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A B S T R A C T

Sharing thermal energy from distributed solar plants through district heating networks is recognized to be crucial 
in the transition to 100 % renewable systems. However, few studies have explored the benefits and challenges for 
users who install solar thermal plants and sell surplus heat to the network, thus becoming “prosumers”. Through 
a validated model of a bidirectional district heating substation, this paper examines the feasibility of integrating 
high vacuum solar thermal technology into an office building connected to a district heating network in Med
iterranean regions. The heat generated by solar collectors is utilized not only during the heating season but also 
in the cooling period through an absorption chiller, with the possibility of delivering the heat surplus to a thermal 
network. The study investigates different scenarios based on different sizes of the solar system to analyze the 
impact on energy savings and profitability. Results show that being a prosumer highly increases the exploitation 
of the heat produced by the solar plant and lets it cover up to 73.8 % of the heating demand by solar energy and 
up to 43 % of the cooling demand by the absorption chiller. The economic analysis indicates that incorporating 
an absorption chiller may render the investment unprofitable, highlighting the need for a targeted financial 
support system. Moreover, the importance of minimizing thermal energy curtailment is evidenced. The present 
work provides a preliminary assessment of the potential benefits and challenges arising for a thermal prosumer 
with high-vacuum collectors in Mediterranean regions with moderate climatic conditions while pointing out the 
future routes to be investigated for promoting the spread of small-scale solar prosumers in district heating and 
cooling networks.

1. Introduction

In 2022, the household sector of the European Union (EU) accounted 
for 26.9 % (1411 TWh) of final energy consumption [1]. Specifically, 
space heating represents the primary use of energy in households, ac
counting for 63.5 %. A significant portion of this demand was still met by 
fossil fuels, although renewable energy sources (RES) contributed over a 
quarter of the total, reaching 31.4 % [2]. Water heating represents the 
second largest share, whereas space cooling plays only a minor role.

Improving energy efficiency in buildings is one of the pillars in the 
EU plan “Fit for 55 %" [3]. In this framework, the district heating and 
cooling networks (DHCN) can make a relevant and fast contribution to 
the decarbonization of this sector. However, this potential remains 
largely untapped as many countries have opportunities to develop new 
DHCNs, improve the energy efficiency of aging systems (such as by 
upgrading insulation and substituting heat generators), and integrate 

RES into existing networks. [4]. In this respect, in the framework of the 
RewardHeat project [5], the TIMES (The Integrated MARKAL-EFOM 
System) model was developed to provide a quantification of the po
tential of DHCNs in a given region [6].

Great interest in the research has been paid for lowering the district 
heating operating temperature to integrate thermal energy from RES 
(such as solar plants) or heat pumps and to reduce the heat losses in the 
pipelines. In this respect, the concept of fourth-generation district 
heating networks (4GDHN) was introduced, characterized by operating 
temperatures below 60 ◦C [7]. These new thermal grids allow for the 
sharing of RES across the entire districts, and the network could act as 
heat storage as well [8]. For instance, in Ref. [9], a novel 
low-temperature DH system composed of an absorption heat pump that 
uses low-temperature heat extracted by a geothermal plant and steam 
from a waste incineration plant was presented. The application of the 
proposed system to Frederikshavn (DK) reported a primary energy 
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savings of up to 26 %. Another study [10] proposed the adoption of 
multiple technologies for DHC to enhance the exploitation of waste heat. 
In Ref. [11], the authors investigated the integration of waste heat into 
the DHN at Forschungszentrum Jülich (FZJ), Germany. A Modelica 
simulation was extended to assess waste heat from a new HPC facility. 
Lowering supply temperatures from 95–132 ◦C to 80–100 ◦C reduces 
heat losses and improves heat pump efficiency. Results show that up to 
40 % waste heat integration is feasible without compromising network 
operations, with a 65 ◦C return temperature critical for CHP constraints. 
However, a significant challenge with 4GDHN is still related to the 
intensive exploitation of waste heat at a very low temperature (lower 
than 50 ◦C). This limitation has led to the development of the Fifth 
Generation District Heating and Cooling (5GDHN) [12]. Here, 5GDHNs 
are characterized by operating at temperatures close to the ground 
levels, enabling the integration of decentralized heat producers and the 
bidirectional heat exchange [13]. Specifically, they could be coupled 
with decentralized heat pumps thus allowing for a full integration of the 
electric power grid and DHCNs [14].

DHCNs are also included in energy-sharing models. In this context, 
"Integrated Energy Communities" present new opportunities to develop 
smarter, more flexible, and interconnected local systems with positive 
effects on environmental, economic, and social sustainability [15]. 
While "Electrical Energy Communities" have already established a 
recognized and structured framework, "Thermal Energy Communities" 
still require further research to overcome barriers that hinder their 
feasibility [16]. Among these, it is worth mentioning the impact on the 
thermohydraulic behavior of the DHN resulting from the increasing 
number of RES producers capable of supplying heat to thermal grids 
[17]. Notably, a typical heat consumer connected to the network may 
become a producer for several hours a day, thanks to energy generated 
by onsite RES systems [18]. As in the case of the electricity grid, such an 
actor is not more classified as a “consumer”, but it is a “prosumer” (i.e., 
“producer-consumer”) [19]. From a technological perspective, in 
Ref. [20], an experimental layout for a prosumer’s thermal substation 
was proposed and tested under different conditions. The authors 
claimed that the proposed return-to-supply configuration is the most 
reliable one for bidirectional heat exchange within DHNs. The same 
system was then adopted for another research [21], where a 
hardware-in-the-loop methodology showed significant variations in 
local energy contributions, achieving up to 100 % from waste heat. The 
experimental test presented in Ref. [22] investigates the integration of 
heat prosumers in thermal networks through bi-directional heat trading. 
The experimental study demonstrates operational feasibility, achieving 
a temperature range of 11 ◦C–13 ◦C and potential carbon emission re
ductions of 12.7 %.

The presence of thermal prosumers also necessitates novel simula
tion tools to model, simulate, and optimize the performance and eco
nomic viability of DHN, focusing on dynamic behavior and economic 
analysis. A mathematical model for decentralized thermal networks 
dominated by prosumers was introduced in Ref. [23], integrating hy
draulic and thermal dynamics. It highlighted the sensitivity of system 
performance to control variables and emphasized the importance of 
smart control strategies.

The experimental study presented in Ref. [24] examined the chal
lenges faced by experimental facilities to test a DHC system. A Power 
Hardware In the Loop experimental facility replicated a network ar
chitecture composed of five thermal and electric prosumer houses that 
are connected with a thermal and electric grid. The examined case 
studies revealed that prosumer integration into flexible DHC grids can 
lower heating costs. However, it was found that simplistic control stra
tegies may not suffice when multiple prosumers are feeding into the 
system. An application of the virtual model of a validated prosumer 
substation was obtained in the TRNSYS environment [25], which was 
then implemented to obtain a heuristic profit-oriented management 
strategy of a heat pump connected in prosumer operation mode [26].

In [27], the authors investigated the use of solar thermal energy in 

prosumer substations while proposing a retrofit for bidirectional heat 
exchange. It was found that although DHN met a larger fraction of the 
hot water demands, the new heat exchanger enables unused solar energy 
to feed significant thermal power into the DHN during the day. In 
Ref. [28], the authors proposed a TRNSYS model evaluating the DHN’s 
role as solar energy storage. The study found that even distributing solar 
collectors across buildings maximizes energy production. Additionally, 
buildings without solar systems can receive a variable share of solar 
energy (ranging from 34 % to 4 %), depending on their proximity to the 
nearest solar feed-in point.

The integration of prosumers into low and ultra-low-temperature 
DHNs was investigated in Ref. [29], showing significant improvements 
in energy efficiency and heat loss reduction. Utilizing a user-friendly 
modeling framework, the study revealed that prosumers can decrease 
overall heat demand to centralized plants by up to 25 %. However, 
several challenges persist, including the integration of seasonal thermal 
storage, and the optimal placement of prosumers within the network. In 
Ref. [30] the authors showed the benefits arising from lowering the 
operating temperature and introducing bidirectional heat exchange 
with the DHN: the presence of prosumers and the solar field could lead 
to a 31.3 % reduction in the energy produced by the centralized plant 
and a 17.6 % reduction in energy consumed for pumping. A case study 
regarding a local DHN in Trondheim was replicated in a virtual model 
[31]. It demonstrated that prosumers, such as data centers and retail 
stores, significantly reduce heat demand and carbon dioxide emissions. 
An optimization model was built in Modelica software to analyze dis
tribution temperature in heat-prosumer-based district heating systems, 
emphasizing the integration of renewable energy sources and thermal 
energy storage [32]. While the adoption of lower temperatures enhances 
energy efficiency, it also has an impact on peak load costs. Another 
optimization analysis of prosumer equipped with storage technology in 
DHN is presented in Ref. [33]. The results demonstrated that incorpo
rating the water tank thermal energy storage in the prosumer substation 
reduced the peak load by as much as 39 % while increasing the waste 
heat self-utilization rate from 79 % to 96 %.

The importance of introducing the prosumer within the district 
heating markets was discussed in Ref. [34]; the main barriers are 
referred to as social acceptance and economic regulatory framework. 
The heat pricing and third-party access should be accurately considered 
to build a new market structure that fosters prosumer operation. The 
authors proposed the implementation of a coordination methodology 
based on a peer-to-peer market without a supervising entity. This 
showed reliable network solutions, fixing 99.88 % of network burdens 
and promoting prosumers’ integration. Most heat pricing analysis 
studies are mainly focused on DHN dealers and investigate the formu
lation of price from the point of view of a centralized producer [35]. In 
Ref. [36], the effects of the bidirectional trade of surplus heat between 
thermal grids on overall operational efficiency were examined. The 
methodology employed an event-based empirical correlation formula
tion, which allows for the assessment of new operating conditions 
without the need for extensive simulations. The results indicated that 
profits are more sensitive to electricity sales prices than to the heat ones. 
In Ref. [37], the authors reviewed business models for integration pro
sumers in DHNs, focusing on flexibility and heat pricing. They identified 
a diversity of approaches to computing benefits, with marginal cost 
pricing being the most prevalent. However, the study highlights that 
marginal cost pricing often neglects investment costs, potentially dis
incentivizing prosumer participation. A novel community-based trans
active market for a 5GDHN with thermal prosumers was proposed in 
Ref. [38]. The optimization algorithm minimized costs, achieving up to 
40 % electricity savings.

1.1. Research gaps and scopes of the work

To fully integrate RES into DHCNs, a deeper understanding of the 
potential benefits and challenges for both the networks and prosumers is 
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essential. Based on the literature review, the following gaps have been 
identified: 

• Many studies have explored novel DHNs fueled by large centralized 
RES plants with a focus on the reduction of fossil fuel consumption 
and carbon dioxide emissions [39–41]. However, there is a need for a 
more comprehensive theoretical and modeling framework that in
cludes small-to medium-scale RES producers distributed along a 
DHN. Indeed, a clear understanding of the technical factors influ
encing the integration of these heat producers (e.g., pressure distri
bution along the network) is necessary.

• Although the concept of thermal prosumers is becoming common in 
research, there is a shortage of studies that characterize the best RES 
technologies to be used, along with criteria for the design of sub
stations that enable bidirectional heat exchange with DHN. In 
addition, a detailed analysis of the impact of economic and boundary 
conditions on the prosumer (e.g., preferring self-consumption or heat 
sales) is still lacking. In this respect, heat-pricing mechanisms for 
DHNs with prosumers are absent.

• Few studies analyzed the time profile of heat production from RES 
prosumers. There is a need to address technical challenges (e.g., 
ensuring adequate heat temperature for DHN synchronizing heat 
production with network demand, the necessity of thermal energy 
curtailment) and economic constraints (e.g., unit heat production 
cost exceeding the purchase price from the grid). Defining effective 
strategies to enhance prosumer integration is crucial for advancing 
RES adoption in DHNs [30,42,43].

• Although several studies present optimistic results in terms of 
thermal-prosumer integration, there is a knowledge gap regarding 
the operative modes and criticalities. One of the techno-economic 
barriers that can hinder effective thermal prosumer development is 
the availability of the DHN to accept thermal energy by third parties 
(specifically, the prosumers). Previous studies supposed that the 
entire amount produced and not used by the prosumers could be 
delivered to the DHN, but this cannot be true due to several 
conditions.

On this basis, the present study examines the potential energy and 
economic benefits for a thermal prosumer equipped with high-vacuum 
solar collectors in the Mediterranean region. For an office building, 
the possibility of meeting not only the heating demand but also the 
cooling one through absorption chillers fueled by the solar plant is 
investigated. Two different climatic locations in the Mediterranean area 
were assumed: one with predominant heating demand but lower solar 
radiation and vice versa. Dynamic simulations are performed by a 
validated model of a bidirectional substation, with a focus on the heat 
exchanged by the solar plant, the user, and the DHN. An economic 
analysis provides insights into the factors that could limit the profit
ability of the investments. The analysis is replicated for different sizes of 
the solar plant to investigate the reduction of heat requested by the user 
to the DHN, the amount of heat that can be transferred to the DHN, and 
the effects on the unit cost of the heat produced. The following contri
butions could be identified: 

- Insights into the potential use of solar thermal systems as reference 
technology for prosumers in DHNs are provided. High-vacuum 
technology is the reference one due to its ability to achieve higher 
operating temperatures, making it suitable for space heating de
mands and integration with absorption chillers [44–46]. The effects 
of the size of the solar plant on the amount of heat available for DHN 
are quantified, together with the capability of the plant to meet the 
heating and cooling demand of the prosumer. Through detailed 
economic analysis, the main factors affecting the profitability of the 
investment are evidenced.

- A comparative analysis of energy savings and surplus heat available 
for sale to the DHN is conducted for two different locations in the 

Mediterranean region. In this context, the study explores the po
tential for buildings in this area to become thermal prosumers by 
leveraging solar radiation. It quantifies the amount of heat that could 
be shared and examines the feasibility of simultaneously meeting 
cooling demands. In this respect, the impact of incorporating ther
mally driven cooling systems on energy savings and economic rev
enues will be analyzed.

- The study will clarify the need to rely on detailed modeling of the 
thermal prosumer’s substation to account for technical constraints 
that could limit the achievable benefits, e.g., temperature setpoint 
for the water to be transferred to the supply of the DHN, minimum 
temperature of the heat from the solar plant for driving absorption 
chiller.

- Finally, the impact of DHN’s ability to absorb surplus thermal energy 
on investment profitability is analyzed. In this respect, thermal 
curtailments in thermal energy production are virtually simulated, 
and the effects on the profitability of the investment and the mini
mum price of the produced heat are investigated.

The work is organized as follows: Section 2 is dedicated to the 
description of the reference bidirectional substation and its modeling. In 
Section 3, the case study is presented together with details on the 
modeling of reference energy systems (solar plants, electric chiller, and 
absorption chiller). Furthermore, the energy key performance indicators 
(KPI), and input data for the economic analysis are detailed. In Section 4, 
results for typical days in the heating and cooling seasons are first pre
sented, followed by a focus on yearly energy results and limitations of 
this study. Finally, in Section 5, conclusions are drawn with an analysis 
of the future perspectives for the research on this topic.

2. Materials and method

Fig. 1 presents a schematic of the bidirectional substation used as the 
reference system in this study. Originally proposed by Pipiciello et al. 
[20], this system was later modeled and validated by some of the present 
paper’s authors [25]. As shown in Fig. 1, it is composed of four main 
subsystems that connect the prosumer substation to the DHN, the 
heating and cooling generation systems, and the user load. Specifically: 

1. The primary circuit that connects the substation to DHN through 
HE1.

2. The secondary circuit that connects the substation to the user 
through HE1 and HE2.

3. The tertiary circuit connects the substation to the local heating and 
cooling generation system through HE2 and HE3.

4. The auxiliary circuits connect the solar collector system, absorption 
chiller, and storage tanks to the main heat exchangers.

The substation is configured by following the “return-to-supply” 
model since it ensures more reliability to the thermal system manage
ment if compared to the configuration of other thermal prosumer sub
stations [47].

The following systems were included for the generation of thermal 
and cooling energy: 

• High vacuum solar thermal collectors that provide heat to the user 
during winter and to the absorption chiller generator during 
summer;

• absorption chiller that supplies cooling during summer and is sup
plied by solar collectors;

• vapor compression chiller that supplies cooling during summer and 
operates as a backup of absorption chiller.

Three different operation modes have been set according to seasonal 
requirements. 
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- Heating mode: the return user flow is delivered to HE2, where it is 
heated up by the hot flow coming from the solar system composed of 
solar collectors and the storage tank. The C2 valve, through a 
controller, attempts to maintain the temperature outlet on the user 
line at the required set-point by varying the flow rate on the primary 
side of HE2. If the available solar energy is not enough to reach the 
desired temperature set-point, the HE1 is activated. Within this heat 
exchanger, the user flow exchanges heat with the hot flow coming 
from the DHN. The flow rate at node 1 is controlled to maintain the 
T10 temperature at the user set-point by variating the primary flow 
rate at diverter valve C1. The seasonal S1 valve is opened on the by- 
pass line to skip the vapor compression chiller that is deactivated 
during winter. If the solar energy available is higher than the user 
demand, the excess heat is sold to the DHN through the HE3: the 
feed-in flow is extracted from the return line of the DHN and heated 
up to the temperature of the supply line by the solar plant. A 
controller checks the pump speed and modulates the flow rate on 
node 3 to maintain the desired outlet temperature at node 4, at the 
interface with DHN. When the user does not request heat, the solar 
energy is entirely delivered to the HE3 and sold to the DHN.

- Cooling mode: through the HE2 the user flow is cooled down by the 
cold flow coming from the cold tank that is maintained at the desired 
set point by the absorption chiller. This is activated when the oper
ating conditions occur: heat available for the absorption generator, 
cooling request on the cold tank, and external temperature within 
the operating limits admitted. If the summer set-point is not reached, 
the vapor-compression heat pump is operated to maintain the user 
cooling request. The C1′ check valve is closed and the HE1 is deac
tivated. The seasonal valves S2 and S3 let to bypass the HE3 during 
the cooling operation mode. The solar energy supplies the absorption 
generator and the HE3 through the seasonal S4 valve that bypasses 
the HE2, thus avoiding heat-up of the user flow during cooling mode.

- Intermediate periods: during the intermediate seasons there is no en
ergy requested by the user, so the entire amount of energy produced 
by the solar collectors is delivered to the DHN through the HE3. HE1 
and HE2 are deactivated, and both chillers are turned off.

2.1. Modelling of the reference bidirectional substation

The system described was reproduced in TRNSYS 17 [48] by repli
cating the validated model introduced in Ref. [25]. The flexibility of this 

software enables the modification, addition, and integration of multiple 
components. Specifically, TRNSYS facilitates the simulation of a sub
station’s transient behavior within a thermal grid, accounting for fluc
tuations in user demand or variations in distributed heating generation, 
such as solar thermal production influenced by changing weather con
ditions. Table 1 reports the list of the TRNSYS types implemented in the 
model, simulating the main components of the physical setup.

The heat exchangers were modeled by type 5b (counter-flow heat 
exchangers). Once the specific heat of fluids flowing in the heat 
exchanger is set, type 5b requires as input the temperature and flow rate 
of both fluids and the overall heat transfer coefficient (UA). Since the last 
one is strictly dependent on the flow rate, a constant value was not 
suitable for this application. As implemented in Ref. [25]. A tailored 
mathematical model was developed to simulate the dynamic variation of 
the UA coefficient for each heat exchanger. In particular, knowing the 
heat transfer coefficient under nominal flow rate conditions UAn, the 
aim is to achieve the same coefficient under varied flow rate UA*. The 
ratio between the heat transfer coefficients is proportional to the Nusselt 
number ratio that, in this case, can be simply expressed by the 
Dittus-Boelter expression [49] through Reynolds number (Re) and 
Prandtl number (Pr): 

Fig. 1. Layout of the thermo-hydraulic simulated model.

Table 1 
Main TRNSYS type implemented in the model.

Component TRNSYS Type

Heat Exchanger Type 5: Counter Flow Heat Exchanger. The overall 
heat transfer coefficient was calculated externally, 
following the Logarithmic Mean Temperature 
Difference method, as presented in [25]

Solar Collector Type 539: Flat Plate Solar Collector with 
Capacitance and Flow Modulation

Storage tank Type 534: Cylindrical Storage Tank with Immersed 
Heat Exchangers

Absorption chiller and vapor 
compression chiller

Calculator implementing equations (1)–(6) for 
absorption, 7–10 for vapor compression. The 
component’s modeling is implemented through a 
list of equations embedded in the calculator 
TNRSYS type, thus constituting a generic model.

Controllers Type 22: Iterative Feedback Controller
Pumps Type 110: Variable speed pump
Heating and Cooling season 

scheduler
Type 515 reporting the seasonal schedules 
according to the Italian law, as shown in Table 3

Multiple Day Scheduler Type 516
Holiday Scheduler Type 519
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Nu=0.023Re4 /5 Prn (1) 

Considering that the temperature variation from the nominal con
ditions is not large (a |ΔT| < 30 ◦C is typically observed for both hot and 
cold fluids), it was assumed that Prn = Pr*, and the ratio between the UA 
coefficient is proportional to the Reynolds number ratio. 

Nu=0.023Re4 /5 Prn (2) 

UAn

UA* =
Un

U* ≅
Nun

Nu* ≅

(
Ren

Re*

)4 /5
(3) 

In which the subscript “n” indicates the nominal conditions, and the 
superscript “*” indicates the conditions under varied flow rates. Finally, 
a correlation between flow rate and UA was found as follows: 

UA*

UAn
=

(
m*

h
mh,n

)4 /5
⋅
(

m*
c

mc,n

)4 /5
⋅
[

1 +

(
mc,n
mh,n

)4 /5]

(
m*

c
mh,n

)4 /5
+

(
m*

h
mh,n

)4 /5
(4) 

where mh refers to the flow rate on the hot side of the heat exchanger 
and mc the cold one. Equation (4) was implemented in a calculator type 
that, for given nominal and operation flow rates on the hot and cold 
sides, calculates the overall heat transfer coefficient for each heat 
exchanger and each simulation time step. This approach gives high 
flexibility to the model that can be scalable for several applications.

The diverter and mixing valves were modeled by type 11f and type 
11h, and the flow rate splitting on the diverter is controlled by an iter
ative feedback controller (type 22). This controller was implemented to 
model a real feedback controller (e.g. PID) that would adapt its control 
signal continuously or use a discrete timestep much shorter than the 
TRNSYS simulation timestep.

The absorption chiller and the vapor-compression one were modeled 
by introducing a black box model, described in the following section, 
implemented in the calculator TRNSYS type.

The solar collector was modeled by adopting the type 539, previ
ously validated in Ref. [50]. This type tries to keep the collector outlet to 
the outlet set-point temperature by varying the water flow rate. In 
addition, it shuts off the collector (achieved by setting the water flow 
rate to zero) if the collector is losing energy. A seasonal control manages 
the flow delivered to the HE3 to avoid an excessive discharge of the hot 
storage tank: during the winter period, heat selling to the DHN is 
permitted when the temperature of the storage tank at the outlet node of 

the pipeline is higher than 65 ◦C; during summer this reference tem
perature is elevated at 80 ◦C to maintain a thermal level adequate to the 
absorber generator. The simulation time step was set at 1 h. The sketch 
of the TRNSYS model is available in the supplementary materials.

3. Case study

In this section, the reference building and its modeling are first 
described. A detailed description of the main energy plants is given, 
together with technical details and modeling. Finally, the main input 
and constraints of this analysis are presented.

3.1. Description of the reference building

A standardized office building from ASHRAE 90.1–2016 [51,52] was 
adopted for the present analysis. The adopted building is a “medium 
office”, composed of 3 floors, an aspect ratio equal to 1.5, and a window 
fraction of 33 %. The total conditioned surface and volume are, 
respectively, 4980 m2 and 19744 m3. The thermal properties of the 
envelope were adapted to the Italian building stock by UNI/TR 
11552:2014 [53] and here detailed in Table 2. The building model was 
developed by combining GOOGLE SKETCHUP (for 3D modeling) with 
TRNSYS [41].

The analysis was performed by considering two different Italian lo
cations, representative of two different climate zones in the Mediterra
nean area: Palermo (Csa Köppen-Geiger classification [54]) and Verona 
(Cfa Köppen-Geiger classification). Specifically, Palermo (Csa) has a 
hot-summer Mediterranean climate with hot, dry summers (28–34 ◦C) 
and mild, wet winters (10–16 ◦C). Typically, cooling demand is higher 
than the heating one. Conversely, Verona (Cfa) has a humid subtropical 
climate with hot, humid summers (18–32 ◦C) and cool, damp winters 
(0–8 ◦C). Consequently, the heating demand is more prevalent than the 
cooling one.

The climatic data (e.g., outdoor air temperature, solar irradiation, 
and so on) were retrieved by using the Meteonorm v. 8 database [55], a 
large database containing historical data retrieved from 8350 weather 
stations located in all countries. In Fig. 2, the monthly solar radiation 
and monthly average temperature for both locations are reported. In 
terms of solar radiation, Palermo shows higher values, with peaks 
ranging above 225 kWh/m2 in June and July, whereas Verona reaches a 
maximum of around 190 kWh/m2 in the same months. The lowest solar 
radiation is found in December, with Palermo around 60 kWh/m2 and 
Verona below 40 kWh/m2. As regards air temperature, Palermo main
tains a milder climate throughout the year, with winter average 

Table 2 
Properties of the chosen building according to ASHRAE 90.1 and UNI/TR 11552:2014.
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temperatures around 12 ◦C in January and February, gradually 
increasing to a peak of approximately 27 ◦C in July. In contrast, Verona 
exhibits more extreme seasonal variations, with winter temperatures 
dropping close to 2 ◦C in January and rising to about 25 ◦C in July. After 
summer, both cities experience a gradual decrease in temperature, but 
Verona cools down more sharply, reaching close to 5 ◦C by December, 
while Palermo remains above 12 ◦C.

These data suggest that due to the different climatic conditions, 
different results could be found in terms of the amount of heat from solar 
energy that could be sold to DHN during the heating season and also the 
fraction of the cooling demand that could be covered by the thermally 
driven chiller.

The heating and cooling periods were set according to Italian regu
lation [56], which also identifies 6 different climatic zones according to 
the standard degree days. The climatic zones are classified from zone A 
(hottest) to F (coldest); the selected locations belong to zones B 
(Palermo) and E (Verona) [57]. In Table 3, the heating and cooling 
periods adopted for the simulation are reported.

Worth mentioning that the Russian-Ukrainian war and the uncon
trolled increase in energy prices led the Italian government to reduce the 
heating period. The periods not included in the heating or cooling ones 
are here indicated as “intermediate seasons”.

Infiltration (air infiltration allowance air changes/h), lighting, elec
trical equipment, and internal gains from people were defined based on 
separate time schedules by month and day of the week, as specified by 
ASHRAE 90.1–2016 and here reported in the Supplementary File.

To calculate the hourly heating and cooling demands of the building 
(which are then used to size the heating and cooling plants), the “ideal 
plant” option in TRNSYS was used. This routine assumes the existence of 
an air-conditioning plant that is capable of always maintaining the 
required indoor temperature setpoint (i.e., 20 ◦C in winter and 26 ◦C in 
summer) [48]. The selected time step for calculating the building de
mand was 1 h.

Fig. 3a-b show the hourly profile of the space heating and cooling for 
Palermo and Verona, respectively. Looking at Fig. 3a, the heating de
mand for Palermo shows a 131.8 kW peak, reached in the coldest period 
of the winter season. In Verona (Fig. 3b), the winter hourly profile shows 
higher values, due to the different climates, and ranging up to 316 kW. 
The space cooling demand profile shows an opposite behavior with 
demand peaks reaching 236.1 kW for Palermo (Fig. 3a), and 186.7 kW 
for Verona (Fig. 3b).

Fig. 3c shows the monthly heating and cooling energy for both lo
cations. The resulting values are 27.7 MWh and 73.3 MWh, respectively 
for the yearly heating and cooling energy in Palermo, and 168.8 MWh 
and 71.9 MWh, respectively for the yearly heating and cooling energy in 
Verona.

Note that domestic hot water was not included in this analysis due to 
the predominance of the energy demand due to air conditioning typi
cally observed in office buildings [58].

3.2. Data on the solar plant and the bidirectional substation

The solar thermal system is composed of high vacuum solar collec
tors TVP Solar MT whose data, retrieved from the European Certification 
“Solar Keymark” [59], are reported in Table 4.

The heat exchangers’ nominal size (i.e. UA) was selected according 
to the operating temperatures of both the DHN and the hydronic loop 
within the building. The nominal values used to size the heat exchangers 
are reported in Table 5 (the readers are invited to refer to Fig. 1 to 
properly locate the flows and temperatures collected in this table). The 
nominal duty of each heat exchanger (Q) was calculated through the 
energy balance, using the nominal water flow rate (F) and temperature 
in Table 5. The UA values were then determined by using the logarith
mic mean temperature difference according to Nusselt’s method. Spe
cifically, for the DHN, return and supply temperatures of 40 ◦C and 60 ◦C 
were taken into consideration, respectively. These temperature values 
comply with the definition of 3rd DHN generation, close to the 4th, as 
suggested in Ref. [60]. The user load return temperature (T8) ranges 
between 40 ◦C (maximum demand) and 50 ◦C (no demand) for winter 
and 12 ◦C (maximum demand) and 7 ◦C (no demand) for summer. The 
solar collector nominal set point was fixed at 95 ◦C, but for the heat 
exchanger sizing, the temperature inlet was set respectively at 80 ◦C for 
HE2 (T5′) and 95 ◦C for HE3 (T6). The difference between T5′ and T6 
relies on the conservative approach implemented to ensure the correct 
size of HE2 even in case of lower temperatures than the nominal ex
pected, as occurs during winter.

3.3. Description of the reference absorption chiller

The reference absorption chiller is a single-effect LiBr-H20 manu
factured by “Baelz” [61], a German company with expertise in 
energy-saving solutions for industry and buildings. More specifically, 
the “Bumblebee model” characterized by a nominal cooling capacity of 
160 kW was selected, with some data collected in Table 6. Note that the 
column “Hot Circuit, HT” indicates the temperature of the hot water 
provided to the generator of the absorption chiller together with the 
water flowrate), which is supplied by the solar plant. The column 
“Cooling Circuit, MT” indicates the temperatures and flow rate of water 
used to cool down the condenser and the absorber. Finally, the “Cold 
circuit, LT” indicates the temperature and flow rate of water returning 
(and supplied) from (to) the hydronic loop of the buildings.

Fig. 2. Monthly solar radiation (a) and monthly average temperature (b) for the selected locations.

Table 3 
Definition of the heating and cooling periods adopted for the simulation [56].

Palermo Verona

Heating 
period

From 08th December to 23rd 
March for a maximum of 7 h per 
day

From 22nd October to 7th April 
for a maximum of 13 h per day

Cooling 
period

No restrictions – from 01st June to 
30th September

No restrictions – from 01st June 
to 30th September
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The same chiller was selected for both locations since it could meet 
the cooling demand of reference buildings for 75.3 % of cooling hours in 
Palermo and 98.5 % in Verona. As previously shown (see Fig. 1), the 
absorption chiller is connected to a storage tank whose volume was 
calculated as suggested by Ref. [62]. A 3,000-L storage tank was 
estimated.

A “black box approach” was adopted to model the operation of the 
absorption chiller [63]. More specifically, Eqs (5) and (6) were used to 
quantify the COP, the delivered cooling capacity (Q̇ev,abs

)
, and the mass 

flow rate of the hot water supplied to the generator (ṁHT) by knowing (i) 
the temperature of the water returning the hydronic loop of the building 
and entering the evaporator of the absorption chiller (i.e., LTin), (ii) the 
temperature of the water used to cool down the condenser (MTin), and 
(iii) the temperature of the water supplied to the generator of the ab
sorption chiller, coming from the solar plant (Htin). The fQ̇ev,abs 

in Eq. (7) is 
the part load ratio of the chiller (i.e., the ratio with the actual cooling 
capacity delivered and the nominal value Q̇ev,abs,nom). To evaluate the 
fitting coefficients “ai”, “bi”, and “ci”, experimental data from the data
sheet of the chiller were used. Then, by using the “Curve Fitter” tool 
available in MATLAB software, a non-linear regression was performed to 

calculate the fitting coefficient “ai” and “ci” in Eqs (5) and (7), and a 
linear regression for “bi” in Eq. (7). Once the COP and cooling capacity 
are known, the energy balance equations of the absorption chiller are 
used to calculate the thermal power requested by the generator (Q̇g,abs, 
Eq. (9)) and the energy delivered to cooling water flowing in the 
condenser (Q̇c,abs, Eq. (10)). 

COP=
a1⋅HT2

in + a2⋅HTin + a3

HTin + a4
(5) 

Q̇ev,abs = b1 + b2⋅HTin + b3⋅MTin + b4⋅LTin (6) 

ṁHT =
c1⋅fQ̇ev,abs

+ c2

f2
Q̇ev,abs

+ c3⋅fQ̇ev,abs
+ c4

(7) 

fQ̇ev,abs
=

Q̇ev,abs

Q̇ev,abs,nom
(8) 

Q̇g,abs =
Q̇ev,abs

COP
(9) 

Q̇c,abs = Q̇ev,abs + Q̇g,abs (10) 

The full list of fitting coefficients is available in the Supplementary 
Materials. The accuracy of the regression was evaluated by using the R- 
squared (R2), the root mean square error (RMSE), and the sum of squares 
error (SSE). As shown in Table 7, high values of R2 (close to 1) and low 
values for SSE and RMSE were found, suggesting the capability of the 
model to approximate data from the datasheet. Fig. 4 shows the 
matching between the experimental data retrieved by the datasheet and 
the numerical data obtained by the model.

3.4. Description and modeling of the reference vapor-compression chiller

The nominal capacity of the air-cooled chiller was selected to cover 
the peak in the cooling demand for each location. In this respect, chillers 
from the Italian company “Aermec” company [64] were used. As shown 
in Table 8, 237.3-kW chiller was selected for Palermo and a 187.7-kW 

Fig. 3. Heating (SH) and Cooling (SC) demands for (a) Palermo, (b) Verona. (c) Monthly values of the heating and cooling energy for both selected locations.

Table 4 
Solar Keymark Parameter of the chosen high vacuum solar thermal panel.

Parameter Value Unit

Gross Area AG 1.96 m2

Zero loss efficiency (η0) 0.732 ​
First-order coefficient (a1) 0.5 W/m2K
Second-order coefficient (a2) 0.006 W/ 

m2K2

Incidence angle modifier IAM (50◦) 0.95 ​
Heat transfer medium for testing Water ​
Maximum temperature difference for thermal performance 

calculation (θm-θa)max

185 K

Standard stagnation temperature (G = 1000 W/m2, θa = 30 ◦C) 302 ◦C
Effective thermal capacity, including fluid (per gross area AG) 15.32 kJ/K 

m2

Maximum operating temperature 200 ◦C
Maximum operating pressure 160 kPa
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one for Verona. The design data retrieved from the manufacturer are 
shown in Table 8. The models NRG0802X◦TU◦J◦00 for Palermo and 
NRB0702◦TU◦M◦00 for Verona were retrieved from the selection tool 
provided by the company.

A black box approach was again adopted for modeling these chillers. 

Specifically, as shown in Eqs. (11) and (12), the EER and cooling ca
pacity (Q̇ev,comp

)
are dependent on the temperature of the outdoor air 

entering the condenser (Tair) and the temperature of the water returning 
from the hydronic loop and entering the evaporator of the chiller (Tw,in

)
. 

The energy balance of the chiller lets to calculate the power requested by 
the unit (Pel, Eq. (13)), including the compressor and condenser fan, and 
the energy delivered to the condenser (Q̇c,comp, Eq. (14)). To evaluate the 
fitting coefficients “ai” and “bi”, experimental data from the datasheet of 
the chiller were used. Then, by using the “Curve Fitter” tool available in 
MATLAB software, the fitting coefficients were quantified. 

EER= a1 + a2⋅Tair + a3⋅Tw,in (11) 

Q̇ev,comp = b1 + b2⋅Tair + b3⋅Tw,in (12) 

Pel =
Q̇ev,comp

EER
(13) 

Q̇c,comp = Q̇ev,comp + Pel (14) 

The full list of fitting coefficient values “ai” and “bi” is again provided 
in the Supplementary Materials. In Table 9, the High values of R2 and 
low values of RMSE suggest the capability of the model to approximate 
data from the datasheet. Figs. 5 and 6 provide details on the matching 
between the experimental data retrieved from the datasheet and the 
numerical data obtained from the regression model.

3.5. On the need to perform a sensitivity analysis

With reference to the nominal operating conditions indicated in the 
datasheet and Solar Keymark certificate, the nominal size of the solar 
collectors was selected to cover the peak heating demand. However, to 
explore the effects of solar energy exploitation on energy savings and 
profitability, four different scenarios were simulated, each characterized 
by a different size of the solar plants: 100 % (nominal size), 75 %, 50 %, 
and 25 % of nominal size. Each string is composed of 14 collectors, and 
for this reason, the partial design collector surface was set to the closest 
theoretical value. The solar collector system is connected to a storage 
tank that was sized according to the recommendation reported in 
Ref. [65], by considering the minimum ratio between storage volume 
and solar surface fixed to 0.05 m3/m2. Table 10 shows the simulation 
input for each scenario. For each solar system size, a simulation scenario 
was run to assess the influence of solar energy availability.

The control logic attempts to reach the cooling water temperature 
outlet at 7 ◦C, which was the fixed supply user set-point.

A quadratic correlation between the flow rate ratio and the electrical 
power of the solar circulating pump is found for each scenario 
(Table 11).

3.6. Energy key performance indicators

A set of Key Performance Indicators (KPIs) is introduced to compare 
the different scenarios and the effect of the different locations. Specif
ically, fsol,w (Eq. (15)) represents the fraction of the heating demand 

Table 5 
Design of the heat exchangers in the substation. HE1: Heat Exchanger 1 (Fig. 1) – 
HE2: Heat Exchanger 2 (Fig. 1) – HE3: Heat Exchanger 3 (Fig. 1) – F1: Flow rate 
drawn from district heating network - T1’: Temperature of flow drawn from 
district heating network (inlet temperature of Heat Exchanger 1 primary side) - 
T2’: Outlet Temperature from Heat Exchanger 2 primary side – T9: Outlet 
Temperature of the secondary side of Heat Exchanger 2 (user side) - F9: Flow 
Rate of user side – T10: Outlet Temperature from Heat Exchanger1 secondary 
side (user side) – F5: Flow Rate outlet from heating generation plant (solar 
collector field) - T5: Inlet Temperature of the Heat Exchanger 2 (supply side) – 
T6’: Outlet Temperature of the primary side of Heat Exchanger 2 (supply side) – 
T8: Inlet temperature of the secondary side of Heat Exchanger 1 (demand side) – 
F3: Flow rate drawn from district heating network in the producer mode – T3: 
Inlet temperature of the secondary side of Heat Exchanger 3 (demand side) – T4: 
Outlet Temperature of the secondary side of Heat Exchanger 3 (demand side) – 
F6 Inlet Flow Rate on the primary side of Heat Exchanger 3 (supply side) - T6: 
Inlet temperature of the primary side of Heat Exchanger 3 (supply side) – T7: 
Outlet Temperature of the primary side of Heat Exchanger 3 (supply side).

Heat 
exchanger

Palermo case Verona case

Primary side Secondary 
side

Primary side Secondary 
side

HE1 F1 

7558
l/h F9 

11336
l/ 
h

F1 

18122
l/h F9 

27182
l/ 
h

T1’ 60 ◦C T9 40 ◦C T1’ 60 ◦C T9 40 ◦C
T2’ 45 ◦C T10 50 ◦C T2’ 45 ◦C T10 50 ◦C
Q 132 kW ​ Q 316 kW ​
UA 
11.33

kW/ 
◦C

​ UA 
43.82

kW/ 
◦C

​

HE2 F5 

5668
l/h F8 

11336
l/ 
h

F5 

13591
l/h F8 

27182
l/ 
h

T5 80 ◦C T8 40 ◦C T5 

80 ◦C

◦C T8 40 ◦C

T6’ 60 ◦C T9 50 ◦C T6’ 

60 ◦C

◦C T9 50 ◦C

Q 132 kW ​ Q 316 kW ​
UA 
5.34

kW/ 
◦C

​ UA 
12.82

kW/ 
◦C

​

HE3 F3 

7085
l/h F6 

5668
l/ 
h

F3 

16988
l/h F6 

13591
l/ 
h

T3 40 ◦C T6 95 ◦C T3 40 ◦C T6 95 ◦C
T4 60 ◦C T7 70 ◦C T4 60 ◦C T7 70 ◦C
Q 165 kW ​ Q 395 kW ​
UA 
5.08

kW/ 
◦C

​ UA 
12.18

kW/ 
◦C

​

Table 6 
Nominal data for the “Bumblebee” absorption chiller.

Hot circuit (HT) Cooling circuit 
(MT)

Cold circuit (LT)

Nominal Inlet temperature 90 ◦C Nominal Inlet 
temperature 30 ◦C

Nominal Inlet 
temperature 21 ◦C

Outlet temperature 72 ◦C Outlet temperature 
37 ◦C

Outlet temperature 
16 ◦C

Volume flow rate 9.6 m3/h Volume flow rate 
44.2 m3/h

Volume flow rate 
27.5 m3/h

Heating capacity 200 kW Heat consumption 
360 kW

Cooling capacity 
160 kW

Type Single effect LiBr-H2O
Cooling Capacity 160 kW
Coefficient of performance (referring 

to the reported nominal 
temperature conditions)

0.80

Tmin (hot water/cold water) 60 ◦C/5 ◦C
Tmax (cooling water) 40 ◦C
Power consumption Max 700W

Table 7 
Evaluation of the accuracy of the model of the absorption chiller. SSE: Sum of 
Squared Errors – R2: Coefficient of determination – RMSE: Root Mean Square 
Error – COP: Coefficient Of Performance, Qev,abs: Cooling capacity at the evap
orator of absorption chiller - ṁHT : Flow rate on absorption chiller’s generator 
loop (High Temperature).

COP Qev,abs ṁHT

SSE 0.0001 8169 2.48
R2 0.974 0.993 0.998
RMSE 0.009 3.33 0.170
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(Q̇load,w
)

covered by heat from the solar system (Q̇HE2,w
)
. fDHN,w (Eq. 

(16)) represents the complement to fsol,w and it is the fraction of heating 
demand covered by the DHN (Q̇HE1). fabs,s (Eq. (17)) represents the 
fraction of cooling demand (Q̇load,s

)
covered by the absorption chiller 

(Q̇ev,abs
)
. εsolar (Eq. (18)) represents the efficiency of solar collectors 

expressed as the ratio between the thermal energy produced by the 

collectors (Q̇solar) and the solar radiation incident (Itilt) on the tilted 
surface (Asol,tilt

)
of the collectors. COPabs (Eq. (19)) represents the 

“average” performance of the absorption chiller, calculated as the ratio 
between the cooling energy produced at the evaporator (Q̇LT) and the 
heating energy demand of the generator during the entire cooling season 
(Q̇HT). Finally, the EER (Eq. (20)) is the “average” energy efficiency ratio 
of the vapor compression chiller expressed as a ratio between the cooling 
energy produced at the evaporator (Q̇c) and the electrical energy 
absorbed by the compressor and the condenser fan during the entire 
cooling season (Pel). 

fsol,w =

∫ tf
ti Q̇load,w dt
∫ tf

ti Q̇HE2,w dt
(15) 

fDHN,w =

∫ tf
ti Q̇load,w dt
∫ tf

ti Q̇HE1 dt
(16) 

fabs,s =

∫ tf
ti Q̇ev,abs dt
∫ tf

ti Q̇load,s dt
(17) 

εsolar =

∫ 8760
0 Q̇solar dt

Asol,tilt⋅
∫ 8760

0 Itilt dt
(18) 

COPabs =

∫ tf
ti Q̇LT dta
∫ tf

ti Q̇HT dt
(19) 

EER=

∫ tf
ti Q̇c dta
∫ tf

ti Pel dt
(20) 

Fig. 4. Comparison between performance data obtained by data sheet and regression numerical model for the absorption chiller.

Table 8 
Air-to-water chiller design operating data.

Palermo Verona

Cooling Capacity kW 237.3 187.7
Power absorbed (included condenser fan) kW 74.1 57.9
EER [− ] 3.20 3.24
Dry bulb ambient air temperature ◦C 35 35
Water inlet temperature ◦C 12 12
Water outlet temperature ◦C 7 7
Water flow rate l/s 11.32 8.94
Water Pressure Drop kPa 80 54
Current absorbed A 119.8 100.5
Refrigerant [− ] R23 R410A
Compressor Type [− ] Scroll Scroll
Number of compressors [− ] 2 2

Table 9 
Evaluation of the accuracy of the black box model of the vapor compression 
chiller. SSE: Sum of Squared Errors – R2: Coefficient of determination – RMSE: 
Root Mean Square Error – EER: Energy Efficiency Ratio - Qev,comp: Cooling ca
pacity at the evaporator of compression chiller – PA: Palermo – VR: Verona.

EER_PA EER_VR Qev,comp_PA Qev,comp_VR

SSE 1.227 0.668 21.59 50.14
R2 0.924 0.943 0.999 0.999
RMSE 0.269 0.198 1.127 1.717

Fig. 5. Comparison between performance data obtained by data sheet and regression numerical model for Palermo vapor compression chiller. Qev,comp: Cooling 
capacity at the evaporator of compression chiller.
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3.7. Economic analysis

To evaluate the feasibility of investments, the Net Present Value 
(NPV) was assumed and calculated according to Eq. (21), 

NPV =
∑N

i=0

CFi

(1 + WACC)i (21) 

where CF is the cash flow in the “i-th year”, WACC is the Weighted 
Average Cost of Capital, and “N” is the expected lifetime of the system. 
The WACC estimation is mainly related to the technology proposed.

The economic analysis was carried out considering that the described 
system was introduced as a retrofit within an existing baseline system. 
The baseline system comprises the same user that DHN entirely supplies 
for the heating demand and the vapor compression chiller for the 
cooling one.

The cash flow (CF) was calculated as indicated in Eq. (22), by the 
difference between the yearly Operation Expenditure costs (OPEX) of 
the baseline system compared to one of the simulated scenarios, plus the 
income obtained by selling heat to the network (Ith). In this respect, 
OPEX considers both the purchase of electricity and heat and the 
maintenance costs.

In Eq. (23), QHE3 is the total amount of heat exchanged by the HE3, 
and psell_DHN is the selling price of heat to the DHN. 

CFi = Ith +
(
OPEXbaseline − OPEXscen,i

)
(22) 

Ith =QHE3⋅psell DHN (23) 

3.7.1. Details on capital and operating expenditure costs
The estimation of CAPEX of the solar collector system (including 

pipelines and auxiliaries), absorption chiller, thermal storage, and the 
costs that should be sustained to change the substation layout from heat 
consumer to prosumer. As previously mentioned, OPEX is composed of 
two components: maintenance costs and operating costs. The reference 
year for all monetary values indicated in this study is 2022. Specifically: 

- The CAPEX of the solar collector is affected by the size of the pro
posed system, which is considerably higher than the small system for 
single house application for DHW (<10 m2) and, conversely, lower 
than the solar district heating application (>1000 m2). The market 
references are given for the two aforementioned applications, and an 
average estimation was performed due to the size range of the cur
rent analysis. The Danish Energy Agency releases yearly the market 
trend for a wide set of technologies; for the solar collector technol
ogy, the costs range between 320 €/m2 and 470 €/m2 [66]. The In
ternational Renewable Energy Agency (IRENA) reports a range 
variable from 409 USD/kW to 1000 USD/kW for some European 
Countries [67]. Considering the nominal efficiency of the selected 
solar collector technology (η = 0.68), the technology of the collector 
(high vacuum), and the high performance declared by manufac
turers, the estimated CAPEX for the present analysis was 500 €/m2. 
For the solar system, the yearly maintenance costs are estimated at a 
fixed tariff of 250€ plus a cost proportional to the collector’s surface: 
1 €/m2 [66]. The operating costs of the solar system are related to the 
electricity consumption to supply the circulating pump and the dry 
cooler operated to dissipate the excess heat during the eventual 
moments of thermal grid curtailment, i.e., situations during which 
the grid dealer cannot receive the excess heat from the prosumer. In 
these cases, to avoid the overheating of the collectors, a safety dry 
cooler is operated.

- The absorption chiller CAPEX was estimated by considering several 
sources. In Ref. [68] a solar-coupled absorption system was pre
sented; the CAPEX of the absorption chiller was 472 €/kW (referred 
to as the cooling nominal capacity). In Ref. [69] an absorption chiller 
was coupled with a Fresnel solar plant with a specific cost of 288 
€/kW, in Ref. [70] a CAPEX ranging between 314 and 571 €/kW is 
reported with an Operation and Maintenance cost of 0.17 €/kWh 

Fig. 6. Comparison between performance data obtained by data sheet and regression numerical model for Verona vapor compression chiller. Qev,comp: Cooling 
capacity at the evaporator of compression chiller.

Table 10 
Solar collector and storage tank design scenarios.

Ratio of nominal size Palermo Verona

Solar 
collectors’ 
surface

Storage 
tank 
volume

Solar 
collectors’ 
surface

Storage 
tank 
volume

Nominal size (100 %) 231 m2 11.5 m3 514 m2 25.7 m3

75 % 180 m2 9 m3 385 m2 19.3 m3

50 % 128 m2 6.4 m3 257 m2 12.9 m3

25 % 51 m2 2.6 m3 128 m2 6.4 m3

Table 11 
Correlation between the flow rate ratio of the solar system and electrical power [kW] of the circulating pump.

Flow rate ratio Palermo Verona

231 m2 180 m2 128 m2 51 m2 514 m2 385 m2 257 m2 128 m2

25 % 0.163 0.135 0.135 0.026 0.105 0.093 0.17 0.135
50 % 0.301 0.188 0.188 0.099 0.599 0.505 0.324 0.188
75 % 0.910 0.567 0.567 0.282 1.876 1.560 0.986 0.567
100 % 2.095 1.317 1.317 0.631 4.381 3.623 2.276 1.317
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(cooling), comprehensive of electricity needed to activate the 
circulating pumps. Considering the range explored and the maturity 
of the technology, the CAPEX selected for the present study is 411.6 
€/kW, with a maintenance cost of 0.05 €/kWh, the first referring to 
the nominal cooling capacity and the second to the cooling energy 
produced for one year.

- For the assessment of the thermal storage CAPEX, the large volume 
should be considered. Analogous to the solar system, the selected 
sizes are among the most usual sizes recognized by the market: the 
domestic tanks with a volume that usually does not exceed 0.5 m3 

and large storage tanks used for district heating systems, whose 
volume typically is higher than 1000 m3. The European Association 
for Storage of Energy, for the selected size range, suggests 1200 €/m3 

[71]. An installation of a high-stratification storage tank performed 
within the SunHorizon project [72] showed a CAPEX of approxi
mately 1500 €/m3. Also in this case, an average value of 1350 €/m3 

was estimated.
- Finally, the installation cost for expanding the substation should be 

considered. A substation equipped with a single heat exchanger 
(simple consumer) is installed in the reference case. The simulation 
takes into account a substation equipped for the prosumer operation 
with three heat exchangers and the relative auxiliaries (piping, 
valves, circulator, sensors, etc.). The Danish Energy Agency [73] 
presents a range varying between 30 and 70 €/kW. The first value 
refers to the substation whose nominal capacity is analog to those 
implemented in the present study, so that value was adopted as 
reference CAPEX.

Table 12 reports the summary of the specific costs assumed for 
CAPEX calculation.

A summary of Investment Costs is indicated in Table 13. The impact 
of the solar system on the overall CAPEX is the most relevant in almost 
all cases. When the solar collector surface is lower, the relevance de
creases, and the absorption chiller has a higher weight (45 % and 63 % 
for Palermo – 128 m2 and 51 m2 for the absorption chiller versus 43 %, 
25 % for solar system). The storage and substation have a lower weight 
on the total investments, equal to 12 % for Palermo and ranging between 
15 % and 18 % for Verona.

3.7.2. Further data for the economic analysis
The assumed value for WACC introduced in Eq. (21) was defined by 

considering the analysis performed in 2022 for Heating Companies and 
Heat Exchangers in the Netherlands actively operating in the field of 
District Heating. Based on those market references, WACC is fixed at 
4.23 %, and N = 20 years [74].

The purchasing prices of electricity and heat are indicated in 
Table 14. Specifically, the price of electricity was estimated by consid
ering both Italian electricity prices for 2023 presented by Eurostat (non- 
domestic users, yearly consumption ranging between 20 and 500 MWh) 
[75]. These data are also confirmed by the Italian Regulatory Authority 
for Energy, Networks, and Environment (ARERA) [76].

The price of heat was retrieved from the 2023 price list released by 
the company that manages the DHNs for the municipality of Verona 
[77]. A yearly average price was calculated by considering the monthly 
variation presented by the company for the user that requests less than 
29 MWh per month.

Regarding heat selling prices, to maximize income Ith (see Eq. (23)), 
it was first assumed that all excess heat generated by the solar system 
was sold at the same price as the purchased heat. Then, a sensitivity 
analysis was carried out by varying QHE3 and psell_DHN (Eq. (22)). Indeed, 
in a real system, the DHN manager could not accept the total amount of 
the heat available from the prosumer (i.e., QHE3), due to several factors 
(low demand, unavailability to partialize the centralized heat genera
tors, hydraulic interferences, etc.). Therefore, a thermal curtailment 
occurs (analogously to the electrical grid with RES), and the prosumer 
must dissipate the surplus heat produced by the solar collectors when 
the storage is full. In these cases, the activation of a safety dry-cooler to 
avoid the superheating and stagnation of collectors is required, with a 
further cost to be sustained. In the economic analysis, a curtailment ratio 
(%cur) ranging from 0 to 100 % was considered. This value means that 
the DHN manager accepts all the heat released by the HE3 for 0 % 
curtailment and cuts off all the heat available in the case of 100 % 
curtailment. Meantime, the psell_DHN (the price of heat sold to the DHN) 
was varied between 0 % and 100 % pDHN (the price of heat purchased to 
the DHN), to explore the whole range of psell_DHN that can be negotiated 
between the prosumer and the DHN manager and its effects on the 
economic profitability in a long-term perspective.

4. Results and discussion

To provide insights into system operation, the results are presented 
at multiple scales, from hourly profiles on two representative days to 
annual energy balances. Finally, the key findings from the economic 
analysis are discussed.

4.1. Focus on daily results

Focusing on Palermo, January 30th is selected as the reference day 
for the heating season, while July 10th for the cooling one. Note that, for 
the sake of brevity, the discussion is limited only to the results for two 
solar field sizes: 230 m2, representing the reference configuration, and 
126 m2, corresponding to 50 % of the nominal area.

Fig. 7 shows the hourly profiles of the thermal power exchanged 
within each heat exchanger for the reference heating and cooling days. 
Looking at Fig. 7a and b, it is possible to observe that during the first part 
of the day (07:00 a.m. - 01:00 p.m.), the thermal power exchanged be
tween the solar system and the user via HE2 is higher in the case of 230 
m2 solar field, as shown by comparing the orange profiles in Fig. 7a and 
b. Consequently, the thermal power exchanged between the user and the 
DHN via HE1 is reduced. In the second part of the day, when the energy 
stored in the solar tank is higher and the user demand is lower, the 
building acts as a producer, selling surplus heat to the DHN through 
HE3, as testified by the green profiles in Fig. 7a and b. Notably, higher 
values are found in the case of a 230 m2 solar field, as testified by 
comparing the peak in thermal power sold to the DHN, respectively 
equal to 97 kW and 53 kW.

In the reference cooling day (Fig. 7c and d), the solar energy deliv
ered to the absorption chiller (red profiles) is maximum in the first half 
of the morning and afternoon, with some oscillations for the case of 126 
m2 solar field due to the thermostat activation. A 150-kW peak in the 
heat sold to the DHN is observed in the case of a 230 m2 solar field at 
around 1:30 p.m. when there is no cooling demand from the user. 
Conversely, no peak was observed in the case of a 126 m2 solar field. In 
the remaining part of the day, the amount of heat sold to the grid is not 
continuous, with some oscillation due to thermostat action, which must 
ensure higher temperatures to comply with the absorption chiller’s 
minimum temperature; for this reason, when the hot tank reaches the 
lower setpoint, the F7 flow is interrupted.

Focusing on Verona (see Fig. 8), the reference days are March 21st 
and July 25th. Even in this case, during the heating season (Fig. 8a and 
b), the HE1 mostly operates in the first part of the day (06:00–12:00 a. 
m.) when the solar radiation is lower and the user demand is at its 

Table 12 
Specific cost assumed for CAPEX.

Technology Specific cost assumed for Economic 
Analysis (CAPEX)

Reference

Solar collectors 500 €/m2 [66,67]
Absorption chiller 411.6 €/kW [68–70]
Thermal Storage Tank 1350 €/m3 [71,72]
DHN prosumer substation 30 €/kW [73]
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maximum. Moreover, comparing Fig. 8a with 8.b, the effect of solar 
collector size is evident between 06:00 a.m. and 12:00 a.m., as suggested 
by the higher values of the thermal power exchanged within HE2 for the 
514 m2 case. In the second part of the day (01:00 p.m.–06:00 p.m.), 
similar profiles are found for the selected collector sizes, thus indicating 
that the solar energy produced and stored in the previous hours is 
enough to cover the user demand.

As shown in Fig. 8a, a 514 m2 solar field achieves a peak thermal 
output of 175 kW through HE3, demonstrating the potential to export 
surplus heat to the DHN and operate as a thermal prosumer. Conversely, 
as shown in Fig. 8b, an oscillating profile is also found in this case of 
lower solar collect size. Finally, within the same sizing case, it is possible 
to observe that HE1 compensates for the lack of energy available for the 
user in the last part of the day.

In the typical cooling day (Fig. 8c and d), the absorption chiller 
operates nearly all day (as shown by the HT profile in Fig. 8c and d), 
from early morning to late evening, ensuring a continuous supply of 

cooling energy to the cold storage. This results in noticeable differences 
between the two selected cases: in the case of a solar field surface of 514 
m2, more heat is available and, consequently, more cooling can be 
produced by the absorption chiller.

Looking at the thermal power exchanged in HE3, it is evident that the 
user is a prosumer all day, including at nighttime. In addition, when the 
solar collector surface is equal to 514 m2, the amount of heat sold to the 
grid is higher.

Fig. 9 shows the temperature of the solar collector and HE2 in 
Palermo and Verona during the reference winter day. To point out the 
main limitation of the system, results found for the minor solar collector 
surface are plotted for both cases (i.e., 51 m2 for Palermo and 128 m2 for 
Verona). Focusing on Palermo (Fig. 9a), due to the low temperature in 
the tank, the user flow outlet (T9) does not achieve the temperature set- 
point (i.e., 50 ◦C) during the first part of the day, thus requiring the DHN 
supply. In the second half of the day, the available temperature of the 
flow delivered from the tank to the HE2 primary side inlet rises to 70 ◦C, 
thus guaranteeing the required energy and meeting the temperature 
setpoint.

A similar behavior is observed in Verona (Fig. 9b), where the storage 
tank, having been fully discharged the previous day, must accumulate 
sufficient energy during the initial hours of the reference day to ensure 
that the user-side flow temperature reaches the required setpoint. In 
both cases, although the temperature of the flow coming from the 
storage tank is not enough to cover the whole demand, it acts as a 

Table 13 
Investment costs for the simulated scenarios.

Palermo Verona

231 m2 180 m2 128 m2 51 m2 514 m2 385 m2 257 m2 128 m2

Solar collectors [k€] 115.5 90 64 25.5 257 192.5 128.5 64
Thermal Storage [k€] 155.3 12.2 8.6 3.5 34.7 26.1 17.4 8.6
Absorption chiller [k€] 65.9 65.9 65.9 65.9 65.9 65.9 65.9 65.9
Substation [k€] 8.9 8.9 8.9 8.9 21.4 21.4 21.4 21.4
TOTAL CAPEX [k€] 205.8 176.9 147.4 103.8 378.9 305.8 233.2 159.8

Table 14 
Unit Price of energy vectors.

Price Reference

Electricity 0.2044 €/kWh [75,76]
Heat (from DHN) 0.1786 €/kWh [77]

Fig. 7. Profile for a reference day in Palermo. a) Winter day 230 m2 – b) Winter day 126 m2 – c) Summer day 230 m2 – d) Summer day 126 m2. HE1: Heat Exchanger 
1 (Fig. 1); HE2: Heat Exchanger 2 (Fig. 1); HE3: Heat Exchanger 3 (Fig. 1); HT: Temperature inlet on the absorption chiller’s generator loop (High Temperature).
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preheater, lowering the energy requested from the DHN. Finally, an 
increase in the surface area of the solar field leads to a higher share of 
energy demand being met by solar energy.

Fig. 10 shows the daily profile of cooling power from HE2 and vapor 
compression chiller during the reference cooling day in Palermo 
(Fig. 10a) and Verona (Fig. 10b). In Fig. 10a, the influence of solar 
system sizing on the cooling capacity provided via HE2 by the absorp
tion chiller is evident. In the second part of the day, the difference be
tween the two cases becomes less pronounced, as the heat stored in the 
morning is sufficient to drive the absorption chiller. In both scenarios, 
the vapor compression chiller provides approximately twice the cooling 
capacity of the absorption chiller.

Focusing on Verona (Fig. 10b), the differences between the first and 
second part of the day are less marked. Since a lower amount of heat is 
available for operating the absorption machine, lower cooling capacity 
is exchanged via HE2. As can be noted, the differences in cooling 

capacity between the two sizing scenarios range between 10 kW and 20 
kW. Again, the compression chiller supplies most of the cooling load 
requested by the user.

4.2. Yearly energy results

Starting from the case of Palermo, Fig. 11 shows the energy balance 
of the substation and the solar plant. More specifically, the ratio between 
the energy transferred by each HE and the total energy exchanged 
within the substation is presented. As shown in Fig. 11a, the heat pro
duced by the solar system and supplied to the user via HE2 represents 
the maximum contribution to the overall energy exchanged for the two 
intermediate sizes (i.e., 75 % and 50 %), accounting respectively for 41 
% (19.1 MWh) and 40 % (15.6 MWh). For the nominal size of the solar 
field, the predominance of energy produced by the solar system and fed 
into the DHN via HE3 is evident. In comparison, for the 25 % case, heat 

Fig. 8. Profiles for a reference day in Verona. a) Winter day 514 m2 – b) Winter day 257 m2 – c) Summer day 514 m2 – d) Summer day 257 m2. HE1: Heat Exchanger 
1 (Fig. 1); HE2: Heat Exchanger 2 (Fig. 1); HE3: Heat Exchanger 3 (Fig. 1); HT: Temperature inlet on the absorption chiller’s generator loop (High Temperature).

Fig. 9. temperature profile of the solar collector system and HE2 for Palermo (a) and Verona (b) for the reference winter day. For both cases, the minor solar collector 
surface scenario was chosen. T5 Inlet temperature of the primary side of Heat Exchanger 2 (Supply side, Fig. 1) – T6’: Outlet Temperature of the primary side of Heat 
Exchanger 2 (Supply side, Fig. 1) - T8: Inlet temperature of the secondary side of Heat Exchanger 1 (Demand side, Fig. 1) – T9: Outlet Temperature of the secondary 
side of Heat Exchanger 1 (Demand side, Fig. 1) – T_solar_in: Inlet Temperature of the solar collectors – T_solar_out: Outlet Temperature of the solar collectors.
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exchanged through HE1 is predominant, thus representing the need to 
purchase heat from the DHN, due to the undersized solar system. The 
energy distribution ratio among the three heat exchangers shows a 
linear variation for the first three scenarios. Conversely, for the scenario 
with 25 % size, the HE1 energy share increases steeply, reaching 64.8 % 
(20.2 MWh). Fig. 11b shows the fraction of the heat produced by the 
solar system, which is either supplied to the user (HE2) or delivered to 
the DHN (HE3). It is worth noting that the main contribution belongs to 
DHN (53 % - 21.7 MWh for HE3) only in the 100 % sizing scenario (230 
m2). In the three scenarios that involve an undersized solar system, most 
of the heat produced by the solar system is supplied to the user through 
HE2. This information is useful for optimizing the design of the solar 
system.

During the summer (Fig. 11c), the heat produced by the solar system 
is delivered to the absorption chiller (Q_HT) and the DHN. It is worth 
noting that the fraction of heat from the solar plant supplied to the 

absorption chiller increases linearly as the solar collector surface de
creases, compared to the heat exchanged via HE3. Specifically, the ab
solute value rises from 12.9 MWh to 31.1 MWh. In addition, for the 100 
%, 75 %, and 50 % of nominal size scenarios, most of the energy pro
duced by the solar system is transferred to the DHN. Only in the last 
scenario, solar energy is equally shared between the absorption chiller 
and the DHN.

In the intermediate seasons (Fig. 11d), when solar energy is entirely 
delivered to the DHN, a decreasing trend in exchanged energy is 
observed — from 88.9 MWh down to 18.1 MWh as the solar field area 
decreases from 231 m2 to 51 m2.

Energy results for the heating season in Verona show significant 
differences compared to the previous case. As shown in Fig. 12, the 
contribution of HE1 is predominant over the other heat exchangers 
(Fig. 12a), thus revealing that DHN is essential for almost all of the 
winter, regardless of the size of the solar plant. Moreover, as shown in 

Fig. 10. Profile of cooling capacity exchanged by HE2 and vapor compression HP during summer mode for the selected days: Palermo (a), Verona (b). HE2: Heat 
Exchanger 2 – HP: Heat Pump.

Fig. 11. Energy balance (kWh) of the substation in Palermo. a) Energy distribution among the three heat exchangers in winter, b) energy sharing of the amount of 
energy produced by the solar system in winter, c) energy balance of the substation and solar system during summer, d) energy balance of the substation and solar 
system during intermediate seasons. HE1: Heat Exchanger 1 – HE2: Heat Exchanger 2 – HE3 Heat Exchanger 3 – Q_HT: Absorption chiller generator’s heat requested.
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Fig. 12b, the amount of heat supplied to DHN via HE3 is limited in all 
cases. Specifically, the share of energy produced by the solar system 
ranges from 28.6 % (27.4 MWh) for the nominal size to 14.9 % (3.8 
MWh) for the minimum size.

The energy results for the cooling season (Fig. 12c) show that the 
heat transferred to the DHN exceeds the amount supplied to the ab
sorption chiller. This trend is consistent across all scenarios. It is worth 
noting that the absolute value of Q_HT decreases, highlighting that 
despite the significant excess energy produced, the solar system is not 
oversized. For the intermediate season (Fig. 12d), a similar trend to the 
case of Palermo was observed for the absolute energy supplied to the 
thermal grid. Although the solar collector surface areas differ substan
tially between the two cases, this discrepancy is due to variations in solar 
irradiation and the duration of the operating periods.

In all cases, the bidirectional configuration allows meeting the de
mand when the solar energy is not enough and avoids dissipating the 
excess heat produced when there is no request from the loads (user or 
absorption chiller).

4.3. Key-performance-indicators: results

Table 15 collects the KPIs for the prosumer located in Palermo. The 
fraction of the heating demand covered by solar energy, fsol,w, linearly 
decreases when the size of the solar plant decreases from 231 m2 to 128 
m2. A sharp decrease is observed in the last case (i.e., 51 m2) as the solar 
system is not able to meet the desired temperature setpoint of the hot 
water to be supplied to the building. The fraction of heating demand 
covered by the DHN (fDHN,w) complements the previous value, ranging 
from 26.2 % to 72.6 %. This indicates that even in a location with a mild 
winter, a significant portion of heating energy is still supplied by the 
DHN. The fraction of cooling demand covered by the absorption chiller 
(fabs,s) shows a slight decrease in the first three cases (from 231 m2 to 
128 m2) and a drastic decrease in the last one (i.e., 51 m2) due to the 
inability of the solar system to heat water at the temperature required 
for the correct operation of the absorption machine. The solar efficiency, 
εsolar, is approximately constant with a slight increase in the case of 51 

m2 due to the higher temperature lift between the inlet and outlet of the 
collectors. The absorber COP maintains constant values for the first 
three cases and shows a relevant decrease in the last one due to the lack 
of thermal energy to supply the absorber. Finally, the EER of the 
compression chiller maintains a stable level despite the increase in 
cooling demand when passing from the first to the last case.

The KPIs for Verona (Table 16) reveal that, despite the solar sizing 
adapted to the peak demand, the fraction of the heating demand covered 
by solar energy during the heating season (i.e., fsol,w) is about 50 % 
lower in all sizing cases if compared to Palermo. In this context, the 
presence of DHN is necessary since its load-covering fraction (fsol,w) 
ranges from 61 % to 87.1 % when passing from the maximum to the 
minimum solar collector size. Conversely, the fraction of the cooling 
demand covered by the absorption chiller is greater than the one found 
for Palermo, revealing that such a system can offer valid support even in 
the cooling period; the fabs,s slightly decrease when passing from 514 m2 

Fig. 12. Energy balance (kWh) of the substation in Verona. a) Energy distribution among the three heat exchangers in winter, b) energy sharing of the amount of 
energy produced by the solar system in winter, c) energy balance of the substation and solar system during summer, d) energy balance of the substation and solar 
system during intermediate seasons. HE1: Heat Exchanger 1 – HE2: Heat Exchanger 2 – HE3 Heat Exchanger 3 – Q_HT: Absorption chiller generator’s heat requested.

Table 15 
KPI for the prosumer located in Palermo. fsol,w: Fraction of the heating demand 
covered by heat from the solar system - fDHN,w: fraction of heating demand 
covered by the DHN (complement to fsol,w) - fabs,s: represents the fraction of 
cooling demand covered by the absorption chiller - εsolar: efficiency of solar 
collectors expressed as the ratio between the thermal energy produced by the 
collectors and the solar radiation incident on the tilted surface of the collectors – 
COP: average performance of the absorption chiller, calculated as the ratio be
tween the cooling energy produced at the evaporator and the heating energy 
demand of the generator during the entire cooling season – EER: average energy 
efficiency ratio of the vapor compression chiller expressed as a ratio between the 
cooling energy produced at the evaporator (and the electrical energy absorbed 
by the compressor and the condenser fan during the entire cooling season.

KPI 231 m2 180 m2 128 m2 51 m2

fsol,w 73.8 % 65.5 % 54.5 % 27.4 %
fDHN,w 26.2 % 34.5 % 45.5 % 72.6 %
fabs,s 33.6 % 32.1 % 28.7 % 12.3 %
εsolar 52.8 % 53.2 % 53.2 % 54.5 %
COPabs 0.79 0.79 0.77 0.70
EER 4.6 4.6 4.6 4.6
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to 257 m2 case, then it undergoes a drastic reduction.
The solar efficiency is nearly constant for all size scenarios. 

Conversely, the COP of the absorption chiller decreases noticeably only 
for the minimum solar plant size. Finally, the EER is constant for all the 
considered solar sizing, although the amount of cooling load covered by 
the absorption chiller increases complementary to fabs,s.

4.4. Economic analysis results

The OPEXs of the baseline scenario were calculated by considering 
that the heating demand is entirely supplied by the DHN, while the 
cooling demand is covered by the existing vapor compression chiller 
(Table 17). The climatic differences are evident when looking at energy 
expenditure costs. Indeed, in Palermo, the cost sustained for electricity 
to activate the chiller has a share of 39.4 % on OPEX. Conversely, for 
Verona, the impact of electricity cost on OPEX is limited (10.1 %), due to 
the predominant heating demand. In both cases, the expenditure costs 
for purchasing heat are the most relevant: 63.6 % for Palermo and 89.9 
% for Verona.

The yearly OPEX costs for the different sizing scenarios are reported 
in Table 18. Electricity purchase is the most relevant in the case of 
Palermo, ranging between 53.8 % and 43.8 %. In addition, the cost 
sustained for purchasing heat from the DHN increases when the solar 
collector surface is reduced, passing from 20.4 % to 46.3 %. Finally, for a 
51 m2 solar field, electricity and heat contribute almost equally to the 
overall OPEX.

For the prosumer located in Verona, the heat purchase mostly con
tributes, from 76.1 % to 84.3 %. In addition, it is worth noting that the 
OPEX for Verona is almost three times higher than the ones found for 
Palermo, due to the higher demand for heating.

Table 19 shows the variation in OPEX and the maximum yearly in
come achievable for each simulated scenario. Note that Ith contribution 
is predominant on the yearly balance. Although the cost to purchase 
electricity is higher in the simulated scenarios compared to the baseline 
(see Table 17), the CF is higher than zero thanks to the heat savings 
achieved by the solar collectors.

4.4.1. Effects of thermal energy curtailment on profitability
An NPV matrix was developed for each scenario by using Matlab 

R2023b. This matrix shows the variation of NPV achieved by varying the 
curtailment ratio (%cur) and the price of heat sold to the DHN 
(psell_DHN). A map of the NPV for the thermal prosumer in Palermo with 
231 m2 solar collectors is shown in Fig. 13. The results for the remaining 
scenarios are collected within the Supplementary Materials file.

Looking at the Figure, on the x-axes, the price of the heat sold to the 
DHN is expressed as a percentage of the purchase price of the heat. On 
the y-axes, the “%cur” represents the curtailment ratio. In addition, the 
line with an NPV = 0 marks the boundary between profitable and un
profitable investments. Then, the intersection between the zero-NPV 
line and x-axes (red line in the figure) represents the minimum selling 
price of heat, which makes the investment profitable (in this case, equal 
to 0.435, i.e. 43.5 %). Conversely, the intersection of y-axes zero-NPV 
line (0.584 in the figure) represents the maximum allowable curtail
ment ratio, which makes the investment profitable (in this case, equal to 
58.4 %).

Table 20 collects intercepts of the zero-NPV curve for all the simu
lated scenarios. Note that the profitability of the investment decreases 
when the collector’s surface is reduced, as testified by the increase in the 
psell_DHN (%pDHN). This is a consequence of the lower incomes arising 
from selling heat to the grid. In addition, even in the best case (i.e., 
Palermo – 231 m2 and Verona 514 m2) the minimum allowable selling 
price ratio is high (respectively 43.5 % and 45.4 % of the purchasing 
price) since it is referred to a limit condition that marks the passage 
between profitability and no (i.e. NPV = 0). To better explain this, 
looking at Fig. 13, to obtain an NPV equal to 100 k€ after 20 years, the 
heat must be sold at a price higher than 66 % of the purchasing price. 
Consequently, the DHN manager should buy from the prosumer at that 
price and sell at pDHN with a very low profit margin. A similar consid
eration can be made for the maximum curtailment limit required for 
profitability. Since curtailment can occur due to both technical and 
economic factors, an increase in the heat selling price may lead to a 
higher curtailment ratio.

Finally, in the scenario with the smallest solar collector surface (i.e., 
51 m2 for Palermo and 128 m2 for Verona), NPV values remain negative 
across all conditions.

4.4.2. Effects of the absorption chiller on system profitability
Comparing the electricity cost between the baseline (Table 17) and 

simulated scenarios (Table 19) reveals that the proposed technologies do 
lead to great benefits in terms of electricity expenditure costs. As shown 
in Tables 15 and 16, the KPIs for the absorption chiller indicate a low 
coverage of cooling demand in the simulated case, suggesting that the 
investment in this technology does not provide significant economic 
benefits. However, the cost of heat supply from the grid is reduced across 
all scenarios. On this basis, a further analysis with no absorption chiller 
included was conducted for each location. This evaluation was per
formed only for the maximum solar collector’s surface.

Results in Table 21show that the investment costs are reduced, and 
the expenditures for electricity supply are slightly higher than the 
baseline (due to the auxiliaries of the substation and solar system), The 
overall OPEX is lower since the maintenance cost of the absorption 
chiller is avoided, along with the cost to purchase heat from the DHN, 
analogously to the aforementioned scenarios. Finally, a higher amount 
of heat is potentially available to be sold to the grid, since the thermal 
energy produced during the summer is no longer supplied to the ab
sorption chiller. Higher CF is found than the previous cases, but the 
income Ith is lower. A percentage comparison with the corresponding 
scenarios that include the absorption chiller is given.

The NPV indicator (Fig. 14) shows relevant improvements if 
compared to the previous scenarios because of lower investment costs 
and higher cash flows. Then, avoiding the absorption chiller ensures 
better economic performance, and as shown in Table 22, the zero–NPV 
front moves to lower values of psell,DHN, and higher values of %cur. It 

Table 16 
KPI for the prosumer located in Verona. fsol,w: Fraction of the heating demand 
covered by heat from the solar system - fDHN,w: fraction of heating demand 
covered by the DHN (complement to fsol,w) - fabs,s: represents the fraction of 
cooling demand covered by the absorption chiller - εsolar: efficiency of solar 
collectors expressed as the ratio between the thermal energy produced by the 
collectors and the solar radiation incident on the tilted surface of the collectors – 
COP: average performance of the absorption chiller, calculated as the ratio be
tween the cooling energy produced at the evaporator and the heating energy 
demand of the generator during the entire cooling season – EER: average energy 
efficiency ratio of the vapor compression chiller expressed as a ratio between the 
cooling energy produced at the evaporator (and the electrical energy absorbed 
by the compressor and the condenser fan during the entire cooling season.

KPI 514 m2 385 m2 257 m2 128 m2

fsol,w 39.0 % 32.1 % 23.5 % 12.9 %
fDHN,w 61.0 % 67.9 % 76.5 % 87.1 %
fabs,s 43.0 % 39.3 % 37.1 % 23.6 %
εsolar 49.3 % 49.7 % 49.9 % 50.7 %
COPabs 0.80 0.78 0.78 0.74
EER 4.3 4.3 4.3 4.3

Table 17 
Operation expenditure costs of the baseline scenario.

Palermo Verona

Electricity [k€] 3.23  3.41 

Heat (from DHN) [k€] 4.94 30.2
Total OPEX [k€] 8.17 33.6
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follows that profitability is ensured even when the market conditions are 
critical, i.e. in the case of lower selling price and a high curtailment 
ratio.

4.5. Limitations of the study

Before ending, it is worth pointing out the main limitations of the 
present research, which could open a window for future studies on this 
topic. Specifically: 

- Although the study relied on validated models for the bidirectional 
substation and high-vacuum solar collectors, the overall integrated 
modeling could not be validated against experimental data due to the 
absence of existing bidirectional substations coupled with this 

technology. Future research will need to focus on validation, which 
will become feasible once experimental setups are available.

- Another limitation is related to the approach used for simulating 
thermal curtailment. As proven by the results, curtailment highly 
influences profitability and the set of technologies that could be 
included within the substation (e.g., the absorption chiller). Then, a 
co-simulation approach that includes information on DHN status, 
such as the actual demand for heat from other users, is needed.

- An optimization study will be necessary for the cost-effective sizing 
of the solar plant and chiller absorption. The sensitivity analysis 
performed here was not intended to provide information on the 
optimal size but to provide a preliminary assessment of the effects of 
this variable on energy savings and economic profitability. More
over, further analyses should also account for (i) future variability in 
key parameters such as energy prices, maintenance costs, or gov
ernment subsidies, (ii) uncertainties in users’ heating and cooling 
demands, and (iii) efficiency degradation over time due to fouling of 
heat exchangers.

- Another limitation of the study is the lack of consideration for a 
financing framework that supports both the initial investment and 
the realization of potential economies of scale. Future analyses 
should therefore explore the impact of incentivization mechanisms 
on the system’s profitability, as well as assess how economies of scale 
might influence performance. Additionally, caution must be 

Table 18 
OPEX values results (maintenance and operating costs).

Palermo Verona

231 m2 180 m2 128 m2 51 m2 514 m2 385 m2 257 m2 128 m2

Maintenance [k€] 1.74 1.64 1.46 0.76 2.35 2.08 1.87 1.25
Electricity Purchase [k€] 3.63 3.33 3.40 3.40 3.68 3.51 3.49 3.62
Heat Purchase [k€] 1.38 1.80 2.33 3.60 19.1 21.2 23.6 26.3
TOTAL OPEX [k€] 6.76 6.77 7.19 7.77 25.1 26.8 28.9 31.2

Table 19 
OPEX variation, Maximum yearly incomes, and Cash Flows (CF) achievable for each scenario.

Palermo Verona

231 m2 180 m2 128 m2 51 m2 514 m2 385 m2 257 m2 128 m2

(CF) OPEXbaseline-OPEXscenario [k€] 1.41 1.40 0.98 0.40 8.46 6.75 4.65 2.36
Ith [k€] 33.8 24.8 16.0 5.81 46.0 32.8 19.6 8.73
CF [k€] 35.2 26.2 17.0 6.21 54.4 39.5 24.2 11.1

Fig. 13. NPV behavior map for Palermo - 231 m2 scenario. NPV: Net Present 
Value - %cur: Curtailment Ratio – psell,DHN: price of heat sold to the grid 
expressed as a ratio of price purchased by the grid.

Table 20 
Values of intercept between the zero - NPV front and axes. %cur: Curtailment Ratio – psell,DHN: price of heat sold to the grid expressed as ratio of price purchased by the 
grid.

Palermo Verona

231 m2 180 m2 128 m2 51 m2 514 m2 385 m2 257 m2 128 m2

psell_DHN (%pDHN) -(NPV=0) 0.435 0.496 0.644 / 0.454 0.511 0.668 /
%cur - (NPV=0) 0.584 0.521 0.368 / 0.565 0.506 0.344 /

Table 21 
Main economic indicators for the scenarios without absorption chiller. In 
brackets, the percentage ratio between the new result and the analog one 
belonging to the previous scenarios including the absorption chiller.

No-Absorption Chiller

Palermo-231 m2 Verona 514 m2

CAPEX [k€] 140 (68.0 %) 313.0 (82.6 %)
OPEX [k€] 5.91 (87.4 %) 24.1 (96 %)
OPEXbaseline-OPEXscenario [k€] 2.26 (159 %) 9.47 (112 %)
Ith [k€] 39.4 (116 %) 53.2 (115 %)
CF [k€] 41.7 (118 %) 62.7 (115 %)
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exercised when extrapolating these results to larger-scale systems, as 
scalability may introduce new variables and complexities.

- The analysis is conducted assuming two locations with no predom
inant heating demand (as seen in Northern Europe). Therefore, the 
key findings should be limited to countries in Southern Europe with 
similar climatic conditions, with ad hoc studies to be necessarily 
conducted for other regions.

- The dynamic simulation proved that the introduction of a thermally 
driven chiller does not lead to evident economic benefits. This 
deduction cannot be applied to all heating and cooling systems since 
it is strictly related to the single case study, but it opens the discus
sion of the need for an in-depth analysis of each system. The interface 
of multiple sources and technologies should be accurately evaluated 
from both technical and economic points of view. The economic 
results, in this case, showed that the absorption chiller could not be 
the optimal solution, although a renewable and low-cost source 
supplies it. This study is limited to the analysis of a specific case, 
future works should rely on a general analysis aiming to define the 
feasibility of thermally driven equipment included in prosumers’ 
systems.

- Finally, although the use of solar energy and the share of surplus heat 
will lead to a reduction in the consumption of fossil fuel with 
consequent environmental benefits during the operational phase, a 
more detailed environmental analysis—such as a life cycle asses
sment—will be necessary to gain comprehensive evaluation of im
pacts over the system’s entire lifespan (e.g., including the 
construction and disposal of solar collectors) thus achieving a mul
tifaced optimization of these systems.

5. Conclusions

In this work, a techno-economic analysis of a high vacuum solar 

system integrated into a prosumer-based district heating for two loca
tions in Southern Europe was performed. The results indicated that the 
integration of high-vacuum solar collectors achieves a solar covering 
fraction ranging between 73.8 % and 27.4 % of the heating demand in 
the warm Mediterranean climate of Palermo and between 39 % and 
12.9 % in a colder climate such as Verona. The use of absorption chillers 
allows for meeting a fraction of the cooling demand by solar energy, 
ranging between 33.6 % and 12.3 % for Palermo and between 43 % and 
23.6 % for Verona, highlighting the effectiveness of RES in meeting 
these energy demands. As expected, the yearly efficiency of the solar 
system is slightly higher in the location with higher solar irradiation 
(average values of 53.4 % for Palermo), but promising results are ach
ieved in colder Mediterranean climate locations as in the case of Verona 
(49.9 %). The solar plant can make the user become a prosumer with 
surplus production in a variable range, according to the surface design: 
in Palermo, the share of total solar production delivered to the DHN 
ranges from 53 % to 30.5 %, while in Verona, it varies between 78.7 % 
and 50.9 %. As expected, peak production (from the substation to the 
DHN) occurs in summer and during intermediate seasons when heating 
demand is low. The economic analysis showed that despite higher 
electricity costs in some cases, significant heat savings ensure profit
ability. It was also found that the inclusion of absorption chillers may 
reduce profitability. In addition, the curtailment in solar energy pro
duction, which will be frequent in summer, strongly affects the system’s 
profitability. Then, given the large availability of thermal energy during 
the summer and in light of the growing demand for cooling, it is 
necessary to have financing systems in place to facilitate the economic 
profitability of substations with absorption machines. Future research 
should explore thermal grid interfaces, innovative control strategies, 
seasonal thermal storage, and market mechanisms to optimize 
prosumer-based energy systems. Environmental analysis is crucial to 
validating system effectiveness in reducing emissions, and supporting 
policymakers in designing financial incentives for wider adoption. Smart 
grid technologies and digital platforms can further enhance efficiency 
and reliability. Collaboration among policymakers, energy providers, 
and consumers is essential to establish a regulatory framework that 
supports RES investments and thermal energy communities. Addition
ally, introducing energy market constraints in future studies could refine 
the application of bidirectional thermal substations in DHNs. Under
standing market limitations will help optimize thermal plant sizing and 
substation control strategies. Advancing renewable integration and 
power-to-heat technologies will be key to decarbonizing district heating 
and cooling networks.
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Fig. 14. NPV behavior map for Palermo - 231 m2 - no absorption scenario. 
NPV: Net Present Value - %cur: Curtailment Ratio – psell,DHN: price of heat sold 
to the grid expressed as ration of price purchased by the grid.

Table 22 
Values of intercept between the zero - NPV front and axes. No sorption scenarios. 
%cur: Curtailment Ratio – psell,DHN: price of heat sold to the grid expressed as 
ration of price purchased by the grid.

Palermo 231 m2 No- 
Absorption

Verona 514 m2 No- 
Absorption

psell_DHN (NPV =
0)

0.2357 0.2880

%cur (NPV = 0) 0.7905 0.7365
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Nomenclature

ṁ Flow rate
DHN District Heating Network
HE Heat Exchanger
UA Global Heat transfer coefficient
CAPEX Capital Expenditure Cost
OPEX Operational Cost
CF Cash Flow
NPV Net Present Values
WACC Weighted Average Cost of Capital
ABS Absorption chiller
HP Heat Pump
HT High temperature (Generator loop in the ABS)
MT Medium Temperature (Condenser loop in the ABS)
LT Low Temperature (Evaporator loop in the ABS)
Qev Cooling capacity at the evaporator
Qc Heating capacity at the condenser
Cg Heating capacity at the generator
Pel Electric power
KPI Key Performance Indicator
CF Cash Flow
CAPEX Capital Expenditure Costs
OPEX Operational Expenditure Costs
WACC Weighted Average Cost of Capital

Subscripts
w Winter operation mode
s Summer operation mode
i Initial
f Final
abs Absorption chiller
comp Compression chiller
load heating or cooling load requested by the user
s summer mode (cooling)
w winter mode (heating)
baseline Baseline scenario
cur Curtailment

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.energy.2025.136843.

Data availability

Data will be made available on request.

References

[1] Data - Eurostat [Online]. Available: https://ec.europa.eu/eurostat/web/main/ 
data. [Accessed 1 October 2024].

[2] Energy consumption in households - statistics explained [Online]. Available: htt 
ps://ec.europa.eu/eurostat/statistics-explained/index.php?title=Energy_consum 
ption_in_households. [Accessed 1 October 2024].

[3] Completion of key ‘Fit for 55’’ legislation [Online]. Available: https://ec.europa. 
eu/commission/presscorner/detail/en/IP_23_4754. [Accessed 14 March 2024].

[4] I. - International Energy Agency. Renewables. 2019.
[5] DHC scenarios - rewardheat [Online]. Available: https://www.rewardheat. 

eu/en/DHC-Scenarios. [Accessed 14 March 2024].
[6] Loulou R, Wright E, Giannakidis G, Noble K. Energy technology systems analysis 

programme. 2016.
[7] Lund H, Werner S, Wiltshire R, Svendsen S, Thorsen JE, Hvelplund F, 

Mathiesen BV. 4th generation district heating (4GDH): integrating smart thermal 
grids into future sustainable energy systems. Energy (Calg) Apr. 2014;68:1–11.
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