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A B S T R A C T

Energy communities (EC) play a crucial role in driving the transition towards renewable energy sources within 
urban areas. This study focuses on the implementation of EC within linear mass housing in Rome, with particular 
attention given to the Tor Bella Monaca district. The research proposes and simulates six energy community 
distinct scenarios using the Urban Modelling Interface (UMI) and Simulink in order to advance understanding of 
this topic. These scenarios evaluate the integration of photovoltaic systems, heat pumps, and energy storage 
systems to determine their comprehensive effect on renewable energy production, CO2 emission reduction, and 
the enhancement of self-consumption. The study findings show that higher electrification levels in an energy 
community lead to greater consumption of renewable energy and reduced reliance on the grid. The integration of 
heat pumps and energy storage further enhances energy consumption and self-sufficiency creating sustainable 
energy models in urban environments. With an increase in self-consumption factor and self-sufficiency factor of 
0.15–0.30 and 0.11–0.13, respectively, depending on the scenario. The research highlights the importance of a 
thorough assessment of technology sizing and integration in order to enhance self-consumption and decrease CO2 
emissions. It proposes investigating the incorporation of both thermal and electrical storage to optimize self- 
consumption. Finally, the simulated scenarios underwent flexibility analyses to determine the precise energy 
flow capacity and the optimal setting identified through economic evaluation.

Nomenclature

ACs Annual Costs (€/yr)
ASHP Air Source Heat Pump
CAAC Carbon Avoidance Annual Cost (€/tonCO2/yr)
CAPEX Initial Capital Expenditure (€)
CEP Energy Vectors Purchase (€/yr)
CO&M Operation and Maintenance Costs (€/yr)
crf Capital recovery factor (%)
EAC Equivalent Annual Cost
ECs Energy Communities
Eel,DG Electricity demand to the grid (MWh/yr)
Eel,load Electricity overall demand (MWh/yr)
Eel,PVT Electricity production (MWh/yr)
Eel,SC Electricity self-consumption (MWh/yr)
Eel,SE Electricity shared (MWh/yr)
fSC self-consumption fraction (− )
fSS self-sufficiency fraction (− )
fPV PV factor
IMPE Imported Electricity

(continued on next column)

(continued )

IRR Internal Rate of Return
LM Load Match index
LOLP Loss-Of-Load Probability
NOCT Nominal Operating Cell Temperature (◦C)
PE, nREN Primary non-renewable energy
PE, REN Primary renewable energy
PED Positive Energy District
PES Non-Renewable Primary Energy Savings
PFECEL Primary Fossil Energy Factor of National Grid
PtG Power to Gas
PtH Power to Heat
PtP Power to Power
PtV Power to Vehicles
PV Photovoltaic
REC Renewable Energy Community
RES Renewable Energy Sources
sCOP Seasonal Coefficient Of Performance (− )
SCR Self-Consumption Ratio (− )
SPV,tot Total PV plant surface (m2)
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(continued )

SSR Self-Sufficiency Ratio (− )
TES Thermal Energy Storage
TTES,avg TES water average temperature (◦C)
Tw,sup ASHP supply water temperature (◦C)
Tw,ret ASHP return water temperature (◦C)
η Efficiency

1. Introduction

The energy transition is nowadays a driving theme in the economic, 
social and scientific scenario [1–3] and the emphasis given to it within 
the European Agenda by the Sustainable Development Goals [4], spe-
cifically Goals 7 and 11, is significant of how it will lead a substantial 
transformation in society and urban areas in the next future. The shift 
from traditional to renewable energy sources (RES) is only a partial 
aspect of the transformation, which to be entirely realized requires a 
complete reconfiguration of the energy systems: the currently wide-
spread energy model, heavily relying on centralized fossil fuel power 
plants, must be replaced by a new one made by numerous inter-
connected network of distributed systems, which operation is based on 
self-production of renewable energy. To realize this collective challenge 
it is necessary that a sharing approach is embraced instead of individual 
action, according to which communities must join forces [5], especially 
involving economically disadvantaged groups. Energy Communities 
(ECs) represent a way for aggregating households and enabling them to 
collectively generate, manage, store, and sell renewable energy locally 
produced; at the same time they allows the fight against energy poverty 
in neighborhoods, limiting energy consumption and ensuring low-cost 
energy supply.

The concept of energy communities was introduced in EU Legislation 
in 2018, through two directives part of the Clean Energy for all Euro-
peans Package: the Directive on the Internal Electricity Market n. 944/ 
2019 (IEM) [6] and the Renewable Energy Directive n. 2001/2018 (RED 
II) [1], currently being updated to RED III. In particular with the latter, 
which encourages the use of energy from renewable energy sources, the 
European Union has granted legal recognition to associations and 
introduced the role of renewable energy producer/consumer. The RED II 
Directive introduced the Joint-Acting Renewable Self-Consumers 
(JARSCs) and the Renewable Energy Communities (RECs) aggregation 
levels; the set is completed by the entities introduced by IEM, Active 
Customers (ACs) and Citizen Energy Communities (CECs), quite 
different in objectives. Italy has been particularly proactive in advancing 
Renewable Energy Communities from the transposition of the RED II 
Directive [7], implementing the latest legislative measures and contin-
ually developing new ones to create an innovative energy management 
model within the country [8]. The most recent development is the 
submission of a proposal for a decree on energy communities to promote 
the dissemination of self-consumption of energy from renewable 
resources.

ECs’ topic is gaining prominence in academic research, prompting 
the debate around approaches, limitations, and potential they hold in 
the path towards the decabonization of urban districts [9–11].

Energy generation in RECs concerns both thermal and electrical 
production. Thermal generation fulfills heating, cooling, and hot water 
needs. Common technologies are boilers, heat pumps (HP), absorption 
chillers and cogeneration plants. However, the predominant direction in 
the design of EC is to electrify thermal consumption through the use of 
heat pumps [2]. The production of renewable electrical energy is the 
founding element of RECs [12]. A variety of RES can be used, however, 
in residential integration, photovoltaic systems (PV) represent the most 
widely adopted solution. The integration of fluctuating RES and the 
flexibility of the local energy system are ensured by energy storage 
technologies [2]. The most analyzed are electrochemical batteries, 

nevertheless such systems are often associated with high costs. In recent 
years the research indicates alongside Power-to-Power (PtP) ones, 
innovative energy storage systems such as Power-to-Heat (PtH) and 
Power-to-Gas (PtG) [13].

Power-to-Heat is based on the conversion of electricity into thermal 
energy by heat pumps, both for heating and cooling [14–16]. 
Compression heat pumps are commercial devices which produce heat 
efficiently and economically. PtH systems can be considered promising 
solutions for the integration of exceeding RES allowing both flexible 
demand and thermal energy storage (TES) [17]. Thermal storage, con-
sisting of hot water tanks, is in fact a simple and economical solution. 
The potential flexibility provided by Power-to-Heat systems is related to 
heat pumps’ and thermal storage’s size, to thermal demand and to its 
profile [18]. Therefore, Power-to-Heat applications often have limits 
due to endogenous factors. The 4G district heating, a low temperature 
intelligent thermal grid, allows to integrate renewable generation in 
energy districts, decarbonizing thermal demand, reducing thermal los-
ses and providing a cost-effective solution for the storage of intermittent 
generation [19]. The Power-to-Heat approach, despite its inherent 
constraints, is the most cost-effective to increase local electricity 
demand.

Conversely, the Power-to-Gas setup, while being attractive for 
distributed energy systems, is limited by the high costs for hydrogen 
production [20]. For volumetric fractions around 10 %, the existing gas 
infrastructure can be used for hydrogen transportation and storage [21], 
allowing higher self-consumption and eliminating costs of a specific 
supply chain. Nonetheless, due to the electrolyser’s low efficiency, the 
savings of energy and emissions are low, making the injection of 
hydrogen into the gas grid cost-effective primarily for small volumetric 
fractions. In addition, hydrogen can be exploited for local balancing of 
power grids through fuel cells [22–24]. However, it is not the best option 
for RECs due to the low round-trip efficiency of the 
Power-to-Gas-to-Power process. The development of distributed gener-
ation goes together with that of Smart Grids, namely intelligent elec-
tricity grids which use information and communication technologies 
and are able to adapt to unforeseen fluctuations in load and production, 
supporting the balance between them and the quality of electricity 
supply [25].

Recent literature focused on strategies for the optimization of the 
energy communities, by integrating different generation systems and 
different energy carriers, individually or in combination [26].

Above all it is necessary to avoid oversizing components, which may 
lead to higher costs, that are economically detrimental. In this regard, 
literature dealing with optimal operation is widespread, compared with 
papers specifically regarding optimal planning of collective assets in 
ECs. A novel methodology for optimal planning of collective photovol-
taic (PV) systems in energy communities (ECs) is introduced in Ref. [27], 
using multi-cut Benders’ decomposition. This method is accurate, scal-
able, and accounts for long-term variations like degradation and infla-
tion. A benchmark case study with six prosumers assessed the energy 
balance for different PV sizes. Collective PV generation significantly 
impacted the economy, reducing energy imports by 32 % (nearly 1200 
MWh less) and increasing energy exports by 96 % as PV capacity grew 
from 0 to 80 kWp. Despite these improvements, imports remained 
higher than exports, highlighting ECs’ primary focus on local demand 
rather than exporting surplus energy. The trend showed increasing im-
ports due to progressive PV capacity loss from panel degradation. 
Exported energy showed a fluctuating pattern, influenced by both 
degradation and rising energy prices, which made selling excess energy 
more appealing. Therefore, long-term parameters like degradation and 
price increases present conflicting impacts on energy exports.When 
considering the renewable resources to be used, another criterion to take 
into account is resources’ diversification. In Ref. [28], a case study ex-
amines the power supply of a remote isolated system using various 
renewable generators, diesel engines, and storage solutions. The com-
ponents are sized using HOMER®, which identifies the configuration 
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that minimizes the net present value based on different predefined 
scheduling logics. The common approach, which involves identifying a 
primary technology supported by auxiliary systems to handle peak loads 
or extreme conditions, entails an inherent vulnerability of the asset: if 
the predominant technology experiences failures, supply problems 
cannot be mitigated by the auxiliary elements, which are undersized. In 
Ref. [29] is approached at building level a multi-objective design model 
of a hybrid system consisting of a photovoltaic system, wind turbines 
and a battery system to cover the electrical demand. The assumed ob-
jectives are minimizing the total annual cost of the system, maximizing 
the efficiency of the storage system, and evaluating the design effects 
using the Shannon-Wiener Index (SWI) and Herfindahl-Hirschman Index 
(HHI) for diversification and minimizing energy source concentration. 
This involves creating a multi-period nonlinear programming model 
(NLP), which addresses daily and seasonal variations in energy demand 
and environmental conditions, considering energy storage levels, energy 
trade, and grid interaction. Nonlinearities arise from the battery’s state 
of charge and PV system efficiency. The strategy balances economic 
performance and energy security, with increased PV participation 
enhancing battery storage levels.

In [12], the study explores achieving complete self-consumption of 
renewable electricity in a high-capacity district of 50 users, emphasizing 
storage systems, polygeneration, and energy network synergies. The 
findings underscored the benefits of a multi-energy system but high-
lighted increased CO2 emissions with storage technology due to 
roundtrip efficiency.

In [30], an optimized solar district heating network was integrated 
with a renewable-based electricity network featuring photovoltaic 
panels, wind turbines, and electrical storage to create a Positive Energy 
District (PED). Storage proved crucial for achieving zero imported 
electricity, reducing both imported (2 kWh/m2/yr) and exported elec-
tricity and enhancing onsite fraction (from 1 % to 97 %).

Decision-making processes and comparative sustainability charac-
terization of energy systems with high degrees of RES integration 
require well-established indicators [31,32]. In Ref. [33] a review on 
EnergyPLAN simulation model, proposed additional "advanced perfor-
mance indicators," including the Mismatch Compensation Factor, 
Emission Reduction Effectiveness and Flexibility Factor. EAC was 
frequently chosen as representative function for technologies compari-
son, due to the difference among their lifetimes [34].

The study explained in Ref. [35] centers on how the transition to-
wards renewable energy and the incorporation of digital technologies 
impact environmental sustainability through reduced CO2 emissions. It 
highlights differences in impacts across China’s eastern, central, and 
western regions, due to differing levels of economic development and 
technological integration, with pronounced benefits in the eastern areas. 
The research also explores nonlinear dynamics, indicating that increased 
digitization can sometimes exacerbate the negative impacts of energy 
transitions on emissions.

The study of Jradi et al. [36] analyses the improvement of energy 
efficiency in a residential area in Odense, Denmark, using large-scale 
modelling and simulation. Through the implementation of different 
strategies, including building retrofits, thermal comfort optimization 
and integration of renewable energy sources, the possibility of trans-
forming the district into a positive energy area with surplus heat and 
electricity production is demonstrated. Eight different energy improve-
ment strategies were then individually formulated, modelled and 
simulated. For example, adopting the Danish BR10 standard for the 
building envelope could reduce the total heat demand by 35 percent 
from 2388 to 1551 MWh/year. Another measure considered is the use of 
room radiators with modified set points (70/55 ◦C), with a 12 % 
reduction in heating demand. In addition, the integration of a fossil-free 
scenario in the district heating system could lead to a 40 % saving in 
thermal energy generation capacity.

However, the diversification of primary sources is generally applied 
to large-scale systems; in smaller systems, variability is mitigated by the 

introduction of storage systems.
The study in Ref. [37] explores Renewable Energy Communities 

(RECs) focusing on strategic placement and sizing of PV and BESS to 
optimize economic benefits their impact on grid stability.

A Linear Programming (LP) optimization model was developed and 
coupled with power flow analysis to assess the impact of various REC 
configurations (village, suburban, city, with 57, 144 and 555 consumers 
respectively), operating strategies, and battery placements. The adopted 
trategies include maximizing economic benefits, reducing peak grid 
exchange, and enhancing self-sufficiency, varying based on battery 
placement. Placing batteries at the feeder start, minimizes voltage de-
viations, reducing low-voltage grid load by up to 58 %. Optimal PV and 
battery capacities were notably larger in city grids to optimize economic 
benefits.

Guedes et al. [38] investigated various strategies for distributing 
collective storage and PV resources. They developed and compared fair 
and proportional sharing mechanisms to ensure equitable access and 
rights. Meanwhile, Berg et al. [39] explored the collaboration between 
ECs and distribution networks, emphasizing how local flexible resources 
enhance voltage stability.

Generally as flexible resources are considered batteries, but the 
achievement of electrification targets can be further facilitated through 
the adoption of alternative technologies for heating and cooling energy 
supply, therefore it is also necessary to deepen different storage systems. 
In Ref. [40] the optimal installation capacity of the PV system for REC 
with different load profiles is combined with hot water thank. To match 
various customers type bring higher cost saving potential.

Indeed, the concept of energy sharing is based on transforming en-
ergy consumers into prosumers, whose excess energy production can be 
shared with other members of the energy community; that way energy 
sharing between neighboring prosumers, indicated as peer-to-peer 
(P2P), leads to overcome the conventional peer-to-grid (P2G) trading.

Mixture of participants enhances energy sharing mechanisms by 
differentiating the loads.

Exploiting large areas for the installation of RES-based plants at large 
industrial parks, as a support for dense and energy-intensive urban areas 
as urban centers would maximize the benefits related to load comple-
mentarity. Similarly buildings or complexes that have geometries that 
make it easy to install even large quantities of PV can be a useful support 
to neighboring agglomerations. So far, however, the literature presents 
few examples of REC and PED applied to existing districts, while it is 
more common to find the study of new projects.

The study in Ref. [41] explores the optimal renewable energy con-
figurations for supplying an existing district in Benevento, Italy, tar-
geting a Positive Energy District (PED) condition. This district includes 
both residential and non-residential users, with real electric load pro-
files. The modeling tools used were TRNSYS 18, HOMER Pro®, and 
MATLAB. Renewable energy sources include evacuated tube collectors, 
PV plants, and wind turbines, with an electrolyser producing green 
hydrogen mixed with natural gas for domestic boilers. Four main con-
figurations of renewable plants were analyzed, along with two addi-
tional configurations to improve self-consumption and reduce surplus 
energy export. The optimal setup featured south-oriented PV panels 
with 384 kW peak power, yielding surplus renewable thermal and 
electric energy supplies of 154 MWh/year and 1307 MWh/year, 
respectively. This setup met the users’ total energy demands and ach-
ieved carbon neutrality with a Carbon Neutrality Check of 0.23, one of 
the novel indicators introduced for energy and environmental analysis.

Diverse energy communities (ECs) in Europe were examined in 
Ref. [39], focusing on member configurations, technology integration, 
demographics, and geographical factors. Using an optimization model, 
it simulates one-year operations of ECs in Norway and Spain across 
residential, commercial, and mixed loads. Grid impact is assessed 
through maximum import/export dynamics. Sensitivity analysis on PV 
sizing emphasizes aggregated community impact, neglecting internal 
distribution. Battery systems and load shifting strategies are considered. 
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Commercial and mixed loads show better grid compatibility in Norway 
and Spain respectively, whereas residential loads require larger batteries 
due to low load-PV correlation. Findings favor load shifting economi-
cally over battery storage. The study critiques synthetic data and 
short-term simulations (e.g., daily/weekly) for countries with seasonal 
electricity demand variations, advocating long-term data for accurate 
EC impact assessment.

A way for maximizing EC profitability is the variation of prosumers 
and consumers ratio.

The study in Ref. [42] analyzes energy generation and consumption 
patterns in a real energy community in Spain over one year, utilizing 
data from a 40.48 kWp community. The system integrates an energy 
storage system with a photovoltaic installation controlled by a bespoke 
system. Discharge timing is optimized to coincide with peak energy cost 
periods for enhanced energy and economic efficiency. The community 
consists of three consumer profiles with annual consumptions of 1500, 
2000, and 2500 kWh, respectively, distributed as 15 %, 35 %, and 50 %. 
Without batteries, the self-consumption ratio ranges from 56 % to 76 %, 
with surplus ranging from 44 % to 24 %, depending on the consumer 
profile. Introducing batteries reduces surplus by over 65 %, with greater 
reductions as the number of consumers increases. The study suggests 
storage capacity should ideally support an average annual capacity of 
23 %.

The same P2P concept extended to the neighborhood can be applied 
to the same residential complex when it reaches significant sizes, as 
often seen in post-World War II social housing complexes.

In many cases, sharing optimization focuses only on the operation 
phase, neglecting investment costs, which prevents a comprehensive 
economic view.

In [43] examines the optimal sharing of solar PV, wind power, and 
battery storage in a residential context, with the additional limit of a 
scarce time resolution, of just 24 h.

Taking up the previously mentioned topic of scheduling logics, the 
prospects of energy-based microgrids are closely dependent on optimi-
zation models for energy management, which based on provisions aimed 
at the mitigation of uncertainties’impact and trading effectiveness.

Long et al. [44] have explored the concept of energy sharing among 
various producers of Distributed Energy Resources within a community 
microgrid that incorporates PV and battery systems. Small-scale aggre-
gate battery control based on EC requirements significantly reduced the 
amount of electricity fed back into the grid: when about 40 % of cus-
tomers have their own photovoltaic (PV) systems, P2P energy sharing 
can lower the community’s energy expenses by 30 % compared to P2G 
trading.

[45] developed an optimization model based on cost minimization 
for an existing REC in Austria.The REC consists of nine participants, 
residential and tertiary “nodes”, located in the same low voltage dis-
tribution network. The total annual consumption of the whole REC is 
approximately 63,902 kWh/a with an hourly peak load of 18.32 kWp 
aggregating the individual electricity consumptions to a total load. 
Inoltre alcuni partecipanti già hanno PV installato, per un total amount 
of 25 kWp. Enabling renewable energy transfer within the REC boosts 
PV own use from 26.5 % to 65.2 %, reduces annual energy costs by 8.73 
%, and cuts CO2 emissions by 14.7 %.

From the above references it emerges that, due to the fact the fluc-
tuations in renewable energy sources like solar PV can influence energy 
sharing among microgrid participants at various times throughout the 
year, it is essential to make assessments on an annual basis.

[46] introduces a data-driven dual time-scale energy management 
framework to address PV and load demand uncertainties, utilizing 
collapsed Gibbs sampling and MPC rolling optimization. The model of-
fers lower operating costs and greater robustness than traditional 
methods, enhancing operational stability and providing strategies for 
developing energy communities. To this aim highlights how, along with 
timely monitoring of energy supply and demand, to own historical data 
is fundamental to obtain true and accurate probability distributions for 

system optimization and for making swift adjustments.
The transition from traditional heating systems to Integrated Energy 

Systems is a global trend that is receiving increasing support from 
governments and industries alike. The European Union’s Fifth Frame-
work Programme (FP5) and Seventh Framework Programme (FP7) have 
both conducted studies on the management models for IES. Lin et al. 
[47] explored the shift from conventional urban centralized heating 
systems to smart integrated energy systems. Their study highlights the 
crucial role of cyber-physical systems in improving the functionality and 
efficiency of these systems. It also addresses the challenges involved, 
such as the need for precise control of devices and overall system 
management. The coordination of multiple heating sources with varied 
characteristics, the delay in system response due to thermal inertia, and 
the effects of the heating network’s topological structures are the pri-
mary complexities that need careful management.

For many years a central theme in energy research field is the 
building archetype, useful for BEM applications and scalability of the 
related results. These aspects make it a promising concept, if extended, 
even for the definition of Urban Building Energy Models (UBEMs), but to 
date it is still a major contributor to inaccuracies in UBEMs [48,49]. The 
importance of incorporating realistic occupancy profiles in the arche-
type, instead of fixed occupancy schedules, for accurate energy pre-
dictions is highlighted in Ref. [50]. Using data from the Time Use 
Survey, the study introduces a novel approach, leading to 8%–10 % 
variations in annual energy demand across different spatial scales in 
residential building archetypes. In an effort to bridge the information 
deficit related to the assessment of occupants’ influence on energy 
outcomes within UBEMs across various spatial and temporal scales, 
Causone et al. [51] introduced the utilization of smart meter data and a 
method for incorporating data-driven schedules into UBEMs.

The experimental measurements indoor air parameters have been 
performed [52] in a selected room and values of temperature, relative 
humidity and CO2 concentration have been recorded. Also, people 
involved in this investigation have made their own evaluation. They, 
have been asked for opinion about the internal air quality at the 
beginning and at the end of the experimental measurement.

In the end, although many studies have focused on the optimization 
of the PV size for RES integration in buildings, and literature concerning 
PtH in distributed energy neighborhoods is on the rise, to the best of the 
authors’ knowledge the topic of energy transition applied to high den-
sity building still shows gaps. In this context, the definition of an urban 
archetype has the potential to be a valuable tool to manage self-con-
sumption’s maximization. In this circumstance, having observed that 
the widespread approach in REC modelling is to size the PV plant based 
on the maximum electrical requirement [53–55], to highlight how the 
oversizing of the plant does not mean improvement of self-consumption, 
and how self-consumption and self-sufficiency are related to the size of 
the plant is considered noteworthy. Multi-objective problem formula-
tion, taking into account environmental and economic aspects, is a main 
aspect of the proposed methodology, due to the importance of holistic 
vision from the investors point of view.

In the present work an urban area in Rome dedicated to social 
housing was the object of the study, to facilitate its transition to an EC. 
Specifically it is Tor Bella Monaca, within the R5 District. The main 
reason for choosing the building typology which shapes the entire 
neighborhood, is the energy inefficiency, caused in particular by prob-
lems with the building envelope [56,57]. The haste in construction that 
characterized the mass housing developments between the 1950s and 
1980s, period in which falls the realization of Tor Bella Monaca, often 
led to weaknesses in the durability of building materials. In fact, in the 
post-World War II period, the rapid increase in the demand for housing, 
mainly driven by the growth of population and the people migration 
from rural areas to urban centers, led to an impetuous development. The 
buildings’ construction followed a modern planning paradigm, based on 
standardized and fast construction methods, with the aim of creating 
experimental self-sufficient urban communities of high density 
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buildings, which would integrate all the necessary services for residents. 
These housing projects, prevalent in the European suburbs, have often 
been designated for social housing. Moreover, in Rome, approximately 
400,000 people currently reside in low-cost social housing projects 
constructed during the same time period as the studied one. This offers a 
compelling reason to investigate Energy Communities applied to social 
housing, specifically in linear multi-story buildings, which constitute a 
significant portion of the stock for this intended use.

Based on the potential of ECs to offer an innovative solution for 
managing renewable energy produced at local level, the present study 
aims to evaluate the impact of integrating PV, HP, and TES in energy 
communities, on self-consumption, non-renewable primary energy need 
and CO2 reduction.

The first activity of the present study was to set up an archetype of 
post war linear residential buildings, selecting constructive and energy 
data collected from documents and on-site investigations. The results 
were used to recreate a 3D model of the neighborhood, then the energy 
consumptions were estimated using a UBEM [58] tool, namely Urban 
Modeling Interface (UMI) [59]. Data exported from this phase were 
implemented in Simulink to develop semi-dynamic energy simulations.

First of all a parametric analysis was carried out, which concerned 
the variation of four different parameters: the installed power of the 
photovoltaic field, up to the maximum installable for access to in-
centives of 1 MW, the degree of electrification of thermal consumption, 
and the prosumer and consumer distribution. The analysis was con-
ducted in terms of energy shared by the REC (fsh), self-sufficiency 
fraction (fss) and self-consumption fraction (fsc).

After that, six scenarios with increasing technological integration 
were compared and commented. For each of the six scenarios, along 
with individual users’ energy demand, the models incorporated vari-
ables including solar energy production and energy fed back into the 
grid. Scenarios from the first to the third simulated the integration with 
photovoltaics with a capacity equal to 100 % of the energy needs, the 
installation of a heat pump powered by the photovoltaic system, and the 
further incorporation of a thermal storage respectively. In the remain-
ing, from the fourth to the sixth, the technological enhancement fol-
lowed the same path but the capacity of the photovoltaic system was 
reduced to 50 %.

1.1. Building archetype

The TBM district in Rome is a prime example of the fundamental 
features of Italian mass housing built from the 1960s to the 1980s within 
the PEEP (low-cost social housing schemes) and Law 167/62.

The TBM megastructure spans around 2,500,000 cubic meters and 
was originally designed to house roughly 27,000 inhabitants. The resi-
dential area embodies the typical characteristics of numerous high- 
density housing neighborhoods in Italy and adheres to the planning 
ideals implemented in Europe during that era [56]. This study focuses on 
the monumental in-line-multistorey building R5 (Fig. 1).

The development of a specific building archetype for public housing 
was made possible by the study of Vallati et al. [60]. Once the specific 
building type was identified, an important step was to collect data from 
several buildings of the same type to develop an archetype. This 
involved a comprehensive collection of data on various aspects, 
including construction systems, building materials, energy consump-
tion, and occupancy.

In the present research, a specific methodological procedure was 
applied to delineate the archetype of linear residential buildings con-
structed in the post-war period. These data were then subjected to sta-
tistical analysis to identify patterns and relationships between key 
variables and factors influencing the design of the archetype. An 
example of analysis was the use of regression to determine the rela-
tionship between building size and energy consumption.

Cluster analysis was used to group buildings by construction mate-
rials or design characteristics. In this archetype, the major components 
were analyzed to statistically evaluate the most recurring characteris-
tics, following established methods in archetype construction. Data 
collection included architectural and urban design aspects such as 
building height, number of floors, total floor area, and use, obtained 
through site visits and review of relevant documentation. On site global 
heat transfer measurement through a TESTO 635-2 heat flow meter). 
Therefore, the wall heat transfer of 38 apartments were measured on site 
and the average value was used to match the wall transmittance of the 
archetype and thus in the Energy Model (Fig. 2).

Energy data was collected through on-site measurements, analysis of 
energy bills, and assessment of building mechanical systems, including 
data on energy sources and total energy consumption. It is important to 
note that due to practical limitations it was not possible to collect all 
available data, but only four representative dwelling type in respective 

Fig. 1. R5 district.

A. Vallati et al.                                                                                                                                                                                                                                  Energy 308 (2024) 132611 

5 



four transect was included in the analyses (Fig. 3).
The results obtained make it possible to identify trends, define per-

formance benchmarks, and contribute to the formulation of policy de-
cisions on energy efficiency and sustainable urban development. 
However, the results obtained indicate that the archetype, once devel-
oped, was compared to the Tabula model. This comparison showed that 
the Archetype was more energy efficient, as it was able to maintain a 
lower annual energy consumption than the TABULA model [61]. This 
positive result can be attributed to the differences in the management of 
energy consumption and the technological characteristics of the systems 
used in the archetype.

This data was then processed by a Geographic Information System 
(GIS) [62]. Initially, spatial data, comprising floor plans of edifices, 
roads, parks, and the adjacent urban development, was amassed. Sub-
sequently, the shapefile data underwent processing using Grasshopper 
scripts [63], which can link a reference layer to each category.

The polygon was created by converting the shape-point into a 
polygon. After setting the heights, Rhinoceros processed the polygon for 
extrusion, producing the 3D building model. In addition, Grasshopper 
scripts were used to transform GIS plans into 3D models of the buildings 
using the Rhinoceros environment [59] and a building template was 
assigned to each buildings model created.

Archetype proposes a new approach to the creation of archetypes 

that goes beyond the technical and architectural characteristics of 
buildings, placing a strong emphasis on energy aspects.

By analyzing real data, such as hours of heating use, it has been 
possible to create a comprehensive model for various public residential 
buildings in Italy and Europe. UMI simulated all the energy consumption 
of the buildings studied. The data export mechanism was configured to 
provide hourly consumption for each load type (e.g. electricity, heating) 
for individual buildings and for the entire urban area.

2. Materials and methods

This section details the methodology (Fig. 4) employed to charac-
terize the considered scenarios. The energy model is subsequently 
described, along with the Key Performance Indicators (KPIs) considered.

The article is structured on three different macro-sections. The first, 
already addressed in the previous sections, sees the characterisation of 
the building archetype and its validation, while in the next two macro- 
sections we move on to the analysis of the renewable energy community 
(REC). Specifically, in the second macro-section, a parametric analysis is 
developed that correlates the installed photovoltaic capacity, the degree 
of electrification of consumption, the distribution of prosumers and 
consumers within the REC itself, the inclusion of thermal-electric stor-
age tanks, and different operating strategies to the variation of shared 

Fig. 2. Global heat transfer analysis.

Fig. 3. Graphic representation of transects.
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energy in the REC. The last macro-section sees the detailed analysis of 
some specific case histories, detailed in more detail below.

2.1. Parametric analysis

This section will further describe the parametric analysis of the 
second macro-section previously announced.

Given the thermal and electrical loads of the building and its orien-
tation and geographical location, the parametric analysis involved the 
variation of four different parameters. As a first analysis, the installed 
power of the photovoltaic field was varied from a minimum of 10 kW, 
with an increment of 10 kW, up to the maximum installable for access to 
incentives [27] equal to 1 MW. The degree of electrification of thermal 
consumption was then varied from 0, production of heat from fossil or 
non-electric sources only, to 1, total production of heat from electric 
energy, with a gradual increase of 10 %. Next, 10 different scenarios 
were considered in order to analyze the energy dynamics within the REC 
by considering differently the share of consumers and prosumers 
constituting the energy community itself. This was done by considering 
a dedicated POD (Point of Delivery) in the base scenario and a prosumer 
share (Pdg) equal to 0, up to considering the entire prosumer user itself 
(Pdg = 1). Different thermal reservoirs were then sized using two 
different approaches, the first according to the maximum thermal load 
to be electrified and thus the degree of electrification, and the second 
according to the maximum electrical production and thus the installed 
photovoltaic power.

For the purpose of the analysis, the fraction of energy shared by the 
REC (fsh), the fraction of self-supply (fss) and the fraction of self- 
consumption (fsc) were taken into account as KPIs. Defining respec-
tively fsh as the ratio between the energy produced by the PVs and 
absorbed/consumed within the ERC itself and the entire annual photo-
voltaic production, while fsc as the ratio between the energy produced 
and self-consumed by the prosumer and the annual photovoltaic pro-
duction, finally, fss as the ratio between all the energy produced by the 
PVs and consumed within the ERC perimeter (both by prosumers and 
consumers) and the annual electricity demand of the ERC.

2.1.1. Thermal storage dimensions
Two different approaches were analyzed for the dimensioning of 

thermal storage, the first based on the maximum excess electrical energy 
on the day of greatest production, and the second based on the 
maximum thermal demand to be satisfied. Both approaches aim to es-
timate the energy to be stored in the storage, and from there the volume.

In the first approach, the focus is on maximum production and the 
objective of maximizing the use of electricity from internal production at 
the REC. To this end, the day of maximum production, the peak day, was 
identified, the electrical energy produced and the electrical energy 
required on the same day was evaluated, and above all, the electrical 
energy in excess of the ERC’s requirements was calculated. As 
mentioned, the objective in this approach is to size the storage according 
to power to heat and to convert and store all the electrical energy pro-
duced into thermal energy by setting the energy to be stored equal to the 
previously calculated surplus. Given this approach, the volume will be a 
function of both the installed photovoltaic capacity and the degree of 
electrification, while the total HP power is set equal to the maximum 
heat demand.

The second approach instead focuses on heat demand. Placing itself 
on the day of maximum thermal demand and imposing continuous 
operation of the HP, the overall power of the HP is first evaluated, which 
will be less than the maximum load of the building and such that the 
energy not covered directly by the HP itself will be satisfied by the 
thermal energy accumulated in the storage during the operation of the 
HP at times of lower load or no load. Therefore, the power is evaluated in 
such a way that the energy to be covered by the storage is equal to the 
excess energy produced by the HP. Given the dimensioning principle of 
the storage and HP, these two will be a function of the load and thus the 
degree of electrification, but not the capacity of the PV array.

A graphical representation of the volumes and overall HP power as a 
function of the above-mentioned quantities can be found in the results 
section.

2.1.2. Notes on heat pump dimensioning
Previously, the criterion by which the maximum HP power is 

selected to meet the heat load of the REC was described. This section 

Fig. 4. Digital methodology workflow.
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goes into more detail on this subject. Specifically, once the maximum 
load to be covered has been defined, this can be satisfied by several heat 
pumps working in cascade according to actual demand. It is therefore 
necessary to define the size of the individual machines and therefore the 
number of machines installed.

Taking classic commercial heat pumps into consideration, six 
different sizes were selected and a nominal heat capacity (Pth,HP,nom) 
and a nominal COP (COP) were associated with each of them (Fig. 5). 
Having fixed the minimum modulation capacity at 15 %, the minimum 
power that the individual machine can deliver was calculated.

The six sizes were selected such that, knowing the maximum load 
required, the number of machines would be adequately distributed over 
the 7 blocks that make up the building.

Know a certain load to follow, the smaller the size of the HP the more 
I can go down to smaller loads, a 70 kW size HP with a cf 0.15 can 
modulate up to 10.4 kW, while smaller sizes such as the 22 kW with a cf 
0.15 can reach a minimum deliverable power of 3.3 kW, going to better 
follow the load.

Furthermore, in order to utilise power to heat to store excess elec-
trical energy in the form of heat, the total installed size of the HP and 
individual machines must be related to the electrical excess to be stored. 
The upper limit corresponding to the maximum power installed by the 
HP remains a function of the heat requirement and thus the degree of 
electrification. In fact, if more power were to be installed than the 
thermal load, it would be possible to store more electrical energy in the 
form of heat, but there would not be enough thermal load to empty the 
reservoirs and allow thermal-electrical energy to be stored again.

2.2. Scenarios characterization

In section 2.2, the last macro-section announced at the beginning of 
the chapter is introduced. Specifically, six specific cases are analyzed, 
divided into two groups, each with three different settings. The first of 
the three settings has a degree of electrification equal to 0, the second 
has a degree of electrification equal to 1 without storage, and finally the 
third has a system similar to the previous one, but with thermal storage.

The two groups are defined on the basis of the photovoltaic fraction 
(fPV) defined as the ratio between the installed capacity of the photo-
voltaic array and the electrical power required in the absence of elec-
trification of consumption. The first group will have an fPV of 1 and the 
second of 0.5 (Fig. 6).

The simulated scenarios are described in detail below.

- Scenario 1 (s1): This scenario assesses the trend in self-consumption 
when only roof-mounted photovoltaic systems are installed (fPV = 1). 
The focus is on understanding the impact of photovoltaics on self- 

consumption, which refers to the consumption of generated solar 
energy directly within the building;

- Scenario 2 (s2): In this scenario, the study evaluates the changes in 
energy self-consumption by integrating photovoltaic systems (fPV =

1) with a heat pump system for heating and hot water. The aim is to 
analyze the combined effect of solar electricity generation and heat 
pump technology on self-consumption;

- Scenario 3 (s3): The third scenario models the trend towards greater 
energy self-consumption through the incorporation of thermal stor-
age in s3;

- Scenario 4 (s4): Similar to Scenario 1, this scenario examines the 
trend in self-consumption, but with the installation of roof-mounted 
photovoltaic systems (fPV = 0.5) only;

- Scenario 5 (s5): This scenario investigates the impact of integrating 
photovoltaic systems (PV = 0.5) with a heat pump system on self- 
consumption, similar to Scenario 2;

- Scenario 6 (s6): Similar to Scenario 3, but the incorporation of 
thermal storage is applied on s5.

In Table 1 the technical assumptions used for the dynamic simula-
tions are summarized.

The PV, HP and TES capacities have a significant impact on the re-
sults. In this regard, two different PV panel capacities 393 kWp in sce-
narios s1, s2 and s3 and 197 kWp in scenarios s4, s5 and s6 were 
considered. The HP capacity was selected based on the thermal load of 
the archetype, thus evaluating the results with respect to the presence or 
absence of the centralized HP system.

While for the TES, a sensitivity analysis was performed to account for 
the variation in results as the TES volume itself changed as reported in 
section 3.2. Accordingly, a volume with adequate capacity for the sys-
tem was assumed, and the effect of including or not including it for 
different sizes of PV was compared.

The purpose of these scenarios is to analyze the potential benefits 
and trends in self-consumption when utilizing renewable energy sys-
tems. By assessing the different settings and scenarios, the study aims to 
provide insights into the feasibility and effectiveness of incorporating 
renewable energy technologies for meeting energy demand, both with 
and without the integration of heat pump systems.

In addition, the simulations between the different scenarios were 
compared to see which setting provides the highest percentage of self- 
consumption in relation to energy efficiency. A further comparison 
can be made between the avoided greenhouse gas emissions.

Therefore, s2, s4 scenarios use electricity as the energy carrier to 
power heating and domestic hot water; in contrast, the s1, s3 scenarios 
use natural gas to meet these loads. In fact, scenarios 2 and 4 have a 
higher energy demand (Fig. 7 a) due to the use of the heat pumps. While 
the scenarios s3 and s6 in addition to presenting the same load of the two 
previously mentioned are integrated with a thermal storage system 
increasing the matching between production and consumption. On the 
other hand, electricity production from solar energy is twice as high in 
the configuration where the photovoltaic system is sized at 100 % of the 
building complex’s energy needs (s1, s3) for a total of 1.7 GWh/y 
compared to the second configuration with 50 % sizing, which has 0.85 
GWh/y (Fig. 7 b).

2.3. Energy model

Energy systems were dynamically implemented in the MATLAB- 
Simulink environment and simulated on an hourly basis for an entire 
year. Specifically, the balance equations governing energy flows, as 
described in Fig. 8, were implemented, and a model was constructed for 
each energy scenario.

The time-dependent energy balance equations are as follows: 

Fig. 5. Single HP nominal thermal capacity and nominal COP.
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Ėel,load(t) − Ėel,PV(t)

⎧
⎨

⎩

if > 0 then = Ėel,demand(t)
if < 0 then = Ėel,exces(t)

if = 0 then = 0
(1) 

If there is no energy storage system, the energy flows can be defined 
as follows: 

Ėel,demand(t)= Ėel,grid(t) (2) 

Ėel,excess(t)= Ėel,inj(t) (3) 

Where Ėel,grid(t) is the energy offtake from the grid and Ėel,inj(t) is the 
energy injected into the grid.

In this case, without energy storage, the self-consumption energy 
(Ėel,sc(t)

)
is given by (Fig. 8 a): 

Ėel,sc(t)=
(
Ėel,load(t) − Ėel,demand(t)

)
+
(
Ėel,PV(t) − Ėel,exces(t)

)
(4) 

In the absence of thermal storage Ėel,load(t) represents the entire elec-
trical demand, encompassing both power and the electrical load asso-
ciated with heating production for heating, cooling, and DHW. When an 
energy storage system is present, the balance equations of the Power-to- 
Heat (PtH) system are formulated by initially considering Ėel,load(t) as 
solely the electrical power demand, defined as follows: If there is an 
energy demand (Ėel,load(t) − Ėel,PV(t)> 0

)
then the system take the 

required electricity from the grid. In the case of Renewable Energy 
Source (RES) excess (Ėel,load(t) − Ėel,PV(t)< 0

)
this surplus energy is 

converted into thermal energy, constrained by the Heat Pump’s (HP) 
capacity, and compared with the thermal load (Ėth,load(t)) as illustrated 
in Fig. 8 b.

If there is excess of thermal energy (Ėel,excess(t) ∗ COP −

Ėth,load(t)> 0
)
) then the energy flows can be defined as follows in order 

to account for the TES’ limitations on the state of charge: 

MIN
[
Ėth,exces(t), Ėth,available charge,t(t), Pmax,TES

]
= Ėth,st(t) (5) 

Fig. 6. Graphic representation of simulated scenarios.

Table 1 
Technical assumptions for simulations.

Component Parameters

PV100 Power [kWp] η NOCT 
[◦C]

SPV,tot 
[m2]

n 
elements

(fPV = 1) 393 0.18 43.6 4762 2381
PV50 Power [kWp] η NOCT 

[◦C]
SPV,tot 
[m2]

n 
elements

(fPV = 0.5) 197 0.18 43.6 2381 1190
ASHP Thermal 

capacity [kW]
sCOP Tw,sup 

[◦C]
Tw,ret 

[◦C]
n 
elements

804 3.8 55 50 12
TES Total volume 

[m3]
TTES,avg 

[◦C]
n 
elements

200 44 ± 2 12

Fig. 7. a) Electrical energy consumption. b) Electrical energy production.
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where:
Ėth,available charge,t(t) is the thermal energy available to be stored in the 

TES, evaluated as: 

Ėth,available charge,t(t)= Ėth,st,max(t) − Ėth,st,t− 1(t) (6) 

with Ėth,st,t− 1(t) thermal energy stored in the time steps t − 1.
If there is a thermal energy demand (Ėel,excess(t) ∗ COP − Ėth,load(t) <

0), then the energy flows can be defined as follows: 

MIN
[
Ėth,exces(t), Ėth,available discharge,t(t),Pmax,TES

]
= Ėth,discharge(t) (7) 

where: 

Ėth,available discharge,t(t)= Ėth,st,t− 1(t) − Ėth,st,min(t)

If the thermal energy stored in the Thermal Energy Storage (TES) is 

insufficient, the system draws the necessary electricity from the grid to 
meet the demand.

2.4. Key performance indicators

Five Key Performance Indicators (KPIs) were assessed to compare the 
six REC scenarios from an energy-environment perspective.

Within the REC, the electricity produced by the photovoltaic panels 
will first be consumed by prosumers, then the excess will be fed into the 
grid to be shared with consumers for their own consumption.

Starting with the energy demand and the energy produced by the 
photovoltaic field, the level of energy self-consumption achieved 
through different configurations was considered, and a specific indicator 
was used for its evaluation.

The self-consumption factor (fSC) was defined as the ratio of 
renewable energy self-consumption (Eel,SC) to the overall production 

Fig. 8. Energy balance flow chart. a) scenarios without thermal energy storage. b) scenarios with thermal energy storage.
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over the year (Eel,PVT). 

fSC =
Eel,SC

Eel,PVT
(8) 

In contrast to fSC, the amount of energy shared with the REC as a com-
plement to the self-consumed electrical energy was evaluated: 

Eel,sh,excess = Eel,PVT − Eel,SC (9) 

It is therefore possible to define the fraction of shared energy (fsh) as 
the ratio between the energy shared by prosumers with the REC and 
actually absorbed by consumers for their own needs (E_(el,SE)) and the 
annual photovoltaic production (Eel,PVT). 

fSh =
Eel,sh

Eel,PVT
(10) 

Finally, to complete the balance on the production side, it is possible 
to calculate the surplus of electricity produced but not absorbed by the 
Energy Community and injected into the grid. 

Eel,PV,grid =Eel,PVT − Eel,SC − Eel,sh (11) 

Additionally, an indicator was defined to assess electrical self- 
sufficiency (fSS) of the scenarios, calculated as the ratio of renewable 
energy self-consumption within the perimeter of the entire REC (Eel,SC +

Eel,sh) to the overall annual electrical energy demand (Eel,load). 

fSS =
Eel,SC + Eel,sh

Eel,load
(12) 

To complete the energy assessment, the primary energy associated 
with each scenario and the corresponding Non-Renewable Primary En-
ergy Savings (PES) were calculated by comparison with the initial state 
(s0), i.e., in the absence of any improvement. 

PES=
PEnREN,i

PEnREN,s0
(13) 

Finally, the tons of CO2 avoided by each scenario were assessed, 
taking into account the self-consumed energy from renewable sources 
not drawn from the national grid, and, in the case of configurations 2 
and 3, the CO2 saved through the non-combustion of fossil fuels.

3. Results

In this section, results are presented and discussed. Subsequently, in 
Section 3.1, model validation is conducted through a comparative 
analysis of electrical, DHW, and heating consumption. In section 3.2 is 
then reported the results of the parametric analysis in particular the 
section will mainly focus on the variation of the fraction of energy 
shared as a function of the capacity of the photovoltaic panels, the de-
gree of electrification, the prosumer-consumer distribution and the ef-
fect of storage. Finally, in section 3.3 the results for the six specific cases 
described above are given. The impact of variations in production (fPV =

1 and fPV = 0.5) and load conditions (with and without HP) on self- 
consumption, self-sufficiency, and the primary energy requirement is 
explored. Additionally, consideration is given to how these parameters 
dynamically shift in cases of increased or decreased system flexibility 
(with or without TES). The assessment extends to the calculation of CO2 
emissions avoided for each scenario. It should be noted that economic 
evaluations have been devoted to a separate chapter (Section 4).

3.1. Model validation

The energy model is based on building template developed by Vallati 
et al. [60] that define a new paradigm of building archetype that is not 
only focused on the technical-architectural characteristics of the build-
ing, but is also characterised by the energy aspects. Analysing real data 
(e.g. usage schedule such as heating operating hours), they made it 

possible to represent a wide range of public residential buildings in Italy 
and Europe in a model building. UMI simulated all the energy loads of 
the examined buildings (Fig. 9).

The data export was set up to have hourly consumption for each 
service type (e.g. electricity, heating) for sample dwelling in respective 
transect and also for the entire urban area. The error in the consumption 
results extracted from the energy model is less than 4.7 % for each 
dweller for each service (Table 2), so they can be considered affordable 
[64].

3.2. Parametric analysis results

Variation of fraction of shared energy (fsh) in the REC as a function of 
installed PV power.

- Since fsh is the ratio between the energy produced and consumed 
within the REC itself and the total production, at the same load and 
as the installed power increases, the fraction of shared energy de-
creases to a minimum of 0.31 with a 1  MW PV system.

- The curve presents a concave downward trend with an inflection 
near the maximum fsh. Specifically, fsh is equal to 1 with an installed 
PV capacity of 130 kW or less (green dot Fig. 10) corresponding to 
20 % of the maximum load (619 kW).

Assuming therefore the values of the fraction of shared energy (fsh) 
shown in Fig. 10 as the base curve, we continue the analysis by looking 
at how the fraction of shared energy varies for different degrees of 
electrification and different prosumer fractions.

Fig. 11 shows the values of the fraction of shared energy (fsh, top) and 
the fraction of self-supporting energy (fss, bottom) as the PV array ca-
pacity and the degree of electrification vary.

3.2.1. Electrification degree
Taking the basic curve in black as a reference (Fig. 11) with PVca-

pacity from 1 to 1000 kW, Edg = 0 and Pdg = 0 and analysing the 
variation of the fraction of shared energy fsh, it can be seen that as the 
degree of electrification increases, fsh increases with the same photo-
voltaic production, reaching a minimum value of 0.42 with PVcapacity =

1 MW and raising the maximum threshold with fsh = 1 from 150 kW to 
250 kW, rising from 24 % of maximum load to 40 %.

Relating consumption from solar sources no longer to production, 
but to electricity demand, one finds an inverse fss trend, as production 
increases, the fraction of load coverage from solar sources increases to a 
maximum of 35 %.

Analysing the course of the curves, it can be seen that the self-support 
(fss), grows differently, and therefore with different slopes, depending on 
the degree of electrification, arriving at an intersection in the curves 
around 750 kW of installed photovoltaic power, leading the curve with 
Edg = 1 corresponding to a maximum fss with less photovoltaic capacity 
to become the case with less fss with maximum installed capacity.

Overall, the increase in installed capacity is true that it leads to an 
increase in self-supply, but at the same time it leads to a higher fraction 
of energy fed into the grid (fsg = 1-fsh), In the borderline case of 1 MWh, 
there is a minimum of 55 % to a maximum of 70 % of energy produced 
and fed into the grid, thus undermining the very concept of the REC, 
whose objective is, on the one hand, to produce satisfying electrical 
loads by means of renewable resources, but also to manage these re-
sources rationally, rewarding consumption within the REC itself without 
overloading the grid.

Setting the limit of fsh = 1, the maximum photovoltaic capacity that 
can be installed is 150 kW (dot black vertical line Fig. 11), as shown 
above, to which corresponds an fss that varies from 0.13 to 0.17 
depending on the degree of electrification. With reference to the load 
profile of the residential archetype illustrated above, setting an fsh equal 
to 1, therefore with no surplus to the grid, the maximum coverage from 
renewables obtainable through the installation of photovoltaic panels 
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Fig. 9. Model validation a) Electrical consumption, b) DHW consumption, c) heating consumption.
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and electrification of electricity consumption is 17 %.

3.2.2. Prosumer-consumer distribution
Starting from the base case and instead varying the percentage of 

prosumers and consumers within the REC, it is possible to analyze the 
respective variations in terms of energy shared and energy self- 
consumed by prosumers (Fig. 12).

Compared to the base case (black curve in Fig. 12) where all users are 
considered consumers, as the percentage of prosumers within the energy 
community increases, the energy produced and consumed within the 
perimeter shifts from being shared energy used by consumers to self- 
consumed energy consumed by prosumers. Looking at the two graphs 
in Fig. 12 and the values of fsh and fss we see that the sum of the two 
fractions for each combination of PV capacity and prosumer is equal to 
the value, at the same points, of the base case. All the way to the limit 
case where the fsc curve with prosumer equal to the entire user coincides 
with the fsh curve of the base case itself (prosumer = 0).

Starting from the base case up to 150 kW PV capacity the energy 
produced is entirely absorbed by the REC, depending on where one 
stands if on the limit case prosumer = 0 one will have fsh = 1 or in the 
limit case prosumer = 1 one will have fsc = 1. In all other cases where the 
energy community has a different mix between consumer and prosumer, 
a peak in the fsh profile between 150 and 230 kW is identifiable, as can 
be seen in more detail in Fig. 12. As the proportion of consumers 
considered as prosumers increases, the peak drops and shifts to the right.

Since there is no excess energy to the outside of the ERC up to this 
limit value, all the energy produced is consumed first by prosumers and 

then by consumers; therefore, as the capacity of the panels increases up 
to the peak value, there is an upward trend in shared energy. Beyond the 
peak, the energy produced is such that there begins to be a surplus, and 
the trend in the fraction of energy shared becomes decreasing, as does 
the fraction of energy self-consumed. If the energy fed into the grid is 
taken into account, it will be zero until the peak is reached for each 
different prosumer-consumer distribution within the REC, and then 
continues on an upward trend.

Regardless of the composition of the REC, in terms of prosumer and 
consumer, given the load profile, it is possible to identify a maximum 
photovoltaic capacity such that the maximum fractions of shared and 
self-consumed energy, as well as the minimum with respect to release to 
the grid, are obtained. In the case under consideration, given the pro-
ductivity of the panels, the horizontal radiation of 1924.32 kWh/m2 and 
the load profile of the residential archetype described above, these op-
timum values lie at approximately 1/4 of the maximum load.

3.2.3. Thermal storage
As described above, the fractions of shared and self-sustaining energy 

were then evaluated considering the introduction of thermal storage.
The two approaches note the desired level of electrification and PV 

capacity by sizing heat pumps and thermal storage differently. In 
particular, the first approach (A1) focuses on electrical production from 
renewables and on maximizing self-consumption, while the second (A2) 
focuses on the thermal load and the down size of the HP, leaving the 
thermal storage to manage the building’s load dynamics. In fact, as a 
result of the two sizing approaches, with the same degree of electrifi-
cation and photovoltaic capacity, the first approach (A1) results in a 
greater maximum capacity to be met with HPs than the second approach 
(A2) and smaller volumes for thermal storage (Fig. 13). Furthermore, 
while with the first approach HPs and TESs vary as the photovoltaic 
panels and the degree of electrification change, with the second 
approach they are independent of the size of the solar field.

Once the total capacity of the HPs and TESs for both approaches had 
been identified, it was possible to evaluate the fraction of shared energy 
(fsh) and self-sustaining energy (fss) achieved through the inclusion of 
the thermal reservoirs so as to compare the results previously obtained 
in the absence of the TESs, as well as the two approaches with each 
other. It should be noted that, for computational reasons, the scenarios 
with the presence of the thermal reservoirs were always evaluated at 
varying photovoltaic capacity, but for only one degree of electrification 
with Edg equal to 1.

Fig. 14 shows the transformations of the reference curve (black dot 
line, base case, with Edg = 0 and VTES = 0) first following electrification 
alone (orange dot line, with Edg = 1 and VTES = 0) and then following the 
inclusion of thermal storage through the two different approaches.

The first approach (A1, light green line) sees a general increase in the 
fraction of energy shared and a linearisation of the curve as the PV ca-
pacity changes. This leads to a shift of the maximum (fsh = 1) at a total 
installed PV capacity of 600 kW, and an increase of the minimum value 

Table 2 
Comparison between digital model and real data for each service.

Month Electrical consumption error [%] DHW consumption error [%] Heating consumption error [%]

B1 B2 B3 B4 B1 B2 B3 B4 B1 B2 B3 B4
1 2.5 % − 1.6 % − 3.0 % 2.1 % 2.5 % − 3.5 % − 3.5 % 4.5 % − 4.8 % − 0.2 % 4.8 % − 0.2 %
2 2.1 % 2.5 % − 3.0 % − 1.6 % − 2.0 % 0.0 % 4.1 % − 2.0 % − 4.2 % 0.0 % − 1.0 % 4.2 %
3 0.6 % − 0.3 % − 0.8 % 0.6 % 0.0 % 0.0 % 0.0 % 0.0 % 2.5 % 0.3 % − 0.8 % − 1.9 %
4 0.1 % − 3.6 % 4.7 % − 1.3 % 1.0 % − 1.0 % − 4.9 % 4.9 % − 2.9 % 2.9 % 2.9 % − 2.9 %
5 0.8 % 2.6 % − 1.0 % − 2.3 % − 3.6 % 4.6 % − 1.5 % 0.5 % − 0.6 % − 3.1 % − 4.6 % 9.3 %
6 − 0.5 % − 3.2 % − 0.5 % 4.1 % − 4.0 % − 2.0 % 4.0 % 2.0 % 0.0 % 0.0 % 0.0 % 0.0 %
7 3.3 % − 2.9 % 1.1 % − 1.5 % − 0.5 % 3.6 % 1.5 % − 4.6 % 0.0 % 0.0 % 0.0 % 0.0 %
8 1.5 % 0.2 % − 1.1 % − 0.7 % 4.1 % − 2.0 % − 4.1 % 2.0 % 0.0 % 0.0 % 0.0 % 0.0 %
9 3.1 % 3.1 % − 2.4 % − 3.7 % − 4.0 % 0.0 % 0.0 % 4.0 % − 4.3 % 0.0 % 0.0 % 4.3 %
10 1.0 % 0.1 % − 0.8 % − 0.3 % 3.4 % − 0.5 % 1.5 % − 4.4 % 0.0 % 3.0 % 3.0 % − 4.1 %
11 3.1 % − 2.2 % 1.3 % − 2.2 % 1.5 % − 2.5 % − 0.5 % 1.5 % − 3.5 % 3.5 % − 3.5 % 3.5 %
12 − 1.1 % 1.6 % − 1.6 % 1.1 % 0.0 % 0.0 % − 1.9 % 1.9 % 1.6 % − 3.6 % − 1.6 % 3.6 %

Fig. 10. Variation of fsh related to the installed photovoltaic capacity.
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to fsh = 0.5 (PV capacity = 1000 kW (maximum)). While the maximum 
increase in the fraction of shared energy is at 600 kW and is +0.33 
compared to the base case and +0.18 compared to the same electrifi-
cation share but without TES.

The second approach (A2, dark green line) from the point of view of 
shared energy is such that it does not bring a significant improvement 
over electrification alone. This is because both the operating logic and 
the sizing of the HP and TES are not designed to optimize the energy 
shared and consumed within the REC itself.

With the same degree of electrification and therefore load (Edg = 1 
and A1), the two curves (dot orange and light green) relating to the 
fraction of self-sufficiency (fsh) are coincident until fsh is equal to 1, after 
which a clear gap is seen between the first curve (without storage) and 
the second where the presence of storage allows for further significant 
growth up to 450 kW. Using the A2 approach, having a down-size of HP, 
despite the same degree of electrification as in the two previous sce-
narios (Edg = 1) results in a lower total annual consumption, moving 
closer to the base case.

The inclusion of thermal energy storage (power-to-heat) leads to an 
increase in the energy shared and consumed within the REC itself. A 
comparison of the two approaches (A1 and A2) of sizing storage capacity 
and HP from an energy perspective shows a strong positive bias towards 
the former. In a full comparison, the ease of implementation of the two 

different approaches should also be taken into account, as each of them 
brings with it different control logics and plant configurations.

3.3. Specific case study

As previously mentioned different heat pump capacities, PV and TES, 
lead to a variation of the results. In this section it was decided to consider 
two different values for PV, to maintain the fixed thermal capacity of HP 
equal to the maximum load required by the building, as well as to 
maintain a fixed value for TES, selected based on the following para-
metric analysis.

The volume of the TES has been made to vary from a range ranging 
from 10 to 1000 m3 for both configurations of PVT (fPV = 100 e fPV = 50) 
evaluating the variation of self-consumption, self-support, as well as the 
change in the cost of the TES itself.

It is necessary to emphasized that in this phase of the analysis is 
considered a dedicated pod for electricity production, therefore, being 
the load of the prosumer close to zero, the energy produced becomes all 
shared energy. The focus will be on exchanges between REC and 
network, not on internal energy exchanges within the REC (as previ-
ously), but on exchanges between RECs and networks, so that the term 
self-consumption (SC) will be used as a synonym for shared energy, 
while with "energy fed into the grid" or "shared with grid" it refers to the 

Fig. 11. Shared energy fraction and self-sufficiency fraction related to PV capacity and electrification degree (Edg).
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energy exchanged from the REC to the network and not to the shared 
energy (Shared-energy) between prosumer and consumer at the inter- 
nodal of the REC itself.

Fig. 15 shows changes in SC (a), SS (b), PES (c) and tCO2 avoided 
equivalents (d) as the volume of TES varies for both PV sizes. All curves 
have an almost linear section in which as the volume of storage increases 
the investigated parameter, a connecting part where there is a variation 
of the slope of the curve, that is, the increase of the KPI as the volume 
increases and in the end the curve tends to become asymptotic to the 
maximum value reached with the specific configuration. In this case, 
high performance increases occur with values below 200 m3. Between 
200 and 300 m3 the increase decreases to reach a delta close to 0 over 
300 m3.

Considering the cost of the panels as the volume varies according to 
equation (12) [26,65] and comparing it with the above KPI values 
(Fig. 16) above 200 m3 the curve changes concavity and the price in-
crease, linked to the volume increase, does not correspond to a signifi-
cant increase in performance. A volume for s3 and s4 scenarios of 200 
m3 was then selected. 

COSTTES=4042 VTES
0.506 (12) 

3.3.1. Effects on self-consumption
Before analysing the results, it should be specified that in this case 

self-consumption refers to all the energy self-consumed within the REC, 
i.e. the energy self-consumed by prosumers plus the energy shared and 
absorbed by consumers. because at this stage of the analysis we are not 
going to characterize the prosumer-consumer distribution within the 
REC itself.

Interpolating production and hourly consumption data over the year, 
for the six scenarios the share of self-consumed electricity was deter-
mined: 34 %, 42 %, 58 %, 57 %, 68 % and 96 % respectively (Fig. 17). 
The variation of self-consumption share is influenced by changes in 
energy demand and by the size of the photovoltaic system (PV), to which 
reference can be made in terms of photovoltaic fraction (Eq. (13)) 

fPV=
Eel,PVT
Eel, load

(13) 

Where Eel,PVT is the annual energy production from PV and Eel, load 
the annual REC’s electricity need.

The increase in electrical load (Fig. 18), which due the introduction 
of HP passes from 1.7 GWh (s1 and s4) per year to 2.1 GWh (s2 and s5) 
per year (+19.4 %), results in a directly proportional increase in energy 
self-consumption (SC). In fact, between s1 and s2 there is a positive SC 
change of 9 %, similarly between s2, s5 counting 11 % (Fig. 17).

On the other hand, PV system size affects (Fig. 17) 24 % in the s1/s4 
comparison and 26 % in the s2/s5 comparison: the increase of self- 
consumption with the reduction of the PV size is more evident in sys-
tems where the production of electricity from PV is more distant from 
satisfying the electrical load, namely has lower photovoltaic fraction 
(fPV).

This gives an indication of how the right sizing of the solar field has 
its importance, pointing out that an oversizing is not in favor of 
achieving efficiency goals.

Indeed, increasing electricity production, does not automatically 
lead to a significant rise in the self-consumed energy; essentially the 
curve has a horizontal asymptote.

In s5, although the electric production is halved, the self-consumed 
electric energy is 4 % higher than the self-consumption in s1.

The use of thermal storage enables the PV system to store the excess 
electrical energy generated beyond the instantaneous electrical load. 
The stored energy can then be used during times when the PV produc-
tion is insufficient to meet the load. This practice significantly enhances 
self-consumption as it enables using self-generated energy during times 
when grid dependency is prevalent.

The use of thermal storage enables the PV system to store the excess 
electrical energy generated beyond the instantaneous electrical load. 
The stored energy can then be used during times when the PV produc-
tion is insufficient to meet the load. This practice significantly enhances 
self-consumption as it enables using self-generated energy during times 
when grid dependency is prevalent. Such a result is consistent with the 
existing literature, which shows that heat pumps combined with thermal 
energy storage can increase system flexibility [66]. Furthermore, the 
potential for RES integration is consistent with what has been analyzed 
in previous work by some of the authors of this article [26].

Analyzing the third setting for the implementation of thermal stor-
age, the self-consumption increases by 6 % when comparing s2-s3 (100 
% energy need) and s5-s6 (50 % energy need). This results in an elec-
trical self-consumption of 41 % for s3 and 34 % for s6 (Fig. 17).

3.3.2. Effects on shared-energy from REC to grid
As specified in the previous section, in this analysis the entire 

perimeter of the REC is taken into account without going on to define 
internal flows, thus distinguishing between self-consumed and shared 
energy between prosumers and consumers. Therefore, it is specified that 
the term "shared-energy" is referring to the electricity fed into the grid by 
the community.

Fig. 12. variation of shared energy fraction (fsh, figure a) and self-consumption 
fraction (fsc, figure b) related to variation of PV capacity and pro-
sumer percentage.
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Simulating a photovoltaic system sized to cover 50 % of the total 
energy demand (s4 and s5) clearly results in high values of self- 
consumed (SC) energy, in terms of self-consumption fraction, but also 
in a decrease in energy fed into the grid (Fig. 17).

In detail, the difference between the scenarios s1 and s4 is a slightly 
lower amount of MWh self-consumed, decreasing by 14 %, against a 
decrease in MWh of shared energy (SE) by 67 %.

Similarly comparing the s2 scenario and the s5 scenario, MWh of self- 
consumed energy decrease by 17 % with a collapse of MWh of energy 
shared in the grid by 72 %.

It is evident that electrification of consumptions results, within an 
energy community setting, in increased self-consumption and lower 
network disturbance, as opposed to the installation of higher electrical 
power capacity.

Examining the effects of electrical load and PV size, focusing on non- 
renewable primary energy, the change in energy behavior due to the 
inclusion of thermal storage is remarkable. This results in a notable in-
crease in energy utilization, with self-consumption rates reaching 58 % 
and 96 % for s3 and s6, respectively. Comparison between s2 and s3 
shows a 16 % increase, while comparing s5 and s6 reveals a 28 % in-
crease, both of which were recorded in the third setting (Fig. 17).

The results show that high levels of self-sufficiency in a residential 
energy system are difficult to achieve even with high renewable gen-
eration. As demonstrated in Ref. [67], several generation and storage 
energy systems need to be interconnected in order to have a substantial 
increase in system self-sufficiency.

3.3.3. Effects on self-sufficiency
In Fig. 18, the electrical energy consumption is depicted, divided into 

self-consumption (Eel,SC MWh/y) and the energy request to the grid (Eel, 

DG MWh/y) to satisfy the electrical demand. The self-sufficiency fraction 
(fSS), determined by the ratio between self-consumption and total elec-
trical consumption, signifies the system’s capability to meet the elec-
trical demand through renewable electricity generated by the PV 
system. The self-sufficiency factors for the six scenarios were determined 
as follows: 0.34 (s1), 0.34 (s2), 0.47 (s3), 0.29 (s4), 0.28 (s5), and 0.39 
(s6) respectively (Fig. 18). The subsequent analysis explores how fSS is 
influenced by variations in load, production, and the matching between 
production and load.

With constant production, transitioning from scenarios with setting 1 
(s1 and s4) to scenarios with setting 2 (s2 and s5) results in a simulta-
neous increase in the building’s load and self-consumption (Fig. 18), 
both values being 19 %. This leads to a negligible change in fSS. 

Fig. 13. Vessel volume and HPs capacity request by first (a) and second (b) approach.

Fig. 14. Shared energy fraction (fsh) related to PV capacity in four different 
configurations.
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Conversely, introducing Thermal Energy Storage (TES) (s3 and s6), 
while maintaining the same energy demand, leads to an increase in self- 
consumption and, consequently, self-sufficiency. There is an 42 % in-
crease from s1 to s3 and 41 % increase from s4 to s6.

3.3.4. Effects on PE,nren
In addition, the Primary Energy demand and the impact of non- 

renewable primary energy of the six scenarios was evaluated 
compared to the ante-operam (Fig. 19). The comparison with the ante- 
operam (s0) shows a decrease in non-renewable primary energy of 
17%–20 % for s4 and s1; to 45%–50 % in case of electrification proposed 
by s5 and s2 respectively; to 60%–54 % achieved with the imple-
mentation of a storage in s3 and s6. The difference between s1 and s4, 
shows that when used nonrenewable sources for heating and domestic 

Fig. 15. Variation of different KPI related to the vessel volume (TES Volume). a) Self consumption fraction (fSC), b) self-sufficiency fraction (fss), c) Primary Energy 
Saving (PES); d) equivalent CO2 ton avoided (tCO2 avoided).

Fig. 16. Variation of different KPI related to the vessel cost a) Self consumption fraction (fSC), b) self-sufficiency fraction (fss), c) Primary Energy Saving (PES); d) 
equivalent CO2 ton avoided (tCO2 avoided).
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hot water, doubling the size of the photovoltaic system leads to a 
decrease in nonrenewable primary energy of only 3 % (s1/s4).

Conversely, when taking advantage of different technologies, elec-
trifying the heating and hot water loads (s2 and s5), to install a double 
photovoltaic power means a reduction of nREN primary energy 

consumption by 25 %. This penalization in terms of PE,nREN which oc-
curs reducing PV plant size (s5), however must be considered in relation 
to the simultaneous increase that is obtained in self-consumption (from 
0.42 of s2 to 0.68 of s5), therefore to the least stress to which the 
network is subjected.

In any case, the inclusion of thermal storage increases performance 
by 10 % and 9 % respectively over the previous setting for both 100 % 
and 50 % PV sizes.

In s1 and s4, the reduction in non-renewable primary energy is solely 
attributed to the impact of self-consumed energy, as heat production for 
domestic hot water and space heating remains tied to the combustion of 
fossil fuels. With the replacement of boilers with heat pumps (HP), there 
is a minimal increase of 28 % (from s4 to s5) in non-renewable primary 
energy consumption, primarily due to the electrification of consump-
tion. In fact, the transition from s1 to s2 and from s4 to s5 is four to six 
times greater than the transition from s2 to s3 and s5 to s6. Numerically, 
this translates from a non-renewable primary energy consumption of 39 
% (from s1 to s2) and 28 % (from s4 to s5) to values of 10 % and 9 %, 
respectively, when transitioning from s2 to s3 and s5 to s6.

Finally, tons of CO2 non-emitted were computed by considering the 
energy used from on-site production by PV (Fig. 20), which corresponds 
to the same amount of energy not harvested from the grid. By imple-
menting the system with the heat pump, there is an increase in non- 
emitted CO2. In particular, it is interesting to point out that with a 50 
percent PV size feeding the heat pump, there is a reduction in GHG 
emissions comparable to s3.

4. Economic assessment

In support of energy and environmental analyses, the six scenarios 
were compared from an economic point of view. The settings can be 
categorized into two groups, characterized by different PV factors, fpv =

1 and fpv = 0.5 respectively; within each group, the variable considered 
is the increasing amount of technological integration interventions.

The investments effectiveness was evaluated in terms of annual costs 
(ACs), calculated following Equation (13) and expressed in €/yr: 

AC=CAPEX • crf + CO&M + CEP (14) 

Here, CAPEX is the Initial Capital Expenditure (€), CO&M refers to 
operation and maintenance costs (€/yr) and CEP refers to energy vectors 

Fig. 17. In the left axis the self-consumption energy (green bar, Eel,SC) and the 
electrical energy shared to the grid (yellow bar, Eel,SE), are reported in MWh; 
the sum of the two energy contributions is the total energy production by the 
PV plants. In the right axis the self-consumption factor (fsc) is shown.

Fig. 18. In the left axe are, in MWh, the self-consumption energy (the green 
bar, Eel,SC) and the electrical energy request to the grid (orange bar, Eel,DG), the 
sum of the two Energy is the total energy consumption by the building. In the 
right axe is shown the self-sufficiency factor (fss).

Fig. 19. Primary energy demand. Left axis, in MWh: No renewable primary 
energy (dark orange bar, PEnREN) and renewable primary energy (dark green 
bar, PEREN), the sum of the two energy is the total Primary Energy consumption 
(PE) by the building. In the right axis the primary energy saving (PES) is shown.

Fig. 20. CO2 avoided emissions.

Table 3 
Economic assumptions.

Reference amount CAPEX O&M cost/CAPEX

PV 100 393 kWp 357630 1.58 %
PV 50 197 kWp 156158 1.58 %
AWHP 804 kW 570840 5.84 %
FC 12 circuit, 3600 FC 185216 0.70 %
TES 200 m3 59009 0.70 %

A. Vallati et al.                                                                                                                                                                                                                                  Energy 308 (2024) 132611 

18 



purchase (€/yr); crf is the capital recovery factor, defined from the in-
terest rate of investments, i (%), and the lifetime, τ (yr): 

crf =
i • (i + 1)τ

(i + 1)τ
− 1

(15) 

In Table 3 the detail of the parameters considered for the selected sce-
narios is depicted, in accordance with the assumptions outlined in 
Table 1.

The CAPEX was assessed in different ways for the main technologies 
involved in the study. The Initial Capital Expenditure related to PV was 
deduced from the correlation developed in Ref. [26], defining the unit 
investment cost versus the plant size expressed in kWp; similarly for 
AWHP the cost curves CAPEX/kWth in Ref. [26] were used. The value in 
Table 3 refers to 12 AWHP installed in the building complex. In order to 
assess the CAPEX of TES system, a cost function depending on the 
storage volume can be applied [26]. Concerning the initial expenditure 
for the distribution system, a fixed amount for each circuit equal to 
3467.66 € was considered, to which 39.87€ were added for each ter-
minal, in accordance with the tariff of prices of the Lazio region [68].

The considered circuits are one for ASHP and each apartment was 
assumed equipped with 3 terminals, resulting in total of 3600 fan-coils. 
To the investment cost, energy vectors purchase (CEP) and operation 
and maintenance costs (CO&M) were added in Equation (1). CEP of 
2023 was deducted for electric energy from Ref. [69] and equal to 28.29 
c€/kWh/y, whilst for operation and maintenance cost reference was 
made to the CAPEX percentages in Ref. [26].

To determine the AC for the various REC set ups, the investments 
were calculated over a time frame of 25 years, corresponding to the 
estimated systems’ service life.

Ultimately for s1, s2 and s3 scenarios the overall CAPEX is equal to 
357′630 €, 1′113′686 € and 1′155′238 € respectively; the remaining 
scenarios vary for the different amount of PV, with a reduced power to 
197 kWp, producing electricity equal to half of the REC’s annual 
demand.

Fig. 21 relates the annual cost to key performance indicators 

assumed in Section 2.3 as well as to avoided CO2 emissions.
Limiting the investment only to the integration of RES via PV plant 

(s1, s4) appear the most convenient solution looking at the fss: in fact, 
electrifying the consumptions (s2, 24), against significant differences in 
the AC, fss remains nearly unchanges. This is because, as seen in Section 
3.4, the increase in SC allowed by HPs and the increase in electrical load 
due to their introduction have the same order of magnitude. Opting for 
this solution requires TES to increase fss (Fig. 21 b).

The benefits of HP integration can instead be seen in terms of fSC, for 
the same Eel, PV production, as highlighted in Fig. 21 a. Under this 
aspect, the photovoltaic size equal to 50 % of the base load allows to 
have in s6 the best self consumption factor with a sustainable 
investment.

As expected, the best ACs-PES results were obtained, in the case of 
the power plant at maximum power, for the s2 and s3 scenarios; the 
halved PV plant allows reduced PES, which can be balanced only by a 
low annual cost (s4) (Fig. 21 c).

To figure out the CO2 emissions avoidance cost over a year related to 
the different configurations, Carbon Avoidance Annual Cost (CAAC) 

Fig. 22. Carbon avoidance annual cost (CAAC).

Fig. 21. Annual cost related to self-consumption fraction (a), self-sufficiency fraction(b) primary energy saving (c) and CO2 avoided (d).
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indicator was proposed. It represents the annual cost to be invested for 
avoiding a ton of CO2 (€/tonCO2), and is determined as follows: 

CAAC=
AC

AnnualCO2,Avd
(16) 

As can be seen in Fig. 22, s1-s4 are the less favorable scenarios; in 
fact, although they require a very low initial investment, which results in 
an equally modest annual cost, at the same time they are those that 
guarantee less CO2 savings (Fig. 21 d). On the other hand, scenarios 
involving the introduction of heat pumps and the combination with 
storage systems, despite higher CAPEX, they ensure significantly greater 
amounts of avoided CO2 emissions, and thus have a lower CAAC impact.

5. Discussion

The objective of this study is to illustrate the low effectiveness of a 
photovoltaic capacity based on the maximum requirement of an energy 
district, as common in recent literature.

The aim of the work of Neziric et al. [53] was to assess the feasibility 
of transforming the Sjeverni logor university campus in Mostar into a 
positive energy district (PED). This involves combining several buildings 
into a single energy network to produce more energy than is consumed. 
Installing solar panels on the campus roofs could generate approxi-
mately 750 MWh of electricity annually. The proposed energy genera-
tion would exceed the annual energy consumption of the campus 
buildings, which is estimated at 455 MWh. This would create a positive 
energy balance, with an estimated surplus of approximately 295 MWh 
that could be fed into the local power grid. As a result, the surrounding 
community would benefit from an increased supply of renewable 
energy.

The study of Frusescu and Minciuc [54] analyses the energy demand 
of an urban heating district in Bucharest, Romania, and proposes solu-
tions to integrate solar energy into the heating system. The simulation 
software TRNSYS models the operation of solar thermal and 
photovoltaic-thermal systems based on energy consumption data. The 
panels can produce 50 % of their capacity from PT source and 50 % from 
PVT, 75 % from PT source and 25 % from PVT, 90 % from PT source and 
10 % from PVT, or use only 100 % PT or 100 % PVT panel solutions. The 
maximum useful thermal power obtained from the panels is reached 
around noon, with a value of 1018 kW and an electrical power of 165 
kW. The temperature of the thermal medium outside the collector varies 
linearly with the power obtained. The maximum temperature for the 
solar thermal panel is 84.2 ◦C, while for the PVT it is 75.5 ◦C.

The article of Tan et al. [55] focuses on analysing the energy con-
sumption of the Zhongjian Building in Lanzhou New District. A photo-
voltaic system with energy storage is then designed based on the 
information gathered on the energy consumption and the specific situ-
ation of the building. The capacity of the system is configured according 
to these considerations. To verify the effectiveness of the designed sys-
tem, simulations are carried out using the PVsyst software. The simu-
lations confirm that the proposed system is capable of generating more 
than 200 kWh per day, proving its reliability. Finally, the paper analyses 
the economic and environmental benefits of the system. It concludes 
that the proposed system offers significant energy savings and reduction 
of greenhouse gas emissions, that for the CO2 amounts to 59.08 tons.

[70] investigates the optimal sizing of photovoltaic systems for 
maximizing self-consumption (SC) and self-sufficiency (SS) while 
ensuring economic viability through net present value (NPV) assess-
ments. The research is conducted in the context of a subway station in 
Bucharest, Romania, and utilizes Mixed Integer Linear Programming 
(MILP) for optimization. The study addresses the integration of PV 
systems into urban infrastructures, focusing on enhancing SC and SS to 
reduce dependency on the power grid. Different configurations are 
examined to determine the balance between SC, SS, and NPV. Integrated 
approach to optimizing the sizing of photovoltaic (PV) plants specif-
ically for a metropolitan subway station, focusing on maximizing both 

self-consumption (SC) and self-sufficiency (SS) while also ensuring 
economic viability through net present value (NPV) calculations, rep-
resents the novelty aspect. The results indicate that a properly sized 
system can achieve significant reductions in grid energy consumption 
while being economically viable. For the subway station model, the 
implementation of an optimal PV system could reduce the yearly energy 
bill by 25 %, signifying a substantial financial saving.

By sizing the photovoltaic system to a higher electricity requirement, 
which may be the maximum daily, there is a reduction in self- 
consumption, while the fss remains virtually unchanged, with higher 
values for the case with 100 % PV.

The paper approaches the study of the plant system from a macro-
scopic point of view, refraining from going into the details of 
application-type problems in depth. Therefore, in the various analyses, 
Energy, Economic and Environmental some factors have not been taken 
into account or have been simplified. Therefore, on the one hand, an 
integration of the analysis is possible for a better evaluation of the sce-
narios, not that of their feasibility, on the other hand, it is still consid-
ered necessary to remain as independent as possible in the evaluations 
from the specifics of the case.

First of all, it is emphasized that the plant layout of the proposed 
systems has not been defined. The system is designed for the production 
of heating, cooling and domestic hot water, particularly in the scenarios 
involving the replacement of NGB with HP, through the definition of the 
functional scheme of the system it is possible, for example, to integrate 
the evaluations with the distribution of loads on the different machines, 
thus evaluating their transients, such as inrush currents at start-up, as 
well as defrost cycles, leading to a lowering of COP by as much as 15 % 
[71]. A further modifier of performance lies in demand-dependent sys-
tem biasing logics, as well as priority logics on different uses.

In the simulations, distribution and delivery losses were evaluated 
only through an overall coefficient of 0.97, without considering addi-
tional details related to their length, laying and material. While control 
system and plant zoning were not evaluated. The inclusion of these 
factors can lead to a significant variation in consumption, as much as 20 
percent [72].

From the point of view of electrical output of the PV array this is 
influenced by installation, shading, azimuth, and tilt. In this case, all 
panels oriented south and tilted at 35◦ were considered. More detail of 
the panel arrangement along the building may bring small variations 
and considerations regarding the results. Just as the series and parallel 
configuration of panels and strings and the subdivision of the field can 
go a long way toward changing the overall productivity of the field [73,
74].

For the different components (PV, HP and TES) we chose models 
with average efficiency, not to go into the specifics of the individual 
machines. This implies a generalization of the results, but at the same 
time less precision. As a further analysis, a sensitivity analysis with 
different types for the different components can be carried out, however, 
the objective is to generalize the results with respect to the manufacturer 
or specific model.

From the economic point of view, no account was taken of the dis-
tribution of expenses and consumption on the various apartment 
buildings, as well as the costs related to the construction of the various 
plants studied, the mode of energy transit with the network, and the use 
of any tax incentives. In addition to the above, the natural decay of the 
performance of the plant over time and the cost of replacing the various 
components, and other additional charges to ordinary maintenance 
(considered) lead to changes in the total cost of the plant.

Finally, further considerations that may be made to take account of 
the real feasibility of the plants concern considerations of a not directly 
energy-related but of significant practical importance, such as the 
availability of space and logistics for the installation of all components, 
as well as acoustic type analysis and compliance with the acoustic terms 
of law.

The definition of the spaces destined to the new technical power 
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plants leads however to a variation of the results, is for the economic 
analysis, involving them a cost, but also energetic going these to influ-
ence the length and the distance of the distribution (thermal and elec-
trical) means the number and auxiliary components necessary for the 
proper operation of the system, such as circulation pumps and pressure 
calibration valves.

The choice to keep to a non-descript level is in line with the use of the 
archetype. A more detailed and concrete study of the plant and its 
components, while maintaining a generalization of the results will be the 
subject of future studies. A more detailed analysis cannot ignore the 
macro-scale analysis presented.

6. Conclusions

The development of energy community scenarios can have a signif-
icant impact on the energy transition towards renewable energy sources. 
The integration of technologies such as photovoltaic modules, heat 
pumps and thermal storage can increase the self-consumption of 
renewable energy and reduce CO2 emissions.

The development of energy community scenarios can have a signif-
icant impact on the energy transition towards renewable energy sources. 
The integration of technologies such as photovoltaic modules, heat 
pumps and thermal storage can increase the self-consumption of 
renewable energy and reduce CO2 emissions.

Si parte dalla valutazione di Electrical energy consumption passando 
all’energia elettrica come vettore energetico e la produzione del PV.

Integration with renewable sources such as PV must be functional to 
release from the grid, enhancing self-consumption, reducing imported 
electricity and containing production exportation. In the custom PV 
plants are designed according to the maximum energy demand, but this 
is not a guarantee of the best results in terms of self-consumption.

This study aims to provide baseline indications for the project of 
photovoltaic system in support of energy communities developed on 
existing neighborhoods. These guidelines, avoiding oversizing, aim to 
maximize self-consumption depending on the degree of intervention on 
the ACS heating/cooling system: maintaining the status quo of a system 
powered by NGB; in the case of a more substantial redevelopment by 
also acting on heat generators, moving to electricity as an energy carrier 
thus increasing energy efficiency; introducing thermal storages, tech-
nology under development which can be further deepened and 
optimized.

To conduct these analyses, a useful tool is provided by the creation of 
an archetype of the neighborhood being studied. In this case it was 
decided to focus on linear residential buildings constructed in the post- 
war period, widespread in the Italian stock. The first step was the 
evaluation of electric energy consumption of the building stock, based 
on the data measured at Tor Bella Monaca, and the estimate of the 
production of PV, in the case of plant sized to meet the total or half of 
electric demand. The analysis of different sizing combinations of 
photovoltaic systems revealed that simulating a photovoltaic system 
sized at 50 % of the total energy demand can lead to a high self- 
consumption of energy compared to the installation of higher elec-
trical power, but also to a reduction of energy fed into the grid. This 
implies that greater electrification of consumption within an energy 
community which relies on photovoltaic energy, can increase self- 
consumption. A further increase in energy self-consumption was 
demonstrated to result from the application of a thermal storage.

The size of the photovoltaic systems and the integration of other 
technologies were carefully evaluated to reduce CO2 emissions. Invest-
ment effectiveness was assessed through annual costs (ACs), where 
CAPEX varies from €357,630 to €1,155,238 over 25 years. Optimal ACs- 
PES results are for scenarios with maximum plant capacity, while halved 
PV scenarios require low annual costs for balanced primary energy 
savings.

Since the analysis was focused on the photovoltaic system and, at the 
user level, on the macroscopic area of a district, HP were assumed 

standard, while a sensitivity analysis was carried out for the storage 
system. The results obtained will constitute the basis for detailed anal-
ysis on the PV system, here seen only in two sizes to evaluate the im-
mediate effects of its reduction in extension, and on the issue of the 
dimensioning of the generator. Electric storage inclusion will be also 
considered. The archetype of energy community, here preliminary 
characterized, can be further developed to meet the needs of a real 
application, by including different types and uses of buildings, currently 
restricted to linear residential housing.
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