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ARTICLE INFO ABSTRACT
Keywords: This study investigates the integration of solar technologies and energy storage at the individual building level
Fifth-generation district heating and cooling within fifth-generation district heating and cooling networks. Nine distinct building configurations are evaluated,

Thermal network solar energy
PV
PV-T

incorporating photovoltaic (PV) systems, solar thermal collectors, photovoltaic-thermal (PV-T) systems, thermal
energy storage (TES), and electric batteries. The techno-economic performance of these configurations is assessed
Energy storage systems for three user types: data centres (thermal prosumers) and residential and office buildings (thermal consumers).
Energy management To capture dynamic interactions among thermodynamic components, an integrated thermal model is developed
Techno-economic analysis using an object-oriented methodology. Key findings for a case study in northern Italy show that combining PV
systems with solar thermal collectors and energy storage results in primary energy savings of 57 % for residential
buildings and 55 % for offices, compared to a reference scenario without solar technologies. Replacing PV
systems with PV-T systems of equivalent area eliminates the need for solar thermal collectors, achieving over 50
% space savings. From a techno-economic perspective, the configuration for residential buildings that combines
PV systems, solar thermal collectors, batteries, and TES achieves a payback-time (PBT) of 18 years without
electricity exports, reduced to 14 years when excess electricity is exported. For offices, the PV-T system proves
more cost-effective, achieving a PBT of 14.6 years, reduced to 11 years with electricity exports. The PBTs
observed for the PV-only configuration are 5.9 years for offices and 5.8 years for the data centre. In the
community-based approach, where investments are made collectively by users, PV-T systems achieve a low PBT
of 6.4 years.

proposed as a viable alternative to traditional gas boilers [3], offering
notable economic benefits [4]. However, CHP systems themselves
contribute to greenhouse gas emissions, prompting the exploration of
cleaner alternatives. Hydrogen-fuelled technologies have emerged as a
promising alternative, however, hydrogen technology installation costs
remain high, and heat provision with hydrogen was demonstrated by
many studies [6] to be significantly more expensive than with heat
pump systems [7]. To address these challenges, the European Green
Deal has outlined a roadmap towards 2050, emphasising the electrifi-
cation of building thermal demands as a key solution. This plan includes
a significant expansion in heat pump installations, targeting 1800
million units by 2050 compared to just 180 million in 2020 [8].

In this context, fifth-generation district heating and cooling (5GDHC)

1. Introduction

The energy and environmental impact of the building sector has
grown significantly in recent years, accounting for approximately 31 %
of the global energy consumption and 37 % of greenhouse gas emissions
[1]. Space heating, cooling, and domestic hot water (DHW) needs
represent the largest contributors to this consumption, collectively ac-
counting for more than 60 % of the building sector energy use [2].
Centralised systems, such as those used in district heating applications,
are often preferred over decentralised solutions due to their potential to
reduce not only costs but also emissions [5]. To address heating and
cooling demands, combined heat and power (CHP) systems have been
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Nomenclature

Acronyms

5GDHC fifth-generation district heating and cooling

BESS battery energy storage system

CAPEX capital expenditure [€]

CcOoP coefficient of performance [—]

DHW domestic hot water

EES electrical energy storage

HVAC  heating ventilation and air conditioning

NOCT nominal operating cell temperature [K, °C]

OPEX operating expenses [€]

PBT payback time

PES primary energy saving [%]

PS proposed scenario

PV photovoltaic

PV-T photovoltaic-thermal

REV revenues [€]

SC self-consumption [%]

SOC storage systems state of charge [%]

SS self-sufficiency [%]

STC solar thermal collectors

TES thermal energy storage

Symbols

A surface [m?]

Acs tank cross section surface [m?]

Aq building floor surface [m?]

Ala tank lateral surface [m?]

c unit cost [€/kWh]

CREss battery capacity [J, Wh]

[ specific heat capacity [J/kg/K]

E energy [J, Wh]

Eq electricity consumption [J, Wh]

Ep, fossil fuel energy consumption [J, Wh]

G solar irradiance [W/m?]

h enthalpy [J/kg]

I current [A]

k thermal conductivity [W/m/K]

M mass of tank water volume [kg]

m flow rate [kg/s]

N, number of parallel modules

Noce number of occupants

p electricity [W]

P pressure [Pa]

Q thermal energy [J, Wh]

Q thermal power [W]

Qu,i heat dissipation through the i-th pipe network section [W]

Rew,i water convective thermal resistance of i-th pipe network
section [K/W]

Ry wi water conductive thermal resistance of i-th pipe network
section [K/W]

Ripip pipe conductive thermal resistance [K/W]

™ pressure ratio [—]

SPel selling price of electricity [€/kWh]

T temperature [K, °C]

t time [s]

U, tank heat loss coefficient [W/m?/K]

U heat transfer coefficient of building walls [W/m?K]

Uwin heat transfer coefficient of building windows [W/m?K]

14 voltage [V]

Vbid building volume [m®]

Vi volume of i-th pipe network section [m3]

Z height of tank water volume [m]

Greek
Qgas
QApet
V£i

n

o
A

7
p

Subscripts

abs
air
amb
b

bs

c

car
ce
ch

cl

co
comp
dc
dem
DHC
el

ev

ff

gas
grd

scl
sh

shr
sur

tot
us

fraction of gas plant in national grid
fraction of petrol plant in national grid

fraction of electricity produced by grid from fossil fuels

efficiency

optical efficiency of solar thermal technologies
polynomial coefficients of compressor efficiency

total revenues [€]
density [kg/ms]

absorber plate

air properties

ambient properties

boiler

balancing station

tank cold volume

carbon energy plant
photovoltaic cell

chiller

cooling

heat pump condenser

heat pump compressor

data centre
electricity/thermal demand
district heating and cooling
electrical

heat pump evaporator

fossil fuels

power grid

natural gas

properties of the ground
tank hot volume

heat pump

heat recovery unit

heating

inlet

investor

isentropic

maximum

district heating and cooling network
nominal conditions

office building

optimal

outlet

primary energy consumption
petrol energy plant
pinch-point temperature difference
proposed scenario

return circuit of district network
standard test conditions
residential building

heat pump refrigerant fluid
reference scenario

supply circuit of district network
subcooling

superheating

shared

surplus

thermal

total

district heating and cooling system user
water
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systems have emerged as a promising solution for integrating water-to-
water heat pumps in building districts [9]. Unlike previous generations,
5GDHC systems operate with a decentralised structure where the ther-
mal network interfaces with user’ “substations”, which essentially
function as heat pumps [10]. Rather than directly supplying buildings
with heating or cooling energy, 5GDHC systems maintain a
low-temperature thermal network that provides an optimal temperature
range for heat pump operation. This thermal network acts as a source or
sink for heat, depending on the heat pump mode: (1) in heating mode,
the thermal network serves as the low-temperature heat source for the
heat pump evaporator; and (2) in cooling mode, it acts as the heat sink
for the heat pump condenser. This configuration enables the heat pumps
to operate with high coefficients of performance (COP) by minimising
the temperature lift required for heating and cooling [11].

A defining feature of 5GDHC systems is their operation at low
working temperatures, typically in the range 20-30 °C [12]. This
characteristic allows users with diverse thermal demands to connect to
the same thermal network [13]. For example, heat extracted from one
user during cooling can be redistributed to another user requiring
heating. Consequently, these systems offer advantages over traditional
district heating and cooling systems, including a simplified thermal
network infrastructure, reduced distribution line requirements and
enhanced overall efficiency [14].

Innovative configurations for user substations have been proposed in
recent studies. For instance, Ref. [15] introduces a hydraulic kit that,
through an experimental control logic, diverts flow rates to meet ther-
mal demands or heat pump requirements based on network tempera-
tures. Similarly, Ref. [16] presents a hydraulic kit that adjusts the
flowrate based on the outlet temperature of the heat pump source side,
directing it to either the supply or return circuit.

Optimising the network temperature is a critical factor for efficient
operation. For example, Ref. [17] demonstrates monthly cost savings of
10-60 % by using model predictive control strategies that account for
users’ requirements and ground temperature, as opposed to constant
temperature control. Furthermore, a bi-objective optimisation approach
is proposed in Ref. [18] to dynamically adjust network temperatures,
reducing energy consumption by 20 % compared to operating constantly
at 20 °C.

5GDHC systems can be classified as thermal energy communities
[19], with users categorised as thermal consumers or thermal prosumers
[20]. This classification stems from the capability of users with opposite
thermal demands to exchange energy via the network, promoting
thermal neutrality and reducing reliance on the balancing thermal sta-
tion, which is the centralised unit used to regulate, manage, and redis-
tribute thermal energy within the network. The work of Ref. [21]
demonstrates a 31 % reduction in energy demand from the balancing
station in a cluster of ten buildings in southern Italy by effectively uti-
lising the presence of prosumers. However, optimising prosumers’
integration is crucial, as unmanaged waste heat from prosumers could
adversely impact the balancing station energy consumption. A model
predictive control strategy proposed in Ref. [22] reduces balancing
station energy consumption by 75 % compared to scenarios where all
waste heat is supplied to the network.

1.1. Literature review

The integration of centralised renewable systems within district
heating and cooling systems (including previous generations) has been
extensively investigated in the literature. Solar-based technologies such
as photovoltaic (PV), solar thermal, and hybrid photovoltaic-thermal
(PV-T), offer significant energy-saving potential. Their flexibility is
further enhanced through the integration of battery energy storage
systems and thermal energy storage.

One of the principal advantages of 5GDHC systems, compared to the
district heating and cooling systems of previous generations, is their
ability to facilitate the integration of renewable energy technologies,
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particularly low-temperature solar and geothermal systems [23].
Operating at low temperatures leads to increased efficiency of solar
collectors and a reduction in thermal losses [24].

Coupling a PV field with the balancing station of a 5GDHC system
has been shown to reduce reliance on the central grid by 30 %, as excess
PV electricity generation powers the balancing station and stores surplus
thermal energy in the network [25]. Ref. [26] optimises the integration
of a PV solar field supplying electricity to a ground-source heat pump
serving a district of 50 buildings, achieving primary energy savings of
64 %. Similarly, Ref. [27] develops an energy and economic optimisa-
tion method to determine the optimal sizing of renewable central sta-
tions in 5GDHC systems, achieving an overall energy efficiency of 84 %
through PV fields, wind turbines, solar thermal collectors, and seasonal
storage.

In Ref. [28], a dynamic operation strategy for large solar collector
fields connected to the balancing station in low-temperature DHC sys-
tems increases the solar fraction from 66 % (under fixed temperature
conditions) to 79 %. Centralised solar-assisted configurations were
further explored in a Mediterranean climate context (Palermo, Italy),
where solar thermal collectors are employed to supply absorption
chillers for controlling district network temperature during the cooling
season. Results show a 20 % increase in primary energy savings
compared to the baseline 5GDHC setup without solar energy systems
[29]. An economic evaluation conducted in Ref. [30] concludes that
evacuated tube collectors used in district heating applications could
achieve a payback period of approximately 6.9 years.

Hybrid configurations combining solar thermal collectors with
geothermal boreholes has been found to reduce auxiliary heating and
cooling requirements while maintaining thermal balance [31]. More-
over, seasonal thermal energy storage integrated with solar energy has
the potential to store surplus energy during summer for winter use,
achieving up to 70 % emission reductions compared to conventional
systems [32]. For instance, Ref. [33] demonstrates that storing excess
thermal energy from user substations and centralised PV-T systems
during the cooling season in borehole systems allowed 85 % of this heat
to be recovered during the heating season in a Canadian district. Simi-
larly, Ref. [34] examines the life-cycle performance of a 5GDHC system,
characterised by a campus of 5 buildings in Melbourne, integrating
rooftop PV installations, central battery storage and thermal energy
storage, demonstrating reductions in electricity demand through a
centralised management of the surplus electricity.

Despite the growing focus on centralised renewable energy integra-
tion in 5GDHC systems, the potential of decentralised renewable energy
solutions at the user level remains underexplored. The decentralisation
of renewable energy, particularly solar, is increasingly relevant for
urban districts where large-scale centralised systems may not always be
feasible [35]. It also contributes to reducing each building reliance on
the central grid, enhancing energy autonomy, and enabling suitable
energy management strategies that better reflect the specific demand
profiles and operational schedules of individual buildings. Moreover,
decentralised systems can support grid stability through local generation
[36]. This approach is particularly compatible with 5GDHC systems,
which are characterised by a decentralised provision of heating and
cooling through user substations, a feature not present in previous
generations of DHC systems [37]. Ref [38] shows that decentralised
configurations can enhance flexibility, reduce distribution losses, and
better exploit local renewable sources compared to centralised systems.

The integration of solar technologies and storage systems in the
building energy sector is well established [39]. For example, integrating
PV systems at the building level to meet heat pump energy needs
demonstrated improved self-sufficiency when optimised alongside
storage technologies [40]. In addition, PV-T systems have demonstrated
the potential to enhance heat pump COP by raising the evaporator
temperature with excess thermal energy [41], as demonstrated in
dual-source solar-assisted heat pump configurations [42]. Additionally,
integrating thermal energy storage has proven to increase flexibility and
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enable demand-side response [43].

A limited number of studies have assessed the integration of decen-
tralised solar systems within 5GDHC networks. For instance, Ref. [44]
investigates the performance of a 5GDHC system based on 7 residential
buildings in three different climatic regions, where PV-T modules are
installed on each building roof. These systems supply electricity to the
building substation, and the thermal energy is utilised to directly meet
the building space heating and DHW requirements, achieving 70 %
self-consumption at the user level and a 21 % reduction in the balancing
station electricity demand compared to a baseline case without decen-
tralised solar integration.

Ref. [45] investigates the deployment of rooftop solar thermal col-
lectors in a small-scale 5GDHC system. Results indicate that up to 38 %
of the produced thermal energy could be shared with users located
within 500 m of the source collector through the district network.
Similarly, Ref. [46] shows how integrating high-vacuum solar thermal
collectors at the user level can satisfy cooling needs of the district
network by supplying thermal energy to drive absorption chillers,
thereby reducing electricity demand at the central balancing station.

Several modelling approaches have been employed in the literature
to assess the integration of renewable energy technologies in DHC sys-
tems, including dynamic simulations (developed within TRNSYS [47] or
Modelica [48] environments) and co-simulation frameworks [49].
While these studies provide valuable insights in renewable energy
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potential, they rely on rigid modelling structures that limit flexibility in
representing diverse building demands, district configurations, or
decentralised renewable-based systems. Moreover, the integration of
control strategies and the detailed representation of user level in-
teractions are often simplified, reducing the capability to fully assess the
system’s operational potential.

These findings suggest that decentralised solar systems, combined
with batteries and thermal storage systems, can enhance system flexi-
bility and reduce the environmental impact of single buildings. How-
ever, several critical aspects of decentralised integration within 5GDHC
systems remain insufficiently addressed in the literature: (1) How can
the low-temperature heat from decentralised solar systems be optimally
exploited by user level water-to-water heat pumps? (2) How should
surplus thermal and electrical energy be managed to reduce losses or
grid exports? (3) What is the effect of decentralised solar technologies on
the performance of the central balancing station? (4) How do different
decentralised solar and storage system combinations perform energeti-
cally and economically within prosumer- and consumer-based 5GDHC
configurations from user level and district perspectives?

1.2. Contribution

The aim of this study is to address the identified literature gap by
investigating the integration of solar technologies alongside electrical

Weather data Building archetypes Manufacturer datasheets

Electricity generation by source in
the central power grid

Costs and selling prices of gas
and electricity

T I ARSSS=——— \
S i ——

. . * Primary energy
* Ambient * Space Water-to-water heat Heat exchangers Thermal and electrical consum tioni tes of
temperature heating and pumps and chillers and performance of solar fossil fi 1}; based sourer
* Solar irradiance cooling performance maps heating/cooling thermal collectors, e P
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' hermal | Thermal Thermal
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Station LB flexibility through the adoption of energy storage systems
network
7
“""\ P ) ° $
0 l Soil 5GDHC energy market strategies
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A _
Energy and economic analysis
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+ Small scale system configuration with two thermal consumers (one residential unit, one office) and one thermal prosumer (data centre)

* Small scale system configuration with four thermal consumers (two residential units, two offices)

A

Fig. 1. Schematisation of developed framework. Diverse configurations of solar technologies integrated at user level are investigated for two types of 5SGDHC system

configurations. Economic and energy analysis are conducted.
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energy storage (EES) and thermal energy storage (TES) at individual
building level within SGDHC systems. The primary novelty lies in pro-
posing novel configurations to be integrated within the 5GDHC infra-
structure, aiming at maximising the electrical and thermal outputs of
solar systems while enhancing self-consumption and improving the
performance of individual user substations. The solar technologies
examined include PV systems, solar thermal collectors, and PV-T sys-
tems, while the focus of EES is on lithium-ion batteries and that of TES
on stratified hot-water cylinders. Various configurations are explored to
assess the potential interactions between these technology options.

To specifically address how low-temperature heat from decentralised
solar systems can be optimally exploited, the study investigates tech-
nical configurations where solar-assisted heat pumps can operate more
efficiently by increasing their source temperature through solar inputs.

To evaluate how surplus thermal and electrical energy should be
managed, storage systems (both thermal and electrical) are included to
increase the self-consumption of each user and the corresponding flex-
ibility levels. Furthermore, the potential of sharing electricity surpluses
with the central balancing station and thermal energy excesses with the
district network is explored.

To assess the impact of decentralised solar integration on user sub-
stations, the central balancing station, and the district network, this
study develops an integrated thermal model based on an object-oriented
methodology. It captures the thermal interactions within 5GDHC sys-
tems, accounting for temperature evolution and thermal inertia. This
enables a detailed analysis of how decentralised energy inputs influence
the operation and energy demand of both the central balancing station
and the district thermal network. The object-oriented approach ad-
dresses the limitations of existing modelling techniques (e.g., traditional
dynamic simulation frameworks) by enabling improved scalability and
flexible replicability. The model is designed to adapt a wide range of
system configurations, including different user substation layouts,
varying numbers and types of buildings, diverse management strategies
for decentralised solar and storage systems, and alternative district
network topologies.

Additionally, the research evaluates the energy and techno-economic
impacts of the suggested configurations by estimating primary energy
savings and conducting a payback-time analysis for various user types:
data centres (acting as thermal prosumers) and residential and office
buildings (acting as thermal consumers). The comparative analysis ex-
tends to two distinct small-scale 5GDHC system configurations: one
prosumer-based setup comprising a data centre, a residential unit, and
an office, and another consumer-based setup featuring two residential
units and two offices. The economic assessment incorporates two stra-
tegies, one where users operate independently and another that adopts a
community-based approach where investments are made collectively.

The proposed user configurations and associated energy manage-
ment strategies for integrating solar and energy storage technologies are
described in Section 2.1. The modelled scenarios, including the two
different SGDHC configurations, are described in Section 3. Results are
provided in Section 4 and concluding remarks in Section 5.

2. Methods

This section outlines the methodology used for estimating the energy
and economic impact of solar technologies integrated at user level in
5GDHC systems. It is assumed that the existing technologies (i.e.,
reference scenario) in the modelled 5GDHC system include water-to-
water heat pumps to meet heating and cooling demands, and gas
boilers to satisfy DHW needs, both integrated at the user level, as well as
an air-based heat/cooling recovery unit combined with an air-source
heat pump system at the central thermal balancing station to regulate
network temperature.

The proposed framework is shown in Fig. 1. Firstly, essential input
data are collected, including weather data, building archetypes, manu-
facturer datasheets for key components, and information on energy
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performance and tariffs of the national power grid. These inputs support
the energy and economic analysis of the two 5GDHC configurations
under investigation: (1) a small-scale configuration with one thermal
prosumer and two consumers; and (2) a small-scale configuration with
four thermal consumers. This small-scale configuration allows for a
detailed analysis of how energy and economic performance vary across
different 5GDHC configurations and user types. In larger systems with a
higher number of users, the performance of the central balancing station
may be influenced by aggregation effects, whereas the behaviour and
impact of individual users on the network remain comparable to those
observed in small-scale setups.

The space heating and cooling demands of users are estimated using
a physics-based building model from Ref. [50]. This model simulates
heat transfer phenomena involving the interaction of occupied spaces,
building envelopes, and the external environment. It also considers in-
ternal heat gains from lighting, equipment, and occupants, as well as
thermal fluxes due to air ventilation. Domestic hot water (DHW) de-
mands are evaluated using probabilistic data linked to the climatic zone,
building archetype, and occupant characteristics [51].

In order to capture the dynamic interactions among thermodynamic
components installed at the user level, network pipes, and the balancing
thermal station (which regulates the network temperature at a target
value), an integrated thermal model is developed in MATLAB using an
object-oriented methodology. The core idea behind this approach is to
structure the model as a collection of modular objects, each representing
a distinct physical component. These include buildings, thermal sub-
stations, decentralised units, and network elements. The modelling
framework involves developing generic base classes that define common
properties and interfaces, meaning that each component is implemented
as a custom MATLAB class with its own governing equations, internal
variables, and inputs/outputs that interact with other components. More
specific elements (e.g., the type of end-user) are implemented as sub-
classes that inherit the base functionality. This structure means that
modifications and extensions, such as changing a technology’ opera-
tional strategy, can be made without affecting the rest of the system
model.

When compared to established platforms such as TRNSYS and
Modelica, the proposed object-oriented modelling framework offers
significant benefits in terms of flexibility, scalability and maintain-
ability. In TRNSYS, components must be manually connected in a fixed
simulation environment, and in Modelica, advanced customisation re-
quires deep domain-specific knowledge. In contrast, the object-oriented-
programming approach allows programmatic reconfiguration of district
layouts, enabling easy and fast adaption to new use cases. Changes to
one component do not propagate changes to others. This architecture
supports a wide range of testing scenarios, facilitates the integration of
advanced control strategies, and reduces the development effort when
evaluating different system designs or user profiles.

This model serves to solve the dynamic evolution of temperatures at
the thermal nodes depicted in the scheme of Fig. 1, enabling assessment
of how temperature variations influence user substations and balancing
station energy consumption, and the thermo-electrical power generation
of solar technologies. Energy management strategies are incorporated
into the 5GDHC system model. These strategies include hierarchical
utilisation of the thermal and electrical outputs of solar systems and the
use of energy storage to enhance self-consumption and energy inde-
pendence. Additionally, two distinct market approaches are analysed: a
community-based approach and individual user investments.

In Section 2.1, we describe the system configurations explored at the
end-user level. Energy market strategies for the 5GDHC network are
detailed in Section 2.2, and energy performance and economic indicator
definitions are discussed in Section 2.3. Appendices A-E provide models
of the 5GDHC technologies, including heat pumps, solar technologies,
energy storage systems, district thermal network pipes and the thermal
balancing station.
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Fig. 2. Main end-user configurations integrating solar technologies and energy storage: (a) solar thermal collectors serving the heat pump evaporator, DHW needs,
and district network; (b) PV systems powering the heat pump compressor and sharing surplus energy with the thermal balancing station; (c) solar thermal collectors
integrated with a heat pump and stratified TES; and (d) PV systems integrated with a heat pump and BESS. Configurations with PV-T systems are also explored,
combining the features of provision of heat to the heat pump evaporator, pre-heating DHW, provision of heat to the district network and powering the heat

pump compressor.

2.1. Users’ configurations

The explored system configurations at the end-user level, shown in
Fig. 2, aim at enhancing operational performance by utilising the ther-
mal and electrical outputs of three potential solar technologies: PV
systems, solar thermal collectors, and PV-T systems.

The first user configuration, presented in Fig. 2(a), introduces a
strategy to exploit thermal production when solar thermal collectors or
PV-T systems are integrated at the user level. The outlet temperature is
not constrained within a fixed range but is determined as a function of
the nominal water flow rate circulating in the collectors/PV-T modules,
weather conditions, and resulted thermal efficiency as detailed in
Appendix B.

In this configuration, the produced thermal energy is used based on a
hierarchical logic to: (1) supply heat to the pump evaporator to raise its
working temperature, thereby improving its COP; (2) preheat water to
reduce the primary energy consumption of the DHW gas boiler; and (3)
heat the water returning to the 5GDHC thermal network using a mixing
valve, mitigating the cooling effect on the 5GDHC thermal network
when it is in a heating-dominant condition. This hierarchical logic pri-
oritises the user’s thermal demands, favouring space heating demand
over DHW needs. Any surplus thermal energy is subsequently directed to
benefit the 5GDHC network if it is required. The presented strategy is
specific to the heating operation of users’ heat pumps, while, with
cooling operation, the thermal energy is exclusively used to satisfy DHW
needs.

As shown in Fig. 2(a), the solar collectors/PV-T modules operate in a
closed water loop with the 5GDHC pipes. The implemented control
strategy to manage the produced thermal energy is based on a hierar-
chical procedure (shown in Fig. 3).

As shown in Fig. 3, the flow rate diverted to the heat pump evapo-
rator (rigrc,ev) is determined through an energy balance to ensure that
the outlet flow rate matches the evaporator demand (ri.y) at the optimal
evaporator temperature (Tey,opt) that maximises the heat pump COP. If
the calculated rigrc ey exceeds the minimum between the flow rate from
the solar collectors (rgrc) and miey, it is limited to this minimum value.
When the available flow rate from the collectors (mmgstc) exceeds the
evaporator temperature requirement, the surplus flow is directed to the
DHW preheater. The required flow rate for the preheater (risrc paw) is
estimated based on the DHW thermal demand (Qpuw), the collector
outlet temperature (Toyut,sTc), and the pinch point temperature difference
of the heat exchanger (ATpp nex). As with the evaporator, if the demand
is higher than the available flow, mgtc puw is set to the available flow
rate.

Any remaining flow from the collectors is then used to heat the water
returning to the district network at the required temperature (T net)-
This occurs only when the network is in a heating-dominant condition;
in such cases, the recovered excess solar energy helps to achieve a
neutral thermal contribution from the user to the network. The required
flow rate (msrc,net) is calculated through an energy balance involving
the mixing process, which also combines the flow rates from the evap-
orator and the DHW preheater. The water loop is closed with the inlet
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Fig. 3. Flow chart showing energy flow decisions for user configurations with thermal energy production. The hierarchical process prioritises increasing the heat
pump evaporator temperature, preheating the DHW, and heating the water returned to the district network.

flow rate of the solar thermal collectors equal to any remaining excess
flow at temperature Ty, stc, mixed with the flow rate (given by the sum
of the three diverted load flow rates mgrc,ey, Mstc,ouw, and MsTc net)
from the district network supply line at temperature T pet.

The configuration of Fig. 2(b) shows the utilisation of electricity
generation when PV or PV-T modules are integrated at the user level (the
electricity generated by these systems is estimated as detailed in
Appendix B). The generated power is primarily used to operate the
compressor of the user’s heat pump. In cases of mismatch between
production and demand, any surplus energy is shared with the DHC
balancing station to support the operation of the fan in the heat recovery
unit and the compressor of the heat pump. This energy sharing strategy
is based on the assumption of a virtual energy exchange, where the
existing grid infrastructure is still used to operate the electricity
distribution.

The configurations depicted in Fig. 2(c) and (d) extend the presented
setups by incorporating energy storage systems. A stratified TES system
is included for solar technologies that produce thermal energy (solar
thermal collectors or PV-T systems). In this setup, the TES system is
charged using heat generated by the solar technologies, while the cyl-
inder satisfies the three-load demand following the same hierarchical
strategy as previously described and schematised in Fig. 3. The effects of
the TES management strategies on its temperature evolution are esti-
mated through the one-dimensional thermal model detailed in

Appendix C. The advantage of this configuration compared to that
shown in Fig. 2(a) is that the stored excess thermal energy produced can
be utilised during lower production periods, increasing the energy
saving potential.

Battery energy storage systems are introduced when electricity-
generating technologies (PV or PV-T systems) are present. In these
configurations, surplus power is first stored in the battery, and any
remaining excess electricity generation is then shared with the DHC
balancing station. The amount of stored surplus energy, along with the
resulting excess made available for sharing with the DHC balancing
station, is estimated based on the evolution of the batteries state of
charge, calculated using the energy balance model described in
Appendix C.

These energy storage systems, both thermal and electrical, act as
backup units to minimise the effects of energy mismatches enhancing
self-consumption rates and improve energy flexibility of renewable-
based technologies.

2.2. Energy market strategies

Two different energy market strategies are studied, where: (1) the
users individually invest in the integration of solar technologies and
storage systems; and (2) a community-based strategy is adopted, where
investments are made collectively by the users or external parties, and
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the resulting revenues and savings are shared based on the amount
invested.

The operating expenses (OPEX) and revenues for both strategies are
presented below. For the first strategy, the OPEX for each individual user
is calculated as follows:

8760 8760
OPEXus = Cgas'Ep,DHW,us + E Cel.t’Eel,hp,us,t + E Cel,t'Eel,DHC‘us.t (1)
t=1 t=1

where the three terms represent: the purchased natural gas primary
energy to meet the user’s DHW needs (Ep puw,us); the electricity from the
grid to operate the heat pump compressor (Eelnp,us) of the user’s sub-
station; and the electricity consumption associated to the thermal energy
supplied from the SGDHC system (Ee,pHc,us)- The unit costs, cgas and cey,
represent the fixed cost of natural gas, and the hourly varying cost of
electricity.

The cost of energy purchased from the 5GDHC system is proportional
to the electricity (Eei,prc) drawn from the grid by the thermal balancing
station to stabilise the users’ thermal energy contribution. Each user’s
share of this cost is defined as the ratio of the user supplied cooling or
heating energy (Qe‘,,us or Qco,us) to the total thermal energy to be
balanced (Que; that it is evaluated as reported in Appendix E), as
expressed in Equation (2):

Qevas +¢ :
Eel.DHC i Qnet = th,net
Eel.DHC,us = (2)
if Qnet = ch,net

when the network requires heating (Qnener), users supplying heat via
their heat pump condensers help balance the system and are not charged
for additional energy from the central plant. Similarly, when cooling is
required (ch,net), users providing cooling via their evaporators are
exempt from this cost. This approach ensures users are only charged
when their demand increases the load on the balancing station,
encouraging contributions that support system balance.

The total revenues for each user (zys) are calculated by adding the
revenues from selling electricity to the grid (Ee| sur,us), the revenues from
sharing electricity with the thermal balancing station (Eejshr,puc), and
the savings from reduced OPEX (AOPEXy;) respecting to the reference
configurations:

8760

Trus = SPel ‘Eel,sur.us + Z Cel,t‘Eel.shr.DHC,t + AOPEXus (3)
t=1

where spe) is the selling price of electricity, which depends on the market
strategy of the central grid. The electricity shared with the district
thermal balancing station is compensated at the power grid’s electricity
cost.

For the second strategy (collective investment scenario), it is
assumed that capital costs and resulting revenues or savings are
distributed among participants proportionally to their CAPEX contri-
bution. This reflects a profit-sharing model commonly applied in energy
communities. The total revenues of the investors (i) are given by:

N,
- CAPEX;,,
Tiny = <Z ﬂus.n) m ()]

n=1
where 7y is a function of the overall gains from all users of the 5GDHC
community, and the ratio of the investor’s capital expenditures
(CAPEXjy,) to the total CAPEX of the community (CAPEX).

2.3. Energy performance and economic indicators

The indices used to assess the energy-economic analysis are the
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primary energy saving (PES) and the payback time (PBT). The PES index
indicates the percentage of primary energy saved, specifically in relation
to fossil fuel sources. The following equations are used to calculate the
primary energy consumption of the single user, and balancing station:

Eth.DHW.us &2 Eel,hp.us,t
Ep.us = + Z )
My t=1 rigv‘
Ep.bs _ %‘)Eel.hru.nem + Eel.hp,net,\ (6)
t=1 ﬂg-t

where Eg puw,us is the thermal energy demand for the DHW needs of
each user, Eejpp,us is the electrical energy demand for space heating/
cooling of each user, and Eej hrynet and Ee hp,net are the electrical energy
needs of the heat recovery unit and heat pump of the balancing station.
The efficiency of primary energy conversion for the boiler #;, is assumed
to be fixed at 0.9, while the efficiency of the central grid 54 is dynamic,
depending on the rate of fossil fuel used by the central grid for each
hour. It is calculated as follows:

_ ”gasaga&t + 'lpetaPEt-t + Nearcar t

Vit

)

”g,t

where 74 is a function of: the weighted average of the fossil fuel effi-
ciencies of gas (17gas), petrol (i7per), and carbon (y7car) plants, with a rep-
resenting the weight of each plant type; and the hourly fraction of
electricity produced by the grid from fossil fuels (y¢).

At this point, PES is calculated as:
pEs = Fors ~Eors 109 ®)

p.IS

The economic index PBT is calculated as follows:

CAPEX
PBT=——nr——
AOPEX + REV ©)

where REV represents the sum of the revenues from selling electricity to
the grid and the revenues from sharing electricity with the thermal
balancing station.

3. Development of scenarios and main assumptions

The analysed 5GDHC configurations include two small-scale net-
works located in northern Italy (latitude 45° 27’ 51.37" N, longitude 9°
11' 22.24" E). Weather data for the simulations are estimated using the
software Meteonorm 8, based on statistical data from the past 20 years
[52]. The first configuration consists of a data centre, which acts as a
thermal prosumer, along with a residential building and an office
building, both acting as thermal consumers. The second configuration
aggregates four thermal consumers, specifically two residential units
and two office buildings. To evaluate the energy and economic perfor-
mance of integrating solar technologies and energy storage systems at
the user level, an annual simulation is executed for nine distinct
scenarios.

The selected user types reflect typical urban building types. The
residential sector dominates the building stock in terms of number of
units, while office buildings are among the most common non-
residential types [53]. Conversely, data centres are well suited to act
as thermal prosumers, due to their consistent low-temperature waste
heat [54].

These scenarios, detailed in Table 1, are compared to a reference
scenario in which no solar technologies and storage systems are inte-
grated into the users’ substations. The size and operational strategies of
the balancing station, the network distribution, and the users’ sub-
stations remain consistent with those in the proposed scenarios.

Given the assumptions made, several limitations can be identified in
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Table 1
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Proposed scenarios configurations of solar technologies (photovoltaic systems, solar thermal collectors, and hybrid photovoltaic thermal systems) and storage systems

(battery energy storage systems and stratified TES systems) per user type.

User type PS1 PS2 PS3 PS4 PS5 PS6 PS7 PS8 PS9
Data centre PV PV+ - PV PV+ PV PV+ PV PV+
BESS BESS BESS BESS
Residential PV PV+ STC+ PV+ PV+ PV-T PV-T+ PV-T+ PV-T+
BESS TES STC+ BESS + STC+ BESS TES TES+
TES TES BESS
Office PV PV+ STC+ PV+ PV+ PV-T PV-T+ PV-T+ PV-T+
BESS TES STC+ BESS + STC+ BESS TES TES+
TES TES BESS
Table 2 ; 50 — - -
Building and heat pump properties for the data centre, residential building and = 40 ‘—ch.dc — Qs — itorr |
office. T 30+
)
Property m.u. Data Residential  Office :N 20 [_/\\/—\/ﬁ
centre s 10
o 2 S 0
Building Aq [m*] 350 200 350 ﬁ g
. 4 -
geometry Hellght [m] 4.5 2.8 3.1 24 12 24 12 2
Windows- [%] 5 15 30 . ot
walls ratio Time [hour]
Building U- Ui W/ 030 0.32 0.26 . @)
values m’K] = 3 : v
0 —_— .
Uwin W/ 15 1.5 1.2 i 40 ‘ =clde ch.res = cl.off ‘
2;
K =
o g 30 \/\/\_\
Ventilation Vbld [Vol/ 8 2 6 :N 20
rate h] =
510
Internal gain Lights W/ 3 2.5 5 = 3 /?ﬁ
2: =
_ m] 24 12 2 12 24
Appliances W/ 300 25 20 :
m?] Time [hour]
Occupants Noce [-] 0 8 20 (b)
VARSEESS o=
HVAC Heating [°C] - 20 20 = —O
. . . Z 15 H -
setpoints Cooling [°C] 18 26 26 = 1.5 ligum\:offv /
Heat pump Cooling [kW] 40 10 15 E 1 /
capacity = .
COPuom - 6.1 5.8 5.9 T 05
Heating [kW] - 12 17 a 0
capacity 0 6 12 18 24
(*) Nominal COP estimated at a load fraction of 100 % and a source temperature Time [hour]
of 20 °C. (©)

the present analysis. The two small-scale configurations may not fully
represent the typical architecture of DHC systems, which usually involve
a larger number of users. However, they are appropriate for the objec-
tive of assessing the impact that different user level solar integration
strategies may have on individual energy and economic performance, as
well as on the district network.

While the analysis focuses on a single climatic zone, the selected
region in Northern Italy was chosen not only for data availability and
relevance but also because its climate is representative of several other
European areas with both heating and cooling needs, such as parts of
Southern France, the Balkans, and Central Spain. Therefore, while the
numerical results are location-specific, the overarching insights,
particularly the importance of district-level configuration in deter-
mining optimal decentralised energy solutions, can offer valuable
guidance for these and other geographical contexts. Additionally, the
modular, object-oriented structure of the proposed framework allows for
adaptation to different climates, building typologies, and technology
sets.

Finally, while this study does not explicitly compare decentralised
and centralised solar integration configurations, the literature highlights
several advantages of decentralised approaches, particularly in the
context of 5GDHC systems [38]. These include the potential to enhance
both the energy and economic performance of individual users and the

Fig. 4. Thermal load profiles of the three building archetypes (data centre,
residential and office): (a) space heating and cooling demand from 31 January
to 1 February, where negative values represent space heating demand and
positive values represent space cooling demand; (b) space cooling demand from
9 to 10 July; and (c) daily DHW profile for residential and office buildings.

balancing station, greater user autonomy in managing local electricity
and thermal production from solar technologies and reduced thermal
losses due to the local distribution of solar thermal energy.

3.1. Users’ energy demands

The users’ thermal demands for space heating and cooling are
determined using an in-house building energy performance simulation
tool [50]. Key features adopted for the energy simulation of the data
centre, residential unit, and office include building geometry, envelope
thermophysical properties, ventilation rates, internal gains, number of
occupants, and HVAC setpoints (as summarised in Table 2).

The DHW needs for the residential and office buildings (excluding
the data centre, which has no DHW demand) are calculated using a
probabilistic method based on statistical analyses from Ref. [51]. This
method accounts for the investigated climatic zone and building ar-
chetypes. The DHW thermal load profile is constructed using the ob-
tained probability rates for each hour of the day, the daily hot water
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Fig. 5. Heat pump performance map for the residential building as a function of the partial load fraction and district network operating temperature: (a) heating

mode; and (b) cooling mode.

needs per person (set at 50 L per person per day in Italy), the number of
occupants, the inlet water temperature from the district manifolds
(assumed to equal the ground temperature at a depth of 1 m), and the
required DHW setpoint temperature of 55 °C.

Thermal load profiles for space heating, cooling, and DHW demand
for the three user types are presented in Fig. 4. The required heating and
cooling power is shown for two sample days, one in winter (Fig. 4(a))
and one in summer (Fig. 4(b)). The data centre HVAC system operates
continuously to cool, the room, even in winter, and ensure the proper
electronic equipment functions. In contrast, the heating and cooling
demands for the residential unit and office follow statistical occupancy
patterns. The office HVAC system operates during working hours (8:00
a.m. to 5:00 p.m.), while the residential HVAC system operates during
the peak occupancy period (4:00 p.m. to 10:00 p.m.).

Typical thermal load profiles for DHW demand are shown in Fig. 4
(¢). The office DHW demand exceeds that of the residential unit due to
the higher number of occupants.

The size of the heat pump systems to be installed for each user is
determined based on the results of the building energy simulations. The
considered heat pumps are reversible systems, with the nominal size
selected based on the maximum cooling capacity according to the peak
cooling demand, increased by a conservative margin of 10 %. The heat
pump system sizes for each user, including the corresponding maximum
cooling capacity, nominal COP, and maximum heating capacity, are
provided in Table 2. The heat pump performance map is constructed, as
described in Appendix A, considering various fractions of the maximum
cooling and heating capacities, as well as the inlet source temperature.
The temperatures required to meet the users’ heating and cooling de-
mands are 50 °C and 7 °C, respectively. The return temperatures from
the users, which serve as the inlet temperatures at the heat pumps load
sides, are 30 °C during heating operation and 12 °C during cooling
operation. Once the performance map of the heat pump is determined,
the COP and associated electricity consumption can be calculated for
different user thermal loads.

The performance map for both heating and cooling modes, based on
the operating temperatures of the 5SGDHC network (ranging from 20 °C
to 30 °C) and the thermal load fraction ranging from 10 % to 100 %, is
shown in Fig. 5. For brevity, only the map for a residential unit is
presented.

3.2. Energy demands of district network configurations

The energy performance of the two investigated 5GDHC configura-
tions is influenced by the thermal interactions between the users and the
district network. It is assumed that the supply circuit pipes are thermally
insulated to maintain a constant water temperature (Tspnep) at the set-
point value of 20 °C. This temperature value corresponds to the yearly
average ground temperature for the investigated case study and was
selected to reduce the: (1) insulation investment costs by minimising
thermal dissipation to the ground; and (2) balancing station consump-
tions. The return circuit, on the other hand, consists of uninsulated pipes
that interact thermally with the surrounding ground, helping to reduce
the energy consumption of the thermal balancing station. The thermal
exchange through the ground is evaluated as outlined in the modelling
description of Appendix D.

The two configurations exhibit different operational characteristics.
The first configuration is affected by the thermal fluxes from the data
centre condenser, which raises the network temperature, as illustrated
in Fig. 6. This effect can be beneficial during the winter season, as it
helps balance the thermal fluxes from the evaporators of the residential
and office buildings. However, the thermal energy supplied by the data
centre exceeds the cooling energy demand of the consumers’ evapora-
tors, resulting in a return circuit network temperature (T ner) that is
higher than T ner, as shown in Fig. 6(a). During the summer season, the
three users supply thermal energy, raising the return circuit flow tem-
perature. However, heat dissipation through the ground ensures that T;,
net remains lower than the outlet temperatures of the users’ condensers
(Fig. 6(b)), thereby reducing the energy consumption of the balancing
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Fig. 6. Thermal behaviour of the 5GDHC configuration with one data centre, one residential building and one office: (a) winter day (31 January); and (b) summer

day (9 July).
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Fig. 8. Energy requirements of the thermal balancing station for: (a) the first
5GDHC configuration (one data centre, one residential unit, and one office);
and (b) for the second 5GDHC configuration (two residential units and
two offices).

station.

The second configuration is characterised solely by thermal con-
sumers. Compared to the first configuration, during the winter season,
the balancing station operates in heating mode (Fig. 7(a)), while during
the summer, it operates in cooling mode (Fig. 7(b)) to maintain the
desired T per. The thermal interaction with the ground continues to have
a mitigating effect in this configuration, increasing T ne; in winter and
decreasing it in summer.

The thermal energy supplied by the thermal balancing station to the
network flow rate is presented through a monthly analysis in Fig. 8. This
energy analysis is conducted according to the modelling formulations of
the thermal balancing station presented in Appendix E. As previously
noted, the first configuration consistently requires cooling energy (Fig. 8
(a)). During the winter season, the lower ambient temperatures facilitate
the operation of the heat recovery unit, whereas, in the summer, the
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network cooling needs are met by the balancing station heat pump. In
contrast, the second 5GDHC configuration requires heating energy
during the winter, which is supplied by the heat pump. The cooling
requirements are met by the heat recovery unit only during the mid
seasons, as indicated by the grey bars in Fig. 8(b). It is evident that the
impact of the data centre results in a larger balancing station size and
higher energy consumption for the first SGDHC configuration.

3.3. Types and sizes of solar technologies and energy storage systems

The selection of the type and size of solar technologies and energy
storage systems is based on certain set criteria. Regarding solar tech-
nologies, polycrystalline PV systems, flat-plate solar collectors, and PV-T
systems — characterised by polycrystalline cells and a water channel
below the PV module — are considered. The choice of these technologies
is based on the trade-off between investment costs and energy produc-
tion potential, as well as the temperature levels achieved by the solar
thermal systems, which meet the required thermal needs. The electrical
and thermal performance of the solar technologies under investigation is
presented in Fig. 9 [55]. For energy storage, lithium batteries and
stratified hot-water cylinders (thermally insulated with polyurethane
foam, with a heat loss coefficient Uj of 0.35 W/m?K) are assumed.

The sizes of the PV and PV-T systems, as well as the BESS capacity,
are estimated by solving a constrained optimisation problem. This
problem aims to find the optimal combination of sizes that approaches
60 % self-sufficiency from the power grid, in alignment with the target of
the EU Directive “Energy Performance of Buildings” [56], while being
limited by the available roof space for the installation of PV and PV-T
modules. The available roof surface is calculated by considering the
building floor area, multiplied by a factor that accounts for the uncov-
ered area kept free to ensure sufficient distance between the module
rows, preventing shading issues. This factor is equal to 43 %, based on a
tilt angle of 40° and module dimensions (1.6 m long and 1 m wide).

Regarding the size of the solar thermal collectors and the TES vol-
ume, the number of parallel collector strings is determined by the ratio
of the annual thermal energy required for DHW needs to the annual
thermal energy production. The thermal production is filtered to ensure
that the outlet temperature reaches the desired DHW temperature of 55
°C. The TES volume is calculated as the daily DHW consumption per
person, multiplied by the number of occupants.

The properties of the investigated technologies, the resulting system
sizes, and the associated investment costs are provided in Table 3.

3.4. Italian grid primary energy rate and tariffs

The Italian power grid system is characterised by an energy mix in
which 53 % of the electricity is produced by fossil fuel-based plants. For
the energy and economic analysis, based on 2023 data, the dynamic
share of energy generated by fossil fuel-based systems has been obtained
from the Italian electricity dispatching system, TERNA [58], and is
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Fig. 9. Electrical and thermal efficiency of integrated solar technologies as a function of reduced temperature: thermal efficiency of a flat-plate solar thermal
collector and a PV-T system, and electrical efficiency of a polycrystalline PV module. The reduced temperature (T*) is calculated as the difference between the
absorber plate temperature (or cell temperature for PV module performance) and the ambient temperature under standard test conditions, divided by the solar

irradiance in standard test conditions.

Table 3
Characteristics, sizes, and investment costs of solar and storage technologies.
User PV system Solar thermal collectors” PV-T system® BESS) TES
Covered roof surface [m?] Data centre 90.2 - - - -
Residential 8.2 8.1 8.2 - -
Office 9.8 12.1 9.8 - -
BESS capacity [kWh] TES volume [m®] Data centre - - - 65.5 -
Residential - - - 6.5 0.5
Office - - - 10.0 11
Investment cost [57]
PV system [€/m?] Solar thermal collectors [€/m?] PV-T system [€/m?] BESS [€/kWh] TES [€/m?]
100 200 450 400 500

2 The area of a single PV or PV-T module is 1.6 m?.

b The area of a single collector is 2.02 m?, with the layout arranged in strings of two collectors in series. The number of parallel strings is determined by the ratio of

the total surface area to the number of collectors in series.

¢ The capacity of a single lithium cell is 9 Ah, with a cell voltage of 11 V and a current of 5 A.

4 The cylindrical shape assumes a height twice the diameter.

presented in Fig. 10(a). The dynamic cost of energy, sourced from the
Italian regulatory authority for energy, networks, and environment
(ARERA) [59], is shown in Fig. 10(b).

4. Results and discussion

Sections 4.1 and 4.2 analyse the energy benefits acquired during
operation for the different solar and storage system configurations
described in Section 2.1. Section 4.3 evaluates the primary energy
consumption of individual users and the two 5GDHC configurations
(described in Section 3.2) across the nine scenarios outlined in Section 3.
Section 4.4 presents the techno-economic analysis based on the strate-
gies in Section 2.2, and Section 4.5 discusses the implications of the
results for 5GDHC system development.

4.1. Management of electricity generation in solar-assisted setups

The electricity generation of PV and PV-T systems is strongly influ-
enced by the climatic conditions of the analysed region. Although both
systems use the same solar cell material, their performance differs. PV
modules dissipate heat through convection and radiation to the sur-
rounding environment, while PV-T systems are cooled by water flowing
through a plate exchanger and insulated with a thermal layer on the
back of the panel. This insulation traps heat, reducing the PV-T system
efficiency. The difference in electricity generation per unit surface area
between PV and PV-T systems is shown in Fig. 11. The highest genera-
tion rates occur in the summer months due to increased solar irradiance,
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with reductions in PV-T electricity generation ranging from 10 % to 11
% (April to August), primarily driven by higher thermal losses.

The proposed management strategy (described in Section 2.1) pri-
oritises the use of electricity to meet the heat pump compressor demand,
supply the thermal balancing station heat recovery unit fan and heat
pump, and sell any surplus electricity to the grid. This approach maxi-
mises self-consumption and reduces grid imports, reducing reliance on
the grid infrastructure. Also, sharing energy with the thermal balancing
station provides higher energy and cost savings compared to selling
electricity to the grid. Integrating battery energy storage further en-
hances self-sufficiency.

Dynamic results for the proposed management strategies are pre-
sented in Fig. 12, focusing on two configurations: PV integration in an
office building (Fig. 12(a)) and PV with battery integration in a resi-
dential building (Fig. 12(b)). Two sample days are analysed: a winter
day (31 January) and a summer day (9 July).

In the office building (Fig. 12(a)), during winter, electricity genera-
tion is insufficient to meet the heat pump compressor demand. In
contrast, generation during summer exceeds demand, allowing energy
sharing with the thermal balancing station and minimal grid injection.
The alignment of the office HVAC demand with the PV generation
profile achieves acceptable self-sufficiency levels even without batteries.
However, in the residential building (Fig. 12(b)), heating demand occurs
later in the day, causing mismatch with electricity generation. Battery
integration in this configuration improves self-consumption by
addressing the mismatch. On the winter day, energy generation is
insufficient to fully charge the batteries, while on the summer day, high



G. Russo et al.

Renewable Energy 256 (2026) 124017

—
w

T T T T T

Tga =055 7, =0.35

b
D
T

S

Ratio fossil sources [-]

672 1344 2016 2688 3360 4032 4704 5376 6048 6720 7392 8064 8736
Time [hour]
(a)

E 03r el Cgas Pey 7
4 |
= 0.2 I FICERY I : 7
= i " i . ‘l N h ! |
% 0.1 ‘ ] d L b “!J!.L_'lﬂ b 4 LT ; A : dtiu ;.!LE' dalitlebl )
<
é 0 1 1 I I I I I I I

672 1344 2016 2688 3360 4032 4704 5376 6048 6720 7392 8064 8736

Time [hour]

(b)

Fig. 10. Energy and economic characteristics of the Italian power grid: (a) the hourly ratio of electricity produced from fossil fuels (y¢) in 2023 and the fraction a of
gas and petrol-based plants operation; and (b) the hourly importing price of electricity (c.)), exporting price of electricity (spep), and price of gas (cgas)-

NH
\g 40 T T T T T T T T T T T T 12
e e
= -Epv X
ﬁ 30 - :lEPV-T 110 =}
g 1 i S
S oss ratio =
= 18 8
= 3
5201 3
S J 6 1
S 2
Z =
£10 -
z 13
=] &
;3 0 2
S NSNS ) ¢ N X & A O
T EE PSS O

Fig. 11. Comparison of monthly electricity generation between PV and PV-T modules.

generation enables the batteries to meet demand and share surplus en-
ergy with the balancing station.

A yearly analysis of the data centre PV system configurations, with
and without batteries, is presented in Fig. 13. The integration of batte-
ries increases the renewable energy self-consumed from 65 % to 95 %,
boosting grid independence as 61 % of the energy needs are met by PV
generation compared to 41 % without batteries. Consequently, energy
shared with the balancing station decreases from 26 % to 4.3 %, and grid
sales drop from 9.1 % to 1.0 %.

4.2. Management of thermal energy in solar-assisted setups

This section highlights the potential energy benefits of integrating
solar thermal technologies, including PV-T modules, with thermal con-
sumers in the 5GDHC system. The proposed strategy aims to achieve
three primary objectives: enhancing the heat pump COP, reducing the
fraction of DHW demand met by fossil fuels, and improving the
balancing station operation by stabilising the network temperature, as
discussed in Section 2.1.
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The operation of solar collectors coupled with a stratified TES system
at the office building is analysed for a winter day (22 February), as
shown in Fig. 14. Heat output is available between 8:00 a.m. and 6:00 p.
m., as evidenced by the flow rate profiles of the STC arrays (Fig. 14(b)).
During this period, thermal energy is stored in the TES or supplied
directly to the load side when the storage is fully charged. From 8:00 a.
m. to 11:00 a.m., the flow rate supplied from the TES (rit1gs,out) €xceeds
production, reducing the stored thermal energy (Fig. 14(c)). As the TES
system discharges, the thermocline reaches the top of the cylinder,
leading to a decrease in the temperature of the hot volume (Trgs ) due
to its reduced thermal inertia, while the cold volume fills with water
from the district network at 20 °C.

When thermal production is stored (12:00 p.m. to 4:00 p.m.), the hot
volume temperature rises with the outlet temperature of the solar col-
lectors. Once the TES is fully charged, surplus energy is directly supplied
to the loads, in this time interval an increase in the solar collectors outlet
temperature (Tout,stc) is observed due to the recirculated water flow rate
(5:00 p.m. to 6:00 p.m.). The resulted shares of thermal energy stored,
used to raise evaporator temperature, or utilised for DHW, is shown in
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Fig. 12. Energy management of PV system produced electricity for a typical
winter and summer day: (a) PV-only configuration at the office building; (b) PV
configuration with battery storage at the residential building.

Fig. 14(c).

The advantages of the proposed strategy for the same configuration
and day are shown in Fig. 15. The heat pump COP improves significantly
due to the elevated evaporator temperature. For instance, at 8:00 a.m.,
the evaporator temperature reaches 28 °C, increasing the COP by 41 %,
from 4.2 in the reference case (20 °C evaporator temperature) to 5.9 (as
shown in Fig. 15(a). This improvement enhances the district network
performance by increasing the evaporator outlet temperature beyond
the 20 °C network setpoint (Fig. 15(b)), reducing balancing station
operation and energy consumption. The strategy also benefits DHW
demand. As shown in Fig. 15(c), a relative reduction of 52 % in DHW
energy requirements is achieved compared to the reference scenario.

An annual analysis of solar thermal integration with stratified TES
for residential and office buildings is summarised in Fig. 16. The heat
pump electricity consumption for heating decreases by 6.3 % and 11 %
for the residential and office buildings, respectively (Fig. 16(a)). Solar
thermal outputs cover 53 % of the DHW demand for the residential
building and 53 % for the office (Fig. 16(b)). Additionally, the reliance
on the 5GDHC system is reduced, with a relative decrease of 49 % for the
office and 5.6 % for the residential building compared to the reference
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case (Fig. 16(c)).

4.3. Energy performance analysis

The energy impact analysis of the user system configurations,
introduced in Section 3, evaluates the PES rates, which underline the
potential to reduce dependence on fossil fuels. This analysis is conducted
for each individual user and the balancing thermal station across the two
studied 5GDHC configurations (described in Section 3.2).

The annual primary energy consumption of each user integrated with
the nine proposed solar system configurations is presented in Fig. 17.

Since the data centre has no heating or DHW demands, only con-
figurations involving the PV system and PV combined with batteries
(PS1 and PS2) are analysed. The data centre primary energy consump-
tion amounts to 31 MWh. PES rates of 35 % and 56 % are obtained for
PS1 and PS2, respectively. This result demonstrates the energy benefits
of integrating battery systems with PV modules, which store surplus
energy generated during the day to meet heat pump demands un-
matched by direct PV electricity generation.

In the reference scenario, the residential unit and office consume 2.4
MWh and 2.9 MWh of primary energy, respectively, for heat pump
operation. For DHW needs, gas boilers consume 2 MWh and 3.1 MWh,
respectively. Although DHW demands constitute only 20 % of the total
energy needs for space heating and cooling, the comparable primary
energy consumption is attributed to the high efficiency of the power
grid, largely supported by renewable energy sources.

The results indicate that integrating a PV system alone is not
particularly beneficial for the residential unit, achieving a PES rate of
only 6.8 %. Conversely, this configuration ensures significant savings for
the office, with a PES rate of 20 %, due to the alignment between PV
electricity generation and HVAC operational schedules. When batteries
are integrated with PV systems, the residential unit shows a significant
increase in PES rates, reaching 30 %, while the office experiences a
smaller improvement to 23 %.

Solar thermal collectors with TES system (PS3) provide PES rates
higher than those of PS1 and comparable to PS2, achieving rates of 27 %
and 32 % for the residential and office buildings, respectively. These
savings are primarily due to the satisfaction of DHW needs through solar
thermal outputs.

The integration of PV-T systems (PS6) yields higher PES rates than
users’ configuration PS1, achieving 21 % for the residential building and
43 % for the office. However, incorporating stratified TES with PV-T
systems (PS8) does not enhance results. For the residential building,
the PES rate remains unchanged, while for the office, it decreases to 42
% due to heat dissipation losses in the hot-water cylinder, which reduce
the available thermal energy from the PV-T system.

The highest PES rates for the residential building and office are
achieved with configurations that include PV systems and solar thermal
collectors coupled to both energy storage systems (PS5), reaching 57 %
and 55 %, respectively. Another promising solution is integration of the
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Fig. 16. Annual energy analysis comparing the proposed configuration with solar thermal collectors and stratified TES to the reference scenario (without solar
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purchased from the 5GDHC system.

PV-T system with battery storage (PS7), which, while achieving slightly
lower PES rates of 43 % for the residential unit and 47 % for the office,
offers space savings of 50 % and 55 %, respectively, compared to the
previous configuration PS5.

The thermal balancing station primary energy consumption, in the
reference scenario, amounts to 18.1 MWh for the first configuration,
which includes the data centre, and 6.6 MWh for the second configu-
ration, which includes only thermal consumers. These values are shown
in Fig. 18. The highest saving rates for the balancing station are obtained
with user configurations PS1 and PS6. This result is linked to the pos-
sibility of sharing surplus electricity generated by the users to meet the
balancing station demands. A PES rate of 29 % is achieved for both
5GDHC configurations with PS1 users’ system configurations, while the
user system configuration PS6 achieves PES rates of 28 % and 27 % for
the first and second 5GDHC configurations, respectively.

As presented in Fig. 18, configurations involving solar thermal col-
lectors result in an increase in primary energy consumption for the first
5GDHC configuration. This increase is attributed to the solar thermal
outputs that limit the beneficial cooling effect of the thermal consumers’
evaporators, to balance the data centre condenser heat fluxes.
Conversely, this condition proves advantages for the second configura-
tion balancing station operations providing a PES rate of 6 %.

4.4. Economic performance analysis

The economic performance of the proposed 5GDHC configurations is
evaluated under the two distinct economic strategies outlined in Section
2.2. The first strategy involves individual investments by users in inte-
grating solar technologies and storage systems. The second adopts a
community-based strategy, where investments are made collectively,
and revenues and savings are shared proportionally to the contributions.
The analysis considers dynamic electricity costs, as well as constant
natural gas prices and electricity selling prices, for energy shared within
the 5GDHC system and surpluses sold to the grid, as presented in Section
3.4.

The economic outcomes of the first economic strategy, summarised
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in Table 4, include the CAPEX, saved operational expenses (AOPEX),
and PBT for each user across the proposed configurations. In this case,
the PBT is calculated as the ratio of CAPEX to AOPEX. The benefits of
revenues from energy sales to the grid and the 5GDHC system on the PBT
for each user is highlighted in Fig. 19.

A comparison between the users’ configurations PS1 and PS2 in-
dicates that, for the residential unit, PS2 leads to a reduced PBT from
22.9 years to 19.8 years. The higher PBT of PS1 is attributed to the
mismatch between the timings of the PV system electricity generation
and the residential unit electricity demand. The incorporation of a
battery mitigates this mismatch, corresponding to a 65 % increase in
energy savings from reduced grid purchases, however, the high invest-
ment cost of batteries prevents substantial reductions in PBT. In
contrast, for the office, PS1 achieves a PBT of 5.9 years due to the closer
alignment between electricity generation and demand patterns. Conse-
quently, the integration of batteries in configuration PS2 results in only a
15 % increase in energy savings compared to PS1, leading to a signifi-
cantly higher PBT of 24.3 years.

The data centre exhibits a PBT for PS1 comparable to that of the
office (5.8 years), and a PBT for PS2 of 14.8 years. The users’ configu-
ration with solar thermal collectors and TES system (PS3) demonstrates
economic advantages for the office, with a PBT of 16.5 years, which is
further reduced to 11.5 years in PS4 through the addition of PV systems.

For the residential building, the optimal users’ configuration is PS5,
which includes batteries alongside PV systems and solar thermal col-
lectors with TES system. This configuration achieves a PBT of 18 years,
even lower than user’s configuration PS1 while also offering the highest
primary energy saving rate among all scenarios. The PV-T system
configuration (PS6) emerges as advantageous for the office, out-
performing both PS2 and PS3 in terms of energy and economic metrics.
Additionally, PS6 has a PBT of 14.6 years, lower than the 20.7 years for
PS5. Despite a slight reduction (12 %) in energy-saving rates compared
to PS5, the users’ configuration PS6 benefits from reduced rooftop space
requirements.

The analysis is extended to include the impact of potential revenues
from exporting surplus electricity to the grid and sharing energy within
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Fig. 17. Annual primary energy consumption comparison between the pro-
posed integration of solar technologies at the user level and the reference
scenario (without solar integration): (a) data centre; (b) residential building;
and (c) office building.

the 5GDHC system. These results are shown in Fig. 19. The residential
building demonstrates the greatest reduction in PBT. For instance, the
PBT of PS1 decreases from 22.9 years to 4 years, while that of PS6 is
reduced from 38.5 years to 14 years, making PV-T systems a promising
option for further investigation.

For the second strategy, which follows a community-based approach,
the total CAPEX for installing the technologies and the collective total
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revenues, are considered. This strategy allows proportional investment
by users or external investors, with total revenues distributed according
to investment shares. The results for this strategy, reported in Table 5,
reveal differences in economic gains and risk among users’ system
configurations. For the first 5GDHC configuration, PS5, which integrates
PV systems, solar thermal collectors, and both storage systems for
thermal consumers, and PV systems with batteries for the data centre,
achieves the highest total revenues of €3.2k. The comparable users’
configuration PS7 yields total revenues of €3.1k but has a higher PBT of
16 years versus 14.9 years for PS5.

In the second 5GDHC configuration, PS4 offers a balanced trade-off.
With a CAPEX of €13.2k, it achieves total revenues of €1.1k (only 21 %
lower than the total revenues of PS5) and a reduced PBT of 12.3 years
compared to 18.6 years for PS5. Conversely, PS7, characterised by PV-T
systems with batteries, offers total revenues of €1.2k but involves a high
CAPEX of €29.4k and a PBT of 25.5 years, representing a higher risk. The
users’ configurations PS6 emerges as a preferred option over PV systems
with batteries (PS2), achieving the same total revenues of €0.8k with
lower CAPEX and PBT.

4.5. Bi-objective techno-economic analysis

This section presents the results of a bi-objective analysis aimed at
comparing the proposed configurations of solar technologies integrated
at the user level, considering both technical and economic perspectives
simultaneously. The analysis assumes that the proposed system config-
urations are consistent across all end-users, except in the cases where
specific technologies can only be applied to specific user types as
detailed in Table 1.

The two key indices investigated are the PES rate and the PBT index,
both referred to the overall 5GDHC system configuration. The PES rate
represents the primary energy saving rate, calculated based on the en-
ergy consumption of all users and the thermal balancing station. In
contrast, the PBT index is calculated as a function of the total CAPEX for
the installation of the proposed configurations of solar and energy
storage technologies across all the users of the 5GDHC system, as well as
the total revenues of the entire system. This bi-objective analysis is
conducted for the two 5GDHC system configurations considered in this
study.

The results of this analysis are presented in Fig. 20, where the pro-
posed 5GDHC configurations are classified into four defined areas. The
red area includes configurations characterised by low PES rates and high
PBT indices, and these are considered not effective for the investigated
purposes. Two grey areas classify configurations for which only of the
two objectives (high PES and low PBT) is achieved. The green area
identifies configurations that achieve desirable performance both in
terms of PES and PBT.

This analysis demonstrates that the system configuration charac-
terised only by solar thermal collectors with stratified TES in the first
5GDHC configuration (with one thermal prosumer and two thermal
consumers) should be avoided due to its low PES and PBT values. This
outcome is primarily driven by the characteristics of the data centre,
which does not require thermal energy for heating or domestic hot water
(DHW).

For the second 5GDHC configuration (with four thermal consumers),
the system configuration falling into the red area is the PV system with
batteries. This result is mainly influenced by the offices, which exhibit
limited energy consumption reductions from battery integration when
compared to the high investment cost of the system.

In both 5GDHC configurations, the installation of PV systems at the
user level offers the solution with the lowest PBT values, but the PES
rates are in both cases less than 30 %. The highest PES rates are achieved
by PV systems combined with solar thermal collectors, BESS, and TES in
both configurations. For the second 5GDHC configuration, only one
system configuration falls within the identified target green area of
Fig. 20: PV systems combined with solar thermal collectors and a storage
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Fig. 18. Annual primary energy consumption comparison of the thermal balancing station for two different 5GDHC configurations: the first configuration includes
one data centre, one office, and one residential unit, while the second configuration consists of two residential units and two office buildings. The analysis evaluates
the impact of integrating solar technology configurations at the user level compared to the reference scenario (without solar integration).

Table 4
Economic analysis for the strategy where users individually invest in solar technology integration. The table presents the investment costs, annual operational cost
savings, and payback time for each end-user across various proposed solar technology integration scenarios.

User type Variable PS1 PS2 PS3 PS4 PS5 PS6 PS7 PS8 PS9
Data centre CAPEX [k€] 9.00 35.2 0.00 9.00 35.2 9.00 35.2 9.00 35.2
AOPEX [k€/year] 1.60 2.40 0.00 1.60 2.40 1.60 2.40 1.60 2.40
PBT [years] 5.80 14.8 0.00 5.80 14.8 5.80 14.8 5.80 14.8
Residential CAPEX [k€] 0.80 3.40 1.80 2.70 5.30 3.70 6.30 3.90 6.50
AOPEX [k€/year] 0.03 0.18 0.12 0.16 0.29 0.09 0.23 0.09 0.23
PBT [years] 22.9 19.8 15.4 17.1 18.0 38.5 27.2 41.2 28.3
Office CAPEX [k€] 1.00 5.00 3.00 4.00 8.00 4.40 8.40 5.00 9.00
AOPEX [k€/year] 0.17 0.21 0.18 0.35 0.38 0.30 0.34 0.29 0.33
PBT [years] 5.90 24.3 16.5 11.5 20.7 14.7 24.8 17.0 27.1
Residential Office Data centre
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Fig. 19. Improvement in payback time for the proposed solar technology integration scenarios, accounting for revenues from energy exported and shared within the
5GDHC system. Results are presented for: (a) residential building; (b) office; and (c) data centre.

Table 5

Economic analysis for the strategy involving collective user investments or external investors in solar technology integration. The table presents the investment costs,
annual operational cost savings, and payback time for the proposed solar technology layouts across various scenarios, considering two 5GDHC configurations: one with
one prosumer, one residential unit, and one office, and another with two residential units and two offices.

Variable PS1 PS2 PS3 PS4 PS5 PS6 PS7 PS8 PS9
5GDHC #1 CAPEX [k€] 10.8 43.6 4.80 15.6 48.4 17.1 49.9 17.9 50.7
Total revenues [k€/year] 2.50 2.90 0.30 2.80 3.20 2.70 3.10 2.70 3.10
PBT [years] 4.30 14.8 16.4 5.60 14.9 6.40 16.0 6.70 16.3
S5GDHC #2 CAPEX [k€] 3.60 16.8 9.60 13.2 26.4 16.2 29.4 17.8 31.0
Total revenues [k€/year] 0.40 0.80 0.70 1.10 1.40 0.80 1.20 0.80 1.10
PBT [years] 9.00 22.2 14.4 12.3 18.6 20.2 25.5 22.4 27.1
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Fig. 20. Bi-objective analysis comparing the PES and PBT for the overall 5GDHC system across various solar technology and storage system installation scenarios.
The analysis covers two network configurations: one with one prosumer, one residential unit, and one office, and another with two residential units and two offices.
Results are categorised into four areas: low PES and high PBT, low PES and low PBT, high PES and high PBT, and high PES and low PBT.

cylinder. In contrast, among the system configurations for the first
5GDHC configuration that fall within the target green area, the PV-T
system emerges as another promising option, offering a favourable
PBT of 6 years and strong energy performance with a PES rate of 33 %.

5. Conclusions

Fifth-generation district heating and cooling (5GDHC) systems
represent a promising solution to support the electrification of the
building sector. This work explores the integration of solar technologies
and storage systems at the individual building level of 5GDHC systems.
These configurations enhance energy flexibility and improve the inte-
gration of renewable energy, reducing the unpredictability of energy
sources. The study investigates nine different user configurations, inte-
grating PV systems, solar thermal collectors, PV-T systems, stratified
thermal energy storage, and electric batteries. The impact on energy
consumption, thermal balancing station energy requirements, and eco-
nomic performance is analysed across three user types: data centres,
which are thermal prosumers, residential buildings, which are thermal
consumers, and office buildings, which are also thermal consumers.
Results are provided for two 5GDHC configurations: the first with one
data centre, one residential building, and one office, and the second with
two residential buildings and two offices.

Key findings from the energy analysis show that configurations with
PV systems result in primary energy savings (PES) of 35 %, 6.8 %, and
20 % for data centres, residential buildings, and offices, respectively,
compared to a reference scenario without solar technologies. The ther-
mal balancing station benefits from these configurations, achieving a
PES rate of 29 % for both 5GDHC system configurations. The integration
of batteries, particularly for the residential building and data centre,
significantly enhances PES, reaching 30 % and 56 % for the residential
building and data centre, respectively.

The addition of solar thermal collectors with a stratified thermal
energy storage system in residential and office buildings to increase the
heat pump evaporator temperature results in an increase in the heat
pump COP during heating, consequently reducing the electricity con-
sumption by 6.3 % and 11 %, respectively. Furthermore, solar thermal
energy covers 53 % of the domestic hot water (DHW) demand for resi-
dential buildings and 53 % for offices. For these user configurations, PES
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increase to 27 % for residential units and 32 % for offices. Meanwhile,
the incorporation of PV-T systems yields higher PES (21 % for residential
units and 43 % for offices) compared to the PV-only configuration, while
also utilising thermal energy production, similar to the configurations
with solar thermal collectors.

The highest PES rates (57 % for residential units and 55 % for offices)
are achieved with configurations that combine PV systems, solar ther-
mal collectors, and both energy storage systems. The PV-T system with
batteries offers significant space savings while also achieving high PES
of 43 % for the residential building and 47 % for the office.

The techno-economic analysis reveals that the PV-only configuration
integrated into the residential building achieves a payback time (PBT) of
22.9 years when electricity is not exported, which is reduced to 4 years
when revenues from exporting electricity are included. The PV-T
configuration also benefits from exporting electricity, which reduces
its PBT from over 30 years (which is not viable) to 14 years. For the
residential unit, the best-performing configuration from an energy
perspective — comprising PV systems with solar thermal collectors,
stratified thermal energy storage, and batteries — achieves a PBT of 18
years, further reduced to 14 years with exported electricity. In contrast,
for the office, the PV-only configuration achieves a PBT of 5.9 years. The
PV-T system configuration proves cost-effective for the office, with a
PBT of 14.6 years, reduced to 11 years when revenues from exporting
electricity are included. The data centre demonstrates a PBT of 5.8 years
for the configuration with the PV-only system, rising to 14.8 years when
batteries are included, buy, in this case no significant benefits from
revenues are observed due to the low level of exports.

For a community-based economic strategy where investments are
made collectively by users in the 5GDHC configuration (with one data
centre, one residential building, and one office), coupling PV systems
with solar thermal collectors and both thermal and electrical energy
storage achieves the highest annual cost savings of €3.2k. In the 5GDHC
configuration with two residential buildings and two offices, PV systems
with solar thermal collectors and stratified thermal energy storage strike
a balance between CAPEX and annual cost savings, achieving a PBT of
12.3 years and savings of €1.1k. In contrast, the user configuration with
PV-T systems and batteries, while offering cost savings of €1.2Kk, carries a
high CAPEX of €29.4k and a non-viable PBT of over 25 years.

The bi-objective analysis, which evaluates both PES and PBT,
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identifies that PV systems with batteries offer the lowest PBT values,
though PES rates fall short of the target area for both 5GDHC configu-
rations. The PV-T system emerges as a promising option for the 5GDHC
configuration that includes both thermal consumers and prosumers,
offering a favourable balance with a PBT of 6 years and a PES rate of 33
%.

It is worth noting that the techno-economic analysis is closely linked
to the sizing criteria adopted for the solar technologies and storage
systems, as well as to the energy costs and carbon footprint of the
electricity grid considered for the specific case study in Northern Italy.
While these factors could differ under other conditions, the results of this
study are valuable for comparing technologies and estimating techno-
economic performance in locations with similar characteristics. Future
work will focus on optimising the size and type of solar technologies to
achieve their optimal integration within different types of 5GDHC sys-
tems. In addition, future research will assess the impact of optimised
dynamic network operation, where suitable prediction strategies can
regulate the network temperature to maximise the efficiency of users’
substations under varying heat pump operating conditions.

In conclusion, this study provides a comprehensive analysis of the
techno-economic performance of various solar technology configura-
tions within 5GDHC systems. The findings highlight the potential for
significant energy and cost savings when solar technologies are effec-
tively integrated with energy storage, and the provided insights can be
used to inform energy policy.
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Heat pumps are modelled using a thermodynamic framework with R410A as the refrigerant, which is suitable in space heating and cooling ap-
plications [60,61]. The heat pumps are equipped with inverter regulation, allowing the refrigerant flow rate to adapt to users’ thermal demands for
heating and cooling. The thermodynamic cycle is modelled as a non-linear constrained optimisation problem, solved using an iterative numerical
algorithm, and assuming steady-state conditions of the energy balances [62]. Pressure drops are neglected, which is an acceptable hypothesis given
the small-medium sizes of the investigated heat pumps. The model identifies the minimum mechanical power required by the compressor (Pcomp) for
various temperature and thermal load conditions. By identifying the COP for each of these conditions, performance maps are generated for varying
fractions of user thermal loads, ranging from 10 % to 100 %, and inlet source temperatures from 20 °C to 30 °C in compliance with 5GDHC tem-
perature ranges.

The thermodynamic cycle for heating is shown in Figure A.1. The cycle includes superheating and subcooling phases, with thermal power
exchanged at the sink side represented by the space heating demand. The optimisation variables are the evaporator and condenser pressures (pey and
Pco)- The known parameters include: (1) the temperature differences for superheating (ATg), subcooling (ATs), and the heat exchanger pinch point
(ATpp); (2) the inlet source side temperature (Tipsource) and the thermal demand (Qsinio)-
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Fig. A.1. Thermodynamic cycle of heat pump during heating operation.
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The estimation procedure of thermodynamic properties, problem constraints, and outputs are summarised in Table A.1. The key constraints are the
temperature difference between the refrigerant entering the evaporator (Ts) and the water outlet temperature at the heat pump source side (Toyt,
source), and the temperature difference between the refrigerant entering the condenser two-phase region (T3) and the water temperature on the sink
side (Txsink), which must equal the specified heat exchanger pinch-point.

The actual thermodynamic properties at the compressor outlet are calculated based on the isentropic efficiency (17comp,is), expressed as:

. . . 2

m, m, m

Meompis =41 +A2Tp + As—+ AaT2 + AsTp— + 6 (—rf> A1)
1 1 1

where 1; to A ¢ are second-order polynomial coefficients derived from experimental data via the least-squares method, as detailed in
Ref. [63]; rp represents the pressure ratio between condenser and evaporator, and p; is the density at the compressor inlet.

Table A.1
Heat pump thermodynamic model calculations and assumptions.
Variables Known variables
DPev ATy, =2 °C Tinsource = Tsnet
Peo AT =3 °C Qsink = Quemm
ATpp =5 °C
Thermodynamic properties estimation Constraints Outputs
h1 = f(pev, ATsh) . n(hs — hy) Qs
' T3 = Tysink + ATpp With Ty gk = —-———+ Tinsi e = ink
hy = f(eo-Teompys) 3 = Txsink PP X.sink TsinCom in,sink Myt (ha — ha)
ha = f(Peo; ATsel) mys(hs — hy) Peomp = Miy(ha — hy)

Ts = Toutsource — ATpp With Tousource = + Tin source

hs =hy

MsourceCp,w

The heat pump COP is determined as the ratio of the user heating or cooling demand (Qqem) to the compressor mechanical power (Pcomp),
neglecting mechanical losses:

Quem

comp

COP = (A.2)

Appendix B. Solar technologies

The outlet temperature of the heat transfer fluid in solar thermal collectors (STC) and PV-T systems is determined through an iterative procedure
that considers the system layout (i.e., the number of modules in series and parallel) and system efficiencies (shown in Figure B.1) [64]. The process
begins by applying an energy balance to the control volume of a single collector to calculate the outlet fluid temperature (Toyt,stc OF Tout,pv-1)- In the
initial approximation, the thermal power absorbed by the fluid is assumed to be equal to the solar radiation incident on the collector area (Agyc or
Apy.1), with the efficiency set to 1.

Subsequently, the collector efficiency (5stc or 7py.1) is calculated based on the initially estimated outlet temperature. The energy balance is then
recalculated to determine the new outlet temperature value. This iterative process continues until the difference between the outlet temperatures of
consecutive iterations is within a small tolerance (¢ of 0.1 °C). At the end of this process, the outlet temperature of the fluid serves as the inlet
temperature (Tin,s1c Or Tinpy-1) for the next collector in series, and the procedure is repeated for all the string.

The thermal efficiency is evaluated as a function of the optical losses of the module (7), the thermal losses parameters a; and ay provided by the
manufacturer, as well as the reduced temperature (T*). The reduced temperature expresses the ratio between the temperature difference of the
absorber plate (T,ps) and surrounding ambient environment (Tamp), and the total incident solar radiation (G). Here, the absorber temperature is
approximated as the average of the inlet and outlet temperatures of the heat transfer fluid.
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Fig. B.1. Flow chart showing the iterative numerical procedure adopted to assess the outlet temperature of the solar thermal collectors and PV-T modules.

The electrical energy generation of PV and PV-T systems is estimated using a set of established correlations. The system efficiency (ypy) is
calculated using a correlation from Ref. [65] that accounts for the nominal test condition efficiency (17py nom), a temperature coefficient (), and the
difference between the actual cell temperature (T..) and the reference temperature under standard test conditions (Tcerer €qual to 25 °C). The cell
temperature is modelled as a function of T,mp, the nominal operating cell temperature (NOCT), and the incident solar irradiance (G) [66].

Ppy = ApyGrpy (B.1)

Mpv = Mpv nom (1 - ﬂ(Tce - ce.ref)) (B.2)

Tee = Tams + (NOCT — 20)G/800 (B.3)
Tinpv—1 + Toutpv—

Tce.PV—T — in,PV-T 5 out,PV—T (B4)

For PV-T systems, the cell temperature is assumed to be equal to the absorber plate temperature (Taps) at the bottom of the PV layer. This
assumption accounts for the thermal interaction between the PV layer and the fluid circulation in the PV-T system [67].

Appendix C. Energy storage systems

The modelling of electric batteries is based on the electricity balance equation that accounts for the electricity stored from the PV or PV-T system
surpluses and the electricity withdrawn to meet the electrical demands of users [68]. The state of charge of the battery energy storage system
(SOCggss) is dynamically evaluated:

SOCggss(t + At) = SOCggss(t) + + min (Ppy,surAt, (1 — SOCpess (£)) Caess, VaessinaxAt) / Cpess + — Min(PgemAt, SOCagss (£) Ceess; VerssImaxAt) / Ceess  (C.1)

where SOCpggs at the time step t + At represents the percentage of energy stored relative to the capacity of the battery (Cpgss). It is a function of
SOCggss at the previous time step, t, the stored electricity, and the electricity withdrawn to satisfy the user electrical loads. The stored electricity
surpluses are determined as the minimum value among the available surpluses, the remaining charging capacity of the battery, and the maximum
energy that can be supplied to the battery, which is constrained by the maximum charging current (I,a¢) and voltage (Vpgss). Similarly, the electricity
that can be discharged by the battery is the minimum value among the required load, the available discharging capacity, and the maximum dis-
charging energy.

The stratified TES system is modelled using energy balance equations solved under the assumption of a quasi-one-dimensional transient regime.
This approach considers the spatial variation of temperature along the vertical axis of the storage cylinder, where water temperature stratification
occurs [69]. The assumption is supported by the hypothesis of uniform temperature within the hot and cold volumes (T, and T.) and a constant
thermocline. The following mass and energy balance equations are used to simulate the temperature evolution in the TES volumes and to evaluate
their charging and discharging processes:

th 1 mc pA th
—, — Mp — = s 3,

dt dt €.2)
dM. =m. —my = pA, dﬁ

dr =m h = PAcs dr

where the masses of water in the hot and cold volumes are denoted as My, and M., respectively, and the flow rates of the hot source and the load are

22



G. Russo et al. Renewable Energy 256 (2026) 124017

represented by my, and m,, respectively. The height levels of the respective volumes are denoted as z, and z.

kwAcs(Th - Tc)

dT; .
Mth.wfl1 = mnCpw (Tinp — Th) — — UiAjaen (T — Tamb)

dt 0.5(zn + %) 3)
dr. . kwAcs(Ty — T, '
Mccp,wT; = mccp,w(Tin,c - Tc) + ﬁ - UlAlaLc(Tc - Tamb)

where the inlet temperature of the hot volume, denoted as Tiy 1, is provided by the outlet temperature of the solar thermal collector or PV-T modules,
while the inlet temperature of the cold volume, Ti, (, is supplied by the return line on the load side of the thermal storage, represented by the district
heating pipeline network. The energy balance equations incorporate thermal dissipation due to conduction between the hot and cold volumes and
losses from the lateral surfaces of the cylinder. These losses are influenced by the heat transfer coefficients, Uj, of the storage lateral surfaces (Aj,;,, and
Alat,0) interacting with the ambient environment.

Appendix D. Network pipes

The modelling of the network pipes is based on a set of energy balance equations applied to each section of the network. These equations are solved
to determine the temperature variation of water flowing through the pipes while accounting for thermal dissipation into the ground. The thermal
behaviour of the pipes is represented using a lumped parameter thermal model operating in a transient regime [70], as expressed below:

dTw; . .
pwcp,wViT'1 = My (Tw.i—l - Twi) + QH,i
. (D.1)

. 1 1 -1
e R i T, rd Twi
Qs |:(Rk‘w.i + Rc_w_i> + Rip P} ( grd . )

where py, and cp, w denote the density and specific heat capacity of water respectively. Ty, represents the temperature of the water volume of the i-th
pipe portion (V;). Ty, .1 is the temperature of the back segment, and Qu represents the heat dissipation due to conduction and convection of the water
volume (where Ry w, Rc,w are the thermal resistances) and conduction with the wall of the pipe (where Ry pip is the thermal resistance), assuming the
external surface temperature of the pipe wall to be equal to the ground temperature (Tgq).

It is assumed that the flow rate in the pipe network is constant and equal to the sum of the nominal flow rates for each user. The flow rate for each
user’s heat pump is determined based on the maximum cooling load (ch,max,us) using the energy balance equation for steady-state conditions applied
to the building control volume:

. ch.maxAus
mys =

- (D.2)
Cp,w(Tout.dem - in,dem)

The cooling energy is supplied to the building cooling unit at a temperature of Ty dem €qual to 7 °C and returns Toyt,dem at 12 °C. With the flow rate
known, the diameter of each pipeline portion can be estimated based on a reference velocity of 1 m/s [71].

Appendix E. Thermal balancing station

The thermal balancing station consists of an air-source heat pump system for heating and cooling the network heat transfer fluid, along with a heat
recovery unit for adjusting the temperature of the district network. The heat recovery unit operates by dissipating excess heat to the ambient air for
free cooling or using ambient heat as a source for free heating, both requiring minimal energy input. The thermal balancing needs of the network are
evaluated as follows:

Q:cl.net = rhnetcp,w (Tr,net - Ts.net) (E 1)
Qhtnet = rhnetcp.w (Ts.net - Tr.net)

where ch,net and th,net represent the network thermal requirements for cooling or heating the heat transfer fluid to the desired temperature (T; net).
The fractions of cooling energy (ch,net,hru) and heating energy (th,net,hru) satisfied by the heat recovery unit are determined as:

_ Tr‘net - max((Tamb + ATPF’,hru)» Ts.net) Q
- cl,net

ch.net.hru
Tr.nel - Ts,net

min((Tamb — ATPli',hru)-, Ts,net) — Tr,net 5
th.net
Ts.net - Tr.net

(E.2)

th,net,hru =

The maximum fraction satisfied by the heat recovery unit depends on Tymp and the minimum allowable pinch-point temperature difference (ATpp,
hru)-

The electrical power required by the fan of the heat recovery unit is assessed as follows:
mhru Ap
Pairllfan

Pel.fan = (E.B)

where Ap is the pressure drop across the heat exchanger (assumed to be 50 Pa per unit of volumetric flow rate in m/s), p,;; is the air density, and ¢,y is
the fan electrical efficiency (assumed to be constant at 0.9) [72]. The air flow rate riyy is calculated through Equation (15):
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ch,net,hru

free cooling
Cp,a\ir((Tr,net - ATPl?‘,hru) -

Tamb )

mhru =

th.net.hru
Cp air (Tamb - (Tr.net + ATPF',hru))

free heating
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(E.4)

The remaining network thermal requirements are met by the air-source heat pumps. Heat pump electrical consumptions are determined using the
COP performance map generation method described in Appendix A.
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