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Abstract: The goal of decarbonization has driven the adoption of several intervention
strategies across Europe, including the promotion of Renewable Energy Communities
(RECs). This study analyses an electric REC in Italy to explore the performance of different
potential energy mixes combining a biogas-based cogeneration (CHP) system and photo-
voltaic (PV) plants. The analysis is based on a real REC composed of 53 members (mainly
companies) with a Self-Sufficiency Rate (SSR) of 92% and a Self-Consumption Rate (SCR)
of 60%. Adding 550 residential consumers (apartments) to the REC, the total production
matches total consumption, and both SSR and SCR converge to 84%. Compared to RECs
that rely solely on PV systems, this case study shows that biogas integration leads to an
increase of around 40 percentage points in both SSR and SCR—equivalent to an average
gain of 0.4 to 0.6 percentage points for each percentage point increase in the CHP share of
the CHP-PV production mix. The analysis quantifies how SSR and SCR vary not only with
different biogas/PV production ratios but, more importantly, with variations in the total
annual production-to-consumption ratio of the RECs. These results can guide the design of
RECs tailored to the specific characteristics of local contexts.

Keywords: energy community; renewable energy community; REC; renewable energy;
cogeneration; CHP; solar energy; photovoltaic; biogas

1. Introduction

The European Union has set the goal of reducing greenhouse gas emissions, aiming to
reach net zero by 2050. To achieve this goal, several decisions have been taken, including
the approval of the Clean Energy Package [1] and the RED II directive [2]. This directive
promotes, among other things, Renewable Energy Communities (RECs), i.e., entities that
bring together consumers and producers to share the energy they produce in the community.
The goal is to place citizens at the heart of the ecological and energy transition, making
them key players in community management. The study of possible business models
linked to energy communities (ECBMs [3,4]) allows to identify the expected advantages,
both economic and non-economic ones, that push users to participate in the community.

The concept of self-consumption is therefore fundamental to the set-up (i.e., the
composition of its different members and the mix production technologies), operation
(e.g., demand-response management), and sustainability of Energy Communities (ECs). It
lies at the core of optimization models and systems designed to maximize local electricity
exchanges (e.g., [5,6]), national energy policies that, despite their differences, aim to promote
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it (see, for instance [7], for approaches in Italy and Portugal), and corporate business models
for local energy markets [4].

Italy has recently implemented the European directives with a model that promotes the
“virtual” exchange of electricity: the energy shared in a community (defined as the minimum,
every hour, between withdrawal and injection from the electricity grid by the community
members) is economically incentivized, with a maximum extension that coincides with the
border of the High-Voltage/Medium-Voltage (HV/MYV) substation. This approach allows for
the promotion of local self-consumption without requiring costly new infrastructure.

RECs are therefore one of the tools implemented to promote the energy transition
towards more sustainable production and consumption models. In recent years, numerous
articles on RECs have been published, with different approaches and application domains
(economic, social, energy or environmental). Some recent reviews highlight the strengths
and weaknesses of RECs, the benefits and the barriers still existing to their diffusion,
adopting for them different Key Performance Indicators (KPIs) to be optimized depending
on the identified objectives [8-14].

Paper [15] explores the concepts, benefits, and challenges of ECs while offering recom-
mendations to policymakers, researchers, and industry professionals to support sustainable,
community-driven energy systems; in [16] a review of the state of the art in ECs is carried
out, addressing trends, energy system modeling, business models, and optimization objec-
tives, while advocating for multidisciplinary approaches, including social considerations.

RECs can be developed upon a variety of different technologies for energy production,
which in turn are mixed and composed depending on context characteristics, opportunities
and design choices, and can be compared from both an energy and economic point of view:
energy from photovoltaic (PV), on-shore and off-shore wind, biomass plants, hydroelectric,
geothermal. Now, according to the European Electricity Review 2024 [17], PV is the
fastest growing technology and, together with wind, is driving the energy transition
(combined, the two renewable sources represent 13.4% of the electricity mix in Europe
in 2023). In this context, in [17] it is also highlighted that Germany and Italy are the
leading producers of bioenergy, primarily from biogas, which accounts for approximately
5% of electricity generation in the EU. Each of these sources has different characteristics
and specific behaviors that can influence production profiles. The study and creation of
RECs therefore involve the analysis and identification of the best available energy mix (the
study in [18] presents a hybrid solar and biogas heating system for a rural area) and the
right match between producers and consumers [19] to maximize self-consumption and
the energy independence of a community; in this, not only production profiles are taken
into consideration, but also consumption profiles, which differ depending on the subjects
involved (residential or public structures, large/medium/small businesses, etc.).

In this context, the concept of NZE (Net Zero Energy) was born: the idea of build-
ings, districts, or communities with very high energy performances, in which the energy
requirement is covered largely or totally by energy from renewable sources, including that
produced on site or nearby, thus also having a nearly zero greenhouse gas (GHG) emission
balance [20]. Several activities have been oriented towards achieving this objective, and
several case studies have been analyzed [21] to identify the strategies and technologies
suitable for mitigating impacts and achieving the NZE objective, also highlighting the
factors that have led to the failure to achieve the desired result (for example, inadequate
energy generation, lack of storage or control systems). Some of these have focused on
communities that are characterized by the existence of biomass plants [22] and others have
led to the creation of simulation models to study the exploitation of both PV production
and the organic fraction of municipal solid waste collected by the community [23]. The
analysis in [24] tries to estimate in a use case the best configuration for a system based on
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PV and biomass to supply energy to a community of 94 residential buildings, using energy
and economic indicators and evaluating the sizing of the system.

Another study conducted on an EC based on biomass, PV, and hydroelectric produc-
tion is present in [25]: in this case a model for the analysis and optimization of system
configurations serving energy communities has been adapted to evaluate the economic
aspects of a REC in Tirano, considering both electrical and thermal aspects. This study
highlighted the contribution of biomass plants and the economic feasibility of such RECs.
The research also highlights how such configurations can contribute to the development of
initiatives aimed at promoting all renewable technologies to enhance the local resources of
each territory. The authors of [26] instead report a preliminary design for a hybrid system
that combines PV and biogas serving an off-grid community, highlighting the potential and
flexibility of the system in meeting energy needs both within seasonal and daily periods.

In Italy, according to a mapping carried out by the Italian Ministry and GSE (the
Italian manager for energy services), at the end of 2024, approximately 800 different
forms of ECs (including remote self-consumption) were established [27]. Most of these
(i.e., 94% of the power installed in the communities) are based on PV production systems.
PV technology has now spread in Italy and represents, at the end of 2023, 9.8% of the gross
national electricity consumption [28]. Installation prices are now relatively low (typically
1000-2000 Euros/kWp), but, producing energy only during daytime hours, the average
self-consumption rate is only about 48.6% in Italy (2023). In the Veneto region, the average
self-consumption rate is approximately 42% for the residential and agricultural sectors
and 57-60% for the industrial and tertiary sectors [29]. However, the comparison of self-
consumption rates across different users and RECs is not straightforward because, as will
be highlighted later, the self-consumption rate strongly depends on the ratio between (daily
and annual) production and the consumption, which is often not specified in the literature.
In the residential sector, when the installed system produces an annual amount of energy
equal to that consumed, the typical self-consumption values are 30-40% [30]. Simulations
of different combinations of users (residential houses, restaurants, offices) and total PV
rated power (kWp), even achieving high self-consumption rates (higher than 30-40%),
cannot achieve self-sufficiency rates higher than 42% [31,32].

The study presented in this article is based on a REC whose main energy production
is yield from a biogas-fueled plant in Combined Heat and Power (CHP) configuration. The
REC is being established in Villafranca Padovana (Veneto, Italy)—one of the very few in
Italy to include a CHP system, as most consist solely of PV installations.

The present analysis aims to calculate the most relevant energy quantities of this
REC, such as shared energy, direct self-consumption, electric self-consumption and self-
sufficiency rates, to support an assessment of its energy performance and economic sus-
tainability. The novelty of this paper lies in the quantification of the variation in self-
consumption and self-sufficiency for different energy production mixes from biogas and
PV plants, as a function of the REC production-to-consumption ratio. Although it is widely
demonstrated in the literature that biogas can achieve significantly higher self-consumption
than PV, to the best of our knowledge, no study has analyzed how self-consumption and
self-sufficiency vary with different biogas/PV production mixes and with variations in
the annual REC production-to-consumption ratio. In practice, total energy consumption,
PV production, and biogas production are sometimes fixed parameters—or at least not
entirely free variables—due to external constraints such as the available surface area for PV
installations and the limited amount of organic waste for biogas production. This approach
allows for a deep understanding of the REC energy behavior and enables the right manage-
ment, planning, and forecasting of KPI trends when integrating consumption (i.e., adding
members) into community or when analyzing RECs with similar production/consumption
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profiles. The description of REC KPIs using the total production-to-consumption ratio
has not been previously applied for analysing RECs based on biomass and PV energy.
This method, based on production-to-consumption ratio, remains valid as long as the
production profile and the consumption profile of the RECs keep the same shape, albeit
with varying magnitude.

The approach presented here builds upon the methodology we previously introduced
in [33], which focused exclusively on RECs based on PV power plants.

In general, the efficiency of a CHP system is strictly related to the simultaneous use
of electricity and heat. According to the Italian regulations for biogas plants within RECs,
the thermal energy produced must be recovered and primarily self-consumed on-site to
support business processes or alternatively feed an efficient district heating system. Within
the Italian REC framework, only the electricity produced and fed into the grid is eligible
for incentives. Therefore, thermal energy is not considered in this study.

2. Materials and Methods

A comprehensive review of energy systems modelling, objective functions, and opti-
mization methods applicable to ECs was conducted in [12,16]. The methodologies found in
the literature differ primarily in two aspects: (1) the objectives and KPIs to be optimized—
either individually or in combination, and (2) the optimization algorithms employed.

Regarding the first aspect, KPIs can be energy-related (e.g., self-consumption
in [34,35]), economic (e.g., Net Present Value in [36]), environmental (e.g., CO; reduction
in [37]), or social (e.g., job creation in [38]). In this paper, we focus on energy-related KPIs,
as they represent the core rationale behind the creation of RECs. In addition, many of
the other indicators are directly influenced by energy ones—for example, CO, reduction
depends on the level of REC self-sufficiency. This paper focuses on two main KPIs:

e  Self-Consumption Rate (SCR), which indicates the extent to which the electricity
generated by local power plants is used within the REC. This also results in a reduced
impact on the electricity grid.

e  Self-Sufficiency Rate (SSR), which reflects the level of energy independence of the
REC. Low SSR values indicate a greater dependence on external—often fossil-based—
energy sources.

These two KPIs should be evaluated jointly, as they exhibit opposite behaviors [39].

The algorithms used to optimize these KPIs can be either exact or heuristic (providing
a “feasible” solution rather than an optimal one). Some examples are presented in Table 1.
Among these, the most commonly used is the Mixed-Integer Linear Programming (MILP)
algorithm, which follows an exact approach. For a more in-depth discussion of these
methods, see [13,16], as well as our previous work [33].

Table 1. Some optimization algorithms used in the literature for RECs.

Algorithm Reference
MILP (Mixed-Integer Linear Programming) [37,40]
Genetic optimization [41]
ADMM (Alternating Direction Method of Multipliers) [42,43]
Linear Programming [44]
Particle Swarm Optimisation [45]
TLBO (Teaching & Learning based Optimization) [46]

The approach adopted in this paper is not to optimize one or two KPIs, but rather to
explore how these indicators depend on the REC production-to-consumption ratio and on
the renewable energy mix, by conducting a sensitivity analysis.
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The assessment of the REC and the calculations reported in this study are obtained
thanks to the SIMUL-REC tool developed by ENEA (version 2.0 of 15 November 2024),
based on the mathematical model extensively depicted in [33]. Starting from detailed
load profiles, this paper reports the variation of some KPIs (see Section 2.2 below) for
hybrid RECs who rely on CHP—PV energy production, considering total production
and consumption as the main independent variables, with their ratio influencing electric
self-consumption and self-sufficiency.

2.1. The SIMUL-REC Tool

The SIMUL-REC tool was designed for modeling RECs starting from the consumption
profiles of users (with a time series data frequency of 15 min or one hour) and from the
characteristics of the renewable energy production plants (such as rated power of PV plants,
orientation, tilt, etc.), thus creating a “digital twin” of the same community. In the event
of unavailability of the consumption profiles, the tool uses standard curves provided by
GSE modulated on real monthly or annual consumption values in the time slots F1, F2, F3
(F1: Monday to Friday, 8:00-19:00. This represents peak-time consumption during daylight
hours. F2: Monday to Friday, 7:00-8:00 and 19:00-23:00; 7:00-23:00 on Saturdays. These
time slots generally represent “intermediate” consumption hours. F3: Monday to Saturday,
0:00-7:00 and 23:00:24:00; Sundays and national holidays: all day. These are typically off-
peak hours, though for certain users (e.g., hotels and restaurants), Sundays may represent
a significant share of consumption), used in Italy to distinguish the daily, night-time time
slots and the days of the week [33,47]. Using the production and consumption profiles of
all members, SIMUL-REC computes in detail all energy quantities and KPIs (such as self-
consumption, self-sufficiency, etc., as described in the next section) for both each member
and for the entire REC. Additionally, the tool calculates SCR and SSR as a function of the
total production/consumption ratio. As demonstrated in [33], SCR and SSR have always
the same values with the same annual total production/consumption value, provided that
the consumption and production profiles of the REC remain similar across the various
cases. These parameterization graphs, described in Section 3.3, are useful in the design
phase, in the evaluation of alternative scenarios and in community management.

2.2. Calculation Methods and KPIs

The equations for the REC analysis were presented in detail in [33] and the definitions
of the main quantities and KPIs can be summarized as follows:

e  Direct Self-consumption (SCdir): the share of electricity produced by the single PV
system and physically used by the user directly connected to the PV system (prosumer
user). It corresponds to the minimum between the energy produced (P;) and the
energy consumed (C;) at any given moment by the single user i. It is the quantity that
avoids the need to purchase energy from the grid.

e  Shared Energy (SE): the quantity of energy virtually exchanged within the perimeter
of the REC; it corresponds to the minimum between the energy fed into the grid (F)
and the energy withdrawn from the grid (W) every hour by the group of members
involved in the EC. It is the quantity that, while not avoiding the purchase of energy
from the grid, allows the energy produced to be exploited locally.

o Total Consumption (Ciot) of the entire REC: can be calculated as the sum of the
consumptions of all members of the REC. It corresponds also to the total direct self-
consumption plus the total withdrawal of all the members (Ciot = SCdiror + Wiot).

e  Total Production (Piot) of the entire REC: it can be calculated as the sum of the pro-
ductions of all members of the REC, and it corresponds also to the total direct self-
consumption plus the total injection of all the members (Piot = SCdirtot + Fiot).
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o Total Self-Consumption (SCiot), or the total amount of energy self-consumed lo-
cally, within the perimeter of the REC; it is obtained by adding the total direct self-
consumptions and the shared energy (SCiot = SCdirot +SEtot).

o  Total Self-Consumption Rates (SCRyot) of the REC:

SCRiot = SCtot/Piot, the ratio between total self-consumption and total production

(Ptot) of the community in the considered period. It reflects the degree of local use of

energy production.

o  Total Self-Sufficiency Rates (SSRyot) of the REC:

SSRiot = SCiot/Crot, the ratio between total self-consumption and total consumption

(Ctot) of the community in the considered period. It shows the level of energy inde-

pendence of the community.

e In particular, considering a period of one day, SCR and SSR can be calculated for every
day of the year:

SCRtot,day = (SCdirtot,day + SEtot,day)/ Ptot,day;

SSR tot,day = (SCdirtot,day + SEtot,day)/ Ctot,day'

These quantities and KPIs can be applied to actual REC configurations or to character-
istic scenarios, such as the Net ZEC (Net Zero Energy Community) condition, where the
total annual energy production equals the total annual energy consumption (Piot/Ciot = 1),
and thus, by definition, SCRot equals SSRqt.

Figure 1 shows the flow chart of the methods and algorithms used to calculate and
analyze the main KPIs (SSR, SCR, and Net ZEC) for different P/C ratios.

START

r B ™
f INPUT OUTPUT
Configuration ofthe REC in Met ZEC analysis with 5CR and 55R analysis
actual (*baseline”) condition varying CHP/PV with varying P/C
(type of members, ratios ratios
consumption and production

\ ¥

profiles, etc.)

Configuration of
the REC with a
New energy mix

New energy mix to
analyze?

Upload of measured or
standard/simulated hourly Definition of a
consumptionand production new energy mix
profiles according to available (% of CHP/PV ratic)
data for each member

Calculation of direct (physical)
self-consumption for each
member of the REC

Scalingofthe REC
energy profiles

New P/C ratioto
consider?

Calculation of exchanges with SCR and S5R 2, e
5 Definition of a new P/C
gridand shared (virtual)energy [—# calculation ofthe e
for the whole REC REC

Figure 1. Flow chart of the algorithms and methods used.

2.3. The REC of Villafranca Padovana

The REC under analysis is located in an inland area of Villafranca Padovana and is
currently under development. It comprises a total of 53 users, 51 of whom are consumers
only, as detailed in Tables 2 and 3. The users (members) involved are mainly agricultural
companies, processing companies, commercial activities, catering and residential homes.
The reference period of the data collected for the analysis is one year, from 1 July 2023 to 30
June 2024.
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Table 2. Classification of REC users by type.
. Tags Consumption Production Power
Types of Users  Quantity of Utilities MWh MWh KW
Consumer- 51 2135 ) )
only
Producer 1 - 3346 500
Prosumer ! 1 92 84 64.5
Total 53 2227 3430 564.5
! Production plants connected to a consumer with direct self-consumption.
Table 3. Breakdown of all REC members by category of utilities.

Categories of Utilities Quantity of Utilities Consumption Power
Companies 11 89% 564.5 kW
Residential 21 3% -
Municipal 21 8% -

Total 53 100% 564.5 kW

The REC is based on the enhancement of an existing biogas system in CHP configura-
tion. The plant’s electrical capacity has increased from 299 kW to 799 kW by adding a new
500 kW CHP plant.

In biogas plants the production is largely constrained by the availability of feedstock
and the operation of the associated CHP system in our case study is maximized by exploit-
ing the abundant availability of feedstock (organic waste) from the plant owner and nearby
companies. As a result, the operational strategy is to run the biogas plant at full production
without modulating it according to local consumption, feeding the generated electricity
into the grid, and use the heat locally. The thermal power of the CHP system is used to
heat livestock facilities, however, it does not influence the operation of the CHP.

The electricity produced by the new CHP plant (producer) is fully transferred to the
grid and can be shared with the members of the community. Since the new plant was
recently installed, its actual electricity production profile is not yet fully available. However,
the power data of the existing biogas plant were combined with the newly available data
to estimate the hourly electricity production of the new 500 kW CHP plant over a reference
period of one year.

Figures 2—4 show the daily average profiles, derived from the full hourly profiles of
one year, which were then averaged for each hour of the day (averaging the 366 curves of
the year). Figure 2a shows the daily average production profile of the new CHP plant. This
profile is flat because the biogas plant operates at full production throughout the day and
year, except for temporary interruptions due to maintenance or grid disconnections. To
summarize, operating the plant at full production maximizes the performance of the CHP
system and its associated electricity and heat production for the following reasons:

e  Electrical production is fed into the grid and sold.

e A large supply of organic waste for the feedstock of the biogas plant is available from
the plant owner and nearby companies.

e  The heat production is used for heating the livestock farm systems.



Electronics 2025, 14, 1755

8 of 20

600
540
480
420
360

N

=300

-

240
180
120

60

700
630
560
490
420

<

2350

S
280
210
140

70

0

T T 100 T
— Production 90 —— Consumption
— Production
80 —— Direct self-consumption
70 ¢
60 - :
<
< 50 = :
= | 1
L . 40 | T -+ = =] B 4
r 1 30 - o 7
20 - ~] ]
L il 10 - — A ]
L L L L L L L L L L L L L L L L L 0 L L L i L 1 = e |
234567 8 9101112131415161718192021222324 1234567 89101112131415161718192021222324
Hour Hour
(@) (b)

Figure 2. Average daily hourly profile of: (a) electricity production by the 500 kW cogeneration
biogas plant; (b) consumption, production and direct self-consumption by the prosumer.
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Figure 3. Average daily hourly profile: (a) consumption of member which accounts for 64% of
the total electricity consumption; (b) consumption of member which accounts for 12% of the total
electricity consumption.

Under these operational conditions, the new 500 kW CHP plant generates nearly 98%
of the electricity produced by the REC.

The production system for direct self-consumption (Prosumer) consists of a single PV
system with an installed capacity of 64.5 kW, contributing approximately 2% of the REC’s
total electricity production. The PV production for each hour was calculated based on actual
weather conditions (i.e., solar irradiation, ambient temperature, and wind speed), assuming
a PV panel with 30° of tilt, southerly direction and 10% system loss. The average daily
hourly profile of production, consumption, and direct self-consumption by the prosumer is
shown in Figure 2b.

The total installed capacity for this REC is approximately 564.5 kW, and no energy
storage system is installed.
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Figure 4. Average daily hourly profile developed using the GSE standard curves: (a) domestic syn-
thetic consumption of 3000 kWh/year (b) non-domestic synthetic consumption of 20,000 kWh/year.

About 81% of the consumption taken into account in the analysis is due to six members
for which the actual quarter-hourly consumption profile is available. The main consumer
profiles of the community are represented in Figure 3a,b. The first profile has a flattened
bell shape with a maximum at 11 am, while the second profile has a double bell shape with
a maximum at hours 14 and 22.

The remaining 19% of the electricity consumption is derived from approximate (syn-
thetic) profiles, calculated using a mix of standard GSE curves and actual electricity bill
data. Figure 4 shows the average daily hourly consumption profiles of domestic and
non-domestic users based on these GSE standard curves. In domestic users (Figure 4a)
the highest values are in the 19.00-23.00 time slot, with the peak at 21.00, whereas, in
non-domestic users (Figure 4b) there are on average two peaks of consumption at hour
12.00 and 18.00. In the reference configuration of the REC, these types of profiles are used
to represent about 11.2% of total consumption in the reference REC, and they will be used
in the following sections to simulate the different configuration scenarios.

3. Results
3.1. REC Main Results

The results of the actual electricity production and consumption, and its breakdown,
obtained from the SIMUL-REC tool for the entire REC over the whole year, are shown in
Figure 5. On the left of the image, the energy demand of the entire REC is plotted as the
sum of the energy produced and directly self-consumed, along with the energy purchased
from external sources. On the right, the total production is assessed as the sum of the
produced and directly self-consumed energy, plus the energy fed into the grid.

The shared energy (SEt) consists of the portion of energy fed into the grid by some
users that is simultaneously withdrawn, during the same hour, by other REC users.

The community’s production is approximately 50% higher than its consumption
(Ptot/Ciot = 1.54). The total self-consumption (SCiot = SCdiryet + SEtot) amounts to
2,058,000 kWh/year.
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Figure 5. Breakdown of consumption and production for the entire REC over one year.

Direct self-consumption accounts for only 1% of the produced energy, while shared
energy represents about 59% of the produced energy. Consequently, 60% of the REC’s
produced energy is used locally. The self-consumption and self-sufficiency rates of the REC
are reported in Table 4. These values indicate that the produced energy allows the REC to
be self-sufficient for approximately 92% of its total consumption.

Table 4. Self-consumption and self-sufficiency rates of the REC over the whole year.

Rate KPI Calculated Value
Self-Consumption SCRiot = (SCdiryot + SEot) / Prot 60.0%
Self—SuffiCiency SSRtot = (SCdil‘tot + SEtot)/ Ctot 92.4%

Using SIMUL-REC, the average daily hourly curves and their standard deviations
(Figure 6) for consumption, production, shared energy, and direct self-consumption were
calculated. The shape resembles a bell curve, peaking at 11 a.m., similar to the highest
energy-consuming member of the REC (see the profile in Figure 3a). The area highlighted
in violet shows that most of the consumed energy is shared energy.
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Figure 6. Average hourly daily trend of consumption, production, direct self-consumption, and
shared energy.

3.2. Seasonality

The consumption exhibits both weekly and daily patterns, with peak values occurring
on weekdays during daylight hours, when it exceeds production levels. Conversely, on
holidays and during nighttime, consumption consistently remains lower than production.
The seasonality of the electric self-consumption and self-sufficiency rates of the entire REC
can be observed in Figure 7, which shows the daily trends of these rates throughout the year.

200 T
SCRig day
s SCRt gz (MOV.2VY. of 14 days)
150 - -
S8Rygt gay (Mov.avg. of 14 days)
F 100 |- 7

] |
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Figure 7. Daily rates and moving average of the self-consumption and self-sufficiency rates of the
entire REC.

As highlighted above, the overall self-consumption has an annual average of 60%,
but it fluctuates throughout the year depending on consumption and production during
different periods, with daily rates ranging from a minimum of 30% to a maximum of 100%.
The daily self-sufficiency rate (SSRot day) also reaches values close to 100% during periods
of high energy production from the biogas plant.

3.3. The SCR-SSR-PC Curve

The analysed REC has an excellent self-sufficiency rate (92%) and a self-consumption
rate (60%) which can be improved. A good method to predict the variation of these rates is to
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plot them as a function of the ratio between the value of the annual production (Py.t) and that
of the annual consumption (Ciot) of the REC. This method was initially developed only for
individual prosumers in [39] and was later extended and further developed for the analysis of
an entire REC, as discussed in [33]. The trend of the graph remains valid for different RECs,
provided that the total consumption and production profiles of the REC remain similar across
the various cases. When the total consumption profile (or the total production profile) changes,
for example due to the addition of new members, the graph remains a useful approximation
to predict the SCRyot and SSRyot. Figure 8 shows the trend of this function, along with the
position Pyt /Cior of the analyzed REC. It is possible to predict the variation of these rates
when production plants or consumers are added, provided that their profiles are similar to
the average ones (so that the total curves remain comparable).

100 —
- = = SCRtot Villafranca Padovana
—— SSRtot Villafranca Padovana
80 SCRtot Lignano Sabbiadoro
SSRtot Lignano Sabbiadoro
70 : :
o Baseline Villafranca Padovana
60 Baseline Lignano Sabbiadoro
% 50 b
b
=4
40 ~ %
-~ = =
30 ~ .
20 B —
10
0
0 1 2 3 4 5 6 r 8

Peot (KWh/y) / Cp (kWh/y)

Figure 8. SCRyot and SSR;ot as functions of the Pyt /Ciot ratio (parametric curves) for the Villafranca
Padovana and Lignano Sabbiadoro RECs.

A good indicator to assess the efficient use of the production is the Net ZEC point,
which is the SC (and SS) rate when the total annual production equals the total annual
consumption (Piot/Ciot = 1). By definition, this corresponds to the intersection point of
the two curves in Figure 8. With these total consumption and production profiles, the
Net ZEC point is 80% for this REC. This means that, by increasing the consumption of
the Villafranca Padovana REC with users whose consumption profiles match the REC’s
average profile until reaching 3.43 GWh/year (which corresponds to the Py value), values
of about SCRot = SSRot &= 80% are expected. This would result in a 20-percentage-point
increase in the SCR;o¢ (Which was 60%).

This value for the Net ZEC point is significantly higher compared to a previously
analyzed REC in Lignano Sabbiadoro (Italy), where electricity production was entirely
derived from PV systems, and the Net ZEC point was about 47% [33]. The comparison
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between the two curves is also shown in Figure 8. This difference could be due not only to
a different total production profile but also to a different total consumption profile.

SCRyot = SSRyot = 100% can only be reached if the consumption profile exactly matches
the production profile, which is theoretically possible but not feasible in practice with non-
programmable energy sources, such as PV, wind, etc., and without the use of storage systems.

To isolate the effect of the production profile alone, a simulation was carried out for
a hypothetical REC with the same consumption profile as Villafranca Padovana but with
production entirely from PV panels instead of the cogenerator. The result is a Net ZEC
point of 42%. The Net ZEC values are reported in Table 5. Therefore, the difference solely
attributable to the change in the production curve (from PV to the constant profile of the
cogenerator) is 38 percentage points.

Table 5. RECs configurations and results.

. . . . Baseline Condition Net ZEC
REC Configuration Production Consumption (Peot/Ciof Ratio) (Poot/Cror = 1)
Lignano Sabbiadoro (LS) 0% Cogen. Prqﬁle of L.S REC 0.52 47%
100% PV in baseline
? condition
Villafranca Padovana (VP) 97.5% Cogen. Proflle of V.P REC 1.54 80%
2 5% PV in baseline
= condition
. - 0% Cogen. . o
VP with only PV production 100% PV Profile of VP REC 0.62 42%

* Hypothetical (not actual) configuration.

3.4. REC Improvement

Several simulations were carried out to improve the reference REC and increase
the self-consumption and self-sufficiency rates. To this end, the first step was to add
members to the REC to increase the total consumption and reach Ciot = Piot (in the reference
configuration, there was a difference of (Piot — Ctot) = 1203 MWh). Residential members
were chosen for inclusion in the REC because householders can be involved in an easier
way than companies. Since the average annual electricity consumption of an apartment in
Italy is 2184 kWh [48], the addition of 550 apartments was simulated (i.e., addition of about
1.2 GWh). This adjustment achieves Piot = Cior and SCRot = SSRiot = 83.9%, as reported in
Table 6, which is close to the value predicted by Figure 8.

Given the significant improvement in the Net ZEC due to the CHP plant, several
REC configurations were simulated, starting from conditions similar to those of Villafranca
Padovana but with different production mixes from CHP and PV plants. These simulations
make it possible to assess the impact of introducing PV systems into a REC configuration
similar to that of Villafranca Padovana or, conversely, the introduction of CHP plants into
REC configurations where electricity production comes from PV systems. The results are
shown in Figure 9, which presents the trends of SSRot and SCR;et as a function of Piot/Ciot
for different energy mixes, and for RECs ranging from 100% CHP production to RECs
with 100% PV production. The curves labeled ‘SCRot 100% Cog.” and ‘SSRyot 100% Cog.’
approximately correspond to those in Figure 8, as expected.
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Table 6. Improvement of REC configurations.

. . . . Simulated Condition Net ZEC
REC Configuration Production Consumption (Piot/Cror Ratio) (Prot/Crot = 1)
. s 97.5% Cogen. Profile of VP REC
VP with addition of 550 apartments 2.5% PV + 550 apartments 1.00 83.9
VP with addition of 550 apartments 90% Cogen. Profile of VP REC 1.08 844
and PV (64.5 + 220 = 284.5 kWp) 10% PV + 550 apartments : :
100 100% Cog.

= == SCRtot 100% Cog.

—55Rtot 100% Cog.

90
— — SCRtot 75% Cog. 25% PV
&0 —— SSRtot 75% Cog. 25% PV
70 — — SCRtot 50% Cog. 50% PV
— SSRtot 50% Cog. 50% PV
60
SCRtot 25% Cog. 75% PV
% 50 SSRtot 25% C % PV
100% DV o 5 Cog. 75% PV
40
SCRtot 10% Cog. 90% PV
SSRtot 10% Cog. 90% PV
30
100% Cog. SCRtot 100% PV
20
SSRtot 100% PV
-‘-—-‘--L-_ — " =
10
o NetZEC
100% PV
0
0 1 2 3 4 5 6 7 8

Pie (KWh/y) / Coor (kWh/y)

Figure 9. Parametric curves of SCRot and SSRot as a function of the Pyt /Ciot ratio for Villafranca
Padovana REC, integrated with 550 apartments, and for different mixes of CHP and PV.

The trend of the intersection points of the SSR¢ot and SCRyot curves (the Net ZEC
points) is shown more clearly in Figure 10. The curve is compared with the one obtained by
using a national average load profile for non-domestic users (GSE curves [47]) instead of
the measured load profiles of the REC members. The difference between the two curves is
within 3 percentage points, indicating a good level of agreement. The maximum Net ZEC
value (84.4%) is achieved in a REC with a 90% CHP and 10% PV mix. The average daily
hourly trend for this REC is shown in Figure 11 and reported in Table 6.
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Figure 10. Variation of Net ZEC (the point where Pyt = Cior and SCRyot = SSRyot) as a function of the
percentage of CHP in the REC’s electricity production.
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Figure 11. Average daily hourly trend of consumption, production, direct self-consumption, and
shared energy in a configuration similar to that of Villafranca Padovana, enhanced with 550 addi-
tional residential users. The electricity generation mix is composed of 90% from CHP (500 kW and
3346 kWh/year) and 10% from PV (284.5 kWp and 369 kWh/year).
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4. Discussion

The results obtained allow to predict, in a first approximation, the behavior of a REC
based on an energy mix composed of biogas with CHP setup and PV production. Furthermore,
the behavior of SCR and SSR can be predicted based on varying the P/C ratio.

The analyzed reference configuration shows a high SCRot (92%) and a good SSRqot
(60%). Another good indicator of REC efficiency is the Net ZEC point, which indicates
the trade-off between SCRot and SSRiot and shows the behavior of the REC when total
annual production equals total consumption: with this assumption, and maintaining the
same consumption profile, for this REC, SCR;ot and SSR;t would be about 80%. There-
fore, 550 residential users were added to achieve Ciot = Pior, with a limited change in the
consumption profile. The configuration reaches a Net ZEC point of 83.9% (close to the
predicted 80%). This value is particularly high, showing both a high SCR,t and SSRqot. The
evolution of the REC in this direction is advantageous, as the members do not directly self-
consume energy (only 2% of production is physical self-consumption), and almost all the
production becomes shared energy, which is financially incentivized by Italian regulations.

The variation in the energy performance of the REC was then analysed for different
percentages of contributions from PV and CHP electricity production. Varying the power
source technologies, the Net ZEC point changes by more than 40 percentage points: Net
ZEC point = 42% with 100% PV production, while Net ZEC point = 83.5% with 100% CHP
production. This behavior is represented in the graph in Figure 10, that is characterized by
3 zones:

e From 0 to 50% CHP. In the first zone, the cogenerator is very useful and signifi-
cantly increases the Net ZEC, with linear behavior: an additional percentage point
of CHP results in a Net ZEC increase of 0.62 points (SCRiot = SSRiot = 0.62x + 41.2,
where x represents the mix percentage of CHP).

e  From 50% to 75% CHP. In the second zone, the Net ZEC continues to increase linearly,
but at a weaker rate: an additional percentage point of CHP results in a Net ZEC
increase of 0.42 points (SCRtot = SSRyot = 0.42x + 51.4).

e  From 75% to 100% CHP. In the final zone, the results vary slowly, first increasing
and then decreasing. The best performance is achieved with 90% biogas and 10% PV,
resulting in SCRyot = SSRyot = 84.4%.

This behaviour has been confirmed by using the average national curve for non-
domestic users (see Figure 4b) instead of the actual load curves of the REC members.

Higher values than 84.4% are not reached because values close to 100% would require
production profiles that are always (each hour) identical to consumption profiles. In this
case, as seen in Figure 11, the average annual consumption between 5 pm and 9 pm is
higher than during the 1 am to 8 am period, making the consumption profile generally
asymmetric. The production profile, however, being composed of the sum of a constant
profile (CHP) and a symmetric profile (PV), remains approximately symmetric. It is also
noteworthy that in Figure 11, the average production and consumption profiles are very
similar between 8 am and 4 pm. The shared energy value (the violet area), however,
remains slightly lower, even though it represents the minimum between consumption and
production at each moment, because the profiles in Figure 11 are average profiles, and the
production and consumption profiles are not necessarily similar every day of the year, but
only on average.

It is noteworthy in Figure 9 that the SSR;,; curves can reach values close to 100%
only when the cogenerator is present, which, when production increases (in the right-
hand part of the graph, where P is much higher than C), is able to cover and allow self-
consumption during nighttime hours. In the absence of a cogenerator (100% PV case), the
SSRiot asymptote remains around 50%, and thus self-sufficiency does not increase, despite
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increased production, because nighttime consumption and daily consumption on cloudy
days are not covered by production.

The difference in SCRiot and SSRyot across different REC configurations varies ac-
cording to the Piot/Ctor ratios. For example, when Piot = Ciot, the difference between a
100% biogas-fueled REC and a 100% PV-fueled one, as previously mentioned, is around
40 percentage points. However, when Pty /Ciot < 0.2, all mixed CHP-PV RECs achieve a
SCRyot in the range 90-100%. Consequently, the variation in SCRyot across different REC
configurations (with different PV-biogas mixes) drops to less than 10 percentage points,
instead of the initial 40 in Net ZEC condition. Conversely, when Pt/ Ciot = 4, the SCRot
varies across different REC configurations within a range of 12.5-25.5%. Therefore, the
variation is less than 13 percentage points.

5. Conclusions

This study analyses a REC currently under development in Villafranca Padovana
(Italy), exploring possible combinations of CHP and PV production based on the real case.
The aim is to improve energy performance and examine the behaviour of the REC in terms
of SSR and SCR, for electric energy. The analysis quantifies the advantages of a REC based
on a renewable source (biogas plant in a CHP configuration) capable of providing energy
even during the night hours, thus meeting the base load of the involved members. This
allows for high SSRyot, which, in this case, reaches about 92%. SCRc; turns out to be 60%.
Such high values for both rates together are possible, using PV systems, only in the presence
of storage systems.

The Net ZEC point, where total annual production equals total annual consumption,
has then been identified as an important variable to show the performance of a REC
and for REC comparative analysis. By the definition, SCR;ot = SSRtot in Net ZEC point.
The impact of different production mixes from CHP and PV sources was then analysed,
showing that, for the configuration under study, each additional percentage point from
CHP (in the energy production mix) results in an increase of 0.4-0.6 points in the Net ZEC
point. Without CHP (i.e., with only PV production) the Net ZEC point is about 42%. This
value increases by about 40 percentage points with the integration of CHP, reaching a
maximum of 84.4% with a production mix of 10% PV and 90% CHP.

The Piot/ Ciot ratio is identified as another key parameter for describing the behavior
of SCRyot and SSRyot across different REC configurations. The graphs presented in this
paper can support the prediction of variations in SCRyet and SSRqot values.

These predictions can support the design of RECs based on the characteristics of
available biogas plants and the surface potentially available for PV plants within the
community. In practice, total consumption and total renewable production are often
subject to specific constraints and are not necessarily equal (and therefore Pt/ Cyot is not
necessarily = 1).

The results based on the Pyt /Ciot ratio remain valid for all the REC configurations
where the total production profile and the total consumption profile do not change in
shape, but only in magnitude. In particular, the results are based on typical PV production
conditions of northern Italy (with a 30-degrees tilt angle and south-facing panels) and
are therefore valid in this context. However, the methodology can be replicated for other
geographic areas. Future studies will further generalize these results, define the level of
approximation, and analyse the impact of additional renewable sources on the energy
performance of RECs.
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The following abbreviations are used in this manuscript:

CHP Combined Heat and Power
Ciot Total Consumption

EC Energy Communities

Fiot Total Feed-in

GSE Gestore dei Servizi Energetici (the Italian Energy Services Managing Authority)
KPI Key Performance Indicators
LS Lignano Sabbiadoro

Net ZEC  Net Zero Energy Communities
Piot Total Production

PV Photovoltaic

REC Renewable Energy Communities
SC Self-Consumption

SCdir Direct Self-consumption
SCdirtt  Total Direct Self-consumption
SCR Self-Consumption Rate

SCRiot Total Self-Consumption Rate
SChot Total Self-Consumption

SE Shared Energy

SEiot Total Shared Energy

SS Self-Sufficiency

SSR Self-Sufficiency Rate

SSRiot Total Self-Sufficiency Rate

VP Villafranca Padovana

Wiot Total Withdrawal
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