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A B S T R A C T

The urgent need to cut carbon dioxide emissions in buildings is pushing towards efficient, eco-friendly solutions 
for meeting heating and cooling demands such as renewable-based district heating and cooling networks. In this 
context, very few studies have investigated the potential of these technologies in Southern Mediterranean re
gions, characterized by predominant cooling demands and large availability of renewable energies. In this 
respect, this work proposes an energy analysis of modern district networks composed of solar collectors, ab
sorption chillers, heat pumps, and thermal energy storage, serving a cluster of buildings in Southern Italy. Using a 
dynamic model for a double-loop ring network and solar plant developed in Transient System Simulation tool, 
different scenarios are simulated. Specifically, a baseline scenario, where thermal demand is met individually, is 
compared with low-temperature (60–85 ◦C) and ultra-low-temperature (7–20 ◦C) networks. An examination of 
primary energy consumption, carbon dioxide emissions, temperatures, and pressure within the network reveals 
that the proposed improvement scenarios lead to energy savings respectively from 62% to 82% compared to 
autonomous heating and cooling systems. Additionally, ultra-low temperature district reduces heat losses in 
pipes by 67.4% compared to low-temperature operation. However, the energy needed by booster heat pumps in 
the case of an ultra-low temperature network leads to higher primary energy consumption of a factor of 2.1 
compared to the case of a low-temperature network. The present work provides a picture of the energy and 
environmental benefits achievable by these innovative systems in cooling-dominated areas, underlying the need 
for future research for spreading these systems in these regions.

1. Introduction

According to the International Energy Agency (IEA) [1], in 2022, 80 
% of direct carbon dioxide (CO2) emissions from buildings were attrib
uted to space heating (SH) and domestic hot water (DHW), with over 60 
% of this demand being met by fossil fuels. Large-scale implementation 
of efficient, low-carbon heating technologies combined with the 
improvement of building envelopes is increasingly necessary to achieve 
the Net Zero Emissions scenario goals by 2050 [1].

District Heating and Cooling Networks (DHCNs) represent one of the 
most promising technologies for transitioning toward more sustainable 
heat production in buildings [2]. District Heating Network (DHN), un
like individual heat production, relies on mostly centralized thermal 
energy production to increase energy efficiency and reduce the use of 

fossil fuels [3]. These networks, generally powered by cogeneration 
plants or industrial boilers, thanks to recent developments, could allow 
the integration of Renewable Energy Sources (RESs) [4]. The evolution 
of this technology is identified through five generations, corresponding 
to significant changes. Currently, many DHNs distribute heat through 
pipes as pressurized water at supply temperatures above 80 ◦C (being 
classified as 3rd generation DHNs), with thermal losses ranging from 
10% to 30% [5].

In recent years, the evolution towards Fourth Generation District 
Heating Networks (4GDHNs) has been driven by the decarbonization 
goal and has featured a further decrease in the water supply tempera
ture, below 70 ◦C [6]. The lower supply temperature reduces heat losses 
through the network and allows for the integration of heat from RES and 
waste heat from industrial processes [7]. Simultaneously, 
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Fifth-Generation District Heating Networks (5GDHNs) that use water at 
temperatures close to that of the air or ground, with maximum values 
below 30 ◦C are also being developed [8].

5GDHNs were developed to overcome some limits of the 4GDHN, i. 
e., further reducing the water supply and the thermal losses of the plant, 
fully exploiting low-temperature heat sources, and meeting the cooling 
and heating demands of users simultaneously. The ultra-low tempera
ture requires Vapor Compression Heat Pump (HP) at the user’s sub
station to produce heat at the desired temperature [9]. However, 
decentralized HPs allow the connection between the electrical grid and 
DHNs to create smart thermal grids with power-to-heat technologies 
[10].

Among RES-based DHN technologies, Solar District Heating (SDH) 
systems are a promising solution for decarbonizing the building sector 
[11]. Denmark is a European leader in this field [12], with one of the 
first SDH networks installed in Marstal, featuring a 75,000 m3 storage 
capacity and over 30,000 m2 of solar collectors [13]. By the end of 2021, 
299 large SDH plants were operational with an installed capacity of 
1645 MWth [14]. However, these systems remain very uncommon in 
Southern Mediterranean regions, where high cooling demand has 
limited their adoption despite abundant solar energy.

Integrating SDH with Solar Cooling (SC) technologies in this area 
could enhance their viability. In SC systems, thermal energy from solar 
collectors drives absorption chillers (ABSs) to produce cooling [15]. 
Despite absorption machines having limited performance, they are 
particularly interesting when coupled with thermal collectors, allowing 
them to reduce non-renewable Primary Energy (PE) consumption [16]. 
While single-stage ABSs are predominantly used due to the lower tem
peratures of heat generated by RESs [17,18], recent studies have shown 
that SC can also be achieved with double-effect ABSs utilizing concen
trating solar collectors [19]. Additionally, SC has been explored through 
the diffusion-absorption refrigeration cycle, which is characterized by a 
thermally driven bubble pump powered by evacuated tube solar col
lectors [20,21].

To address the intermittent nature of solar energy, large thermal 
energy storage (TES), or seasonal TES, allows to store thermal energy by 
centralized solar plants [22]. Among these, Pit Thermal Energy Storages 
(PTESs), are mainly used for applications where there is a need to store a 
large amount of heat from solar plants.

The interest in solar heating and cooling programs is also confirmed 
by the development of different tasks by the IEA such as Task 65 and 
Task 68 [23]. In this framework, the IEA’s “Sustainable District Heating 
Guidelines” [24] stated that flat plate and evacuated tube solar collec
tors are the most diffuse type of solar source in SC, and 80% by 2015 of 
solar thermal cooling systems were installed in Europe.

1.1. Literature review

In the current literature, there are limited applications of solar- 
assisted DHCNs in Mediterranean regions. Specifically, very few exam
ples pertain to Mediterranean countries such as Italy, Greece, or Spain. 
Recent research and applications are increasingly focusing on DHNs 
coupled with solar collectors. The primary motivation lies in the sig
nificant potential to reduce reliance on fossil fuels, as demonstrated by 
real-world applications such as the Marstal Solar-powered DHN [13]. 
Furthermore, studies on both 4GDHNs and 5GDHNs are being pub
lished, and the advantages of powering such novel DHNs by RES have 
been extensively documented, particularly in Northern European 
countries such as Denmark [25], Germany, and the Netherlands [26].

Recent attention is being given to the application of solar-assisted 
DHCNs in Mediterranean countries. In this context, Calise et al. [27,
28] presented comparative thermoeconomic studies of 4GDHNs and 
5GDHNs in Spain. In [27], the authors used Transient System Simulation 
Tool (TRNSYS) to model a DHN serving a residential district in Madrid 
powered by a large photovoltaic (PV) plant, water-to-water (W/W) HPs, 
and ground-source HPs, achieving up to 98% reductions in operational 

emissions in the most favorable scenarios. In Ref. [28], a 4GDHN for a 
large shopping mall was replaced with a 5GDHN consisting of two 
neutral-temperature rings that allowed users to exchange heat via W/W 
HPs. This configuration, driven by a PV plant, achieved PE savings of 
89% and a simple payback time of 14.2 years, despite an investment cost 
of 11.2 M€.

Other studies have proposed solar-driven DHNs for new urban de
velopments or retrofitting existing networks. For instance, De Rosa et al. 
[29] investigated the impact of various energy policies for a new 3.5 km2 

district in Madrid. This scenario featured a DHCN with multiple loops, 
ground-source HPs, and high PV penetration. Results showed a 66% 
reduction in non-renewable PE consumption and a significant decrease 
in peak electricity demand, albeit with high investment costs. Mugnini 
et al. [30] studied retrofitting strategies, such as installing 
high-temperature HPs exchanging heat with the network, for a DHN 
located in Central Italy using dynamic simulations trained on real-world 
data. Leveraging surplus electricity from an extensive PV installation, 
Natural Gas (NG) consumption was reduced by 13.3%. Xu et al. [31] 
proposed a 2.5 MW air-to-water HP coupled with 6355 m2 of solar 
thermal collectors and a storage tank was used to reduce boiler opera
tion hours in a real DHN in the Danish city of Ørum. The proposed 
operational strategies for the heat production plant resulted in a 
reduction of the CO2 emissions factor from 192 kgCO2/MWh to 74 
kgCO2/MWh.

Focusing on solar thermal systems, Ghirardi et al. [32] compared hot 
water provision with ABS and chilled water provision by single ABS 
driven by heat from parabolic-through collectors. In the network 
considered, located in the United Arab Emirates, with 24 MW of cooling 
load peak, heat losses related to hot water provision led to higher heat 
losses compared to cooling provision. Different SC configurations, 
including PV, Photovoltaic Thermal (PVT) and thermal collectors, as 
well as electrical and ABSs were investigated by Ismaen et al. [33]. 
Hybrid and thermal solar driven scenarios succeed in reducing envi
ronmental impact at least 43.8 % and increase solar fraction up to 94.7% 
in PVT case. Finally, in [34] solar parabolic trough collectors and DH 
supplied hot water to an ABS for a hospital located in Denmark. 
Considering summer period, thanks to the provided system 85% of 
emissions were reduced by the system considered with a payback period 
of only 7.5 years.

1.2. Research gaps and paper contributions

The referenced studies demonstrate that energy benefits could be 
achieved by incorporating solar energy into DHCNs. Indeed, all of them, 
sometimes supported by thermo-economic analyses, consistently report 
reductions in dependency on non-renewable energy sources, emissions, 
and operational costs for providing SH and DHW [27,28]. However, the 
following gaps could be identified: 

- No comparative energy analyses have explored the benefits of novel 
DHCNs in Southern Mediterranean regions are available. Such 
studies could support the spread of these technologies in cooling- 
dominated areas with abundant solar energy. Additionally, they 
could help identify the optimal mix of renewable energy technolo
gies, suitable operating strategies, and the necessity to integrate 
energy storage systems.

- The integration of SC via DHNs in Southern Europe countries has not 
been extensively studied. These regions typically experience low 
heating demand in winter and high cooling demand in summer 
(which is also expected to increase due to climate change). The large 
availability of solar radiation during summer could promote the 
adoption of SC systems. Additionally, utilizing the district network to 
distribute heat from decentralized solar plants to drive SC technol
ogies at the user level could encourage the adoption of DHNs in 
climates where they are not yet widely implemented.
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- Few studies have compared pumping energy consumption and the 
hydraulic performance of low- and ultra-low-temperature DHNs. 
Existing research lacks a comprehensive analysis of pressure profiles 
and pumping energy requirements in such networks. Since these 
networks operate with significantly different flow rates and supply- 
return temperature differentials, further research is needed to 
assess their impact on overall system efficiency.

- Finally, dynamic analyses describing the operation of novel DHN 
generations coupled with solar systems are lacking, particularly from 
both network and plant perspectives. Monitoring the effect of solar 
energy variations on the supplied water temperature and the amount 
of thermal energy stored could help develop new cost-effective 
operating strategies.

To address these gaps, this paper presents an energy analysis of 
innovative DHCNs supplied by a solar plant and serving a cluster of 
buildings located in Southern Italy. Specifically, based on prior research 
by the authors [35] which examined the benefits of 4GDHNs compared 
to third-generation networks through dynamic simulations, this study 
develops a novel model that includes booster HPs, and centralized solar 
plants with storage using TRNSYS software [36]. This tool, offering 
accurate models for complex renewable energy systems, is widely 
accepted in the literature and has thus far formed the basis for a great 
number of studies [27,28,37–40]. A key innovation of this model is the 
integration of a detailed solar plant, including a large solar collector 
field, a PTES system, and industrial ABSs. The main plant is also 
equipped with auxiliary boilers and auxiliary air-cooled chillers. The 
study evaluates two alternatives for providing cooling energy to an 
eight-user cluster. The first one involves the direct supply of chilled 
water produced by solar-fed ABSs. The second involves indirect supply 
through hot water-fired ABSs installed at each user substation. Similarly, 
two strategies are compared: direct supply of hot water (up to 60 ◦C in 
winter) versus the use of warm water (at 20 ◦C) combined with HPs at 
user substations. Dynamic simulations will provide insights into 
network and plant operations, analyzing energy consumption and 
variation in CO2 emissions. The following contribution can be then 
identified: 

- A comparative analysis of PE savings and reduction in CO2 emissions 
achieved by two solar-powered DHNs in cooling-dominated zones is 
carried out. The analysis aims at identifying the potential of inno
vative DHNs supplied with solar energy in decarbonizing the build
ing sectors, in a context where the prevalent cooling demand has 
limited so far, the spread of this technology. Meantime, benefits and 
drawbacks will be identified. For instance, the additional electricity 
consumption due to booster HPs in the case of ultra-low-temperature 
DHNs will be compared to the additional natural gas consumed in the 
case of low-temperature DHNs.

- Two alternative ways for meeting the heating and cooling demand 
using thermal energy from a centralized solar-powered are compared 
to highlight which one outperforms in terms of solar energy exploi
tation, and reduction in PE consumption for heating and cooling.

- The importance of dynamic analysis in monitoring the operation of 
this system is evidenced, especially in the case of intermittent energy 
sources. The amount of solar energy stored temperature and pressure 
profile are evaluated. A yearly and hourly comparison of low- 
temperature and ultra-low-temperature DHN operations is conduct
ed, evaluating pressure drops, pumping energy, and heat losses.

2. Materials and method

In this section, the overall system layout and operational strategy are 
first presented. Then, the modeling of the solar loop and DHNs is shown.

2.1. Scheme of the solar loop and district heating network

Fig. 1a-b shows two schemes of the investigated solar-powered 
network, when providing hot and chilled water, respectively. It must 
be noted both schemes represent a comprehensive and redundant su
perstructure that includes all the components that will be used in the 
different scenarios.

In both schemes, the pump of the solar loop is activated during the 
daytime, only if the outlet temperature of the water outside the solar 
field is higher than the inlet water temperature. In addition, the hot 
water produced in periods of low heating demand and high solar radi
ation is stored in a PTES used as seasonal energy storage. PTESs are dug- 
out pits, lined with a membrane and a layer of insulation, and filled with 
water at operating temperatures typically between 30 ◦C and 90 ◦C [41]. 
The solar loop could provide hot water at different temperatures (see 
Fig. 1a) or chilled water (see Fig. 1b).

In the case of “Hot Water Provision”, the district directly interacts 
with the PTES in the “Solar Loop” section. Specifically, the cold water 
returning from the district is heated up in the PTES, and, if the exiting 
temperature is not compatible with the supply water temperature set
point of the DHN, a fraction of the flow rate is further heated up in an 
auxiliary boiler. Conversely, if the temperature of the water exiting the 
PTES is higher than the setpoint, a thermostatic valve will mix this flow 
with the flow from the return side of the network to achieve the desired 
temperature.

In the case of “Chilled Water Provision” (see Fig. 1b), the Solar Loop 
will supply chilled water to the DHN supply ring. The water flow 
returning from the district interacts firstly with the ABS, which will cool 
down the water. Note that the ABS is driven by heat produced in the 
solar plant and stored in the PTES. If there is no sufficient heat to cool 
down the water at the desired temperature setpoint, a thermostatic valve 
will send the flow toward an industrial auxiliary air-cooled chiller. To 
remove heat from the condenser of the ABS, an open-circuit cooling 
tower was also modeled. It must be noted that this mode was only used 
in one of the scenarios considered in this study.

Regarding the DHN, a double-ring model was adopted. Such a 
configuration was already studied by the authors [35], and it was found 
to be promising in the presence of prosumers. In case of consumption, 
the hot or cool water from the supply side passes, using diverter valves, 
through the user substation and finally gets injected into the return side.

2.2. Modeling of the solar loop

The modeling of the solar loop was developed in TRNSYS [36]. The 
scheme of the model used for chilled water provision is represented in 
Fig. 2. Solar collectors were modeled through Type 71 – Evacuated Tube 
Collector – which required several input parameters such as ambient 
temperature, total radiation incident on the panel surface, solar azimuth 
and zenith angles, and the inclination and azimuth angle of the panels. 
These data were read from the meteorological dataset by using Type 15 – 
Weather Data Processor. The pump of the solar plant was modeled 
through Type 3d – Single Pump model, controlled by a calculator that 
allows its operation when the fluid temperature exiting the plant is 
higher than the fluid temperature entering. The PTES system was 
modeled through Type 4 – Stratified Storage Tank, simulating the 
behavior of a sensible energy storage tank filled with a fluid, water in 
this case. The thermal stratification is modeled by assuming the tank 
consists of 6 segments of equal volume mixed and filled with fluid from 
the solar plant. The outside boundary is the temperature of the ground 
available through the Weather Data Processor. The transmittance of the 
walls of the PTES was calculated considering a concrete wall insulated 
with 1 m of EPS as recommended in [42]. In both the heating and 
cooling seasons, the hot water from the solar field directly fed the PTES 
from one side. During the heating period, the heat carrier fluid exiting 
the storage is supplied directly to the DHN. In the cooling period, the 
fluid can either be sent to the ABSs installed at each user’s location or 
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used to power a central ABS to produce the chilled fluid that feeds the 
network. If the temperature of the fluid from the storage is lower than 
the setpoint, an auxiliary heater, simulating the boiler and modeled 
using Type 6 - Auxiliary Heater and a calculator, is employed to heat the 
fluid to the desired temperature. Lastly, a thermostatic valve (Type 11 - 
Tempering Valve) is used to ensure the correct supply temperature by 
mixing cold water from the DHN with hot water from the storage.

In the case of direct provision of chilled water to the DHN (see 
Fig. 1b), a centralized ABS is used which directly supplies cold water at 
7 ◦C to network. A macro for this chiller, including calculators and Type 
581 - Data Interpolator, was developed to improve the functioning of 
Type 107 - Single Effect Absorption Chiller. This model requires as in
puts the temperature and flow rate of: the ABS’s supply fluid, coming 
from the storage; the fluid to be cooled, coming from the network return 
piping; the fluid that removes heat from the ABS, necessary for its proper 

operation. The main equations included in the new macro, are based on 
Type 107 basic equation as detailed in [43].

As for Type 107, the amount of heat Q̇set that must be removed from 
the fluid to be cooled from the inlet temperature Tch,in to the setpoint 
temperature Tch,set is described by Eq. (1) [44]: 

Q̇set = ṁchcw
(
Tch,in − Tch,set

)
(1) 

Where ṁch is the chilled water flow rate, and cw is the specific heat of the 
water.

The minimum generator temperature, contingent upon the desired 
chilled water temperature, set to 7 ◦C, was first determined based on 
[45] which is the datasheet of a single-stage LiBr-Water ABS. Knowing 
the value of this temperature, it is possible to calculate the maximum 
theoretical amount of heat extractable from the fluid feeding the 

Fig. 1. Simplified schemes of the solar loop and DHN: (a) “hot water provision to the DHN” and (b) “chilled water provision to the DHN”.
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generator Q̇gen through Eq. (2): 

Q̇gen = ṁgencw
(
Tgen,in − Tgen,set

)
(2) 

Where Tgen,in is the temperature of the hot fluid entering the chiller, 
Tgen,set is the minimum temperature of the hot fluid compatible with the 
chiller operation, and ṁgen is the flow rate of the fluid feeding the 
generator.

The Coefficient of Performance COPABS of the ABS is estimated using 
performance curves available in [45] by knowing the temperatures of 
entering fluids(chilled water, condenser water and hot water) using 
Type 581 - Data Interpolator. Having obtained COPABS and the amount 
of heat Q̇gen, it is possible to calculate the maximum energy removable to 
the network side fluid Q̇ch,max using Eq. (3): 

Q̇ch,max = Q̇gen⋅COPABS (3) 

Once known the rated capacity of the machine Q̇rated (depending on 
condenser and generator water temperature), Q̇ch,max, and Q̇set , the 
amount of heat removed from the fluid to be chilled will be the mini
mum of the three quantities. This approach guarantees that the heat 
removed will always be lower equal than Q̇gen, simulating a partial 
bypass of the flow rate that would enter the chiller. However, to guar
antee the chilled water provision, an auxiliary air-cooled chiller was 
included and simulated using Type 92 - Auxiliary Cooling Device 
considering the Energy Efficiency Ratio (EER) of an industrial air-cooled 
chiller [46]. Finally, to remove the heat from the ABS condenser, an 
open-loop cooling tower was modeled through Type 51-Cooling Tower.

In detail, COPHP was calculated as shown in Equation (4). COPABS, 
see Equation (5), was used for estimating HP efficiency. 

COPHP =
Q̇cond

Ẇel
(4) 

COPABS =
Q̇ev

Q̇gen
(5) 

Equation (4) represents the COP of the HP COPHP, which is defined as 
the ratio between the heat delivered at the condenser Q̇cond and the 
electrical power input Ẇel. Equation (5) defines the COP of the ab
sorption chiller COPABS, calculated as the ratio of the cooling capacity at 
the evaporator Q̇ev to the thermal power required at the generator Q̇gen. 
The electrical power in input to the absorber was assumed negligible 
compared to the other quantities.

2.3. Modeling of the District Heating Networks

The DHN consists of a ringshaped network, which includes two rings: 
one for the supply and one for return. Unlike traditional networks, 
where the return line starts from the last user and returns to the central 
plant, in this case, both lines start directly from the thermal plant and 
return to it [47]. The ring network also lends itself better to the 
connection of potential prosumers as it is more challenging for flow 
reversals to occur. The DHN was also modeled in TRNSYS (see Fig. 3), 
and it is mainly composed of six Types, found at each user node, and 
within the user substations macro. Specifically, Type 11f - Controlled 
Diverter Valve: used in the supply piping to divert the flow requested by 
the consumer (or produced by the producer) from the flow that con
tinues to circulate in the network; Type 11h - Tee Piece: the piece used in 
the return piping to merge two flows, the one circulating in the pipe and 
the one exiting the user, into a single flow; Type 9e - Data Reader: it 
reads an external file to import user demands; Type 65a - Online Plotter 
with File: it is used to obtain the output data both graphically and in 
document form to analyze in a spreadsheet; Type 31 - Pipe/Duct, used to 
simulate the heat losses with the ground, and Type 496 - Hydraulic Pipe 
which was previously developed in [35] for calculating pressure drops. 
In this work, the supply ring is used to provide hot water, in case of the 
heating period or cooling period when ABSs are in the user substation, 

Fig. 2. Modeling of the Solar Loop developed in TRNSYS for chilled water provision.
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and chilled water in cases of direct cooling provision.
As previously mentioned, in a 5GDHN, every user usually installs a 

booster HP within its substation. This is necessary to upgrade the tem
perature level of the heat from the network to the level required by the 
local heating system. This possibility was accounted for in this model, 
and a W/W type HP interfacing with the network (as a source) and the 
user was included in the user substation. For this reason, the model 
proposed in [35] was improved. A macro was developed to simulate the 
behavior of the W/W inverter HP based on the performance curves 
available in the literature [48] and manufacturer catalogs [49]. The 
TRNSYS macro for the substation, shown previously in Fig. 3, is 
expanded and detailed in Fig. 4. For operation in heating mode, the 

study by Hüsing et al. [48] was considered for calculating the Coefficient 
of Performance (COP) of an inverter HP. Using Type 581 - Data Inter
polator, based on the required power, the system will operate at a 
different frequency and finally, the COP is calculated also considering 
the evaporator inlet temperature and condenser outlet temperature. The 
obtained coefficients of performance, the energy required by the user, 
the temperature, and the flow rate on the source side are set as input into 
the calculator named "Exchanger", which calculates the temperature of 
the fluid exiting the HP and sent to the return ring of the DHN [50]. The 
flow rate coming from the supply side, regulated by “User” calculator 
through the User-S valve, goes to the HP macro. Based on the user de
mand, the “Exchanger” calculator will calculate the outlet condition of 

Fig. 3. A 10 User-Prosumer DHN model in TRNSYS.

Fig. 4. Macro of the fifth-generation user substation.
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the fluid. Finally, the flow rate is injected to the return side using the tee 
“User-R”.

Before ending it is worth stressing that the whole system is difficult to 
be directly validated, due to high capital costs, and due to the low 
diffusion of this system. However, the modeling of each component, 
such as pipes, HPs, and valves has been validated individually [43] by 
using experimental data or literature making the model of the system 
inherently reliable.

3. Case study

First, a description of the cluster is provided, along with insights into 
the climate conditions of the selected locality. Next, details on the 
investigated scenarios and the design of the solar loop and DHN are 
provided. Finally, the energy and environmental indicators are 
introduced.

3.1. Description of the cluster of buildings

The cluster is made up of eight users located in Palermo (Southern 
Italy). Fig. 5 shows a representation. Specifically, clockwise: a medium- 
sized office, a group of three high-rise apartments, a hospital, a super
market, 8 mid-rise apartments, a primary school, a high-density office, 
and 4 high-rise apartments.

Regarding data on weather conditions and solar irradiation for 
Palermo, the climate data available in [51] was selected. In detail, Fig. 6
shows dry bulb temperature Tdry and Relative Humidity (RH) profiles for 
Palermo and in Fig. 7, values of global solar irradiation on a horizontal 
plane are represented.

The hourly heating and cooling demands of the big office, hotel, and 
hospital were estimated in a previous study by some of the authors [52]. 

For the other buildings in the cluster, demands were obtained through 
simulations conducted using EnergyPlus [53], based on building ar
chetypes described in [54]. Specifically, the remaining buildings were 
customized and revised to align with Palermo’s climate and building 
categories, following Italian regulations as detailed in [47].

Table 1 presents the peak heating and cooling demands for each 
building, along with their annual heating and cooling energy re
quirements. The hospital exhibits significantly higher peak heating and 
cooling demands compared to all other users. Additionally, some users 
exchange heat and cooling for almost the entire year, while others, such 
as offices and schools, experience downtime periods (e.g., weekends or 
summer breaks for schools). Fig. 8 illustrates the hourly heating and 
cooling demand for the entire cluster of buildings. A peak heating de
mand of 2777.38 kW and a peak cooling demand of 3200.79 kW are 
observed. Fig. 8 further highlights the predominance of cooling needs in 
the selected locality.

3.2. Investigated scenarios

For the assumed case study, the following scenarios were simulated 
and compared: 

- Scenario No. 0 (or Base Case). The heating and cooling demands of 
each building are covered by using systems installed onsite without 
being connected to a DHN. More specifically, NG boilers and air- 
cooled chillers are reference technologies in winter in summer, 
respectively. The NG consumption of the boilers is calculated 
considering a constant energy efficiency of 0.95. Regarding air- 
cooled chillers, data provided in datasheets [46] allowed to relate 
EER values to the evaporator outlet fluid temperature and the 

Fig. 5. Representation of buildings cluster of the case study.
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ambient temperature. This scenario is a baseline to compare the 
potential benefits arising through the integration of DHNs.

- Scenario No. 1. A DHN powered by a solar collector field and seasonal 
storage is assumed to cover the heating and cooling demands of the 
cluster. During winter, water at 60 ◦C circulates in the supply ring of 
the DHN, thus being eligible as a “low-temperature DHN”. During the 
summer, to meet cooling demand, ABSs at the user are installed 
within each substation. Then, to ensure efficient operation of these 
devices, the temperature of the supply ring is increased up to 85 ◦C. 
Thanks to the operating temperature, it is not necessary for a tem
perature boost at the user substation to make the use of a plate 
exchanger feasible. Since the solar collector field cannot provide an 
adequate supply temperature at all times of the year, an auxiliary NG 
boiler was included in the solar loop.

Fig. 6. Yearly profiles of ambient temperature and relative humidity in Palermo.

Fig. 7. Yearly profile of global solar radiation on a horizontal plane in Palermo.

Table 1 
Yearly energy demand and peak in the demand of each user of the cluster.

User Heating 
Peak

Cooling 
Peak

Heating 
Energy

Cooling 
Energy

[kW] [kW] [MWh] [MWh]

Medium Office 194.93 191.15 54.63 91.21
Highrise Apart. 

2
366.86 493.91 280.23 628.86

Hospital 513.67 1114.72 935.12 907.65
Supermarket 301.59 235.88 240.14 117.92
Midrise Apart. 482.78 408.10 627.79 447.99
Prim. School 640.84 267.81 157.97 177.62
Big Office 474.76 656.24 320.28 196.01
HighRise Apart. 479.56 657.44 394.80 884.90

Fig. 8. Yearly profile of heating and cooling demands of the cluster.
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- Scenario No. 2. An ultra-low temperature network is assumed, sup
plied by a solar field coupled with TES. The network operates at 
20 ◦C during the winter. For this reason, booster HPs are required 
within the user substations to raise the water temperature to the level 
needed by the local SH systems. In the summer, conversely, chilled 
water at 7 ◦C is produced by a centralized ABS (located in the solar 
field) powered by heat from the solar plant or by the auxiliary air- 
cooled chiller.

It must be noted that both Scenario No. 1 and Scenario No. 2 do not 
comply perfectly with the definition of 4G- and 5GDHN [2,6,25]. For 
this reason, it was decided to define the network as a “low temperature”, 
in the Case of Scenario No. 1, and “ultra-low temperature” in the case of 
Scenario No. 2. Indeed, focusing on Scenario No. 1, in the heating 
period, the network could be assumed to be as 4GDHN since hot water at 
60 ◦C is provided as suggested in [6]. However, in summer, the oper
ating temperature is higher than the 60 ◦C to ensure the correct opera
tion of ABSs. For Scenario No. 2, the system can be classified as a 5GDHN 
only during winter when the network is maintained at 20 ◦C [2]. In 
summer, conversely, chilled water is supplied directly to users, 
becoming a district cooling network.

Finally, it is important to note that in Scenario No. 2, chilled water is 
not produced by the W/W HPs installed in each substation. This 
approach maximizes the utilization of thermal energy from the solar 
field, which is abundantly available during summer. As a result, the 
benefits are twofold: (i) a significant reduction in electricity consump
tion during the summer is achieved with a consequent decrease in PE, 
and (ii) an increase in the operating hours of both the network and the 
solar plant is realized, leading to a more efficient distribution of capital 
costs throughout the year.

3.3. Data and main assumptions

To appropriately size the solar field, guidelines for centralized SDH 
suggest, as per [44], that 1.4–2.4 m2 of flat-plate collector surface per 
MWh of annual heat demand is optimal for central solar heating plants 
with seasonal storage. The annual heat demand was determined by 
aggregating the thermal energy requirements, including the energy 
needed by the ABSs. Based on the performance curve of the selected 
chiller [45], a conservative COP of 0.51 was assumed, resulting in a total 
yearly thermal energy demand of 9780 MWh. Using these calculations, a 
solar collector field with a surface area of 12,000 m2 was deemed suf
ficient, considering the use of evacuated tube collectors. Furthermore, 
the guidelines presented by Schmit et al. [44] specify that the thermal 
storage should have a volume of 1.4–2.1 m3 per m2 of flat-plate collector 
surface. Therefore, given the thermal demand of the users and the 
selected collector surface area, a PTES of 30,000 m3 was found to be 
suitable for the case study. To ensure realistic heat loss behavior from 
the storage, insulation with a 1-m thickness of Extruded Polystyrene was 
chosen, in alignment with [42]. The proposed design of PTES volume 
and collectors’ surface was also chosen to ensure it was compliant with 
the fifteen SDH plants presented in a review on large-scale PTES [41].

The DHN was designed by relying on steady-state simulations con
ducted in the Energy Equation Solver [55], following the same pro
cedures presented in a previous paper by the authors [35]. The analysis 
prioritized the cooling demand due to its predominance for the selected 
site. A conservative approach was adopted to select the diameter by 
assuming the scenario where all users simultaneously demand their peak 
load. Given the network’s composition of 8 users, a simultaneity factor 
of 0.95 was applied to account for concurrent usage. In the context of the 
4GDHN, where each user is equipped with an ABS operating with supply 
and evaporator temperatures set at 85 ◦C and 7 ◦C respectively, the COP 
of the ABS was estimated, based on the performance curve outlined in 
Ref. [45], and then the heat needed by each user to feed the chiller was 
calculated. In Scenario No. 1, the network operates with an average 
temperature difference of 20 ◦C between the supply and return loops, 

leading to a lower flow rate in the loops. In Scenario No. 2, the average 
temperature difference between the loops is 5 ◦C in winter and summer 
resulting in higher flow rates, and larger network diameter. With a 
uniform distance of 200 m between users and consistent branch di
ameters, the findings indicated that DN 200 pipes were necessary to 
maintain a specific pressure drop between 150 Pa/m and 250 Pa/m [56] 
for Scenario No.1, whereas DN 300 pipes were required for Scenario 
No.2. The selected pipe diameters for the two scenarios, DN 200 in 
Scenario No. 1 and DN 300 in Scenario No. 2, resulted in specific pres
sure drops of 249 Pa/m and 143.5 Pa/m, respectively, in the most 
stressed branch. Adjusting the diameter to DN 250 for both scenarios 
would result in pressure drops outside the threshold values recom
mended in [56], specifically 83 Pa/m for Scenario No. 1 and 352 Pa/m 
for Scenario No. 2.

In the substation presented in this work for Scenario No.2 (compat
ible with 5GDHN operation), the flow from the network can interact 
with an exchanger or with a reversible HP, based on supply water 
temperature. However, no scenarios involve the prosumers in this work, 
as the main aim is to investigate the potential benefits of solar-driven 
DHC technologies in a Mediterranean climate. Investigation of pro
sumers, as discussed in Refs. [57,58] requires a standalone depth anal
ysis of their interactions with the network, influenced by both topology 
and location, that will surely be evaluated in future works.

A sensitivity analysis should be conducted to determine the optimal 
size of each energy source involved. This would allow for the proper 
sizing of all components, including solar panels, PTES, absorption 
chillers, and auxiliary chillers. However, in this stage, the component 
sizes were assumed based on rules of thumb or results available from 
other studies. Specifically: 

• The size of HPs was selected based on meeting thermal demand while 
avoiding oversizing, following the same approach used for absorp
tion chillers in user substations.

• The central absorption chiller in Scenario 2 was designed to operate 
near maximum system capacity, rather than the total capacity of all 
users.

• Two air-cooled chillers of 1.4 MW each were included to support the 
absorption chiller.

• The boiler capacity was set at 1.4 MW to adequately support the solar 
collectors in Scenario 1.

To provide a comprehensive overview, the sizes and details of the 
assumed machines are presented in Table 2. The selected components 
incorporate some of the most novel and efficient technologies available, 
including chillers and HPs with inverter compressors, which provide 
higher energy savings compared to conventional on-off devices [59]. 
Moreover, the assumed ABSs can also produce chilled water, even when 
powered by low-temperature heat, although with reduced capacity.

Table 2 
Technical Details of Absorption chiller, W/W HPs, and air-cooled chiller.

Absorption 
Chiller [60]

W/W Reversible 
HP [61]

Air Cooled 
Chiller [62]

Mixture/ 
Refrigerant

Water-Lithium 
Bromide

R1234ze/R515B R513A

Compressor Type – Screw (Inverter) Screw (Inverter)
No. Refrigerant 

Circuits
– 2–3 1–2

No. Of Compressors – 2–3 1–2
Heating Capacity – 243–1212 kW –
Cooling Capacity 179–1125 kW 

(users) 
3024 kW (main)

217–1097 kW 294–1089 kW 
(users) 
1423 kW (main)

Chilled Water 
Temperature

1–10 ◦C − 8 to 7 ◦C − 1 to 18 ◦C

Hot Water 
Temperature

70–160 ◦C 45–65 ◦C –
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To model HPs, ABSs and air-cooled chillers, the curves in Fig. 9 were 
selected as they represent complete and publicly available data ac
cording to the knowledge of the authors. The curves were determined to 
be most suitable for use in the intended dynamic model owing to their 
recency, compliance with the components assumed in this study, and the 
level of detail provided.

3.4. Energy and environmental performance indicators

To quantify the energy and environmental benefits, two indicators 
were considered. Since two energy vectors were involved (i.e., elec
tricity to drive chillers, HPs, and district network pumps, and NG con
sumption for boilers), they were converted into PE consumption, PEy, as 
shown in Eq. (6): 

PEy =
∑8760

i=1

(
fPE,ng ⋅ QNG,i + fPE,e ⋅ Ee,i

)
(6) 

where QNG,i represents the NG thermal energy consumption during i-th 
hour, and Ee,i is the total electricity consumption, including pumps, 
chillers, or HPs. fPE,ng and fPE,e are the PE conversion factors for NG and 
grid electricity, respectively equal to 1.05 and 2.42 as provided in 
Ref. [63].

To quantify the environmental benefits, the annual CO2 emissions 
were estimated by using an approach similar to Eq. (6), using a con
version factor for stationary combustion of NG of 181 gCO2/kWh, as 
reported in Ref. [64], and a conversion factor for electric energy con
sumption of 225 gCO2/kWh corresponding to the Italian energy mix in 
2023 as suggested in [65].

4. Results and discussions

In this section, the results of the dynamic simulation are presented 
and discussed. First, the energy consumption and emissions of the base 
case (Scenario No. 0) are shown. Then, a detailed analysis of the ther
mohydraulic operation of the DHN in Scenarios No. 1 and No. 2 is 
provided, with insights into the annual energy consumption and CO2 
emissions.

4.1. Results for "Scenario No. 0"

As previously mentioned, in this scenario, each user meets its heating 
and cooling demands using onsite boilers and air-cooled chillers without 
being connected to a DHN. In Table 3, yearly PE consumption and CO2 
emissions for the cluster are shown. Despite the cooling demand being 
more prevalent than heating and the different PE conversion factors, the 
PE used for cooling is lower than the one used for heating. This 

difference is consequent to the better performance of air-cooled chillers 
compared to boilers, which leads to lower PE consumption. Zooming on 
users, the hospital is the largest energy consumer, with 1446 MWh ⋅y− 1, 
followed by the mid-rise apartments at 896 MWh ⋅y− 1, accounting for 
29.6% and 18.3% of the total consumption, respectively.

4.2. Analysis of the network operation for Scenarios No. 1 and no. 2

Hourly simulations in TRNSYS, enabled monitoring of the supply 
water temperature Ts, the storage temperature Tsto (Fig. 10), and the 
operation of auxiliary systems throughout the year (Fig. 11).

Fig. 10 indicates that in Scenario No. 1, the average temperature of 
the storage during the first months is lower than the setpoint required by 
the supply network (i.e., 60 ◦C). Then, to meet the required temperature 
setpoint, the auxiliary boiler in the solar loop is activated from 370 to 
1981 h, as also shown by the blue line in Fig. 11. In this respect, a peak of 
598 kW in boiler daily consumption is found. Conversely, in Scenario 
No. 2, due to the lower setpoint temperature (i.e., 20 ◦C), the PTES is 
sufficient to meet the entire thermal energy demanded by the booster 
HPs installed within each substation.

In summer, in Scenario No. 1, the boiler activates at the beginning of 
the summer and after 5513 h to support the solar field, when the average 
PTES temperature falls below 85 ◦C, which is the temperature required 
by ABSs installed within users’ substations. Conversely, in Scenario No. 
2, the PTES temperature drops below 85 ◦C (Fig. 10) after 4403 h, 
necessitating the auxiliary air-cooled chiller to alternate between acti
vation and deactivation to support the ABS (Fig. 11). In Scenario No. 1, 
the auxiliary boiler remains active for a shorter period, with a peak daily 
average thermal power of 814 kW.

Finally, as shown in Fig. 11, the power required for pumping is 
significantly lower than other components for both scenarios in such a 
small network.

In Fig. 12, the amount of heat loss (positive in winter and negative in 
summer) in Scenarios No. 1 and No. 2 are shown. A comparison of the 
profiles highlights the potential advantages of an ultra-low temperature 
network (Scenario No. 2) over low-temperature networks (Scenario No. 
1). Indeed, in Scenario No. 2 losses do not exceed 11 kW during the 
heating period or fall below − 15 kW during the cooling period. In 
contrast, Scenario No. 1 exhibits a peak of 36.8 kW during the cooling 
period and 27.1 kW during the heating period.

Fig. 9. Performance curves of (a) air-cooled chiller [46], (b) W/W HP [48], and (c) absorption chiller [45] implemented in TRNSYS model.

Table 3 
PE consumption and CO2 emissions for Scenario No. 0.

Boilers Air-Cooled Chillers Total

PE [MWh ⋅y− 1] 3327.9 1549.6 4877.6
CO2 Emissions [t⋅y− 1] 573.7 178.8 752.8
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Over the entire year, the total heat losses (which includes the ones 
from the DHN and the PTES) amount to 723.3 MWh ⋅y− 1 in Scenario No. 
1. Conversely, Scenario No. 2 exhibits significantly lower losses at 317.8 
MWh ⋅y-1, which corresponds to 60.8% of the losses in Scenario No. 1. 
When considering only pipe-related heat losses, Scenario 2 accounts for 
just 32.6% of those in Scenario 1.

Although heat losses in the PTES are comparable between the two 
scenarios, the heat losses in the supply loop are notably lower in Sce
nario No. 2. The temperature within the PTES is similar in both sce
narios, thus leading to comparable PTES heat losses: 310.9 MWh ⋅y− 1 in 
Scenario No. 1 and 305.4 MWh ⋅y− 1 in Scenario No. 2.

4.2.1. Pressure profiles
Fig. 13 illustrates the pressure profiles in Scenario No. 1. P0s and P0r 

represent the head pressure for the supply and return side, respectively, 
while P0s* and P0r* indicate the intake pressure of the pumps for the 
supply and return side. Looking at Fig. 13, during the winter, in Scenario 
No. 1, the pressure drops are lower than in the summer, because the 
network was designed based on the peak of the cooling demand. 
Moreover, in summer, when the COPABS is very low, the demand for 

higher flow rates results in increased pressure drops. The electric power 
used by the pumps, respectively Ppump,s and Ppump,r for supply and return 
side, is greater in summer with a peak of about 5 kW.

In Fig. 14, pressure profiles in the supply and return ring in Scenario 
No. 2 are illustrated. In this scenario, pressure drops are similar in the 
heating and cooling periods. This is due to the slightly higher cooling 
energy demand, including peak load, compared to the heating load in 
this case study, as previously presented in Table 1. Additionally, in this 
scenario, the water flow rate is comparable in the heating and cooling 
periods, differently from Scenario No. 1, where the heat demand de
pends on the COPABS, resulting in higher flow rates during the cooling 
period. Consequently, the pumping power in Scenario No. 2 is consis
tently around 5–10 kW for both the supply and return sides throughout 
the year, compared to peaks of 5 kW observed in Scenario No. 1. This 
happens as, despite the pressure drops of Scenario No. 1 are slightly 
higher in summer, the flowrates in Scenario No. 2 are about 4 times 
higher than in Scenario No. 1.

Focusing on a representative winter and summer week, starting on 
December 10th and July 23rd, respectively, as shown in Fig. 15, the key 
differences between the two scenarios become evident. In winter, the 

Fig. 10. Hourly temperature profile in the DHN and storage.

Fig. 11. Daily average power behavior of different systems in the two scenarios.
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Fig. 12. Overall heat losses in the DHN in Scenarios No. 1 and No. 2.

Fig. 13. Pressure profile and electric power demand of pumps in Scenario No. 1.

Fig. 14. Pressure profile and electric power demand of pumps in Scenario No. 2.
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pressure drops are higher in Scenario No. 2, averaging 1.9 to 2.1 times 
those in Scenario No. 1 for the supply and return sides, respectively. In 
summer, the opposite occurs, with pressure drops on the supply side of 
Scenario No. 1 reaching up to 1.2 times those in Scenario No. 2, and the 
same on the return side. However, the pumping power does not reflect 
these trends. In winter, the pumping power is almost negligible for 
Scenario No. 1. In the summer, on the second day, the peak power in 
Scenario No. 1 is 0.5 times the power of Scenario No. 2. Furthermore, 
even for the most stressed user (located at the furthest point in the 
network), a differential pressure greater than 1 bar between the supply 
and return sides is maintained, confirming the network’s proper design 
in compliance with the previously cited guidelines [56].

4.3. Yearly results for Scenarios No. 1 and no. 2

Table 4 summarizes the energy and environmental results for Sce
narios No. 1 and 2. As it can be noted, in both scenarios, there is a sig
nificant reduction in overall PE consumption and CO2 emissions. In 
Scenario No. 1, the solar field, capable of producing over 7 MWh⋅y− 1 of 
thermal energy, reduces PE consumption and emissions by 82% and 
80%, respectively. In this scenario, the boiler is used mainly during the 
heating season, as the lower solar radiation was insufficient to consis
tently produce water at 60 ◦C (temperature required by the supply ring 
of the DHN). During the cooling season, the heat stored in the PTES 
during low-demand periods, limited PE needs to just 72.5 % of the PE 
consumption observed in Scenario No. 0. Up to 350 MWh⋅y− 1 of thermal 
energy remains stored in the PTES, considering 75 ◦C as the lower 
boundary. Nevertheless, operating at a lower supply temperature will 
reduce user absorption chillers’ cooling capacity by 20%, resulting in 
excessive oversizing of the machines.

In Scenario No. 2, although PE was required during the heating 
season to drive booster HPs, the reductions in PE consumption and CO2 
emissions were still significant (62% and 76.8%, respectively). Notably, 
while Scenario No. 1 shows comparable percentage reductions in 

emissions and PE consumption, the exclusive use of electricity as the 
energy input for Scenario No. 2 led to an emissions reduction 1.2 times 
greater than the PE reduction. This difference arises because the lower 
carbon intensity of electricity, compared to NG, leads to higher emis
sions savings per unit of PE consumed. As a result, even though the 
percentage reduction in PE consumption for Scenario No. 2 is lower, a 
total emissions reduction of 76.8% was achieved.

In Table 5, values of PE consumed by each component are shown. A 
comparison provides a clearer understanding of the benefits and limi
tations of each scenario. For instance, in Scenario No. 2, auxiliary sys
tems did not consume PE during the heating season since, thanks to 
lower supply temperatures, the solar collectors were sufficient (i.e. 20 
◦C). However, since booster HPs are required within users’ substation, 
the PE consumed by the user during the heating period (i.e., 1355.1 
MWh⋅y− 1) is 3 times higher than the one consumed by the boiler in 
Scenario No. 1 (i.e., 449.6 MWh⋅y− 1). However, when electricity for 
booster HPs is produced in the case of high PV penetration, this 
configuration becomes very promising.

Lastly, regarding PE consumed for pumping, despite the lower 
pressure due to the larger pipe diameters in Scenario No. 2, PE con
sumption for pumping is 3.3 times higher than the one found in Scenario 
No. 1. This difference is evident in heating, where pumping energy in 
Scenario No. 2 is 7.7 times greater than the one found for Scenario No. 1. 
As previously mentioned (see Fig. 15), this is due to the higher water 
flow rate in Scenario no. 2.

5. Conclusions

In this work, a comparative energy of solar-powered DHCN serving a 
cluster of buildings in the Mediterranean climate was performed. A 
novel model compatible with fourth and fifth-generation DHCN was 
developed, powered by a solar collector system, an ABS, auxiliary sys
tems, and seasonal TES. A cluster of eight users in Palermo (Southern 
Italy) was assumed as the case study. The design of network components 
and the thermal plant was tailored to meet the requirements of the 
connected building cluster, including the sizing of pipes, solar collectors, 

Fig. 15. Pressure profile in two typical weeks in winter and summer.

Table 4 
Energy and CO2 emissions results of the Case Study Scenarios.

Scenarios PE CO2 Emissions

[MWh⋅y− 1] [tCO2⋅y− 1]

Heating Cooling Total Heating Cooling Total

No. 0 3327.9 1549.6 4877.5 574.0 178.8 752.8
No. 1 450.3 426.0 876.3 

(− 82%)
77.6 73.0 150.6 

(− 80%)
No. 2 1360.7 516.5 1877.2 

(− 62%)
126.5 48.0 174.5 

(− 76.8%)

Table 5 
PE Consumption for each system used in the DHNs scenarios.

PE [MWh⋅y− 1]

Scenario No. 1 Scenario No. 2

Auxiliary System Heating 449.6 0
Cooling 420.7 502.2

Pumping Heating 0.7 5.6
Cooling 5.4 14.3

User HPs Heating 0 1355.1
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and TES. The model, developed using TRNSYS software, was tested 
across operational scenarios involving different methods of delivering 
heating and cooling energy to users of the cluster. Scenario No. 0, 
serving as the baseline, assumes that users autonomously meet their 
demands using gas boilers and air-cooled chillers. In Scenario No. 1, a 
network resembling a low-temperature operation is powered by solar 
collectors and a gas boiler. The DHN directly supplies users with 60 ◦C 
water during the heating period and 85 ◦C water during the cooling 
period to feed users’ ABSs. In Scenario No. 2, an industrial ABS powered 
by hot water from the solar field is supported by an auxiliary chiller. On 
the network side, warm water at 20 ◦C is supplied during the heating 
period, with users equipped with W/W inverter HPs, while chilled water 
at 7 ◦C is provided during the cooling period. The results showed that 
both scenarios significantly reduced emissions, with savings of 80% in 
Scenario No. 1 and 76.8% in Scenario No. 2. PE consumption decreased 
from 4877.5 MWh in the baseline to 876.3 MWh in Scenario No. 1 and 
1877.2 MWh in Scenario No. 2. Although larger pipe diameters were 
used in Scenario No. 2, the limited temperature difference between the 
supply and return sides resulted in pumping energy requirements that 
were 3.3 times higher than in Scenario No. 1. Due to the lower operating 
temperatures, heat losses in the pipes in Scenario No. 2 were only 32.6% 
of those in Scenario No. 1. However, this reduction in heat losses was 
insufficient to offset the increase in PE consumption associated with the 
use of user HPs in Scenario No. 2. These results demonstrated how the 
use of a last-generation network powered by RES brings considerable 
advantages in terms of resource savings and a significant reduction in 
CO2 emissions, contributing to the transition towards the decarbon
ization of the urban sector. Economic analysis should be performed in 
the future to effectively propose sustainable solutions accelerating 
decarbonization in line with Europe’s goals for 2050. To this end, a new 
analysis needs to be conducted with the aim of optimizing all the 
component sizes used in this study. It should consist of detailed cost 
analyses, considering PTES construction and auxiliary components, 
determining large-scale system feasibility and investment requirements.

Nomenclature

COPABS Coefficient of performance of the absorption chiller
COPHP Coefficient of performance of the heat pump
cw Specific heat of water
Ee,i Total electricity consumption during hour i
fPE,e Primary energy conversion factor for electricity
fPE,ng Primary energy conversion factor for natural gas
ṁch Flow rate of chilled water
ṁgen Flow rate of the fluid feeding the absorption chiller generator
P0r Head pressure for the return side
P0r* Intake pressure for the return side
P0s Head pressure for the supply side
P0s* Intake pressure for the supply side
Ppump,s Electric power used by the pump on the supply side
Ppump,r Electric power used by the pump on the return side
PEy Yearly primary energy consumption
Q̇ch,max Maximum amount of heat removable from chilled water

Q̇gen The maximum theoretical amount of heat extractable from the fluid 
feeding the absorption chiller generator

QNG,i Natural gas energy consumption in hour i
Q̇rated Rated capacity of the absorption chiller

Q̇set Heat removed from chilled water to reach setpoint
Tch,in Inlet temperature of the chilled water
Tch,set Setpoint temperature of chilled water
Tdry Drybulb temperature
Tgen,in Temperature of the hot fluid feeding the absorption chiller generator
Tgen,set Minimum temperature of the hot fluid compatible with chiller operation
Ts Water supply Temperature
Tsto Average temperature in the storage
​ ​
Acronyms
4GDHN Fourth Generation District Heating Network
5GDHN Fifth Generation District Heating Network
ABS Absorption Chiller

(continued on next column)

(continued )

CO2 Carbon Dioxide
COP Coefficient of Performance
DHC District Heating and Cooling
DHCN District Heating and Cooling Networks
DHN District Heating Network
DHW Domestic Hot Water
DN Nominal Diameter
EER Energy Efficiency Ratio
gCO2 Grams Of Carbon Dioxide
HP Vapor Compression Heat Pumps
IEA International Energy Agency
NG Natural Gas
PE Primary Energy
PTES Pit Thermal Energy Storage
PV Photovoltaic
PVT Photovoltaic Thermal
RES Renewable Energy Source
RH Relative Humidity
SC Solar Cooling
SDH Solar District Heating
SH Space Heating
TES Thermal Energy Storage
tCO2 Tons Of Carbon Dioxide
TRNSYS Transient System Simulation Tool
W/W Water to Water
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