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ARTICLE INFO ABSTRACT
Keywords: The heating and cooling sector accounts for nearly half of Europe’s total energy consumption, highlighting the
Bidirectional substation urgency of its decarbonization. District heating networks, which serve approximately 100 million people across
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Europe, are recognized by the recent European Energy Efficiency Directives as key infrastructures for integrating
renewable energy and waste heat. In Italy, while energy efficiency improvements have primarily focused on
thermal production plants, decentralized substations still require upgrades to enhance their performance and
support the emergence of thermal prosumers. This study presents a non-invasive retrofit design for an existing
substation in a district heating network in Italy, aimed at preserving the integrity of the original infrastructure
while implementing a new control system to recover unused solar energy in a supply-to-return configuration.
Modelica language and Dymola software are used to develop the numerical model of the bidirectional substation,
and multi-domain simulations based on real thermal load and solar production data from a multifamily building
are performed with a one-second time step to dynamically test the entire system. Results show that the control
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strategy effectively manages thermal exchange dynamics even under fluctuating loads. Despite a limited match
between solar production and hot water demand, resulting in low self-consumption rates (10.6 % in mid-season
and 6.2 % in summer), the bidirectional setup enabled 94 % of the solar energy to be effectively utilized during
the summer day. In line with the results obtained for the representative days, the annual extrapolation shows that
the proposed configuration enables 78.4 % of the solar energy to be effectively utilized, with a self-sufficiency
rate of 32.5 % and a self-consumption rate of 14.9 %. The proposed solution offers a replicable and efficient
approach to support the integration of distributed renewable heat sources in existing district heating systems.

Nomenclature

CHP Combined Heat and Power
DG Distributed Generation
DH District Heating

DHN District Heating Network

DHW Domestic Hot Water

FMU Functional Mock up Unit

HE Heat Exchanger

HIL Hardware In the Loop

HPC High Performance Computer
RES Renewable Energy Sources

SH Space Heating

STC Solar Thermal Collector

WHR Waste Heat Recovery

E Thermal Energy

Ss Coefficient of energy self-sufficiency
Sc Coefficient of self-consumption
Uee Useful energy coefficient

1. Introduction
1.1. Background

Achieving climate neutrality by 2050, including the interim target of
a 55 % reduction in greenhouse gas emissions by 2030, is a central pillar
of the European Union’s energy and climate strategy, as established by
the European Climate Law [1]. Meeting these ambitious goals requires
profound transformation across all energy-consuming sectors, with
particular emphasis on enhancing energy efficiency, deploying renew-
able energy sources (RES), and decarbonizing thermal energy systems
[2]. Within this context, the heating and cooling sector emerges as a
critical challenge: it represents nearly half of Europe’s total final energy
demand, surpassing the combined consumption of transportation fuels
and electricity [3]. Despite technological advances, fossil fuels remain
the main source for heating globally, with RES accounting for only 24.8
% of the total heat production as of 2022 [4]. The revised Energy Effi-
ciency Directive (EU/2023/1791) strengthens the European Union’s
commitment to improving energy performance across all sectors, with a
particular focus on promoting efficient district heating (DH) systems.
The Directive, aligned with the objectives of the 2021 European Green
Deal, emphasizes the reduction of primary energy consumption and the
integration of RES and waste heat (WH) into thermal networks [5]. In
this context, district heating networks (DHN) are recognized as a key
solution for supporting the energy transition, especially in urban areas
where decentralized energy production often encounters technical and
spatial barriers [6,7].

Europe currently counts approximately 6000 district heating and
cooling systems across 32 countries, providing thermal energy to about
100 million people. The highest penetration is found in Scandinavian
countries, followed by Germany, France, the United Kingdom, and the
Netherlands [8].

In Italy, as of December 2023, there were 434 operational DHN, 152
of which are classified as small or very small systems, mainly concen-
trated in the northern regions and primarily serving residential needs for
space heating (SH) and domestic hot water (DHW). Despite the rela-
tively mature infrastructure, growth in DH in Italy remains modest.
According to data provided by AIRU (the Italian District Heating Asso-
ciation) [9], since 2018, the annual increase in heated building volume
has remained below 3 %, reaching only 1.7 % in 2023. Similarly, the
expansion of the network infrastructure shows a consistent slowdown,
with an annual extension of just 97 km in 2023. These trends clearly
point to the strategic importance of upgrading and optimizing existing
networks, rather than relying on the deployment of new ones, whose
growth remains limited. Integrating renewable energy sources into
existing systems could play a key role in improving their efficiency, and
there is significant potential for progress. Currently, only 2.9 % of the
thermal energy directly supplied from renewables, primarily integrated
at central production plants, limiting the potential of distributed
renewable contributions. In particular, decentralized substations, which
represent critical nodes in the network, remain passive infrastructures,
with no active role in utilizing locally produced renewable heat.

In this scenario, the concept of decentralization is gaining increasing
attention, as both electricity systems and, more recently, DHN seek to
enhance flexibility and sustainability by promoting the active partici-
pation of distributed producers and prosumers. The transition towards
thermal prosumers (i.e. users capable not only of consuming but also of
producing and sharing heat with the network) offers significant poten-
tial for enhancing the efficiency and RES integration of DHN. At the
European level, the Renewable Energy Directive (RED II) [10] provides
a clear framework supporting renewable-based energy communities,
including thermal energy sharing. However, as highlighted by Gianaroli
et al. [11] in a recent work, the majority of initiatives and research ef-
forts have so far concentrated on electricity-based energy communities,
while experiences involving thermal prosumers remain limited [12]. By
enabling bidirectional thermal energy exchanges and upgrading con-
ventional substations from passive receivers into active units, DHN can
evolve towards more decentralized and community-driven energy
models, unlocking new opportunities for decarbonization and system
flexibility. Within this framework, the present paper explores how to
enable heat consumers in Italian district heating systems to act as pro-
sumers by feeding surplus thermal energy into the network.

1.2. Literature review

This section provides an overview of recent literature on the inte-
gration of thermal prosumers into DH systems, highlighting different
research approaches and areas of focus. In recent years, the scientific
community has shown increasing interest in the integration of thermal
prosumers within DHN, focusing particularly on the joint modeling of
networks and active users, and assessing the impact of prosumers on
hydraulic, thermal, and overall energy performance. Since simulation
modeling represents the most commonly adopted methodology for these
analyses, a dedicated summary is provided in Table 1 to synthetically
compare the key characteristics of the most relevant modeling-based
studies.

Ancona et al. [13] analyzed the integration of thermal prosumers
into a real DHN using the in-house-developed software IHENA, evalu-
ating the impact on hydraulic and thermal parameters as a function of
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prosumer location. Similarly, Dattilo et al. [12] employed IHENA to
investigate the dynamic behavior of bidirectional networks, analyzing
the impact of thermal energy sharing through allocation algorithms
developed by Gianaroli et al. [14]. In both cases, the prosumer is
modeled as a generic feed-in node, and the simulations are performed
under steady-state conditions.

In the context of multi-level dynamic simulation, Bachmann et al.
[15] introduced dhcSim, a Modelica-based library specifically designed
for complex thermal networks, later adopted by Stanica et al. [16] to
simulate a district heating and cooling network integrating RES and
thermal prosumers. Testasecca et al. [17] used TRNSYS to model and
simulate a low-temperature DHN that combines traditional consumers
and prosumers, the latter represented by hotel and apartment buildings
equipped with heat pumps, allowing thermal energy to be fed into the
network. Brand et al. [18] and Brange et al. [19] both employed NetSim
to analyze the integration of thermal prosumers, focusing respectively
on decentralized solar thermal collectors (STC) and waste heat recovery
(WHR) from buildings with cooling demand, and assessing their impact
on network performance and environmental benefits. More recently,
Dibos et al. [20] developed HeatNetSim, an open-source tool for simu-
lating future thermal networks with bidirectional flows, using WHR
from High Performance Computer (HPC) as a decentralized prosumer
source. Licklederer et al. [21] proposed a steady-state thermohydraulic
model for smart thermal grids with prosumer integration represented by
a generic feed-in node. Gross et al. [22] developed a thermo-hydraulic
model to simulate bidirectional DHNs with prosumers, represented by
supermarkets with WHR and STC feeding their full output into the
network. Kauko et al. and Wang et al. [23,24] both modeled DHNs with
decentralized thermal prosumers, including data centers, supermarket,
and STC. While [23] adopted a dynamic simulation approach using
Dymola/Modelica on a Norwegian case study, [24] used a steady-state
Matlab model to assess the integration of STC feeding excess heat into
the network. Finally, Lichtenegger et al. [25] focused more on infor-
mational and economic aspects, introducing the concept of dynamic
heat pricing as a mechanism for autonomous prosumer management.

While previous studies have mainly focused on the system-level
impact of prosumers in DHN, examining network performance, energy
flows, and thermal or hydraulic behavior, the modeling of individual
prosumer substations has received comparatively less attention. How-
ever, some works have started to explore this topic in more detail, of-
fering deeper insights into control strategies, operating schemes, and
integration methods at the substation level. At the design level, Marti-
nazzoli et al. [26] presented a detailed design of a bidirectional sub-
station prototype for 5GDHN applications, supported by preliminary
performance assessments. Sdringola et al. [27] developed a dynamic
model of the bidirectional substation in Dymola, based on experimental
results obtained in [28]. Dino et al. [29] used TRNSYS to model and
simulate the same substation dynamically, extending the analysis to two
locations with different solar irradiance profiles. Finally, Zinsmeister
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SimulationX to maximize heat exchange efficiency and improve network
integration.

Other studies have focused on the analysis of substations designed
for thermal prosumers, adopting an experimental approach. Rosemann
et al. [31] introduced a dynamic control strategy for DHN substations,
validated through Hardware-In-The-Loop (HIL) testing, representing
one of the first practical implementations of prosumer substations.
Building on initial work on bidirectional substations conducted by
Lamaison et al. [32], the same research group tested a bidirectional
substation prototype connected to a real DHN through an HIL setup,
analyzing data collected over twelve days of operation [33]. Pipiciello
et al. [28] developed a first prototype of a bidirectional substation for
conventional DHN, validating its feasibility through HIL testing. Sub-
sequently, Pipiciello et al. [34] extended this work by evaluating, over
an annual cycle, the contribution of the bidirectional substation to
optimizing the use of locally produced thermal energy and its recovery
in a high-density urban area. Sdringola et al. [35] further evolved the
prototype, not only analyzing the ability of prosumers to feed excess
energy into the network but also implementing technical strategies
aimed at increasing the local self-consumption of produced thermal
energy.

1.3. Aim

The complexity of physically intervening in existing DHN makes
simulation-based modeling the most widely adopted approach for
studying the integration of thermal prosumers. However, as highlighted
in the literature review, most modeling studies focus on the overall
interaction between prosumers and the network, often overlooking
critical aspects related to the practical feasibility of bidirectional oper-
ation. In particular, some main research gaps can be identified:

& Thermal prosumers are often represented as simple nodes that
feed or withdraw heat, without accounting for the internal dy-
namics of the substation, operational constraints, or user
behavior that influence real performance.

@ Heat feed-in the network is commonly assumed to derive from
low-temperature WHR, which limits the applicability of these
models to existing networks operating at higher supply
temperatures.

& Few studies investigate technically detailed and replicable
retrofit strategies that can realistically be implemented in existing
DHN, while most models remain confined to theoretical
validation.

@ None of the reviewed studies addresses the direct engagement of
citizens as active participants in the energy management of the
network, unlike what has already been explored in the electrical
sector with PV citizen prosumers.

et al. [30] explored various prosumer-side configurations using To address the research gaps highlighted in the literature, this study
Table 1
Modeling-based studies on thermal prosumer integration in district heating.
Publication Environment Prosumer type DH temperature Location Model type
[12,13] THENA General feed-in node Not specified Italy Steady-state
[15,16] Modelica General feed-in node Multilevel network General Dynamic
[17] TRNSYS Hotel and apartment with HP 60 °C-45 °C (or 50 °C) Italy Dynamic
[18] NetSim and WinSun Decentralized source with STC Seasonal trend Sweden Steady-state and Dynamic
[19] NetSim WHR from space cooling 65 °C-30 °C Sweden Steady-state
[20] HeatNetSim and Modelica WHR from HPC 30°C-20°C Germany Quasi-dynamic
[21] ProHeatNet_Sim General feed-in node 65 °C-42 °C (or 52 °C) General Steady-state
[22] C#.NET language and TRNSYS WHR (supermarket) and STC (residential) 20 °C (ULTDH) Germany Steady-state
[23] Dymola Modelica WHR from datacentre and supermarket 65 °C-45 °C Norway Dynamic
[24] Matlab, CESAR and ArcGIS STC from residential 70 °C-30 °C Switzerland Steady-state
[27] Dymola Modelica General DG 80 °C-60 °C Italy Dynamic
[29] TRNSYS STC 80 °C-50 °C Italy and Germany Dynamic
[30] SimulationX Multiple scenarios (Boilers, HP, STC) 65 °C-45 °C or 40 °C-30 °C General Dynamic
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presents a detailed numerical modeling of a bidirectional substation
designed to convert a residential citizen into a thermal prosumer
through a non-invasive retrofit solution.

The present work is based on a real case study, taken from an existing
DHN in the city of Turin (Northern Italy), whose configuration is
representative of many similar networks in Italy. Specific technical and
design constraints from the real context were considered to ensure that
the proposed solution remains replicable without requiring invasive
interventions on the infrastructure.

Before applying the concept to the real network, an existing exper-
imental prototype of a substation, previously validated in experimental
campaigns [28,34,35], was modified to faithfully reproduce the inten-
ded retrofit configuration.

A dynamic model of the substation was then developed in Dymola,
using experimental data from the prototype as input, combined with
solar production and heat demand profiles from a multi-family resi-
dential building.

The model simulates the system behavior with high temporal reso-
lution, using a one-second time step, over a set of representative days for
each season, enabling an in-depth evaluation of the control logic and
system dynamics during transitions between feed-in and withdrawal
modes.

Building on this modeling framework, the present work offers con-
crete contributions that directly address the gaps identified in the
literature. These key points, previously outlined in the discussion, are
summarized as follows:

@ The integration of thermal prosumers through bidirectional
substations remains largely unexplored, with most studies
focusing on system-level modeling.

4@ The non-invasive retrofit approach introduces a novel perspec-
tive by focusing on the adaptation of existing substations rather
than designing entirely new systems.

@ The case study is representative and highly replicable, while also
fostering citizen engagement by enabling users to become ther-
mal prosumers.

@ The high-resolution dynamic simulation enables accurate evalu-
ation of system performance under realistic conditions, while also
providing a component that can be directly integrated into DHN
models in Dymola, OpenModelica, or exported as Functional
Mock-up Unit (FMU) for use in other simulation platforms.

& The work presents a comprehensive and multidisciplinary
approach, covering the identification of a relevant case study, the
design of the retrofit intervention, and the development of a
detailed numerical model.

In summary, this study provides a significant advancement to the
existing literature by proposing innovative strategies for enhancing the
performance of existing substations and facilitating the integration of
thermal prosumers.

1.4. Paper structure

To address the research gaps highlighted in Section 1.3, the paper is
structured as follows. Section 2 illustrates the adopted methodology:
Section 2.1 introduces the reference DHN and the existing substation
analyzed in the study; Section 2.2 presents the retrofit intervention
designed to enable bidirectional operation. Section 2.3 describes the
numerical model developed in Dymola, including its main components
and control logic. Section 2.4 provides details on the simulation setup,
the selection of representative seasonal days, and the experimental
prototype used to generate the input data. Section 3 presents the
simulation results. Section 3.1 analyzes the key dynamic variables to
assess the behavior of the bidirectional substation. Section 3.2 focuses
on the daily energy exchanges, while Section 3.3 extends the analysis to
an annual scale through data extrapolation. Finally, Section 4
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summarizes the key conclusions derived from the modifications applied
to the system.

2. Materials and methods
2.1. DHN case study

In recent years, in Italy, rather than focusing on the design of new
DHN, a key aspect of DH decarbonization has been the improvement of
existing infrastructures. Efforts to improve the energy efficiency of
existing DHN and integrate RES into operational systems focus on
developing flexible solutions that can be easily replicated in other con-
texts. Given the goal of proposing a retrofit project for existing sub-
stations, as part of the research activities within the Implementation
Plan 2022-2024 of the Italian Programme known as Electric System
Research, a specific DHN has been selected for detailed analysis.

The selected DHN supplies thermal energy to 34 residential buildings
located in Turin, a city in Northern Italy. Each building is equipped with
an individual substation featuring heat exchangers that provide energy
for both SH and DHW production. The network’s supply temperature is
set at 80 °C during the thermal season, and reduced to 70 °C in summer,
while the return temperatures are 60 °C and 50 °C respectively, main-
taining a temperature differential (AT) of 20 °C. The DHN operates with
a two-pipe configuration, commonly used in residential and tertiary
networks: one pipe provides thermal energy for SH and DHW to the
substations, while the other returns the cooled fluid to the heat gener-
ation plant. Fig. Al in the Appendix A presents a schematic overview of
the DHN, which extents for just over one kilometre north of the city. The
network is powered by a combined heat and power (CHP) plant, which
includes an internal combustion engine and two boilers, utilizing hot
water as the heat transfer medium. The total installed thermal power at
the plant is just under 11.2 MW, with an average thermal efficiency of
73.20 %. The system has a branched structure with multiple distribution
points. The main pipeline has a diameter of DN250, while the majority
of the connection pipes measure DN60.

In order to cover the thermal demand for DHW, flat-plate solar col-
lectors (efficiency 82 %, forced circulation) were installed in 16 resi-
dential buildings across the network, collectively housing 652
dwellings: 10 users are equipped with 30 solar collectors, southeast
oriented, 30° tilt angle, covering 77 m2; the remaining 6 are equipped
with 36 solar collectors, east oriented, 30° tilt angle, covering 92 m2.
This paper focuses on the analysis of a specific substation within the
network, featuring a heat exchanger (HE1 400 kW) designed to facilitate
thermal energy transfer between the district heating system and the end
user (seven-story building comprising 42 housing units). In its current
configuration, the heat exchanger serves both SH and DHW demands,
reaching 366 kW. Additionally, the substation includes a thermal stor-
age system comprising five dedicated tanks exclusively used for DHW
for overall 5000 1. A photograph of the analyzed substation is shown in
Fig. 1.

A part of the thermal load for DHW is supplied by solar energy
generated from flat-plate collectors installed on the building’s rooftop,
which feed the heat exchanger located at the bottom of the thermal
storage tanks (HE2, 130 kW). When solar radiation is insufficient to heat
the water, the DHN provides the additional thermal energy needed to
achieve the desired storage temperature. Fig. 2 presents a simplified
schematic of the substation currently integrated into the DHN in Turin,
highlighting only the essential components involved in the interaction
between the DHN and the end user. The diagram outlines three main
circuits:

@ The primary circuit, connected to the DHN’s supply (red) and
return (blue) pipelines, transfers heat from the main network to
the secondary circuit via HE1, meeting the user’s thermal load.
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Fig. 1. Photograph of the analyzed substation.

@ The secondary circuit facilitates the transfer of heat from HE1 to
the user’s SH system and the upper heat exchanger of the DHW
storage tank.

@ The tertiary circuit enables the transfer of thermal energy from
local solar production to the lower heat exchanger of the DHW
storage tank (HE2).

The substation control is achieved through a thermo-electric system
based on flow, managed by valves and circulators in the various circuits.
The existing V1 valve fully opens (on/off) if:
@ Itis between 6 AM and 10 PM during the heating season (October
15 to April 15)
@ Storage temperature (Tanx) < 60 °C

The existing V3 valve fully opens (on/off) if:

Main DHN

® % % (©)]

Primary
circuit
(P)
vi gy
©
HE1
Secondary ©=
2, circuit
@® ® Ot

Tertiary

o ol
=
=

Applied Energy 401 (2025) 126698
@ Tiank < 60 °C and solar temperature (Ts) > Tank + AT (5 °C)

Additionally, the Psh pump ensures circulation throughout the entire
heating season, facilitating the continuous flow of thermal power.
Temperature regulation for space heating is achieved through a mixing
valve, which is not shown in the schematic substation. Furthermore, the
Pdhw pump is responsible for circulating the flow to the upper heat
exchanger of the tank, when the tank temperature falls below its nom-
inal value.

2.2. Retrofit design

To enable bidirectional exchange with the existing substation and
the DHN without disrupting its original configuration, this retrofit has
been designed to be fully non-invasive. Indeed, the primary goal was to
preserve the operational integrity and performance of the system,
ensuring that the original heat distribution processes remained unal-
tered. Rather than modifying the core functionality, the retrofit in-
troduces an additional operational layer that optimizes energy usage
and allows for greater integration of renewables, while keeping the
existing control logic intact. In achieving this, several key constraints
were carefully considered in accordance with the network operator’s
directives:

@ Inaccessibility of the main DHN branch, confining all in-
terventions to the existing infrastructure.

& Limited space within the substation technical room, requiring
compact solutions that do not interfere with current equipment.

@ Preservation of the existing valve control logic, meaning the
retrofit could not interfere with the pre-established control rou-
tines, ensuring seamless system operation.

In 2021, a study from Pipiciello et al. [28] analyzed various config-
urations for prosumer substations and identified the return-to-supply
option as the best solution for facilitating the integration of RES and
improving system efficiency. However, despite the theoretical advan-
tages of this configuration, the final choice for the retrofit of the existing
substation was the supply-to-return. This decision was driven by several
constraints related to the existing infrastructure and control logic of the
substation.

Caption
Solar panels ©  Temveaure
m =
Circulating
©t |® -
&ﬁ valve
V3 & Two-way valve

€ e DHW

Manifold 1

Manifold 2

Fig. 2. Layout of the existing thermal substation.
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In particular, the V1 valve, which regulates flow on the supply side,
prevents the flow from passing through the return branch unless there is
a heating or domestic hot water (DHW) demand. This could occur when
excess solar heat is produced, preventing the utilization of this useful
energy. Additionally, due to the inaccessibility of the main district
heating network (DHN) branch and space limitations in the substation
room, making modifications that would require disconnections or
complex interventions—such as those needed for a return-to-supply
configuration—was not an option. Given these considerations, the
supply-to-return configuration was selected as the optimal solution for
the retrofit. This configuration allows excess solar energy to be effec-
tively fed into the DHN without disrupting the existing control logic and
without requiring intrusive changes to the main network.

Fig. 3 illustrates the updated substation layout, highlighting the
retrofit components in purple. A key feature of the new design is the
integration of an additional heat exchanger in a supply-to-return
configuration (HE3, 65 kW at design conditions in this specific sub-
station, thermal exchange efficiency 75 %). At HE3, the fluid is taken
from the primary loop flow line, exchanges heat with the solar collectors
and is reintroduced into the return line at a higher temperature. This
configuration allows the substation to utilize excess heat energy, pro-
duced when the solar collectors generate more heat than is required for
DHW, in the DHN. The retrofit improves system efficiency and facilitates
the integration of renewable energy without compromising the stability
and control logic of the original system.

Compared to the unidirectional configuration (Fig. 2), the installa-
tion of new valves and the implementation of new control strategies
have been proposed. The new V2 valve regulates the flow from the
supply branch of primary circuit to HE1, based on the temperature in
section 10. This is done in order to maintain a constant value of the
supply temperature (T10 = T10,0bj) through a PI control. In detail:

@ if T1o > Tio,0bj, it diverts the fluid, bypassing HE1;

@ if T1o < T10,0bj, valve V2 increases the flow sent to HE1;

@ if T1o = T10,0bj valve V2 maintains its current opening position;
@ if valve V1 is closed, then V2 does not work.

The new control logic of the tertiary circuit is schematized in Fig. 4

and is based on several conditions related to solar production and system
temperature. When solar production is available, the system controls if

Main DHN
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the solar temperature exceeds tank temperature and if the tank tem-
perature is below the defined set point value. If both conditions are met,
the V3 valve opens, allowing the flow into the tank. If either condition is
not met, but the solar temperature still exceeds the supply temperature
of the network, the V3 valve opens and the V4 valve bypasses the tank.
Subsequently, through further control, the flow is directed to the HE3
heat exchanger for injection into the network via V5 and V6. Addi-
tionally, to prevent rapid switching of the valves, a hysteresis of 2 °C is
applied, ensuring stable and efficient operation.

The main challenge of this new configuration lies in testing and fine-
tuning the newly implemented control strategies alongside the existing
ones, ensuring their proper coordination. In particular, attention must
be given to the simultaneity of valve openings, transient behaviours, and
the avoidance of undesired cycling of heat exchangers, which could
impact the overall system efficiency.

2.3. Numerical modeling

2.3.1. Modeling framework and fundamental components

To test the implemented control strategies and the overall system, a
numerical approach has been used to analyze the efficiency and stability
of the retrofit solutions. The object-oriented, equation-based program-
ming language Modelica and Dymola software have been employed for
multi-domain simulations and model-based design of dynamic systems
such as the bidirectional substation. Dymola provides an interactive
environment and tools for simulating complex system interactions using
a mixed symbolic and numerical solver. As highlighted by Hoffner et al.
[37], this approach allows for informed decisions on energy manage-
ment in urban networks without physical modifications to the grid.
Additionally, Abugabbara et al. [38] demonstrate the effectiveness of
Modelica in simulating low-temperature district heating systems and
testing dynamic system behavior.

The modeling of the bidirectional substation has been primarily
carried out using two key libraries: the Modelica Standard Library and the
IBPSA Library. The Modelica Standard Library is an open-source resource
that provides a wide range of components for simulating mechanical,
electrical, thermal, and control systems, along with utilities for numer-
ical operations, string management, and file handling. Complementing
this, the IBPSA Library features over 300 classes specifically tailored for
energy and control system modeling. To establish the connections

Solar panels

2 Da S
g }93 v3
o= 2}
Primary
circuit Tertiary
P) Z circuit DHW
V6 = o e
i § HE3
4)
s ®
V1 SH

v2

6

o=
HE1 oL TG
@  Secondary )
circuit
()

Manifold 1

Manifold 2

Fig. 3. Layout of the existing thermal substation, in bidirectional configuration.
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Solar production

False

T, > T, + AT (5°C)

V3 close V3 open
V4 deviate

+ AT (5°C]

Trank < Toet (60 °C)

To solar plant
V5 and V6
deviate to HE3

Fig. 4. Flowchart of the new control system of tertiary circuit of bidirectional substation.

between the primary components within the substation, StaticPipe
models have been used, since due to the limited length of pipes dynamic
transient effects can be neglected. Thus, these models represent straight
pipes with a uniform cross-section and assume steady-state balances of
mass, momentum, and energy, without accounting for mass or energy
accumulation. Each port in the fluid system is characterized by two
thermodynamic states, and the momentum balance considers factors
such as momentum flux, frictional losses, and gravitational effects. For
defining boundary conditions, the MassFlowSource T and Boundary pT
models have been employed. MassFlowSource T simulates an ideal mass
flow source where parameters like flow rate, temperature, fluid
composition, and trace substances can be specified. This model allows
the mass flow rate to be set as a fixed value or dynamically adjusted
through input connectors, enabling interaction with external signals to
modulate system behavior. The Boundary pT model is used to define
boundary conditions by setting parameters such as pressure, tempera-
ture, and fluid composition. These can be applied as fixed values or
modified dynamically through external inputs, offering greater flexi-
bility in adapting the model to various scenarios implemented. These
boundary conditions affect fluid flow only when it moves outward from
the component; if the flow is reversed, they act as passive sinks without
influencing the simulation. For sensors, TemperatureTwoPort and Mass-
FlowRate models were integrated. The TemperatureTwoPort sensor was
critical for tracking fluid temperature in motion and played a key role in
the substation’s control logic. Since it is modeled as an ideal sensor, it
does not influence the fluid’s thermodynamic behavior. The Mass-
FlowRate sensor measures the mass flow between fluid ports a and b,
and, like the temperature sensor, it operates without altering the sys-
tem’s dynamics.

2.3.2. Heat exchanger

A key component in the development of the bidirectional substation
is the heat exchanger, which enables the transfer of thermal energy
between different fluid streams. To model this element, the Constant
Effectiveness model has been employed. This heat exchanger features two
inlets and two outlets, operating at a fixed efficiency level and

transferring thermal energy based on the principles outlined in Eq. 1.
The model is sourced from the IBPSA Fluid library, specifically within the
HeatExchanger sub-package.

Q =& 0 Quax (€9)]

where € represents the heat exchange efficiency, while Qnax represents
the maximum transferable thermal power, which occurs when the fluid
with the lower thermal capacity reaches the temperature of the fluid
with the higher thermal capacity—effectively simulating an infinite heat
exchange surface. The thermal power relation is detailed in Eq. 2.

Qmax = Cin ® (Thot1 - Tcoldl) 2

where Cpin (Eq. 5) refers to the smaller value between the hourly
thermal capacities of the hot and cold fluids (kW/K), as defined in Egs. 3
and 4, respectively.

Chot = Mpo; ® Cph 3
Ccald = Meold ® Cpc (4)
Cmin = min(chot; Ccold ) (5)

where my; and mcg)q are the mass flow rates of the hot and cold fluids,
respectively (kg/s), and cpp and cpc are the specific heats at constant
pressure of the hot and cold fluids, respectively (J/kgK).

2.3.3. Three-way valve

The three-way valves in the substation model are used to divert fluid
flow within the primary and tertiary circuits. These valves are modeled
using the ThreeWayValveLinear component from the IBPSA library. As
shown in Fig. 5, which illustrates the ThreeWayValveLinear model, fluid
typically enters through port 1, exits through port 2, and can either enter
or exit through port 3. This component can be set to work as a 3-way
mixing or diverting valve with linear opening characteristics. To
configure the valve in diverting mode, the flow paths were modified by
reversing the fluid flow through the ports compared to the standard
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Fig. 5. Three-way valve IBPSA model.

model. Specifically, fluid enters through port 2, passes through res2 (a
lossless pipe), and exits either through port 1 or port 3 (please see red
arrows shown in Fig. 5). This behavior is controlled by input signals
0 and 1 from the integrated control logic, leveraging the linear opening
characteristics of resl and res3. When the control signal is 1, the flow is
directed from port 2 to port 1; when the signal is 0, the flow is diverted
from port 2 to port 3.

2.3.4. Controllers

It is widely recognized that a proportional (P) controller applies a
correction that scales with the error, governed by the proportional gain
K. Increasing K enhances the system’s responsiveness, pushing the
controller output closer to the reference value. However, due to the
inherent steady-state error, the system never fully reaches the setpoint.
At the same time, higher values of K can lead to more pronounced os-
cillations around the target, potentially driving the system towards
instability. The integral (I) controller, on the other hand, contributes
based on the accumulated error over time effectively responding to the
average error. This integration eliminates the steady-state error left by
the proportional component. The key parameter here is the integration
time constant Ti; a smaller Ti intensifies the integration effect, but also
increases the likelihood of oscillations, which may take longer to sta-
bilize. When combined, the proportional and integral actions form the PI
controller, which offers a balanced approach by improving accuracy,
maintaining system stability, and ensuring a satisfactory response speed.
PI controllers are particularly effective in systems characterized by slow
changes in load, as they minimize steady-state errors without sacrificing
performance. For modeling the substation, PI controllers were imple-
mented using the Modelica.LimPID component from the Modelica.Blocks.
Continuous.LimPID package. In this specific application, the PI controller
was used to regulate valve V1’, which adjusts the primary circuit flow
rate to the HE1 by continuously monitoring the temperature at point
Tio.

2.3.5. Tank with dual internal exchanger

A crucial component in the design of the bidirectional substation is
the storage tank with dual internal heat exchanger. This component
plays a key role in producing DHW by facilitating thermal exchange

between the tank’s stored fluid and either the hot flow supplied by the
secondary circuit or the thermal energy generated by the solar collec-
tors. To accurately model this setup, the StratifiedEnhancedInternalHex
component from the IBPSA Fluid sub-library have been used. This model
represents a stratified storage tank with an integrated heat exchanger
and features fluid ports that enable thermal energy transfer from a
circulating heat exchange fluid to the stored water. The heat exchanger
operates with an internal helical coil carrying the heat transfer fluid,
while the surrounding fluid in the tank remains static, as illustrated in
Fig. 6. The model parameters define both the heat transfer characteris-
tics under nominal operating conditions and the geometric properties of
the heat exchanger. These inputs are used to calculate the convective
heat transfer between the exchanger fluid and the tank’s stored fluid.

The positioning of the heat exchanger within the tank is defined by
the parameters hHex_a and hHex b, which specify the heights of fluid
ports a and b relative to the tank’s base. These height values also
determine segHex a and segHex b, corresponding to the specific tank
segments where the heat exchanger ports are connected. Additionally,
the model can simulate the dynamic behavior of the heat exchanger by
incorporating parameters such as EnergyDynamicsHexSolid, Ener-
gyDynamicsHex, and massDynamicsHex. These parameters provide an
approximation of both the fluid volume within the exchanger and the
thermal capacity of the heat exchanger wall (CHex), both of which are
functions of the exchanger’s length (IHex). The heat exchanger’s ge-
ometry is modeled under the assumption of a cylindrical steel coil with a
diameter equal to half of the tank’s diameter, as described in Eq. 6. The
length of the heat exchanger is approximated using the relation provided
in Eq. 7.

(6)

IHex = 2 erHexeneh @

where h represents the distance between the inlet and outlet of the heat
exchanger. At the core of the structure of the model of the tank imple-
ment lies the StratifiedEnhanced model, which represents a stratified
thermal storage tank segmented into multiple fluid layers, numbered
from top to bottom, as depicted in Fig. 6. This model simulates heat
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conduction both between the fluid segments and between the tank and
its external environment.

The IBPSA tank model with a single internal heat exchanger was
insufficient for accurately simulating the bidirectional substation, as it
did not include a second coil to accommodate supply from the DHN. To
address this, a new component was developed, inheriting the same
classes as StratifiedEnhancedinternalHex, enabling the simultaneous
operation of both the solar thermal panels and the DHN for hot water
production within the substation model. Specifically, two additional
fluid ports, al and bl, were introduced to represent the new heat
exchanger, indTanHex1. This was accomplished by modifying the
model’s code to define new variables marked with the subscript 1.

2.3.6. Bidirectional substation model

The dynamic model of the bidirectional substation, designed to
operate year-round, is presented in Fig. 7. As previously discussed, all
components are either sourced from the Standard Modelica and IBPSA
libraries or custom-built based on elements from these libraries. The
colour scheme in the model mirrors that of the substation layout: the
primary, secondary, and tertiary circuits are represented with distinct
colours, while dashed lines indicate control signals. The dynamic sim-
ulations involve varying the DHW demand in terms of both temperature
and flow rate, adjusting the space heating service by modifying the re-
turn temperature to the secondary circuit, and altering the solar gen-
eration profile based on temperature fluctuations. These variations
necessitate the implementation of comprehensive control systems to
manage the complex interactions between these parameters. In the
Dymola model, boundary conditions are dynamically set using a data
table as an input signal. This table consists of two columns: the first
records time in seconds, while the second specifies the variable values to
be adjusted over time.

2.3.7. Control blocks

The control logics were developed based on the descriptions pro-
vided in the section 3.2 but adapted to account for the dynamic behavior
of the components, with a focus on the substation’s operational
configuration as defined by the implemented control system. The con-
trol strategies have been encapsulated within dedicated control blocks,
designed with inputs to receive signals from reference sensors and out-
puts to transmit signals to the respective valves or sections. The sub-
scripts of the variables used within the control blocks are consistent with
those shown in Fig. 4, ensuring clarity and direct correspondence be-
tween the control logic and the system layout. Each control block
(C1-C4) is described with reference to its specific role in the overall
control strategy, the input signals it receives, the logical conditions for
activation, and the key functional sub-blocks it includes, such as
switches, PID controllers, and hysteresis logic. The associated exploded
figures illustrate the internal structure of each block, helping the reader
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understand the dynamic behavior of the control system and the timing of
valve actuation during different operational scenarios.

Control C1. Fig. 8 shows an exploded view of control block C1 and its
main components. Block C1 is responsible for the function of valve V1. It
receives input data regarding the heating schedule (from October 15 to
April 15, between 6:00 AM and 10:00 PM) and the temperature
measured at % height of the storage tank. A 2 °C hysteresis range
(68-70 °C) is applied to this temperature to reduce significant fluctua-
tions in the water temperature inside the tank. The output of the hys-
teresis block is inverted using a NOT gate, producing a Boolean signal
that is true when the tank temperature is below the threshold. In par-
allel, the seasonal schedule signal (provided as a numeric input) is
converted into Boolean format through a realToBoolean block. The two
Boolean signals are then combined through an OR gate: the output is
true if at least one of the two activation conditions is met (tank below
setpoint or active heating time window). The switch component, present
in all control blocks, sets a fixed flow value (y) and activates the valve if
the input boolean signal (in pink) is true. Otherwise, it sets y = 0,
indicating that the valve is closed. This logic is also applied to the SH
blocks (without input from the tank) and the DHW blocks (without input
from the heating schedule).

Control C2. Fig. 9 shows the exploded view of control block C2, which
manages the function of valve V2 for controlling the flow to heat
exchanger HE1. The block receives as inputs the flow rate M;, measured
upstream of HE1 and determined by the previous control block C1, and
the temperature T measured at the outlet of HE1.

The flow through HE1 is modulated by a PID controller that adjusts
the valve opening based on the deviation between T10 and the reference
temperature T10,0bj (set to 62 °C). This ensures that the outlet tem-
perature of HE1 remains within the desired range. To prevent the PID
controller from operating in the absence of flow (e.g. outside heating
hours or when there is no demand from the tank), the control output is
disabled and the valve is fully closed. Since a zero value may cause
numerical instability in the model, a very small threshold (1e-4) is used
to detect near-zero flow conditions. When the flow is above this
threshold, the PID controller becomes active and regulates the temper-
ature at T10. As in the other control blocks, a switch component then
determines the final output: if the bypass condition is false, the PID
output is used to control the valve. Otherwise, the valve is closed. This
configuration ensures precise control of outlet temperature under
normal flow conditions while avoiding instability when the flow rate is
too low.

Control C3. Fig. 10 shows an exploded view of control block C3 and
its components. This block manages the function of valve V3. Specif-
ically, if the solar supply temperature (Ts) exceeds the tank temperature
(Ttank) by more than 5 °C and the water temperature in the tank is below
the setpoint (60 °C), or if the solar supply temperature (Ts) is higher
than the district heating supply temperature (T;) by more than 5 °C, the
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Fig. 6. StratifiedEnhancedInternalHex layout (a) and StratifiedEnhancedInternalHex layout segmentation (b) [39].
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Fig. 7. Bidirectional substation Dymola model.

nominal flow is extracted from the tertiary circuit by opening the valve
through the switch. The different conditions are processed separately
and then combined using a logical OR gate. If either of them is satisfied,
the switch component sets the output flow to a nominal value of 0.85,
allowing the system to take advantage of the available solar energy.
Otherwise, the flow is set to zero, and the valve remains closed.
Control C4. Fig. 11 shows an exploded view of control block C4,
illustrating the key components involved. This block sends a signal to

Ttank
> hysteresis

not1

» not }

season

realToBoolean
R
= B

the three-way valve V4, which redirects the flow to bypass the storage
tank once the tank has reached the setpoint temperature.

The logic is based on the tank temperature signal, which is processed
through the same hysteresis block of C1 to avoid frequent switching
around the threshold. The output of the hysteresis is inverted, so that
when the tank temperature is below the threshold, the flow is directed
into the tank. When the tank reaches or exceeds the upper limit, the
signal switches and the flow is redirected through the bypass. The switch

output_C1

switch1

i

k=0

Fig. 8. C1 control block.
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component generates the corresponding output signal, setting it to one
when flow should go to the tank, and to zero when it should be diverted.
The same logic, although with different inputs and outputs, was applied
to control blocks C5 and C6, which direct flow to heat exchanger HE3 for
feed into the network when the temperature measured downstream of
the solar-tank heat exchanger exceeds the supply temperature of the
network by a AT of 5 °C. The network supply temperature is set to 80 °C
during the heating season and 70 °C outside the heating season.

The management of the control strategies described presents signif-
icant challenges due to rapid thermal transients and the need for precise
adjustments through PID controllers, which operate on very sensitive
parameters. The synchronization of the valves and the simultaneous
coordination of the various control blocks are crucial to ensure optimal
system performance, avoiding unwanted oscillations and maintaining
the overall stability of the district heating network.

2.4. Simulation and performance evaluation methodology

2.4.1. Description of the experimental HIL substation prototype

In order to evaluate the effectiveness of the newly designed config-
uration for converting a real user into an active prosumer, specific
experimental testing campaigns [36] were performed at the Energy
Exchange Laboratory of Eurac Research on a prototype of a bidirectional
substation [28,34,35], which replicates, at a reduced scale (around 60
kW), the same configuration as the real user installation. The hardware-
in-the-loop technique was employed to couple the substation in real time
with data-driven profiles representing thermal loads (from a multifamily
residential building) and local energy production (from solar panels).

Both the building and the plant components were modeled using the
dynamic simulation software TRNSYS; the weather file used for the
simulations was obtained from the Meteonorm database [40] and refers
to a city in Northern Itay. The building model considered is represen-
tative of a standard small Multi-Family House (s-MFH) built in the Eu-
ropean Continental climate, as described in [41]. t consists of five floors
with two apartments per floor, each with a net area of 50 m2. In terms of
annual building thermal energy demand, the outcomes can be regarded
as representative of realistic scenarios, as they have been validated
against both statistical and monitored data, as reported in [42]. To
accurately simulate the thermal behavior of the apartments without
excessively increasing the complexity of the model, each apartment was
divided into two thermal zones (day/night), and the heat distribution
system was modeled with a single radiator, controlled by thermostatic
valves. The supply temperature to the radiators is managed according to
a weather-compensated heating curve based on the outdoor tempera-
ture. The sizing of the radiators in each apartment was based on peak
heating demand, obtained from a full-year simulation of the building,
and ranges between 1.9 kW and 3.1 kW per apartment. To realistically
simulate the domestic hot water demand, ten DHW demand profiles

T10

const

PID
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(one for each apartment) were summed. These apartment profiles are
stochastic and were generated using the DHWcalc tool [43]. The
installed thermal power for space heating is approximately 45 kW, while
the peak load for DHW consumption is about 23 kW.

The solar thermal system has a nominal thermal power approxi-
mately equal to that of the bidirectional substation (60 kW). The solar
field consists of panels tilted at 45° to improve performance during the
heating season and oriented to the South. The system includes 10 col-
lector strings connected in parallel, each composed of 5 panels (nominal
efficiency of 61 % [44]), for a total collector surface area of 110 m?. To
properly test the dynamics of the control system, simulations have been
conducted with a time step of one second. This interval allows for pre-
cise capture of rapid variations in operational variables, such as tem-
perature fluctuations in response to sudden changes in thermal flow or
variations in the demand for SH or DHW and enables a correct analysis
of the dynamic behavior of the valves and other system components. For
further details on the prototype specifications and experimental setup,
please refer to [34].

2.4.2. Selection of representative days and simulation conditions

To assess the substation’s performance, four non-consecutive days
are selected to capture variations in weather conditions, following the
procedure described in [45]. These days, previously validated in other
studies and derived from the HIL prototype described in Section 2.4.1,
provide high-resolution input data (with a time step of one second),
which are effective for realistically simulating the substation’s dynamic
behavior, including rapid transients, thermal fluctuations, and control
system responses. The selected days are detailed in Table 2, while Fig. 12
shows the daily solar irradiance profiles. As observed, solar conditions
vary significantly: August 1 displays high and smooth irradiance typical
of summer, whereas January 5 and November 5 exhibit lower, more
irregular patterns, reflecting the greater atmospheric variability in
winter and autumn.

Although the detailed analysis focuses on four representative days,
this study also aims to evaluate the substation’s performance over a full
year. For this purpose, an extrapolation method previously validated in
the literature [45] was applied, using a total of six selected days. In
addition to the four discussed in the present section, two additional days
were simulated. Their characteristics and results are reported in Ap-
pendix B, as they were included solely to ensure the reliability of the
annual extrapolation. This approach enables a robust year-round per-
formance assessment while keeping simulation time reasonable, with an
error margin below 10 % compared to a full hourly simulation. Eq. 8
shows the formulation for annual extrapolation.
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Fig. 9. C2 control block.
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where Qannual represents the estimated annual energy exchanged, Q; is
the energy exchanged during the i-th representative day, and N; is the
number of days in the year associated with that cluster, as reported in
Table 2 and Table B1.

Fig. 13 schematically presents the main external inputs to the
Dymola model and the key outputs used to assess the performance of the
bidirectional substation.

2.4.3. Calculation and KPIs

For the comparative analysis of different test days, key performance
indicators (KPIs) have been calculated on a daily basis. The analysis
included self-consumption (S¢), which represents the percentage of
locally produced thermal energy consumed on-site (Eq. 10); self-
sufficiency (Ss), indicating how much thermal demand is satisfied by
local production (Eq. 9); and the useful energy coefficient (Uec), which
reflects the percentage of locally generated thermal energy either
consumed by the user or fed into the network (Eq. 11).

SS —100e Exolar to DHW

9
Euser load
Se = 100 o Lsolar o AW 10
solar
Uec =100 e Esolaf to DHW + Esolar to DHN (11)

Esolar

12

where Egor is the energy produced by solar plants, Eglar to pun iS the
energy produced by solar panels and fed into the network, Egolar to puw is
the energy produced by solar panels for the end user DHW demand, and
Euser load 1S the thermal load for the end user.

3. Results and discussion
3.1. Trend of the main parameters

Figs. 14-17 illustrate key variables and parameters that demonstrate
the proper functioning of the substation control systems, specifically
those regulating the thermal power supplied from the DHN to the end-
user. At this stage, the analysis focuses only on the network’s contri-
bution, temporarily excluding the solar input and the bidirectional en-
ergy feed into the DHN. Each figure displays, from top to bottom: the
space heating hours; Ty and Ty, representing the secondary circuit’s
return and supply temperatures, respectively; M; and M, the flow rates
controlled by valves V1 and V2, respectively; Tank, which reflects the
water temperature in the storage tank; and M8, the flow rate managed
by the pump feeding the upper heat exchanger of the storage tank.

In all analyzed days, except for the summer day, the space heating
schedule runs from 6:00 AM to 10:00 PM. During these hours, valve V1
(the on-off valve on primary circuit) is fully open, allowing M; to reach
its nominal flow rate. This trend is evident across all figures, except for
the summer configuration where heating is inactive. Notably, V1 also
opens outside of these hours whenever the tank water temperature falls
below its setpoint (60 °C with hysteresis of 2 °C). This occurs at the start
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of the simulation, between 12:00 AM and around 2:00 AM, when the
tank temperature is initialized at 20-25 °C, and again around 11:00 PM
(with slight variations depending on the return temperature T9). To
support the interpretation of these events, the corresponding time
windows have been visually emphasized in the figures using semi-
transparent light-blue bands, consistently across all four analyzed
days. Notably, on the November day, no flow interruption is observed
during the evening period, as a simultaneous DHW request causes a
sharp drop in tank temperature, prompting the system to maintain the
primary flow active beyond SH schedule.

Before reaching the HE1, M1 passes through valve V2, which is
regulated by a PID controller. This controller monitors T;¢ and adjusts
the flow to maintain Ty at its setpoint of 62 °C. When T;( approaches
the setpoint, V2 partially closes, diverting some of the flow through a
bypass. This behavior is particularly noticeable during the day of
January, typically between 3:00 PM and 4:00 PM and again between
6:00 PM and 7:00 PM, where a decrease in M;,, coincides with Ty sta-
bilizing at the setpoint. To support the interpretation of these events, the
corresponding time windows have been visually emphasized in the
figures using semi-transparent yellow bands. A different behavior is
observed on the day of August, where, due to the absence of SH demand,
the target temperature is reached more easily and the controller acti-
vates the bypass more promptly to limit the flow through HE1.

The Mg flow rate, controlled by the pump feeding the upper heat
exchanger of the storage tank, operates whenever the tank temperature
drops below its setpoint of (60 °C with a 2 °C hysteresis). The adoption of
the hysteresis effectively prevents excessive on/off cycling of the pump,
contributing to the overall stability of the system. This is particularly
evident in instances where Ty rapidly approaches the activation
threshold but remains within the hysteresis band, avoiding unnecessary
pump activations. To illustrate this behavior, a specific moment has
been highlighted with a light blue circle in both the January and August
plots, where the tank temperature drops slightly below 60 °C but re-
mains within the 2 °C hysteresis band, thus preventing the activation of
the heat exchange.

A similar stabilizing effect of hysteresis is observed in the control of
valve V1 on the primary side. While V1 fully opens during designated
heating hours, it also responds to fluctuations in Ttank outside these
periods. Such coordinated control strategies, leveraging hysteresis
across both the primary and secondary circuits, ensure smooth system
operation and efficient thermal management without introducing
oscillatory behavior or energy inefficiencies. Overall, the control logic
demonstrates robust performance across varying conditions, maintain-
ing both the secondary circuit and storage tank temperatures within
their respective thresholds. The interaction between V1, V1p, and the
tank dynamics highlights the system’s ability to adapt to fluctuating
demands, ensuring stable operation throughout the different days
analyzed.

Figs. 18-21 present key thermal power exchanges and variables
critical for assessing the performance of the bidirectional substation. The
figures illustrate how the implemented control logic regulates both en-
ergy input from the DHN and the solar energy utilization, while man-
aging surplus energy feed into the network. Each figure displays, from
top to bottom: the tank top temperature (Ttank top), referring to the top
segment where the sensor is installed; the tank bottom temperature

Table 2
Test days characteristics.

Test days Average daily T Average daily radiation N° of days in the
[°C] [W/m?] cluster
January 5 3.7 63 83
April 9 15.8 243 47
August 1 24.4 287 74
November 10.1 58 52
5
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(Ttank bottom), useful for understanding the internal dynamics of the
tank; the solar temperature sent to the tank (T5 to tank), activated when
Ttank top drops below its setpoint; the solar temperature feed-in to the
network (T6), measured after exchanging with or bypassing the tank and
the nominal supply temperature from the DHN (T;). This is followed by
the DHW flow rate requested by the user and the thermal power
exchanged through the three heat exchangers HE1, HE2, and HE3. These
specific variables have been carefully selected as they are fundamental
to understanding the system’s dynamic behavior and the energy ex-
change among the different components.

The thermal power dynamics across the heat exchangers are directly
shaped by the implemented control strategies. Throughout all the
analyzed days, HE1 plays a dominant role in charging the storage tank,
while HE3 handles the reinjection of surplus heat back into the DHN.
This behavior reflects the alignment of the system’s operation with
typical DHW demand patterns, which peak in the early morning and
evening times when solar energy production is either negligible or
completely absent. Solar contributions, intermittently reach tempera-
tures sufficient to transfer heat to the tank, but these instances often
align with periods of low DHW demand, when the tank temperature is
already near its setpoint. As a result, opportunities to use solar energy for
recharging the thermal storage are limited and occur only in short
windows.

On day of January, for example, solar charging is confined to a brief
period between 11:00 AM and just before 12:00 PM. This occurs when a
DHW request causes the tank temperature to drop below its setpoint,
while T5 remains sufficiently higher to enable thermal exchange.
Thermal power is transferred through HE2, the heat exchanger con-
nected to the solar loop, until the temperature difference drops, briefly
interrupting the exchange, which resumes a few minutes after 12:00 PM
as solar temperature increases. To support the interpretation of these
events, the corresponding time window has been visually emphasized in
the figure using a semi-transparent green band. Similarly, on day of
April and August usable solar input occurs around 7:30 AM, between
8:30 AM and 9:00 AM. In these timeframes, early DHW request cause a
drop in the tank top temperature, enabling thermal exchange with the
solar loop through HE2. For the day of April, an additional charging
phase also occurs shortly after 11:00 AM, when a smaller DHW demand
briefly brings the tank temperature below its setpoint, again allowing
thermal exchange with HE2. In contrast, on the November day, solar
production remains very limited and occurs during periods when the
tank is already at temperature, preventing any meaningful contribution
to storage.

In all days, the tank temperature profile directly mirrors fluctuations
in DHW demand, as each withdrawal of hot water by the user introduces
cold water into the tank, causing sharp temperature drops. These vari-
ations are most pronounced during peak DHW usage periods, closely
following the typical consumption patterns of the users. At the start of
the simulation, the tank is initialized at 20 °C, which leads to a distinct
charging phase in the early hours as the system works to reach the set-
point temperature. Over time, natural thermal losses contribute to
gradual decreases in Ttank, further influenced by intermittent hot water
demands throughout the day.

An additional layer of analysis concerns the interaction between
Ttank top and Ttank bottom, the solar temperature directed to the tank
(T5), and the DHW demand. The bottom section of the tank, where HE2
is located, naturally maintains lower temperatures compared to the top
section, which contains the network-connected heat exchanger and
functions as the DHW outlet zone. On the days of April and August, short
periods in the early morning activate HE2, leading to a noticeable in-
crease in Ttank bottom. These periods correspond to the green semi-
transparent bands previously introduced in the figures to highlight the
relevant time windows. This early solar preheating proves effective, as
during subsequent DHW requests (e.g., around 11:00 AM), the intro-
duction of cold water into the lower part of the tank has limited impact
on Ttank top, which remains nearly constant in August and only slightly
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Fig. 12. Daily solar irradiation for the 4 selected days.
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Fig. 13. External input and key output from Dymola model.

drops in April. Since the temperature sensor that controls thermal ex-
change with the tank is located in the top section, the system does not
register a significant decrease and thus avoids activating additional
charging from the network or the solar loop. In contrast, on the days of
January and November, the absence of early morning solar charging
keeps Ttank bottom at low temperatures, resulting in more pronounced
drops in Ttank top during the first DHW demands. In January, however,
a distinct solar charging phase takes place between 11:00 AM and 12:00
PM, causing a rapid increase in Ttank bottom. The lower part of the tank
then stabilizes at a higher temperature and remains thermally charged
for several hours. Later in the afternoon, during a DHW request shortly
after 6:00 PM, Ttank bottom shows only a slight decrease, while Ttank
top remains stable. November, by contrast, shows no exchange through
HE2 at any point during the day. As a result, the bottom of the tank stays
persistently cold, and each DHW request leads to a marked drop in the
top temperature as highlighted by the yellow semi-transparent bands in
the figures, which indicate the most critical request events. Overall,
these observations show that even brief periods of localized solar
charging in the lower tank region can help stabilize the temperature in
the upper section, where control decisions are made. This results in
fewer interventions from the network, especially in the hours following
solar production.

These conditions highlight the efficiency of the bidirectional setup,
as any surplus heat that cannot be stored in the tank is effectively fed
into the network through HE3 when the solar temperature (Tg) surpasses
the DHN supply temperature (T;) by a sufficient AT. This reinjection is
particularly significant during the summer day, when the DHN operates
at a lower supply temperature (70 °C), allowing the solar collectors to
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more easily exceed this threshold and feed excess energy into the
network.

Focusing on the thermal power exchanged in HE1, distinct patterns
emerge depending on seasonal demand. On day of August, the power
transfer through HE1 closely mirrors the fluctuations in Ty, as there is
no requirement for SH. Conversely, on the other days, SH demand
significantly increases the thermal load on HE1, resulting in higher and
more sustained power exchanges. This clear distinction highlights the
substation’s adaptability in responding to seasonal variations, efficiently
balancing both SH and DHW needs. Furthermore, the bidirectional
configuration enhances solar energy utilization and ensures effective
management of surplus heat, maintaining optimal system performance
throughout varying operational conditions.

Additionally, the rapid response of HE1 to temperature drops in the
storage tank highlights the system’s ability to maintain thermal stability
even in the absence of space heating demand. On days with concurrent
SH and DHW requirements, the power exchanged through HE1 dem-
onstrates smooth modulation, indicating effective control strategies that
prevent thermal overloads or inefficiencies. Furthermore, during tran-
sitional seasons, solar contributions can reduce the load on HE],
showcasing the substation’s capability to dynamically balance renew-
able inputs with network supply.

3.2. Daily energy analysis

Figs. 22-24 illustrate the energy flows and key performance in-
dicators (KPIs) for representative days of the four seasons. Specifically,
Fig. 22 shows the breakdown of total user load between consumption for
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DHW and SH. The figure clearly shows that most of the energy demand
is allocated to SH during the colder periods, with a sharp reduction in
demand in the day of August when SH consumption drops to zero. The
demand for DHW, however, remains steady between 40 and 45 kWh
across all the simulated days, regardless of the season. The day in
January records the highest demand for SH, consistent with the low
temperatures observed on that day. On the other hand, the day in April
shows the lowest demand, as it falls near the end of the heating season
and corresponds to one of the warmest days.

Fig. 23 shows the breakdown of the total load for DHW and the self-
sufficiency rate (Ss), indicating how much of the DHW demand is
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covered by solar energy. The DHW production, which occurs via the
storage tank, is divided between the grid contribution through the upper
heat exchanger and the contribution from the lower heat exchanger
connected to the solar circuit. It is observed that most of the DHW de-
mand is met by the grid, while solar energy contributes about 43 %
during the days in April and January, 33 % on the August day, and
provides no contribution on the November day.

Fig. 24 shows the total solar energy production and how it is used,
with energy being divided between self-consumption for DHW and in-
jection into the grid, thanks to the bidirectional configuration. This
graph highlights the effectiveness of the bidirectional setup, which not
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only meets internal energy demand but also optimizes the use of excess
energy by feeding it into the network. The analysis uses the S¢ coeffi-
cient to assess the portion of solar energy directly consumed by the user,
and the Uec coefficient, which includes both the energy consumed
internally and that fed into the grid, treating the latter as a valuable
contribution to the overall system efficiency.

Since the control logic preserves the original behavior of the unidi-
rectional substation, the solar panels first exchange energy with the tank
for DHW production (if the tank temperature falls below the setpoint
and there is sufficient solar temperature), and subsequently, if the
remaining temperature is still sufficient for exchanging with the grid,
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the unused energy is fed into the network via HE3, thus prioritizing the
unidirectional operation.

On the January day, despite low solar production, the system is able
to utilize 47.3 % of the energy produced by the solar plant for self-
consumption. With the bidirectional configuration, considering the
useful effect of the energy fed into the network, the U, reaches to 60 %,
demonstrating the system’s ability to actively exchange unused thermal
energy with the network. A similar trend is observed on the November
day: no solar energy is used for direct self-consumption (S¢ = 0.1 %), yet
25 % of the production is effectively recovered through the bidirectional
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setup. This highlights how the mismatch between generation and de-
mand significantly reduces self-consumption. The benefits of the bidi-
rectional configuration become even more evident on the April and
August days. On the April day, self-consumption is limited to 10.6 %,
while the U, rises to 58.8 %. The most notable improvement, however,
occurs on the August day: only 6.2 % of the solar energy is self-
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consumed, but the bidirectional configuration enables the effective
use of 94 % of the generated energy. This outstanding result is not only
due to higher solar irradiance, but also to the reduction in DHN flow
temperature from 80 °C to 70 °C, which broadens the temperature range
suitable for feeding excess thermal energy into the grid.

In conclusion, the bidirectional configuration proves highly effective
in maximizing the use of solar energy, especially on high-production
days, minimizing losses, and enhancing excess energy through integra-
tion with the DHN.

3.3. Annual extrapolation results

The daily results for the two additional representative days used to
support the reliability of the annual extrapolation are provided in Ap-
pendix B (Figs. B1-B4). Fig. 25 summarizes the annual energy flows and
KPIs obtained through the extrapolation methodology described in
Section 2.4.2. On the left side, the total thermal demand of the user is
shown, including SH and DHW load, the latter being covered both by the
DHN and by the local solar thermal system. On the right, the annual
solar energy production is detailed, distinguishing between the share
used locally for DHW heating and the amount fed into the network,
enabled by the bidirectional configuration of the substation.

The annual Sg rate, calculated with respect to the DHW load, is 32.5
%, in line with the result observed in the daily analysis in Section 3.1,
where DHW demand often causes a drop in Tk during hours when
solar energy is either unavailable or too weak to activate heat exchange.
The relatively low annual Sc rate of 14.9 % is mainly due to the lack of
overlap between solar production and thermal demand. In many cases,
solar energy becomes available when the tank, especially its upper part
(Ttank top) Where control decisions are triggered, is already close to the
setpoint temperature, making further charging ineffective. While early
solar charging of the bottom tank layer (Ttank bottom) contributes to
thermal stratification and can mitigate later DHW demand, its impact on
improving self-consumption remains limited.

However, when considering also the share of solar energy that is fed
into the DHN through the bidirectional setup, the annual U, is equal to
78.4 %. This clearly demonstrates the added value of the prosumer-
oriented approach: instead of wasting surplus solar energy that cannot
be stored locally, the system can feed it back into the DHN for potential
downstream use. This approach helps overcome the limitations of con-
ventional unidirectional systems, which depend entirely on local self-
consumption and are often limited by the mismatch between produc-
tion and demand, as well as by fixed tank temperature thresholds.

Although summer conditions contribute most to the amount of en-
ergy fed into the network, largely due to the reduced DHN supply
temperature (70 °C) which facilitates solar feed-in, the annual data also
indicates that the bidirectional setup enables a meaningful export of
solar energy even during colder periods. This confirms the effectiveness
of the retrofit solution, highlighting its potential not only under peak
production conditions but also during less favourable seasons.

Overall, the bidirectional substation configuration proves to be a
robust and replicable strategy to maximize the exploitation of distrib-
uted solar heat production. By leveraging both local consumption and
network feed-in, it ensures that a large share of the available renewable
energy is effectively utilized within the system, enhancing both energy
efficiency and operational flexibility.

3.4. Network level consideration

It should be considered that solar thermal production often peaks,
especially around midday—when the thermal demand from other users
is low or even null. This condition could potentially lead to overheating
or inefficient operation. In this regard, the introduction of solar thermal
energy into the return circuit helps mitigate the risk of overheating by
mixing with the cooler return water. Naturally, this results in an increase
in the return temperature to the generation plant, which is particularly
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undesirable when a CHP unit is operating. However, CHP systems are
typically turned off during spring and summer, when solar production is
higher. Under these conditions, the DHN can act as an additional ther-
mal buffer, absorbing excess solar energy when user demand is low or
absent. While this approach implies accepting some thermal losses in the
network, the overall energy balance favors a greater exploitation of
renewable heat. The supply-to-return configuration minimizes the dis-
tance traveled by the injected solar energy, especially when there is no
concurrent demand from other users—thus reducing thermal dispersion.
Moreover, the control logic implemented in the bidirectional substation
prioritizes local thermal storage charging and only activates feed-in to
the DHN when the tank is fully charged. This strategy further minimizes
losses and helps prevent overheating. These findings confirm that, even
during low-demand periods, the proposed retrofit ensures safe and
efficient operation while enhancing the overall utilization of renewable
heat. Future work could explore the cumulative impact of multiple
prosumer substations feeding into the network simultaneously, partic-
ularly under low-demand conditions, to assess potential effects on return
temperature and overall system balance.

4. Conclusion

Decarbonizing the heating and cooling sector is essential for
reducing dependence on fossil fuels, with DHN playing a key role in
integrating RES and WH. In this context, decentralized solutions at the
thermal substation level provide significant opportunities to optimize
efficiency and enhance the operational flexibility of DHN. These solu-
tions support the integration of thermal prosumers and encourage their
active participation in the decarbonization process.

An innovative retrofit design for an existing substation has been
proposed, enabling the bidirectional exchange of thermal energy and
allowing excess solar energy to be fed into the network. The design was
based on a real DHN in the city of Turin, whose technical and spatial
constraints were carefully considered to ensure the solution’s replica-
bility without requiring deep interventions. Through a non-invasive
approach, the original operational integrity of the infrastructure has
been preserved, adding minimal new components and implementing a
control system that enhances the use of renewable energy without
altering the existing system’s operation. To validate the feasibility of the
proposed solution under realistic operating conditions, an experimental
prototype was adapted to replicate the retrofit configuration. This setup
enabled the acquisition of high-resolution input data such as real ther-
mal loads and solar production profiles which were then used for the
numerical model to perform dynamic simulations closely aligned with
actual system behavior.

The results from dynamic simulations, performed using Modelica
language and Dymola software, demonstrate the effectiveness of the
bidirectional substation. The control system proved capable of effi-
ciently regulating the thermal energy exchange under different seasonal
and demand conditions.

In general, during spring and summer days, only a small portion of
the solar energy produced is used to meet DHW demand, with self-
consumption rates of 10.6 % and 6.2 %, respectively. In contrast, dur-
ing the winter day, a significantly higher self-consumption rate is
observed (47.3 %). This highlights how, despite the available solar en-
ergy during the warmer days, it is not fully utilized due to the temporal
mismatch between peak solar production and periods of high DHW
demand. Specifically, the daily solar energy used to meet the DHW needs
ranges between 15 and 20 kWh across all days, except for the autumn
day, where low solar production, combined with a moment of low de-
mand, contributes nothing to satisfying the energy needs.

The proposed bidirectional configuration allows for the recovery of
much of the unused solar energy by feeding it into the network through
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the return branch. This results in the utilization of 60 % of the solar
energy produced during the spring day and 93.9 % during the summer
day. The latter outcome is also facilitated by the lowering of the net-
work’s supply temperature in the summer months, from 80 °C to 70 °C,
enabling the use of a wider temperature range for thermal energy ex-
change. Moreover, the substation’s ability to exchange energy with the
network, even during periods of low solar production, further un-
derscores the benefits of the retrofit, ensuring a more efficient and
flexible energy management system. To evaluate the substation’s per-
formance over an entire year, an extrapolation method validated in the
literature was applied by simulating additional representative days,
enabling a reliable annual assessment while keeping computational
effort within reasonable limits. The results confirmed the benefits of the
bidirectional setup, with an annual self-consumption rate of 14.9 % and
a total use of solar energy reaching 78.4 % when including the energy
fed into the network. This result was largely influenced by summer
conditions, where increased solar production, reduced DHN supply
temperatures, and the mismatch between generation and demand
facilitated greater feed-in of surplus heat to the network.

The results obtained for this substation, based on an existing infra-
structure, show that the proposed bidirectional configuration can be
easily replicated in similar contexts, particularly in Italy, where many
district heating networks serve residential customers for DHW and SH.
This solution is particularly applicable in Northern Italy, where DHN is
widespread, and the configurations of substations are generally
homogeneous.

Future studies could focus on analyzing the effects of integrating a
larger number of thermal prosumers into the network, exploring the
implications for energy management and operational efficiency. A key
area of interest would be the management of the return temperature
increase, examining how the heating plants could respond to such a rise
while maintaining an optimal balance between heat demand and
network capacity, preventing the risk of overload, and improving the
overall system efficiency.
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Appendix A. Appendix

Fig. A1. DHN schematic overview [12].

Appendix B. Appendix

Table B1
Characteristics of test days added for annual extrapolation.
Test days Average daily T [°C] Average daily radiation [W/m?] N° of days in the cluster
March 21 9.9 156 42
May 24 20.1 153 67
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Fig. B1. Trend of the parameters regulating the thermal power supplied from the DHN to the end-user, March 21.
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Fig. B2. Trend of the parameters regulating the thermal power supplied from the DHN to the end-user, May 24.
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Data availability

Data will be made available on request.
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