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A B S T R A C T

The European Union has been allocating funds for the energy transition to meet escalating global energy
demands while minimising the environmental impact. This paper focuses on the impact of post-pandemic
policies on photovoltaic technology in Italy and Portugal, specifically analysing self-consumption schemes
and energy communities. A techno-economic assessment identified optimal PV systems for four families in
each country, considering financial incentives. Italy offers Superbonus 110 and Ecobonus schemes, while
Portugal provides access to the Environmental Fund. Profitable PV systems with storage are feasible in Italy
but not in Portugal. Superbonus 110 favours smaller systems, Ecobonus supports larger ones, and Portuguese
policies prioritise smaller systems. Simulations of energy communities for the same families showed that in
Italy, the best configurations consist of families acting as producers with larger PV capacities and smaller
batteries. In contrast, in Portugal, the policies favour smaller PV systems without batteries, resulting in optimal
configurations where families are solely consumers. This research underscores diverse national approaches to
post-pandemic energy policies and their nuanced impacts on PV technology in Italy and Portugal. It can be
concluded that energy communities offer greater profitability than individual self-consumption schemes. This
is because individual households continue to prioritise self-consumption and personal savings while selling
their excess energy at a more favourable price than what they would receive from the grid.
1. Introduction

Since the Industrial Revolution, average global temperatures have
been rising; the majority of the scientific community agrees that this
temperature rise is wholly intertwined with the rise of the carbon
dioxide (CO2) levels in the atmosphere — a consequence of the growth
in human activities and generally better quality of living, which led to
a noticeable increase in the overall energy consumption [1]. The Paris
Agreement was adopted in 2015 to establish a global warming limit of
1.5 ◦C by the end of the century [2], and more recently, the COVID-19
pandemic has resulted in the EU directing resources to help member
states respond to the economic and social damages. The pandemic
has induced profound social and economic repercussions within the
EU; however, the impact extends beyond the EU borders, affecting
numerous countries globally. Notably, both developed nations like the
USA and developing countries like Iran, each endowed with significant
fossil fuel resources, have experienced the far-reaching consequences
of the pandemic [3].

∗ Corresponding author.
E-mail address: maguilage@tecnico.ulisboa.pt (M. Lage).

The NextGenerationEU, specifically, mobilised around e800 billion,
from which e723.8 billion are intended to contribute to the digital and
green transitions [4].

Solar technology is becoming the cheapest way to produce electric-
ity among all renewable sources. The International Renewable Energy
Agency (IRENA) expects solar PV to reach a capacity of 2840 GW by
2030 and 8519 GW by 2050.

In advancing renewable energy and distributed generation, the
pivotal role of legislation cannot be understated. The prevailing pro-
portion of renewable energy capacity often falls under two categories:
utility-scale and distributed generation. However, the latter, distributed
generation, is rapidly expanding, primarily attributable to supportive
legislative measures. This growing inclination towards distributed gen-
eration, also called distributed generation, is grounded in its superior
resilience compared to centralised energy systems and its capacity to
harmonise individual energy production with consumption patterns.
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To gain a more comprehensive understanding of the legislative im-
pact on promoting PV distributed generation, this research delves into
the optimal avenues for self-consumption and forming energy commu-
nities. This study studies two distinct legislative contexts, specifically
Portugal and Italy, to address the central research question: ‘‘In the
context of PV distributed generation and energy communities, which
of these options yields greater savings and greater economic viability
for consumers?’’

By comparing these two countries’ experiences, we aim to discern
the most effective legislative strategies for fostering PV distributed gen-
eration and forming energy communities, with a particular focus on the
economic implications and benefits for consumers. This comparative
analysis focuses on the potential variations and best practices in the
regulatory landscape of distributed generation and renewable energy
promotion.

To answer the research question, the following objectives have been
set:

• determine the optimal technology mix and conduct a techno-
economic analysis for each household/family.

• determine the optimal technology mix and perform a techno-
economic analysis considering that all households/families com-
prise an energy community.

• determine whether it is profitable for each household/family to
join an energy community.

The historical opportunity of having such a cheap technology allied
ith the fact that CoViD policies are relatively recent – and that
obilise billions of euros – makes this study a pioneering study on the

ffect of these policies on this technology in Italy and Portugal. More-
ver, the importance of distributed generation and energy communities
annot be overstated in pursuing a sustainable and resilient energy
uture. While centralised renewable energy production has significantly
educed greenhouse gas emissions and expanded clean energy capacity,
t is not without limitations. Centralised systems often require extensive
nfrastructure investments and face challenges in efficiently matching
nergy production with consumption, leading to potential transmission
nd distribution losses. In contrast, distributed generation and energy
ommunities empower individuals and local groups to become active
articipants in the energy transition. These decentralised approaches
ffer several key advantages, including higher resilience in the face of
isruptions, the ability to tailor production to local consumption needs,
nd a more direct and immediate environmental impact. They also
ontribute to energy democratisation, allowing more people to reap
he benefits of renewable energy and reducing reliance on a few large
nergy producers. Thus, fostering the growth of distributed generation
nd energy communities is not only vital for mitigating climate change
ut also for building more adaptable and equitable energy systems.

In Section 2, a set of articles will be analysed, followed by a
escription of the Italian and Portuguese regulations considering the
uropean context in Section 3. Section 4 describes the methodology of
he self-consumption and energy community models. Section 5 shows
he results of the self-consumption schemes and energy community, and
critical analysis is performed. Section 6 will be the last; the overall

onclusions of the article are presented, as well as the future work that
an be done using this knowledge and information.

. Literature review

This section includes a thorough review of a set of articles and
ecent studies highlighting the principal objectives as well as the main
onclusions on the subject addressed in this paper. The first articles are
bout self-consumption schemes, whereas the others analyse different
spects of the energy community.
2

2.1. Self-consumption schemes

In [5], the authors developed a method to size residential PV
panels based on cost-competitiveness and maximising self-consumption
in three households in the south of Spain, using real data for a single
year. It was shown that for conditions in which yearly radiation is
higher than 1000 kWh/m 2, the cost of the electricity produced for self-
consumption is lower than the electricity from the grid. It also achieved
more than 50% of self-consumption with this model.

In the residential sector, batteries are usually not economically
viable due to the high maintenance cost. However, without this de-
vice, self-consumption is limited and constant purchasing from the
grid can affect the grid’s stability. In [6], Marek Jaszczur and Qusay
Hassan explored the possibility of implementing a fast-response super-
capacitor due to its relatively lower maintenance and showed that the
implementation of this device results in 83% to 114% increase in the
self-consumption.

In [7], the authors created a new metric to assess PV systems with
storage in the residential sector: Levelized Cost of Use (LCOU). This
indicator was used to analyse the economic viability of PV systems with
storage under a pure self-consumption scheme. By comparing LCOU
and LCOE results, it was concluded that LCOU is more appropriate for
evaluating grid parity than the conventional indicator. LCOE is a more
general metric that typically assesses the cost of electricity generation
without considering self-consumption, which may not be applicable
in cases where the primary goal is to maximise self-use of generated
electricity.

Implementing a shared PV system with storage on an aggregated
apartment was studied by Mike Roberts et al. [8] through the analysis
of a five-apartment building in Australia. It was found that central
batteries of 2–3 kWh can increase self-consumption by 19%. However,
this technology’s capital expenditures (CapEx) are still high to be
considered economically viable.

In the article [9], the authors tackle a critical question in renewable
energy policy: whether self-consumption policies should encourage
larger or smaller solar photovoltaic (PV) systems and the resulting
consequences for distribution networks and regulations. The choice
of PV system size influenced by self-consumption policies presents a
multifaceted dilemma. Larger PV installations have the potential to
generate more clean energy, lowering greenhouse gas emissions and
grid reliance while often being more cost-effective. However, oversized
installations can strain local distribution networks, leading to reliabil-
ity issues and requiring costly infrastructure upgrades. On the other
hand, policies favouring smaller PV installations can distribute energy
generation more evenly across the grid. However, they may produce
less energy, potentially impeding progress towards renewable energy
objectives. Balancing self-consumption policies, PV system size, and
smart grid integration is a complex and evolving challenge. This study
sheds light on the intricate dynamics in energy policy, distribution
networks, and regulation in the context of self-consumption, with PV
system size being a pivotal consideration.

Integrating EVs with PV systems in the residential sector has in-
creased in the last few years. However, the load curves rarely correlate
with the PV production, and the EV is charged in peak hours. To
overcome this issue, the authors in [10] proposed a smart charging
scheme to determine the optimal charging schedules, minimising the
load variability or flatting that curve. Swedish real data was used to run
this model, and two approaches were used: distributed and centralised.
In the first one, the charging control is the user, and in the second
one, it is done by a central unit in which the houses are connected.
In both approaches, the objectives were reached, but it was found that
in the central approach, the self-consumption increased more than in
the distributed.

In [11], the authors proposed a methodology to optimise a resi-

dential PV system using a teaching learning-based algorithm, including
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batteries and EVs. The optimisation included upgrading the PV self-
consumption and frequency containment reserve (FCR) — a safety
device that assures a constant frequency level in the electrical grid. The
study’s principal objective was to improve this system’s profitability
considering other markets, namely the balancing services and day-
ahead markets. The study proved that FCR was possible through battery
banks if they were small-sized.

Spain’s regulation on self-consumption has changed recently; Juan
Fernandez et al. decided to perform a study on the impacts of this
new regulation (Real Decree 244/2019) on the profitability of PV
systems [12]. The key objectives of RD 244/2019 include defining the
technical and administrative requirements for renewable self-
consumption installations and establishing the conditions under which
surplus energy can be injected into the grid. The principal conclusion
of this study is that the new regulation enabled to be profitable the
installation of PV systems in an average dwelling in Spain. It was found
that smaller systems are the optimal ones – around 2 kWp – and that
the excesses need to be more economically compensated. The savings
from this investment are about e5000 to e6000 after 30 years.

The authors in [13] evaluate a hybrid energy model in a Moroccan
illage and rural Fez, utilising biogas from cow manure, photovoltaic
odules, and wind turbines. Results suggest that the hybrid use of
ind, PV, and biomass offers a more suitable solution for electricity
eneration in these regions compared to standalone wind turbines or
ther renewable source combinations.

In [14], the authors proposed a hybrid energy generation model
sing biomass, wind, and solar in Tazouta village and rural Fez. Results
uggest that this approach, incorporating biogas, photovoltaic mod-
les, and wind turbines, is more suitable for electricity generation in
hese regions than standalone wind turbines or other renewable source
ombinations.

The uncertainties in the electricity prices have an important effect
n the selected size and location of PV sources, and integrating renew-
ble sources into the power grid is difficult due to variability and high
torage costs. To address this, this study [15] aims to provide readers
ith insights for evaluating energy utilisation methods in regions where
ll three renewable sources are available, and electricity consumption,
s well as wind and solar energy, are uncertain. The necessity of a
ybrid operation involving biomass, wind, and solar is emphasised due
o the limited availability of energy sources in different regions under
oad uncertainty and generation variability. This study focused on a vil-
age in Morocco with significant potential for wind, solar, and biomass
nergy generation, seeking to determine the most efficient renewable
lectricity generation method in the face of uncertain environments and
arying energy sources.

In [16], the authors underscored the importance of distributed gen-
ration (DG) in reducing energy losses in modern power systems, noting
onstraints in DG penetration. It advocates combining distribution
etwork reconfiguration (DNR) with DG operation for more effective
ower loss reduction, particularly in systems with high variable loads
nd DG penetration. Considering the time-variant and uncertain nature
f electrical energy demand, the paper proposes a robust model for
econfiguring distribution networks. The model is both simple for prac-
ical implementation and accurate in finding optimal solutions within
cceptable computational times, demonstrating high resilience against
ncertainties in load and generation parameters.

.2. Energy communities

In [17], the authors developed a multi-objective optimisation model
hose objective was to find the optimal size of PV systems with storage

n multiple apartments in Austria and Germany. This model enables dif-
erent end-users’ objectives, like minimising annual electricity costs and
aximising self-consumption. It was found that the energy community

s profitable in Germany, whereas economic viability is nonexistent in
3

Austria due to Germany’s high retail price and high renewable energy
surcharge.

Andreas Fleischhacker et al. in [18], improved two open-source
models by clustering the algorithms using the Pareto optimisation. The
core idea involves the formation of energy communities, where various
energy resources, including renewable sources like solar and wind, are
pooled together. By optimising the mix of energy sources and demand-
side management, these communities seek to achieve cost savings
while simultaneously reducing carbon emissions. The study employs
advanced portfolio optimisation techniques to determine the optimal
energy resource allocation for the community. Four scenarios were
analysed that considered the lock-in effect of existing infrastructure.
It was found that it is possible to minimise both objectives; however,
the solutions corresponding to minimum cost and minimum emissions
contradict each other.

Techno-economic analysis of a hybrid renewable system for a net-
zero energy community was conducted by Min-Hwi Kim et al. in [19],
using a solar thermal system, seasonal thermal energy system, heat
pump system and district heating network. The two conventional sys-
tems consisted of gas-fired boilers and a centralised heat pump system,
and the proposed systems were evaluated using simulation models.
The environmental parameters were equivalent CO2 emissions and
primary energy savings; the economic parameters were the Levelized
cost of heating and payback period. It was found that increasing the
solar fraction of the proposed system reduces CO2 emission (around
61% compared with Case 2) and raises primary energy savings (73%
compared with Case 1); it showed a payback period of six years.

Patrizia Simeoni et al. [20] developed a decision support system
using performance indicators and Pareto multi-objective optimisation
to make an optimal design, plan and operation of a smart multi-energy
system. The study’s findings underscore the potential of multi-energy
systems in achieving sustainability objectives by integrating various
energy sources like solar, wind, and cogeneration. Smart technolo-
gies, including advanced control systems and demand-side manage-
ment, enable precise control over energy distribution and consumption,
resulting in cost savings and reduced carbon emissions.

Mohammad Sameti and Fariborz Haghighat, in [21] optimised a
district energy system located in Switzerland, taking into account two
objectives – the total annualised cost and equivalent CO2 – and also
analysed the effects of storage on its performance. This study consid-
ered two types of energy storage: thermal energy storage and electrical
energy storage. The results indicated that the storage brought high eco-
nomic and environmental benefits compared to all other conventional
scenarios — such as stand-alone systems or systems without storage.

Caroline Hachem-Vermette et al. [22] explored the potential to
achieve a net-zero energy status in a mixed-use community, which is a
community that combines commercial and institutional buildings. The
system consists of a PV system to generate energy, a solar thermal
collector, and a borehole thermal energy storage (BTES). BTES is a way
of using the underground as the storage material; the size was estimated
based on the thermal heating load of the community. Implementing the
thermal collectors and the BTES leads to a net-positive energy status.

As the climate change effects emerge, the need to decrease GHG
increases, which promotes micro-generation and decentralised produc-
tion. PV micro-generation has two main challenges: increasing the
self-consumption percentage and avoiding the injection of electricity
into the grid at lower prices. Hadia Awad and Mustafa Gul, in [23],
developed two scenarios: one where each house is connected to a
small PV system and the other where all houses are connected to a
more extensive PV system. The Monte Carlo simulation concluded that
the community-shared solar application is better than the individual
scenario due to the assured uniform distribution of the generated
electricity among all the community actors.

Abhishek Kumar et al. [24] proposed to use social performance in-
dices: public acceptance (PA), human development index (HDI), health

issues (HI), universal education (UE) and gender equality (GE), and
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Table 1
Main findings in the literature.

Ref Objective Achievement

[5] Maximising self-consumption The model achieved more than 50%
self-consumption

[6] Replacing batteries for super-capacitors Increased self-consumption up to 83%
[7] Comparing LCOE and LCOU LCOU is more appropriate to use when considering

storage than LCOE.
[27] Studying the economic viability of stores

in the residential sector
Batteries can increase self-consumption up to 19%
but are not economically viable.

[9] Effects of self-consumption policy design
on the distribution networks

The size of the installations, driven by the
self-consumption policy incentives, has a great
impact on the voltage and thermal limit violations.

[10] Determining the optimal charging
schedules for EVs in the residential
sector

Self-consumption increased when considered a
central unit in which the houses are connected
instead of using the charging control in the users

[11] Optimisation of PV systems using
learning-based algorithms

It was possible to assure constant frequency level
in the grid using small-sized battery-banks.

[12] Accessing the requirements for
self-consumption installations to inject
electricity in the grid under the Real
Decree 244/2019

Smaller systems are the optimal ones (2 kWp)

[17] Find the optimal size of PV systems with
storage in Austria and Germany

Energy communities are profitable in Germany but
not in Austria

[18] Optimisation model to find the optimal
energy resource allocation for the
community

The solutions to minimum cost and minimum
emissions contradict each other.

[19] Techno-economic analysis of a hybrid
renewable system for a net zero
community

Increasing the solar generation, reduces CO2
emissions and raises energy savings.

[20] Multi-objective optimisation to design a
smart multi-energy system

By integrating various energy sources, it increases
the potential in achieving sustainability objectives.

[21] Optimisation of a district energy system Storage increased economic and environmental
benefits compared to stand-alone PV systems.

[22] Study the potential of achieving a net
zero energy mix-community

Implementing thermal collectors and BTES led to a
net-positive energy balance.

[23] Comparative analysis between individual
PV systems and a community PV system

Community-shared PV application is better than
the individual scenario.

[26] Assessment of the criteria on which the
success of an energy community is
dependent on

The level of government support and policy
frameworks influence the most the success of
energy community projects.

This study Optimisation of individual PV systems
and energy communities considering
post-CoVid policies

Energy communities are more profitable both
in Italy and Portugal
[
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the creation of jobs (COJ). Even though the authors in [25] provided
a list of critical social criteria, no method or solution was offered
for this optimisation criteria. Both studies did not analyse the social
impacts with the same rigour applied to the techno-economic and
environmental impact evaluation.

Vasco Brummer, in [26], analysed energy community benefits and
barriers by collecting a series of studies in Germany, the United King-
dom and the United States of America. The success of an energy
community might depend on the ongoing policy framework in force.
The level of government support and policy frameworks significantly
influence the success of community energy projects.

This literature review was split into EC and self-consumption analy-
sis because this paper explores these topics. Regarding self-
consumption, a collection of studies analysed the political, technical
and environmental conditions that allow self-consumption to be eco-
nomically viable. It also helped to understand which factors highly
influence the economic viability of EC projects and which indicators
can be used to analyse the impacts, not only at the economic or
environmental level but also of technical and social nature. This paper
aims to fill the gap in the literature, as can be seen in Table 1, which
is the analysis of the viability of self-consumption schemes and EC
considering the current policies in action: the post-pandemic policies.
This is a pioneering study since it will combine the existing economic
viability, and so the economic advantage of the technology, with the
post-CoViD policies.

In the following section, a detailed explanation and description of
both Italian and Portuguese policies will be done to understand the
models used for the analysis.
4
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3. National policies

The policies which support renewable energy consumption began
in 1990 in Germany [28], followed by other European countries that
applied similar incentive policies. It was in 2009 that with EC 2009/28,
the EU launched the measures and targets to increase the share of
Renewable Energies in the energy mix until 2020. Each country had
to establish economic and environmental policies together with instru-
ments that would lead to the goal of having 20% of the total energy
produced from RES [29].

In 2013, Portugal launched a plan for Renewable Energies which
had as its primary goal the achievement of 20% of RES in the Por-
tuguese energy mix; however, in 2014, this was updated to the actual
law of Portuguese self-consumption in the law decree n◦ 153/2014
30].

In addition to these policies and guidelines to encourage the con-
umption and production of solar energy, national and international
nstitutions developed other mechanisms to speed the growth of this
echnology. This resulted in the creation of financial mechanisms until
he technology became economically viable, such as feed-in-tariffs,
eed-in premiums, green certificates, electricity compensation systems,
irect capital subsidies and tax credits [31]. These supporting policies
ed to a decrease in the LCOE of PV technology, as can be seen in Fig. 1.

A sum up of the pre-pandemic policies can be seen in Table 2.
In the following sub-section, we provide an overview of national

ncentives for PV self-consumption and energy community policies in
taly and Portugal that result from the post-CoVID-19 pandemic. These
ncentives highlight the policies that are important to our analytical
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Fig. 1. LCOE of wind and solar technologies [32].
Table 2
Public policies used to support PV solar technology.

Supporting PV Policies Definition

Feed-in Tariffs Predetermined rates of compensation for
electricity generation are designed to support
producers due to the technology’s lack of
economic maturity.Those were used in 68
countries according to [33]

Feed-in Premiums Additional payments provided to renewable
energy producers beyond market prices to
incentivise and support the economic viability
of renewable energy projects.

Green Certificates Tradable financial instruments that represent
the environmental attributes of renewable
energy generation, providing a means to
support and track the production of clean
energy.

Electricity Compensation Financial payments or incentives provided to
individuals or entities for generating and
supplying electricity, often from renewable
sources, into the grid.

Direct Capital Subsidies
and Tax Credits

Financial incentives provided by governments
to support and promote specific industries, such
as renewable energy, by offering direct funding
or reducing tax burdens on qualifying projects.

models, offering a comprehensive insight into the factors that drive the
success and sustainability of these energy solutions.

3.1. Italy

In September 2020, the Ministry of Economic Development, Min-
istero dello Sviluppo Economico (MISE), signed the decree-law that
establishes the incentive tariffs related to the appreciation of self-
consumed energy in self-consumption schemes and energy communi-
ties [34]. For those in energy communities, there are two different
remunerations, one from ARERA that corresponds to 8 e/MWh and
the other from Ministero dello Sviluppo Economico (MISE) that has a
value of 100e/MWh or 110 e/MWh [35]. These values are given as an
incentive to those who sell electricity to the grid besides the ‘‘normal’’
revenue from selling electricity to the grid. They are designed to en-
courage and reward specific behaviours that align with the goals of the
energy community and the broader renewable energy and sustainability
objectives in Italy.

Part of the Next Generation EU, Superbonus 110% (Scheme 1) en-
ables consumers to install PV systems, with or without storage, and get
5

110% deductions over the first five years; however, those consumers
cannot sell energy to the grid. It is also possible to access the Ecobonus
(Scheme 2), a scheme on which consumers receive 50% deductions
over ten years and remuneration for the energy sold to the grid. Both
schemes are not cumulative and independent from each other except if
it is an energy community [36]. A family inside an energy community
can still apply for these schemes.

3.2. Portugal

In June 2020, a law was published [37], in which individual and
collective self-consumption schemes are dispensed of paying a part of
the electricity tariff. More specifically, individual self-consumers do
not pay 50% of CIEG (a part of the electricity tariff that Portuguese
consumers pay) – which represents 29% of the electricity price in low
voltage [38] – and Energy communities do not pay 100% [39].

Portugal developed the PRR, an investment plan also a consequence
of the Next Generation EU program. ‘‘Climate Transition’’ is one of
the three main sectors of PRR, and it has a program focused on the
Energy Efficiency in Buildings [40]. It aims to increase the efficiency of
buildings, and depending on the type of project, there is a different
remuneration [41]. It is, then, possible to install PV systems with or
without storage and have 85% of investment returned by the state until
the limit of e 2500 per project (environmental fund).

4. Methodology

This section describes the two models used to perform the techno-
economic analysis; one model is specific for self-consumption schemes,
and the other for energy communities. First, a general methodology for
the self-consumption model is shown. Then, the case studies of Italy and
Portugal are presented, more specifically, each country’s consumption
and production profiles as well as the economic assumptions. Lastly,
the energy communities model is presented, finishing with a resume
table of the assumptions used for each model.

4.1. Self-consumption optimisation model

The self-consumption model framework developed for this study
is shown in Fig. 2. It is possible to calculate the energy savings by
making the difference between the electricity bill before and after the
installation of the PV system. By considering the annual value of these
savings and the annual operation and maintenance cost, it is possible to
calculate the cash flows for the number of years of the analysis. Then,
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Fig. 2. Methodological framework for the self-consumption model.
Table 3
Baseline situation of the chosen families.

Family Couple Working Family with 1 child Family with 3 children Couple Retired

Consumption [kWh] 2618.57 4010.94 4489.35 2675.12
Yearly pay without PV [e] 905.70 1363.94 1559.21 928.28
these cashflows can be discounted to the presented by considering a
certain interest rate for the period of analysis. The initial investment
can be considered to be paid at the beginning of that period, or if
considering a load, it is necessary to discount it as well.

4.1.1. Case studies
The load profiles used in the models were chosen from the automat-

ically generated results of the Load Profile Generator (LPG) [42]. This
program automatically generates more than 40 curves, such as families
composed of a single man, a single woman, a single man with one child,
etc. Four chosen profiles were used for both models and both countries,
those are:

• I - Couple working: representing two people that spend most of
the time outside

• II - Couple retired: representing two people that spend most of
the time inside

• III - Family with one child, one of the parents is working, and the
other is at home: this case was chosen to see the differences when
part of the family is at home

• IV - Family with three children, both working at home: this case
was selected to analyse the case when a big family is at home
most of the time

The families’ consumption and yearly electric bills are shown in
Table 3. In Appendix A, it is possible to see the load curves of each
family for a summer day and a winter day.

In Italy, the average annual consumption per household is 2646
kWh [43] and for Portugal, according to the Survey on Energy Con-
sumption in the Domestic Sector, published by the National Statistics
6

Institute (INE), on average, a family in Portugal consumes around 3300
kWh/y [44].

Each case was chosen with a specific objective, and the four of them
are meant to compose four different stages of life.

The families’ social level, education, and wealth impact the results
in real life, for example, in their ability to ask for a loan. However,
as this work focuses on the economic and technical aspects, the social
aspect of the families should be considered in a future analysis. In
that case, the optimisation should not consider the maximisation of the
profit but the maximisation of a social parameter, like the satisfaction
of the families with each system.

Fig. 3 shows the load profile for the four families on 27 𝑡ℎJanuary.

4.1.2. Italian production
The SolarTech Laboratory from Politecnico di Milano provided in-

formation on the power production of three mono-crystalline panels –
245Wp, 285Wp and 305Wp – from the end of January 2021 to the end
of January 2022.

In a study performed by the European Commission [45], the average
capacity in Italy’s residential solar PV sector is 3.73 kW. Accordingly,
it was decided to analyse systems with 2 kWp, 3 kWp, 4 kWp and 6
kWp installed capacity.

To simulate the systems using Milan’s typical production profiles,
the hourly power data of the 305 Wp PV panel was normalised and used
to simulate the production profile of the systems above. Four different
batteries were chosen with the following capacities: 2.4 kWh, 4.8 kWh,
7.2 kWh and 9.6 kWh. Enel X, an Italian PV store, inspired the PV
systems configuration.

The normalised production profile (kW/kWp) can be seen in Fig. 4.
The chosen day for this example was 27th January.
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Fig. 3. Consumption profiles of the chosen families for the Italian and Portuguese cases.
Fig. 4. PV production profile used for the Italian cases.
To integrate the battery into the system, it was necessary to define
some rules: the battery is not connected to the grid, when there is not
enough electricity in the battery, only what is missing is purchased
from the grid (not the entire necessity), and when there is an excess
of production, injection in the grid only starts when the battery is full.
This was applied for both Italian and Portuguese simulations.

4.1.3. Portuguese production
The Italian production values were compared with the respective

PVGIS [46] values, a web-based tool and platform provided by the
European Commission’s Joint Research Centre (JRC). PVGIS is designed
to help users assess the solar energy potential and performance of
photovoltaic (PV) systems in various locations across Europe and other
parts of the world. It was found that the errors relative to the real
production were below 10%. The PVGIS was then chosen to generate
the Portuguese production data for these simulations due to a lack of
real data.

The PV module chosen was a mono-crystalline of 400 W𝑝, the
most similar model to the Italian PV on the website. The slope and
azimuth angles were defined as optimal – 32◦ and 2◦, respectively –
and the radiation database was chosen for PVGIS-SARAH2. Because it
was necessary to choose a specific location, the centre of Lisbon was
7

the defined point, with a latitude equal to 38.7◦ and longitude equal to
−9.1◦.

The output data from the simulator was the hourly output power of
one module of 400𝑊𝑝. The normalised production profile (kW/kWp)
can be seen in Fig. 5. The chosen day for this example was 27th
January.

These values were normalised and used to generate hourly data for
the following PV systems: 2 kWp, 3 kWp, 4 kWp and 5.4 kWp. The
batteries used in the simulations had the following capacities: 4.5 kWh,
5.8 kWh and 6.3 kWh. The PV systems configurations differ from the
Italian ones, given that they were inspired by a PV self-consumption kit
from Solar Impact, a Portuguese store.

Besides the production and consumption data defined above, to
develop the self-consumption model, it is necessary to provide elec-
tricity cost from the grid, price of selling the electricity to the grid,
PV systems cost functions, operation and maintenance costs, discount
rate and number of years for the analysis. These values change between
countries and are shown in the following sections.

4.1.4. Italian economic assumptions
The average annual price of electricity in 2021 was 0.234 e/kWh

[47], so this value was used as a reference. On the other hand, the
price that was being paid to prosumers is defined by the Autoritá di
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Fig. 5. PV production profile used for the Portuguese cases.
Regolazione per Energia Reti e Ambiente (ARERA), and the average
annual value for 2021 was 0.125 e/kWh [48]. On the Operation and
Maintenance costs (O&M), those were defined as 19 e/kWp for the PV
systems and 9 e/kWh for the battery [49].

It was necessary to develop cost functions for the PV and the battery
to know the total price of the system composed of any PV or battery.
These functions resulted from interpolating the four systems’ prices
from the Enel X store. After having those functions, it is possible to
calculate the price of every battery and every PV and the system’s price
results from the sum of both prices.

It was decided to analyse the project during the lifetime of the
PV system, 20 years, and the discount rate defined was 5% [49]. As
the batteries and the inverters do not last 20 years, it is necessary to
consider a battery replacement at t=10. The inverter is also replaced,
and it represents 30% of the PV cost; this value was found by comparing
the PV prices with the prices of each system’s inverter.

The economic assessment needs to be split between scheme 1 and
scheme 2, given that the return from the state is different between
them. In scheme 1, electricity is not sold to the grid; when the dif-
ference between production and consumption is negative, that is the
amount necessary to purchase from the grid; when it is positive, that
corresponds to excess; this excess is injected into the grid, but there is
no remuneration for this scheme.

The Net Present Value (NPV) has four parcels, and they can be
expressed in the following Eq. (1).

𝑁𝑃𝑉1 = (0.22𝐼+𝐸𝑠−𝑂&𝑀)𝑘𝑎(5, 𝑟)+
(𝐸𝑠 − 𝑂&𝑀)𝑘𝑎(15, 𝑟)

(1 + 𝑟)5
− 𝑅𝐶
(1 + 𝑟)10

−𝐼

(1)

Where :

• I: Investment Cost
• Es: Energy Savings
• O&M: Operation and Maintenance Costs
• r: discount rate
• RC: Replacement Costs

These variables are also used in the next equations.
The first parcel corresponds to the first five years and the second

to the following 15 years. In the first period, there is an incentive
correspondent to 22% of the investment cost (𝐼), the energy savings
8

(𝐸𝑠) – which were calculated by the difference between electricity
paid without the system and the electricity paid with the system, also
considering a price for connecting the system to the grid that is 20.28
e/kW/year [50] – and the operation and maintenance cost (𝑂&𝑀)
which is 19 e/kW for the PV and 9 e/kWh for the battery [49]. The
𝑘𝑎(5, 𝑟) is intended to discount the values, so this is calculated according
to Eq. (2) replacing 𝑖 for 5:

𝑘𝑎(𝑥, 𝑟) =
(1 + 𝑟)𝑥 − 1
𝑟(1 + 𝑟)𝑥

(2)

In which 𝑟 is the discount rate – and so has a value of 5% [49] –
and the exponent corresponds to the number of years in the period
that is 5. In the second period, the revenues are only composed of the
energy savings (𝐸𝑠), and there are also the O&M costs; the 𝑘𝑎(15, 𝑟)
is calculated in the same way as the 𝑘𝑎(5, 𝑟), considering an exponent
of 15 equal to the period of the analysis. Lastly, to fully discount
those values, they must be divided by (1 + 𝑟)5, where the 𝑟 is also
5%. The third parcel is related to the battery and inverter replacement
(𝑅𝐶) expenditures, and because that occurs at t=10, it is necessary to
discount them to the present. The fourth parcel is the initial investment.

In scheme 2, it is possible to sell electricity to the grid; when the
difference between production and consumption is negative, that is
the amount necessary to purchase from the grid; when it is positive,
that corresponds to an excess that is injected into the grid, and the
remuneration is equal to the PUN.

The NPV, in this case, also has four parcels, as can be expressed
in Eq. (3).

𝑁𝑃𝑉2 = (0.05𝐼+𝐸𝑠−𝑂&𝑀)𝑘𝑎(10, 𝑟)+
(𝐸𝑠 − 𝑂&𝑀)𝑘𝑎(10, 𝑟)

(1 + 𝑟)10
− 𝑅𝐶
(1 + 𝑟)10

−𝐼

(3)

The first parcel corresponds to the first ten years, the second to the
following ten years, and the third to the same O&M expenditures of
scheme 1. In the first period, there is a 5% return on the investment
cost (𝐼), energy savings (𝐸𝑠) and O&M costs. As in the first scheme,
the revenues of the second period are composed of energy savings (𝐸𝑠).
Because it is possible to sell electricity in this scheme, energy savings
include that profit. The process of updating is the same as in scheme 1;
however, because the periods are different, in this scheme, the discount
factor is 𝑘𝑎(10, 𝑟).
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The second economic parameter that is also going to be used to
make decisions is IRR, which is the discount rate when the NPV is
zero [51], as shown in Eq. (4):
𝑛
∑

𝑡=0

𝐼𝑛𝑐𝑜𝑚𝑒 − 𝑂𝑢𝑡𝑐𝑜𝑚𝑒
(1 + 𝐼𝑅𝑅)𝑡

=
𝑛
∑

𝑡=0

𝐶𝑎𝑠ℎ𝐹 𝑙𝑜𝑤
(1 + 𝐼𝑅𝑅)𝑡

= 0 (4)

In the analysis, the outcomes are the investment at t=0,𝑡 = 10
and the O&M annual costs; the incomes are the revenues in each year
described for scheme 1 and scheme 2. Knowing this makes it possible
to know the cash flow for each year and calculate the IRR.

4.1.5. Portuguese economic assumptions
It was considered two different types of electricity tariffs in Por-

tugal: simple and bi-hourly. The simple tariff assumes a fixed elec-
tricity price independent of the time of the day or day of the week -
0.1815e/kWh. The bi-hourly can be split into weekly or daily cycles
and has different electricity prices depending on the time of the day,
day of the week, and whether it is summer or winter, [52]. The time
of the day when the electricity price is lower is called off-peak hours
- 0.1669 e/kWh – and the hours in which the electricity is more
expensive are called peak hours – 0.1865 e/kWh. The tariff timetable
can be seen in [52]. As individual self-consumption is exempt from
paying 50% of the CIEG [37], the electricity price on a simple tariff is
0.1551 e/kWh, and on a bi-hourly tariff, the electricity price is 0.1427
e/kWh and 0.1595 e/kWh on off-peak and peak hours, respectively.

According to decree-law, 15/2022 [53], the remuneration for the
electricity supplied to the electricity grid by the producer can be given
by Eq. (5):

𝑅𝑚 = 𝐸𝑚 × (𝑀𝑃𝑚 − 𝐶𝑚) (5)

In which, 𝑅 means remuneration in month 𝑚, 𝐸 is the amount of
electricity in month 𝑚, 𝑀𝑃 is the simple arithmetic average of the daily
market closing prices in month 𝑚, and 𝐶 is the charges defined by the
energy services regulatory entity (ERSE) in month 𝑚. This parameter 𝐶
reflects expenses related to the transport and distribution of electricity
[54]. It is also directly connected to the type of tariff and the type of
projects (for example, the projects exempt from 50% or 100% of CIEG
have different values for this parameter). In [55], it is possible to see
the values of these charges in projects that benefit from 50% and 100%
of exemption of CIEG.

After computing the market price average monthly values for 2021
(ranging from 0.01778 e/kWh to 0.04202 e/kWh), it was possible
to conclude that charge prices in the simple tariff (0.0419 e/kWh)
are always higher than the market price except in November and
December; for this reason, the extra electricity produced is injected into
the grid without remuneration. With the bi-hourly tariff, the charges
are lower than market prices (except for April) in off-peak hours. This
highly depends on the year considered; however, it was assumed that
2021 is representative and was used to apply the 2022 legislation.
Regarding this, simulations were performed using a simple tariff – the
consumers do not have a smart meter because the excess is not paid –
a bi-hourly weekly tariff and a bi-hourly daily tariff.

Considering the Portuguese PV systems, it was possible to compute
two different cost functions, one for the PV and the other for the
battery. These values differed from the Italian values because these are
the ones available in the Portuguese store chosen for this use case —
Solar Impact; however, the O&M values of both PV and batteries were
kept the same [49].

Considering this equipment, the first system is the only one in which
the incentive is not e 2500 because 85% of that system’s investment
is less than e 2500. For the rest of the systems, the incentive will
be e 2500. Simulations for every family were done using all possible
combinations between them.

Because Portugal does not have government incentives spread in
multiple years like Italy has – the incentive is given at𝑡 = 0 – the
9

revenues of the NPV throughout the 20 years (the lifetime of the
Table 4
Description of the simulations’ scenarios.
Scenario Description

Baseline I, II, III and IV are producers
1a I is the prosumer
1b II is the prosumer
1c III is the prosumer
1d IV is the prosumer
2a I and II are the prosumers
2b II and III are the prosumers
2c III and IV are the prosumers
2d IV and I are the prosumers
3a I, II and III are the prosumers
3b II, III and IV are the prosumers
3c III, IV and I are the prosumers
3d IV, I and II are the prosumers

system) are only the energy savings each year. As seen before, energy
savings result from the difference between the electricity bill before
(considering the price without the exemption of 50% of CIEG) the PV
system and after the PV system (considering the electricity price with
the exemption of 50% of CIEG) plus the energy sold. Then, NPV can be
computed using Eq. (6).

𝑁𝑃𝑉3 = (𝐸𝑠 − 𝑂&𝑀)𝑘𝑎(20, 𝑟) − 𝑅
(1 + 𝑟)10

− 𝐼 + 𝐺𝐼 (6)

In Eq. (6), O&M values are equal to the ones used for Italy –
ecause those are assumed to be for European systems – 𝑘𝑎(20, 𝑟) can be
alculated using Eq. (2) for 20 years, and R represents the replacement
f the battery and inverter at t=10. 𝐼 is the initial investment, and 𝐺𝐼

is the government incentive. A discount rate of 5% was also used.

4.2. Energy communities model

An EC system model based on an open energy modelling framework
(oemof) was used to perform the analysis; the detailed explanation
of the model can be found in [56]. The Single-Objective optimisation
model has a bottom-up approach and a linear programming technique.
This model aims to convert the four houses analysed before into an
energy community to find the optimal configuration for each house that
minimises costs and maximises savings. The optimised dispatch profiles
of the model are the nominal optimal capacities of the systems, the NPV
and IRR for the entire community and the NPV for each family. The
energy community system is defined as a network composed of nodes
(or buses) and edges (or flows), and it allows any number of nodes to
be applied to any situation. The objective function is a maximisation of
the community’s NPV subjected to three types of constraints, the first
being the hourly power balance in each node. The second is related
to the balance of the storage equipment that needs to consider the
charge, discharge, self-discharge of the storage, state of charge and
efficiencies. Lastly, the powerlines have a maximum capacity that must
not be exceeded, so the power flow needs to be below a certain nominal
value. The detailed explanation can be seen in [57].

The program will run the first optimisation, aiming to know the
optimal capacities of the PV and battery. Then, using those values,
several simulations, shown in Table 4, will be performed to assess
the best configuration for the overall community and each family
individually.

4.2.1. Italy
To simulate an energy community in Italy, the four families de-

scribed before were used to form a community, and the four production
profiles were used to determine the optimal system for each house.

According to Italian legislation, the energy community have two dif-
ferent remunerations, one from ARERA that corresponds to 8 e/MWh
nd the other from Ministero dello Sviluppo Economico (MISE) equal
o 110 e/MWh.
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As one of the model’s outputs is the optimal system capacity of each
house, the cost functions for the PV and battery were introduced in the
model. The PV O&M was defined as 19 e/kW, and the battery OPEX
as 9 e/kWh [49]. The discount rate and the number of years are the
same as the ones defined in the self-consumption schemes.

The buying and selling prices for the community were the same
as used in the self-consumption analysis; however, by adding the gov-
ernment incentives that are given at the end of the year, the shared
electricity will be cheaper for whoever is buying and more profitable
for whoever is selling.

Then, an economic analysis will be done considering the Ecobonus
policy on the energy communities. It was decided not to simulate the
Superbonus in the community because, in that scheme, there is no
remuneration for the excess of electricity or the shared electricity, only
above 20 kWp per system.

4.2.2. Portugal
In Portugal, the main incentive is reducing the purchasing price of

electricity from the community and the price of buying electricity from
the grid. Those in an energy community do not have to pay 100% of the
CIEG costs, corresponding to 29% of the total electricity price [37]. On
top of this, the price for purchasing and selling electricity inside the
community is defined by the community itself [58]. The purchasing
price has to be lower than the grid price to encourage electricity sharing
inside the community. So, a hypothesis was made assuming that it
has the same reduction (29%) as the electricity purchased from the
grid compared to the original price. The electricity selling price inside
the community was assumed to be equal to the price of selling to
the grid to have a difference that enables to pay the general costs
of the community. The charge prices for the projects that benefit
from 100% exemption of CIEG are different from those used in the
self-consumption [55].

Similarly to Italian energy communities, specifying the investment
and the O&M is impossible because they depend on the installed capac-
ity. Hence, the data introduced in the model was the cost functions for
the PV and battery. The PV O&M costs were defined as 19 e/kW, and
the battery O&M as 9 e/kWh [49]. The discount rate and the number of
years are the same as the ones defined in the self-consumption schemes.
Similarly to Italy, the scenarios presented in Table 4 will be assessed to
know which configuration is better for each family. Lastly, an economic
analysis will be done, considering the environmental fund.

The tables in the next sections show the optimal system for each
family; the simulations for all cases studied are available on demand.
This system was found after computing the NPV and IRR for all the PV
systems and all combinations with all the batteries when considering
storage equipment. The economic parameter used to make this choice
was the IRR, except on the energy communities analysis, given that
in the case of the families that are only consumers (do not have any
investment), the NPV was the only possible parameter to be computed.
However, in most cases, the higher IRR corresponded to the higher
NPV; in those few that did not match, the IRR was the deciding factor.
Table 5 presents a sum up of the variables used for the models.

5. Results

A parametric analysis was performed to find the optimal system for
each family and scheme. The objective of the simulations presented in
this chapter is to analyse which option results in higher savings: being
on an individual self-consumption scheme or an energy community.

5.1. Self-consumption model

5.1.1. Italy
In Scheme 1, the consumers are not allowed to sell to the grid, but

the state gives 22% of the investment in each of the first 5 years of the
project. The optimal system for the four families, without batteries, is
10
Table 5
Variables used for the simulations.

Variables Italy Portugal

Consumption LPG LPG

PV Systems [kWp]
2 2
3 3
4 4
6 5.4

Battery Systems [kWh]
2.4 4.5
4.8 5.8
7.2 6.39.6

Electricity Cost [e/kWh] 0.234 0.1551
0.1427/0.1595

Electricity selling price [e/kWh] 0.125 𝑅𝑚 = 𝐸𝑚 × (𝑀𝑃𝑚 − 𝐶𝑚)

PV O&M [e/kWp] 19 19

Battery O&M [e/kWh] 9 9

Interest rate [%] 5 5

Years of analysis 20 20

Table 6
Economic parameters of the optimal system in Scheme 1 - Italy.

Without Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I 1285.87 0.18 2 n.a.
II 2920.48 0.28 2 n.a.
III 3983.52 0.34 2 n.a.
IV 1786.66 0.21 2 n.a.

With Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I 2250.52 0.21 2 2.4
II 3701.87 0.28 2 2.4
III 4748.72 0.32 2 2.4
IV 2800.24 0.24 2 2.4

I - Couple Working; II - Family with child; III - Family with 3 children; IV - Retired
Couple.

the smallest one — 2 kWp. Considering batteries, the optimal config-
uration is the smallest PV system with the smallest battery — 2 kWp
and 2.4 kWh. The economic parameters for the two scenarios and the
four families are shown in Table 6.

According to the IRR, the optimal system in every family is the
smallest one, as it is the one with lower investment and lower price
when connecting to the grid. Because in this scenario, the only gains
that come from the system – most of the system’s lifetime – are through
energy savings, the more energy self-consumed, the less is necessary to
be purchased from the grid at a higher price. Considering storage, as
the battery is replaced after ten years, it is necessary to consider two
batteries over their lifetime, and so, the bigger the battery, the more
significant the investment. The self-consumption rate is critical when
analysing residential PV systems, and as there is no remuneration for
the excess injected in the grid, scheme 1 privileges smaller systems.

In Scheme 2, the consumers are allowed to sell to the grid, but the
state only gives 5% of the investment in each of the first 10 years of the
project. The optimal system for the family I and IV, without batteries, is
the biggest one - 6 kWp -, and for II and III is the 4 kWp. Considering
batteries, the optimal configuration for all families is the biggest PV
system with the smallest battery - 6 kWp and 2.4 kWh. The economic
parameters are shown in Table 7.

This scheme privileges the bigger systems in which excess electricity
can be produced. The bigger the system, the higher the cost to connect
to the grid and the higher the O&M expenditure. Two factors work
against each other – the remuneration of the excess and the expenses
– thus, the optimal system is not always the biggest. Although the

percentage of self-consumption is lower, and therefore, the purchasing
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Table 7
Economic parameters of the optimal system in Scheme 2 - Italy.

Without Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I 7882.97 0.25 6 n.a.
II 7175.73 0.29 4 n.a.
III 8477.75 0.33 4 n.a.
IV 8388.43 0.27 6 n.a.

With Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I 7798.41 0.23 6 2.4
II 9206.26 0.26 6 2.4
III 10 697.53 0.28 6 2.4
IV 8283.21 0.24 6 2.4

Table 8
Optimal system economic parameters for each family in simple tariff - Portugal.

Without Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I 1290.81 0.45 2 n.a.
II 2833.93 0.83 2 n.a.
III 3678.33 1.03 2 n.a.
IV 1665.55 0.55 2 n.a.

With Storage

Family NPV [e] IRR PV [kWp] Battery [kWh]

I −1823 −0.05 2 4.5
II −337 0.03 2 4.5
III 410 0.07 2 4.5
IV −1366 −0.02 2 4.5

is higher, the amount sold to the grid is 3 – 5 times higher than the
amount purchased. And even though the buying price is higher than
the selling price, it is only three times higher. So, the bigger systems
are optimal for a scheme that enables selling.

Considering batteries, the optimal system is the 6 kWp and 2.4 kWh
because it is the system with the higher amount of electricity injected
into the grid but at the same time has the lowest investment regarding
the battery — that has to be replaced in the midlife of the PV system.

5.1.2. Portugal
In the simple tariff, the consumers do not receive anything by

injecting the excess electricity into the grid, and the price of electricity
is constant throughout the day. The optimal capacity for all families
without storage was 2 kWp for all. Considering storage, the 2 kWp
and 4.5 kWh system has the best results; however, they are not eco-
nomically viable for families I, II and IV. The results are shown in
Table 8.

The results of the scenarios with storage are only viable for family
III because the IRR is always negative or positive but lower than the
discount rate. The only scenario in which the IRR is higher than the
discount rate is relative to the family with 3 children. The optimal
capacity of the system is 2 kWp and 4.5 kWh.

The bi-hourly tariff has similar but slightly lower results (for exam-
ple, the family III in the simulations with storage, for the system of 2
kWp and 4.5 kWh has an IRR of 0.06) due to the increase in the initial
investment as a result of the smart-meter.

5.2. Energy communities model

When analysing the viability of energy communities, it can be done
in two different ways: by considering the community as one entity –
and in this way, the expenses and the revenues of all the families are
summed and the community as one IRR and one NPV – or analysing
each one of the families as different entities and in this way, each family
11

as a different NPV and IRR.
Table 9
Optimal systems in an energy community - Italy.

Without Ecobonus

Family NPV [e] IRR Scenario PV [kWp] Battery [kWh]

I 11 295 0.27 1a 6 2.4
II 12 372 0.29 1b 6 2.4
III 13 304 0.31 1c 6 2.4
IV 11 860 0.28 1d 6 2.4

With Ecobonus

Family NPV [e] IRR Scenario PV [kWp] Battery [kWh]

I 13 193 0.32 1a 6 2.4
II 14 269 0.34 1b 6 2.4
III 15 202 0.36 1c 6 2.4
IV 13 757 0.33 1d 6 2.4

Table 10
Optimal systems in an energy community - Portugal.

Without Environmental Fund

Family NPV [e] IRR Scenario PV [kWp] Battery [kWh]

I 2202 0.7 3a 2 0
II 1991 0.13 3b 2 0
III 3186 0.16 3c 2 0
IV 3864 0.07 3d 2 0

With Environmental Fund

Family NPV [e] IRR Scenario PV [kWp] Battery [kWh]

I 2156 0.65 Ba 2 0
II 3939 1.05 B 2 0
III 4925 1.27 B 2 0
IV 2481 0.72 B 2 0

a Baseline Scenario.

5.2.1. Italy
The optimal configuration for the community is the one in which

the family with 3 children (III) is the only producer (1c in Table 4);
however, for each family, the optimal scenario is the one in which the
considered family is the producer. This is because when there is only
one producer in the community, the shared electricity is higher, and
the majority of the incentives go to the producer — around 80% in
these four cases. This is a result of the business model that the model
assumes; the one who contributes more to the community receives
the bigger share of incentives. Also, the producer will always have
self-consumption savings and sales from the surplus produced. It also
assessed the viability of the different configurations considering the
Ecobonus for the producers; however, the optimal configurations for
each family did not change; the only difference is that the NPV is higher
due to an extra source of income. The economic metrics are shown in
Table 9.

The best option in Italy for each family is to integrate an energy
community with the Ecobonus benefits and be the only producer in
the community.

5.2.2. Portugal
In both tariffs, the optimal configuration for the community is the

same as in Italy: the family with 3 children (III) is the only producer
(1c in Table 4). Considering a simple tariff, the optimal results for
each family are shown in Table 10. The analysis also considered the
possibility of receiving the environmental fund.

In Portugal, the optimal configuration for each family is the one in
which that family is the only consumer. The initial investment is zero,
and this is the case in which there is more excess from the producers,
so the family, as a consumer, can pay less for more electricity in
excess inside the community. Considering the environmental fund, the
scenario with the maximum IRR for all the families is the baseline
scenario in which all families are prosumers.

Similarly to the self-consumption schemes simulations, the results

using a bi-hourly tariff were very similar to those using a simple tariff;
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Fig. A.6. Load curves of the four families.
the optimal capacities and configurations are the same, although the
numerical results differ.

6. Conclusion

This study examines various self-consumption schemes and energy
communities in Italy and Portugal. The aim is to determine the more
economically feasible option, considering the distinct policies prevalent
in each country.

Four families were used to perform simulations: a couple working,
a family with one child (father at home and mother working), a family
with three children (both parents at home) and a retired couple (both
at home).

The divergent outcomes observed between Portuguese and Italian
policies reflect the distinct energy contexts of each country. Two
self-consumption schemes in Italy were considered: Superbonus 110
(Scheme 1) and Ecobonus (Scheme 2). The results from the self-
consumption analysis in Italy were that Scheme 1 privileges smaller
systems and Scheme 2 larger systems. This is due to the lower cost
of smaller systems, where savings primarily come from the energy
self-consumed. In this case, the configuration that maximises self-
consumption is most beneficial; moreover, the incentives provided
nearly cover the entire system cost. Considering batteries, the optimal
system is the one with the smallest battery because it is the cheapest
configuration. In contrast, scheme 2, which permits the sale of excess
energy to the grid, favours larger systems without the need for batter-
ies. However, if batteries are included, the most efficient configuration
is a larger photovoltaic (PV) system with the smallest possible battery.
This approach is due to the higher cost and shorter lifespan of batteries
compared to PV systems, requiring an eventual replacement. Therefore,
using smaller batteries is the most effective strategy to maintain the
economic feasibility of the project.

In contrast, Portugal’s self-consumption analysis revealed that the
optimal system for all family types without storage was the smallest
(2 kWp), while storage scenarios generally resulted in non-profitable
projects. The results indicate that in Portugal, there may be a preference
for smaller PV systems without storage due to economic considerations,
grid pricing, and the challenges associated with storage investments.

Both countries intend to increase the capacity of residential PV
systems, aligning with the shift towards cleaner and renewable energy
sources. The decision on whether to give preference to smaller PV sys-
tems without storage in Portugal depends on striking a careful balance
12
between economic feasibility and sustainable energy practices. Optimal
results are likely to come from adaptable policies that promote different
sizes of PV systems, taking into account regional and economic differ-
ences, all while ensuring the overarching objective of transitioning to
cleaner and more sustainable energy sources is achieved.

Then, simulations on energy communities were performed both for
Italy and Portugal. In Italy, analysis from the perspective of the energy
community revealed that the setup yielding the highest IRR is the one
where a family with three children acts as the sole producer for the
community — identified as configuration 1c. On an individual basis, the
most advantageous setup for each family would be the one where they
are the sole producer because the family benefits from savings through
self-consumption and additionally gains from the energy shared with
the other three members.

In Portugal, the configuration that resulted in the highest IRR for
both tariffs was also obtained when the family with three children
was the sole producer of the community, known as configuration 1c.
Unlike in Italy, the best setup for each family under both tariffs is
when they are the only consumer. For that family, there is no initial
investment required, and the cost of electricity from the grid is lower
than outside the community. Additionally, this is the setup where the
family can benefit most from the excess electricity generated by the
producers. Considering the environmental fund, the best configuration
for each family and the community is when all families are producers.
As producers, the families receive the environmental fund and take
advantage of the lower electricity price and the shared electricity inside
the community.

The main conclusion that answers the research question is that
for both countries and these four families, being part of an energy
community is more economically viable than being on an individual
self-consumption scheme. This shows that the energy communities’
policies are aligned to expand the residential PV capacity in both
countries.

In general, energy communities are more economically viable than
individual self-consumption schemes because, within these communi-
ties, individual self-consumption is still prioritised for members while
simultaneously offering prosumers the opportunity to sell their excess
energy at a higher value to their peers. In the future, certain aspects
could be considered, such as the degradation rate of the PV system and
incorporating inflation rates in cost updates. It is also recommended
to complement the findings of this research by conducting a Life Cycle
Assessment (LCA) and a Life Cycle Cost analysis (LCC) for a compre-
hensive evaluation of the environmental and economic aspects of the
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investigated subject. A sensitivity analysis should also be conducted to
determine which Portuguese incentives would be adequate to promote
storage equipment.
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Appendix A. Load curves

In this section, the load curves of the families are presented. In
each Figure, there is the load curve on a typical Winter and Summer
day. In Winter, the energy needs increase due to the use of warming
equipment, and in Summer, the need to use cooling equipment, like air
conditioners, also increases energy demand (see Fig. A.6).
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