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Abstract. The present work proposes a comparison between three solar-powered district 

heating and cooling systems, namely: 1) centralized district heating & cooling (DHC) system; 

2) 5th-generation district heating & cooling (5GDHC) system and 3) individual AC plants 

(HHC, Home Heating and Cooling), in different climate conditions. Thermal loads are 

evaluated by transient simulations of a residential compound featuring 56 detached houses for 

three different Italian climates: (1) a Mediterranean region on the seaside (Palermo, I), (2) a 

temperate climate in Central Italy (Roma, I), and (3) a cold-temperate climate in Northern Italy 

(Bolzano, I). The DHC system shows the highest efficiency in terms of energy-savings, 

whatever the location. The 5GDHC system reaches a compromise between installation and 

operational costs. 

1.  Introduction 

Air conditioning is a major contributor to the increase in global greenhouse gas emissions [1], and the 

focus of many studies is on developing more efficient energy distribution systems to reduce the 

environmental impact. A promising solution is the adoption of district systems with a considerable 

improvement in terms of energy savings, especially for new green city project [2]. The 4th generation 

centralized district system is the most common option (DC) [3] even though in recent years the 

emerging 5th generation district heating and cooling (5GDHC) has proven to be the best solution for 

temperate climate due to a low expensive infrastructure, with respect to the standard solution, coupled 

with a high-efficiency reversible heat pump [4]. 

With the aim of reducing fossil fuel exploitation, the adoption of renewable-based solutions forces 

the market to introduce new and more efficient ways to drive the air condition system with green 

energy. District systems and home solutions could be converted into fossil-free plants provided that 

detailed study and optimization [5] are carried out to achieve a high level of reliability. The adoption 

of renewables as energy sources highlights the importance of having a system with good performance 

and overlap between load and solar irradiance, especially with cooling demand [6]. The market trend 

awards the combination of compression chiller with photovoltaic fields [7] because of easy integration 

in the existing grid infrastructure. In addition, as part of the EU roadmap, the Italian government has 

planned to increase the level of integration of renewable sources in the energy sector. To do this, the 

use of storage systems is crucial to mitigate power fluctuations thus ensuring stable and reliable supply 

of energy [8]. However, it must be kept in mind that the large-scale deployment of electric energy 

storage systems, in the form of lithium-ion batteries, is gradually playing a very relevant role within 

electric networks despite being not economically viable: the overall cost is about 325 USD/kWh [9] 

with a cell cost of 176 USD/kWh [10]. 
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The design procedure of a district system requires a complex evaluation [11] and detailed transient 

simulations as reported by Wang in [12] and by Oppelt et al. in [13]. The large number of variables 

included in numerical models forces the adoption of optimization procedures [14].  

Starting from previous works carried out by the authors in that field [15] [16] this study deals with 

a complete model of a conditioning system driven by renewable sources for a new residential 

compound. The setup includes the evaluation of building heating and cooling load, operation and 

performance of the district system coupled with a photovoltaic field, battery storage, and the plant 

operation based on reversible heat pumps. The procedure, based on transient annual simulation, 

performs a detailed optimization delivering the best techno-economic solution among three available 

solar-driven technologies: 1) centralized district heating & cooling (DHC) system; 2) 5th-generation 

district heating & cooling (5GDHC) system and 3) individual AC plants (HHC). 

2.  Residential compound demand 

To provide a complete assessment of solar heating and cooling solutions for a residential compound, 

the modelling procedure was divided into two sub-sections: the residential compound and the heating 

and cooling plant coupled with the district network (for DHC and 5GDHC).  

The evaluation took into account three different locations across the Italian land: Bolzano, Roma, 

and Palermo. A summary of ambient conditions is reported: profiles of temperature and radiation 

shown in figure 1 and in figure 2, respectively, derive from the Meteonorm database [17].  

 

 

 

 
Figure 1. Monthly average temperature   Figure 2. Global horizontal radiation 

 

The conditioning requirements of a residential compound of 56 single villa has been modeled using 

the software Trnsys 18 [18] coupled with Trnsys3D plug-in [19], starting from the real geometry of a 

two-floor 550 m2 house and considering occupancy, lights, and appliances. The total heating and 

cooling demand of each single building derives from a transient annual simulation consistently with 

the procedure reported in [20]. Annual values of heating and cooling load, in terms of sensible and 

latent energy, are collected in Table 1.  

 

Table 1. Building annual heating and cooling load (kWh). 

 Bolzano Roma Palermo 

Heating load 66336 35719 16464 

Sensible cooling load 9538 14739 23614 

Latent cooling load  9959 19643 31049 

Global cooling load 19497 34382 54663 

3.  Solar-assisted conditioning systems 

The energy source is based on a photovoltaic system coupled with Li-Ion batteries devoted to store 

any overproduction, according to their power limit and maximum capacity. However, the air 

conditioning system is grid-connected to feed back any excess energy and to meet the load in case PV 

and battery are not self-sufficient. The models of PV modules and batteries are the same for all the 

three layouts and the main parameters are listed in Table 2. 
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Table 2. Solar fields and battery storage specifications 

Solar Field (PV) Battery storage 

Maximum power (Pmax) W 375 Total Energy  kWh 14  

Module efficiency (ηm) % 20.1 Usable Energy  kWh 13.5  

Temperature coefficient Isc %/°C 0.044 Apparent Power, max continuous  kVA 5.8  

Temperature coefficient Uoc %/°C -0.275 Power Factor Range  - 0.85 

Temperature coefficient Pmpp %/°C -0.350 Round Trip Efficiency % 90 

3.1.  District heating and cooling (DHC) 

The cooling load of the single building was adopted as input for the district simulation in a deep 

transient analysis considering peak shaving effects and thermal dissipation in the network as described 

in [15]. The piping design parameters, taken from the technical literature [21], include an insulation 

thickness equal to 5 cm and a design water speed of 2.75 m/s, according to suggested best practice 

[22] [23]. The district network layout prescribes 2 pipes for cold distribution and 2 pipes for hot 

distribution. The heat transfer substation, with a temperature difference of 7 °C, provides heating and 

cooling to the users.  

The energy plants rely on a centralized industrial-grade reversible heat pump that provides hot 

water and chilled water streams. The main specifications of the system are shown in Table 3. The COP 

values, which refer to a 1 MW unit, are kept constant at nominal conditions whatever the size. This 

because the effective sizing will come from the optimization procedure. Conversely, off-design 

operation is computed with respect to a performance map that considers temperature and part-load 

derating. 

As underlined in the previous work by the authors [24], the heat rejection system is a crucial aspect 

of energy performance evaluation. Here, the proposed solution relies on geothermal water, with 

different seasonal variations and temperature levels for each of the three locations. Design temperature 

levels of the district system, at the pump station, were selected equal to 5 °C and 15 °C for supply and 

return piping, respectively 

3.2.  5th generation district heating and cooling (5GDHC) 

The 5th generation district heating and cooling technology is the most advanced solution for building 

air conditioning. The system couples the district system reliability with the user-tailored solution of 

the home reversible heat pump. The selected layout relies on a two rings solution with the parallel 

flow. Temperature levels are equal to 18 °C and 24 °C according to open literature suggestions [25]. 

The ring temperatures fluctuate during the year with respect to the design levels and they are stabilized 

with a groundwater source or centralized plant. The reversible heat pump installed in each building 

complies with the operating parameter of a 30-kW system;  off-design operation is simulated 

according to a performance map provided by the manufacturer. The heat pump specifications are 

reported in Table 3. 

3.3.  Home central heating and cooling (HHC) 

Moving to the home system, the single building heating and cooling loads are satisfied by a central 

home system based on an air-cooled high efficiency reversible heat pump. The heat pump is 

considered to operate in direct mode and the performance is referred to 47 kW chiller design capacity 

(Table 3). . The adoption of a dry cooler represents the standard solution for home applications and 

represents the majority of the installed systems in Italy. 
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Table. 3: Reversible heat pump specifications 

  DHC 5GDHC HHC 

 unit value value value 

Design chiller capacity kW 1000* 35* 47* 

Design COP - 5.65 (at 30 °C) 3.01(at 35 °C) 2.94 (at 35 °C) 

Design power input kW 215 7.38 7.38 

* The power rating is a typical value for residential applications, for which the performance coefficients 

reported were defined. 

4.  Optimization procedure and results 

All proposed air conditioning solutions have been designed to cover 70 percent of annual electrical 

demand through solar radiation. The selected level of solar fraction (SF) is considered a valuable 

target to reduce environmental impact without imposing an out-of-market installation cost [26]. The 

system has been optimized using the software GenOpt which runs thousand annual Trnsys simulations 

with the aim of minimizing an objective function [27]. The algorithm starts selecting a variables 

combination among a user-defined search space reported in Table 4. The procedure based on the 

particle swarm algorithm identifies the combination of chiller nominal capacity (𝐶𝑎𝑝𝐶𝐶), photovoltaic 

area (𝐴𝑃𝑉), and storage capacity (𝐶𝑎𝑝𝑏𝑎𝑡𝑡𝑒𝑟𝑦) that minimizes the installation cost (Eq. 1) achieving the 

desired renewable fraction, as reported in Eq. 2. The optimization function (Eq. 1) includes a penalty 

term (𝑃𝑒𝑛𝑎𝑙𝑡𝑦(𝑆𝐹<0.70)) that forces the algorithm to reject all combinations that do not meet the RF 

target. The district network cost, which is not considered in the optimization being a fixed value, is 

accounted for in the economic analysis. 

The optimization function is based on the cost of the main components, listed in Table 5. 

Furthermore, the reference costs are size-dependent with the aim of highlighting the differences 

between single-user components with respect to large systems. Sources of cost data are the following:  

• from manufacturers, for both home and central reversible heat pump systems; 

• from the open literature for the PV [28] [29]; 

• from the market analysis provided by [10] for the electric energy storage, such as a Li-Ion 

battery 

• from the technical report by Davies [30], for the district system (station, branch, piping, users 

substation). It is meant as a cost per unit of user (N) connected to the network. 

 

Table. 4: Optimization variables and related search space 

  
DHC 5GDHC HHC 

  min - max min - max min - max 

Cooling Rated Capacity kW 900 - 4000 1200 - 4000 1500 - 4000 

PV field m2 2000 - 12000 3000 - 16000 2000 - 30000 

Battery kWh 500 - 3000 1000 - 4000 1000 - 8000 

*The reported values are to be considered as referring to the whole housing complex (sum of 56 single house) 

 

𝑓𝑚𝑖𝑛  =  𝐴𝑃𝑉  ∙  𝐶𝑜𝑠𝑡𝑃𝑉 +  𝐶𝑎𝑝𝐶𝐶  ∙  𝐶𝑜𝑠𝑡𝐶𝐶 + 𝐶𝑎𝑝𝑏𝑎𝑡𝑡𝑒𝑟𝑦  ∙  𝐶𝑜𝑠𝑡𝑏𝑎𝑡𝑡𝑒𝑟𝑦+ 𝑃𝑒𝑛𝑎𝑙𝑡𝑦(𝑆𝐹<0.70) (eq. 1) 

𝑆𝐹 =  
𝐸𝑃𝑉 − 𝑒𝑥𝑝𝑜𝑟𝑡

𝐸ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝

=  
𝐸ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝 − 𝑖𝑚𝑝𝑜𝑟𝑡

𝐸ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝

 (eq. 2) 
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Table. 5: Components installation costs 

  
DHC 5GDHC HHC 

Chiller USD/kW 140 500 800 

Distribution network USD/N 14000 (2·7000) 4000 0 

Heat exchanger USD/N 3000 3000 0 

PV panel USD/m2 119.2  178.8 178.8 

Battery storage USD/kWh 328 510 510 

 

The optimization procedure resulted in the combination of variables shown in Fig. 3, in terms of 

solar array opening area, storage sizing and chiller capacity rating, for the three selected locations and 

for each system layout. The layout based on the centralized district system requires, regardless of 

location, the lowest component capacity, whatever the location. The trend highlights an increase in 

components sizing moving from centralized DHC to home solution due to the lower efficiency of the 

small system in terms of COP for the reversible heat pump. Furthermore, the optimization procedure 

delivers a bigger heat pump capacity to compensate for temperature derating, with respect to the peak 

load design. 

 

 
Figure 3. Optimization results: components sizing 

 

Fig. 4 shows the rated COP reported by the manufacturer compared with the annual average COP 

considered as energy consumption vs. energy production (sum of heating and cooling). The figure 

points out that 5GDHC, compared with the centralized system, provides a better operating condition 

for the heat pump but, due to the smaller sizing, the COP is lower . Furthermore, the COP affects the 

battery operation: the centralized district system (DHC) system required a small battery pack (from 

50% to 70% lower than other solutions) to achieve the same annual result. 
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Figure 4. Heat pump rated COP and annual average COP 

5.  Results and discussion 

The optimum combinations have been simulated for a whole year with a time-step of 7.5 min. Figures 

5 and 6 show an example of the detailed simulation results for the centralized plant in Roma; 

specifically, the power balance trends for the fourth week of January (max heating load) and the last 

week of July (max cooling load) are depicted. The selected weeks represent the worst operating 

conditions in terms of heating and cooling load for that location. The electric load required by the 

chiller has been reported by a black dashed line (Eload). The photovoltaic system power production 

(PV – yellow line) highlights the importance of the storage charge-discharge behaviour  (Battery – 

green line). The battery allows storing part of the daytime production to fulfil the night load operation 

of the chiller. Nevertheless, the system exports energy (Export – red dashed line) to the grid when the 

battery level reaches the maximum and imports energy (Import – blue dashed line) from the grid in 

case of battery depletion in the early morning. The load is completely satisfied most of the time and 

the annual solar cooling achieved is equal to 70%. 

 

 

 

 
Figure 5. Three days of detailed operation of 
centralized solar cooling (winter) 

 Figure 6. Three days of detailed operation of 
centralized solar cooling (summer) 

5.1.  Economic considerations 

The economic analysis of the system, based on the budget costs and optimum sizing, highlights some 

interesting key points. Figure 7 shows the contribution of the components to the global cost in absolute 

terms. The energy source (PV and battery) accounts for 30% to 50% of the global cost with a large 

variation between different conditioning systems. The chiller cost increases moving from DHC to 
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HHC due to lower efficiency and the detrimental impact of the ambient conditions on the operation. 

The cost of district system components is much higher than for 5GCHC, due to the need for more 

insulation and operations to build the network branches (since DHC requires a four-pipe arrangement 

while 5GDHC features a two-pipe configuration). Nevertheless, the adoption of DHC is an effective 

solution to provide heating and cooling to the user with a relatively low installation cost. 

 

 
Figure 7. Economic analysis of the optimum configurations 

 

Moving to the specific cost of thermal energy, the Levelized Cost of Thermal Energy (LCOTE) has 

been computed as reported in Eq. 3 according to a new approach suggested in [31]. The LCOTE is 

computed as the sum of a single component contribution to global thermal energy production during 

its service life (comparably to the Levelized Cost of Electricity evaluation approach) including the 

operation and maintenance costs and the energy exchanged to the grid  with an electricity price of 0.30 

USD/kWh. 

 

𝐿𝐶𝑂𝑇𝐸 =  𝐿𝐶𝑂𝑇𝐸𝑃𝑉 + 𝐿𝐶𝑂𝑇𝐸𝐵𝑎𝑡𝑡𝑒𝑟𝑦 + 𝐿𝐶𝑂𝑇𝐸𝐷𝐶 + 𝐿𝐶𝑂𝑇𝐸𝐶𝐶 +  
𝐸𝑖𝑚𝑝𝑜𝑡−𝑒𝑥𝑝𝑜𝑟𝑡  ·  𝐸𝑐𝑜𝑠𝑡

𝑄ℎ𝑒𝑎𝑡 𝑝𝑢𝑚𝑝
 (eq. 3) 

 

The LCOTE value in Figure 8 highlights  the lowest energy cost for the district system, ranging from 

0.07 USD/kWh (Bolzano) to 0.13 USD/kWh (Roma).whereas HHC costs are the highest, from 0.36 

USD/kWh (Palermo) to 0.78 USD/kWh (Bolzano). 5GDHC lies in between, with costs spanning from 

0.27 USD/kWh (Roma) to 0.45 USD/kWh (Bolzano). It can be noted that 5GDHC has the peculiarity 

to ensure the     best performance in the temperate climate of Roma, when heating load is similar to 

cooling load. The results confirm that the lowest thermal energy cost is achieved by district systems; 

5GDHC operation is cost-effective only in balanced climates. 
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Figure 8. Economic analysis of the optimum configurations 

6.  Conclusions 

The paper deals with a district system optimization fed by solar energy compared with the home 

heating and cooling system based on heat pump. The plant configurations include PV as renewable 

power generation, Li-ion batteries as energy storage and electric chillers. Each component was 

modeled according to the performance maps provided by the manufacturers thus allowing an accurate 

simulation in both design and off-design operating conditions. The investigation includes energy, 

economic and environmental aspects for three representative locations in Italy (Bolzano, Roma, and 

Palermo). 

A multi-variable optimization procedure, based on GenOpt software interacting with Trnsys models, 

was used  for component sizing. For every technology, the optimal configuration has been determined 

by minimizing the installation cost through a two-step algorithm, under the constraint of a 70% annual 

electric energy demand covered by solar energy. 

The DHC system was found to provide the highest efficiency in terms of energy-savings even though 

the piping installation reduces the cost-effectiveness in the case of heating requirements. The DHC 

system is advantaged by a predominant heating or cooling demand whilst, on the contrary, the fifth-

generation network is advantaged, as in the case of Roma, in temperate locations. Concluding, the 

5GDHC system represents a suitable compromise between installation and operational costs.  
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