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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 5 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 CO, 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 COy 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
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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 CO5 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),
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Nomenclature

A area (m?)

C specific cost-price (€/kWh or €/m? or €/m or €/t)
Cp specific heat at constant pressure (kJ kg~! K™1)
EER energy efficiency ratio (-)

G incident solar total radiation (W m~2)

Cinv capital cost (€)

CcoP coefficient of performance (-)

J energy purchasing/selling cost (€/kWh €/_Sm?)
LHV lower Heating Value (kWh Sm™3)

m mass flow rate (kg s

Mypjant plant annual maintenance (%/year)

Mpy PV annual maintenance (%/year)

N, number of people (-)

Npar number of modules in parallel (-)

Ng 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

Q thermal power (kW)

SPB simple pay back (years)

T temperature (°C)

U overall heat transfer coefficient (W m 2 K1)
v velocity (m sH

A% volume (m®)

z

depth (m)
Greek Symbols
A difference (-)
€ long wave emissivity (-)
n efficiency (-)
p density (kg m™>)
Ps 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
5%DHC referred to the 5% generation district heating and cooling
network

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 Borodinecs, 2019, Ivezic et al.,
2020).

Today, DHC network design is dominated by 4™ 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 41 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 4" generation DH
network in an under-construction Swiss residential district. This work
proves that the use of a 4™ DH network may lead to a 40% reduction of
the total annualized district cost and a reduction of the equivalent COy
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 wusers. 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
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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 4™ 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 5™ generation networks in the past few years
(Buffa et al., 2019), (von Rhein et al., 2019). 5t 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 5 generation districts includes several
network configurations, namely: i) Cold District Heating Networks
(Pellegrini and Bianchini, 2018) (in German Kalte Nahwarme (Wirtz
et al., 2020)); ii) Bidirectional Low Temperature Networks (Biinning
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 5% 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 5% 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)
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studied the use of waste heat of a data center as a suitable source for 5"
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 5™ 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 5™ 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 5% 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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Table 1
Content comparison of reviewed papers in literature with this work.
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Reference DH/DHC network 5th generation DHC network

Dynamic modeling Bidirectional loop Ground heat pumps Other heat pumps

>
>

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

(Saloux and Candanedo, 2020)
(Todorov et al., 2020)
(Zajacs and Borodinecs, 2019)
(Ivezic et al., 2020)
(Harney et al., 2020)
(Sameti and Haghighat, 2019)
(Fabre et al., 2018)
(Abokersh et al., 2020)
(Maximov et al., 2021)

(Xu et al., 2021)

(Gu et al., 2019)
(Khosravi et al., 2021)
(Sandvall et al., 2021)
(Nielsen et al., 2020)

(Allen et al., 2020)
(Wirtz et al., 2020)
(Biinning et al., 2018)
(Sommer et al., 2020)
(Calixto et al., 2021)
(Bilardo et al., 2021)
(Zarin Pass et al., 2018)
(Revesz et al., 2020)
(Wahlroos et al., 2017)
(Wirtz et al., 2021) -
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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:

e 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.

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

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

e 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 5t 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

HW PV
bouiding

PG1 P1
- // @ @ —XD-R1-GHP
GHE1 o % g g Neutral Ring 1
3 g
X / S > gM-R1-GHP
GHP1
¥
REG/INV RID
Heat & Cool
ouidi
" USER
G2 P2
% @[ J—e —Dp-R2GHP Neutral Ring 2 D22 %i»-
7
GHE2 % g M21 P -Neutral Ring 1 water
% » f——»——XM-R2-GHP - Netural Ring 2 water
7 —
GHP2 D21 +—Ground heat pump condenser water
= P5 ~—Ground heat pump evaporator water
~ _-Ground heat exchanger water loop 1
GHP: Ground water-{o-water Heat P . ot speed " P _Ground heat exchanger water loop 2
: Ground water-to-water Heat Pump : constant speed ground pump
GHE Ground Heat Exchanger P: constant speed pump s /:Z:: Z::E azév:v‘;fo"r:g';ﬂﬁev‘g:'
-HE: Main Heat Exchanger s A
HP-DHW: Heat Pump for Domestic Hot Water PDENWY: constant speed pump domesti hot water -~ Heat pump H&C condenser source water

HP-H&C: Heat Pump for Heating and cooling
R1: Neutral Ring 1

R2: Neutral Ring 2

M: Mixer

D: Diverter
GRID: Electric National Grid
DISS Dissipator

REG/INV: Regulator Inverter

PH&C: constant speed pump heating and cooling

~—User domestic hot water loop
P _User heat and cool water loop
. Alternate current

Fig. 1. 5% 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
(Tngr1) 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 MWy,/HP. When the Tyg; decreases below 15.5°C, pump
P1 is turned on, allowing the GHP1s to supply thermal energy to NR1
until the Tyg; 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 PGl 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 (Tngr2) 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
MWu/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
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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 (Typmw) 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 Typgyw 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 PDWH]; 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 MWy,,
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 (Tygcw) in heating mode oper-
ation is designed for ranging from 42°C to 50°C (Fig. 4). When the
temperature of UHCW (Tygcw) drops below 42°C, the HPs-H&C are
activated, until Tygcw 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 Tygcw 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 Tygcw gets below 10°C. When there is some thermal
demand for building space heating and cooling, pump PH&C; 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.

GHP2 off

Tyr1<23.5
&
Tyr1>20

NO

YES

GHP2 on

Fig. 2. Neutral Ring 1 (NR1) and Neutral Ring 2 (NR2) control strategy.
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Tupaw <55 NO

HP-DHW on

HP-DHW on

Fig. 3. HPs-DHW operating strategy.

HP H&C
Heating Mode

HP H&C off

HP H&C
Cooling Mode

HP H&C off

(t-1)
HP H&C on

HP H&C on

NO

&
TUHCW >1 0

Fig. 4. HP H&C operating strategies.

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 5 generation DHC network.

3. System model

The models of the proposed 5% 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.

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:

Plh.hea/[ng_i
COPI B Pel,/wming.i (1)

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

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

Prh,fromSW = Pth.heariugv; - PEl,heating‘i @

Where, P, 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.

P thfromSW ;

Tswoui = Tswin; — =
Mgw iCPsw

P 3)

th,heating

Tywouri = Towin; + ————
Myw.iCPuw

Where, Tsw,our and Tsw,in are the temperatures of the water exiting
and entering the HP, respectively, mgy is the water flow rate of the
source, cpsw is the specific heat of SW, Tyw,ou: and Tyw;in are the tem-
peratures of the water exiting and entering the HP, respectively, mywyis
the water flow rate to the user, and cpyy is the specific heat of UW.

The COP of the HP operating in cooling mode is estimated as follows:
cop, P cooling ; @

Pel,maling_[

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

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

P/h,mSW = P!h.coalingj + Prl,moling‘i ()]

Where, Py, osw is the thermal energy discharged to SW.
In conclusion, the temperatures of UW and SW are evaluated as
follows:

P th,toW ;
Tswouti = Tswin; FoOp— o
sw,iCPsw

(6)
Pth coolin,
_ s 3
Tyw.outi = Tuwin; — = -

myw,iCPuw

3.2. Thermoeconomic model

The energy performance of the residential district and of the pro-
posed renewable 5 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:

Eth.r'rml 1 Eth heat Eth.DHW
P 5[ (s ) Ly (B Esn)] -
© ZK PTCOP ) g\ s e ),

t
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Where, E10ap is the total electricity demand and Ew 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:

1
PEps = Z |:(E€IfrumGR1D — Eeiocrin) o (8)
t eldt
Where, Eefromcrip and Eergrip are the electricity withdrawn and
delivered to grid, respectively.
In conclusion the PES index is evaluated with Eq. (9).
PERs — PEps
PESpg = ——— 9
Ps PErs 9

To evaluate the performance of the 5th

following energy saving index is also evaluated:

generation DHC, the

el HPs el pumps el

E 1 +E 1 pump 1/}’[
Etnpear | EmoHW 1 Eihcool

( g + I > + Nt COPy

Where, E, pps is the electricity delivered to all of the HPs, and Eej pymps
is the electricity demand of all the auxiliary hydronic systems, i.e.,

PESsuprc = (10)

Table 3
Thermoeconomic and environmental assumptions.
Parameter Description Value Unit
Cpy PV unit capital cost per 1000 (Buonomano €/kWe,
kWe; et al., 2018)
Coump 240 Cost of the Salmson 240 3.02 (SALMSON k€/
m3/h m>/h pump 2019) pump
150 Cost of the Salmson 150 6.09 (SALMSON ke/
m®/h m®/h pump 2019) pump
110 Cost of the Salmson 110 0.73 (SALMSON k€/
m®/h m>/h pump 2019) pump
100 Cost of the Salmson 240 4.66 (SALMSON ke/
m?/h m®/h pump 2019) pump
100 Cost of the Salmson 150 4.48 (SALMSON k€/
m®/h m>/h pump 2019) pump
Cpiping Cost of piping for 33 (Piemonte, €/m
district heating network 2018)
Cup Cost of HP 150 (Calise et al., €/kW
2020, Aermec
2020)
Cexcavation Excavation cost 5 (Piemonte, 2018) €/m?
CHEPE, TGHE — Specific linear cost for 12.80 ( €/m
pipe 0.100 m HDPE pipe GIORDANO, i.
2020)
TGHE — 8.29 (GIORDANO,
0.080 m i. 2020)
Chackfill Cost for backfill 14.45 (Calise et al., t/€
material (sand) 2020)
Jel, fromGRID Electricity purchasing 0.223 €/kWh
unit cost
Jel,toGRID Electricity selling unit 0.05 €/kWh
cost
JInG Natural gas unit cost 0.689 €/Sm3
mpy PV maintenance annual 1 %/ year
cost
Mplant Plant maintenance 0.5 %/year
annual cost
LHVye Natural gas lower 9.59 kWh/
heating value Sm®
Tel Conventional thermo- 49.8 %
electric power plant
efficiency
B Natural gas boiler 75.0 %
Fne Equivalent CO, 0.190 (Calise et al., kgCO2/
emissions for coefficient 2020) kWhpg
for natural gas
Fy Equivalent CO, 0.182 (Neymark kgCOo/

emissions for coefficient
for electricity

and Judkoff, 2008) kWhg
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pumps.
The annual operating cost (C) of the residential district is evaluated
as follows:

th cool Eth heat EIh.DHW
Crs = E, : el from J, —— 4+ ——"—| /LHV
RS E {( 1.L0AD T COP,,> 1fromGRID + ING < s + " )/ } ’

(1)

Where, Jei fromGrip is the purchasing cost of electricity and Jyg is the
cost of natural gas.

The operative cost of the proposed system also considers the plant
maintenance (Myjqn) and the selling cost of electricity (Jey rori), sShown
in Table 3.

Cps = E [EezﬁomGRlDJez,ﬁmeRm = EetsoGrind et oGrip + mplanl] P 12)

t
The annual savings (ACps) are evaluated as follows:

ACps = Crs — Crs 13)
Crs

The capital cost (Ci,) depends on the proposed layout:
Cine = Crp + Cpy + Cpumps + Cpiping + Cone 14)

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

CGHE = Cexcavation 'AGHE + Clrnghl'lGHE + Cba(k/Ill'VbaL‘kfill 'pha(:lqill (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

Table 4
Ground heat exchanger characteristics (Calise et al., 2020).
Component Parameter Description Value Unit
GHE1 lour Ground heat m 200000
exchanger length
TGHE Ground heat m 0.100
exchanger radius
AGHE Ground heat km? 0.123
exchanger area
Vbacksit Backfill material m3 5315
volume
hcony Flow convection W/(K 900
coefficient m?)
Zmax Max depth m 9
GHE2 lue Ground heat m 100000
exchanger length
TGHE Ground heat m 0.083
exchanger radius
Ague Ground heat km? 0.057
exchanger area
Vbackfill Backfill material m® 4298
volume
Reony Flow convection W/(K 900
coefficient m?)
Zmax Max depth m 9
HDPE kupep Thermal conductivity W/(m 0.49
K
p Density of the material kg/m® 965
[N Specific heat of the J/(kg 2.25
material K)
e Roughness mm 0.3
Sand (backfill Kpackfitt Thermal conductivity W/(m 1.5
material) K)
Phacksil Density of the material kg/m® 1500
Cp,backfill Specific heat of the J/(kg 1798
material K)
Clay (ground) Kground Thermal conductivity W/(m 0.862
K)
Pground Density of the material kg/m® 1430
Cp,backfill Specific heat of the J/(kg 1439

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

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

Eip ool Epear | Emprw
CO,RS = g E, : F, - . F
? 7 {( 04D COP,,) o ( g * g ) NG} '

CO,PS = Z [(Eetpromorip — Eergocrin) Fui), (16)
t

COxgs — COxps

ACO s = =22
2RS

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).

Enm—ne
Ruypngc = ———
Eu promuprsc a”n
Eny—ne
Ryppyw = ———
Ei oriporw

Em.aE is the thermal energy transferred to NR1 from NR2 with M-
HE, Ew onpprw represents the thermal energy supplied to the evapora-
tors of HPs-DHW, and Egw, fromrpH&c Tepresents 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):

Z'Zmin(Prh,Hmr.hPH],Cool,l)
t

b =
Z(P!h.Hcar,t + PH],Cool,r)
t

18)

Where, Py Hear: is the total heating energy demand, including the
heat demand for building space heating and DHW, while Py, ¢y 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 Estadistica , 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 Goni-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 16Mto April 30%, while the
cooling period is between May 1% and September 15t (Leganes ayun-
tamient ) (Table 6). The set point temperature for the heating period
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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 [m?] 5890 12426 3750 1934
Floor area [m?] 380 804 250 512
Number of planes [-] 5 5 4 5
Number of apartments for floor [-] 4 8 3 5
Apartment area [m?] 80 90 70 92
Glass area [m?] 192 540 136 262

Heating and cooling season Heating: Tse; = 20°C
16" September-30" April
Cooling: Tset,residential = 27°C & Tgey,
commercial = 26°C

1% May-15" September

Occupancy schedule Fig. 6

Daily power load [kW] Fig. 7
Air infiltration rate [vol/h] 0.6
Average daily DHW demand [m®/day] 200
DHW set point temperature [°C] 45

(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 (1) of 0.75. The space cooling demand is met with
electrically driven air-to-air HPs.

The proposed system (PS) includes the proposed 5 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
m? 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 km?2.
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 km?, 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 (Treqnr1) 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 (Tfeqnr;) 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 Tfeqngr: from
19°Cto 15.5°C. However, the COP also decreases for higher values of the
condensation temperature. From 08:30 am, the COP continues to
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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).

Finally, the maximum thermal energy provided by HPs-H&GC (P, rips-

Table 7 . . . . o . n&c) is found at 07:50 am, when all of the HPs are simultaneously
Assumptions on the consumption and heat gain of electrical devices in the dis- . .
trict (E. Air-Conditioning 1993) activated and Py, ps-Hec is equal to 6310 kW.
- & - A similar trend is also detected for the HPs-H&C summer operation
Devices A"eraie He*i: Gain Radiative Convective (Fig. 9). The 5™ generation DHC network here allows the HPs-H&C to
0 0
power [kW] kW) part [%] part [%] operate with COP between 5.85 and 6.65, values significantly higher
Fridge 0.040 0.040 0 100 than those of a conventional air-to-water HP operating in cooling mode.
Dishwasher 1.820 0.364 51 34 Similar to the winter case, this result is achieved with the lower
Bakery 0.870 0.522 14 49 . : ; . . i
Gooking plane 1.500 0.900 24 16 condensation temperature with NR2 operating from 19°C to 23°C. It is
v 0.240 0.240 40 60
PC 3.5 GHz 0.090 0.090 10 90
processor Table 8
16 GB ram Envelope features of each type of building.
Laptop 0.059 0.059 25 75 Building element Building A & B & C & D
Washing 1270 0.254 40 60 U-value [W/m2K] Thickness [m] ps [ el
machine
Roof 0.949 0.270 0.4 0.9
Facades 1.202-1.258 0.330-0.350
decrease due to the increase of the temperature of the user H&C water Agr"““d ﬂ?l?‘ 1;22 g;gg
. . . . jacent ceiling . .
loop and although Tfeeq nr:1 begins to increase. This trend is also observed Windows glass 5,89 0.004/0.016/0.004 013 018
the rest of the day for the same reasons.
FAM YP opP
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Fig. 7. Electricity load for each type of user: family (FAM), young people (YP) and old people (OP).
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Table 9
Design and operating parameters.
Component  Parameter Description Value Unit
PV Ppax Maximum power 290 W,
Voc Open-circuit voltage 37.7 \Y
I Short-circuit current 9.01 A
Viwp Voltage at point of MPP 30.5 \
Lopp Current at point of MPP 8.51 A
N; Number modules in series 2
N, Number modules in parallel 1096
A PV module area 1.6 m?
Neen Number cells in series 15
npy Module efficiency 18
Prated pv PV panel rated power 2.51 MW
Apy PV field area 160090 m?
HP Py, b, heat Rated heating capacity 1.25 MWy,
Py, b, cool Rated cooling capacity 1.14 MW,
Pu,up1s Rated heating capacity 1.25 MW,
P, Grp2s Rated cooling capacity 1.14 MWy,
cop Rated Coefficient of performance 4.67 -
EER Rated Energy efficiency ratio 5.10 -
Msource Rated water flow rate on source 288.37 m>/h
side
Myser Rated water flow rate on user side 217.84 m®/h
Teond,c Condenser design temperature 20-24 °C
during cooling operation
Teyap, Evaporator design temperature 15-19 °C

during heating operation

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 T4 nr2 increases from
20°C to 24°C. When Tygz reaches the threshold value of 24°C, according
to the control strategy of NR2, GHP2s are activated. When Tfeq 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 Tf.qnr2 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 (P, py) 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 (Pe;z04p), 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. Pe;;0ap 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, P, py exceeds P,
roap 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

11
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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 (Eg, co01) 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. Eg coot
receives its maximum value of 369 MWhy, 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 (Eg
10Ap) 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, E¢10ap 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 E¢; 10ap is
high and E,py is low, the electric energy from the grid receives its
maximum values (492-630 MWh).

During the summer the self-consumed energy (Ee sei) 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 (P, 104p) occurs mainly in the late afternoon and in the
evening. The system is thus not able to completely exploit the renewable
power production (P, py) and most power demand is met by the grid (P,
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% E, py (Fig. 14).

Fig. 15 displays the thermal energy performance of the ground heat
exchangers GHE1 and GHE2. The thermal energy withdrawn by GHE1
(Ew,gre1) follows the same trend of Eg pear. However, Ey, grer 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 Egy, g2 reaches the value of 456 MWhy,.

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 Eg, ronppuw- 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 (PEgs) demand of 14.34 GWh at
an annual operational cost of 1.30 M€/year. Table 11 reports the main



F. Calise et al.

Sustainable Cities and Society 76 (2022) 103438

8000 —Piups — Puips —COP—————16

7000 -
N\
6000
='5000
25,
& 4000
Z
23000

2000

1000 —ﬂ

NN ™

4.5

1.5

S T

1

1

0 1 1
0 3 6 9

‘ 0
15 18 21 24

]
>

Time [h]

20 ——

Temperature [°C]
= >

W
T

—Tteed NR1 - Lreturn NR1 — TN
feed, NR1 return,NR1 NR1,toHPs 1500

9 12

1125

750

m [m>/h]

375

SHI

1

Time [h]

Fig. 8. Dynamic performance of HPs during winter operation.

performance indicators of the proposed renewable-assisted 5™ 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 5% 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 CO5 emission index of 76%. The avoided
equivalent COy emissions obtained in the work of Wirtz et al. (Wirtz
et al., 2020), where the analysis of a bidirectional 5 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 CO, 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 (Ci,,) equal to 11.27 ME. 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).

12
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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

storage.

13

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

14

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 m? to 64102 mz, i.e., Pe; pv,rated from 1.5 MW to 10 MW. To analyze
how the purchasing price of energy effects the economic performance of
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Fig. 14. Electric energy ratios of the proposed renewable-assisted 5™ generation DHC.

the proposed system two sensitivity analyses are carried out: i) variation
of the purchasing cost of electricity (Jeifromerip) from 0.05 €/kWh to
0.35 €/kWh, and ii) variation of the purchasing cost of natural gas from
0.20 €/Sm? to 1.50 €/Sm>.

5.4.1. Parametric analysis: PV area

As expected, the increase of the PV field area (Apy) leads to an in-
crease of the PES and ACO;. Increasing the PV area from 9620 m? to
64100 m? 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 Apy from 9620 m? to 64100 m? the ratio Eey self/ Eel,LoAD TiS€S
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

15

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
Apy 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 Apy from 9620 m? to 64100 m?
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 (AC) of the
plant, because of the electricity exported to the grid. The SPB also de-
creases to 15.38 years when Apy is equal to 64100 mz, Fig. 20. From an
economic point of view thus the economic performance of the proposed
plant is enhanced overall, with the capital cost (Ciy,) growth due to Apy
increase balanced by the increase of the AC.

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
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Table 10 Table 11
Residential district energy, economic and environmental performance. Energy and environmental performance of the proposed 5% generation DHC
k.
Eh,heat Ein,cool Eer0ap PERgs Vne Crs COz networ
GWh/year Sm’/year ME/year t/year Parameter Value Unit
3.60 0.90 3.48 14.34 694741.90 1.32 1988 Eor0AD 7.01 GWh/year
Eel, district 3.48
Eet pump 1.29
based on electrically driven water-to-water HPs, converting the thermal Eey pips 2.24
energy demand of the district into electricity demand, the increase of the PEstgen 7.08
purchasing cost of electricity (Jeifromgrip) dramatically worsens the EE"”P v ;Z?
economic performance of the proposed system. However, the SPB de- Ee:;:,:zzu 4890
creases to 24 year when Je fromgrip decreases to 0.10 €/kWh. Eel sei 2.12
The increase of the purchasing cost of natural gas (Jy¢), on the other PEps 5.06
hand, enhances the economic performance of the proposed system APE 8.95
. . . PES 63.87 %
remarkably, for the same reason previously explained. In fact, the in- PESsmprc .99
crease of Jyg leads to an increase of the operational cost of the RS and ACO, 1472.81 t/year
improves the economic savings of the PS. The SPB decreases to 16 years ACO, 76.25 %
when Jyg is equal to 1.20 €/Sm®. As expected, the reduction of the cost @ 0.03

of natural gas makes the proposed 5% generation DHC network not

16
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Table 12 profitable.
Performance indices of the HPs of the 5 generation DHC network.
COPyppaw COPyps Hac EERpps.nac COPGup1s COPgrpas 6. Conclusions
458 4.92 6.10 5.31 7.45 This work presents the simulation and evaluation of a solar-assisted

5t 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

Table 13
ave warm ring. The main findings of this work are the following:

Economic performance of the proposed network.

Ciny Crs a¢ SPB NPV P o The network improves the performance significantly, with the water-

M€ MEé/year Meé/year years M¢ - to-water heat pumps meeting the thermal demand of the residential

.27 0.98 0.34 33.18 6.56 -0.58 district with coefficients of performance greater than the rated ones.
o The adoption of the ground as thermal energy source is a promising
solution, able to significantly enhance the energy performance of
heat pumps.
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e The adoption of a 5" 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.

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

18
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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 CO5 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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