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Abstract: In recent years, a rapid increase in the adoption of renewable energy sources and in the
transition from a centralized electricity generation system to an increasingly distributed one has occurred.
Within this scenario, in line with the European directives for achieving the objectives in the field of energy
transition and climate change, energy communities are seen as potential contributors. The purpose of
this work is to analyze the application potential of the energy community concept associated with district
heating networks, leading to better overall energy-economic performance. This was demonstrated for
a specific energy community in Italy, and it can be achieved by maximizing internal energy sharing—
resulting from the electricity surplus generated by the photovoltaic system—and adopting different
strategies that include heat pumps in order to maximize self-consumption and self-sufficiency, as
well as to evaluate the most efficient investment in economic terms by exploiting the incentive tariff
on shared energy. The results show that the performance of the system can be improved with the
proposed design, achieving a significant reduction in the system’s energy demand, emissions and
costs: compared to the reference case, the use of photovoltaics reduces primary energy demand by
approximately 11%, while the addition of the energy community configuration allows emissions to
be reduced by nearly 12%, with no additional investment.

Keywords: district heating networks; citizen energy community; renewable energy community;
energy system simulation

1. Introduction

In recent years, the international energy landscape has been undergoing historic
changes. In addition to the rapid increase in the adoption of renewable energy sources
(RES), we are observing a transition from a centralized electricity generation system to
an increasingly distributed one. Thanks to the widespread adoption of small decentral-
ized production units, such as photovoltaic (PV) panels or small cogeneration plants, the
contribution of production from conventional power plants is decreasing. Rooftop PV
installations, in particular, are today the most used RES in residential areas, and an increase
of 40 GW of PV installations in the EU is expected by 2024 [1].

However, the continuous growth of energy generation from RES has not only led to
a significant change in the structure of the energy system but also influenced business
models related to the world of energy, and new players have been introduced, highlighting
the importance of the role of the consumer and the community in the creation of these
energy systems. In this context, the renewable energy community (REC) regulation is
assuming a leading role in producing energy from renewable sources and scientific research
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for innovative technologies that are best integrated with RES. Energy communities (ECs)
can be defined as user associations that aim to produce energy from renewable sources
within the community that needs to consume it and exchange it, with a view to achieving
self-consumption and self-sustainability.

The European Council adopted two directives as part of the “Clean Energy Package”,
presented by the European Commission in 2016 [2]. The renewable energy directive
(RED II) 2018/2001/EU [3] introduced the concept of renewable energy communities
(RECs) with the aim of fostering the production, consumption and storage of energy from
locally available renewable energy sources. The internal electricity market (IEM) directive
2019/944/EU [4], instead, introduced the concept of the citizens’ energy community (CEC),
where the aim revolves around the participation of users in electricity markets in all of
their forms. The definitions of CEC and REC describe a way to “organize” the collective
cooperation of an activity related to the production of energy on a specific property as a
form of governance without any commercial purpose; in fact, the main purpose of both
CECs and RECs is to provide more environmental, economic or social benefits to the
community. However, there are some differences between the definitions of CEC and REC
that support us in explaining their relationship. These differences relate to the geographical
size of the community, the forms of energy involved, the technology, the control and
participating members and, finally, the purpose of the European legislative framework for
the two entities.

In Italy, the RED II directive was implemented through Article 42-bis of the Millepro-
roghe Decree (Legislative Decree 162/19) in an “experimental framework” in which two new
legislative/regulatory concepts are introduced: collective self-consumers and renewable
energy communities. Following the Italian partial transposition, the regulation of the
authority 318/2020 was defined, which deals with the “regulatory” issue and the decree
of the 16th of September 2020, in which the issue relating to incentives (under ministerial
competence) is addressed. In December 2020, the technical rules were published by the GSE
(Energy Services Manager), which define the necessary requirements, the access procedures,
the standard contract scheme and the timing of the provision of incentives. On 15 December
2021, the Legislative Decree 8 November 2021 n. 199 came into force, which activated
the RED II, and on 26 December 2021, the Legislative Decree 8 November 2021 n. 210
activated the IEM directive. At present, in Europe, there are about 3500 renewable energy
cooperatives, a type of energy community, mostly located in Northwestern Europe, as
shown in Figure 1 [5]. RECs and CECs are still emerging themes in the academic literature.
As the conditions can vary remarkably based on the geographical area, several studies
have focused on analyzing the current state of development of RECs and CECs in specific
countries: the difficulties of implementing RECs in France and England, for instance, were
investigated respectively in [6,7]. The work presented in [8] instead compares the REC
implementation models in France, where the phenomenon is emerging, and in the Nether-
lands, where the concept is more consolidated and mature, recognizing that RECs play a
key role in the energy transition.
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Other studies have analyzed how the energy modeling of urban buildings can con-
tribute to the development of REC [9] and the methodological approaches to their imple-
mentation [10]. Another study analyzed strategies for energy storage systems of prosumers
who are part of a REC equipped with photovoltaic generators [11]. Other authors [12]
provide an interesting overview of the upcoming developments of REC, focusing on the
strengths of the new approach to energy consumption and the criticalities that their adop-
tion entails.

District heating networks (DHNs) are another technology widely adopted today [13]
as a solution to reduce the environmental impact of energy demand in urbanized areas. By
reducing the number of boilers and increasing their size, they allow reducing emissions
within the city area while increasing safety and eliminating the need for transporting fuel
to residential areas. This is particularly true for DHNs in which the heat is supplied by
combined heat and power (CHP) units that allow the achievement of high levels of overall
efficiency [14].

While inherently more efficient than decentralized heat generation, DHNs can still
benefit from improvements with the aim of reducing their carbon footprint. This can
be achieved through their integration with RES: on the one hand, this allows the decar-
bonization of heat generation in the DHN, while on the other hand, it can make it easier to
manage the intermittent and non-programmable nature of most RES. Integrated CHP-RES
thermal grids have been applied in a few cases in Europe, mostly focusing, however, on
dispatchable RES such as geothermal heat [15] and biomass [16]. There are, however, a few
examples of solar-driven DHNs, such as the results of the work conducted in [17].

In this regard, ECs offer an innovative way to foster the adoption of RES in DHNs,
whose potential has yet to be analyzed. Heat pumps can be located in a central heating
generation facility to decarbonize heat generation, but often, the surface available for PV
systems within the premises of the central heating generation facility is limited; on the
other hand, neighboring buildings often have available surfaces for PV generation that go
beyond the respective demand, especially during times when energy is available. Because
of the relative novelty of the field, little work has been devoted so far to the adoption of the
EC form in connection to DHNs. The study presented in [18] shows the environmental and
economic benefits of establishing a REC and discusses the potential of renewable energy
communities for fifth-generation district heating and cooling systems. In a different study,
S. Zwickl-Bernhard et al. [19] proposed the decarbonization of an urban district of Vienna
through two different linked approaches that allow the almost complete electrification of
energy services and involve the expansion of the district heating network.

In another study, P. Arevalo et al. [20] presented an interesting technical-economic anal-
ysis of different combined hybrid energy systems, such as wind generators, photovoltaic
systems, hydrokinetic turbines, batteries and diesel generators in southern Ecuador.

With the implementation of the use of energy from RES, the world is confronting
their greatest problem, that is, the non-programmability of their production. Thanks to
the regulation of energy communities, the opportunity to exploit the share of energy that
would normally be lost takes shape through strategies aimed at increasing the internal
sharing of energy by drawing economic, energy and environmental benefits.

This study highlights how renewable energy communities can play a leading role in
the energy transition and represent an opportunity to be taken in the context of the decar-
bonization of district heating networks. In detail, the aim of the work was to investigate the
potential synergies derived from the implementation of RECs in DHNs, a topic that is only
little discussed in the current literature since RECs have only recently been formally defined
in the European regulatory framework. More specifically, the authors aimed to investigate
how the concept of RECs associated with DHNs can lead to better overall energy-economic
performance, testing the potential of excess solar energy and adopting different strategies
in order to maximize self-consumption and self-sufficiency, as well as to evaluate the most
efficient investment in economic terms by exploiting the incentive tariff on shared energy
in a specific energy community in Italy.



Energies 2022, 15, 5248 4 of 18

2. Methodology

The analysis of the potential synergies between RECs and DHNs was based on a
simulation approach using the iVN simulation tool [21].

The model developed in this study and implemented in iVN (see Section 2.1) allowed
the simulation of different scenarios and their evaluation in terms of energy, economic and
environmental performance indicators (see Section 2.5). The model was applied to the case
of an existing district heating network located in Bologna (Italy), described in Section 2.2.
The application of the model to the case study allowed the analysis of the integration of
various production systems installed at the thermal power plant or at the end users (see
Section 2.3). More specifically, the potential to generate heat for the DHN by using power
generated by local PV rooftop installations that is not directly used by the residents in the
building, thus sharing their energy within the energy community, was investigated.

2.1. Energy Network Simulation Model

In order to optimize the distribution of thermal, electrical, refrigeration and fuel energy
flows and to evaluate the benefits of a renewable energy community, the iVN (Intelligent
Virtual Network [18]) software was used. iVN is a network mapping and analysis tool,
whose operation is based on the principle of energy balance at nodes. An example of the
configuration of the iVN network is shown in Figure 2.
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Figure 2. Two-dimensional iVN network workspace showing a sample iVN network with multiple
installations connected by nodes.

In iVN, units are modeled using load-dependent efficiencies defined based on a lookup
table approach. Building energy demands can be either provided by the user as time series
or automatically estimated by iVN based on information on the site. The energy produced
by PV panels is modeled based on tilt, orientation and nominal efficiency and includes
load- and temperature-dependent conversion efficiency.

2.2. Case Study

The analysis of the performance of a REC combined with a DHN was performed
on the applied case of an existing network. The case study is an area within the suburb
of Corticella in the outskirts of Bologna, Italy. Bologna is located at a latitude of 45◦37′

and a longitude of 11◦21′. Figure 3 shows the polar solar diagram [22], which shows the
trajectories of the sun (in terms of solar altitude and azimuth) over the course of a day. In
this reference frame, the rays join the points of equal azimuth, while the concentric circles
join the points of equal height.
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The area used as a case study in this paper is a residential area that uses a thermal
plant and a DHN for the production and distribution of hot water for both space heating
(SH) and domestic hot water (DHW) demands. The thermal plant is in the center of the
DHN, and at present, it represents the only place where heat is fed into the network. The
power plant consists of four boilers, each with a design heat output of 2900 kWth and an
internal combustion cogeneration engine with a design power and heat output of 1400 kWe
and 1500 kWth, respectively. A total thermal power of approximately 13,100 kWth can be
delivered to the DHN. The hot water produced is fed into the network at 10 bar and at
temperatures ranging between 80 ◦C and 90 ◦C, while the pressure drop along the entire
path of the network (delivery and return) is approximately 6 bar. Figure 4 shows the
configuration of the thermal power station of Corticella.
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The network serves 17 users, of which 13 are residential buildings consisting of a total
of 960 apartments, 2 are schools, 1 is a medium-sized supermarket, and 1 is a hospital.
The 17 users served by the district heating network receive energy both for space heating
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during winter and for producing domestic hot water during the whole year. In this work,
the energy demand profiles in a typical summer, winter and mid-season day for each user
served by the plant were taken as a reference. These combined profiles were obtained
in previous studies that examined the Corticella district heating network [23,24] and are
presented in Figures 5–7. The heat requirement is given by the sum of the needs for DHW
and SH; the electricity requirement includes daytime and nighttime lighting of utilities and
common areas and the use of household appliances in the residential case and of different
appliances in the hospital; the cooling requirement is related to the summer air conditioning
of the locals. Figure 8 shows a 3D view of the buildings in the Corticella district heating
network imported from Open Street Maps.
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Figure 8. iVN 3D model view of the district heating network in Corticella. The buildings served by
the DHN are represented in yellow.

2.3. Simulation Scenarios

This study included the simulation of different scenarios, defined with the aim of
analyzing the possibility of adding different electrical and/or thermal generation systems:

• Scenario 0 (S0): The reference scenario. In this scenario, the energy requirements for
domestic hot water and heating are met by the CHP unit (which works only during the
winter) and by the four boilers (which work all year round). The energy requirements
for electricity and cooling are met by the electricity grid. Compression refrigeration
units are present at each user. Furthermore, it is assumed that the electricity production
of the CHP unit feeds the auxiliary services of the plant and the pumping group of the
district heating network.

• Scenario 1 (S1): In this configuration, the installation of absorption refrigeration units
at each user to replace compression refrigeration units is considered, where the ab-
sorption chillers are assumed to receive heat from the DHN. In this case, the CHP unit
is assumed to be running during both the heating and cooling seasons.

• Scenario 2 (S2): This configuration, based on Scenario 0, includes the addition of PV
systems on the roofs of the buildings of the 17 users.

• Scenario 3a (S3a): In addition to PV systems, all configurations of Scenario 3 include
the installation of a centralized heat pump that supplies heat to the users. The heat
pump sizing is based on a parametric analysis, with the aim of maximizing the shared
energy and self-sufficiency and minimizing costs. In the case of S3a, the heat pump is
set to run only when the CHP is off.

• Scenario 3b (S3b): This configuration has the same unit composition as S3a. In
this scenario, the heat pump works only when the CHP remains off and with a
9 a.m.–5 p.m. operating schedule, defined in an attempt to increase its self-sufficiency.

• Scenario 3c (S3c): This configuration has the same unit composition as S3a. To further
improve the self-sufficiency of the heat pump, in this case, the control of the heat pump
is defined such that it is only activated when a sufficient share of its energy demand is
covered by the excess electricity generated by the local PV installations.

The main features of the different scenarios are summarized in Table 1.
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Table 1. Summary of the analyzed configurations.

ICE Boilers CC AC PV HP

Scenario 0 • • •
Scenario 1 • • •
Scenario 2 • • • •
Scenario 3a • • • • •
Scenario 3b • • • • •
Scenario 3c • • • • •

2.4. Other Assumptions

The proposed cases were simulated with the iVN software to evaluate the optimal
annual operational structure of the entire network. The simulation of the network was
performed on an hourly basis for the year 2021, as shown in Table 2.

Table 2. Network simulation characterization.

Network Simulation

Start date 1 January 2021 00:30

End date 31 December 2021 23:30

Time step (min) 60

The main characteristics of the systems introduced—listed in Table 3—are defined
as follows:

• PV panels—Scenarios 2 and 3(a–c): The sizing of the installed photovoltaic systems is
based on the available roof surfaces of the 17 users. This parameter was calculated
in iVN after importing buildings using Open Street Maps. Subsequently, the useful
surface was multiplied by a corrective factor equal to 0.6 to provide a conservative
assumption for the surface available for PV modules. The tilt and azimuth angles were
chosen based on the optimum for the considered location (latitude 44◦30′27”00 N,
longitude 11◦21′5” 04 E).

• Centralized heat pumps—Scenarios 3(a–c): The coefficient of performance (COP) was
chosen based on the available literature [25]. The three scenarios include the installa-
tion of a centralized heat pump that produces hot water at 80 ◦C. The centralized heat
pump is used to produce hot water to be integrated into the district heating network in
both summer and winter. It is not used in chiller mode for cooling in summer. During
summer, the DHN is also used to provide heat for domestic hot water supply, which
explains why HP is also used during summer.

• Absorption chiller—Scenario 1: The Energy Efficiency Ratio (EER) was chosen based
on the literature, as in the case of heat pumps [25].

2.5. Key Performance Indicators

The different scenarios were simulated and estimated based on energy, economic and
environmental indicators.

From the energy perspective, the analysis focused on two indicators: the self-consumption
(SC) rate and the self-sufficiency (SS) rate. The SC rate is defined as the ratio between the
local energy production that is used locally and the total local energy production; the SS rate
is defined as the ratio between the energy production that is locally used and the total local
energy consumption.

For the economic analysis, the parameters related to the operating and investment
costs are shown respectively in Tables 4 and 5. For the purchase cost of electricity and
natural gas, reference was made to the statistical data provided by the Italian authority for
the electricity and gas markets (ARERA). More specifically, the energy cost for household
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end-users in 2019 was used for the cost of electricity, while values for industrial uses
were used for the cost of natural gas [26,27]. The assumptions concerning the investment
costs of PV panels [28], absorption groups [29] and heat pumps [30] were taken from the
available literature.

Table 3. Main parameters of the systems considered in the implemented scenarios.

Compression Chiller

COP 4

Absorption Chiller

EER 0.7

Centralized Heat Pumps

COP 2.3

PV Panels

Total Surface 18,200 m2

Total peak power 2.7 MWp

Tilt angle 30◦

Azimuth 180◦ (south)

Module nominal efficiency 15%

Table 4. Operating expenses for the economic analysis.

Parameter Unit Value

Cost of electricity [EUR/kWhe] 0.232

Selling price electricity [EUR/kWhe] 0.06

Cost of fuel [EUR/m3] 0.732

Shared energy (REC) [EUR/kWhe] 0.11

Maintenance ICE [EUR/kWhth] 0.02

Maintenance boilers [EUR/kWhth] 0.006

Maintenance HP [EUR/kWhe] 0.01

Maintenance AC [EUR/kWhc] 0.0025

Table 5. Capital expenditure for the economic analysis.

Parameter Unit Value

PV panels [EUR/kWP] 1891

Heat pump [EUR/kW] 358.9

Absorption chiller [EUR/kW] 250

In Italy, the energy shared within a REC is incentivized. According to the Italian
incentive system [31], the energy shared within an energy community is calculated on an
hourly basis as the minimum between the feed-in energy and the unmet electric energy
demand. The “shared energy” thus calculated is incentivized with a dedicated tariff of
approximately 11 EUR/MWhe, in addition to the price paid for electricity feed-in.

To evaluate the soundness of the proposed investments, the NPV parameter was
used. The NPV is one of the most efficient tools for evaluating which investment is most
convenient in economic terms:

NPV =
n

∑
i=1

Ct
(1 + r)t − Co
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where Ct represents the cash flow, Co is the investment cost, r is the interest rate, assumed
equal to 6% (which considers the riskiness of the project itself), and n is the useful life,
assumed to be equal to 20 years.

In order to carry out a detailed environmental analysis, CO2 emission factors for the
supply of electricity and use of natural gas were identified. Based on what was reported
in [32], for the estimation of CO2 emissions relating to the supply of electricity, an emission
factor relating to electricity consumption of 234 gCO2/kWh [33] was used. For natural gas,
an emission factor of 202 gCO2/kWh [34] was used.

3. Results and Discussion

This section reports the results related to the self-consumption and self-sufficiency
rates of buildings equipped with PV systems, the results related to the parametric analysis
performed for the sizing of the heat pumps in Scenarios 3a–c and, finally, the results of the
energy, economic and environmental analysis for all of the scenarios implemented.

Figure 9 shows the trends of the self-consumption rate and the self-sufficiency rate for
the 17 users served by the district heating plant and equipped with a photovoltaic system
on the roof. While the self-consumption rate is relatively high, there is a significant amount
of surplus production in almost all users. This suggests that there is potential in terms of
energy sharing within a renewable energy community. The self-sufficiency rate, on the
other hand, settles at around 25–30%, suggesting that the PV installed is far from sufficient
to cover all electricity needs in the area.
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Figure 9. Calculated rates of self-consumption and self-sufficiency of the 17 users with photo-
voltaic systems.

To define the design to be compared for Scenarios 3a–c, a parametric analysis was
performed to identify the optimal size of the heat pump. The choice was based on the
attempt to maximize the shared energy, the self-sufficiency and the net present value
(NPV) of the investment. The shared energy refers to the excess electricity produced by the
photovoltaic systems that is used by the heat pump.

Figure 10 shows the results for Scenario 3a, in which the heat pump runs for the whole
day during the summer season. The 100 and 150 kW heat pumps are the only economically
advantageous ones; therefore, for Scenario 3a, the 150 kW heat pump was considered,
which has a slightly lower NPV than the 100 kW pump but higher self-consumption and
self-sufficiency rates (9.5% and 35.8%, respectively).
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Figure 10. Self-consumption, self-sufficiency and NPV in Scenario 3a.

Figure 11 shows the results for Scenario 3b, in which the heat pump can be used only
during the summer season between 9:00 a.m. and 5:00 p.m. In this case, the 100 kW heat
pump is chosen as the optimal size with an NPV of EUR 17,700 and self-consumption
and self-sufficiency rates of 7% and 73.1%, respectively. The electrical surplus from photo-
voltaics is always fixed. As the size of the heat pump increases, the self-consumed energy
grows more slowly than the absorbed electricity. Consequently, the self-sufficiency rate
(given by the ratio between self-consumed energy and absorbed electricity) tends to become
constant above 600 kW.
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Figure 11. Self-consumption, self-sufficiency and NPV in Scenario 3b.

Based on the results obtained, a third analysis was carried out in which the heat
pump operates only when the surplus production of the PV panels is greater than 25%,
50% and 75% of the heat delivered hourly by the heat pump in a hypothetical continuous
operation (Scenario 3c). Three sizes of 100, 200 and 300 kW were analyzed. Table 6 shows
the results obtained, which show substantial improvements compared to the two previous
cases. For this scenario, the 200 kW heat pump was therefore chosen, which works when
the photovoltaic surplus is greater than 25% of the heat load supplied by the heat pump.
Self-consumption and self-sufficiency rates of 12.6% and 97.3%, respectively, were achieved,
with an NPV of EUR 32,387.
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Table 6. Summary of the self-consumption, self-sufficiency and NPV values for the parametric
analysis of Scenario 3c.

% Heat Energy Heat Pump Heat Pump Size [kW] Self-Consumption [%] Self-Sufficiency [%] NPV [EUR]

25% 100 9.2 98 40,427

50% 100 8.2 100 32,423

75% 100 7.5 100 25,847

25% 200 12.6 97.3 32,387

50% 200 11 100 19,427

75% 200 9.6 100 7717

25% 300 15.1 97 17,361

50% 300 12.8 100 −1648

75% 300 10.9 100 −17,178

Figure 12 shows how the NPV calculated to evaluate the investment of heat pumps
in Scenarios 3a–c varies with and without incentives for RECs. It is evident that the
constitution of an energy community can lead to important economic benefits by making
the investment convenient, thanks to the incentive for shared energy.
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Figure 12. Comparison between NPV for heat pumps in the cases with and without REC.

Figures 13 and 14 show a summary of the primary energy demand and a comparative
analysis of the scenarios analyzed relative to the reference, Scenario 0. In Scenario 2, the
installation of PV panels significantly affects the energy supplied by the electricity grid,
with a reduction of 20.26%. Furthermore, in Scenario 3c, there is a reduction of 20.24%
in the electricity supplied by the grid, despite the addition of a centralized 200 kW heat
pump. This is because the surplus production of the PV systems is shared with the heat
pump, minimizing withdrawal from the grid. Furthermore, in Scenarios 3a–c, there is
a reduction (albeit minimal) in fuel consumed, thanks to the installation of heat pumps
with different operating profiles. In Scenario 1, there is a 13.21% reduction in electricity
consumption, because the compression refrigeration units (which absorb electricity) have
been replaced with absorption refrigeration units (which absorb thermal energy), with a
consequent increase of 23.9% in fuel used.
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Figure 13. Scenario comparison: primary energy demand.
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Figure 14. Scenario comparison: primary energy demand and variations compared to Scenario 0.

Figures 15 and 16 show a summary of the CO2 emissions of the entire network in
the different scenarios analyzed and a comparative analysis of the scenarios relative to
the reference scenario. In particular, there are promising results in all scenarios, except
for Scenario 1, which does not envisage the installation of energy production plants from
renewable sources but includes the replacement of compression refrigeration units with ab-
sorption refrigeration units that are powered by the thermal power plant, with a consequent
increase in fuel used.
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Figure 15. Tons of CO2 emitted in the various scenarios implemented.
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Finally, Figures 17 and 18 focus on the system costs. The results show that Scenarios 2
and 3a–c all show a positive improvement compared to the reference scenario, although
limited. However, an improvement in the NPV in Scenarios 3a–c when compared to
Scenario 2 can be noted. This is particularly clear in the case of Scenario 3c, where the
NPV is almost twice as high as the one achieved in Scenario 2. This highlights the relevant
potential of using excess heat from the PV systems to feed the local DHN, especially when
incentives are available for energy communities. Figure 18 also highlights the importance
of the incentive for energy communities, which basically constitute the major contributor
to the difference in the net economic results between Scenario 2 and Scenarios 3a–c.
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Figure 17. Results of the economic evaluation of investments.

The analysis of the impact of the CEC configuration can be conducted based on
the breakdown of the economic performance in Scenarios 3a–c. In Scenario 2, the only
profit goes to the owners of the PV panels, who receive about 40,000 EUR/y in compen-
sation for the energy that they sell to the electricity grid. This value remains the same in
Scenarios 3a–c, with the addition of the income generated by the incentive for shared en-
ergy in energy communities, which amounts to 7000 EUR/y, 4900 EUR/y and 9400 EUR/y
in Scenarios 3a–c, respectively. While these provide a minor contribution to the overall
system’s OPEX (in the range of 3,500,000 EUR/y for Scenarios 3a–c), the results show that
they allow, in combination with the installation of the centralized heat pump, an overall
improvement in the NPV of the system.

The presented work opens up a few additional questions that need to be answered.
The use of energy storage, both electric and thermal, should be investigated, together with
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the optimized control of the heat pumps, so as to further increase self-consumption and
the incentive for shared energy. In addition, the potential of decentralized heat generation
with heat pumps, to be combined with a system able to exchange energy in both directions,
should be investigated and compared with the presented analysis. Finally, the potential of
using façades for PV generation, as suggested in [26], could be investigated.

Energies 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

 

Figure 18. Results of the economic evaluation of investments, presented as the difference in com-

parison to Scenario 0. 

The analysis of the impact of the CEC configuration can be conducted based on the 

breakdown of the economic performance in Scenarios 3a–c. In Scenario 2, the only profit 

goes to the owners of the PV panels, who receive about 40,000 EUR/y in compensation for 

the energy that they sell to the electricity grid. This value remains the same in Scenarios 

3a–c, with the addition of the income generated by the incentive for shared energy in en-

ergy communities, which amounts to 7000 EUR/y, 4900 EUR/y and 9400 EUR/y in Scenar-

ios 3a, 3b and 3c, respectively. While these provide a minor contribution to the overall 

system’s OPEX (in the range of 3,500,000 EUR/y for Scenarios 3a–3c), the results show that 

they allow, in combination with the installation of the centralized heat pump, an overall 

improvement in the NPV of the system. 

The presented work opens up a few additional questions that need to be answered. 

The use of energy storage, both electric and thermal, should be investigated, together with 

the optimized control of the heat pumps, so as to further increase self-consumption and 

the incentive for shared energy. In addition, the potential of decentralized heat generation 

with heat pumps, to be combined with a system able to exchange energy in both direc-

tions, should be investigated and compared with the presented analysis. Finally, the po-

tential of using façades for PV generation, as suggested in [26], could be investigated. 

4. Concluding Remarks 

The recent attention on renewable and citizen energy communities, especially in the 

European Union, is expected to contribute to the necessary growth in the uptake of re-

newable energy generation, especially at the decentralized level. 

In this study, the potential of using excess solar energy from local rooftop PV instal-

lations was tested to power a heat pump that can be used during the winter months to 

provide useful heat to the local district heating network. Related scenarios were compared 

with the existing network and with two relevant alternatives: one considering the use of 

absorption chillers for summer cooling to maximize the use of cogeneration units, and one 

considering the simple installation of PV panels with no heat pump. These scenarios were 

simulated and applied to the case of an existing DHN in Bologna, Italy. 

From the results of the study, it can be concluded that the main improvement comes 

from installing PV panels on the rooftops of the community: this is the choice that, alone, 

generates the largest benefit in both economic (the calculated 20-year NPV is EUR 273,000) 

and environmental terms (emissions are reduced by 11% compared to the reference sce-

nario). Furthermore, in this case study, the energy locally produced and self-consumed is 

relatively high (an average of approximately 70%) as a consequence of the high density of 

the neighborhood. This would not make it the optimal case for an energy community. 

–800

–600

–400

–200

0

200

400

600

800

S1 S2 S3a S3b S3c

D
if

fe
re

n
ce

 in
 a

n
n

u
al

iz
ed

 e
xp

e
n

se
s 

w
it

h
 r

es
p

ec
t 

to
 S

ce
n

ar
io

 0
 [

k€
/y

]

OPEX: Electricity purchase OPEX: Natural gas purchase

OPEX: Maintenance OPEX: Income

CAPEX TOTEX
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son to Scenario 0.

4. Concluding Remarks

The recent attention on renewable and citizen energy communities, especially in
the European Union, is expected to contribute to the necessary growth in the uptake of
renewable energy generation, especially at the decentralized level.

In this study, the potential of using excess solar energy from local rooftop PV instal-
lations was tested to power a heat pump that can be used during the winter months to
provide useful heat to the local district heating network. Related scenarios were compared
with the existing network and with two relevant alternatives: one considering the use of
absorption chillers for summer cooling to maximize the use of cogeneration units, and one
considering the simple installation of PV panels with no heat pump. These scenarios were
simulated and applied to the case of an existing DHN in Bologna, Italy.

From the results of the study, it can be concluded that the main improvement comes
from installing PV panels on the rooftops of the community: this is the choice that, alone,
generates the largest benefit in both economic (the calculated 20-year NPV is EUR 273,000)
and environmental terms (emissions are reduced by 11% compared to the reference sce-
nario). Furthermore, in this case study, the energy locally produced and self-consumed is
relatively high (an average of approximately 70%) as a consequence of the high density
of the neighborhood. This would not make it the optimal case for an energy community.
Nevertheless, the results show that using heat pumps to provide part of the heat to the
DHN increases the NPV from EUR 273,000 to EUR 398,000–521,000, depending on the sce-
nario: this is partly due to the increased conversion efficiency but also to the net additional
income (4900 EUR/y–9400 EUR/y) generated by the incentives for energy communities.

This work shows how the establishment of an energy community makes it convenient
to invest in heat pumps with a view to decarbonizing the DHN, making the most of the
incentive tariff on energy shared within the community.

In this study, the application of CECs to DHNs was analyzed in a relatively sim-
ple, simulation-based manner. Future developments will include efforts towards an
optimization-based approach, both for the system’s design and operations and for ad-
ditional technologies, such as for storage.
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Nomenclature

Acronyms and abbreviations
AC Absorption Chiller
CC Compression Chiller
CEC Citizen Energy Community
CHP Combined Heat and Power
COP Coefficient of performance
DH District Heating
DHN District Heating Network
DHW Domestic Hot Water
EC Energy Community
EER Energy Efficiency Ratio
ES Energy Storage
HP Heat Pump
ICE Internal Combustion Engine
iVN Intelligent Virtual Network
NPV Net Present Value
OPEX Operational Expenditure
PV PhotoVoltaic
REC Renewable Energy Community
RES Renewable Energy Source
SC Self-Consumption
SH Space Heating
SS Self-Sufficiency
Symbols and Greek letters
E Energy (kWh)
F Fuel consumption (kWh)
Q Power (kW)
S Surface (m2)
T Temperature (◦C)
V Volume (m3)
η Efficiency (-)
Subscripts
c Cooling
e Electric
i Initial
max Maximum
min Minimum
th Thermal
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