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A B S T R A C T   

District Heating and Cooling is considered an efficient solution to address the thermal energy demand of the 
building sector and reduce its environmental impact. In this paper, a 5th generation bidirectional heating/cooling 
network is designed and modelled. The network is coupled with water-to-water heat pumps, ground heat pumps 
and a photovoltaic field and is designed to meet the energy requirements of a 50-building district in the city of 
Leganés (Madrid). All components are modelled in TRNSYS 18. The studied network achieves a primary energy 
saving index of 64% and reduces the CO2 emissions by 76% relative to the current situation. The economic 
analysis of the system results in the relatively long payback period of 33 years, mainly due to the high costs of 
excavation and the installation of the heat pumps and pipes. With the current design, the photovoltaic field meets 
only 30% of the electricity demand of the district. However, additional energy storage could help align the power 
production with the actual power demand better and avoid grid balancing issues. The inclusion of other types of 
thermal energy consumers would also enhance the performance of the network by increasing the simultaneity 
between cooling and heating demands.   

1. Introduction 

With climate change affecting the way of living of people all over the 
world, worldwide Governments are trying to handle the issue imple
menting different (Tapia et al., 2017, Ye et al., 2021). The European 
Green Deal (EDG) aims to achieve net zero CO2 emissions by 2050 
(Comission, 2020). The building sector, specifically, is well known for its 
significant energy consumption and linked to approximately 40% of the 
total energy demand in Organisation for Economic Cooperation and 
Development (OECD) Countries (International Energy Agency - IEA 
2015). Approximately 50% of a building’s primary energy demand is 
associated with heating, ventilation and air conditioning (HVAC) sys
tems (Pérez-Lombard et al., 2008). The reduction of the energy con
sumption for space heating and cooling is thus crucial to reduce the 
environmental impact of the building sector. 

District Heating and Cooling (DHC) networks (von Rhein et al., 
2019) are considered a suitable, mature (Mahmoud et al., 2020) and 
environmentally-friendly solution to cover the thermal energy demand 
of the building sector (Rezaie and Rosen, 2012). A considerable 

advantage of DHC networks is the exploitation of low-temperature heat 
sources from: i) combined heat and power engines (CHP) (Karamanos, 
1997); ii) renewable energy sources (solar thermal (Tian et al., 2019, 
Calise et al., 2020, Calise et al., 2020) and geothermal energy (Car
otenuto et al., 2017)); heat pumps (HPs) fed by renewable electricity 
(photovoltaic (Calise et al., 2020, Calise et al., 2020) or wind (Sinha and 
Chandel, 2015)); iv) biomass energy (Hammar and Levihn, 2020); v) 
industrial waste heat (Dénarié et al., 2019). The primary energy con
sumption and CO2 emissions of DHC systems can be further reduced by 
improving the thermal performance of building envelopes (Arriazu-R
amos et al., 2021). Arriazu-Ramos et al. found an average increase of the 
indoor temperature, mainly in colder periods that additional significant 
energy and economic savings can be achieved when the system is with a 
suitable regulation system to prevent overheating. Space heating de
mand can be also be reduced by implementing a demand-supply opti
mization (Romanchenko et al., 2021). The positive effect of such a 
strategy can be further enhanced when suitable energy storage systems 
are included. Innovative seasonal storage has also be seen to increase the 
use of renewable thermal energy sources (Saloux and Candanedo, 2020). 
An example is reported by Todorov et al. (Todorov et al., 2020), 

* Corresponding author. 
E-mail address: francescoliberato.cappiello@unina.it (F.L. Cappiello).  

Contents lists available at ScienceDirect 

Sustainable Cities and Society 

journal homepage: www.elsevier.com/locate/scs 

https://doi.org/10.1016/j.scs.2021.103438 
Received 4 May 2021; Received in revised form 14 September 2021; Accepted 5 October 2021   

mailto:francescoliberato.cappiello@unina.it
www.sciencedirect.com/science/journal/22106707
https://www.elsevier.com/locate/scs
https://doi.org/10.1016/j.scs.2021.103438
https://doi.org/10.1016/j.scs.2021.103438
https://doi.org/10.1016/j.scs.2021.103438
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scs.2021.103438&domain=pdf


Sustainable Cities and Society 76 (2022) 103438

2

presenting an aquifer thermal storage coupled with groundwater HPs, 
operating in both heating and cooling modes. Energy planning is also 
crucial for implementing suitable strategies to reduce the energy con
sumption of DHC systems (Zajacs and Borodiņecs, 2019, Ivezic et al., 
2020). 

Today, DHC network design is dominated by 4th generation district 
heating (DH) networks that are well known for their reliability and 
maturity (Harney et al., 2020). The feeding temperature for a 4th gen
eration DH is around 50-60◦C (Harney et al., 2020). Numerous studies 
on 4th generation networks may be found in the literature (Lund et al., 
2021). For example, Ref. (Sameti and Haghighat, 2019) proposes a 
computational optimization model to design a 4th generation DH 
network in an under-construction Swiss residential district. This work 
proves that the use of a 4th DH network may lead to a 40% reduction of 
the total annualized district cost and a reduction of the equivalent CO2 
emissions by 17%, with respect to conventional technologies. Fabre et al 
(Fabre et al., 2018) presented a work on DH operation enhancement. 
They proved that the adoption of a triple-pipe configuration improves 
the performance of the network, leading to an increase of the renewable 

energy rate by 2-5%. Abokersh et al (Abokersh et al., 2020) studied a DH 
network coupled with solar-assisted HPs. They showed that the 
solar-assisted HPs led to an 80-83% reduction of the environmental 
impact, with respect to the conventional technologies. The operative 
cost of the proposed layout ranged between 59.1 €/MWh to 90.3 
€/MWh, depending on the control strategy the district followed. The 
integration of solar energy in district heating was also studied by Max
imov et al. (Maximov et al., 2021). They investigated a solar DH 
network, with seasonal thermal storage that provides space heating to 
the users. Dynamic simulations were used to estimate the 
time-dependent thermal energy demand. The model of the system 
(including solar collectors, storage, pumps, boilers, etc.) was developed 
in TRNSYS and an optimization algorithm was used to detect the 
cost-optimal configuration. Emissions were seen to reduce by 90 % with 
a capital cost increase of 20 %. Ref. (Xu et al., 2021) presented a new 
type of a two-supply/one-return, triple-pipe structure to enhance the 
performance of a DH network. The pipeline of this layout was studied 
using computational fluid dynamics, CFD and the simulations were 
performed with ANSYS. This work found that the linear total heat loss 

Nomenclature 

A area (m2) 
C specific cost-price (€/kWh or €/m2 or €/m or €/t) 
cp specific heat at constant pressure (kJ kg− 1 K− 1) 
EER energy efficiency ratio (-) 
G incident solar total radiation (W m− 2) 
Cinv capital cost (€) 
COP coefficient of performance (-) 
J energy purchasing/selling cost (€/kWh €/_Sm3) 
LHV lower Heating Value (kWh Sm− 3) 
ṁ mass flow rate (kg s− 1) 
mplant plant annual maintenance (%/year) 
mPV PV annual maintenance (%/year) 
Np number of people (-) 
Npar number of modules in parallel (-) 
Ns number of modules in series (-) 
NPV net present value (€) 
P electric power (kW) 
PE primary energy (kWh/year) 
PES primary energy saving (-) 
PI profit index 
Q̇ thermal power (kW) 
SPB simple pay back (years) 
T temperature (◦C) 
U overall heat transfer coefficient (W m− 2 K− 1) 
v velocity (m s− 1) 
V volume (m3) 
z depth (m) 

Greek Symbols 
Δ difference (-) 
ε long wave emissivity (-) 
η efficiency (-) 
ρ density (kg m− 3) 
ρs solar reflectance (-) 

Subscripts 
B referred to boiler 
backfill referred to backfill materials 
CB referred to condensing boiler 
cond condenser 
conv convective 

cool cooling energy 
cooling referred to cooling thermal flow rate/energy 
DHW domestic hot water 
DHC district heating cooling network 
district referred to electric energy demand of the residential 

district 
E energy 
el electric 
evap evaporator 
excavation referred to drilling/excavation 
feed referred to feeding flow 
fromGRID referred to electric energy withdrawn from national 

electric grid 
GHE ground heat exchanger 
GHP ground heat pumps 
H&C referred to heat pump for building space heating and 

cooling 
heat referred to heating energy 
heating referred to heating thermal flow rate/energy 
HP referred to heat pump 
in input/inlet 
LOAD electricity demand 
max maximum 
NG natural gas 
NR neutral ring 
out output/outlet 
PS referred to proposed system 
pump referred to hydronic pump 
PV referred to photovoltaic field 
return referred to return flow 
RS referred to reference system 
self referred to self-consumed electricity 
set setpoint 
SW source water 
t referred to the value of a parameter in time step 
th thermal 
toGRID referred to electricity sent to national grid 
Tk referred to tank 
user user 
UW user water 
5thDHC referred to the 5th generation district heating and cooling 

network  
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decreased from 24.13 W/m to 20.16 W/m when the distance between 
the two water-supply pipes was reduced from 0.114 m to 0.084 m. 
Finally, Ref. (Gu et al., 2019) analyzed the reduction of the electricity 
demand of the hydronic systems with variable speed pumps. 

Although several studies dealing with 4th generation DHC networks 
are found in literature, some critical aspects and limitations must be 
noted. In particular, one of the main disadvantages of such networks is 
that the energy generation is centralized and may thus reduce the 
network adaptability and efficiency (Abugabbara et al., 2020). With the 
aim to develop more efficient decentralized DHC networks, increasing 
attention has been paid to 5th generation networks in the past few years 
(Buffa et al., 2019), (von Rhein et al., 2019). 5th generation networks are 
based on a so called natural feeding temperature that may range be
tween -5◦C and 35◦C (Buffa et al., 2019). Given the relatively low 
feeding temperature, this kind of networks are have low conversion 
losses (Nielsen et al., 2021) and are suitable to be coupled with: i) very 
low temperature waste heat (data centers (Khosravi et al., 2021), metro 
stations (Sandvall et al., 2021), and wastewater treatment systems 
(Nielsen et al., 2020)). Such features can lead to a significant reduction 
of the primary energy consumption in residential districts (Allen et al., 
2020). 

The general definition of 5th generation districts includes several 
network configurations, namely: i) Cold District Heating Networks 
(Pellegrini and Bianchini, 2018) (in German Kalte Nahwärme (Wirtz 
et al., 2020)); ii) Bidirectional Low Temperature Networks (Bünning 
et al., 2018); iii) Anergy Networks (Eicker, 2018) (in German Anergie
netze (Wirtz et al., 2020)). Ref. (Sommer et al., 2020) developed a 
one-loop bidirectional low-temperature network, where a single loop 
acts as cold/hot sink, meeting the heating/cooling energy demand of 
several users. This layout exploited the water of the neutral ring for 
providing cooling energy. Despite its low complexity, this arrangement 
is not flexible from a thermodynamic balance point of view. Calixto et al. 
(Calixto et al., 2021) also modeled an existing neutral-temperature DH 
network in Ospitaletto (Italy). The system was equipped with decen
tralized HPs and industrial waste heat and aquifer wells at about 25◦C 
and 15◦C, respectively, were used as heat sources. The operation of the 
network over one year was modeled with both a detailed and an 
approximate model. In the detailed model the values of operating pa
rameters were calculated. The approximate model was focused on en
ergy balances aggregating all users with a lumped demand. The inputs of 
the models were the load profiles, while the main outputs were the 
energy balances and primary energy consumptions. Considering a 
reasonable agreement between both models, the seasonal performance 
factors of 4.2 (detailed model) and 4.5 (approximate model) were ob
tained (including the HPs and network pumping), with primary energy 
factors lower than 0.5. Ref. (Bilardo et al., 2021) proposed a one-loop 
bidirectional low temperature network. This layout was very similar 
to the one proposed in Ref. (Sommer et al., 2020), adopting, however, 
HPs to meet the cooling energy demand instead of coupling a heat 
exchanger with the neutral ring. However, despite the accuracy of the 
model this layout did not consider that the source side temperatures 
required by the HP in cooling and heating modes are usually not equal. 
This layout was thus less flexible than the one proposed in Ref. (Sommer 
et al., 2020). 

Ref. (Zarin Pass et al., 2018) presented the environmental benefits of 
the adoption of 5th generation DHC networks, assessing that 
high-density districts result in less exergy destruction when compared to 
low density ones. High-density districts achieve exergy distribution 
losses of 0.18 kJ/kJ-load, while low-density districts result in a value of 
0.3. Ref. (Revesz et al., 2020) proposed a novel concept of a smart en
ergy grid based on a 5th generation DHC network and electric mobility. 
In particular, the authors of this paper developed a smart control 
strategy, expected to better exploit the renewable energy sources for 
reducing the environmental impact of this smart energy grid. The pro
posed solution reduced the carbon emissions of the district and of pri
vate mobility by 80%. Moreover, Wahlroos et al. (Wahlroos et al., 2017) 

studied the use of waste heat of a data center as a suitable source for 5th 

generation DHC networks, showing promising results. Ref. (Wirtz et al., 
2021) carried out an optimization analysis to detect the cost-optimal 
network temperature. This work assessed that a mixed-integer linear 
program is a suitable control tool to optimally manage the operation of a 
5th generation DHC network. 

Millar et al. (Millar et al., 2021) presented an analysis for deter
mining the operational, economic and carbon benefits of energy-sharing 
networks driven by HPs for an urban district. The Integrated Energy 
System Virtual Environment software was used to generate the heating, 
cooling and hot water loads of the urban district. The obtained loads 
were used in a multi-objective Mixed Integer Linear Programming 
optimization method to produce operational curves with minimum costs 
and emissions for a pool of delocalized HPs. The developed analysis also 
allowed the identification of buildings performing better when coupled 
to thermal-energy sharing. The main result was that energy sharing may 
be enhanced with thermal storage, due to the generally poor simulta
neity of heating and cooling demands. In fact, the simulated scenarios 
with thermal storage showed up to 82% shared energy utilization, 
compared to the scenarios without thermal storage that resulted in 40% 
shared energy utilization. They also showed that the Levelised Cost of 
Energy and carbon emissions may be reduced by 69% and 13%, 
respectively, with energy sharing networks when compared to electri
fied non-shared energy systems. 

As mentioned before, a 5th generation DHC network may use the 
ground as a thermal energy source, by means of ground heat pumpts 
(GHP). The exploitation of low enthalpy geothermal energy has been 
proven to achieve significant primary energy savings in the building 
sector (Chen et al., 2021). In particular, a GHP, which consists of a 
water-to-water HP coupled with a ground heat exchanger (Yang and 
Lee, 2020), is a suitable device for addressing a building’s thermal en
ergy demand with low energy and environmental impact (Han et al., 
2021). Zhou et al (Zhou et al., 2020) analyzed several aspects of resi
dential GHPs. However, they pointed out that this technology was still 
very expensive when compared to conventional air-cooled HPs. Drilling 
and piping costs represent the major share of the investment cost of GHP 
plants. In Ref. (Zhou et al., 2020), a drilling cost of 8-15 €/m was esti
mated. Ref. (Aditya et al., 2020) proves the high capital and operating 
cost of such a GHP plant and the authors tried to detect hybrid solutions 
to reduce its operating cost. This work proposed the concept of hybrid 
GHP. In a hybrid GHP, a conventional GHP provides the base thermal 
load, while the peaks of the thermal load are met by conventional 
technologies. 

In Table 1 a comparison between the work presented in this paper 
and other relevant studies found in literature is shown. 

This literature review pointed out the growing interest on 5th gen
eration DHC networks. However, despite this high interest in 5th gen
eration DHC networks, several points remain unknown and require 
further consideration. A very limited number of works analyze the en
ergy performance of such networks, using a detailed approach and based 
on dynamic simulations. In addition, there is currently no study in 
literature that analyzes a 5th generation DHC network, based on bidi
rectional loops, photovoltaic collectors, and GHPs dynamically. 
Furthermore, designers of 5th generation DHC networks need suitable 
energy and economic simulation tools, to select the best layout config
uration and the optimal values of both design and operating variables. 
To the best of the authors’ knowledge, there is currently no design 
guidelines published in literature (Wirtz et al., 2020, Ruesch and Evins, 
2014). 

The present study aims to address the mentioned knowledge gaps 
and present the dynamic modeling and evaluation of a 5th generation 
bidirectional low-temperature DHC network, coupling GHPs and a 
photovoltaic field. The studied network includes a warm and a cold ring 
and constitutes one of the most promising configurations for DHC net
works (Wirtz et al., 2020). The proposed layout is selected mainly 
because HPs, operating in cooling/heating modes, show different rated 
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source/load operating temperatures, according to manufacturer data. 
Therefore, the HPs balancing the rings and the HPs installed on the user 
side may operate with higher coefficient of performance. This arrange
ment is less simple and more expensive but, at the same time more 
flexible than the one-loop bidirectional low-temperature network stud
ied in (Calixto et al., 2021). Furthermore, the network proposed here is 
more effective than one-loop bidirectional low-temperature networks 
with HPs (e.g., network in (Zarin Pass et al., 2018)), in handling sharp 
variation of the users load. 

In summary, the main novelties, and strengths of the present work 
are the following:  

• Detailed characterization of the residential district of Leganes 
(Madrid, Spain) and careful assessment of the dynamic thermal en
ergy and power demand. The evaluation of detailed time-dependent 
energy demands is crucial to achieve reliable and accurate simula
tion results.  

• Development of a dynamic simulation tool for a 5th generation DHC 
network for the selected residential district, based on bidirectional 
loops.  

• Dynamic analysis of the integration of water-to-water GHPs and 
photovoltaic collectors in the proposed 5th generation DHC network.  

• Dynamic analysis of the thermal energy and power performance of 
the proposed renewable 5th generation DHC network.  

• Economic analysis of the proposed renewable network. 
• Development of guidelines for the proposed renewable 5th genera

tion DHC. 

2. System Layout 

Fig. 1 presents the layout of the 5th generation district heating 
cooling network developed in this work. The system is based on two 
main neutral rings with HPs designed to meet the space heating/cooling 
and domestic hot water demand of the selected residential district. As 
mentioned, the network has a double-ring bidirectional arrangement, 
considered one of the most promising configurations for these types of 

Table 1 
Content comparison of reviewed papers in literature with this work.  

Reference DH/DHC network 5th generation DHC network Dynamic modeling Bidirectional loop Ground heat pumps Other heat pumps 

Present paper X X X X X X 
(Arriazu-Ramos et al., 2021) X - - - - - 
(Romanchenko et al., 2021) X - X - - X 

(Saloux and Candanedo, 2020) X - X - - - 
(Todorov et al., 2020) X - - - X - 

(Zajacs and Borodiņecs, 2019) X - X - - - 
(Ivezic et al., 2020) X - - - - X 

(Harney et al., 2020) X - - - - - 
(Sameti and Haghighat, 2019) X - - - - - 

(Fabre et al., 2018) X - X - - - 
(Abokersh et al., 2020) X - X - X - 
(Maximov et al., 2021) X - X - - - 

(Xu et al., 2021) X - - X - - 
(Gu et al., 2019) X - - - - - 

(Khosravi et al., 2021) X - - - - X 
(Sandvall et al., 2021) X - X - - X 
(Nielsen et al., 2020) X - X - - X 
(Allen et al., 2020) - X - X - X 
(Wirtz et al., 2020) - X X X - X 

(Bünning et al., 2018) X - X X - X 
(Sommer et al., 2020) X - X X - X 
(Calixto et al., 2021) X - X - X - 
(Bilardo et al., 2021) - X X X - X 

(Zarin Pass et al., 2018) - X X X - X 
(Revesz et al., 2020) - X - X X - 

(Wahlroos et al., 2017) - X X - - X 
(Wirtz et al., 2021) - X X X - X  

Fig. 1. 5th generation DHC network based on ground heat pumps.  
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applications. In addition, it is equipped with a PV field (2.51 MW peak 
power) that supplies part of the electricity of the district, demanded by 
electrical appliances in the buildings and the pumps and HPs of the DHC 
network. 

Neutral Ring 1 (NR1) supplies heat to the evaporators of the HPs for 
domestic hot water (HPs-DHW) and for building space heating (HPs- 
H&C). According to available literature, the temperature of this ring 
(TNR1) ranges between 15.5◦C and 19◦C (Fig. 2). The temperature of 
NR1 is kept within this range with thermal energy provided to a HP 
condenser water loop (GHPCW) by a group of 4 ground HPs (GHP1s in 
Fig. 1) of 1.25 MWth/HP. When the TNR1 decreases below 15.5◦C, pump 
P1 is turned on, allowing the GHP1s to supply thermal energy to NR1 
until the TNR1 reaches the set point temperature of 19◦C (Fig. 2). The 
water-to-water HPs of GHP1s exchange thermal energy with the ground 
through a ground heat exchanger water loop 1 (GHEW1). GHEW1 in
cludes the water flowing from the evaporators of GHP1s to the ground 
heat exchanger GHE1. When GHP1s are in operation, pump PG1 is 
activated allowing heat exchange between GHEW1 and the ground. The 
ground is a very performing “hot energy source”, with a rather stable and 
higher temperature with respect to the outdoor air temperature. This 
selection is expected thus to increase the COP of the GHP1s, compared to 
a conventional air-to-water HP. 

Neutral Ring 2 (NR2) is designed to provide cooling energy to the 
condensers of the HPs-H&C, operating in cooling mode. The tempera
ture (TNR2) of NR2 ranges between 20◦C and 23.5◦C (Fig. 2). NR2 is 
cooled by a group of 2 ground HPs (GHP2s) of a rated capacity of 1.14 
MWth/HP. GHP2s operate thus in cooling mode, reducing the temper
ature of NR2 (Fig. 2). The GHP evaporator water loop (GHPEWL) in
cludes the water flowing between NR2 and the evaporators of GHP2s. 
When GHP2s are in operation, pump P2 is turned on, supplying water 
from NR2 to the evaporators of GHP2s. The water-to-water GHP2s use 
the ground as a cold energy source and reject heat to the ground by 
means of the ground heat exchanger water loop 2 (GHEW2). GHEW2 
consists of the water flowing from the GHP2s condensers to the heat 
exchanger GHE2, where the heat exchange takes place. When GHP2s are 
in operation, pump PG2 is switched on, pumping GHEW2 water from 
GHE2 to the condensers of GHP2s. The COP of GHP2s is expected to be 
enhanced relative to a conventional air-to-water HP operating in cooling 
mode, since the ground is at an averagely constant and lower temper
ature with respect to the outdoor air temperature in the summer. 

The HPs-DHW loop includes evaporators driven by a group of 4 HPs 

supplied by the water delivered from NR1. The user domestic hot water 
loop (UDHW) consists of the water delivered to the building from the 
HPs to match the demand for domestic hot water. The domestic hot 
water (DHW) exploited by the users is then generated by means of a heat 
exchanger. 

UDHWL consists of 4 branches. The operating temperature of the 
UDHW (TUDHW) ranges from 46◦C to 55◦C (Fig. 3). When the tempera
ture of UDHW falls below 46◦C, the HPs-DHW are activated. Pump P3 is 
switched on to deliver the water of NR1 to the HPs-DHW, which supply 
thermal energy to UDHW, until the TUDHW reaches 46◦C. When HPs- 
DHW are in operation, P6 is also turned on. Conversely, when there is 
some thermal demand for DHW, the pump PDWHi is activated, allowing 
the branches of UDHW to meet the DHW demand. 

The HP H&C loop consists of 4 main branches and includes the water 
loop delivering thermal energy from NR1 to 4 HPs-H&C of 1.25 MWth, 
operating in heating mode. The thermal demand for building space 
heating of the buildings of the district is met by the H&C water loop 
(UHCW). The temperature of this loop (TUHCW) in heating mode oper
ation is designed for ranging from 42◦C to 50◦C (Fig. 4). When the 
temperature of UHCW (TUHCW) drops below 42◦C, the HPs-H&C are 
activated, until TUHCW rises above 50◦C (Fig. 4). Pump P2 is switched on 
to allow NR1 water to provide thermal energy to the evaporators of the 
HPs-H&C. At the same time, pump P7 is activated to discharge the heat 
produced by HPs-H&C to the UHCW. These branches exchange heat 
with substations in the buildings that then feed fan coils in the apart
ments. During the summer period, HPs-H&C operate in cooling mode, 
and the HPs-H&C are fed water from NR2. The temperature in this case 
ranges from 10◦C to 15◦C (Fig. 4). Thus, when the TUHCW rises over 15◦C, 
HPs-H&C are activated, cooling UHCW. Pump P5 is also activated to 
allow NR2 water to flow to the condensers of HPs-H&C. HPs-H&C are 
turned off when the TUHCW gets below 10◦C. When there is some thermal 
demand for building space heating and cooling, pump PH&Ci is acti
vated. This allows water to flow into the buildings to meet the thermal 
demand. 

During the summer period, when there is both heating and cooling 
demand, heat exchanger M-HE allows heat exchange between NR1 and 
NR2. Thermal energy is transferred from NR2 to NR1, limiting the 
operation – and the primary energy consumption – of the ground source 
HPs. M-HE may allow to partly heat NR1, using NR2, simultaneously 
cooling NR2. This process is thus expected to enhance the thermal en
ergy performance of the overall system. 

Fig. 2. Neutral Ring 1 (NR1) and Neutral Ring 2 (NR2) control strategy.  
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Lastly, the plant is equipped with a 2.51 MWe PV field. The power 
produced by the PV field is delivered to the district for meeting of its 
power demand. The district load consists of i) the power demand for the 
electrical appliances in the apartments, ii) the power delivered to 
auxiliary devices of the hydronic systems, and iii) the power delivered to 
the HPs of the 5th generation DHC network. 

3. System model 

The models of the proposed 5th generation DHC and the residential 
district are developed in TRNSYS 18. TRNSYS comes with a large library 
of components and is widely employed for the evaluation of the dynamic 
energy performance of solar systems (Buonomano et al., 2013) and the 
simulation of building energy demand (Calise, 2010). This software al
lows simulations of real-time operation for a representative year, based 
on weather data of the Meteonorm database. 

The present paper includes detailed models for several components: 
building, HPs, controllers, diverters, mixers, pumps, ground heat ex
changers, heat exchangers, pipes, PV panels, inverter, etc. Type 94 
models the photovoltaic panels, consisting of poly-crystalline/ 
crystalline silicon cells (a complete description of the model is pro
vided in Ref. (Calise et al., 2019)). The buildings of the district are 
modelled with the Google SketchUp TRNSYS3d plug-in (Murray et al., 
2009). The 3-D model of the buildings are exported to TRNSYS 18 with 
library Type 56. Type 56 carefully simulates the building dynamic en
ergy performance, considering: i) the envelope thermophysical pro
prieties; ii) the effect that the environment has on the building, i.e., 

ambient temperature, humidity, solar obstruction, and solar radiation; 
iii) the building 3-D geometry; and iv) the indoor heat gain. This model 
is considered a reference for the dynamic simulation of buildings and it 
is often used for the code-to-code validation of user-developed simula
tion models (Buonomano et al., 2016). Type 556 models the ground heat 
exchanger based on the Oak Ridge National Labs model (Mei, 1986). 
This model carefully simulates the heat exchange between the ground 
and the pipe. In particular, the following main assumptions are 
considered: i) the heat transfer takes place only along the circumferen
tial path and ii) the heat transfer does not occur along the axis of the 
pipe. Further details about this model are provided in Ref. (Calise et al., 
2020). Table 2 summarizes the main TRNSYS libraries employed in the 
5th generation DHC network layout developed in this paper. 

Fig. 3. HPs-DHW operating strategy.  

Fig. 4. HP H&C operating strategies.  

Table 2 
Summary of main components.  

Library Description Reference 

Type 56 Building Model (Buonomano et al., 2016) 
Type 927 Water-to-Water heat pump present manuscript 
Type 94 Photovoltaic panels (Calise et al., 2019) 
Type 21 Hydronic pumps (Calise, 2010, Lu et al., 2021) 
Type 647 Diverter manifold (Klein et al., 2006, TRNSYS ) 
Type 649 Mixer manifold (Klein et al., 2006, TRNSYS ) 
Type 69 Diverter (Klein et al., 2006, TRNSYS ) 
Type 62 Mixer (Klein et al., 2006, TRNSYS ) 
Type 64 Cross flow heat exchanger (Calise, 2010) 
Type 556 Ground heat exchanger (Calise et al., 2020) 
Type 31 Pipeline (Calise, 2010, Lu et al., 2021)  
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3.1. Heat Pump model 

Type 927 describes the performance of an electrically driven single- 
stage water-to-water HP and adopts the normalized catalogue data look- 
up approach (Handbook, 1996, ASHRAE, 2005). Therefore, the dynamic 
balances of type 927 are based on performance data maps provided by 
the manufacturer of the HP. 

The HP instantaneous coefficient of performance (COP) in heating 
mode is evaluated as: 

COPi =
Pth,heating ,i

Pel,heating ,i
(1) 

Where, Pth,heating is the thermal energy instantaneously discharged by 
the HP to the user water (UW), that is the water delivered to the users, 
and Pel,heating is the power instantaneously used by the HP. 

The thermal energy withdrawn from the source fluid is evaluated 
with Eq. (2) 

Pth,fromSW = Pth,heating ,i − Pel,heating ,i (2) 

Where, Pth,fromSW is the thermal energy, i.e., the heat, withdrawn 
from the water source (SW). 

Finally, the temperatures of the source and user water are evaluated. 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

TSW,out,i = TSW,in ,i −
Pth,fromSW ,i

ṁSW,icpSW

TUW,out,i = TUW,in ,i +
Pth,heating

ṁUW,icpUW

(3) 

Where, TSW,out and TSW,in are the temperatures of the water exiting 
and entering the HP, respectively, ṁSW,iis the water flow rate of the 
source, cpSW is the specific heat of SW, TUW,out and TUW,in are the tem
peratures of the water exiting and entering the HP, respectively, ṁUW,iis 
the water flow rate to the user, and cpUW is the specific heat of UW. 

The COP of the HP operating in cooling mode is estimated as follows: 

COPi =
Pth,cooling ,i

Pel,cooling ,i
(4) 

Where, Pth,cooling is the cooling thermal energy provided by the HP, i. 
e., the thermal energy withdrawn from the user water, and Pel,cooling is 
the power absorbed by the HP. 

The thermal energy discharged to the source water flow is evaluated 
as follows: 

Pth,toSW = Pth,cooling ,i + Pel,cooling ,i (5) 

Where, Pth,toSW is the thermal energy discharged to SW. 
In conclusion, the temperatures of UW and SW are evaluated as 

follows: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

TSW,out,i = TSW,in ,i +
Pth,toW ,i

ṁSW,icpSW

TUW,out,i = TUW,in ,i −
Pth,cooling

ṁUW,icpUW

(6)  

3.2. Thermoeconomic model 

The energy performance of the residential district and of the pro
posed renewable 5th generation DHC network are assessed through the 
primary energy (PE) demand of the district and the primary energy 
saving index (PES). 

The primary energy of the reference system (RS), i.e., the residential 
district, is evaluated as follows: 

PERS =
∑

t

[(

Eel,LOAD +
Eth,cool

COPn

)
1
ηel

+

(
Eth,heat

ηB
+

Eth,DHW

ηB

)]

t
(7) 

Where, Eel,LOAD is the total electricity demand and Eth,heat/Eth,cool is 
the annual thermal energy demand for space heating/cooling. Table 3 
displays the remaining terms of this equation. 

The primary energy PE of the proposed system is evaluated according 
to the following equation: 

PEPS =
∑

t

[
(
Eel,fromGRID − Eel,toGRID

) 1
ηel

]

t
(8) 

Where, Eel,fromGRID and Eel,toGRID are the electricity withdrawn and 
delivered to grid, respectively. 

In conclusion the PES index is evaluated with Eq. (9). 

PESPS =
PERS − PEPS

PERS
(9) 

To evaluate the performance of the 5th generation DHC, the 
following energy saving index is also evaluated: 

PES5thDHC =

(
Eel,HPs + Eel,pumps

)
1/ηel(

Eth,heat
ηB

+
Eth,DHW

ηB

)

+ 1
ηel

Eth,cool
COPn

(10) 

Where, Eel,HPs is the electricity delivered to all of the HPs, and Eel,pumps 
is the electricity demand of all the auxiliary hydronic systems, i.e., 

Table 3 
Thermoeconomic and environmental assumptions.  

Parameter Description Value Unit 

CPV PV unit capital cost per 
kWel 

1000 (Buonomano 
et al., 2018) 

€/kWel 

Cpump 240 
m3/h 

Cost of the Salmson 240 
m3/h pump 

3.02 (SALMSON 
2019) 

k€/ 
pump 

150 
m3/h 

Cost of the Salmson 150 
m3/h pump 

6.09 (SALMSON 
2019) 

k€/ 
pump 

110 
m3/h 

Cost of the Salmson 110 
m3/h pump 

0.73 (SALMSON 
2019) 

k€/ 
pump 

100 
m3/h 

Cost of the Salmson 240 
m3/h pump 

4.66 (SALMSON 
2019) 

k€/ 
pump 

100 
m3/h 

Cost of the Salmson 150 
m3/h pump 

4.48 (SALMSON 
2019) 

k€/ 
pump 

Cpiping Cost of piping for 
district heating network 

33 (Piemonte, 
2018) 

€/m 

CHP Cost of HP 150 (Calise et al., 
2020, Aermec 

2020) 

€/kW 

cexcavation Excavation cost 5 (Piemonte, 2018) €/m3 

cHFPE, 

pipe 

rGHE =

0.100 m 

Specific linear cost for 
HDPE pipe 

12.80 ( 
GIORDANO, i. 

2020) 

€/m 

rGHE =

0.080 m 

8.29 (GIORDANO, 
i. 2020) 

cbackfill Cost for backfill 
material (sand) 

14.45 (Calise et al., 
2020) 

t/€ 

Jel,fromGRID Electricity purchasing 
unit cost 

0.223 €/kWh 

Jel,toGRID Electricity selling unit 
cost 

0.05 €/kWh 

JNG Natural gas unit cost 0.689 €/Sm3 

mPV PV maintenance annual 
cost 

1 %/year 

mplant Plant maintenance 
annual cost 

0.5 %/year 

LHVNG Natural gas lower 
heating value 

9.59 kWh/ 
Sm3 

ηel Conventional thermo- 
electric power plant 

efficiency 

49.8 % 

ηB Natural gas boiler 75.0 % 
FNG Equivalent CO2 

emissions for coefficient 
for natural gas 

0.190 (Calise et al., 
2020) 

kgCO2/ 
kWhPE 

Fel Equivalent CO2 

emissions for coefficient 
for electricity 

0.182 (Neymark 
and Judkoff, 2008) 

kgCO2/ 
kWhel  
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pumps. 
The annual operating cost (C) of the residential district is evaluated 

as follows: 

CRS =
∑

t

[(

Eel,LOAD +
Eth,cool

COPn

)

Jel,fromGRID + JNG

(
Eth,heat

ηB
+

Eth,DHW

ηB

)/

LHV
]

t

(11) 

Where, Jel,fromGRID is the purchasing cost of electricity and JNG is the 
cost of natural gas. 

The operative cost of the proposed system also considers the plant 
maintenance (mplant) and the selling cost of electricity (Jel,toGRID), shown 
in Table 3. 

CPS =
∑

t

[
Eel,fromGRIDJel,fromGRID − Eel,toGRIDJel,toGRID + mplant

]

t (12) 

The annual savings (ΔCPS) are evaluated as follows: 

ΔCPS =
CRS − CPS

CRS
(13) 

The capital cost (Cinv) depends on the proposed layout: 

Cinv = CHP + CPV + Cpumps + Cpiping + CGHE (14) 

CGHE represents the capital cost of the ground heat exchanger, 
evaluated with Eq. (15). 

CGHE = cexcavation⋅AGHE + clenght⋅lGHE + cbackfill⋅Vbackfill⋅ρbackfill (15) 

Table 3 and Table 4 summarize the main terms adopted in this 
equation. 

The simple payback period (SPB), the net present value (NPV) and 

the profit index (PI) are calculated to assess the economic performance 
of the developed 5th generation DHC network. 

The environmental analysis is carried out according to the following 
equations. 

CO2RS =
∑

t

[(

Eel,LOAD +
Eth,cool

COPn

)

Fel +

(
Eth,heat

ηB
+

Eth,DHW

ηB

)

FNG

]

t

CO2PS =
∑

t

[(
Eel,fromGRID − Eel,toGRID

)
Fel

]

t

ΔCO2,PS =
CO2RS − CO2PS

CO2RS

(16) 

Table 3 presents the main terms of this equation. 
The effect of the heat exchange between NR1 and NR2 on the per

formance of the overall DHC network is evaluated with Eq. (17). 

RHPH&C =
Eth,M− HE

Eth,fromHPH&C

RHPDHW =
Eth,M− HE

Eth,toHPDHW

(17) 

Eth,M-HE is the thermal energy transferred to NR1 from NR2 with M- 
HE, Eth,toHPDHW represents the thermal energy supplied to the evapora
tors of HPs-DHW, and Eth,fromHPH&C represents the thermal energy dis
charged from the condenser of the HPs-H&C operating in cooling mode. 

Finally, the demand overlap coefficient (DOC) is evaluated (Wirtz 
et al., 2020): 

Φ =

2⋅
∑

t
min

(
Pth,Heat,t,Pth,Cool,t

)

∑

t

(
Pth,Heat,t + Pth,Cool,t

) (18) 

Where, Pth,Heat,t is the total heating energy demand, including the 
heat demand for building space heating and DHW, while Pth,Cool,t is the 
cooling energy demand. 

4. Case study 

A small district of the city of Leganes (Madrid, central Spain) is 
selected. The district includes 50 buildings and 2490 inhabitants. The 
approach reported in Ref (Calise et al., 2020) is adopted to estimate the 
thermal and electricity demand of the district. 

Four representative buildings (Fig. 5, Table 5 and Table 6) are 
considered for describing the district. The selection of these types of 
buildings is based on available literature and inspection of the consid
ered residential district. In addition, three types of representative users 
are selected, namely family of four people (FAM), old people (OP), and 
young people (YP). Based on a statistical report about Leganes (Instituto 
Nacional de Estadística , Leganes ayuntamient ), the population of the 
district has been defined as: i) 64% FAM; ii) 20% couples of OP and iii) 
16% four YP living alone, according. Table 5 displays the distribution of 
each user type for each type of building and Table 6 shows the main 
features of each type of building selected. 

According to the approach reported in Ref. (Calise et al., 2020), heat 
gain evaluation is a key issue for correctly assessing the thermal energy 
demand of a district. To model this, each apartment is carefully char
acterized by defining the occupation of the people inside the apartment 
(Fig. 6), the electrical appliances installed in each apartment (Table 7), 
and a usage strategy of these electrical devices (Fig. 7). 

The buildings of the RS are built between 1950 and 1970, they are 
made of brick and are poorly insulated thermally (Casquero-Modrego 
and Goñi-Modrego, 2019). Table 8 summarizes the thermophysical 
characteristic of the selected buildings. The domestic hot water demand 
is estimated based on the regulation UNI-EN-ISO-13790 (Maximov et al., 
2021). The heating period is from September 16th to April 30th, while the 
cooling period is between May 1st and September 15th (Leganes ayun
tamient ) (Table 6). The set point temperature for the heating period 

Table 4 
Ground heat exchanger characteristics (Calise et al., 2020).  

Component Parameter Description Value Unit 

GHE1 lGHE Ground heat 
exchanger length 

m 200000 

rGHE Ground heat 
exchanger radius 

m 0.100 

AGHE Ground heat 
exchanger area 

km2 0.123 

Vbackfill Backfill material 
volume 

m3 5315 

hconv Flow convection 
coefficient 

W/(K 
m2) 

900 

zmax Max depth m 9 
GHE2 lGHE Ground heat 

exchanger length 
m 100000 

rGHE Ground heat 
exchanger radius 

m 0.083 

AGHE Ground heat 
exchanger area 

km2 0.057 

Vbackfill Backfill material 
volume 

m3 4298 

hconv Flow convection 
coefficient 

W/(K 
m2) 

900 

zmax Max depth m 9 
HDPE kHDEP Thermal conductivity W/(m 

K) 
0.49 

ρ Density of the material kg/m3 965 
cp Specific heat of the 

material 
J/(kg 

K) 
2.25 

ε Roughness mm 0.3 
Sand (backfill 

material) 
kbackfill Thermal conductivity W/(m 

K) 
1.5 

ρbackfill Density of the material kg/m3 1500 
cp,backfill Specific heat of the 

material 
J/(kg 

K) 
1798 

Clay (ground) kground Thermal conductivity W/(m 
K) 

0.862 

ρground Density of the material kg/m3 1430 
cp,backfill Specific heat of the 

material 
J/(kg 

K) 
1439  
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(Tset,heating) is assumed equal to 20◦ and for the cooling period (Tset,cooling) 
is assumed equal to 26◦C. The power demand of the district is met by the 
electric national grid. The building space heating and domestic hot 
water demand is matched by natural gas fired conventional boilers, with 
a rated efficiency (ηB) of 0.75. The space cooling demand is met with 
electrically driven air-to-air HPs. 

The proposed system (PS) includes the proposed 5th generation dis
trict is based on 14 HWFG6214 AERMEC (Aermec 2020) HPs (Table 9). 
A certain amount of the power demand of the district is met by a 16090 
m2 PV field. GHE1 consists of a of 200,000 m length piping made of 

high-density polyurethane (HDPE), with an overall area of 0.123 km2. 
These pipes are buried at a depth of 9 m. This depth was selected because 
it is characterized by a more stable ground temperature. In addition, the 
ground temperature at 9 m depth is suitable for operating the HPs 
evaporator within the required design range. GHE2 consists of a 100,000 
m HDPE piping system, with an overall area of 0.057 km2, also installed 
at a depth of 9 m. The ground is assumed to be clay and a backfill ma
terial (sand) is assumed to be installed between the pipes and the 
ground. 

5. Results 

The used simulation tool returns a large amount of results of the 
operation of the developed system for an entire representative year. The 
generated dynamic plots allow the detailed analysis and correct evalu
ation of the operation of the system and the optimization of the system 
control strategies. These results can also be evaluated on different time 
scales. In the following, the results are presented and discussed on a 
daily, monthly, and annual scale. 

5.1. Daily Results 

Fig. 8 summarizes the energy performance of the HPs matching the 
thermal demand of the district for building space heating. The COP of 
the HPs operating in heating mode ranges between 5.00 and 4.70. These 
are remarkably higher values compared to COP of conventional air-to- 
water HPs and higher than the rated COP of the HPs, i.e., 4.67, see 
Table 9. This is achieved mainly with the relatively high feeding tem
perature (Tfeed,NR1) of the NR1 on the source side of the HPs, i.e., the 
evaporator side. In particular, the feeding temperature ranges between 
15.5◦C and 19◦C. Therefore, the HPs may operate at an evaporation 
temperature much higher than that of conventional air-to-water HPs. It 
is well known, from thermodynamics, that the higher the evaporation 
temperature, the higher the COP and the lower the electricity demand. 
Fig. 8 shows that the trend of the COP of the HPs is strictly linked to the 
temperature of NR1 (Tfeed,NR1) that in turn affects the evaporation 
temperature of the HPs. For example, from 06:50 to 08:35 am the COP 
shows a decreasing trend, mainly due to the decrease of Tfeed,NR1 from 
19◦C to 15.5◦C. However, the COP also decreases for higher values of the 
condensation temperature. From 08:30 am, the COP continues to 

Fig. 5. Building geometric 3D model.  

Table 5 
Occupation assumptions of the different building types in the district.  

Type of Building Number of buildings 
Family Old people Young people 

A 8 2 2 
B 8 2 - 
C 8 3 4 
D 8 3 2  

Table 6 
Building simulation assumptions.  

Geometric Features A B C D 

Height [m] 15.5 17 15 16 
Volume [m3] 5890 12426 3750 1934 

Floor area [m2] 380 804 250 512 
Number of planes [-] 5 5 4 5 

Number of apartments for floor [-] 4 8 3 5 
Apartment area [m2] 80 90 70 92 

Glass area [m2] 192 540 136 262 
Heating and cooling season  Heating: Tset = 20◦C 

16th September-30th April 
Cooling: Tset,residential = 27◦C & Tset, 

commercial = 26◦C 
1st May-15th September 

Occupancy schedule Fig. 6 
Daily power load [kW] Fig. 7 

Air infiltration rate [vol/h] 0.6 
Average daily DHW demand [m3/day] 200 

DHW set point temperature [◦C] 45  
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decrease due to the increase of the temperature of the user H&C water 
loop and although Tfeed,NR1 begins to increase. This trend is also observed 
the rest of the day for the same reasons. 

Finally, the maximum thermal energy provided by HPs-H&C (Pth,HPs- 

H&C) is found at 07:50 am, when all of the HPs are simultaneously 
activated and Pth,HPs-H&C is equal to 6310 kW. 

A similar trend is also detected for the HPs-H&C summer operation 
(Fig. 9). The 5th generation DHC network here allows the HPs-H&C to 
operate with COP between 5.85 and 6.65, values significantly higher 
than those of a conventional air-to-water HP operating in cooling mode. 
Similar to the winter case, this result is achieved with the lower 
condensation temperature with NR2 operating from 19◦C to 23◦C. It is 

Fig. 6. Winter (above) and summer (below) scheduling of each kind of user for a single apartment: family (FAM), old people (OP) and young people (YP).  

Table 7 
Assumptions on the consumption and heat gain of electrical devices in the dis
trict (E. Air-Conditioning 1993).  

Devices Average 
power [kW] 

Heat Gain 
[kW] 

Radiative 
part [%] 

Convective 
part [%] 

Fridge 0.040 0.040 0 100 
Dishwasher 1.820 0.364 51 34 

Bakery 0.870 0.522 14 49 
Cooking plane 1.500 0.900 24 16 

TV 0.240 0.240 40 60 
PC 3.5 GHz 

processor 
16 GB ram 

0.090 0.090 10 90 

Laptop 0.059 0.059 25 75 
Washing 
machine 

1270 0.254 40 60  

Fig. 7. Electricity load for each type of user: family (FAM), young people (YP) and old people (OP).  

Table 8 
Envelope features of each type of building.  

Building element Building A & B & C & D 
U-value [W/m2K] Thickness [m] ρs [–] ε [–] 

Roof 0.949 0.270 0.4 0.9 
Façades 1.202-1.258 0.330-0.350 

Ground floor 1.115 0.400 
Adjacent ceiling 1.753 0.290 
Windows glass 2.89 0.004/0.016/0.004 0.13 0.18  
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well known that in cooling mode the COP increases for higher evapo
ration and lower condensation temperatures. From 06:00 to 07:06 am, 
the COP decreases from 6.61 to 5.85 because the Tfeed,NR2 increases from 
20◦C to 24◦C. When TNR2 reaches the threshold value of 24◦C, according 
to the control strategy of NR2, GHP2s are activated. When Tfeed,NR2 de
creases to 20.5◦C, from 07.06 to 08:15, the COP increases from 5.85 to 
6.33. Despite the fact that Tfeed,NR2 decreases further, when it reaches 
20◦C the COP of the HPs-H&C begins to decrease, due to the decrease of 
users’ H&C water loop temperature. 

An increase of heating and cooling COPs reduces the electricity de
mand of the HPs. However, the overall balance must also consider the 
energy demanded by the GHPs. Fig. 10 shows that the heat exchange 
with the ground in GHP1s and GHP2s significantly enhances the per
formance of the HPs both during summer and winter operation. Spe
cifically, the COP of GHP1s ranges between 4.81 and 5.02, values higher 
than those achieved with a conventional air-to-water HP. This can be 
attributed to the higher and more stable source temperature of the 
ground, compared to the air temperature. GHP2s results in a similar 
performance with its COP ranging between 7.20 and 7.50. 

Fig. 11 shows the power on two representative winter and summer 
days. The photovoltaic power production (Pel,PV) is related to the solar 
availability and becomes maximum at midday, with a peak of 2051 kW 
in winter and 2271 in summer. The power demand (Pel,LOAD), on the 
other hand, is strongly affected by the occupancy scheduling of the 
buildings. The electricity demand increases in the afternoon and evening 
when most inhabitants of the district are home and use their electrical 
appliances. At that time HPs-H&C/HPs-DHW are in operation for 
meeting the required space H&C demand. Pel,LOAD includes the power 
delivered to the GHPs, the HPs-H&C and HPs-DHW, the auxiliary hy
dronic systems (i.e. pumps), lights, and the electrical appliances of the 
apartments. During a typical winter day, most of the electricity required 
by the district is taken from the grid. At the same time, Pel,PV exceeds Pel, 

LOAD at midday, leading to a peak of surplus power delivered to the grid 
equal to 1833 kW. A remarkable time shift between power production 
and demand is thus observed. This leads to large amounts of electricity 
imported and exported from/to the grid. 

The misalignment between power production and power demand 
may constitute a significant challenge from the grid balancing point of 
view. Therefore, the installation of an electric energy storage system 
should be considered for improving the energy self-sufficiency of the 

proposed plant and for improving the balance of the grid. Such a system 
would be able to store the surplus of renewable power (see Fig. 11) and 
reduce the amount of electricity imported/exported from/to the grid. 

5.2. Monthly Results 

Fig. 12 shows the thermal energy demand for building space heating 
(Eth,heat) and building space cooling (Eth,cool) of the selected residential 
district. In fact, the thermal energy demand for heating is significantly 
greater than that for cooling. This result is mainly related with the fact 
that the model of the residential district considers the self-shading of the 
buildings, which reduces the solar gain effecting the buildings. Eth,cool 
receives its maximum value of 369 MWhth in July, when the highest 
value of solar irradiance is seen. 

Fig. 13 and Fig. 14 present the electric energy performance of the 
proposed DHC network. The electric energy demand of the plant (Eel, 

LOAD) is maximum when the thermal energy demand of the district is 
maximum. This is due to the use of HPs that switch the thermal load of 
the district to an electric load. Therefore, Eel,LOAD is maximum from 
January to March, July to August and November to December, with 
values in the range of 599-770 MWh (Fig. 13). In winter, when Eel,LOAD is 
high and Eel,PV is low, the electric energy from the grid receives its 
maximum values (492-630 MWh). 

During the summer the self-consumed energy (Eel,self) meets 37-43% 
of the electric energy demand of the proposed plant on average. During 
the remaining months the amount of electric energy demand of the 
district met by the photovoltaic energy reaches the minimum value of 
14-20% in January and December (Fig. 14). Fig. 8 and Fig. 9 justify these 
results. During the winter solar irradiation is limited and the peak of 
power demand (Pel,LOAD) occurs mainly in the late afternoon and in the 
evening. The system is thus not able to completely exploit the renewable 
power production (Pel,PV) and most power demand is met by the grid (Pel, 

fromGRID). On the other hand, the increased solar irradiation and power 
production in the afternoon during the summer allows for a better 
exploitation of the photovoltaic power production. Despite that, the 
peak of PV power production in the summer significantly exceeds the 
peak of power demand and the district is able to exploit only less than 
46% Eel,PV (Fig. 14). 

Fig. 15 displays the thermal energy performance of the ground heat 
exchangers GHE1 and GHE2. The thermal energy withdrawn by GHE1 
(Eth,GHE1) follows the same trend of Eth,heat. However, Eth,GHE1 is never 
equal to zero, since NR1 also provides thermal energy to HPs-DHW that 
operate throughout the year to match the demand for DHW. The thermal 
energy discharged to the ground by GHE2 receives its maximum value in 
July, when Eth,GHE2 reaches the value of 456 MWhth. 

Fig. 16 shows the energy performance of the recuperative heat 
exchanger M-HE that allows heat transfer between NR1 and NR2. In 
particular, Fig. 16 reports the energy ratios estimated with Eq. (17). The 
heat exchange between NR1 and NR2 occurs when heating and cooling 
demand exist at the same time, a situation not common for residential 
applications. During summer operation, NR2 withdraws thermal energy 
from the condensers of HPs-H&C operating in cooling mode and NR1 
supplies thermal energy to the evaporators of the HPs-DHW. This allows 
NR1 to withdraw thermal energy from NR2. Fig. 16 clearly shows that 
due to the lower energy demand for DHW with respect to the thermal 
energy demand for building space cooling, this heat exchange contrib
utes little to NR1 and NR2. The heat exchange in the M-HE is lower than 
5.10% of the Eth,toHPDHW. Therefore, for this kind of application, the use 
of the M-HE must be checked from an economic point of view. 

5.3. Annual Results 

Table 10 summarizes the annual energy, environmental and eco
nomic performance of the selected residential district. This district is 
featured by an annual primary energy (PERS) demand of 14.34 GWh at 
an annual operational cost of 1.30 M€/year. Table 11 reports the main 

Table 9 
Design and operating parameters.  

Component Parameter Description Value Unit 

PV Pmax Maximum power 290 Wp 

Voc Open-circuit voltage 37.7 V 
Isc Short-circuit current 9.01 A 

Vmpp Voltage at point of MPP 30.5 V 
Impp Current at point of MPP 8.51 A 
Ns Number modules in series 2 - 
Np Number modules in parallel 1096 
A PV module area 1.6 m2 

Ncell Number cells in series 15 - 
ηPV Module efficiency 18 

Prated,PV PV panel rated power 2.51 MW 
APV PV field area 160090 m2 

HP Pth,HP,heat Rated heating capacity 1.25 MWth 

Pth,HP,cool Rated cooling capacity 1.14 MWth 

Pth,GHP1s Rated heating capacity 1.25 MWth 

Pth,GHP2s Rated cooling capacity 1.14 MWth 

COP Rated Coefficient of performance 4.67 - 
EER Rated Energy efficiency ratio 5.10 - 

msource Rated water flow rate on source 
side 

288.37 m3/h 

muser Rated water flow rate on user side 217.84 m3/h 
Tcond,C Condenser design temperature 

during cooling operation 
20-24 ◦C 

Tevap,H Evaporator design temperature 
during heating operation 

15-19 ◦C  
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performance indicators of the proposed renewable-assisted 5th genera
tion DHC network. 

As expected, the electric energy demand of the proposed system is 
significantly greater that the electric energy demand of the reference 
system, i.e., 7.01 GWh/year (PS) vs. 3.48 GWh/year (RS). This is due the 
fact that the space heating and DHW demand of the residential district is 
matched by the 5th generation DHC network fed by electrically driven 
water-to-water HPs. Therefore, the thermal energy demand is switched 
into an electric load. Conversely, in the RS the thermal energy demand is 
matched with natural gas fired boilers. The PS, on the other hand, in
creases the electric consumption and eliminates, at the same time, the 
natural gas demand. The overall result is a roughly 10% reduction in 
primary energy demand for building space heating/cooling and DHW. 
This is related to the higher efficiency of the HPs, compared to con
ventional technologies. The efficiency of the HPs is further enhanced by 
the use of GHE and the low feeding temperature of the 5th generation 
DHC (Table 12). Similar results are obtained in the work presented by 
Bilardo et al. (Bilardo et al., 2021), where the modelling of a bidirec
tional low-temperature 5th generation DHC network coupled with 
reversible HPs for a nearly Zero Energy District is presented. In this 
work, the calculated coefficients of performance range between 4.06 

and 6.23. However, as shown in the monthly results, the considered case 
study has a very limited simultaneity between space heating and cool
ing, limiting the use of the recuperative heat exchanger M-HE. In fact, 
the demand overlap coefficient (DOC see Eq.(18) and (Wirtz et al., 
2020)) was equal to 0.03. 

The overall plant, including the photovoltaic field, reaches very 
promising energy and environmental results, achieving a PES close to 
64% and an avoided equivalent CO2 emission index of 76%. The avoided 
equivalent CO2 emissions obtained in the work of Wirtz et al. (Wirtz 
et al., 2020), where the analysis of a bidirectional 5th generation DH 
network is presented, are equal to 56%, when the designed system is 
compared to individual HVAC systems. The same value of the avoided 
equivalent CO2 emission index, equal to 80%, is obtained in 
Ref. (Revesz et al., 2020), where a 5th generation DH 
ambient-temperature loop, integrating thermal, power and mobility 
energy vectors are presented. 

From an economic point of view the proposed plant achieves a long 
SPB of 33 years, due to its high capital cost (Cinv) equal to 11.27 M€. This 
value is common for this type of systems, because of the high capital 
costs for the associated network infrastructure, trenching of the pipe
work, drilling of boreholes and connection costs (Revesz et al., 2020). 

Fig. 8. Dynamic performance of HPs during winter operation.  
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Table 13 summarizes the economic performance of the proposed plant. 
The simulated system achieves cost savings roguly equal to 34.7%. This 
agrees with reference (Wirtz et al., 2021), where cost savings between 

10 % and 60 % were obtained for an optimized 5th generation DHC 
network including an air-source HP, compression chiller and thermal 
storage. 

Fig. 9. Dynamic performance of the HPs during summer operation.  

Fig. 10. Dynamic performance of i) GHP1s on a typical winter day (left); ii) GHP2s on a typical summer day (right).  
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Fig. 15 shows the energy ratios of the photovoltaic performance. The 
system is seen to exploit only 47% of the electricity provided by the PV 
field. As explained previously, this is because the PV power production 
occurs mainly around midday, while the peak of power demand occurs 
mainly in the afternoon and the evening. For the same reasons the self- 
consumed energy meets only 30% of the electricity demand of the 
proposed 5th generation DHC network, Fig. 17. 

5.4. Parametric and Sensitivity analyses 

A parametric analysis is carried out to detect which PV field capacity 
optimizes the environmental, economic and energy performance of the 
proposed 5th generation DHC network. The PV field area is varied from 
9620 m2 to 64102 m2, i.e., Pel,PV,rated from 1.5 MW to 10 MW. To analyze 
how the purchasing price of energy effects the economic performance of 

Fig. 11. Dynamic performance of the overall plant on a typical winter day (top) and on a typical summer day (bottom).  

Fig. 12. Thermal Energy demand of the selected residential district in Leganes (Madrid).  
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the proposed system two sensitivity analyses are carried out: i) variation 
of the purchasing cost of electricity (Jel,fromGRID) from 0.05 €/kWh to 
0.35 €/kWh, and ii) variation of the purchasing cost of natural gas from 
0.20 €/Sm3 to 1.50 €/Sm3. 

5.4.1. Parametric analysis: PV area 
As expected, the increase of the PV field area (APV) leads to an in

crease of the PES and ΔCO2. Increasing the PV area from 9620 m2 to 
64100 m2 leads to an increase of the PES from 38% to 256%, Fig. 18. An 
increase of the PV area causes an increase of the renewable electricity 
production of the plant. However, despite the dramatic increase of the 
electric energy production, the renewable electric energy can meet only 
a limited share of the electricity demand of the plant. In particular, 
increasing APV from 9620 m2 to 64100 m2 the ratio Eel,self/Eel,LOAD rises 
from 22% to 47%, Fig. 19. The PV power production takes place around 
midday, whereas the power demand mainly occurs in the late afternoon 
and evening. Therefore, the increase of the PV area, i.e., of the rated PV 

field capacity, leads only to an increase of the power production mainly 
in the hours when the power demand is limited. Thus, the increase of the 
APV size leads only to a limited increase of the self-consumed energy, and 
it does not enable the plant to completely exploit the produced renew
able power. As consequence, increasing APV from 9620 m2 to 64100 m2 

increases the surplus electricity delivered to the grid and ranges between 
44% and 83% of the energy produced in the PV field, Fig. 19. However, 
this aspect improves the economic annual economic savings (ΔC) of the 
plant, because of the electricity exported to the grid. The SPB also de
creases to 15.38 years when APV is equal to 64100 m2, Fig. 20. From an 
economic point of view thus the economic performance of the proposed 
plant is enhanced overall, with the capital cost (Cinv) growth due to APV 
increase balanced by the increase of the ΔC. 

5.4.2. Sensitivity analysis: purchasing cost of electricity and natural gas 
Fig. 21 displays the sensitivity analysis of the purchasing cost of 

electricity and natural gas. Since the 5th generation DHC network is 

Fig. 13. Electric energy performance of the proposed solar-assisted 5th generation DHC.  

Fig. 14. Electric energy ratios of the proposed renewable-assisted 5th generation DHC.  
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based on electrically driven water-to-water HPs, converting the thermal 
energy demand of the district into electricity demand, the increase of the 
purchasing cost of electricity (Jel,fromGRID) dramatically worsens the 
economic performance of the proposed system. However, the SPB de
creases to 24 year when Jel,fromGRID decreases to 0.10 €/kWh. 

The increase of the purchasing cost of natural gas (JNG), on the other 
hand, enhances the economic performance of the proposed system 
remarkably, for the same reason previously explained. In fact, the in
crease of JNG leads to an increase of the operational cost of the RS and 
improves the economic savings of the PS. The SPB decreases to 16 years 
when JNG is equal to 1.20 €/Sm3. As expected, the reduction of the cost 
of natural gas makes the proposed 5th generation DHC network not 

Fig. 15. Thermal energy performance of GHE.  

Fig. 16. M-HE energy performance.  

Table 10 
Residential district energy, economic and environmental performance.  

Eth,heat Eth,cool Eel,LOAD PERS VNG CRS CO2 

GWh/year Sm3/year M€/year t/year 
3.60 0.90 3.48 14.34 694741.90 1.32 1988  

Table 11 
Energy and environmental performance of the proposed 5th generation DHC 
network.  

Parameter Value Unit 

Eel,LOAD 7.01 GWh/year 
Eel,district 3.48 
Eel,pump 1.29 
Eel,HPs 2.24 

PE5thgen 7.08 
Eel,PV 4.72 

Eel,toGRID 2.37 
Eel,fromGRID 4.89 

Eel,self 2.12 
PEPS 5.06 
ΔPE 8.95 
PES 63.87 % 

PES5thDHC 9.99 
ΔCO2 1472.81 t/year 
ΔCO2 76.25 % 

Φ 0.03   
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profitable. 

6. Conclusions 

This work presents the simulation and evaluation of a solar-assisted 
5th generation district heating and cooling network based on water-to- 
water heat pumps, ground heat pumps and a photovoltaic field. The 
network is a bidirectional low-temperature network based on a cold and 
warm ring. The main findings of this work are the following:  

• The network improves the performance significantly, with the water- 
to-water heat pumps meeting the thermal demand of the residential 
district with coefficients of performance greater than the rated ones.  

• The adoption of the ground as thermal energy source is a promising 
solution, able to significantly enhance the energy performance of 
heat pumps. 

Table 12 
Performance indices of the HPs of the 5th generation DHC network.  

COPHPDHW COPHPs-H&C EERHPs-H&C COPGHP1s COPGHP2s 

- 
4.58 4.92 6.10 5.31 7.45  

Table 13 
Economic performance of the proposed network.  

Cinv CPS ΔC SPB NPV PI 

M€ M€/year M€/year years M€ - 
11.27 0.98 0.34 33.18 -6.56 -0.58  

Fig. 17. Annual energy ratio.  

Fig. 18. Parametric analysis of the PES and ΔCO2.  
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• The adoption of a 5th generation network based on heat pumps 
switches the thermal load into an electric load. For the analyzed case 
study, the load is mainly located in the late afternoon and evening 
limiting the advantage of coupling the network with a photovoltaic 
field. The detected misalignment between power production and 
power demand may lead to a critical management issue of the local 
grid. The installation of an energy storage system, not considered 

here, could avert grid balancing issues and improve the energy 
performance of the renewable-based system proposed. In addition, a 
thermal energy storage, centralized or decentralized, could shift the 
peak of power demand for HP activation to hours of higher solar 
availability.  

• The adoption of the proposed 5th generation district heating and 
cooling network leads to a 10% reduction of the primary energy 

Fig. 19. Paramatric analysis of the energy ratio.  

Fig. 20. Parametric analysis of the economic results.  

Fig. 21. Sensitivity analysis: purchasing cost of electricity (left) and natural gas (right).  
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employed for building space heating and cooling and domestic hot 
water in the studied district. This relatively conservative result is due 
to the limited simultaneity between heating and cooling demand. 
The inclusion of other kinds of users (e.g., commercial users, hospi
tals, server farm/data centres) could increase the simultaneity be
tween heating and cooling demand that would, in turn, significantly 
improve the energy performance of the network.  

• The installation of a photovoltaic field of 2.51 MW is considered to 
meet the power demand of the system. The renewable system has 
promising energy and environmental results, achieving a primary 
energy saving index of 64 % and reducing the CO2 emissions by 76%. 
Despite these promising results, the network cannot fully exploit the 
renewable electricity produced and only 30% of its direct electricity 
demand is met by the photovoltaic field.  

• The economic results result in the very high payback period of 33 
years. This is related to the high cost of the proposed system, which 
involves excavation costs, pipe lying, heat pumps installation etc.  

• Since the adoption of the 5th generation district heating and cooling 
network converts the thermal load into an electric load, the increase 
of the purchasing cost of electricity worsens the economic perfor
mance of the system. For the same reason, an increase in the pur
chasing cost of natural gas would remarkably improve its economic 
performance. 

Overall, the proposed 5th generation district heating and cooling 
network based on water-to-water heat pumps, ground heat pumps and a 
photovoltaic field is a promising solution for reducing the environ
mental impact of the chosen residential district. However, in order to 
increase the benefits of such a novel district heating and cooling 
network, other kinds of thermal energy consumers should be included 
and linked to the network to increase the contemporaneity between 
cooling and heating demand. Lastly, in order to remarkably enhance the 
ability of the proposed system to exploit the renewable power produced 
by the photovoltaic filed an energy storage system should be installed. 
This would also reduce the peak of surplus power delivered to the local 
grid, which may damage the local grid. 
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Dénarié, A., et al. (2019). Industrial excess heat recovery in district heating: Data 
assessment methodology and application to a real case study in Milano. Italy. Energy, 
166, 170–182. 

American Society of Heating, R., E. Air-Conditioning. (1993). 1993 ASHRAE handbook: 
fundamentals. Atlanta, GA: ASHRAE.  

Eicker, U. (2018). URBAN ENERGY SYSTEMS FOR LOW-CARBON CITIES. Academic Press.  
Fabre, A., et al. (2018). Dynamic modeling for evaluation of triple-pipe configuration 

potential in geothermal district heating networks. Energy Conversion and 
Management, 173, 461–469. 

GIORDANO, i. 2020; Available from: http://www.idraulicagiordano.it/. 
Gu, J., et al. (2019). Analysis of a hybrid control scheme in the district heating system 

with distributed variable speed pumps. Sustainable Cities and Society, 48, Article 
101591. 

Hammar, T., & Levihn, F. (2020). Time-dependent climate impact of biomass use in a 
fourth generation district heating system, including BECCS. Biomass and Bioenergy, 
138, Article 105606. 

Han, J., et al. (2021). Analysis of thermal performance and economy of ground source 
heat pump system: a case study of the large building. Geothermics, 89, Article 
101929. 

Handbook, A. (1996). HVAC systems and equipment, 39. : Chapter. 
Harney, P., Gartland, D., & Murphy, F. (2020). Determining the optimum low- 

temperature district heating network design for a secondary network supplying a 
low-energy-use apartment block in Ireland. Energy, 192, Article 116595. 

Instituto Nacional de Estadística. 
International Energy Agency - IEA. 2015, Energy Climateand Change - World Energy 

Outlook Special Report. Special Report on Energy and Climate Change on iea.org/ 
publications website visited on February 2016. 

Ivezic, D., et al. (2020). Assessments of effects of implementation of strategic plans for 
development of Belgrade District heating system. Sustainable Cities and Society, 61, 
Article 102304. 

Karamanos, P. (1997). COGENERATION AND DISTRICT HEATING: CONSTRAINTS AND 
OPPORTUNITIES. The Journal of Energy and Development, 22(2), 245–274. 

Khosravi, A., et al. (2021). Waste heat recovery from a data centre and 5G smart poles for 
low-temperature district heating network. Energy, 218, Article 119468. 

Klein S.A., B.W.A., Mitchell J.W., Duffie J.A., Duffie N.A., Freeman T.L., et al., Solar 
energy laboratory, TRNSYS. A transient system simulation program. 2006. 

Leganes ayuntamient. 
Lu, M., et al. (2021). Operational optimization of district heating system based on an 

integrated model in TRNSYS. Energy and Buildings, 230, Article 110538. 
Lund, H., et al. (2021). Perspectives on fourth and fifth generation district heating. 

Energy, 227, Article 120520. 
Mahmoud, M., et al. (2020). Recent advances in district energy systems: A review. 

Thermal Science and Engineering Progress, 20, Article 100678. 

F. Calise et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0027
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0027
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0027
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0031
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0031
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0031
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0054
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0054
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0054
https://global.aermec.com/it/
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0037
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0037
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0037
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0017
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0017
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0017
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0064
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0064
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0040
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0040
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0040
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0032
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0032
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0056
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0056
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0056
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0060
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0060
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0069
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0069
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0069
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0058
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0058
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0058
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0011
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0011
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0011
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0012
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0012
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0012
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0062
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0062
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0074
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0074
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0057
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0057
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0057
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0043
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0043
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0043
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0013
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0013
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0013
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0078
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0078
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0078
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0050
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0050
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0050
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0016
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0016
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0016
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0079
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0079
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0041
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0026
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0026
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0026
http://www.idraulicagiordano.it/
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0030
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0030
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0030
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0015
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0015
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0015
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0052
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0052
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0052
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0063
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0023
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0023
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0023
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0022
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0022
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0022
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0009
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0009
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0034
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0034
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0065
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0065
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0024
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0024
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0007
http://refhub.elsevier.com/S2210-6707(21)00711-3/sbref0007


Sustainable Cities and Society 76 (2022) 103438

20

Maximov, S. A., Mehmood, S., & Friedrich, D. (2021). Multi-objective optimisation of a 
solar district heating network with seasonal storage for conditions in cities of 
southern Chile. Sustainable Cities and Society, 73, Article 103087. 

Mei, V. C. (1986). HORIZONTAL GROUND-COIL HEAT EXCHANGER THEORETICAL AND EXPERIMENTAL 

ANALYSIS. TN (USA): Oak Ridge National Lab.  
Millar, M.-A., et al. (2021). Identification of key performance indicators and 

complimentary load profiles for 5th generation district energy networks. Applied 
Energy, 291, Article 116672. 

Murray, M. C., et al. (2009). Live Energy Trnsys -Trnsys Simulation within Google 
Sketchup. In Eleventh International IBPSA Conference. Glasgow, Scotland July 27-30. 

Neymark, J. and R. Judkoff, International Energy Agency building energy simulation test 
and diagnostic method (IEA BESTEST) – in-depth diagnostic cases for ground 
coupled heat transfer related to slab-on-grade construction. Technical Report NREL/ 
TP-550-43388. Available from: http://www.nrel.gov/docs/fy08osti/43388.pdf. 
2008. 

Nielsen, S., et al. (2020). Unconventional excess heat sources for district heating in a 
national energy system context. Energies, 13(19). 

Nielsen, T. B., et al. (2021). Perspectives on energy efficiency and smart energy systems 
from the 5th SESAAU2019 conference. Energy, 216, Article 119260. 
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