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In coastal cities, seawater heat pumps (SWHPs) can combine heat pump technology
with the availability of seawater to produce the heat and the cold necessary for heating,
ventilation, and air conditioning (HVAC) systems installed in buildings. In heating mode,
the seawater is used as a cold source and provides the low-temperature heat needed for
the operation of the machine. In cooling mode, the seawater removes the heat dissipated
by the condenser of the heat pump working for air conditioning. This seawater
application seems to be very promising since the temperature trend of the seawater
appears to be more favorable than the alternative use of outdoor air, both in winter and in
summer. In a case study in Trieste, the performance of a district heating/cooling network
supplied with seawater and based on decentralized heat pumps is investigated. For this
purpose, annual dynamic simulations were performed, modeling an urban area, the heat
pumps, and the network. The energy efficiency evaluation shows a clear superiority of the
SWHP solution compared to boilers and airsource heat pumps and thus the possibility to
provide a significant contribution to the decarbonization of buildings. Moreover, the
results highlight the ability of this GWHP network to reduce the urban heat island (UHI)
phenomenon since the heat dissipated by the heat pumps during summer air
conditioning is removed from the urban area. Therefore, SWHPs in coastal cities can
be among the mitigation measures for UHI to increase outdoor comfort and heat wave
resilience in urban areas.

Keywords: seawater heat pump, 5GDHC network, urban heat island mitigation, anthropogenic heat,
decarbonization actions, city resilience, urban model

INTRODUCTION

Decentralized Heat Pumps in District Heating and Cooling

Networks

The use of heat pumps (HPs) can give an important contribution to achieving the decarbonization
target in the building sector (Abbasi et al., 2021; Zuberi et al., 2021). It reduces energy consumption
and CO, emissions and, on the other hand, increases the share of renewable energy (European
Community, 2010). The best performance is possible when wasted heat or natural resources are
available for HP use. The use of geothermal energy as a heat source/sink for heat pumps is of great
interest due to the low seasonal temperature variations compared to the air source (Sarbu and
Sebarchievici, 2014). There are several technologies based on the use of groundwater from wells,
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surface water (lake, river, and sea), or direct coupling with the
ground through a heat exchanger (Schibuola et al., 2013b). In
general, the systematic installation of geothermal heat
exchangers in existing urban areas is less feasible and
geothermal heat exchangers may also release or extract heat
in the first soil layers directly under the urban area. This fact
leads to an increase in the subsurface of the UHI effect in
summer and of cooling of the soil (Luo and Asproudi, 2015) in
winter. The use of water offers significant advantages, such as
low installation costs and no available land area and can
therefore be a real alternative for buildings located near
significant surface waters such as rivers, lakes, or seas (Chen
et al., 2006; Nam and Ooka, 2010; Liang et al., 2011; Schibuola
and Tambani, 2012) and is particularly tempting in coastal
cities. Especially in the open sea, the presence of marine currents
contributes to the rapid dissipation of the released heat from the
coast in front of the urban area and the mixing of water with
different temperature levels, which reduces the heating of the
water compared to less extensive surface waters (ponds,
lagoons). In the case of air conditioning, the energy
advantages of these systems have been clearly highlighted
(Song et al., 2007), and based on these results, numerous
studies have been conducted on the economic and energy
optimization of a large-scale application of the seawater heat
pump (SWHP) for district heating and cooling (Li et al., 2010;
Baik et al., 2014). From the first district heating systems,
characterized by centralized plants injecting steam or water
at high temperatures into the networks, this technology is
gradually being transferred to the new generations of district
heating systems distributing water at lower temperatures (Lund
et al., 2014; Reiners et al., 2021). Recent studies focus, in detail,
on the so-called 5th-generation district heating and cooling
(5GDHC) systems, which operate at a temperature level close to
that of the ground. In this case, the network water is used as a
cold source/sink for decentralized HPs. The 5GDHC
designation was first introduced as part of the EU
FLEXYNETS project (Author Anonymous, 2020). 5GDHC
offers numerous advantages, the most important of which are
the elimination of heat losses in pipelines, the reduction of
initial costs of centralized power generation systems, the
possible contemporary use for heating and cooling services,
increasing accessibility to use wasted heat (Wheatcroft et al,
2020), heat from geothermal heat exchangers (Foster et al., 2016;
Prasanna et al., 2017), from solar systems (Pauschinger, 2016),
and especially from locally available renewable energy sources
such as underground and surface aquifers (Verhoeven et al.,
2014; Pattijn and Baumans, 2017; Schibuola and Tambani,
2022), and in particular the sea (Stene and Eggen, 1995;
Daikin, 2014; Schibuola and Tambani, 2020). In addition,
decentralized electric HPs can spread the local use of
electricity from photovoltaic systems and help a smart grid
work together with the increasing proliferation of small
generators/consumers (Schibuola et al., 2015; Schibuola et al,,
2016; Lund et al, 2017; Chen et al., 2021). The lower
temperature drop in the water loop is associated with larger
flow rates and pipe sizes than previous hot water systems.
However, the use of uninsulated polyethylene (PE) pipes
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reduces material and installation costs. The increase in pump
consumption can be limited by variable flow rates based on the
effective demand control.

Mitigating the Urban Heat Island

Phenomenon

An important topic to explore is the relationship between
5GDHC and the urban heat island (UHI) effect, which affects
both UHI mitigation and 5GDHC performance. The UHI effect is
the best-known phenomenon of urban climate. It is characterized
by the fact that ambient temperatures in urban areas are higher
than in rural areas (Martin-Vide et al, 2015). Many studies
(Santamouris, 2007; Santamouris, 2014; Manoli et al., 2019;
Jain et al., 2020; Mosteiro-Romero et al., 2020; Hong et al,
2021) have clearly shown that UHI can significantly affect the
energy consumption of buildings in different cities around the
world. During the heating season in cold and temperate climates,
the heat island reduces energy consumption in urban centers
compared to that in suburban areas. On the other hand, in warm
and hot climates without heating demand, the negative effect of
UHI usually extends throughout the year and is not limited to
summer. In fact, the urban temperature increment has a negative
impact on the air conditioning of buildings due to the increased
cooling demand, which negatively affects the efficiency of air
conditioning systems and consequently increases the electrical
load (Li et al, 2019; Shi et al, 2019). At the same time, high
temperatures in cities reduce the cooling potential of techniques
such as natural ventilation (Duan et al., 2019) and affect human
comfort outdoors. In fact, energy consumption releases heat to
the environment, influencing the intensity and temporal
variability of urban climate (Cui et al., 2017; Sun et al., 2018).
Therefore, action plans to reduce the UHI effect should also
consider possible methods to reduce energy consumption
(Ferrando et al., 2021), starting from a better understanding of
the links between environmental impacts and energy system
behavior (Wen and Lian, 2009; Doan et al., 2019), including
UHI effects in thermal simulations (Guattari et al., 2018).
Dynamic calculation programs based on climate data recorded
in rural stations or airports are often used to simulate the energy
efficiency of buildings. However, these weather records are
inappropriate when used for different climatic conditions in
urban environments and can lead to inaccurate predictions of
energy demand. Two methods are commonly used to assess the
impact of UHI on building energy use. The first uses on-site
meteorological observations as input to energy simulation tools
(Yang et al,, 2019; Yang et al., 2020b), and the second uses
meteorological files generated by urban climate modeling
codes for simulation (Palme et al., 2017; Lauzet et al., 2019).
One of the most commonly used simulation tools is the urban
weather generator (UWG) (Bueno et al., 2013), a software based
on EnergyPlus (U.S. Department of Energy, 2019a) that combines
urban-scale assessments with a building simulation model. The
UWG tool has been validated under different weather conditions
(Salvati et al., 2017; Salvati et al., 2019; Mao et al., 2018; Martinez
et al,, 2021) and is widely used to study different urban contexts
(Boccalatte et al., 2020; Liu et al., 2020). For this reason, it is used
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in a wide range of use cases (Street et al., 2013; Mao et al., 2017;
Santos et al., 2018; Lima et al., 2019). Measures to mitigate UHI
typically focus on solutions that involve only the use of
appropriate building geometries and surface materials with
high albedo (Castellani et al., 2017; Morini et al, 2017) and a
systematic increase in urban green space (Aram et al, 2019;
Bisegna et al., 2019; Bevilacqua et al., 2020; MacLachlan et al.,
2021). However, anthropogenic heat is often a driving force of the
UHI phenomenon (Sailor and Fan, 2004; Smith et al., 2009; Luo
et al., 2020; Mei and Yuan, 2021). As sensitivity studies have
shown (Salvati et al., 2017), anthropogenic heat fluctuations can
indeed significantly alter the UHI effect. This heat is mainly
generated during the day and is largely due to human activities,
traffic, and building air conditioning. For this reason, especially
when air-cooled air conditioning systems are used systematically,
the possibility of reducing the heat gain that is released to the
outside by the HVAC system must always be considered.
Consequently, implementing the 5GDHC technology in
conjunction with the use of seawater can be an effective option.

A Performance Analysis of a Seawater-Fed
5th Generation District Heating and Cooling

Networks

This study addresses the potential benefits of seawater for
improving the energy performance of HVAC systems and
reducing the UHI phenomenon. For this aim, a case study is
investigated in the coastal city of Trieste, which is in the
northeastern Italy on the Adriatic Sea. A retrofit action for an
urban area based on the systematic introduction of decentralized
HPs in a new 5GDHC network fed by seawater is proposed.
Specifically, the analysis consists of 1) the elaboration of the
specific retrofit project focusing on the 5GDHC to be installed in
the area, 2) the application of the archetype procedure to model
the urban area, 3) the evaluation of the UHI effect and its impact
on the building heating and cooling demand, 4) the modeling of
the 5GDHC network and HPs, and 5) the assessment of the
benefits from the use of seawater in the 5SGDHC compared to the
alternative air source HPs (ASHP) or condensing boilers.

MATERIALS AND METHODS

Description of the Retrofit Action

The urban area selected as a case study is located near the old
seaport and preserves the architectural setting from the time of
the Austro-Hungarian Empire. A regular division into large
building blocks, clearly recognizable because they are separated
by streets, characterizes the architectural layout. The area is
highlighted by a yellow line on the aerial photograph in
Figure 1A. It is a rectangle with dimensions 402 m x 143 m
and a total area of 57,486 m”. Figure 1B shows a plan of the 16
blocks in the area, numbered in this study, as indicated at the
bottom of the same figure. Each block consists of different
buildings with diverse height and number of floors. Figure 2
shows a photograph and plan of the existing buildings for each of
the three blocks selected as examples. The total built-up area as a
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percentage of the total area is 79%, and the building density is
7.97 m*/m®. Most of the buildings are historic buildings built in
the 19th and early 20th centuries, eventually with additional
portions more recent. The remaining part dates back to the period
between the 50s and 60 s of the last century. The buildings have
usually retained the same features of the construction period.
Since the thermal insulation of buildings was required by a
national law starting in 1976, the building envelopes are
uninsulated and only the windows have been changed from
single to double glazing over the years.

Centralized heating systems of obsolete design with radiators
and thermal power stations in each block are present. Air
conditioning systems with air-cooled chillers are installed only
for commercial and directional buildings. These refrigeration
machines are located in courtyards or terraces; instead, the
installation of autonomous air conditioners such as split
systems, currently so widely used in residential buildings, is
not possible here because the facades of these buildings do not
have balconies and the presence of preservation orders affects the
external perimeter walls. Therefore, air conditioning systems in
residential buildings are very rare and may be present only in a
few rooms.

In this context, an effective retrofit action must first provide
for a substantial improvement in the thermal performance of the
building envelope through the application of typical techniques.
The insertion of a layer of insulation under the roof tiles, the
replacement of the existing windows with higher performance
products. In the presence of preservation orders, the external wall
insulation must be applied on the inside instead of using it as an
external thermal cladding. The goal is to achieve at least the
thermal insulation level currently required by the national
regulation (MISE, 2015). Therefore, this analysis considers the
thermal transmittance coefficients (U-values) corresponding to
the maximum value allowed by the national regulation for the
climatic zone of Trieste (Zone E, 2102 HDD). The description of
the multiple layers (from inside to outside) of the main building
structures included in the building simulation models and their
U-values is given in Table 2. Considering the increasing use of air
conditioning, the adopted solution proposes the application of
HP for both heating and air conditioning in all buildings. These
two retrofit measures are fully aligned with the nearly zero-energy
building (nZEB) goal. In fact, this level of insulation in building
structures is one of the nZEB requirements in national legislation
(MISE, 2015). Moreover, the nZEB definition (European
Community, 2010) states that the low energy demand should
be met to a very large extent by renewable energy. Heat pump
technology can provide an important contribution to this
purpose. The retrofit plan assumes the modern tendency to
centralize the generation of heat and cold in the building
blocks with individual energy accounting in order to optimize
the management of the HVAC systems and, consequently, the
energy consumption. Therefore, a centralized HP is considered
for each block. The SWHP can be installed in a technical room
and often in the existing thermal power station in the substitution
of the boilers. The ASHP must be placed outdoors, possibly on
flat roofs, terraces, or in courtyards. This is the solution already
adopted for the existing air-cooled chillers for air conditioning of
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FIGURE 2 | Plan of buildings and photograph of block 3 (A), block 4 (B), and block 11 (C).

the existing tertiary activities. Among the different options, the
retrofit action foresees the installation of fan coils as terminal
units, used for heating with a supply water temperature of 45°C
and for air conditioning with a supply temperature of 7°C for both
GWHP and ASHP.

The rural weather file used for the simulations was obtained
from actual weather data collected from a meteorological station
in a rural area near Trieste and therefore not affected by urban
influences. The rural weather data were used to create the
corresponding EnergyPlus weather (EPW) file according to
the U.S. Department of Energy (2019b). In the figures, the
rural weather data are indicated as S_rural in summer and
W _rural in winter. Since in Trieste the heating season lasts from
October to April, the winter period includes the months from
January to April and then from October to December. The air
conditioning, and therefore the summer period, lasts from June
to September. The profile of outdoor air temperature is
compared in Figure 3A, with the monthly average seawater
temperatures in Trieste. These seawater temperatures come
from a meteorological open data (Climate-data.org, 2022.),

which provide the monthly average values of minimum,
average, and maximum daily temperatures. These averages
are shown in Figure 3B for the 12 months. Figure 3B shows
a very limited thermal excursion of seawater temperature during
each month with respect to the strong oscillation of outdoor air
temperatures. The monthly average seawater temperature is
effectively representative of the thermal level of the sea in a
month, and this fact justifies the use of a linear interpolation
between these averages to build an annual trend of the seawater
temperatures, also reported in Figure 3A.

The Implementation of a Seawater District

Heating and Cooling Networks

The intervention foresees the installation of centralized water-to-
water HPs, one for each building block, connected to a two-pipe
water network built in the studied area. Each HP withdraws the
required amount of water from the delivery pipe of the network
with a dedicated pump and gives it back to the return pipe. PE
underground pipes are considered for this grid. The urban
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TABLE 1 | Main data of the district network.

Maximum simultaneous heating/cooling demand required from the network (kW)
Maximum water flow rate of the closed network (mg/h)

Maximum tube sizes Di/De (mm) and maximum length of single closed loop circuit (m)

Maximum seawater flow rate (m®/h)
Tube sizes Di/De (mm) and length of the well water circuit (m)
Peak electric load of the pumping system (kW)

network forms a closed circuit connected to a technical station,
which can be located in the immediate vicinity of the old
warehouse next to the seaside and the study area. Here, two
plate heat exchangers are considered, operating alternately to
allow maintenance. They are interposed between the seawater
circuit and the urban circuit to avoid fouling inside the
evaporators and condensers of the HPs. Italian legislation
(Author Anonymous, 1999) prohibits the thermal use of
seawater with a temperature drop higher than 3°C and the
temperature of the seawater returned must not exceed 35°C.
The two heat exchangers are sized according to this worst
permissible condition, i.e, in cooling mode, a temperature
difference for the seawater of 32°C-35°C, which corresponds to
a nominal water temperature drop of 35°C-40°C in the urban
circuit. In heating mode, assuming the minimum seawater
temperature of 11°C from Figure3B, the corresponding design
temperature drops are 11°C-8°C for the seawater and 8°C-3°C for
the urban loop. The sizing of the network is based on the
simulation results regarding the building loads and the
performances of HPs. The main network data can be found in
Table 1.

The functional diagram of a typical seawater intake plant is
shown in Figure 4. In the seawater circuit, a self-cleaning filter
(Figure 5A) is recommended to reduce maintenance
interventions on heat exchangers and filters. The location of
the seawater intake station is proposed near the quay at a point
indicated by a yellow dot in Figure 1A. A sketch of a typical
station is shown in Figure 5B. The use of an underground space
facilitates the operation of the hydraulic pumps, and the

6,303/5,872
1,141

341/400-921
1,901

426/500-68
98 kW

presence of a pre-chamber for the introduction of seawater
reduces turbulence in the intake and the dirt sucked in. Of
course, the pre-chamber must be accessible for maintenance, as
shown in Figure 5C. To avoid interference, the water return to
the sea can be placed 50 m away from the suction point at the tip
of the same pier.

The pumping system is based on three pumps for both the
closed loop of the district network and the open circuit of the
seawater. A smart control of the pumping system is able to
drastically reduce the power consumption, as the demand of
the building varies greatly both in winter and in summer. Indeed,
in the case of very frequent part loads, a reduced number of
pumps can work alternatively. Moreover, a variable flow rate of
the pumping system is achieved by controlling the speed of the
electric motors of the pumps through the inverter technology. For
this purpose, the control of the water flow rate is designed to keep
the temperature difference between the return and supply water
constant in both heating and cooling modes. This difference is
5°C for the urban network and 3°C for the seawater circuit. This
control of pumping power is very performing. In the case study,
the annual simulation shows a saving in the electricity
consumption of the pumps of 71% compared to the case of
constant flow rate. Normally, in this type of technical station, two
heat exchangers are installed, working alternately to meet the
maintenance requirements, as well as a filter for the seawater. The
use of a self-cleaning filter through intermittent reversal cycles of
the water flows can increase the life of the filter efficiency without
maintenance stops. In addition, experience (Schibuola et al,
2017) with self-cleaning filters has shown that the heat
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FIGURE 4 | A functional diagram of the seawater intake plant.

Seal/plant heat exchangers

FIGURE 5 | A self-cleaning filter (A), a sketch of a seawater intake station (B), and a seawater intake prechamber (C).

exchangers hardly foul even when the water is very dirty. This
result suggests in many cases the possibility of using only one heat
exchanger and limiting the cleaning of the exchanger to the end of
the heating or cooling season.

Urban Area Modeling

The modeling of the investigated area is based on the data from
GIS, which provides information about the building area,
height, and use of each building in the blocks. The archetype
modeling approach (Swan and Ugursal, 2009; Yang et al., 2020a)
was used to calculate the heating and cooling demand of the
buildings in the area. The entire building stock is categorized
according to its characteristics that affect energy demand. The
first step is to distinguish some basic building typologies. In this
case study, four types were highlighted. Residential buildings
where the ground floor rooms are not heated and are used as
garages or storage rooms (type 1). Residential buildings, but
whose ground floor is used by commercial establishments (type
2). Residential buildings whose ground floor is used for office
purposes (type 3). Directional buildings that contain only offices
(type 4). Based on these selected typologies, the second step is to
distinguish all buildings into categories based on the use and
number of floors. Each category is named by the initial letter of
the use (garage, commercial, residential, office) followed by the
number of floors. Thus, the categories of types 1 through 3
consist of two letters and two numbers. The categories of type 4
contain only the letter O followed by the number of floors. In

Figure 2, different colors are used to indicate the categories in
each block reported here. Figure 6 shows the heated volume of
the categories that belong to each type as a percentage of the
total heated volume of the buildings of that type. In this way, it is
possible to individuate the category that is to be considered
representative of all buildings of that type on the basis of its
volume significance in the total heated volume of that building
typology. In Figure 6, the four selected categories are indicated
by an arrow. A table in Figure 6 also indicates the percentage
volume of these selected categories with respect to the total
building volume in the area. For each of these four categories, an
archetype building is selected to characterize the category and
thus all the types in the stock. The archetypes selected in this
case study are listed in Table 2, which includes their main
characteristics and simulation parameters. The hourly heating
or cooling load profile of each archetype is calculated using the
EnergyPlus code, a comprehensive and robust building
simulation program. The EnergyPlus calculation is based on
the contemporary solution of the global energy balance of each
thermal zone of the building, taking into account the
contribution of the HVAC system to maintain the thermal
control setpoints (Yang et al.,, 2019). For each archetype, the
hourly load is divided by the relative building volume to
estimate an hourly load intensity that is adopted for all
buildings belonging to the relative type. Consequently, the
total load of a building typology is calculated by multiplying
this load intensity by the corresponding total building volume.
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FIGURE 6 | Percentage volume distribution of categories and selected category for each type. The table shows the contribution of the selected categories to the
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Finally, the hourly demand profile of the entire building stock in
the studied area is calculated by adding the four total loads for
each building typology.

Urban Weather Generator Software to

Simulate Urban Heat Island Effects

The UWG code calculates average hourly air temperatures within
the urban canopy starting from a rural weather file. Its output is an
urban weather file taking into account the UHI phenomenon and is
in EPW format, so it can be used for EnergyPlus simulations. UWG
requires an auxiliary file in XML format to proceed with parametric
modeling of the urban area under study (MIT, 2014; Nakano et al,
2015). This XML file contains the values of the parameters used to
build the urban model. These data are organized into four groups:
information about the buildings, urban morphology, vegetation
characteristics, and data about the reference site. UWG assumes
that the air within the urban canopy layer is well mixed. Urban air
temperatures are calculated using the heat balance method, taking
into account the heat capacity of the air in the urban canyon. The
energy balance of the urban canyon is based on heat fluxes from the
building envelopes and the street, heat fluxes due to air exfiltration,
waste heat from HVAC systems and other anthropogenic heat
sources, convective heat exchange between the air of the urban
canyon and the atmosphere, and the radiant heat exchange between
the surfaces of the urban canyon and the sky.

Regarding building behavior, UWG uses EnergyPlus to
simulate heat flows in buildings. Therefore, the required
information about buildings is the same as that introduced in
the EnergyPlus models. This includes building geometries and
their structure characteristics, internal heat gains, and occupancy
schedules. Consistent with the archetype approach adopted, the
building data provided by the UWG model pertain only to the

four archetypes representing all buildings present in the area and
are the same as that used for the load calculations. These building
data are summarized in Table 2. The other urban morphology
information, mostly extracted from the data of GIS and
introduced into the XML file, is shown in Table 3. A general
typical albedo value of 0.2 is used for the building surfaces. For
evaluation during the air conditioning period, the UWG requires
an average chiller efficiency (EER) for each HVAC system. In this
study, the seasonal EER values confirmed by the final outcomings
were adopted and, more specifically, 3.6 in the case of the ASHPs
and 4.5 for the SWHPs. Another important information
requested by UWG in the XML file for each chiller is the
value of the parameter “heat released to canyon,” which can
vary between 0 and 1. This is the fraction of waste heat from the
chillers that is discharged to the urban area. A value of 1 is typical
for ASHPs where all the heat from the condensers is released to
the outside air in the canyon. A value of 0 means that the waste
heat is not discharged into the canyon, which is the case with the
SWHP technology. Consequently, by using these two different
values for this parameter, two different urban EPW files were
created for the summer. The first EPW, named S_UHI_A, was
calculated with a value of 1 and was therefore used with the
ASHPs. The second EPW, named S_UHI_B, was calculated with
a value of 0 and used with the SWHPs.

During the heating season, UWG assumes the use of
traditional boilers, while the use of HP is not currently
planned. It is necessary to specify a boiler efficiency between 0
and 1. If you select a boiler efficiency of 1, no heat is released into
the urban canopy by the HVAC system. This hypothesis is correct
if the SWHPs are present. However, in the absence of a possible
alternative calculation, it was also assumed in the case of ASHPs.
Therefore, only one urban weather provided by UWG was used in
winter and here named W_UHI. This fact leads to neglecting that
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TABLE 2 | Characteristics and simulation parameters of the archetypes.
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Archetypes
Type 1 Type 2 Type 3 Type 4
Windows (%) of floor 12.5-20
Total volume in the area (m°®)? 8,860 206839 108616 134025
Category G1R3 C1R3 O1R3 04
Total volume in the area (m?)° 5,986 53,781 37,082 75,046
Building number® 1 7 5 2
Mean building volume (m?)° 5,986 7,683 7,416 37,523
Reference Volume (m®° 6,465 8,221 7,861 41,651
Reference Surface (m?)° 2,155 2,740 2,620 13,884
Occupancy (Pers/m?) 0.035 0.035% or 0.1° 0.035% or 0.1 0.1
Internal heat gain (W/m?) 4 49 or 10® 490r 16.5' 16.5
Heating set point temp. ("C) 20
Cooling set point temp. ("C) 26
Heating schedule (h) 7a.m.—9p.m. 7a.m.—9p.m.% or 7am.-7p.m.° 7a.m.—9p.m.% or 7a.m.-6p.m.° 7a.m.—6p.m.
Cooling schedule (h) T1lam.—=7am. 11a.m.~7p.m.% or 9a.m.~7p.m.° 11a.m.~7p.m.% or 8a.m.~6p.m.° 8a.m.-6p.m.
HVAC system schedule (day) 7 79 or 6° 79 or 5° 5
Air change rate (ACH) 0.5 0.5% or 1° 0.5% or 2° 2
Walls — U-value Plaster (1.5 cm), polyurethane (12 cm), brick (40 cm), plaster (2 cm)—U = 0.22 W/m?K
Windows U-value Double—pane clear glass—U = 1.3 W/m?K—SHGC = 0.54 (-)
Roof U-value Plaster (1.5 cm), concrete (20 cm), polyurethane (14 cm), tiles (2 cm)—U = 0.20 W/ m?K
AReferred to all the buildings of one type.
PReferred to all the buildings of the category.
°Referred to the simulated archetype.
IDwellings.
°Commercial areas.
"Offices.
TABLE 3 | Main parameters of the UWG model.
Urban area
Average building height (m) 19.9 Vegetation albedo (-) 0.25
Site coverage ratio (-) 0.79 Vegetation start/end (month) 112
Facade to site ratio (-) 2.04 Daytime boundary layer height (m) 700
Tree coverage (-) 0 Nighttime boundary layer height (m) 80
Non-building sensible heat (W/m?) 8 Reference height (m) 140
Non-building latent heat (W/m?) 0 Road albedo (-) 0.165
Char length(m) 135 Road emissivity (-) 0.95
Tree latent (-) 0.7 Vegetation coverage (-) 0.001
Grass latent (-) 0.6 Material Asphalt
Reference site
Latitudine (°) 45.6 Temperature measurement height (m) 10
Longitudine () 13.8 Wind measurement height (m) 10

outdoor urban air is used as a cold source for ASHPs. By using
W_UHI, the UHI effect in winter is overestimated in the case of
ASHPs and consequently the heating load of the building is
somewhat underestimated in this case. As quantified later by the
simulation, the increase in urban temperature caused by the UHI
phenomenon involves a useful reduction in heating demand. The
UWG calculations take into account not only the outside
anthropogenic heat but also the heat losses from the buildings
that are transferred as heat to the urban canopy. However, in the
case of ASHPs, the outdoor air is used as a cold source and a quota
of the heat losses is returned to the interior of the buildings by the
ASHPs. In detail, the heating capacity provided to a building by
the ASHP is the sum of the contribution from the cold source and
the energy consumed by the compressors. Therefore, for ASHPs,

only a quota of the building’s heat losses should be considered in
the UWG calculation. For example, with a typical HP efficiency
(COP) of 3, only 33% of the building’s heat losses should be added
to the external anthropogenic heat gains. The overestimation of
heating demand reduction in the case of ASHPs is not considered
a problem in this analysis. Since the purpose of this study is to
evaluate the benefits of SWHPs as an alternative to ASHPs, the
presence of a possible overestimation in the second case can be
considered as a further motivation for an advantage in this
comparison.

Decentralized Heat Pump Modeling
High performing machines are considered for both SWHPs and
ASHPs. They are equipped with multiple scroll compressors,
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stainless steel plate heat exchangers that serve as evaporators and
condensers, and R410A brine. In the larger building blocks, HPs
have two refrigerant circuits, each with two compressors. The only
difference between ASHPs and SWHPs is that one heat exchanger of
the ASHPs is an air coil. The performance of HP is characterized by
two basic parameters, full capacity and efficiency. Full capacity is the
maximum thermal power that the unit can provide in heating or
cooling mode. Efficiency has a different expression in heating and
cooling modes. In heating mode, this efficiency, called coefficient of
performance (COP), is the ratio between the heating power provided
and the electrical power consumption. In cooling mode, this
efficiency, called energy efficiency ratio (EER), is the ratio
between the cooling power provided and the electrical power
consumption. These performances are greatly affected by the
temperatures of the external fluids that exchange heat at the
evaporator and the condenser. For this reason, performance data
are normally provided by manufacturers as a function of these
operating temperatures. Standard test methods (CEN, 2019) are
used to obtain these data. Specifically, this information in this
analysis comes from RHOSS (2019) for SWHPs and from
RHOSS (2018) for ASHPs. As a result of choosing terminal units
based on air handling units and fan coils for HVAC systems. The
supply water temperatures are fixed at 45°C for heating and 7°C for
cooling. Therefore, the performance of HP at full capacity varies only
as a function of the outdoor air temperature for ASHPs and the
water inlet temperature from the urban network for SWHPs. For
ASHPs, the outdoor air is moved by fans installed in the machine, so
the power consumption of the fans is included in the EER/COP
calculation. Instead, the SWHPS’ inlet water is pumped through the
district grid and the consumption for pumping is calculated
separately. For the simulated HPs, capacity control is based on a
multi-stage control with two stages, 50% and 100% of total capacity,
achieved by tandem compressors. A smart capacity control is
fundamental for optimizing HP operation. In fact, the capacity
control must modulate the actual capacity provided to balance
the building load, which is highly variable and often very low
relative to the full load capacity of the machine. This part-load
operation can cause severe penalization in the absence of a proper
control system. The use of tandem compressors installed in the same
refrigerant circuit makes it possible to limit this degradation of
performance thanks to the oversize of the evaporator and condenser
when only one compressor is operating. In any case, for a correct
evaluation of the effective HP efficiency, a correction part load factor
(PLF) is used for the previously introduced COP/EER at full load.
This procedure is validated by standards (CEN, 2018) and is usually
used for a performance rating of HPs under real working conditions
(Schibuola, 2000; Dongellini et al., 2015; In et al,, 2015). PLF values
are obtained by interpolating the manufacturer’s data. Typically, the
manufacturer provides part load ratings at 25%, 50%, 75%, and
100% of full load capacity, as determined by standard laboratory tests
(CEN, 2018). Indeed, these data are available because they are
needed to calculate seasonal efficiency indices such as the
European Seasonal Energy Efficiency Ratio (ESEER), which is a
weighted average of these four values (Marinhas, 2013). Based on
these values, it is also possible to trace the curves of the
corresponding PLF correction factor as a function of the part
load level, which is the ratio between the actual capacity provided
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and the full load capacity of the HP (Schibuola et al., 2013a). For this
HP modeling, a quasi-steady-state calculation procedure based on a
spreadsheet-style model was used. In this case, at each time step, the
hourly building load calculated by EnergyPlus is used to evaluate HP
performance. At each time step, the actual HP capacity required is
equal to the building load. In heating mode, the full load COP and
heating capacity are determined as a function of the inlet water
temperature for SWHPs or the outdoor air temperature for ASHPs.
Based on the heat exchanger design, this inlet water temperature is
estimated to be 3°C below the seawater temperature. The level of part
load allows us to calculate the PLF. Finally, the actual COP is
obtained by multiplying the full load COP by the PLF. The electricity
consumption is the ratio between the actual heating capacity on the
simultaneous COP. The monthly average COP is the ratio between
the heating energy supplied in that month and the corresponding
monthly electricity consumption. The same calculation at the
seasonal level gives the seasonal average COP. In cooling mode,
the same procedure is used, except that in this case EER and the
cooling load are taken into account.

RESULTS
The Urban Heat Island Effect

The UHI effect is investigated by comparing the temperatures of
the monitored rural weather and the two urban weathers
calculated by the UWG code in the cases of using ASHPs or
SWHPs. In summer, the weather condition is referred to as
S_UHI_A in the first case and S_UHI_B in the second case. In
winter, as mentioned earlier, only one urban weather condition
is evaluated and is referred to as W_UHI. In general, these urban
analyses highlight a UHI intensity equal to the difference
between urban and rural temperatures at the same moment.
Figure 7 shows the air temperature trends of the rural weather
and the two urban weather conditions, S_ UHI_A and S_UHI_B,
on 6 days in July. The corresponding UHI intensities are also
indicated. The UHI behavior is clearly evident and always
confirmed. The S_UHI_A temperatures are the highest, and
the S_UHI_B temperatures are in between the other two.
Building air conditioning degrades urban thermal conditions,
but removal of heat from condensers in SWHPs reduces this
degradation. High variability in UHI intensities is observed
mainly during daytime hours, with a significant increase at
night. In Figure 7, a table shows the average values of
temperatures and UHI intensities on the 6 days for all day,
daytime, and nighttime. The three average S_UHI_A intensities
are greater than 1 degree, but these values are approximately
halved in the S_UHI_B case. The same outcomes, based on
6 days in December, are reported in Figure 8. In this case, only
one urban temperature trend is compared to that of the rural
area. The UHI effect is again evident throughout the period, but
the UHI intensities are lower than in summer. The high
variability of UHI intensities and their largest values during
the night are also confirmed in winter.

Figure 9A shows the total, daytime, and nighttime average air
temperatures for the three weather conditions for each month
and for the entire summer season, as well as the percent
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differences in these temperatures. In all summer months, the UHI
effect is anyway more relevant in case A than in case B. At the
seasonal level, the percent increase in urban temperature in case
A reaches 6% compared to that in rural temperature. In case B,
this value is 3.8%. Thus, the SWHP option allows for a 36%
reduction in this increase. Figure 9B shows the corresponding
UHI intensities. In all months, the UHI effect depends strongly
on the time of day. At the seasonal level, the average UHI related
to the whole day is 1.0°C in case A and 0.6°C in case B. The same
monthly and seasonal results for the winter period are shown in
Figure 10. In winter, the UHI effect leads to an 11.6% increase in
urban temperature compared to rural conditions. Of course, these
percentage results also depend on the lower winter temperatures.
The seasonal average UHI intensity is 1.1°C. The variability in
monthly UHI intensities appears to be related to that of air
temperatures and is therefore more pronounced in winter. In
both seasons, the average monthly UHI effect is larger at night.
There are a few studies in the literature on the UHI
phenomenon that also quantify the effect of heat released
from the air cooled chillers (Bueno Unzeta, 2010; Salvati et al.,
2017). The results found here are consistent with these previous
evaluations. Nevertheless, these works do not address the
question of how to eliminate this urban heat gain. Instead,
this research evaluates the UHI mitigation benefits of a precise
technology proposed to remove this heat from an urban area.

Heat Pump Performance Simulation

Figure 11A shows a comparison of the seasonal cooling and heating
demand calculated by EnergyPlus with weather data for rural and
urban areas for each building type. The percentage differences are
also presented. Due to the significant variation in relative volumes in
the area, the demand rates vary greatly between types, with types 2
and 4 being the largest contributors. However, the UHI
phenomenon has an evident effect on the increase in cooling
demand for all building types in summer but with a significant
difference in the case of weather conditions S UHI_A or S_UHI_B.
Specifically, the percentage increase in cooling demand in the case of
S_UHI_A ranges from 16.3% to 18.8%. In the case of S_UHI_B, this
increase range is reduced between 6.9% and 7.4%. For all the types,

the differences between these two increases vary to a limited extent
between 8.1% and 9.6%, which is probably also related to the
different cooling requirements of each type. The response to the
UHI effect appears to be virtually the same for all building types. As
for the reduction in heating demand, the response to the UHI effect
is also similar among the four building types, varying between 9.5%
and 11.0%. Figure 11B shows the monthly cooling and heating
demands of the whole analyzed area calculated with the rural
weather file. In the same histograms, the increase of cooling in
the summer months with the two urban weather patterns and the
reduction of heating thanks to the urban weather in the winter
months are numerically expressed as percentages. The high
variability of rural demand, especially in winter, results in
considerable variation in these percentage increases or decreases
on a monthly basis. In summer, however, the monthly differences
between S_UHI_A and S_UHI_B are quite regular, ranging from
3.8% to 13.0%. In Figures 11A,B, the table shows the seasonal
demands in rural areas and the corresponding percentage differences
from the requirements resulting from urban weather conditions. At
the seasonal level, the increase in cooling demand due to S_UHI_A
in relation to rural weather is 17.3%, while for S_UHI_B, it is 8.7%.
Therefore, the increase in cooling demand is reduced by 49.7%
thanks to the SWHP technology. As for the seasonal heating
demand, the calculation with the urban file indicates a reduction
of 9.4% compared to the use of the rural file.

Figure 12A shows the monthly and seasonal averages of COPs
relative to all SWHPs or ASHPs foreseen in the area. For SWHPs,
these COPs, as well as the EERs that follow, also take into account the
electrical absorption of pumping in the urban network and in the
seawater loop. Due to careful control of the pumps, this electrical
energy absorption is limited to 4.8% of the total annual electricity
consumption of the SWHPs, with the same incidence on the
corresponding electricity cost. On an annual basis, the electricity
load of the seawater circuit including the filtration system is 32% of
the total pumping consumption. The comparison highlights that the
SWHPs perform best, especially in the coldest winter months, due to
the more favorable thermal level of the sea compared to the outside
air. However, the part load effect on COP is clearly observable. In the
mid-season, the improvement in full-load performance due to the
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higher thermal level of the cold source of the HP is counterbalanced ~ although it is larger and more stable for SWHPs. Another
by the part load penalization due to the reduction in building  important comparison term is the CO, emissions caused by the
demand and the increase in the actual HP full-load capacity.  different heat generation systems. For the calculation of CO,
High part load levels severely degrade HP efficiency. For this  emissions, the official data of Italy were used (Ispra, 2019).
reason, the impact of part load must always be considered in the  Specifically, 0.308 kg of CO, per electrical kWh consumed and
HP performance evaluation. On a seasonal basis, the average COPis ~ 0.201kg of CO, per kWh of primary energy consumed by a
3.14 for the ASHPs and 4.08 for the SWHPs with a percentage  natural gas boiler were assumed as equivalences. Figure 12A
increase of 29.8%. The advantage of adopting the HP technology as ~ shows the monthly and seasonal reductions by ASHPs and
an alternative to the use of condensing boilers is investigated at the =~ SWHPs in terms of CO, emissions compared to the case of a
seasonal level in terms of primary energy consumption. For this  condensing boiler installation. At the seasonal level, ASHPs enable a
purpose, the official Italian factor (DM 26 giugno 2015, 2015) 2.42is  reduction of 50.8%, while SWHPs achieve 62.4%. This remarkable
used to convert the electrical energy consumption of HP to the  result is the consequence of the different CO, emission rates for
corresponding primary energy. For the condensing boiler with a  natural gas and electric energy and the better performances of the
return water temperature of 40°C, an average seasonal efficiency of ~ HPs, especially in the case of the SWHPs.

1.01 from the national standard (UNI/TS 11300:2, 2014) is assumed. Figure 12B shows the monthly and seasonal average EERs for all
Figure 12A reports the percentage primary energy savings achieved ~ area HPs in cooling mode. Primary energy savings achieved by
with the HPs compared to the use of condensing boilers. The ~ SWHPs compared to consumption with ASHPs are also reported. In
monthly trends are affected by the variability of the  all summer months, the comparison points out the best performance
corresponding COPs. In any case, the net benefit of the HP  of SWHPs due to the more favorable thermal level of seawater than
technology is always evident for both ASHPs and SWHPs,  outdoor air for cooling the HP condensers. In fact, the trend of the
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seawater temperature is quite constant, while the outdoor air shows
strong hourly variations, with the highest values during the air
conditioning hours. The influence of part load is also evident in the
EERs, but the fluctuations of the monthly trend are smaller in
summer compared to those in winter months due to the smaller
demand variations. The seasonal EERs are 3.63 and 4.54,
respectively, with an increase of 24.6% for SWHPs. Lower
cooling demand and better EER involve that the primary energy
consumption for air conditioning is reduced thanks to SWHPs. On a
seasonal level, this reduction is 24%. Since both ASHPs and SWHPs
are electric-driven HPs, the percentage reduction in CO, emissions
thanks to the use of seawater is equivalent to the percentage energy
savings. HP performance assessment in cooling mode also provides
the thermal power dissipated by condensers and removed in
different ways with the two HP technologies. Figure 12B shows
the thermal power released to outdoor urban air from ASHPs in
terms of the monthly specific power per unit urban area, with a
seasonal average value of 24.9 W/m?. This high value underlines the
importance of air conditioning systems in energy balances in terms
of the UHI effect in the case of ASHPs. In the case of SWHPs, on the
other hand, the relative condenser heat is removed from the urban
area via the sea. As regards the thermal use of water from surface
aquifers, the strict limitations of the above-mentioned national
legislation were introduced to protect the outdoor environment.
In particular, the maximum temperature difference of only 3°C
between the water withdrawal and the return reduces the thermal
stress, also considering possible problems for flora and fauna. In
addition, in the case of the sea, the large thermal inertia, wave
motion, and sea currents further contribute to eliminate the risks
associated with the increase in water temperature. However, since
the application of the SWHP technology in coastal areas is still at the
beginning, there are no studies yet on its impact on the marine
environment. In addition to performance monitoring, investigations
on this topic are absolutely recommended. At the urban level, the
possible negative impacts become negligible compared to the
consequences of the total heat emission of the ASHPs in the
immediate vicinity of the buildings.

The performance outcomes remedy the lack of studies on this
technology. Indeed, a few 5GDHC systems are currently coupled
with the use of seawater and little information is available (Buffa
et al., 2019; Caputo et al., 2021). On the other hand, the current
state of the literature focuses on the youth of the 5GDHC
technology. Reviews on this topic emphasize the need for
further development of design and simulation tools based on
their application to real-case studies (Abugabbara et al., 2020;
Lindhe et al., 2022).

DISCUSSION

This article addresses the environmental benefits of
implementing a 5GDHC network in a coastal city using
seawater as a heat source/sink as part of a retrofit action.
Starting from the assessment of the UHI effect in the
investigated area, the analysis highlights the deterioration of
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the UHI effect caused by the heat released by the traditional
air conditioning systems in the urban area in summer, as well as
the change in the urban climate in winter.

A first conclusion from the results is that building load
simulations in urban areas should be performed considering
the UHI phenomenon, instead of simply using rural weather
data. However, the proposed technical solution is able to carry
away from the city the heat dissipated by the chiller
condensers. In this way, the results show a significant
mitigation of the UHI effect in summer. Therefore, this
option to mitigate the UHI effect can help to increase the
resilience of cities, and the prediction of the future climate
change scenario indicates that the potential benefits will
increase during extreme events such as urban heat waves.
Another fundamental study concerned the consequences of
the introduction of the HP technology and the more favorable
thermal level of seawater compared to outdoor air. For this
purpose, during the heating season, the performance
comparison has concerned not only the ASHPs and
SWHPs but also the installation of condensing boilers as a
possible alternative in the retrofit action. The findings show
that the HP technology is superior in both increasing energy
performance and reducing CO, emissions. However, the
SWHP solution offers significantly better performance than
the ASHP in both summer and winter. In terms of CO,
emissions, even in summer, the savings in electricity
consumption due to air conditioning in urban areas show a
non-negligible overall reduction in CO, emissions. Indeed,
the greenhouse gas footprint includes not only direct
emissions in urban areas but also upstream emissions to
produce goods and services for urban consumers. The main
obstacle to the implementation of SWHP compared to other
retrofit measures, and in particular to traditional urban
heating/cooling networks, is the presence of a seawater
access at an acceptable distance from the intervention area.
This condition may limit the possibility of the expanded use of
SWHP even in coastal areas. On the other hand, the
availability of seawater provides the possibility to foster the
benefits of including 5GDHC networks into retrofit actions to
support current efforts to increase decarbonization and
environmental resilience in urban areas.
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