerment, which can be developed in living labs and urban action structures.

Maps of potential public energy hubs with their perimeters of influence provide tools
of considerable utility to local governments for envisioning and assessing renewable energy
production using public rooftops and open spaces. Around such pivots of physical, cultural,
energy, and social aggregation, the perimeters connect the community in relation to the
amount of shareable renewable energy, urban settlement types, technical-constructive
characteristics, green areas, and runoff water sub-basins. In addition to environmental
aspects, the protocols and indicators will include socio-technical considerations, from job
creation to addressing energy poverty.

The logical systematization of evaluation criteria in dedicated scorecards allows easy
integration of data obtained and processed for multi-purpose interventions (Figure 11).
The proposed implementation of existing evaluation methods for the redevelopment of
the built environment provides a useful starting point for planning interventions to im-
prove the existing conditions, explicating the needs related to the individual areas under
investigation.
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6. Concluding Remarks

Transforming neighborhoods into renewable energy communities within a larger
urban context is best addressed in physical space planning, involving communities and
stakeholders in decision-making. This approach also benefits from the engagement of stake-
holders with direct administrative responsibilities, such as regions, provinces, metropolitan
cities, and communes. These decisions can be systematized in the form of a strategic-
structural urban plan for the programming stage, an operational plan for implementation, a
sub-municipal detailed plan, and a building-regulating plan. Municipal urban plans should
integrate analyses of the areas’ energy capacities, adding them to the traditional knowledge
framework to regulate the use of available resources and programming transformations
considering these aggregate capacities.

The change in existing electricity infrastructure and the implementation of a project
network can accelerate an equitable energy transition that distributes these resources even
to places that could never become self-sufficient by location and configuration. To this end,
energy-environmental prescriptions could assign different performance levels depending
on territorial areas, apply energy equalization, like urban planning, and regulate fair use
rights.

Extending the scope of REC to the neighborhood scale, as the economic savings in
the electricity bill decrease, the potential human capital of the community will increase.
The presence of solar systems in public schools can also help develop local groups beyond
the energy aspect, extending community benefits to different areas and sectors, such as
health, safety, environment, culture, and economic activities. A further advancement for
the valorisation of the idea of community consists in overcoming the dichotomy between
‘prosumer’ and ‘consumer’ by extending the possibility of sharing to goods, services,
individual capabilities, or their own time. Identifying the REC with criteria that are not
exclusively technical and of immediate economic return can initiate the return of long-
standing good social practices. Furthermore, the pandemic accentuated the economic
gap between the different strata of the population in many cities. In response, the Italian
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Bishops’ Conference (Conferenza Episcopale Italiana—CEI) has set up a technical table
for the establishment of an energy community for each parish [56] to offer some concrete,
though not exhaustive, responses to energy poverty. In smaller municipalities, these
initiatives arise from local efforts involving the community. In the case of large cities,
models that can be adapted to the urban territory are also being developed [57].

The establishment of appropriately sized RECs can significantly improve the living
conditions of socially disadvantaged urban enclaves characterized by high population
density, poor financial resilience, and difficulty accessing essential services. For these
reasons, the first step in building an adequate evaluation method is to appropriately delimit
the REC’s perimeter.

For this research, the schools’ needs were considered through the theoretical parame-
ter of the annual energy consumption per student. For a more refined calibration of the
processed data, the next step will consider the actual consumption of the schools. The study
can provide valid indications to technicians and local administrators to implement sus-
tainable technologies by preparing a map of potential energy communities. The proposed
calculation parameters represent a starting point for defining administration strategies to
integrate the environmental requalification process.

To evaluate the chosen methodology, our case study is the stock of buildings for higher
school education managed by the Metropolitan City of Naples. However, in such a vast
field of research, this constitutes a partial test of the obtainable findings, as we will extend
the considerations to other types of public buildings and equipment.

The development of the research involves the activation of multidirectional channels
of exchange between universities, local governments, and citizen groups. The university’s
relationship with the territory is of paramount importance, as the various departments, in
their respective fields and through interdisciplinary collaborations, produce public engage-
ment activities that can influence the decisions of central and local administrations [58]. The
identification of pilot cases in the local area can induce a strengthening of the connection
between research and management entities. This implies that administrations, technical
bureaucrats, and citizens should themselves be equipped with appropriate technical, tech-
nological, and cultural tools. The updated critique reflects on the unequal conditions under
which participation can take place by different stakeholders, i.e., the frequent technical and
financial unpreparedness constitutes a major handicap.

The ongoing study experiments with environmental analyses, simulation models,
calculations, and descriptions of the resulting perimeters and contents for critical eval-
uations of pilot cases. For their identification, one criterion is the selection of locations
where there is correspondence between different thematic perimeters to maximize possible
outcomes. In this regard, protocols and indicators for evaluating such initiatives will need
to include socio-technical considerations. In addition, it will be necessary to verify the
adequacy of grid infrastructure to integrate increasing shares of renewables efficiently and
without compromising the quality of service. Finally, quantitative benchmark metrics need
to be defined with respect to parameters such as the percentage of integrated renewable
resources, emission reductions, savings guaranteed to members, and territorial energy
resilience. Integrated approaches are needed for the full development of the potential of
energy communities, considering technical, economic, and social factors and identifying
replicable best practices.
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Appendix A. Questionnaire Format (Edited in Microsoft Office Forms)

Question Answer Mode
Name of the community open-ended answer
Who oversaw the direction of the RESC design
process? open-ended answer

What is the administrative process that was
used to establish the RESC? open-ended answer

What were the main difficulties in
implementing the RESC activities?

multiple-choice answers:

• Administrative
• Bureaucratic
• Fund raising
• Citizens’ involvement
• Technical planning

What funds financed the establishment of the
RESC? open-ended answer

What is the legal form of the RESC?
single-choice answers:

• Social enterprise
• Non-recognized association
• Cooperative
• Legal form provided for publicly held

companies
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Question Answer Mode

Who are the participants in the RESC legal
entity?

multiple-choice answers:

• Citizens
• Companies
• Craftsmen
• Associations
• Public entities
• Religious institutions

How many utilities are connected to the REC?
(No. of households, No. of businesses, No. of
entities . . .)

open-ended answer

How are expenses and revenues allocated
within the community? open-ended answer

Who is the management of the RESC? open-ended answer

By what criteria were the energy community
utilities selected?

multiple-choice answers:

• Proximity
• Belonging to the primary electrical

substation
• Belonging to the secondary electrical

substation
• Socio-economic conditions
• Previous knowledge
• Other

How much of self-generated energy is actually
consumed? 0-to-100% scale

To optimize energy consumption, have
improved interventions (energy class
reduction, appliance renovation, etc.) been
considered on the HUB and other buildings
that are part of the REC?

single-choice answers:

• Yes, and have been carried out/are being
carried out

• No, but they are scheduled
• No

Has a plan been implemented to raise
awareness of efficient energy consumption?

single-choice answers:

• Yes, and have been carried out
• No, but they are scheduled
• No

Have any special technological interventions
been implemented at the infrastructure level?
(e.g., installation of new meters)

single-choice answers:

• Yes
• No

How relevant were the organizational skills
and expertise provided by the local authority
or possibly other private organizations?

0-to-10 scale

The new decree allows the establishment of
RECS with an installed capacity of up to 1
MWp. Are there any plans to expand the
RECS?

single-choice answers:

• Yes, but participation will not be free
• Yes, and participation will be free
• No
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Question Answer Mode
What institutional (public) actors and/or
private entities or organizations were involved?
Among them, who played a leading role?

multiple-choice answers:

• Municipality
• Province
• Region
• Associations
• Cooperatives
• Electric service providers
• Privates
• Other

How many institutional (public) actors and/or
private entities or organizations were
involved?

multiple-choice answers:

• Municipality
• Province
• Region
• Associations
• Cooperatives
• Electric service providers
• Privates
• Other

What does “solidarity” mean to you within the
Renewable and Solidarity Energy Community? open-ended answer

In addition to economic benefits, in
establishing the RESC, were sharing strategies
considered that would give additional benefits
to the neighborhood?

multiple-choice answers:

• Rainwater harvesting through green
systems

• Vegetation increases
• Shared services
• Benefits for REC members

Once the incentives and assured maintenance
for 25 years are over, what are the community
management plans?

open-ended answer

Is it possible to obtain technical data related to
REC from a web portal? open-ended answer

Is it possible to obtain technical data on REC
from a certified engineer? open-ended answer

Is it possible to obtain the technical data related
to REC from the ECUs? open-ended answer

Can REC-related technical data be obtained
from other resources? open-ended answer

Which entities or organizations provided the
capital needed to start the initiative?

multiple-choice answers:

• Banks
• Cooperative credit banks
• REC members
• Public authorities
• Local energy service provider
• Non-energy private sector
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Question Answer Mode

Beyond the funds in the previous question,
have additional resources been allocated?

multiple-choice answers:

• Self-financing (reinvesting profits)
• No external funding
• Crowdfunding
• Donations
• Loans from private banks
• Loans from the public sector
• Incentives and grants
• Loans from other similar private

initiatives (for energy-saving purposes)
• Other forms of loans

Has the initiative obtained financial support
from the public sector? If so, which entities are
the main supporters?

multiple-choice answers:

• No public support
• Municipalities
• Regions
• State
• Funds from EU institutions
• Funds from non-EU institutions

Why do consumers and prosumers find it
interesting to be part of the REC?

multiple-choice answers:

• Getting more equitable energy prices
• Obtaining below-market prices
• Making a safe investment
• Making a profitable investment
• Be involved in the management of energy

services
• Be involved in the management of

non-energy services
• Invest in sustainable energy
• Invest in projects with ethical purposes

other than sustainable energy
• A sense of belonging to the community
• Tax deductions
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