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Abstract: Heat pumps in buildings allow for the limiting of CO, emissions by exploiting directly the
renewable energy available in the external environment (aerothermal, hydrothermal and geothermal
sources). Moreover, other renewable technologies such as active solar systems can be integrated
easily into use with them. This combination not only increases the share of primary energy provided
by renewable sources for heating/cooling but also improves the heat pump performance indices.
Nevertheless, in cold climates, air-water heat pumps should be equally penalized due to the un-
favorable outdoor air temperature. Conversely, a water—water heat pump, connected with a solar
tank and thermal solar collectors, overcomes this issue. Indeed, the higher temperature attainable
in the cold source allows for reaching greater COPs, and when the solar tank temperature level is
enough, emitters can be directly supplied, avoiding the absorption of electric energy. In this paper,
this plant configuration, in which a further tank after the heat pump was considered to manage the
produced thermal energy, is investigated. Proper control strategies have been developed to increase
the renewable share. Regarding a reference residential building located in Milan, for which the
water—water heat pump was sized properly, a parametric study, carried out in TRNSYS by varying
solar tank volume and collecting surface, has allowed for the identification of the optimal system
configuration. A renewable share, ranging between 54% and 61% as a function of the collecting
surface and the storage volume, was detected, as was an average seasonal coefficient of performance
(SCOP) over 4. Regarding two common heating plant configurations using an assisted PV air-to-water
heat pump and a gas boiler, the optimal solution allows for the limiting of CO, emissions by 33% and
53%, respectively.

Keywords: solar assisted heat pump; thermal storage; sustainable buildings; high-efficient energy buildings

1. Introduction

The environmental challenge, aimed at combating dependence on fossil fuels, pollu-
tion and CO, emission, occupies a prominent place in the world panorama [1]. Conversely,
the energy demand growth has to convey energy consumption towards a sustainable de-
velopment model that promotes renewable energy sources [2]. In this context, the building
sector plays a crucial role because it impacts considerably on the external environment,
being responsible in the EU for 39.7% of the energy consumption of final uses and 36%
of the greenhouse gas emissions [3]. In this field, a pragmatic solution that limits these
percentages can be given by heat pumps [4]. Indeed, these devices can lead to exploiting
renewable energy sources, including aerothermal, hydrothermal, geothermal and solar
energy [5]. In the latter case, heat pumps are integrated with active solar systems to obtain
the so-called “Solar-assisted Heat Pumps” (SAPH). In the literature, several studies are
available concerning SAHP to use for heating, cooling and domestic hot water production.
Yi Fan et al. have carried out a critical overview of research focused on SAHP. They have
found that the principal weaknesses are: unsatisfactory energy performance at low temper-
atures, difficulty to couple solar collectors to reduce the absorption of electric energy and
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the lack of synchronism between thermal load demand and solar source availability for
heating purposes [6]. Liang et al. studied the performance of a new air-source SAHP for
building heating by TRNSYS simulations. The coefficient of performance (COP) of the air
source heat pump increased with the solar collector area augment and, in the whole heating
season, 40 m? of solar collector allowed to save 453.43 kWh [7]. L.Xu et al. have analyzed
a system that combines an air-source heat pump connected to a storage tank. The water
is also heated by a field of solar collector, to use both for DHW and space heating. The
model was successively validated by experimental data. The authors found that the system
performance is affected, respectively, by the outdoor air temperature, the tank volume and
collector surface area [8]. The SAHP system can be integrated with thermal solar collectors,
to use as the heat source, but also with photovoltaic (PV) panels to supply electricity as well
as in hybrid configurations. For instance, Baker et al. have modelled a system in TRNSYS
environment, composed of a ground source heat pump (GSHP) coupled with a field of
25 m? of photovoltaic-thermo (PV/T) panels, connected to a storage tank to use directly for
space heating and DHW production, or send to the evaporator of the GSHP. They found
that the system is able to cover the whole demand, both for heating and for the DHW [9].

According to the different integration modalities, SAHPs combined with thermal
solar collectors are classified as direct (DX-SAHP) and indirect expansion solar-assisted
heat pumps (IDX-SAHP). In the first case, thermal solar collectors and the heat pump
evaporator are integrated into a single unit that uses solar energy to promote refrigerant
evaporation. Charters et al. compared three technologies for producing DHW for the
main Australian cities: a single solar thermal system, a single heat pump and a DX-SAHP.
The comparison considered the electricity use, the life-cycle costs and the reductions in
greenhouse gas emissions. The authors found that the right choice strongly depended
on the climatic conditions and the local price of electricity [10]. Compared to the direct
solar-assisted configurations, in indirect solar-assisted solutions (IDX-SAHP) thermal solar
collectors and heat pumps were considered to be two independent systems. Banister et al.
have developed an indirect dual-tank SAHP system for domestic hot water heating with
a dedicated control strategy to minimize electricity consumption by selecting the best
mode, experimentally validated, from those proposed. Annual simulations of system
performance for a single-family residential home indicate that the dual-tank SAHP system
provides significant energy savings in comparison to a traditional solar domestic hot water
system [11]. Furthermore, IDX-SAHPs can be classified into three different functioning
modes: series, parallel and dual-source systems. In the series and the dual-source modes,
solar energy is employed to improve the heat pump performance, whereas in the parallel
system the solar device and heat pump work together to increase the renewable share in
energy demand. Usually, in a parallel system solar radiation is used to provide directly
heating loads, however when solar radiation is not sufficient, the heat pump intervenes.
Pinamonti et al. have analyzed the integration of a modulating water—-water heat pump
in a solar system equipped with a seasonal storage. System performance was evaluated
through a series of energy simulations using TRNSYS [12].

The dual-source solar-assisted heat pump is designed to use two evaporators operating
with different sources, choosing that with the most favourable temperature [13], but plant
systems equipped with heat pumps operating with more than two sources have also been
studied. In this regard, Emmi et al. have determined the performance of a multi-source
energy system composed of PV /T solar collectors, heat pumps and two storage tanks, one
for the heat source at the evaporator side, and the second one for the DHW production
and the space heating of a single-family dwelling located in the Northeast of Italy. In
particular, different sources (air, ground and water) were analyzed through the modelling
of two plant configurations. The first does not contemplate the integration of solar radiation
and thermal energy from the ground. In the second one, the system was conceived to
use solar radiation to increase the ground thermal level. The simulations were carried
out in a TRNSYS environment and showed that the latter solution was not economically
profitable [14]. Liu et al. have proposed a dual-source heat pump (solar and air), used for
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space heating, in which the evaporator exchanges with the higher temperature between the
air heated by the solar collectors and the external air. The performance of the dual-source
heat pump has been studied and optimized, with various refrigerant and air flow rates
supplying the solar collectors. The average monthly coefficient of performance of the
dual-source heat pump can generally reach 3.6, and the average annual indoor temperature
of the building is generally above 20 °C. One drawback of this installation setup is definitely
the absence of a storage system that hinders a rational exploitation of solar surpluses [15].

In order to rationalize and increase the use of renewable sources and simultaneously
improve the efficiency of the heat pump when operating in cold climates, this paper focuses
on the possibility of combining a water-water heat pump with other renewable sources.
The plant configuration involves a water-water heat pump, thermal solar collector, two
thermal storage tanks and a PV generator with batteries. The tank connected with solar
collectors is named the “solar tank”, the second one is located after the heat pump and
connected with the reference building (“secondary tank”). The basic purpose is to use
solar thermal collectors and the solar tank to increase COPs by increasing the cold source
temperature. When the temperature inside the solar tank is above 50 °C, the heating
demand is met directly from the solar collectors through a motorized three-way valve
that directly supplies the fan-coils of the reference building. The proposed system is able
to overcome the limitation of air-water devices in cold climates due to the unfavorable
outdoor air temperature that can hinder correct functioning. However, to avoid low
COPs, the heat pump operation is allowed only when the solar tank temperature is over
5 °C. Alternatively, an auxiliary system (gas boiler), integrated into the secondary tank,
intervenes. The system performances were investigated in a parametric study by varying
solar tank volume and the collecting surface in simulations conducted in the TRNSYS
environment. Proper control strategies were implemented in order to maximize the role of
renewable sources to meet heating needs. System efficiency was assessed by considering:

e heating demand covered directly by the system, without considering the auxiliary
intervention;
system performance index regarding the non-renewable share;
system performance index related to the renewable energy share;
CO, emission level.

It is worth noting that the proposed plant, despite requiring a water thermal source,
can be planned everywhere, and also for the renovation of existing heating systems. This
paper, unlike other investigations already available in the literature, through parametric
analysis, determines analytically the share of renewable energy and the correspondent level
of CO, emissions that can be achieved, and the results were compared with two common
solutions of heating plant: an air-to-water heat pump with a thermal storage system and
which is connected to a PV generator, with qualities of a high energy performance and
being easily installable, and the cheapest solution represented by a gas boiler.

2. Methods and Materials

In this section, the reference building plant system and numerical setup are presented.
The main characteristic of the heat pump, the solar collector and the thermal storage are
introduced. The description of the implemented control strategies is also described. Finally,
how performance parameters are determined is outlined.

2.1. Case Study Building

The case study building (Figure 1) is the typical plan of a multi-storey building with
a surface area of approximately 200 m? and an inter-floor height of 2.70 m. We decided
to analyze a typical plan in order to generalize the application of the proposed system
in other contexts. In fact, the surface investigated can be used for one, two or three flats,
without losing its generality. In the present analysis, the standard plan consists of three flats
surface (small, medium and large). The envelope was defined to satisfy current national
regulations regarding the energy efficiency of buildings in Italy [16]. The main dispersing
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surfaces are represented by vertical walls, and the thermal properties of the layers are
reported in Table 1. The building was simulated as a single thermal zone.

| Tt T
o - il P
D Medium
[J Small
[T Unheated zone

I
[
S0

2
Typ

esta

Figure 1. Case study building with flats locations and TRNSYS workspace for the design heating
load evaluation.

Table 1. Thermal properties of the layers composing the external vertical wall.

External Vertical Wall (U = 0.239 W/m?2 K)

Materi Thickness Density Specific Heat Therm.al'
aterial [em] [kg/m®] [J/kg KI Conductivity
[W/mK]
Plaster 2 1400 1000 0.700
Bricks 30 850 1000 0.182*
Insulation 8 70 1030 0.035
Skim Coat 2 1400 360 0.470
Plaster 1 1400 1000 0.700

* equivalent thermal conductivity.

For the aim of the study, the building is supposed to be located in Milan, characterized
by a continental climate classified as subtype “CFb” (Marine West Coast Climate) in the
Koppen Climate Classification [17]. This gives the location a dominant heating climate,
whereas cooling requirements can be considered negligible. DHW needs, with a low
magnitude in terms of energy requirements when compared with the heating ones, were
neglected. Internal gains were defined according to the Italian National Standard UNI
11300-1, differentiating them according to a schedule [18]. Similarly, natural ventilation was
assumed, with a rate of 0.3 air-change per hour (the minimum value imposed by the current
Italian legislation for buildings intended as a Residence of a continuous character) [18].
Windows are made with a double-pane glazing 4/15/4, with an argon-filled wooden frame
and a global thermal transmittance of 2.2 W/m?K (frame-to-glazed surface ratio of 0.15).
The heating loads required to size the heat pump have been quantified by using Type 56,
with hourly weather data provided by CTI (Italian Thermo-technical Committee), as the
typical meteorological year (TMY) [19]. It has to be noticed that transient simulations allow
researchers to account for the capacity effects of the building fabric that affect the thermal
balance of the building—plant system, and thus more reliable results were attained [20].
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2.2. Heating Plant

The proposed system combines the use of solar thermal collectors, the solar tank at the
service of the solar collector the secondary tank hosting the auxiliary system, a PV generator
connected to batteries and a commercial water-water heat pump [21]. The building is
conditioned by fan coils, supplied at 50 °C by the secondary tank.

2.2.1. Solar Thermal Collectors and Solar Tank

In order to limit winter thermal losses and exploit solar radiation more efficiently,
evacuated heat pipe solar collectors have been used. The efficiency of the collector is
defined by the following expression [17]:

n=mno—a;Tu—ayG-T5 1)

with optical efficiency (170) of 0.75, first order loss coefficient (a1) of 1.18 °C~! and second or-
der loss coefficient (a,) equal to 0.0095 m? /W°C? (the values are given in the correspondent
datasheet of a commercial product. In the absence of data provided by the manufacturers,
it is possible to use the parameters suggested by table C2 of the UNI 11300-4 standard) [22].
G is the incident solar radiation (W/m?) and Ty, the average water temperature (°C) inside
the collectors, following the European approach. The solar collectors are tilted at 45°, while
the surface area was varied from 8 to 40 m?. The thermal energy supplying the heat pump
evaporator is provided by a commercial solar tank, with a volume variable between 0.5 m?
and 2 m?, with constant height and changeable diameter, to limit temperature stratifica-
tion effects in the vertical direction. The tank was simulated by a proper TRNSYS model
without an internal coil on the heat pump side. Nevertheless, temperature stratification in
the vertical direction was anyway considered. Technical features of the tanks are listed in
Table 2.

Table 2. Main features of the simulated tanks.

Solar Tank Secondary Tank
Heat transfer fluid Water Water
Specific heat capacity 4182 kJ/kg K 4182 kJ/kg K
Fluid density 992 Kg/m?3 992 Kg/m3
Thermal conductivity of the fluid 0.62W/mK 0.62W/mK
Max storage temperature 80°C 80 °C
Tank volume parametric 0.5m3
Tank height 1m 1m
Number of tank nodes 5 5
Top loss coefficient 0.923 W/m? K 0.923 W/m? K
Bottom loss coefficient 0.923 W/m? K 0.923 W/m? K
Edge loss coefficient 0.923 W/m? K 0.923 W/m? K

2.2.2. Water-Water Heat Pump

Preliminary simulations in design conditions allowed us to choose the appropriate
heat pump rated power, an action performed by counting the highest percentage of hours
during the heating period in which a precise power interval is required to assure an indoor
set-point temperature of 20 °C. The results allowed for the identification of a commercial
device with a rated heating capacity of 7.93 kW and a rated electric absorption of 2.10 kW
(nominal coefficient of performance COP of 3.78). Figure 2 shows the trend of COP as
a function of the temperature of the fluid at the evaporator for different values of water
temperature at the condenser.
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Figure 2. Trend of the heat pump COP as a function of the condenser temperature.

Table 2 listed main features of the simulated tanks (the values are given in the cor-
respondent datasheet) while in Table 3, instead, the main features of the heat pump are
reported [17]. The device is equipped with an inverter and the accurate sizing allows us
to avoid further COP worsening due to the operation in part-load mode. The heat pump
condenser supplies the secondary tank, whose features are similar to those of the solar tank
(see Table 2), except for the storage volume that was set constant to 0.5 m3.

Table 3. Main properties of the water-water heat pump.

Heat Pump
Type Water-to-Water
Rated Heating Capacity 7.93 kW
Rated COP 3.78
Evaporator water flow rate 17221/h
Condenser water flow rate 1369 1/h

2.2.3. PV Generator and Electrical Storage

To improve the energy share derived from renewable sources, 6 kW, (36 m?) of PV
poly-crystalline panels (with properties listed in Table 4 [23]) and grid-connected were
considered for the provision of a part of the required electric energy [24,25].

Table 4. Electrical Characteristics of PV Panels.

Photovoltaic Panels Feature

Panel type Polycrystalline silicon
Area 1.627 m?
Nominal Power 280 W
Panels number 22
Voltage at max power 31V
Current at max power 9.07 A
Short-circuit current 9.76 A
Open circuit voltage 38V
Temperature coefficient of I —0.31%/°C
Temperature coefficient of Ve 0.05%/°C
NOCT 45°C
Nominal efficiency 0.15

The size of the PV generator was chosen based on the available roof surface, moreover
6 kW represents the threshold values that allow for the installation of a mono-phase electric
plant, as stated by the current Italian regulation. Being the non-synchronism between
required electric loads and the availability of solar radiation, the same generator was
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equipped with an electric storage system to better manage the PV power output surpluses.
The simulated batteries were assumed to have a capacity of 6000 Wh.

2.3. Implemented Control Strategies
A scheme of the proposed plant, simulated in the TRNSYS environment, is depicted in
Figure 3. Figure 4, instead, shows a flow chart describing the control strategies conceived
to increase the renewable share in heating requirements. It can be noticed that the pump
of the solar circuit is activated when the outlet temperature from solar collectors is 5 °C
higher than the temperature detected at the bottom of the solar tank. Furthermore, the
same pump is turned off when the temperature inside the solar tank exceeds 80 °C on
the top side. When the temperature level inside the solar tank is above 50 °C, the hot
water is directly used to supply fan-coils by acting on a three-way valve that bypasses the
heat pump, which conversely is activated when the storage temperature ranges between
5°C and 50 °C. When the continuous hot water withdrawal from the solar tank causes an
abrupt temperature drop, the control system inactivates the heat pump to avoid freezing
phenomena, and simultaneously an auxiliary system, represented by a gas boiler connected
to the secondary tank, is activated. When the tank connected with the heat pump condenser
exceeds 50 °C (the heat pump can operate also at 60 °C), another motorized valve regulates
water temperature, supplying fan-coils to 50 °C by recirculating a fraction of the returned

flow rate.

ic generator

Photovotg

L ” Bectrical
_____ i 4 Storage

[EEEER N

Water-water
heat pump

Thermal Storage

Three way
valve

Solar Tank

Figure 3. Scheme of the simulated SAHP.
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Figure 4. Flow chart describing the control strategies adopted for the heating plant.

2.4. Simulation Model

The simulation model was developed in a TRNSYS 18 environment [26]. It has to be
noticed that the heat pump model was validated by comparison with experimental data of
a similar heating plant located at the University of Calabria under typical Mediterranean cli-
matic conditions [27]. To determine the thermal performances in Milan, the building—plant
system was simulated by TRNSYS with actual weather data. In light of this, it is worth
noting that the obtained performances are relevant to the statistical data reported in the
European project TABULA for a similar building typology (multi-storey building) built
after 2005 [28]. Simulations were also carried out to determine the performances of other
plant configurations, employing a PV assisted air-water heat pump without batteries, albeit
with a thermal storage system (easy to install and with a high share of renewable primary
demand), and the cheapest solution of a gas boiler supplying radiators.

2.5. Primary Energy Consumption and Emission Levels

The concept of primary energy factor (PEF) has been chosen by European Community
to determine and compare the primary energy demand of different plant configurations in
which diverse energy carriers are involved. In particular, PEF allows for the calculation
of the total primary energy needed to produce a unit of particular final energy consumed.
It includes energy extraction, transmission, storage, distribution and the losses related to
the processes. Accordingly, the PEFs reflect the reality of a complete energy system, from
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energy production to final consumption [29]. In Table 5, some values related to the energy
carriers involved in the proposed system, which follows the current Italian regulation,
are reported.

Table 5. PEFs and CO, emission factors defined according to the Italian national standard.

Energy Carrier PEF yren PEF ren PEF 4ot kgCOz¢q/kWh
Natural gas 1.05 0 1.05 0.21
Electricity energy from 1.95 0.47 242 0.46
the grid
Electricity from PV 0.00 1.00 1.00 0.00
Thermal solar collector 0.00 1.00 1.00 0.00
3. Results

The system performances are assessed through the following parameters:

e the heating demand covered directly by the system without the intervention of the
auxiliary generator, as a function of the collecting surface and solar tank volume;

o the seasonal non-renewable performance index, defined as the ratio between the primary
energy supplied to the building and the energy absorbed from the external environment;
the share of the renewable energy employed for covering the heating demand;
the CO, emission level.

3.1. Calculation of the Heating Needs of the Reference Building in the Considered Climate

Figure 5 shows the heating energy requirement (red line) amounts to 12,614 kWh
considering the actual weather data associated with the TMY available for Milan. It can be
noticed that the maximum hourly energy for heating is slightly over 6 kWh, which differs
from the value determined in design conditions because the latter is determined with a
constant set-point outdoor air temperature (=5 °C). Furthermore, it can be appreciated
that the heating period starts in October and finishes in April, confirming the dominant
heating climate. Despite cooling loads also reaching 3 kW, these could be further limited by
considering in the simulations the adoption of passive solutions such as shading systems on
the transparent surfaces and nightly free-cooling, making them negligible when compared
to the heating needs. In order to justify the choice of heat pipe technology, Figure 6
reported the total horizontal radiation for Milan between October and April, highlighting
the scarce availability of solar radiation that is accompanied by the low values of outdoor
air temperature.
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Figure 5. Heating and cooling load for the locality of Milan using TMY for weather data.
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Figure 6. Total Horizontal Radiation for Milan between October and April.

3.2. System Operational Description

Figure 7 shows the percentage of demand covered by each source involved in the
proposed heating plant as a function of the collecting surface and the solar tank volume.
In particular, the light green dashed bar represents the share covered directly by solar
collectors without the heat pump intervention (by the three-way motorized valve), the red
bar is the share covered by the auxiliary system (gas boiler) and finally in the dark green
dashed line shows the share provided by the water-water heat pump. It is worth noting
that the solar field is mainly involved with large thermal collector surfaces and limited
storage tank volumes. Conversely, the heat pump is used more frequently, with a large
collector surface and high solar tank volumes. The functioning of the auxiliary system is
reduced under 50% of the heating hours only when the thermal collector surface is greater
than 24 m?, however the percentage reduces with the collection surface and the solar tank
volume growth. This means that the beneficial effect of the solar tank volume growth on
the heat pump functioning prevails on the limitation of the share directly provided by the
solar field.

Globally, the percentage of the demand covered by the proposed system increases
with the solar tank volume, but it nevertheless weighs less than the collection surface. The
percentage covered by the heat pump and thermal solar collectors is about 20-21%, with a
collecting surface of 8 m? for every solar tank volume, and this share increases up to 62%
for a volume of 2 m® and 40 m? of collecting surface. The share of energy needs covered
directly by the system increases considerably from 8 m? to 16 m? and from 16 m? to 24 m?,
while it is negligible for further increases of the collecting surface.
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Figure 7. Percentage of the heating demand covered by the different generators as a function of
collecting surface S (m?) and solar tank volume V (m3).
3.3. Electric Energy Demand and CO, Emission
Starting from the demand supply by each source, the consumptions of heat pump
and auxiliary system are determined. In Table 6, for each combination, the electrical
consumption of the heat pump and the gas consumption of the boiler on a seasonal basis is
reported as a function of collecting surface S (m?) and solar tank volume V (m?3).
Table 6. Winter electric and gas consumption in the analyzed heating plant.
) V=05m3 V=1m3 V=15m3 V=2m?
§ (m%) KWhe, KWhea KWh, KWhgas KWhe, KWhea KWh,j, KWhgas
8 695 11,765 746 11,616 771 11,538 785 11,483
16 846 9676 969 9333 1033 9156 1069 9048
24 919 8443 1074 7951 1158 7695 1216 7550
32 956 7636 1148 6996 1252 6660 1304 6467
40 983 7084 1172 6331 1294 5938 1369 5705

A considerable portion of the electricity consumption (green bar of Figure 8) due to
the use of the heat pump is supplied by the PV system combined with the batteries (in
red the share covered by the grid, in grey the m? of gas consumed by the auxiliary boiler).
With the augment both in solar collector surface and the volume of the solar tank increases
the percentage of heating demand supply directly by the solar-assisted heat pump. For
this reason, the electricity consumption increases but simultaneously the consumption
of gas decreases drastically. It is worth noting that, from a PV utilization viewpoint, a
collecting surface of 16 m? is preferable because a sort of ideal combination between PV
production and heat pump operation was found. For the other cases, the share covered
by the PV generator is almost constant, and rather tends to slightly decrease with the
collection surface growth. Similarly, the storage tank volume does not affect the PV share
considerably, whereas the augmentation of the collection surface produces an evident
increase in the electricity withdrawal from the grid due to the wider operation time of the
heat pump.
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Figure 8. Consumptions of gas and electricity in the proposed system as a function of collecting
surface S (m?) and solar tank volume V (m?3).

Considering the primary energy factors reported in Table 5, starting from the calcu-
lated consumption reported in Table 6, the renewable and non-renewable primary energy
associated with each analyzed configuration were listed in Table 7.

Table 7. Renewable and non-renewable primary energy shares as a function of collecting surface (S)
and solar tank volume (V).

V =0.5m? V=1m? V=15m? V=2m?

S (mz) EPren Epnren EPren EPm‘en EPren Epnren Epren EPm‘en
[kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh]

8 664 12,470 692 11,941 771 12,336 720 12,292

16 769 10,445 839 10,282 875 10,192 893 10,143
24 780 9371 850 9173 891 9063 921 9003
32 780 8867 867 8377 919 8211 942 8116
40 863 8210 850 7811 863 8116 877 7149

Moving from 8 m? to 40 m? of collecting surface, independently from the storage
volume, a reduction in non-renewable primary energy by about 30% was attained. Further-
more, the renewable share slightly varies with the solar thermal collector area, whereas
noticeable deviances have been reordered by increasing the volume of the solar tank.

The system performance index (Figure 9) was calculated as the ratio between the
thermal energy demand and the non-renewable share of primary energy, and so high
values denote a plant configuration with an elevated share of renewable energy to satisfy
heating needs. This index shows that system performance, in general, improves with the
solar collector area growth, passing from 0.95 with 8 m? and 0.5 m?, up to 1.592 with 40 m?
and 2 m®. However, the differences detected by varying the storage volume are negligible.
Basically, the percentage of needs covered by the system increases in an evident manner
moving, from 8 to 40 m? of the collecting area rather than the increase in the volume of
the solar tank. Figure 8 shows the trend of the seasonal COP, which slightly varies around
4.29-4.32 for every heating plant configuration, demonstrating that the solar-assisted heat
pump is able to operate with a high-performance index in the considered climatic condition,
when compared with the rated values. The COP enhanced by 1.4% only, but this increase
determines that a high share of the primary renewable share is employed by the proposed
system. In particular, these values are greater than those provided by the manufacturer
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every time the supply hot water is over 45 °C and the inlet temperature at the evaporator is
lower than 10 °C.
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Figure 9. Trend of non-renewable performance index as a function of collecting surface S (m?) and
solar tank volume V (m?).

When the proposed system is compared with the alternative heating plant using
an assisted PV air-to-water heat pump and a storage tank (system 1), primary energy
consumption of 5349 kWh was recorded. Only 990.25 kWh are supplied by the PV system,
while the remaining is absorbed from the grid. The share of non-renewable primary
energy is determined for both systems and these values are reported in Figure 10. It is
possible to appreciate that, for solar collector surfaces larger than 24 m?, the proposed
system is more performant than the air-water heat pump in light of the lower shares of
non-renewable primary energy. The percentage reduction varies between 4% and 8%, with
24 m? of solar collectors for the different solar tank volumes. The reduction is bigger in the
correspondence of 32 m? of the collecting area being 17%. The greatest decrease is recorded
for a surface of 40 m? and a storage volume of 2 m3.
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Figure 10. Comparison between the non renewable Energy primary index as a function of collecting
surface, S (m?), and solar tank volume, V (m3). The color gradient from dark to light represents
V=05V=1V=15V=2
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When the proposed system, instead, is compared to a traditional gas boiler (system 2,
for which an average seasonal efficiency of 0.8 was assumed) a consumption of 14,915 kWh
was determined, with a share of non-renewable primary energy of 15,661 kWh (Table 8).
Regarding the previous heating plant configurations, the gas boiler obviously determines
the highest consumption and the highest share of non-renewable primary energy. Table 9
details the percentage variation in non-renewable primary energy of each combination,
compared to system 1 and system 2.

Table 8. Non-renewable primary energy (Epnren) for all heating plants analysed.

Epnren [kWh]

S 2

(m®) V=0.5m? V=1m3 V=15m? V=2m?
8 12,470 11,941 12,336 12,292
16 10,445 10,282 10,192 10,143
24 9371 9173 9173 9003
32 8867 8377 8377 8116
40 8210 7811 7811 7496

Air-to-Water

Heat Pump 9717

Boiler 15,661

Table 9. Percentage reduction of non-renewable primary energy of each combination compared to
system 1 and system 2.

V=05m? V=1m? V=15m V=2m?
S (m?) System 1 System 2 System 1 System 2 System 1 System 2 System 1 System 2
8 27.35% —20.38% 21.95% —23.75% 25.98% —21.23% 25.53% —21.51%
16 6.67% —33.31% 5.01% —34.35% 4.09% —34.92% 3.59% —35.23%
24 —4.30% —40.16% —6.32% —41.43% —7.45% —42.14% —8.05% —42.51%
32 —9.44% —43.38% —14.45% —46.51% —16.14% —47.57% —17.11% —48.18%
40 —12.34% —45.20% —20.57% —50.34% —24.65% —52.89% —26.99% —54.35%

Figure 11 shows the comparison of the share of renewable and non-renewable energy
for the three considered configurations of the heating plant.

As a consequence of the lowest non-renewable primary energy demands, the proposed
system also allows for a noticeable reduction in CO, emissions (Figure 12). The equivalent
emissions have been calculated through the factors listed in Table 5 as a function of the
energy carrier. It is possible to appreciate how, compared with a traditional system in
which the total thermal load is provided only by a gas boiler, the equivalent CO, emissions
are lower for each plant configuration. When the system, instead, is compared with the
assisted PV air-to-water heat pump, the equivalent CO; emissions are always lower, except
for a collecting surface of 8 m2. Globally, the equivalent CO, emissions decrease with the
solar collector area growth and less with the increase in the accumulation volume. In its
best configuration, the proposed system produces a reduction by 33% of emitted CO; if
compared with the air-water heat pump, and 53% if compared with the gas boiler.



15 of 17

Sustainability 2023, 15, 1663

E

&
-

=

¥
r

A
Hrr
ke

i
a

=

i

o

o

Solar collectror surface [m?]

g
o
[}

i

=

-

7

=

j

-

20,000

18,000

28 8 B § § 8

w o =

[avs] £8xaus Lrenmrd apqewauar uou pue sqemauzy]

g

™~

(=]

OEpnren BEpren

Figure 11. The share of total primary energy, including renewable and non-renewable energy for all

the systems compared.

with boiler

tem

CO2 emisi

sonofasys
3132

3132 \

CO2 emisison of a system with air to water heat purpp
>

4000

3500

3000

[831] uorssiw

% 2000

]

surface S [m

Solar collector

Comparison of the CO, emissions between the proposed SAHP and the heating plants

equipped with assisted PV air-water heat pumps and equipped with a gas boiler.

4. Conclusions

Figure 12.

This study deals with the energy and environmental evaluations concerning a SAHP
system conceived for cold climates that combines the use of solar collector panels, a

water-water heat pump, two storage tanks and a photovoltaic system with batteries.
Such a combination and the development of proper control strategies allow for the better

exploitation of the active solar systems, also using solar radiation to directly operate
the space heating or, alternatively, to improve the heat pump performance. The electric
consumptions are reduced by means of the better COPs. Furthermore, the batteries allow

to overcome efficiently the mismatching between solar radiation availability and thermal

load request. The system performances were investigated by a parametric study by varying
solar tank volume and the collecting surface. From the results analysis, it emerged that the

system ensures excellent heat pump performance, with an average COP always greater
than 4, with the rated value of the simulated commercially available device being 3.78. The



Sustainability 2023, 15, 1663 16 of 17

heating demand covered by the proposed system increases both with the collecting surface
area and the solar tank volume growth, and a percentage of 22% can be provided directly
by 40 m? of solar collectors with a solar tank volume of 0.5 m>.

The percentage covered by the combined use of heat pump and thermal solar collectors
moves from 20-21% with a collecting surface of 8 m2, up to 62% for a volume of 2 m?3 and
40 m?. Regarding the primary energy demand, the same configuration permits attaining
the lowest non-renewable share. If compared with a heating plant using an assisted PV
air-to-water heat pump and a thermal storage system, a decrease by 27% of the required
primary energy was detected, because this system in continental climates suffers from
unfavorable outdoor air temperatures. The percentage increases up to 54% when the
proposed system is compared with the widespread heating plant solution equipped with a
gas boiler, corresponding to a CO, emissions reduction by 53%.

Currently, the cheapest solution for building builders is represented by a heating
plant using a gas boiler supplying radiator. Nevertheless, this solution leads to an energy
performance index of about 78 kWh/m? per year. The proposed system allows for a drastic
reduction of the energy consumption, producing energy performance indices ranging
between 37 kWh/m? and 62 kWh/m?, the latter detected with 8 m? of collecting surface and
0.5 m? of storage volume. These values confirm that the wider investment costs required
for the installation of the proposed SAHP are properly counterbalanced by appreciable
economic savings achievable by the limitation of operative expense.

In successive investigations, the same plant, equipped with a cooling tower and/or
air cooler, will be investigated in the summer period to determine energy performance at
an annual level, which is performed to carry out an economic analysis aimed at evaluating
the profitability of the investment. Furthermore, the same plant, equipped with a radiant
emission system, will be investigated in order to compare the performance of the system
and the comfort indoor.
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