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Abstract: The constant attention to sustainability aimed at reconciling economic and social devel-
opment with environmental protection is the driving force of the continuous growth of renewable
energy in the energy sector. Among the numerous actions taken by the European Commission (EC)
in this direction, an important initiative towards the complete decarbonization is represented by the
Renewable Energy Communities (RECs). According to the EC, “energy communities enable collec-
tive and citizen-driven energy actions to support the clean energy transition. They can contribute
to increasing public acceptance of renewable energy projects and make it easier to attract private
investments in the clean energy transition”. At the European level, numerous energy communities
are emerging, although they are all based on photovoltaic production and, consequently, focus only
on electricity flows. The aim of this paper is to define a thermal energy community in which thermal
energy sharing can be achieved by exploiting the concept of the smart district heating network. Start-
ing from a small existing district heating network, its conversion into a smart one will be analyzed
and optimized with the aim of studying the sharing of thermal energy between the various prosumer
and non-prosumer users connected to the district heating network.

Keywords: thermal energy community; smart district heating; shared energy; allocation algorithms

1. Introduction

One of the major changes occurring within the ongoing energy transition is the shift
from a centralized to a decentralized energy system, where the end users are not merely
consumers but also increasingly play an active role in the generation of distributed energy,
thereby becoming prosumers [1,2]. This term describes individuals who, alongside con-
suming from the grid, produce energy locally using small-scale renewable sources in order
to self-consume it immediately, store it for later on-site consumption, or even feed it into the
national grid [3,4]. In such a scenario, emerging collaborative economies have developed
in recent years [5] and the concept of energy communities has gained prominence. These
initiatives enable consumers and prosumers to foster a new energy–social model, based on
sharing locally generated energy from renewable sources through either power grids or
decentralized systems [6,7]. This paradigm shift empowers users to trade energy, by selling
the surplus or acquiring residual needs, according to their consumption and production
profiles [8,9].

The scientific literature offers a wide range of in-depth studies on energy communi-
ties: definitions, meaning, and purpose of these communities [10,11]; socioeconomic and
environmental goals of these communities [12], highlighting both positive and critical im-
pacts [13]; geographical area of development [14,15], including regional and local influences
on their growth pattern; business models and legal framework [16,17]; etc. A comprehen-
sive systematic review of the scientific literature has revealed that the progress of energy
communities faces several significant barriers, including regulatory hurdles, related to the
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complexity and inflexibility of existing regulatory frameworks; financial challenges, due to
the substantial investment necessary for infrastructure and technology; and managerial
obstacles, related to the organization and administration of energy communities. Address-
ing these barriers requires an appropriate institutional and legal framework capable of
providing the necessary support to overcome them and foster widespread adoption of
energy communities. Further details can be found in [18].

The European Union has embarked on a significant transition towards a low-carbon
energy system [19,20]. To achieve it, the EU has implemented policies targeting both energy
demand (aiming to reshape consumption patterns) and energy supply (supporting innova-
tive technologies and mechanisms). Within this framework, the EU is actively promoting
solutions that encourage self-consumption and sharing of local energy production, notably
through the establishment of energy communities. One pivotal initiative is the EU Directive
2018/2001 on the promotion of the use of energy from renewable sources [21], commonly
referred to as REDII, which introduced the Renewable Energy Community (REC), defined
as “a legal entity, which is based on open and voluntary participation, is autonomous, and
is effectively controlled by shareholders or members that are located in the proximity of
the renewable energy projects that are owned and developed by that legal entity”; jointly
acting renewables self-consumers are users located in the same building or multi-apartment
block. The main objective is to generate environmental, economic, and social benefits for
the community or local areas in which they operate, rather than financial profits. These
aggregation models serve as key tools of collective collaboration for energy production
and sharing within a limited area. They enable more efficient management of distributed
generation, as they reduce losses [22,23], while also facilitating access to renewable sources
for those hindered by geographic constraints (e.g., urban centers with limited available
area) or experiencing energy poverty. Regardless of the configuration, the valorization and
incentive system under the Italian legislation is based on the definition of “shared energy”:
the minimum value, assessed on an hourly basis, derived from the total electricity actually
fed into the grid and the total electricity withdrawn through the connection points between
the REC users and the national grid [24]. Consequently, the model adopted is based on a
virtual sharing, lacking a physical basis for calculating actual energy exchanges between
users. As a result, the scientific literature and the grey literature document numerous
studies and tools aimed at managing the costs and benefits, associated with community
participation among users, related to energy, environmental and social purposes [25].

Most papers focus on Renewable Energy Communities based on solar energy for
electricity production, often combined with storage systems and heat pumps. While EU
directives encompass all forms of renewable energy, the attention on energy communities
emphasizing thermal energy production is still limited [26]. These studies predominantly in-
vestigate technical aspects, related to design and optimization, production and distribution
technologies (mainly district heating and cooling), and user consumption patterns [27,28].
However, there is a recognized interest in further exploring interactions and internal dy-
namics among different stakeholders, including the willingness of final users [29], business
models [30], and development of potential case studies.

District heating and cooling (DHC) systems play a crucial role as key infrastructure
in enabling decarbonization and facilitating the efficient integration of energy sectors.
The recast Energy Efficiency Directive (EED) [31] introduces a more ambitious definition
of “efficient district heating and cooling” along with specific deadlines. Enhancing the
efficiency and competitiveness of DHC systems to enable greater integration of waste heat
and renewable energy sources, thus fostering conditions for their further expansion, stands
out as one of the principal challenges.
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In this regard, Smart District Heating Networks (SDHNs) can present further oppor-
tunities to increase overall production and distribution efficiencies and the integration of
renewable sources in the thermal production sector. In order to ensure a bidirectional flow
from a District Heating Network (DHN) to users and vice versa, four possible hydraulic
connections between the substation and the network can be adopted [32]:

• Supply to return: mass flow rate from the supply of the network; it is heated us-
ing a decentralized production system and then reintroduced via the return pipe of
the DHN;

• Supply to supply: the introduction of heat into the network via decentralized genera-
tion occurs by using only connections located at the supply lines;

• Return to return: connections between the DHN and the prosumer, who introduces
heat into the network, are all located at the return lines;

• Return to supply: in this case, a mass flow rate is taken from the return circuit,
heated via the decentralized production system, and reintroduced via a decentralized
pumping station into the supply of the network.

The use of ‘supply to return’ and ‘return to return’ configurations can imply an increase
in temperature in the return circuit of the network, causing heavy management issues for
the grid. Increasing the supply circuit temperature (supply to supply configuration) is not
an optimal configuration for downstream utilities (when they need constant-temperature
flow) and/or any others decentralized systems (which can be excluded from the possibility
of thermal energy feed-in due to the increase in supply temperature) [32]. The ‘return to
supply’ configuration allows no temperature increase as this scheme is based on realizing
a feed-in temperature almost equal to that of DHN. It follows that the ‘return to supply’
configuration is the best option for SDHNs, particularly if decentralized solar (or, generally
speaking, renewable sources) are integrated into the network, as confirmed in [33]. It
must be highlighted that ‘return to supply’ is the most complex among the four configu-
rations, since it can lead to reverse flow in the network caused by the change in pressure
distribution [34].

In this study, the ‘return to supply’ configuration has been chosen to convert an existing
DHN into a SDHN. To evaluate the performance of the network in both traditional and
smart configuration, the software I.H.E.N.A. 9.3 (Intelligent Heat Energy Network Analysis)
has been used. This software was developed by the University of Bologna, and it is based
on the Todini–Pilati algorithm [35], generalized using the Darcy–Weisbach equation.

In more detail, the aim of this study is to analyze a Thermal Energy Community,
with particular attention on the estimation of shared energy. Regarding Electrical Energy
Communities, the adoption of allocation algorithms is a widely used approach to account
for Virtual Shared Energy. In the case of Thermal Energy Communities, this is not the
optimal approach due to the evidence that thermal energy can be traced across the district
heating network. A comparison between a flow approach and the use of various algorithms
will be presented and discussed.

2. Case Study

In this section, a brief overview of the selected district heating network will be given
together with a performance estimation of its design point.

2.1. Network Description

The district heating network chosen for this study is presented in Figure 1, which
shows its extension and planimetry. The network is located in the north of the city of Tourin
in an E climatic zone, according to the Italian classification.
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Figure 1. District heating network (original image from Google Maps).

It is a small network, with a total length (considering supply and return circuit) equal
to less than 7 km, serving only residential users in a neighborhood of a city in northern
Italy. The network provides space heating and hot water services to 25 condominium users
and is powered by a single thermal production plant (TPP). The temperature and pressure
of the heat transfer fluid introduced into the network are, respectively, equal to 85 ◦C and
6.3 bar. The network has a variable flow rate and a constant temperature difference at the
primary circuit of the users equal to 20 ◦C. More details about this district heating network
can be found in an authors’ previous study [36].

The district heating network has been modelled in I.H.E.N.A. 9.3 (Intelligent Heat
Energy Network Analysis) [37], an in-house-developed software able to estimate the
performance of district heating (or cooling). In more detail, I.H.E.N.A. 9.3—with respect
to other commercial software—is able to estimate the performance of a district heating
network by considering all four schemes of smart substations and solving the Todini–Pilati
algorithm by considering the Darcy–Weisbach approach for the estimation of pressure
losses across the network.

The realized model is presented in Figure 2. It consists of 140 nodes (one source,
25 users, and 114 mixers/splitters) and 139 pipes.

2.2. Design Conditions Performance Evaluation

Considering the design conditions, the total thermal power required for space heating
and hot water by the 25 utilities is equal to less than 13 MW, divided as represented in
Figure 3.
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Figure 2. District heating network model in IHENA 9.3.
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Figure 3. Utilities and thermal need in the design condition (at external reference temperature equal
to −8 ◦C).

The main performance of the network is listed in Table 1, as calculated using the
IHENA 9.3 Software.

Table 1. District heating network main performance in design condition.

Overall water mass flow rate at DH inlet [kg/s]
.

mDH,in 153
Overall Thermal Power to the utilities [kW] QTH,U 12,839

Overall Produced Thermal Power [kW] QTH,TPP 15,805
Electrical Power for Pumping Station [kW] PPMP,EL 59

From the table, it can be estimated that the total efficiency of the network (ηDH,TH =
QTH,U/QTH,TPP) is equal to more than 80%.

From the network pressure analysis distribution, the available pressure drops (∆p) at
users’ substations have been calculated (see Figure 4). From this figure, it can be noted that
user #25 (who is characterized by a minimum ∆p equal to about 0.5 bar) can be individuated
as the critical user. Users 8 and 15 are the substations (with immediately lower ∆p than
user 25), characterized by pressure differences available to their exchangers equal to 1.0 bar
and 1.2 bar, respectively.
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On the basis of the previous evidence, the critical path (i.e., the path that, starting from
the source, presents the highest pressure losses) can be drawn, as presented in Figure 5.
Finally, the pressure profiles along the critical path of the network for both the supply and
the return circuit are represented in Figure 6.
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3. Smart District Heating Configuration and Performance Evaluation

In order to study the performance of a Thermal Energy Community, the conversion of
the district heating network into a smart one is defined and analyzed. In this regard, three
smart users can be considered with the aim of decentralizing thermal production at the
terminal points of the network with minimum pressure difference at the exchangers (i.e.,
user #25, #8, and #15). For all the smart users, a bidirectional ‘return to supply’ substation
is assumed. IHENA 9.3 Software was applied to find the equilibrium point of the network
with three smart users, as presented in Figure 7.
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Figure 7. Overall electrical power for pumping.

The figure shows the change in electrical power required for pumping as a function of
the parameter γ (defined as the user smart index), which represents the ratio between the
thermal power produced (QTH,P) and required (QTH,R) by the same users of the network.

Starting from the design point (see the red curve in Figure 7), if only user #25 pro-
duces thermal power—i.e., γ = QTH,P,#25/(QTH,R,#25 + QTH,R,#8 + QTH,R,#15)—the elec-
trical power for pumping reduces due to the lower demand until it reaches the 100%
self-consumption. Starting from this point, a further increase in production of user #25
involves the introduction of thermal power into the district heating network, which causes
a further reduction in pumping costs until a minimum value, defined as the hydraulic
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equilibrium, is reached. The hydraulic equilibrium represents the balance of the net-
work between TPP and, in this first case, user #25. If user #25 introduces further thermal
power, exceeding the hydraulic equilibrium leads to a new increase in pumping costs.
From the hydraulic equilibrium of user #25, keeping constant its thermal production, user
#8 can be considered (green line in Figure 7). Using the same approach as the previ-
ous case—γ = (QTH,P,#25 + QTH,P,#8)/(QTH,R,#25 + QTH,R,#8 + QTH,R,#15)—the 100% self-
consumption of user #8 and a new hydraulic equilibrium point (among TPP and users #25
and #8) can be reached. Finally, the purple curve in Figure 7 represents the introduction of
the last of the smart users (#15) and the final network hydraulic equilibrium point (among
TPP and all the smart users: #25, #8 and #15).

The methodology just explained, which allows us to identify the smart network
operating point that minimizes the required pumping electrical power, can be defined as
“series inserting of active users”. The alternative is the “parallel inserting of smart users”,
which is represented by the blue curve in Figure 7. In this case, (as in the last one of the
series), γ can be calculated as it follows:

γU,#25+#8+#15 =
QTH,P,#25 + QTH,P,#8 + QTH,P,#15

QTH,R,#25 + QTH,R,#8 + QTH,R,#15
. (1)

Figure 7 demonstrates that the two procedures are equivalent because they allow the
same hydraulic equilibrium point to be determined.

Therefore, a smart user index equal to 2.23 can be defined as the optimal operating
point, where the pumping electrical power is 45% lower than the design value.

On this basis, the performance of the smart district heating network can be evaluated
by considering two typical days (for winter period and for summer/middle season period)
of thermal load, as presented in Figure 8. In more detail, the aim of this analysis is the
estimation of the thermal energy shared by the three smart users with the network and
then with the other utilities. In particular, the shared thermal energy has been estimated
considering the total mass flow rate and temperature difference between supply and return
into the network by the three smart users—less the thermal dispersed energy—and the
corresponding values of each utility, taking into account the paths of the network for the
flow due to the smart operation with three smart users in hydraulic equilibrium with
the TPP.

In Figure 9, the distribution of the thermal power produced by the TPP and by the three
smart users is presented, respectively, for the typical winter and middle season/summer
day. Smart users—according to this study—are able to produce from 18% to 22% of the total
thermal power introduced into the network. Regarding shared thermal energy, a scheme of
the energy fluxes during the smart district heating operation is provided in Figure 10. As an
example, from the figure, it can be highlighted that user ID #14 is completely fulfilled by the
production of prosumer ID #15; prosumer 15 also supplies part of the energy requested by
user ID #13, whose needs are integrated with the TPP. The results of the distribution of the
energy shared by the three smart users without thermal losses are presented in Figure 11,
with reference to the typical winter and middle season/summer day. It follows that the
total energy shared by the three smart users for one year of operation is slightly higher than
5000 MWh, divided as presented in Figure 12.
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Figure 8. Users’ required thermal power for (a) typical winter day and (b) middle season and/or
summer day.
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Figure 9. Cont.
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Figure 9. Thermal power introduced into the network via TPP and smart users for (a) typical winter
day and (b) middle season and/or summer day.
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4. Virtual Shared Energy Allocation Algorithms

In general, depending on the topology of the district heating network, the energy
fluxes starting from active users and directed to consumers (as reported in Figure 10) might
not be so easy to trace. When this producer-to-user association is not trivial, a different
approach that can be adopted in order to distribute the thermal energy injected into the
network among the users can take inspiration from the methodologies adopted in the field
of electric energy communities [14]. Indeed, differently to what happens in the framework
of district heating networks, when the electric grid is considered, the concept of active users
(or prosumers) is quite widespread and different techniques are present in the scientific
literature that deal with the problem of shared energy allocation [21]. In fact, when the
electric grid is considered, the introduction of the virtual concept of shared energy becomes
necessary since it is not straightforward to identify the users who directly consume the
energy injected into the grid by the active users. Therefore, the concept of virtual shared
energy arises, and it is defined as follows:

N

∑
i

SHi,j = min

(
Einj,j,

N

∑
i

Ci,j

)
(2)
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where
N
∑
i

SHi,j is the total shared energy of the community each j (hour) to each i-th member

(N is the total number of members), Einj,j is the total energy fed into the grid by the

production plants (each j-hours), and
N
∑
i

Ci,j is the total energy purchased by the energy

community members.
It can be interesting to borrow this concept from the field of electric energy commu-

nities and use it in the field of district heating networks, particularly when active users
are present. Based on the work described in [21], the thermal shared energy is computed
for the two typical days described in Section 3 and distributed among the users adopting
method 1 and method 5, as they are described in [21] and briefly recalled here.

Method 1 assigns an amount of shared energy (for each hour analyzed) to each member,
proportional to their consumption. As a result, this approach might not provide incentive
for members to reduce their energy consumption. In order to take into account both the
correlation between the energy consumed by the i-th member and the energy injected into
the grid by production plants as well as to penalize users who consume more energy than
is produced by the community production plants, method 5 has been developed. The
results presented in the present paper are, therefore, analyzed by considering these two
methodologies. In particular, Figures 13 and 14 show the results of the shared energy
allocation among the users adopting method 1 and method 5, respectively.

As can be observed, method 1 assigns more energy to user 7 with respect to method 5,
since user 7 is the one with the highest consumption. Method 5, on the other hand, tends to
redistribute the shared energy equally among the users. This might be due to the fact that
consumption is generally lower than the injected energy and that the time correlation of
the consumption profiles is very similar among the users. These considerations are also
reflected in Figure 15, which compares method 1 and method 5 for a typical winter day. In
this figure it is apparent that the shared energy allocated by means of method 5 is higher
than the one allocated to method 1 for the majority of the users.

Regarding results obtained for a typical middle season and/or summer day, Figures 16
and 17 show the results of the shared energy allocation among the users adopting method
1 and method 5, respectively.

Also, in this case, as previously observed for a typical winter day, method 5 provides
a uniform allocation of the shared energy among the users, and this is also reflected in
Figure 18.
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It is important to notice that the shared energy allocation methods adopted in [21]
do not consider any physical connections in the model, since they are developed in the
framework of the electric energy community. Indeed, only energy consumption and
production data are necessary to apply the sharing algorithm and assign a certain amount
of shared energy to each user. This approach is robust, effective, and easy to apply for third-
party-involved technicians who might not know anything about the network. Furthermore,
if the network topology changes or if new prosumers arise, the sharing algorithms can be
applied as they are (with updated energy data). Nevertheless, an interesting comparison
can be conducted with respect to what is discussed in Section 3. On the basis of the authors’
knowledge, this study, for the first time in the literature, highlights that in a thermal
community based on a SDHN an evaluation of the allocation of the shared energy can
be performed not only by using calculation algorithms adopted in the electrical energy
communities but also by following the flows across the network (flows approach).

In this regard, even if a ring type DHN is not so easy, the flows approach always allows
the identification of the feed-in points and the corresponding withdrawal points. It follows,
as presented in the previous paragraph, that the shared energy would interest only a few
users—those placed near the smart user/users. It might be thought that only the users
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that physically share the energy of the prosumers could access the benefits provided by the
regulations envisaged or hypothesized in the literature. Nevertheless, the sharing of energy
among some users of an SDHN can increase the efficiency of the whole network, reducing
fossil fuel consumption and minimizing electrical consumption for the pumping station
and thermal dissipations. These advantages can be maximized only if the SDHN operates
at the hydraulic equilibrium point and this means that the users that do not physically use
the shared energy must operate at appropriate consumption levels.

It follows that, on one hand, the flow approach for the allocation of the shared energy
might be too restrictive, but the current algorithms, on the other hand, risk ignoring the
reality of energy flows in the network, leading to unfair energy allocation. Therefore, the
correct solution will probably include a mix of the two approaches, as will be analyzed and
studied by the authors in the future.

5. Concluding Remarks

This study investigated a Thermal Energy Community realized via a Smart District
Heating Network. The SDHN was realized and optimized using IHENA 9.3, developed
by the University of Bologna, and it is characterized by a production plant and three
smart users. The novelty of this study is the comparison between the allocation of shared
energy via two different methodological approaches. On one hand, due to the network
characteristics and topology, the shared energy was been allocated considering real feed-in
points and corresponding withdrawn points (flows approach). On the other hand, some of
the typical algorithms developed for the electrical framework of energy communities were
applied for the same case study. A comparison of the results shows that neither of the two
approaches completely considers all the aspects of this complex system and that a mix of
the two approaches is probably the right way to allocate the shared energy in a SDHN that
operates as a thermal community. These studies will be developed in future papers.
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