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A B S T R A C T

The European Union targets a 55 % reduction in greenhouse gas emissions by 2030 and climate neutrality by 
2050, emphasizing decarbonisation in energy sectors. District Heating Networks with thermal prosumers and 
bidirectional substations are critical to decarbonize the heating sector by integrating renewable energy sources. 
The paper analyses how to enhance the share of renewable energy sources used by a thermal prosumer. Various 
strategies, including heat pump integration, are experimentally studied to improve the prosumer’s energy self- 
consumption in a district heating network operating at two temperature levels (80/50 ◦C and 60/30 ◦C for 
supply and return), utilizing the hardware-in-the-loop technique to couple the substation in real-time with data- 
driven profiles for thermal loads (multi-family residential buildings) and production (solar panels). Energy flows 
are analysed for representative days and then extrapolated to calculate yearly results. The implemented stra
tegies were found to be effective in terms of user’s self-sufficiency: the energy produced by solar panels and used 
to cover the thermal demand increased across all case studies i.e., from 8 % to 27 % for non-renovated buildings 
operating with high-temperature network, from 14 % to 26 % for renovated buildings with low-temperature 
network. The share of self-consumption increased from 13 % to 30 %, and from 10 % to 15 % respectively, 
and the production from renewable sources was enhanced (up to 39 %). With net metering, local energy surplus 
can be utilized beyond production periods, achieving 58 % self-consumption when integrating a heat pump. The 
results can support stakeholders in developing efficient district heating systems, particularly in the context of 
potential thermal energy communities.

1. Introduction

The European Union aims to reduce greenhouse gas emissions by 55 
% by 2030 and achieve climate neutrality by 2050, as outlined in the 
European Climate Law [1]. To meet this goal, strict targets require 
member states to increase the adoption of renewable energy sources 
(RES), improve energy efficiency, and reduce emissions [2].

Heating and cooling account for nearly half of Europe’s total energy 
demand, exceeding that of fuels, transportation, and electricity [3], and 

globally, fossil fuels still dominate final energy consumption, with only 
24.8 % of heat generated from RES in 2022, making the decarbonization 
of heating and cooling a pressing challenge [4]. District heating net
works (DHN) play a key role in this transition, enabling broader inte
gration of RES and waste heat, whereas decentralized solutions face 
limitations, particularly in urban areas [5,6]. Europe has around 6,000 
district heating and cooling systems supplying 100 million people across 
32 countries, with Scandinavia leading the sector, followed by Germany, 
France, the UK, and the Netherlands [7]. The revised Energy Efficiency 
Directive (EU/2023/1791) significantly raises EU ambitions in this field, 
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aligning with the 2021 Green Deal proposal and emphasizing the role of 
efficient district heating (DH) in reducing primary energy consumption 
while integrating RES and waste heat [8]. In Italy, as of December 2023, 
434 district heating networks were operational, mainly concentrated in 
the north and primarily serving residential space heating (SH) and do
mestic hot water (DHW) needs. However, the integration of RES remains 
significantly limited, with direct injection at just 2.9 %, while cogene
ration continues to dominate at 65.5 % [9]. One of the challenges in 
integrating RES into DHN is the mismatch between production and 
consumption and the consequent thermal losses due to heat not 
consumed locally but injected into the network [10]. Additionally, solar 
energy—both thermal and electrical—poses a challenge due to its 
reduced availability during the winter months, when the demand for 
thermal energy is highest [11]. Consequently, managing the balance 
between thermal energy supply and demand in DHN is a complex task 
[12]. To enhance RES integration into DHN, targeted solutions are 
required, including Thermal Energy Storage (TES) to balance supply and 
demand, heat pumps (HP) to improve efficiency, and thermal prosumers 
leveraging bidirectional substations to share surplus energy. Each of 
these solutions will be explored in detail in the following paragraphs.

Thermal Energy Storage (TES) offers an effective solution to balance 
heat supply and demand, allowing thermal energy to be stored over 
different time scales, from hours to days, weeks and seasons [13]. In 
particular, Seasonal Thermal Energy Storage represents an ideal solution 
to shift available energy from the period of lower demand to the heating 
period [14,15]. In the context of district heating applications, there are 
several types of these systems [16]: aquifer thermal energy storage uses 
the ability of rock to store heat underground [17]; alternatively, bore
hole thermal energy storage is often used in areas with limited space or 
where access to underground aquifers is possible; finally, pit thermal 
energy storage represents a versatile and low-cost solution, although it 
may require more space than other types of seasonal storage [18].

TES in DHN can be implemented as a centralized or distributed 
system: centralized storage reduces heat loss and costs, but limits the 
flexibility of the network; distributed storage, both at substation and 
building level, allows smaller pipe sizes and better adaptability during 
peak loads [19]. Several studies analysed the effect of heat storage 
integration within DHN demonstrating the potential benefits of this 
strategy. Romanchenko et al. [20] compared centralized storage using 
hot water tank with building thermal inertia, finding a 1 % cost reduc
tion with inertia and a 2 % reduction with a hot water tank. Manente 
et al. [21] evaluated thermal storage integration in Ferrara’s geothermal 
and waste-to-energy district heating, showing that a 45 MWh storage 
can improve energy use, save 800,000 m3 of gas annually, and enhance 
plant efficiency. Turski and Sekret [22] used buildings and the DHN as 
thermal storage, reducing the source power of central heating by 14.8 
%.

Another solution to promote the integration of RES in DHN is the use 
of heat pumps that can increase the self-consumption of RES and 

mitigate intermittency, while offering high efficiency for space heating 
and cooling and hot water production [23,24]. However, the environ
mental sustainability of heat pumps depends not only on their perfor
mance, but also on the type of energy used to generate the electricity 
needed for their operation [25]. The required electricity can be provided 
by the grid or generated locally by various RES based technologies such 
as photovoltaic (PV) cells. In recent years, the advantages of heat pumps 
in terms of energy efficiency and environmental aspects have been the 
subject of several studies, especially when they are integrated with PV 
systems. For example, Alhuyi Nazari et al. [26] conducted a review on 
heat pump systems integrated with PV modules, examining the results 
obtained from research on this topic. Not only solar electric energy but 
also solar thermal energy, as a renewable source, can be used to provide 
the heat needed for the evaporator of HPs. These types of HPs are known 
as Solar Assisted Heat Pumps and can be configured both in series and in 
parallel, thus contributing to the heating of buildings [27]. This 
approach not only mitigates the problems related to the intermittency of 
solar energy availability, but also increases the overall efficiency in the 
use of solar energy [28,29].

In this framework, HP technologies represent a promising solution 
for RES integration within DHN, as they can be installed at different 
levels: building, network, and plant. Integration at the building level is 
achieved using small-scale HPs, with effective results depending on the 
implementation of appropriate business models, as highlighted by 
Lygnerud et al. [30]. Capone et al. [31] focused on large-scale heat 
pumps, which can be installed at the network and plant levels intro
ducing a methodology to evaluate how their benefits differ based on 
installation location in large DHN. Furthermore, HP represents a 
promising technology for low-temperature district heating networks, 
where they can utilize low-temperature heat sources and locally elevate 
the water temperature for end users. Several studies have explored the 
integration of heat pumps into these networks, which operate at tem
peratures below 45 ◦C. Zhu et al. [32] conducted an experimental study 
to investigate the steady-state thermal behaviour of Booster Heat Pumps 
under different inlet temperatures and varying flow rates on the user 
side. Vivian et al. [33] examined their performance across supply tem
peratures ranging from 15 ◦C to 45 ◦C, assessing how both supply and 
return temperatures influence the levelized cost of heat for different end 
users. Reiners et al. [34] used test rigs to investigate HP in ultra-low DHN 
with a supply temperature of 20 ◦C, demonstrating that HP can achieve 
up to twice the efficiency compared to those using geothermal probes. 
Zhu et al. [35] experimentally investigated how refrigerant charge af
fects temperature, pressure, system coefficient of performance (COP), 
and heating capacity in these systems proposing a performance- 
guaranteed range of refrigerant charge to ensure system feasibility. 
Recent technological developments have extended the operating range 
of HP, allowing them to reach temperatures up to 140 ◦C, leading to the 
classification of high-temperature heat pumps (HTHP) [36]. These 
HTHPs are a promising and competitive technology for replacing 

Nomenclature

COP Coefficient of performance
DG Distributed Generation
DH District Heating
DHN District Heating Network
DHW Domestic Hot Water
HE Heat Exchanger
HIL Hardware In the Loop
HP Heat Pump
HTHP High Temperature Heat Pump
PV Photovoltaic
RES Renewable Energy Sources

s-MFH small Multi-Family House
SH Space Heating
TES Thermal Energy Storage
E Thermal Energy
M Flow rate
T Temperature
SC Coefficient of self-consumption of DG
SS Coefficient of energy self-sufficiency
SS,el Coefficient of energy self-sufficiency, for cases including 

HP
Uec Useful energy coefficient of DG
urel Relative measurement uncertainty
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boilers, providing heat up to 180 ◦C [37]. However, at these high tem
peratures, ambient air is no longer a feasible heat source for energy- 
efficient industrial HTHPs. In this context, DHN can be a viable alter
native heat source for such applications, with additional potential for 
integrating HTHPs by using the networks both as heat sinks and sources 
[38,39].

Another key strategy for RES integration in DHN is enabling con
nected users to actively contribute to decarbonization by becoming 
thermal prosumers. Just as in electricity networks, district heating users 
can not only consume but also produce heat in a decentralized manner, 
feeding surplus energy into the network. This community-level energy 
sharing is already well established and regulated at the European lev
el—exemplified by frameworks such as RED II [40,41]. However, 
although the EU Directives include all forms of renewable energy, a 
systematic review of the existing literature conducted by Gianaroli et al. 
[42] highlights that the focus is mainly on electric Energy Communities, 
while the interest in energy communities producing thermal energy is 
still limited [43]. By converting traditional substations from passive 
receivers into active bidirectional units, a similar approach can be 
implemented in DHN to facilitate efficient energy sharing across the 
community.

Several studies have examined the operation and potential of power- 
only thermal substations; however, studies on bidirectional substations 
are still few. Sdringola et al. [44] focused on the numerical development 
of a bidirectional substation for DHN with thermal prosumers, devel
oping and validating in particular a dynamic model using Dymola. This 
model is based on the experimental results obtained on a prototype 
substation, as described in the work of Pipiciello et al. [45], who con
ducted dynamic experimental tests, demonstrating that the prototype 
operated reliably and could handle pressure variations both in the 
building heating system and in the DHN. Similarly, based on the same 
prototype, Dino et al. [46] developed a dynamic model of the bidirec
tional substation using TRNSYS, and, in order to demonstrate the po
tential of the proposed model, a prosumer was applied analyzing the 
results in two locations with different irradiance values (Palermo and 
Berlin). The same prototype was the subject of an experimental 
campaign conducted by Pipiciello et al. [47] with the aim of evaluating, 
on an annual basis, the contribution of a bidirectional substation in 
optimizing the use of thermal energy produced locally from RES and 
heat recovery in a high-density population area. The substation was fully 
integrated in real time with the TRNSYS models of a residential building 
and a distributed generation (DG) system through the hardware-in-the- 
loop (HIL) configuration. Testasecca et al. [48] developed a thermal 
network model incorporating various prosumers and dynamically 
monitored the main thermohydraulic parameters of the network. 
Rosemann et al. [49] presented the results obtained from a control 
system they developed for a bidirectional substation tested using the HIL 
technique, while Licklederer et al. [50] proposed a control approach 
combining the assignment of temperature targets to actuators with 
weighted error functions.

In their 2017 study, Lamaison et al. [51] examined the technical 
specifications and design of solar-powered bidirectional substations, 
presenting findings from a two-day simulation that highlighted the po
tential for solar energy reinjection into district heating networks, with 
measurable contributions to the overall energy demand and efficiency. 
Later research by the same team focused on testing a bidirectional 
substation prototype connected to an actual district heating network via 
a hardware-in-the-loop setup [52]. These 12-day tests revealed subop
timal performance on colder days due to control issues, while the system 
performed effectively in summer, achieving a solar fraction of 52 %.

In conclusion, among the studies analyzed, the research described by 
Pipiciello et al. [47] represents the most extensive experimental inves
tigation currently documented in scientific literature, having conducted 
18 days of testing. This duration and level of detail provide significant 
insights into the operational performance of bidirectional substations, 
setting a benchmark for further research in the field. The activities 

described in this paper build upon the results obtained in that study, 
which highlighted the potential to increase the local use of heat gener
ated by the solar field, leverage lower temperatures, and minimize un
used energy. The findings reveal that the annual contribution of solar- 
based distributed generation to meeting user demand ranges between 
8 % and 14 %, depending on the load levels and the required supply 
temperatures. In contrast, waste heat offers a significantly higher 
contribution, reaching up to 41 %, due to a greater temporal alignment 
between production and demand. However, across all the operational 
configurations analyzed, an excess production of both solar energy and 
waste heat was observed, with the surplus being fed back into the 
network.

Building on these findings, the present paper evaluates technical 
strategies to increase self-consumption of locally produced thermal en
ergy from RES in a densely populated area, while also considering the 
possibility for a prosumer to feed surplus energy into the DHN. The 
analysis considers the challenges posed by the non-simultaneity of en
ergy production and consumption and the potential solutions to mitigate 
these limitations. The strategies to improve self-consumption were 
applied to the substation analyzed by Pipiciello et al. [47] and experi
mentally tested at the Energy Exchange laboratory, through six case 
studies: A1, A2, B1, B2, C, and D. The experimental validation procedure 
consists of an extensive laboratory campaign with ad hoc tests for a DHN 
operating in two temperature levels, where the bidirectional substation 
was fully integrated in real-time with TRNSYS models of a residential 
building (typical small Multi-Family House, before and after renovation) 
and a distributed generation system using the hardware-in-the-loop 
technique. The first strategy focuses on managing the discharge tem
perature of the solar storage and the energy supply temperature from the 
substation, which was applied in all the case studies. In Cases A1 and B1, 
this was the only strategy used. The second strategy involves changing 
the size of the solar storage, applied in Cases A2 and B2. Finally, the 
third strategy involves integrating a water-to-water heat pump in series 
with the solar storage, used in Cases C and D.

The methodology and results presented in this paper overcome the 
limitations of previous studies on prosumers and district heating for 
several reasons: 

• The integration of thermal prosumers and the use of bidirectional 
substations remains a relatively underexplored area of research. 
Most existing studies focus on centralized technological solutions, 
overlooking decentralized ones such as thermal substations, which 
could play a key role in decarbonizing urban heating sectors.

• The experimental approach in the integration of thermal prosumers 
is still quite limited. This study stands out for continuing the exper
imentation of the same system, aiming to achieve the most efficient 
technological solution through repeated testing and improvements.

• Improving self-consumption through bidirectional substations is 
tackled from an innovative point of view. While most studies focus 
on injecting excess energy into the network, the present approach 
seeks to fully exploit the potential of these substations not only for 
managing surplus energy, but also for increasing local self- 
consumption and enhancing the RES production.

• The replicability of the results is another key innovation of this study. 
The tests were conducted on easily applicable and replicable sce
narios across different regions in Italy, thus facilitating the broader 
adoption of similar solutions in urban and residential contexts.

In summary, this study significantly contributes to the existing 
literature by proposing innovative solutions for improving self- 
consumption and integrating renewable energy into urban heating sys
tems, with a specific focus on decentralized, scalable technologies.

The paper is organized into several sections: Section 2 outlines the 
substation prototype and its control strategies; Section 3 details the 
methodology, emphasizing the development of system models, setup 
procedures and the description of the strategies adopted to increase self- 

P. Sdringola et al.                                                                                                                                                                                                                               Energy & Buildings 338 (2025) 115713 

3 



consumption; Section 4 offers a comprehensive analysis of test results 
from each case study on selected days and evaluates the performance of 
the substation; and Section 5 provides a summary of the conclusions 
drawn from the modifications made to the system.

2. Prosumer substation description

In this section, the scheme of the prosumer substation and its main 
features are described. The prosumer substation is designed to operate as 
a conventional system (using heat exchanger HE1) when locally 
generated heat is insufficient to satisfy the demand. The heat eventually 
provided by the local source (through HE2) is primarily self-consumed. 
If heat production exceeds demand and the temperature requirements 
are met, the substation is configured to feed the network through HE3. 
Fig. 1 shows the detailed scheme of the prosumer substation, including 
the sensors (mass flow, temperature and pressure) and the main com
ponents for safety, monitoring and control. The different pipes of the 
substation, as well as the measurements points are labeled with numbers 
from 1 to 10. Control strategies are essentially based on managing 
temperature and flow rates in the various circuits of the substation 
through the use of motorized valves and the pump: valves C1′, C2′, C4 – 
these two-way valves primarily control the flow rate in their respective 
circuits, maintaining it at the predefined set-up values; valves C1, C2 – 
these three-way valves regulate the flow rate directed to the corre
sponding heat exchangers (HE1 and HE2), ensuring that the target 
temperature of the outgoing fluid is achieved; pump P – this variable- 
speed pump regulates the flow rate drawn from the return branch of 
the DHN. The control of the valves is determined by the set-up param
eters and their corresponding nominal values, as outlined below: 

• DG nominal flow rate, M7,nom: 3 m3/h
• Flow rate from the DHN to HE1, M2,nom: 1.8 m3/h
• Nominal flow rate of the user circuit, M8,nom: 4.7–3.7–1 m3/h for a 

DHN operating at a higher temperature level (80/50 ◦C for T1 and 

T3); 3.2–2.2–1 m3/h for lower temperatures (60/30 ◦C); these three 
values represent, respectively, the flow rate in case of simultaneous 
demand for SH and DHW, SH only, and DHW only.

• Return temperature from DHN, T3,nom: 50 ◦C/30 ◦C
• Minimum temperature difference between DG supply (T5) and user 

return (T8), ΔT5,min: 3 ◦C
• Substation supply temperature to the DHN, T4,nom: 80 ◦C/60 ◦C

Further details regarding the sensors, uncertainty measurement, and 
control strategies are provided in [45] and [47].

3. Test methodology

The test campaign was performed at the Energy Exchange Lab of 
Eurac Research. This laboratory is equipped with a small-scale DH 
network, which can emulate both conventional and low-temperature 
networks by integrating multiple heat sources and users. The test facil
ity is hydraulically connected to the substation and can independently 
control flow and inlet temperatures in the four interfaces, i.e. points 1, 3, 
5, and 8 that are respectively DHN supply, DHN return, DG supply and 
user return by referring to Fig. 1.

The hardware-in-the-loop technique is adopted so that numerical 
models dynamically emulate the user’s thermal load and the DG heat 
production profiles. The schematic view of the hardware-in-the-loop 
implementation is shown in Fig. 2. In the same figure, a red-dashed 
line indicates the “test boundary”, while a green-dashed line indica
tes the “emulation boundary”. The dotted line instead represents the 
communication between the emulation model and the laboratory facil
ity, while the dotted square and circle indicate the part of the circuit 
where the strategies are implemented, as described in Section 3.2. The 
hardware-in-the-loop is implemented so that the supply temperature 
and mass flow are measured from the substation for each time step and 
passed as input to the simulation model. Then, the output of the 
emulation model is passed to the laboratory bench that uses this as 

Fig. 1. Schematic layout of the prosumer substation [47].

P. Sdringola et al.                                                                                                                                                                                                                               Energy & Buildings 338 (2025) 115713 

4 



the reference value for the control of the return temperature.
As regards the emulation parts, TRNSYS is the dynamic simulation 

software used to emulate the building load and the solar generation.

3.1. Test set-up

LabVIEW® and National Instruments electronics at Eurac Research 
are used to implement the control and data acquisition systems of the 
substation. The sampling rate adopted is set equal to one second for all 
tests. To increase the self-consumption share of RES with respect to what 
is analysed in [47], 6 case studies are investigated, which main features 
are shown in Table 1. In this table, for each case, the DHN supply and 
return temperature are indicated, as well as the temperature T10 controls 
for space heating and domestic hot water, the presence of an emulated 
HP, the emulated building condition, the number of tested days and the 
volume of the storage tank dedicated to the emulated solar system. 
Regarding the DG system, flat plate collectors are considered for all the 
cases. In order to properly assess the impact of the strategies on the 
outcomes of the previously mentioned paper [47], the test boundary 
conditions that are not affected by the strategies remain unchanged. 
Specifically, the tested days, the DHN temperatures, the solar field and 
the building models in the current Cases A1, A2, and C are the same as 
those in the previous paper’s Case A (referred to as A0 below). Similarly, 
the conditions for the current Cases B1, B2, and D are the same as in the 

previous Case B1 (referred to as B0 below).
To evaluate the substation’s performance on a yearly scale, six test 

days were selected to best represent the variability of climatic conditions 
throughout the year, following the procedure described in [53]. This 
procedure involves grouping the days of the year based on daily average 
temperature and solar irradiation. Each of the resulting six clusters is 
represented by its medoid. The extrapolation of data to the entire year is 
performed by weighting the results of each of the six days according to 
the number of days contained in the corresponding cluster: 

Eannual =
∑6

i=1
Ei • Ni (1) 

where Ei is the energy measured on the i-th test day, Ni is the number of 
days in the i-th cluster, and Eannual is the extrapolated annual energy. 
Table 2 shows the six test days considered, along with their average 
ambient temperature, average irradiation on horizontal surface, and the 
number of days belonging to each cluster. Since the greatest benefits 
associated with the application of the proposed strategies are expected 
outside the summer season – when solar production is lower and lower 
thermal levels can be usefully utilized – results from the previous 
experimental campaign will be referenced for Days 4 and 5 (named A 
and B in [47], now A0 and B0).

Fig. 2. Hardware-in-the-loop configuration [47].

Table 1 
Main features of the case studies.

Case 
study

DHN supply-return 
temperatures 
[◦C]

T10 control for 
SH

T10 control for 
DHW 
[◦C]

Emulated DG-substation 
coupling

Emulated building 
conditions

Number of test 
days

Solar storage 
tank 
[l]

A1 80 – 50 Climatic curve 62 Solar storage tank not renovated 5 1000
A2 80 – 50 Climatic curve 62 Solar storage tank not renovated 1 2000
B1 60 – 30 Climatic curve 55 Solar storage tank renovated 5 1000
B2 60 – 30 Climatic curve 55 Solar storage tank renovated 1 2000
C 80 – 50 Climatic curve 62 Solar storage tank + HP not renovated 5 1000
D 60 – 30 Climatic curve 5 Solar storage tank + HP renovated 5 1000

Table 2 
Characteristics of the tested days.

Test day Day of the year Daily average ambient temperature 
[◦C]

Daily average irradiation on horizontal surface 
[W/m2]

Number of days in the cluster Ni

1 5 January 3.7 63 83
2 21 March 9.9 156 42
3 9 April 15.8 243 47
4 24 May 20.1 153 67
5 1 August 24.4 287 74
6 5 November 10.1 58 52
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3.2. Strategies to improve thermal energy production and consumption

In order to increase the self-consumption share from RES of the 
prosumer, some new strategies are implemented, acting on: 

• Temperature control of the solar storage tank discharge and user 
supply temperature, as described in the Section 3.2.1; this strategy is 
applied to all the case studies, and it is the only strategy used in A1 
and B1.

• Volume of the solar storage tank, as described in 3.2.2; this strategy 
is implemented in Cases A2 and B2.

• Integration of a HP in the DG system, as described in 3.2.3; this 
strategy is adopted in Cases C and D.

3.2.1. Temperature controls
In the previous research activity [47] the discharge of the emulated 

solar storage was dependent on the DHN supply temperature (60 ◦C and 
80 ◦C for the two cases considered) and activated only for tank tem
peratures higher than the mentioned value. In the present work, instead, 
the discharge temperature has been reduced based on the return tem
perature from the user, so that the heat exchange in HE2 is activated if 
T5 > T8 +8◦C and it is deactivated when T5 < T8 + 3◦C. This strategy 
involves the circuit in the dotted blue square in Fig. 2.

Furthermore, in the experimental tests described in [47], the user 
supply temperature T10 was controlled to a constant value set to satisfy 
the load in all the expected operating conditions. In the present work, 
instead, the T10 set point value is variable, and it depends on both the SH 
climatic curve and the DHW request according to what is reported in 
Table 3. This modification involves the circuit in the dotted blue circle in 
Fig. 2. As regards the control of the heat exchange in HE3, the same 
control described in [47] is adopted.

3.2.2. Solar storage tank volume
Another technique adopted to increase the self-consumption share 

from RES of the prosumer is the change in the solar tank volume in the 
dotted blue square in Fig. 2. Indeed, an increase in the solar storage tank 
volume is expected to increase the self-consumption share from RES, 
particularly during winter days. Therefore, in this research work for case 
studies A2 and B2, the solar tank volume is increased from 1000 l to 
2000 l. The selection of the test day to be repeated with increased TES 
volume is based on an analysis of the experimental results from Cases A1 
and B1. The main objective of increasing the TES volume is to enhance 
the self-consumption share from RES by reducing the amount of energy 
supplied to the DHN. This goal can be effectively achieved on winter 
days with energy fed into the DHN between 12 a.m. and 2p.m. (time 
frame with high solar production and lack of user thermal demand for 
SH) and minimal solar energy self-consumption from 2p.m. to 10p.m. 
Only Day 1 of Case B1 meets these criteria among all the days tested. For 
other days, either no energy is fed into the DHN (mainly in Case A1) or 
solar energy sufficiently meets the space heating load from 2p.m. to 10p. 
m. (notably for Days 2, 3, and 6 in Case B1). On Day 1 of Case B1, the 
energy supplied to the DHN is 24 kWh. To store this energy at a tem
perature level that prevents it from being fed into the DHN, a storage 
volume of 4000 L has been estimated as necessary, corresponding to 
400 % of the current TES volume. On one hand, such a substantial 

increase in volume is considered incompatible with the dimensions of 
the substation and any potential refurbishment of the existing setup. On 
the other hand, an increase of less than 100 % has been assessed to have 
limited effects on self-consumption. Therefore, the authors decided to 
initially increase the TES volume by 100 %, leaving the possibility for 
further increases if no significant improvements are observed.

3.2.3. Integration of a heat pump in the DG system
A water-to-water heat pump has been emulated and connected to the 

solar storage tank. This configuration has been tested in case studies C 
and D. The integration of the HP involves the circuit in the dotted blue 
square in Fig. 2. Fig. 3 shows a zoom of the mentioned part with a 
detailed scheme on the integration of the HP. The interaction between 
emulation and test boundaries follows the same approach described in 
Section 3. The HP has been designed to i) increase the self-consumption 
of solar energy for space heating load, ii) have a stable and continuous 
operation; the HP typology, in terms of size and operating conditions, is 
not aimed at feeding the DHN. These assumptions are the basics to 
define the HP features described in the Section 3.3, and to detail the 
following controls.

Two different working logics are implemented to manage the inte
gration of the HP based on the temperature of the solar storage tank and 
the return temperature from the user (T8): 

• HP bypass and so direct heat transfer between the DG and the 
substation;

• HP activation so that the evaporator is connected to the DG and the 
condenser to the substation.

The motorized valves VM4_1, VM4_2, VM4_3, VM4_4 in Fig. 3 allows 
to properly set the hydraulic configuration for two operating modes.

In order to implement these working logics, several control variables 
are considered: 

• return temperature from the user, T8;
• user flow rate, M8;
• solar storage tank temperature at its top, T1.TES SOL;
• minimum inlet temperature of the evaporator (10 ◦C), 

T1.TES SOL min;
• minimum temperature difference between HE2 inlets (T5 − T8) to 

have a valuable and stable heat exchange, ΔT5,min = 3◦C;
• maximum solar storage tank temperature to activate the HP, 

T1.TES SOL max, that equals T8 + ΔT5,min;
• outlet set-point temperature at the condenser, T HP SP = 55◦C;
• cost of electricity, c el, 0.2524 €/kWh (typical household consumer 

under protection service, contracted power 3 kW and annual con
sumption 2700 kWh, Q1 2024, defined by Italian Regulatory Au
thority for Energy, Networks and Environment ARERA);

• cost of thermal energy from DHN, c th, 0.1765 €/kWh (single-rate 
domestic tariff, contracted power ≤ 30 kW and annual consumption 
≤ 25,000 kWh, Q1 2024, determined by the company providing the 
district heating service in the area under consideration, as there are 
currently no national reference standards).

The implemented control logic activates the HP when the following 
conditions are satisfied at the same time: 

• T1.TES SOL < T8 + ΔT5,min < T SP HP, so it would not be possible 
to supply energy to the load bypassing the HP that could give its 
contribution;

• M8 > 0, so there is a user heat demand;
• T1.TES SOL > T1.TES SOL min, so it is technically possible to start 

the HP;
• the COP of the HP is higher than c el/c th, so it is economically more 

convenient to use the HP instead of the heat for the DHN.

Table 3 
T10 set-point values based on SH climatic curve and DHW request.

Case 
study

SH climatic curve DHW storage tank charge 
temperature

A 60 ◦C @ − 7 ◦C, 40 ◦C @ 20 ◦C 62 ◦C
B 55 ◦C @ − 7 ◦C, 30 ◦C @ 20 ◦C 55 ◦C
C 60 ◦C @ − 7 ◦C, 40 ◦C @ 20 ◦C 62 ◦C
D 55 ◦C @ − 7 ◦C, 30 ◦C @ 20 ◦C 55 ◦C
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Regarding the bypass of the HP, it is activated when the following 
conditions are satisfied at the same time: 

• T1.TES SOL > T8 + ΔT5,min, so it is possible to use energy from the 
solar storage directly;

• M8 > 0, so there is a user heat demand.

3.3. Numerical model

Numerical simulations are performed using the software TRNSYS. 
The numerical model used for the hardware-in-the-loop implementation 
represents a small Multi-Family House (s-MFH) with two dwellings per 
floor (floor area of 50 m2) and five floors. The building model considered 
in Cases A0-A1-C represents a typical s-MFH built in the European 
Continental climate, as defined in [54]. The yearly thermal energy 
consumption results are considered representative of realistic scenarios, 
having been validated against statistical data [54]. The DHW demand 
has been generated with the software DHWCalc [55]. The building 
model used in Cases B0-B1-D is identical to that of Cases A0-A1-C in 
terms of geometrical features, the user demand side hydraulic circuit, 
and emission terminals (radiators). The building’s thermal envelope was 
improved by adding a layer of thermal insulation (polystyrene) to the 
external walls and to the flat roof, with an 8 cm thick insulation layer 
applied in both cases. In addition, the windows were replaced with 
others presenting lower thermal transmittance values. These modifica
tions are typical for energy refurbishments of this type of building. They 
help reduce the building’s thermal load, allowing to lower the supply 
water temperature distributed to the radiators and ensuring the same 
users’ thermal comfort.

For further details on the building modelling the reader is invited to 
refer to [47]. Regarding the climatic conditions, Bologna has been used 
as reference location in this work.

Regarding the numerical modelling of the flat solar thermal collec
tors a total surface of 110 m2 is considered with a thermal efficiency at 
nominal conditions equal to 0.61, having a solar system thermal power 
at nominal conditions similar to the thermal power delivered by the 
substation at nominal conditions (60 kW). For further details the read is 
referred to [47].

Regarding the HP, an ad hoc numerical model is developed by Eurac 
Research by means of a dedicated TRNSYS type aiming to meet the 

design objectives mentioned in the Section 3.2.3. The main character
istics of the HP implemented are shown in Table 4.

The HP is designed to modulate the thermal power in the 2–8 kW 
range when the temperature at the evaporator inlet is 25 ◦C and the 
condenser outlet temperature is 45 ◦C. The lower value corresponds to 
the minimum load required by the building on tested spring day (Day 3). 
Hence, it has been chosen to guarantee a continuous operation of the HP 
and avoid intermittency. Modulation is possible in the range of 25 % to 
100 %, resulting in a corresponding maximum thermal power of 8 kW. 
Regarding the design temperatures, the evaporator inlet temperature is 
set as the average of the minimum (10 ◦C) and maximum (40 ◦C) 
allowed temperatures for the selected HP. Similarly, the condenser 
temperature is set as the average of the maximum allowed temperature 
(55 ◦C) and the expected minimum temperature (35 ◦C) to ensure 
effective heat exchange in HE2, based on the analysis of the previous test 
campaign.

The numerical model of the HP is implemented so that: 

• it is equipped with a variable speed compressor in order to control 
the condenser outlet temperature at the set point value;

• the mass flow rate in the heat source circuit is varied to maintain a 
minimum temperature difference of 5 ◦C between inlet and outlet;

• the maximum inlet temperature at the source side is limited to 40 ◦C 
(maximum allowable inlet temperature) through the valve VM4_5 in 
Fig. 3.

3.4. Calculations and KPI

In order to compare results obtained for each case study, the 
following KPIs are adopted: 

• SC, that represents the coefficient of self-consumption of DG;
• SS, that represents the coefficient of self-sufficiency;
• Uec, that represents the useful energy coefficient of DG.

The aforementioned KPIs are defined as follows: 

SC = 100 •
EDG to user

EDG
(2) 

SS = 100 •
EDG to user

EUser
(3) 

Uec = 100 •
EDG to user + EDG to DHN

EDG
(4) 

where: 

• EDG is the thermal energy produced by the DG system;
• EDG to DHN is the thermal energy produced by the DG system and 

injected into the DHN;

Fig. 3. Integration of a heat pump in the DG system.

Table 4 
Main characteristics of the emulated HP used in case studies C and D.

Quantity Values

Thermal power range (condenser) in design conditions [kW] 2–8
COP range in design conditions 6.0–4.5
Minimum evaporator inlet temperature [◦C] 10
Maximum evaporator inlet temperature [◦C] 40
Maximum condenser outlet temperature [◦C] 55
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• EUser is the thermal energy demand of the user;
• EDG to user is the thermal energy produced by the DG system and sent to 

the user.

In the cases without the HP (A and B) EDG to user represents the thermal 
energy exchanged in HE2. When the HP is present (C and D) instead 
EDG to user is defined as follows: 

EDG to user =
(
EDG bypassHP + EcondHP

)
− EelHP (5) 

where EDG bypassHP is the thermal energy provided to the user by the DG 
system and hence bypassing the HP, EcondHP is the thermal energy pro
vided to the user by the HP, and EelHP is the electric energy absorbed by 
the HP.

In cases with HP (C and D), it is also calculated the coefficient SS,el, 
which is valid in case the HP is fed by electricity produced locally by 
RES: 

SS, el = 100 •
EDG to user + EelHP

EUser
(6) 

4. Test results and discussion

In this section, the substation performances for different case studies 
(from A to D) and each representative day (from 1 to 6) are presented 
and discussed. The main variables of the substation have been moni
tored and sampled with a 1-sec time step; moreover, the hardware-in- 
the-loop configuration introduced user demand and DG production 
profiles allowing to characterize the device under operational condi
tions. The prototype response in terms of energy exchange within its HEs 
was verified according to the following commands: i) thermal request by 
the user to meet heating needs (the heating schedule is from 6 a.m. to 12 
a.m. and from 2p.m. to 10p.m.); ii) thermal demand by the user to 
charge the DHW storage tank (which is activated when the temperature 
inside, at the height of about 60 % from the bottom, reaches 55 ◦C and 
48 ◦C and remains active until the temperature reaches 60 ◦C and 53 ◦C, 
for Cases A-C and B-D, respectively); iii) the availability of solar energy 
at a temperature useful for meeting the user’s thermal demands or for 
feeding the DHN, resulting in the discharge of the storage tank con
nected to the solar circuit. Section 4.1 provides a detailed description of 
the results obtained from tests on two of the six representative days: Day 
1, typically winter, and Day 3, representing the mid-season, specifically 
spring; these are the two extreme cases of the space heating season 
showing a different effect of the proposed strategies. Section 4.2 de
scribes the daily energy balance and the application of a net metering 
option, while the relative annual extrapolations are included and com
mented in Section 4.3.

4.1. Results for Day 1 and Day 3

The results for two representative days are described below: Day 1, 5 
January, and Day 3, 9 April. Fig. 4 shows the Global Horizontal Irradi
ance and the outdoor temperature for the two selected days. The 
interaction between the three HEs to meet the user’s thermal load and 
feed energy into the grid is depicted for Day 1 in Fig. 5 and Fig. 6. Fig. 5
refers to a traditional DHN (80/50 ◦C for supply and return) and a not 
renovated building. It gathers results from the previous experimental 
campaign (named A0) and the current case studies A1 and C. Fig. 6
instead refers to the experimental tests related to lower-temperature 
DHN (60/30 ◦C for supply and return) and a renovated building, 
showing results from the previous campaign (named B0) and the current 
case studies B1 and D. In order to improve the readability of the paper, 
Authors chose to place the figures corresponding to Day 3 in the ap
pendix (Fig. 11 and Fig. 12). Comparing within the same graph the re
sults obtained in different tests with the same boundary conditions 
allows to highlight the effects of the implemented strategies aimed at 
increasing self-consumption. Finally, for a better understanding of the 
results discussed below, in terms of user thermal load coverage and 
distribution of DG energy, refer to Fig. 7 and Fig. 8.

The above-mentioned figures illustrate how the three heat ex
changers, HE1, HE2, and HE3, work together to meet the load and 
supply energy to the grid, depending on the user’s thermal demands and 
the availability of solar energy. The lower graphs display two of 
the three mentioned commands determining the activation of the sub
station (binary signals): the DHW storage charge and the availability of 
useful solar energy in the solar storage. For Cases C and D, the useful 
solar energy availability curve comprises of two contributions: the solar 
storage used as a source for the heat pump, which in turn supplies HE2; 
direct use of the energy in the solar storage (bypass) for both HE2 and 
HE3. The upper graph depicts the heat power supplied by the substation 
to the user via HE1 (DHN) and HE2 (DG) i.e., overall user demand for SH 
and DHW. The separate contributions of the two heat exchangers and 
the heat supplied by HE3 to the district heating network are shown in 
the middle graphs. The user demand and the available DG (solar) energy 
fluctuate in each test according to the emulation output. Finally, note 
that when starting up the substation, or charging the DHW storage, or 
starting solar availability, exchanged thermal powers suddenly increase 
due to both dynamic changes in temperature and flow rate typical of 
start-up, and an actual increased demand from the user related to DHW 
storage charging. The user’s thermal energy demand varies between 5 
and 40 kW: in Cases A0 and A1, where a non-refurbished building is 
emulated, the SH load profile varies between 5 and 30 kW, in Cases B0 
and B1 between 5 and 15 kW; the DHW causes peaks in the overall load.

In the cases of non-refurbished building (A0-A1-C), test day 1 is 
characterized by high user demand for SH (244 kWh), being included in 

Fig. 4. Global Horizontal Irradiance (orange line) and outdoor temperature (blue dashed line) for Day 1 and Day 3. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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the heating period, and DHW (20 kWh) alongside low solar radiation. 
Fig. 5 shows that the user’s thermal demands are almost exclusively 
supplied from HE1, so from the DHN, in both experimental campaigns 
A0 (99.8 %) and A1 (87.1 %). In Case A0, the availability of solar energy 
is simultaneous with the thermal demand only to a small extent: thus, 
during the central hours of the day just a little part of user’s demand is 
supplied from the solar panels (0.2 %, equivalent to the 2.3 % of the 
energy produced by solar), with HE2 activated twice for approximately 
3 min. The remaining useful solar energy availability is fed into the DHN 

via HE3 (30.8 % of the energy produced by solar), when there is no 
demand around 12:50 and 13:30. Strategies for increasing self- 
consumption described above for Case A1 made solar energy available 
in the solar storage with a good phasing with user’s demand: it is 
satisfied by HE2 completely or partially (12.9 % of the daily user’s de
mand, equivalent to the 68.4 % of the energy produced by solar), thus 
leading the simultaneous activation of HE1 and HE2. Differently from 
Case A0, HE3 does not operate because the temperature in the solar 
storage remains below the minimum threshold temperature for its 

Fig. 5. Day 1. Interaction between the HEs according to thermal demand and DG availability. Case studies A0-A1-C, DHN supply and return 80/50 ◦C.

Fig. 6. Day 1. Interaction between the HEs according to thermal demand and DG availability. Case studies B0-B1-D, DHN supply and return 60/30 ◦C.
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activation (83 ◦C). With the integration of a heat pump (Case C), the 
user’s demand is addressed by HE1 (75 %) and HE2 (25 %, equivalent to 
64.4 % of the energy produced by solar) for comparable durations, 
including periods of simultaneous operation. HE1 meets the thermal 
load during the early hours, when the solar storage lacks usable energy, 
and during the final DHW charge. HE2 operates from 9:00 to 22:00, 
phasing with the user’s SH demand: 64.6 % of energy exchanged in HE2 
is from the heat pump that operates in the morning, when solar energy 
production is increasing and the temperature in the solar storage is 
insufficient to activate the bypass, and from 17:00 onwards, when solar 
energy production ceases, but the storage temperature remains suffi
cient for heat pump activation; from 14:00 to 16:00, HE2 is directly fed 
from the solar storage (bypass activated, 35.4 % of energy exchanged in 
HE2) and can independently meet the load. Additionally, during the 
final DHW charge, HE2 stopped working to accommodate the charging 
process because the temperature T8 was higher than the HP set point 
temperature: with the set point equal to the maximum condenser outlet 
temperature, the HP could not contribute to the load in this operating 
condition. As for Case A1, HE3 also does not operate in Case C because 
the temperature in the solar storage is under the threshold to feed energy 
into the network.

By testing Day 1 of Case A1 with a doubled solar storage volume (i.e., 
Case A2, not shown in the following figures for reasons of clarity in the 
graphic representation), the substation operates similarly to Case A1. 
The user’s demand is primarily supplied by the DHN via HE1 (87.1 % in 
A1, 84.8 % in A2), then by solar energy via HE2 (12.9 % in A1, 15.2 % in 
A2), with no feed-in to the grid. The share of the energy produced by 
solar stands at 68 %; the difference in the useful solar energy feeding 
HE2 is attributed to the increased solar production, which rises from 
53.4 kWh (A1) to 62 kWh (A2), resulting from the higher efficiency of 
the solar array. In Case A2, the presence of a double storage system 
results in a lower temperature in the solar storage, a lower average 
operating temperature of the solar array, and thus a higher production 
efficiency.

Moving to lower operating temperatures in DHN and a renovated 
building as user (Cases B0-B1-D), SH demand decreases to around 130 
kWh, while the DHW demand remains constant. Fig. 6 shows that even 
in this scenario the user’s thermal demands are primarily supplied from 
HE1 (B0 92.8 %, B1 84.1 %). In Case B0, the availability of solar energy 
is partly at the same time as the user’s demand, thus between 11:30 and 
12:00 a portion of the thermal power required by the user is supplied by 
the solar plant via HE2 (7.2 %, equivalent to 22.6 % of the energy 
produced by solar); the remaining useful solar energy availability is fed 
into the DHN through HE3 (56.5 %), which operates from 12:00 to 
14:00. Implementing the strategies for increasing self-consumption 
described above for Case B1, more solar energy is available in the 
solar storage at the same time as the user’s demand. This results in the 
operation of HE1 alone, or in combination with HE2 (overall 15.9 % of 
the demand, equivalent to the 40.4 % of the energy produced by solar); 
additionally, HE3 operates on its own when there is no demand from the 
user (36.4 % of solar production fed into the network). With the inte
gration of a heat pump, Case D shows an operation similar to Case B1: 
user’s demand addressed by HE1 (65.4 %) and HE2 (34.6 %, equivalent 
to 52 % of the energy produced by solar) with either solo or simulta
neous operation; HE1 meets the load during the early hours of the day 
and during the final DHW charge, coupled with HE2; HE2 operates from 
9:00 to 22:00, phasing with the load profile and covering the user’s 
demand mainly on its own, whether powered by the heat pump (68 % of 
energy exchanged in HE2) or directly from the solar storage (bypass 
activated, 32 %). HE3 operates during the middle part of the day (24.5 % 
of the solar production fed into the network), when there is no demand 
from the user and not simultaneously with HE2.

By testing Day 1 of Case B1 with a doubled solar storage volume (i.e., 
Case B2), the substation still operates similarly to Case B1. HE1 covers a 
significant amount of user’s demand using the DHN (84.1 % in B1, 77 % 
in B2), while the useful solar energy is partially consumed via HE2 and 

fed into the network via HE3 (40.4 % in B1 and 52 % in B2, and 36.4 % 
in B1 and 18.3 % in B2, respectively; these shares refer to the energy 
produced by solar). The difference in the useful solar energy feeding 
HE2 is related to the higher solar production (66.3 kWh in B1 and 73.9 
kWh in B2) and to a lower amount of energy fed into the grid (24.1 kWh 
in B1 and 13.5 kWh in B2), caused by a lower temperature in the solar 
storage.

Test day 3 is in mid-season (April), still in the heating period. In the 
case of non-refurbished building (Cases A0-A1-C), the thermal demand 
for DHW is 30 kWh and for SH is 100 kWh, 60 % lower than test day 1. 
The solar production reaches 233 kWh (more than four times higher if 
compared to test day 1), thus letting expect a significant exploitation of 
solar energy. Fig. 11 shows that the user’s thermal demands are pri
marily supplied from HE1, so from the DHN, in both experimental 
campaigns A0 (72 %) and A1 (54.6 %). In Case A0, HE2 operates at the 
same time as HE1 between about 09:00 and 09:40, with comparable 
powers; thereafter (09:40–12:00 and 14:00–17:00) it runs alone, and 
then switches off due to exhaustion of solar availability. Overall, DG via 
HE2 supplies 28 % of the user’s demand, equivalent to 20 % of the en
ergy produced by solar; the remaining useful solar energy is fed into the 
DHN via HE3 (69 %), which works both coupled with HE2 (10:00–12:00 
and 14:00–16:00) and on its own (12:00–14:00). After implementing the 
strategies for an improved self-consumption for Case A1, the user’s 
thermal demands are supplied from HE2 (45.4 %, equivalent to the 29.1 
% of the energy produced by solar) for much of the time; HE1 operates in 
the first part of the day, when there is no solar availability, and during 
the last DHW charge. The remaining useful solar energy availability is 
fed into the DHN via HE3 (56.4 %). With the integration of a heat pump 
(Case C), the user’s demand is addressed by HE1 (54.4 %) and for much 
of the time by HE2 (45.6 %, equivalent to 25.6 % of the energy produced 
by solar, now reaching 258 kWh). HE1 works during the DHW charges 
and coupled with HE2 for some periods at the beginning of the SH. Out 
of this simultaneous operation, HE2 meets the SH demand on its own, 
even when operating with the heat pump (06:00–08:00, 15.3 % of en
ergy exchanged in HE2), unlike test Day 1, as the demand is lower. 
During the remaining heating period, HE2 is fed directly from the solar 
storage (bypass activated, 84.7 % of energy exchanged in HE2). In 
addition, HE3 also operates partly simultaneously with HE2 and partly 
alone, when there is no demand from the user, resulting in 54.3 % of the 
solar production fed into the network.

Focusing on lower operating temperatures in DHN and a renovated 
building as user (Cases B0-B1-D), SH demand decreases to around 23 
kWh, while the DHW demand remains constant. As shown in Fig. 12, 
even under the above-mentioned boundary conditions, the user’s ther
mal demands are mainly supplied from HE1, so from the DHN, in both 
B0 (69 %) and B1 (73.5 %). In Case B0, part of the thermal power 
required by the user is supplied by the solar system via HE2 (31 %, 
equivalent to 8.6 % of the energy produced by solar), between approx. 
09:00 and 17:00. During the same time interval, the remaining useful 
solar energy availability is fed into the DHN via HE3 (84.2 %), either in 
combination with HE2 (09:00–12:00 and 14:00–17:00) or alone 
(12:00–14:00) when there is no user demand. The strategies for 
increasing self-consumption in Case B1 resulted in a user’s demand 
satisfied most of the time by HE2 (26.5 %, equivalent to 6.4 % of the 
energy produced by solar); HE1 operates in the first part of the day, 
when there is no solar availability, and during the last DHW load. HE3 is 
activated either coupled with HE2 and alone (80.2 % of the solar pro
duction fed into the network), when there is no user demand. A 
comparative analysis of the results obtained for Cases B1 and B0 reveals 
no increase in the self-consumption of the DG energy. This can be 
attributed to the operational conditions on Day 3 (lower-temperature 
DHN and an energy demand from a renovated building covered by lower 
thermal levels), which reduce the potential of the expected benefits 
related to the proposed strategies, if compared to winter scenarios. 
Furthermore, it is important to consider the challenges in ensuring full 
repeatability of the dynamic tests performed in the laboratory; it is 
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intrinsically linked to the nature of the devices tested and their opera
tional behavior, which is influenced by variations in operating condi
tions that cannot be entirely controlled. For these reasons, the benefits 
associated with the implementation of the strategies do not manifest, 
while observing an increase in solar production and a higher amount of 
useful solar energy. With the integration of a heat pump (Case D), the 
user’s thermal demands are supplied from HE1 (65.8 %) and from HE2 
(34.2 %, equivalent to the 6.3 % of the energy produced by solar) for 
much of the time; HE1 is activated in the first part of the day, when there 
is no solar availability, and together with HE2 during the last DHW 
charge. HE2 operates from 07:00 to 22:00, phasing with the load profile 
and covering the user’s demand mainly on its own, whether powered by 
the heat pump (21.1 % of energy exchanged in HE2, 07:00–09:00) or 
directly from the solar storage (bypass activated, 78.9 %). HE3 operates 
during the middle part of the day (76 % of the solar production fed into 
the network), when there is no demand from the user or simultaneously 
with HE2.

The experimental test campaigns conducted for Cases A, B, C, and D, 
along with those indicated in [47], confirm the efficacy of the controls 
implemented on the substation. These controls successfully maintained 
the required supply temperature for the user (T10) and the input tem
perature of the DHN (T4), with only minor deviations observed around 
the set-point.

4.2. Daily results and net metering option

This section presents a comparison of the different case studies with 
the same load type across the six representative days: A0-A1-C in Fig. 7, 
and B0-B1-D in Fig. 8. As introduced in Section 3.1, test Days 4 e 5 were 
not performed for case studies A1, B1, C, and D; results from the pre
vious experimental campaign were used as reference for the full-year 
extrapolation (Section 4.3). The top graph in both figures illustrates 
the daily user load and the contributions from DHN (HE1) and DG 

(HE2), including the KPIs related to energy self-sufficiency (SS and SS,el), 
as defined in Section 3.4. The total energy load observed for each in
dividual day across the three cases is similar but not identical, due to the 
abovementioned dynamic and non-repeatable nature of laboratory 
testing. The bottom graph in both figures shows the total energy from 
DG, along with its distribution to the user via HE2, to the DHN via HE3, 
and the energy not used; additionally, the figure includes the SC and Uec 
indicators, as defined in Section 3.4. The total energy from DG also in
cludes the electrical consumption of the HP during Case C, considered an 
energy input to the control volume used for evaluating DG production 
and usage (whose boundaries encompass the solar circuit heat 
exchanger in the numerical model, HE2, and HE3). The share of energy 
produced by the DG and not used for supplying the user or feeding the 
network is related to the following contributions: preheating of the solar 
circuit, crucial for bringing the system into storage loading conditions 
(the energy required remains relatively constant, e.g. ranging from 
approximately 5 to 7 kWh for Case A1 and 2.7 to 4.4 kWh for Case B1); 
variable share based on the operational conditions of the solar system, 
which include the preheating of the solar storage, thermal losses (from 
storage, the circuit between storage and the substation, and HE), as well 
as the energy remaining in storage and not utilized by the user.

As for the experimental campaigns of case studies A1 and C (Fig. 7), 
Days 1 and 6 represent typical winter days, characterized by high user 
load for SH and DHW, and low solar radiation: user demand is pre
dominantly supplied by the DHN (87.1 % and 86.4 % in A1; 75 % and 
73.5 % in C, respectively); energy from DG is self-consumed by the user 
through HE2, with no surplus fed into the grid; in Case C, HE2 is sup
plied both from solar storage (35 %) and the HP (65 %). The DG energy 
not used is approximately 32 % for Day 1 and 28 % for Day 6 in A1 (16.9 
kWh and 12 kWh, out of a total production of 53.4 kWh and 42.6 kWh 
respectively), mainly due to thermal losses and preheating in the various 
circuits. This percentage increases to 36 % for Day 1 and 44 % for Day 6 
in Case C (32.3 kWh and 35.9 kWh, out of a total production of 90.9 kWh 

Fig. 7. User load sharing between DHN and DG, distribution of DG energy production, and KPIs for the representative days. Case studies A0-A1-C.
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and 81.6 kWh respectively), because of additional energy produced 
during the day which remains unused in the storage at the end of the day 
(at a temperature level that can still be utilized by the HP).

Days 2 and 3 are spring days characterized by good solar radiation 
and simultaneous thermal demands for SH and DHW: user’s thermal 
demands are met by the DHN (73.9 % and 54.6 % in A1; 62.7 % and 
54.4 % in C, respectively); on Day 3, solar production is approximately 2 
to 3 times higher than on Day 2 for Cases C and A1, respectively, leading 
to a correspondingly higher fraction of solar energy supplied to the 
building; on Day 3, solar energy is actually fed into the DHN, accounting 
for more than 50 % of the total solar energy production. In Case C, HE2 is 
supplied both directly from solar storage via the bypass (38.3 % and 
84.7 % for Days 2 and 3, respectively) and by the HP (31.7 % and 15.3 
%); the heat pump plays a lesser role on Day 3 due to the higher 
availability of solar energy from increased solar radiation. In Case A1, on 
Day 2, 25 % of DG energy remains unused (18.9 kWh out of a total 
production of 76.4 kWh), mainly due to thermal losses and preheating in 
the various circuits; on Day 3 (14 %, 33.9 kWh out of a total production 
of 233 kWh) it includes part of the energy remaining in storage at the 
end of the day. A similar behavior is observed in Case C, with unused DG 
energy accounting for 37 % on Day 2 (42.4 kWh out of a total production 
of 113 kWh), and 20 % on Day 3 (51.8 kWh out of a total production of 
257.6 kWh); in both cases, the energy remains not used in storage at the 
end of the day but at a temperature level that can still be utilized by the 
heat pump.

The insights regarding the substation qualitative behavior on the 
representative days described above can be considered almost entirely 
valid for the cases of lower operating temperatures in DHN (B1-D, 
Fig. 8). A difference is observed for Days 1 and 6, when the energy 
produced by solar DG is both self-consumed by the user via HE2 and fed 

into the grid via HE3.
Comparing all the case studies A0-A1-C (Fig. 7), user demand is 

mainly met by the DHN (from 54.6 % for Day 3 A1, up to 99.8 % for Day 
1 A0); only Day 3, Cases A1 and C, shows comparable shares from DG 
and DHN. The figure further indicates that the contribution to the user 
from DG increases during the tested days as the case studies progress 
from A0 to C, particularly on days with higher user demand (i.e., Days 1, 
2, and 6). The increase in solar output from A0 to C is due to the gradual 
reduction in the operating temperature of the solar storage, which re
sults from the lower temperature required to supply the DG side of the 
substation. Consequently, the average operating temperature of the 
solar array also decreases, leading to improved performance.

Moving to case studies B0-B1-D, Fig. 8 confirms that DHN mainly 
contributes to covering the user demand (from 55.1 % for Day 5 B0, up 
to 100 % for Day 4 B0). For the same reasons described above, the solar 
output increases from B0 to D. The contribution to the user from DG by 
HE2 increases again during the tested days; it is more pronounced and 
evident on days with higher user demand (i.e., Days 1, 2, and 6), and less 
on Day 3, characterized by low user demand during the central and late 
hours of the day, when solar energy is available in storage.

Regarding the HP operation, its primary operating ranges for Cases C 
and D are as follows: the evaporator inlet temperature is between 
10–40 ◦C, the condenser outlet temperature is between 45–55 ◦C, and 
the modulation is between 30 % and 100 %. Table 5 displays the HP 
performance within these ranges, demonstrating a higher coefficient of 
performance when the temperature difference between the evaporator 
and condenser is smaller and when the HP operates at partial load.

The two case studies illustrate how different load levels influence the 
HP operation. In Case C, where the load is higher, the HP primarily 
operates within the modulation range of 65–100 % and an outlet 

Fig. 8. User load sharing between DHN and DG, distribution of DG energy production, and KPIs for the representative days. Case studies B0-B1-D.
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temperature range of 50–55 ◦C. In contrast, with a lower load, Case D 
sees the HP mainly operating at a modulation range of 30–65 % and an 
outlet temperature range of 53–55 ◦C. These findings suggest that there 
is potential for improving the HP efficiency, particularly in Case D. 
When the HP operates at 55 ◦C with a modulation below 100 %, it could 
meet the load requirements at a lower temperature, thereby increasing 
operational efficiency and enhancing the three KPIs through reduced 
electricity consumption. Such improvements could be achieved by 
downsizing the HP and implementing a variable outlet temperature 
control based on the specific load requirements.

Fig. 7 and Fig. 8 show that in all cases, there is an amount of energy 
produced by DG and not used that increases moving from A0 to C and 
from B0 to D. Despite the overall amount increases, the various contri
butions have a variable trend. Considering the solar circuit preheating, it 
decreases from Case A0 to C and from Case B0 to D due to the decreasing 
temperature level of the storage to provide energy to the user due to the 
strategies implemented. Regarding the thermal losses, they are mainly 
dependent on the thermal insulation of components (pipes), the thermal 
efficiency of the HEs and they increase with the increasing of the energy 
flows: this reflects into the test results where thermal losses increase 
moving from Case A0 to C and from B0 to D due to the increasing of DG 
production and energy flow within the substation. Lastly, the energy 
balance through the storage is the contribution that has the higher in
crease moving from Case A0 to C and from B0 to D. It is proportional to 
the difference between the storage temperature at the beginning and end 
of the day: it includes the storage thermal losses, the amount of energy 
needed to increase the storage temperature at a level suitable for the 
load, and the amount of energy that could be potentially used but re
mains unused. While the first two contributions play a significant role in 
Cases A0, A1, B0 and B1, the last one is particularly relevant for all the 
days in Cases C and D thanks to the HP integration that allows a decrease 
in the minimum useful storage temperature down to 10 ◦C. At this aim, a 
potential solution to be explored is a different HP (different size and/or 
maximum operating temperature) to allow the energy not used to feed 
into the DHN.

The strategies implemented to enhance self-consumption – including 
controlling the T10 temperature based on climatic conditions, increasing 
the storage size, and integrating a HP in series with the solar storage – 
proved effective in both thermal levels of DHN. These strategies not only 
reduced (or eliminated) grid feed-in on Days 1, 2, and 3, but also 
increased solar production, making more energy available for self- 
consumption.

Fig. 7 and Fig. 8 illustrate that a portion of the solar energy is fed into 
the DHN, even though it could potentially be used to partially or fully 
meet the user’s daily demands (particularly on Days 3, 4, and 5). This is 
caused by the non-simultaneity between user demand and solar pro
duction, as well as by mismatch in terms of power levels; additionally, 
the values shown were calculated assuming the immediate use of 
available solar energy from DG. Therefore, further evaluations were 
conducted under a daily net metering scenario, where the DHN 

functions as a virtual daily storage system for the energy produced but 
not immediately self-consumed, allowing it to be reused later in the day. 
As noted in [47] for Case A0, the energy balance relative to user demand 
in Cases A1 and C shows a greater contribution from DG: on Day 3, there 
is a 119 % increase, which allows 100 % self-sufficiency to be achieved, 
with a share of the solar production fed into the grid as it exceeds user 
demand. Aside from an insignificant increase on Day 2 (5 % in A1), there 
are no significant changes on the other days, as solar production is used 
entirely to meet the user’s load, with no feed-in to the grid. In Case A0, 
this only occurred on Day 6, reflecting the effectiveness of the strategies 
implemented to increase the share of self-consumption. As expected, the 
application of net metering has a more pronounced effect in Cases B1 
and D, due to the greater compatibility between DHN thermal level, DG 
production, and user load, particularly on heating days. On Day 3, there 
are significant increases in the share of DG contributing to load coverage 
(285 % in B1; 200 % in D), achieving 100 % self-sufficiency with some 
production fed into the grid. On other days, the increases remain sig
nificant, with a DG useful production fully allocated to the user and no 
feed-in to DHN. This allows B1 and D to reach the following levels of 
load coverage by DG: from 16-28 % to 30–42 % on Day 1; from 24-30 % 
to 72–74 % on Day 2; and from 21-19 % to 30–25 % on Day 6.

4.3. Full-year extrapolation

Annual extrapolations for the tested cases and the net metering 
scenario are shown in the following Fig. 9 and Fig. 10. The tables in 
these figures also include the relative measurement uncertainty (urel) as 
a percentage of the absolute value for each variable considered. It de
rives from [45] and [47] that detail the measurement uncertainties of 
the substation installed sensors and how these uncertainties propagate 
to the derived quantities, such as thermal powers and energies. This 
paper adopts a similar approach by extending the uncertainty propa
gation to the KPIs described in Section 3.4. The measurement uncer
tainty of total production from the DG is assumed to be negligible, as it is 
an output of the numerical model of the solar field. The variability in the 
measurement uncertainty of the monitored energy is attributed to 
differing temperature differences in each HE. In cases of high tempera
ture differences or energy flows, the uncertainty is lower, as seen in HE3 
(energy to the DHN), which operates with a temperature difference of 
30 ◦C on the DHN side, or in HE1 (energy from the DHN). Conversely, 
the uncertainty is higher for HE2 (energy from the DG), which operates 
at a lower temperature difference and energy flow. Although some KPIs 
exhibit an uncertainty of up to 10 %, this is still lower than the differ
ences observed among the cases, thereby confirming the validity of the 
results.

The annual graphs confirm the trends observed in the single-day 
analysis: self-sufficiency increases from A0 to C, as well as from B0 to 
D; the user’s demands can be supplied by DG via HE2 achieving a SS of 8 
%, 20 %, and 27 % in Cases A0, A1 and C; comparable values can be 
observed for lower temperature of DHN, with 14 %, 20 %, and 26 % in 
Cases B0, B1 and D. A share of DG production feeds the DHN (69 %, 54 
%, and 45 % in Cases A0, A1, and C respectively), more effectively when 
the grid operates at lower temperatures (reaching 81 %, 73 %, and 65 % 
in Cases B0, B1, and D). The implementation of strategies aimed at 
increasing the share of self-consumption resulted in the following SC 
values: 13 %, 28 %, and 30 % in A0, A1, and C; 10 %, 12 %, and 15 % in 
B0, B1, and D.

By applying the net metering mechanism on a daily basis and 
extrapolating the results over the entire year, Fig. 9 and Fig. 10 show: an 
increase in the DG solar energy used to meet the load (up to 38 % in Case 
C and 58 % in Case D); an increase in self-consumption (39 %, 44 %, and 
43 % in A0, A1, and C; 35 %, 34 %, and 33 % in B0, B1, and D), and a 
corresponding decrease in the share of DG energy fed into the grid (up to 
− 25 % in Cases A0 and B0).

Table 5 
HP performance within the operating ranges resulting from the test in Cases C 
and D.

Evaporator 
inlet 
temperature 
[◦C]

Condenser 
outlet 
temperature 
[◦C]

Modulation Thermal 
capacity 
[kW]

Electricity 
consumption 
[kW]

COP

10 45 30 % 2.4 0.53 4.53
10 55 30 % 1.8 0.95 1.92
40 45 30 % 6.5 0.60 10.79
40 55 30 % 5.9 1.03 5.77
10 45 100 % 11.3 3.03 3.73
10 55 100 % 10.7 3.45 3.11
40 45 100 % 15.4 3.10 4.97
40 55 100 % 14.8 3.52 4.21
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5. Conclusions

The paper presents the results obtained from experimental tests on a 
bidirectional heat exchange substation for district heating, which allows 
a user to become prosumer, thus giving the possibility to feed into the 
grid the share of locally produced energy (from renewables or waste 
heat) and not self-consumed. Based on the results of a previous 
campaign, described in [47], a series of strategies were implemented to 
increase the percentage of local production used to supply the user’s 
demands, applying the same methodology (i.e., hardware in the loop 
and test days) and same boundary conditions for homologous case 
studies (same load, local generation system, and DHN temperatures). 
Strategies included managing the discharge temperature of the solar 
storage and the temperature of energy supply from the substation, 
controlled according to climate curve (A1-B1); varying the size of the 
solar storage (A2-B2); and integrating a water-to-water HP in series with 
the solar storage (C-D).

The data from the annual extrapolation confirm the trends resulting 
from the analysis of the single test days: the energy produced locally and 
used to cover the user’s demands – described by the self-sufficiency SS 
indicator – increases moving from Case A0 to A1, then to C (considering 
high-temperature grid and a non-renovated building, 8 %, 20 %, and 27 
% respectively), and from Case B0 to B1, then to D (considering low- 

temperature grid and renovated building, 14 %, 20 %, and 26 % 
respectively). The largest increases occur in the case of non-renovated 
building and DHN operating at 80 ◦C-50 ◦C for supply/return, due to 
the significant lowering of the temperature for solar energy use in 
storage compared to the Case A0 configuration. In the net metering 
scenario, a similar increasing trend can be observed, but with higher 
percentages: 24 % in A0, 31 % in A1, and 38 % in C; 52 % in B0, 55 % in 
B1, and 58 % in D. Additionally, there was an increase in solar pro
duction (by 15 % and 39 % in A1 and C, respectively, compared to A0, 
and by 6 % and 18 % in B1 and D, respectively, compared to B0). This 
was due to a lowering of the utilization temperature of the solar storage, 
which consequently reduced the average operating temperature of the 
solar array. As a consequence of the abovementioned effects, the share of 
DG energy fed into the grid decreases (by 10 % and 24 % in A1 and C, 
respectively, compared to A0, and by 4 % and 13 % in B1 and D, 
respectively, compared to B0). Similar effects were observed when 
comparing the daily energy outputs of Cases A1-A2 and B1-B2 on Day 1, 
resulting from the increased size of the solar storage.

The implemented strategies have proven effective in increasing the 
share of self-consumption and enhancing production from renewable 
sources. Coupling with the net metering mechanism also allows for 
further exploitation of the local surplus to cover the user’s load, even 
outside the production periods. The presented results could support 

Fig. 9. User load sharing between DHN and DG, distribution of DG energy production, KPIs and relative measurement uncertainty on an annual basis. Case studies 
A0-A1-C. Results from experimental test (“Test”) and net metering option (“NetM”).

Fig. 10. User load sharing between DHN and DG, distribution of DG energy production, KPIs and relative measurement uncertainty on an annual basis. Case studies 
B0-B1-D. Results from experimental test (“Test”) and net metering option (“NetM”).
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stakeholders in developing efficient district heating systems, according 
to the recent EED, particularly in the context of potential thermal energy 
communities. Future research could focus on the HP, specifically in 
terms of sizing, maximum operating temperature (high-temperature HP 
up to 80–90 ◦C), and temperature management according to load re
quirements: this would enhance the coupling between solar production, 
substation, and HP, improving overall performance; additionally, it 
would enable the feeding of not-used solar energy into the grid at the 
end of the day and increase the use of the heat pump to meet DHW 
demands. These benefits could be included into a techno-economic 
feasibility analysis for the conversion of one or more DHN users into 
prosumers. This analysis should consider both operational energy costs 
and capital expenditure, as well as a sensitivity analysis on electricity 
prices and the fuel costs. Furthermore, the results obtained in this study 
are highly generalizable and can be applied to other similar contexts, 
particularly in northern Italy, where district heating networks are pre
dominantly residential and supply space heating and domestic hot water 
[9]. These findings can thus be effectively transferred to other regions 
with similar climatic conditions and network configurations, supporting 
the enhancement of energy production, consumption, and sharing in 
existing and future district heating systems.
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Appendix

Fig. 11. Day 3. Interaction between the HEs according to thermal demand and DG availability. Case studies A0-A1-C, DHN supply and return 80/50 ◦C
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Fig. 12. Day 3. Interaction between the HEs according to thermal demand and DG availability. Case studies B0-B1-D, DHN supply and return 60/30 ◦C
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