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Abstract: Employing sustainable energy systems is a must fact of the current years. Urban districts
can lead the decarbonization process of cities to allow the development of decentralization energy
systems such as district heating. On the other hand, the exergy analysis combined with energy
evaluation can be a suitable way to investigate the efficiency and flexibility of an energy system. In
this framework, this study investigates the optimal energy and storage systems to feed a district
heating network. Four types of energy systems were analyzed, such as boilers, cogeneration plants,
solar systems and the combination of them. The size of the thermal energy storage of the network is
investigated in terms of volume and temperature. In parallel, the exergy efficiency of all the systems
was calculated. The optimal heating system configuration to feed the studied district heating is the
cogeneration plant with solar collectors, according to both the temperature trend fluctuation and
exergy efficiency of the system. Moreover, the employment of thermal energy storage is crucial to
face the renewable energy source’s variability. As a further investigation, additional exergy indicators
can be studied to underline the performances of such an decentralized energy system to increase the
quality of the built environment.

Keywords: exergy analysis; district heating; storage system; energy transition; renewable energy source

1. Introduction

Global warming and the depletion of fossil energy resources are creating more and
more need for sustainable energy systems in today’s world. The current energy transi-
tion led to following alternative and sustainable pathways to decrease the environmental
footprint of the building stock [1–4]. Heat and cooling are the biggest energy users in build-
ings, so near-environmental temperatures account for much of the energy consumption.
With this temperature level, most of the energy demand in the built environment is for
“low-quality” energy [5]. However, the energy demand comes from the depletion of “high-
quality” energy sources. Consequently, the exergy evaluation can be a useful parameter to
investigate the quality of energy and its losses in the mentioned energy systems. Based on
the exergy definition [6,7], a perfect energy conversion process produces no exergy loss,
but exergy destruction still occurs; this makes exergy a more rational measure of how well
an energy conversion process performs [8,9]. Nowadays, the application of exergy analysis
in different fields, such as energy systems of buildings and a cluster of them, is relatively
well-known. The concept of exergy analysis comes from chemical studies, and it has then
been applied to energy system’s components [10].
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As pointed out in the literature [4,11,12], the integration of renewable energy sources
in the current energy systems is mandatory, especially when combined with a decentral-
ized system (e.g., district heating network) as it is also defined in the New European
Bauhaus [13]. Several studies have proven the advantages of district heating from an
environmental [14], energy [15] and economic [16] point of view. Research in this field is
very important as the open questions are still numerous; Emad et al. [17] adopted a numer-
ical investigation for the analysis of optimal thermal energy storage design and operation
using energy-related indicators. In [18], the authors analyze the readiness of buildings
for low-temperature and mid-temperature district heating from a technical point of view
concluding that the current building stock is not suitable for such solutions and specific
renovations would be necessary. Another novel approach is linked to the opportunities
that are offered by district heating in terms of demand response for optimal economic
outcomes [19] and for peak shaving services to host an increasing amount of renewable
energy sources [20].

To optimize the use of renewable energy sources, comprehensive exergy analysis
can also be applied, such as [8,21–23]. The work of [24] assessed and compared the CO2
emissions of various kinds of buildings to determine the best heating systems in terms of
energy and efficiency. Even though the exergy analysis depends on a specific temperature,
the study investigated some different climatic conditions to assess their influences. Another
work [9] follows the same path, analyzing the methods used to evaluate the exergy efficiency
and losses of the heating and cooling systems applied to buildings. According to the study,
most of the energy-efficient heating and cooling technologies used in buildings are quite
inefficient in terms of exergy. Therefore, it is convenient to include the exergy assessment
of those energy systems during the first stage of design. Moving to the district heating
network, some studies highlight the importance of exergy evaluation applied to different
elements such as energy generation systems [5,23], renewable energy sources [21,25] and
so on. In the study of [23], a quantification and illustration of exergy destruction were
conducted for the overall geothermal district heating system (GDHS), located in Turkey.
The city of Milano, on the other hand, was chosen to perform an exergy evaluation of
different energy systems to increase the smartness level of the city [26]. However, the
authors stated that the exergy indicator alone is not sufficient to provide a global view
of energy strategies for a city but gas emissions index and economic estimations are also
needed. The work of [25] investigated the substation configurations of the fifth-generation
district heating system, and then a thermodynamic simulation of the district substations
was performed using the exergy analysis. The authors employed Matlab/Simulink to solve
the thermodynamic numerical model, and exergy and efficiency indexes were selected
to evaluate the performance of these systems compared to traditional heat exchanger
substations. Another work of low-temperature district heating was proposed by [27],
wherein the authors applied an exergy-based analysis of renewable multi-generation units.
Several scenarios of energy systems such as Combined Heat and Power (CHP), heat pumps,
and solar collectors were compared in terms of exergy efficiency and feasibility. The exergy
analysis provided a “holistic understanding” of the involved conversion chain.

As pointed out in the literature, district heating is a common decentralized energy sys-
tem able to involve renewable energy sources in combination with storage techniques [28].
In this framework, this study gives a contribution to this topic, investigating the optimal
energy and storage systems to feed a district heating network. Four types of energy systems
were analyzed, such as traditional boilers, Combined Heat and Power, solar systems, and
the combination of CHP and solar. Thermal energy storage of the network is investigated
in terms of volume and temperature. In parallel, the exergy efficiency of all the systems
was calculated, starting from the exergy efficiency of each building, heat exchanger, adsor-
ber, and so on. The study also underlines the benefits of coupling storage systems with
renewable energy sources to manage their natural variability.

The paper is structured as follows: Section 2 describes the district heating network
with the chosen energy systems; then, the characteristics of the urban district analyses are
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drafted. Section 2.3 illustrates the steps of modelling the buildings and the entire networks,
as well as the four energy systems. Exergy indices were reported in Section 2.4. Results
of the study are collected in Section 3, as well as the comparison of the four scenarios
simulated. The authors pointed out the main conclusions and further investigations at the
end of the article (Section 4).

2. Materials
2.1. District Heating Network and Energy System Configurations

The proposed district heating network can be applied to a typical medium-sized
neighborhood in the North of Italy (latitude, 45◦40′20′′28 N; longitudinal, 12◦14′31′′92 E).
The configuration of a branched network is chosen, based on the reduced time simulating
and cost installation. The network is made up of 11 blocks of buildings served by 10 sections
of main pipes (L0, L1, L8, L16, L3, L5, L9, L13, L20, L18), 12 sections of secondary pipes
(L2, L4, L6, L7, L10, L11, L12, L15, L14, L17, L19, L21) and 9 secondary nodes (where the
secondary sections branch off from the main sections—green points), as it is shown in
Figure 1.
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The network sizing was carried out, calculating the dimensions of the various pipe
sections of the district heating network. To define the diameter’s size of the pipelines, it is
necessary to evaluate the flow rates required by each user. The flow rates required for the
summer and winter seasons were calculated as Equations (1) and (2).

Gwinter =
Pmax,required in winter

Cp∆Twinter
[kg/s] (1)

Gsummer =
Pmax,required in summer

Cp∆summer
[kg/s] (2)

where:

• Pmax,required in winter is the maximum power required by the building block consid-
ered during the winter season;

• Pmax,required in summer is the maximum power required by the building block consid-
ered during the summer season;

• Cp is the specific heat of water;
• ∆Twinter is the temperature difference between the inlet temperature of the mains

water and the outlet temperature during the winter season (this value was set to 10 ◦C
and derives from the specifications of the exchanger);
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• ∆Tsummer is the temperature difference between the inlet temperature of the mains
water and the outlet temperature during the summer season (this value was set equal
to 5 ◦C based on the absorber).

Then, the eleven flow rates of buildings were calculated for both seasons. The winter
flow rate is the main one and based on this value it is possible to calculate the proper size
of the pipes. The fluid velocity of dorsal pipes is set to 2.5 ÷ 3 m/s, and the others to
1.5 ÷ 2 m/s. Table 1 reports the main characteristics of the calculated network, where both
the delivery and return sections were considered.

Table 1. Characteristics of the district heating network pipelines.

Frame Length
(m)

Mass
Flow (kg/s)

Calculated
Diameter (mm)

Nominal
Diameter (mm)

Tube
Thickness (mm)

Insulating
Thickness (mm)

L0 156 171 233.42 200 22.7 6.3

L1 170 50 160.00 150 18.2 4.9

L2 26 2 58.3.00 65 6.8 3

L3 200 46 153.51 150 18.2 4.9

L4 382 10 92.18 100 10.0 3.2

L5 140 36 135.50 150 18.2 4.9

L6 446 18 124.00 125 11.4 3.5

L7 484 18 124.00 125 11.4 3.5

L8 200 121 226.73 200 22.7 6.3

L9 160 60 175.00 200 22.7 6.3

L10 414 21 103.50 125 11.4 4.9

L11 30 39 141.00 150 18.2 4.9

L12 80 2 41.23 50 5.8 3.0

L13 140 37 137.35 150 18.2 4.9

L14 297 22 137.00 150 14.4 4.9

L15 232 15 113.00 125 11.4 6.9

L16 450 61 176.35 200 22.7 6.3

L17 74 29 257.00 150 14.6 4.9

L18 360 32 128.00 150 18.2 4.9

L19 450 27 151.50 150 14.6 4.9

L20 290 5 65.20 65 6.8 3.0

L21 21 5 65.20 65 6.8 3.0

The thermal conductivity of the soil was considered equal to 1.2 W/mK, the conductiv-
ity of the insulation equal to 0.040 W/mK, the conductivity of the pipe equal to 0.38 W/mK,
and the depth of the excavation equal to 0.5 m. This configuration has a single distribution
system of the heat carrier fluid which will be at the same temperature throughout the year.
Furthermore, the heat transfer fluid chosen is water, and the temperature range of water is
between 85 ◦C and 95 ◦C.

Moving to heat generation systems, four types of energy generation systems were
evaluated as follows:

1. Boiler configuration.
2. Combined Heat and Power (CHP) system (fueled by methane gas).
3. Centralized solar system.
4. Solar system and CHP configuration.
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2.2. Characteristic of User Profiles and Building’s Geometry

The neighborhood simulated is characterized by a mixed use of buildings: residential,
commercial, and office ones. Therefore, the network is connected to eight residential
buildings, two offices, and one commercial structure (Table 2).

Table 2. Characteristics of the buildings connected to the district heating network.

Type of Building Volume (m3) Number of Floors Total Height (m) Number of Occupants

Res 1 14,580 12 78 4

Res 2 21,960 12 175 4

Res 3 19,110 12 192 4

Res 4 22,632 12 198 4

Res 5 22,800 15 192 5

Res 6 26,160 15 200 5

Res 7 30,912 21 140 7

Res 8 22,356 12 200 4

Office 1 3240 9 100 3

Office 2 360 3 20 1

Commercial 7650 9 250 3

The stratigraphy of the buildings is shown in Table 3. These values were applied
to all the building’s typology, a hypothesis that appears to be realistic for many Italian
urban contexts.

Table 3. Thermal transmittance proprieties of the building’s structure.

Type Elements Total Transmittance W/m2K

External walls Bricks and lime 1.056

Ground slabs Semi-rigid panels, predellas slab and
floor tiles 0.438

Intermediate slabs Semi-rigid panels, reinforced concrete
layers and floor tiles 0.647

Roof covering Semi-rigid panels, reinforced concrete
layers and cement mortar 0.441

Considering the occupational profiles, the powers relating to the lighting, the equip-
ment and their use profiles, and the operating profile of the air conditioning system, it
was possible to calculate the thermal loads of each building block, using the ODESSE
software (v0.2) [29]. The temperature was set to 20 ◦C for the winter season and 26 ◦C
for the summer season. As an example, Figure 2 shows the profile of the winter load of
Office 1, Figure 3 shows the profile of a residential building and Figure 4 the profile of the
commercial structure.
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2.3. Model Setup

To define the proposed energy model, Matlab Simulink R2021b was used, to model
the dynamic functioning of the district heating network. Summarizing, the configuration is
composed of a single branched district heating network (one delivery and one return), with
hot heat transfer fluid, specifically water, the users are therefore supplied with hot fluid both
in summer and in winter. The buildings of the users will be equipped with heat exchanger
substations and in the summer season, they will also be equipped with LiBr absorbers
(Bro-lithium wall) to produce chilled water (becoming a distributed cooling generation
system). Finally, the network is powered as already mentioned by four configurations of
energy generation plants (Section 2.3.2).

2.3.1. Modelling the Building

As already mentioned, eleven buildings are connected to the network. The modelling
of buildings required the definition of the following elements:

• user substation, with the exchanger and the absorber;
• hot storage and cold storage;
• electric charge;
• DHW block;
• the two load profiles, summer, and winter;
• “T out, winter” and “T out, summer” which describe the behavior of the distribution

system by delivering the outlet temperature from the terminals.

The building inlet temperature, i.e., the temperature at which the network supplies
water to the buildings, is the main actor. The heat exchanger generates the output power
that the network will deliver to the building. The pursuit between the two powers is
carried out by the winter tank and the summer tank. By monitoring the temperature of
the buildings’ tanks (the thermal storage) and checking that they are close to the required
values, the “tracking” between the two powers (required by the building and given by the
network) is guaranteed.

User’s substation: The powers of the user exchangers of the 11 building blocks were
calculated by analyzing the load profile of the buildings themselves; the power of the
exchanger was set equal to the maximum power required by the building considered. The
temperature between the delivery and return of the network is set at 10 ◦C. The necessary
flow rate is obtained in winter, which is constant but different from building to building. It
is guaranteed that no more power is extracted from the exchanger than is necessary for the
needs and thermal load of the building. The outlet temperature of the water from the user
is obtained as follows Equation (3):

Tout,users = Tin +
Pexchanger

PCFRCp
[◦C] (3)

where PFCR is the flow rate of the water circulating in the fan coil, Pexchanger is the power of
the substation, cp is the specific heat of water, and Tout,users and Tin are the inlet and outlet
temperatures, respectively.

Moving to the summer season, the absorber is connected directly to the network, and
the temperature of the water leaving the machine is calculated as Equation (4) and the
exchanged power as Equation (5):

Tout network = Tin network − 5 [◦C] (4)

Pth = Gabsorber − Cp∆T [kW] (5)

where Tin network is the temperature of the network, and Gabsorbed is the flow rate in the absorber.
Thermal storage: It was verified, during the simulation phase, that a correct volume

of storage is essential to obtain the proper temperature of the volume. In the simulations,
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the storage volumes of all the users were considered. The dynamics of thermal storage is
governed by the following differential Equation (6):

dT
dt

=
Qaux − Qload −

(
Kstorage FFstorageVstorage(Tt − Tamb)

)
CpρVstorage

(6)

where:

− Qload is the load of the users connected to the network;
− Qaux is the thermal load supplied to the tank by the heat exchanger;
− Kstorage is the thermal transmittance of the thermal storage;
− FFstorage is the storage form factor;
− Tt is the temperature of the storage;
− Tamb is the ambient temperature;
− ρ is the density of the water;
− Vstorage is the volume of the storage.

2.3.2. Modelling the Networks and the Energy Generation Systems

Figure 5 shows the network which has an input power that the systems transfer to
the network itself and the power that the 11 building blocks request from the network. At
the output, the network provides the temperatures at the entrance to the buildings, in the
various branches, and the temperature of the network tank.
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The thermal model of the network provides the output temperature value that occurs
in each node of the network, delivery and return, the time–domain trend of the temperature,
and the energy losses along the network. Once the temperature of the fluid entering
the network is known, it is possible to calculate the temperature trend along the entire
district heating network and the derivation nodes entering the substations of each building,
according to Equation (7):

T(x,t) = Tt + (T0,t − Tt)e
−2πH

Gγ x
[◦C] (7)

where:

− Tt, is the temperature of the soil [◦C];
− T0,t, is the node’s temperature [◦C];
− G, pipe’s flow rate [kg/s];
− r, medium radius of the pipe [m];
− γ, specific heat [J/kgK];



Buildings 2024, 14, 2370 9 of 19

− H, pipe’s transmittance [W/m2K];
− x, pipe’s length [m].

Equation (7) is based on the following hypotheses: stationary regime, uniform tempera-
ture along the section, i.e., the temperature varies only along the x-axis (one-dimensionality
of the flow) and constant thermophysical properties as the temperature varies. To calculate
the losses in the return branches of the network, the mixing temperature was calculated in
each node of the return network as follows Equation (8):

Tnode =
∑n Tnmn

∑n mn
v [◦C] (8)

where Tn and mn are the temperature and mass rate of the segment, respectively, and v is
the velocity. The flow rate losses were calculated as Equation (9):

Qloss = GxCp ∆Tx [J] (9)

where Gx is the flow rate, Cp is the specific heat of the water and ∆Tx is the temperature
difference of the segment. Equation (10) describes the network thermal storage functioning.

dT
dt

=

Qaux − Qload −
((

supstorageK
storage

(Tt − Tamb)

)
/1000

)
Cpρ

(
Vstorage RE + Vstorage CE

) (10)

where:

− Qload is the load of the users connected to the network;
− Qaux is the thermal load supplied to the tank by the heat exchanger;
− Kstorage is the thermal transmittance of the thermal storage;
− FFstorage is the storage form factor;
− Tt is the temperature of the storage;
− Tamb is the ambient temperature;
− ρ is the density of the water;
− Vstorage RE represents the volume of water present in the entire district heating network

for both the flow and return;
− Vstorage CE is the storage volume.

Boiler system: Two boiler options were simulated (traditional and condensing), distin-
guishing two power categories, greater than 50 kW or less than 50 kW. The efficiency of
the traditional boiler is set equal to 0.92 if the boiler power is greater than 50 kW, while for
lower powers the efficiency can vary from 0.87 to 0.92. A thermostat was defined in the
simulation which forces the boiler to deliver power when the network tank temperature is
below the value of 90 ◦C and to deactivate when the network tank temperature value is
greater than 95 ◦C. The thermostat returns a value of 1 if the boiler must provide power
and 0 otherwise. If the system sees a network tank temperature of 89.9 ◦C it will deliver
power for 15 consecutive minutes, on the contrary, if it sees a temperature of 94.9 ◦C it will
not deliver power for 15 min.

Cogeneration plant: The cogeneration system is based on a gas-powered internal
combustion engine. At the entrance of the water–water exchanger, which operates in
countercurrent, there is water coming from the engine and from the network tank. Within
the internal combustion engine (ICE) block, there are two other blocks. One block represents
the water–water heat exchanger, capable of recovering the thermal energy from the engine
cooling circuit, and a water-fume one, capable of recovering heat from its exhaust system.
The water coming from the network tank will pass through the water–fume exchanger,
raising its temperature even further. The engine cooling fluid will instead return to the
engine core again repeating its cycle. The minimum ∆T between the water coming from
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the mains and the fluid returning to the engine is set equal to 5 ◦C. The final power of the
cogeneration plant is calculated as Equation (11):

Pth_CHP = Gwater,ICE,users CpH2O

(Tout,exchanger

f
− Ttank,network

)
[kW] (11)

where:

− Gwater,ICE users, is the water flow rate of the users;
− CpH2O is the heat capacity of the water;
− Tout,exchanger is the temperature of the water leaving the water–fume exchanger, i.e.,

the temperature at which the cogenerator can bring the water which then returns to
the network tank;

− Ttank,network is the temperature of the network tank, i.e., the inlet temperature to the
system cogeneration and therefore to the water–water exchanger.

Solar system: the solar system communicates with the network through the power
that is delivered to it, but also with the temperature of the network tank which returns to
the solar system. First, it is necessary to describe two implemented control systems. In
fact, during the simulation phase, where the solar block was used, it was observed that the
temperatures of the network tank were not kept adequately under control, especially when
the solar radiation was higher. Inside the solar block, there is already a control, e.g., a heat
sink, which does not allow the solar to reach temperatures above 120 ◦C. This control allows
the solar field to operate in optimal conditions but does not efficiently connect the grid
with the solar system. To carry out this function, an additional control was implemented,
that can communicate with the solar system and the grid. In this way, the solar system
feeds the power into the grid that is adequate for the conditions required.

The simulations were carried out first by setting 1400 collectors (collectors with an
incident surface of 10 m2 and able to deliver 7000 kW), such to satisfy the needs of the
network. Once the optimal Vstorage CE was found, the number of panels was varied so
that the power varied by ±20%, keeping the optimal Vstorage CE fixed. The range of the
Vstorage CE is from 60 m3 up to 150 m3. In the simulations carried out (16 in total), the solar
system works with set points equal to 80 ◦C in winter and 90 ◦C in summer, equal to the
temperature of the network.

Combined solar and cogeneration plant: The best configuration must be found from
the point of view of the stability of the network and its correct functioning, to maximize
the use of the solar source. The parameters involved are the power of the cogeneration
plant, the number of solar collectors, and the sizing of the network tank. To find the proper
coupling and sizing of the sources, 15 simulations were carried out (all with solar control
set to a range of 10 ◦C and with a T 0,summer = 90 ◦C and T 0,winter = 80 ◦C).

2.4. Exergy Indicator

Once the exergy values associated with each product and resource for each physical
component of the plant were defined [6,8], the exergy efficiency indicator can be calculated
as follows (Equation (12)).

Exergy efficiency : η =
Ψp

Ψr
=

Exergy o f the product
Exergy o f the resource

(12)

3. Results
3.1. Boiler Configuration

The simulations with the boiler system were carried out by setting the power for the
boiler, equal to 7000 kW. The first step was to study the optimal accumulation volume
(Vstorage CE). Once the value of Vstorage CE was determined, the boiler’s power was varied
±20%. Then, four volumes of storage were analyzed, equal to 45 m3, 60 m3, 90 m3,
and 150 m3. As mentioned in the methodology section, the boiler works with set point
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temperatures between 90 ◦C and 95 ◦C. Figure 6 shows the temperature trend per each
volume of the storage.
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Based on the boiler volume’s temperature trend, the configuration in Figure 6c (volume
of 90 m3) is the best scenario. The case with 90 m3 presents a more contained oscillation in
the amplitude between minimum and maximum temperature compared to the other cases
with different accumulation volumes (a) and (b). Compared to case (d), the latter is worse
because it presents too frequent oscillations compared to case (c) and therefore a greater
temperature variability over time.

The exergy efficiency is the sum of the main components’ exergy efficiency such as
the building’s heat exchangers, the adsorber and the building, the network, and the boiler
(Table 4).

Table 4. Results of exergy indices calculated for the configuration.

Building Connected to the Network Exergy Efficiency (%)

1 0.35

2 0.39

3 0.37

4 0.41

5 0.41

6 0.38

7 0.40

8 0.40

9 0.41

10 0.40

11 0.38
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The optimal storage volume is 90 m3 as the exergy efficiency of the eleven buildings
demonstrated. Then, the power was varied by ±20%, keeping the optimal storage volume.
The network tank’s temperature trends were analyzed (Figure 7). Based on Figure 7, the
temperature trend of the case b (boiler of 700 kW) shows few fluctuations compared to the
other configurations. A high number of fluctuations mean that the boiler switches on/off
frequently, thus increasing consumption, but at the same time decreasing the useful life of
the apparatus.
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3.2. Centralizer Solar System Configuration

Several simulations were performed to define the optimal number of solar collectors
equal to 1400 that are able to supply a power of 700 kW (the district heating energy require-
ments). Then, three volumes of the storage were investigated (Figures 8–10). The solar
system’s temperature setpoints are 90 ◦C and 80 ◦C in summer and winter, respectively.
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Employing the solar source, the temperature trend of all the configurations is appropri-
ate during the summer season, but not in the winter one. The solar panel system is coupled
to a traditional source to improve the stability of the network, and this is confirmed by the
simulations carried out (see Section 3.4). However, the best volume of the tank is described
in Figure 9 (volume of 90 m3), because the amplitude of the temperature oscillations is
smaller than in the case with 60 m3 but at the same time the oscillation frequency is lower
than in the case with a 120 m3 tank. As it was conducted with the other energy systems, the
power was varied ±20% as well as the number of collectors (1100, 1400, and 1700 panels).
Figures 11–13 show the results in terms of temperature during the year.

The case with 1400 solar collectors is the best possible for the network, even if not
sufficient for the proper functioning throughout the year. By first analyzing the temperature
of the network tank, the sizing with 1100 panels does not allow the functioning of the
network, not even during the summer season (e.g., temperature below 60 ◦C on specific
days). Then, increasing the number of panels up to 1700 does not allow more benefits
compared to 1400 panels. Keeping fixed the configuration with 1400 panels, Table 5 reports
the total exergy efficiency of three representative buildings connected to the network. The
exergy efficiency reported is the sum of the exergy efficiency of all the elements (adsorber,
heat exchanger, building, network, and solar system).
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Table 5. Results of the exergy indices for the three solar system configurations.

Building Exergy Efficiency (%)
Configuration with 1100 Panels

Exergy Efficiency (%)
Configuration with 1400 Panels

Exergy Efficiency (%)
Configuration with 1700 Panels

Building 1 (res) 0.24 0.17 0.09

Building 2 (office) 0.08 0.1 0.23

Building 3 (commercial) 0.18 0.13 0.19

The optimum number of collectors would be 1700 panels for commercial and offices,
while for residential buildings 1100 panels would be the case with the highest efficiency
(Table 5). The right compromise, also given the higher number of residential buildings
present in the network, appears to be the choice of 1400 panels.

3.3. CHP Configuration

Moving to the simulations of the CHP system, the optimal network storage volume
(Vstorage CE) found for the case with the boiler was considered, equal to 90 m3, then varying
the CHP power, 5600 kW, 7000 kW, and 8400 kW. The network supply temperature required
by the CHP unit is 80 ◦C in winter and 90 ◦C in summer. Figure 14 reports the temperature
trend of the analyzed system, keeping the storage volume (90 m3).
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(c) 8400 kW applied to CHP configuration.

As shown in Figure 14, the power of 7000 kW is the minimum power that guarantees
good functioning of the system, also visible from the temperature trend of the network
storage. Moving to the exergy evaluation, Table 6 collects the exergy efficiency of the tree
configurations analyzed for the three selected buildings. Looking at Table 6, there are no
obvious differences between the three CHP sizes for each type of building.

Table 6. Results of the exergy indices for the three CHP power configurations.

Building Exergy Efficiency (%)
The Power of CHP Is 5600 kW

Exergy Efficiency (%)
The Power of CHP Is 7000 kW

Exergy Efficiency (%)
The Power of CHP Is 8400 kW

Building 1 (res) 0.35 0.35 0.36

Building 2 (office) 0.42 0.41 0.42

Building 3 (commercial) 0.38 0.38 0.38



Buildings 2024, 14, 2370 16 of 19

3.4. Solar System and CHP Configuration

The simulations were carried out by setting a power for the CHP equal to 3500 kW
and employing 700 collectors. The first step is to set the optimal volume of storage between
four values: 60 m3, 90 m3, 120 m3, and 150 m3. The temperature supplied to the systems is
80 ◦C in winter and 90 ◦C in summer. Figure 14 shows the temperature results of each case.

Based on Figure 15, the optimal storage volume is 120 m3, which shows the best
temperature trend of the network tank. The combination of CHP and solar systems allow
the instability of renewable energy sources (case with the solar system alone) to be overcome.
This fact is also visible by analyzing the temperatures of the network’s storage, which are
very stable and able to satisfy user requests. Summarizing the optimal volumes of the latest
three energy systems are as follows:

− 120 m3 for the CHP and solar system configuration (Figure 15).
− 90 m3 for the CHP alone.
− 150 m3 for the solar system alone.
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Once the optimal volume was set (120 m3), the power of the system was varied as well
as the number of panels (Figure 15). Three configurations were taken into consideration as
reported below (Figure 16).

1. The power of CHP is equal to 2800 kW with 520 panels.
2. The power of CHP is equal to 3500 kW with 700 panels.
3. The power of CHP is equal to 4200 kW with 840 panels.

There are no obvious differences between the configuration with 700 panels and
840 panels; therefore, for the same performance, the configuration with the certainly lower
cost is chosen. Finally, Table 7 reports the main exergy results of the selected buildings.

Also in this case, when analyzing the three types of buildings present in the network,
no significant differences are noted by changing the size of the CHP and the number
of panels. The exergy analysis performed on the individual buildings does not lead to
understanding what the optimum of the configurations is considered. Therefore, it is
obvious that together with the exergy analysis, a more in-depth analysis carried out on the
temperatures of the network and the various components must be coupled.
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Table 7. Results of the exergy indices for the three energy systems configurations.

Building Exergy Efficiency (%)
CHP of 3500 kW and 700 Panels

Exergy Efficiency (%)
CHP of 2800 kW and 520 Panels

Exergy Efficiency (%)
CHP of 4200 kW and 840 Panels

Building 1 (res) 0.35 0.36 0.36

Building 2 (office) 0.41 0.41 0.41

Building 3 (commercial) 0.39 0.40 0.40

4. Conclusions

A growing global population and the depletion of fossil fuels are driving the need for
sustainable energy systems. Buildings are being designed to reduce their environmental
footprints using alternative and sustainable approaches due to the current energy transition.
In this framework, the proposed study evaluates the optimal energy and storage systems
to feed a district heating network. A model based on Matlab/Simulink was established.
Four types of energy systems were analyzed, such as traditional boilers, CHP technology,
solar systems, and cogeneration plant with solar system. Thermal energy storage of the
network is investigated in terms of volume and temperature.

The optimal storage volume of the scenario with boilers is 90 m3. Then, the selected
power of boiler is 700 kW, because it shows few fluctuations compared to the other con-
figurations (5600 kW and 7400 kW). Moving to the solar system, the best configuration is
obtained with a thermal storage of 90 m3 and 1400 solar collectors. To define the optimal
number of solar collectors (1100, 1400 and 1700 units), exergy analysis was employed.
Based on the exergy efficiency of commercial and office buildings (0.19% and 0.23%), the
optimum number is 1700 panels, while for residential buildings it is 1100 panels with an
exergy efficiency of 0.24%. The proper compromise seems to be the choice of 1400 panels,
due to the mixed-use of buildings connected to the network. The cogeneration plant system
of 7000 kW is the minimum power that guarantees the proper functioning of the system
compared to the other two sizes (5600 kW and 7400 kW). Regarding the exergy efficiency,
there are no relevant differences between the three cogeneration plant sizes for each type
of building. Finally, the combination of cogeneration plants and solar systems shows a
good temperature trend when a storage volume of 120 m3 is employed. Then, three sizes
of cogeneration plants were performed (2800, 3500 and 4200 kW) combined with different
numbers of panels (540, 700, 840 panels). No relevant variations between the configuration
with 700 panels and 840 panels were detected; therefore, for the same performance, the
configuration with the lower cost is chosen. In line with this, the best heating system
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configuration to feed the studied district heating is the cogeneration plant with and solar
collectors, according to the energy and exergy point of view. The storage system applied to
this configuration is suitable for managing the fluctuation of renewable energy resources.

However, the exergy efficiency alone, especially for the third configuration, is not
able to identify the difference in the “quality of the energy” of each component of the grid
(buildings and so on); therefore, the analysis of the temperature of the network and the
storage is crucial during the first stage of analysis. It is recommended to further investigate
another type of exergy indicator that can contribute to improving the performances of such
energy systems for the built environment.
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