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Abstract

The integration between heat pumps and renewable energy sources is a recognized strategy to be pursued to
reduce primary energy consumption. This paper contributes to the existing discussion on solar assisted heat
pumps, for heating and cooling applications, and for the production of domestic how water. In particular, this
paper presents the results of a field study concerning a novel solar-assisted dual-source multifunctional heat
pump, installed in a detached house in Milan. The proposed system couples hybrid photovoltaic/thermal (PVT)
panels with a multifunctional and reversible heat pump. The heat pump is equipped with an “air-source”
evaporator and a “water-source” evaporator, connected in series and operated alternatively, based on the
ambient conditions, system parameters and operating modes. The PVT panels are connected with the heat
pump by two storage tanks to be used to produce domestic hot water and to be used in “water-source”
evaporator. The proposed system has been tested experimentally; the results show that the system was able
to maintain high efficiency in the different seasons and was able to produce domestic hot water. It was found
that the use of the “water-source” evaporator allowed to significantly increase the performance of the system
and to avoid the defrost cycles.

Keywords: Solar assisted heat pump, Hybrid photovoltaic/thermal panels, Dual Source system, Heat Pump,

Field trial, Energy efficiency
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Nomenclature and abbreviation list

Acronyms

cop
copy
DHW

DOF

EER
HP
PV
PCM
PLF
PVT
SAHP

Symbols
Cp

ENpp->bWH-tank

ENpvrspwh-tank

m

N

T
t

VDHW,tank

VoHw,tank

Subscripts

amb

el

Coefficient Of Performance
full load efficiency in Eq. (15)
Domestic Hot Water

Degradation coefficient due to defrost operations in
Eq. (15)

Energy Efficiency Ratio

Heat Pump

Photovoltaic

Phase Change Material

Part Load Factor in Eq. (15)
Hybrid thermal-photovoltaic

Solar-Assisted-Heat Pump

Specific heat capacity of water

Energy transferred from the heat pump to the DHW
tank

Energy transferred from the PVT panels to the DHW
tank

Mass flow rate
Time discretization in Eq. (4)

Heat transfer rate from the heat pump to the DHW
tank

Heat transfer rate from the PVT panels to the DHW
tank

Heat transfer rate from the heat pump to the fan-
coils

Temperature
Time in Eq. (4)
Volume of the DHW storage tank

Volume of the “intermediate-temperature” storage
tank

Density of water

Efficiency

Ambient conditions

Electrical energy

[ki/kg K]

[kWh]

[kWh]

[kg/s]
[-]
[kw]

(kW]
(kW]

[°C]
[min]
[m’]

[m’]

[m*/kg]
[-]
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eva
inlet
outlet
PV
PVT
th

Evaporator

Inlet condition

Outlet condition

Photovoltaic panels

Hybrid thermal-photovoltaic panels

Thermal energy
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1 Introduction

Energy efficiency and the use of renewable energy sources are key goals of European energy policies, to
achieve a sustainable future [1]. The 2007 Climate and Energy package foresaw, considering the 2020 target
and the 1990 situation, (a) a 20% reduction of primary energy consumption in buildings, (b) a 20% increase of
renewable energy production, and (c) a 20% decrease of greenhouse gas emissions. These targets were
updated by the 2030 Climate & Energy framework, aiming to reduce (a) the greenhouse gas emissions at 40%,
(b) the share for renewable energy at 27% and (c) improvement in energy efficiency at 27%. Within these
requirements, large attention is devoted to the heating/cooling sections and to buildings, owing to their large
energy consumption (i.e., in Europe buildings consume approximately 40% of the primary energy); in this
respect the reader should refer to the Energy Performance of Buildings Directive (EPBD, Directive 2002/91/EC,
ref. [2]), and its recast (EPBD recast, Directive 2010/31/EC, ref. [3])1. Generally, in heating/cooling sections and
in buildings, the above-mentioned targets can be achieved by acting on the demand side (i.e., retrofitting the
building stock, see refs. [4, 5]) and/or by acting on the supply side (i.e., new heat supply technologies, see ref.
[6]); the two sides are highly correlated and their synergy was studied within the heat roadmap Europe studies
(see refs. [7, 8]). On the practical point of view, considering the heating/cooling supplies side, the integration
between heat pumps and renewable energy sources is a promising technology to meet the above-mentioned
requirements. It is worth noting that the application of renewable energy-based heat pumps are achieving a
growing interest when considering the broader framework of the heating sector. For example, in the heat
roadmap Europe studies, it has been estimated a potential increase of the district heating share to 50% of the
entire heat demand by 2050, with approximately 25—-30% of it being supplied using large-scale electric heat
pumps: this increase enables a large utilization of alternative sources of heat, as renewable sources. Taking
into account the above-mentioned policy and technology framework, this paper contributes to the broader
discussion on innovative renewable energy-based heat pumps. In the following of the introduction, a brief
literature survey and an overview of the technology is proposed to fit the present paper within the present
body of knowledge and to clearly define the specific contribution of this paper within the state-of-the-art of

solar-assisted heat pump technologies.

! These documents devoted large attention in discussing the implementation of nearly zero energy buildings In particular,
Article 9 of the EPBDrecast states that MS shall ensure that new buildings occupied by public authorities and properties
shall be NZEBs by December 31,2018 and that new buildings shall be nearly zero energy buildings by December 31, 2020

4
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Within the heating and the cooling sectors, heat pumps are among the most interesting solutions and they can
represent a valid alternative to conventional systems, because they use less primary energy. In this respect,
multifunctional heat pumps can be applied not only for heating and cooling applications, but also for the
production of domestic hot water (DHW), by exploiting different heat sources (i.e., ground-source, air-source
or water-source). However, there is still a great uncertainty concerning their consumptions in large-scale
applications, as field measurements of real installations often have shown lower efficiencies compared with
laboratory-scale experimentations [9]. Indeed, the performances of heat pumps are largely influenced by the
boundary conditions and the operating conditions of the system (i.e., heat source temperature, outlet fluid
temperature, thermal load, ...). In particular, the coefficient of performance (COP) of air-source heat pumps
depends on the ambient temperature, T, (Viz. T,mp is related to the evaporating temperature, T,,.). As a
consequence, in the winter season, when heating is needed and T,,, is lower, the system performance
decreases, owing to the lower evaporating temperature. Conversely, considering a reversible heat pump in the
summer season, when cooling is needed and T, is higher, the system performance decreases, owing to the
higher condensing temperature. In addition, when an air-source heat pump operates in heating mode, frost
can be formed on the evaporator surface. This phenomenon occurs when the surface temperature is both
below the freezing point of water and the dew point of the moist air. In this situation, the frost acts as a
thermal insulator and, in addition, reduces the airflow passage area; therefore the accumulated frost leads to
a decrease in the performance, owing to the decrease in the evaporating temperature. Hence, a periodic
defrosting is needed and, nowadays, the most widespread defrost method is reverse-cycle defrost [10]: the
refrigerant flow is reversed and hot vapor from compressor flows through the outdoor coil melting the frost’.
It follows a drop of hourly COP because of compressor consumptions while no space heating is provided. For
example, Madonna and Bazzocchi [11] reported, from experimental field tests, that COP decreased by 13% and
23% in the case of 1 or 2 defrost cycles per hour, respectively. This issue works critically for air-source heat

pumps, especially when employed in cold climates [12, 13, 14].

In this respect, the coupling between solar technologies and heat pumps—*“solar-assisted heat pumps”
(SAHPs)—is a promising technology to overcome the above-mentioned limitations, to reduce the consumption

of energy resources, to meet the targets set by the recent regulations and to foster the spread of air-source

2 During a defrost cycle heat is taken from the inside of the building to defrost the outdoor coil, as a consequence, when
defrost cycles occurs, the hourly thermal energy that a unit can provide is reduced.
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heat pumps in cold climates. The SAHP concept has been firstly proposed by Sporn and Ambrose [15] and,
subsequently, it has been widely studied; in particular, to further expand the application area and improve the
efficiency of the heat pumps, different researchers investigated multi-functional heat pumps to produce both
space heating/cooling and DHW production (see the survey of Cai et al. [16]). Generally speaking, heat pumps
can be coupled with photovoltaic (PV) panels, thermal collectors or hybrid photovoltaic/thermal (PVT) panels,
as outlined in the literature surveys proposed by Kamel et al. [17] and by Mohantaj et al. [18]. In practical
applications, heat pumps are integrated with thermal or PVT panels, in direct- expansion or indirect-expansion
configurations. In direct-expansion SAHP, the solar panel corresponds to the evaporator of heat pump (see, for
example, the early study of Huang and Chyng [19], who presented a SAHP for DHW production, or the more
recent study of Amin and Hawlader [20], who presented a SAHP-based desalination system for DHW
production); conversely, in indirect-expansion SAHP, an intermediate heat exchanger is used to couple the
solar system with the heat pump (see, for example, the study of Cai et al. [16]). The reader should refer to
some of the recent review papers for a detailed comparison between advances and disadvantages of the two
configurations [17]. In addition, SAHP can be classified into three sub-categories: (a) parallel systems, (b) series
systems and (c) dual-source systems. In parallel systems, the heat pump receives energy from the ambient,
and the solar energy is supplied directly for either space heating or for DHW production. In series systems,
solar energy is supplied to the evaporator of the heat pump, thus raising the evaporating temperature (thus,
increasing the COP) and cooling the solar collectors (thus, increasing the efficiency of the solar panels; see refs.
[21, 22, 23]). In the dual-source systems, the evaporator can receive energy from either the atmosphere or

from the solar energy, depending on the ambient conditions and system operation .

In this complex framework, this paper contributes to the existing discussion concerning multifunctional SAHP
for heating and cooling applications, as well as for the production of DHW. In the last decades, different
systems have been proposed and, in the following, a brief literature survey is proposed to better outline the
particular framework of this research. Wang et al. [24] experimentally investigated, in a laboratory-scale
experimental setup, an indirect dual-source (“air-source” and “water-source” evaporators) SAHP for space
heating and cooling and water heating. A storage tank, connected to thermal panels, was used to supply heat
to the “water-source” evaporator or to produce DHW. They reported COP = 4, in the heating mode. Bridgeman
and Harrison [25] experimentally investigated, in a laboratory-scale experimental setup, the performance of an

indirect series SAHP for water heating. They observed COP = 2.8 — 3.3, depending on the evaporator and
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condenser temperatures. Loose et al. [26] performed field tests of various combined SAHP systems with
different heat sources, for space heating and water heating. The system employed solar thermal collectors and
geothermal heat pump with borehole heat exchangers. The collectors fed the storage tank directly when the
sufficient solar radiation was available. Otherwise, low grade energy from the collectors would be used in the
heat pump for space heating. Bakirci et al. [13] investigated the performance of an indirect SAHP system for
space heating. The solar collectors directly charged a storage tank which was linked to an evaporator to
provide a heat source for the heat pump. They observed COP in the range of 3.3 — 3.8. Bai et al. [27]
theoretically studied, by using a TRNSYS model, an indirect combined hybrid PVT SAHP system for DHW
production. Year round performance results were simulated under the different climatic conditions (Hong
Kong and different locations in France) and an average COP = 4.9 has been observed. Keliang et al. studied a
direct expansion SAHP by a numerical approach (viz. a distributed-parameter-modelling); their results clearly
demonstrated the importance of variable speed compressor to modulate the capacity supplied and adapt to
the operating conditions. Lv et al. [28] theoretically studied a dual-source auto-cascade SAHP operated with
the zeotropic mixture R32/R290 for DHW production and studied its performance by using a lumped-
parameter model. They observed COP in the range of 4.0 — 3.8; however, the performance of the system are
highly dependant on the mixture composition and, thus, this solution requires further research before large-
scale applications. Jie et at al. [29] and, later Cai et al. [16] studied an indirect multifunctional SAHP by
experimental and numerical approaches; the experimental approach has been used to validate the numerical
approach. Subsequently, the numerical approach has been used to perform sensitivity analysis and they

observed COP in the range of 2.7 — 2.2.

From the above-mentioned literature survey, as well as from the previous literature surveys [30, 31, 32, 33,
16], it is observed that there is a lack of field studies concerning practical demonstration and fields studies
concerning multifunctional dual-source (“air-source” and “water-source” evaporators) SAHP. For example, Cai
et al. [16], in their recent study, stated that “few theoretical study of the solar-assisted multi-functional heat
pump has been conducted and the related experimental verifications are still insufficient”. In addition, as
remarked by Croci et al. [34], most of the studies focused on the application in cold climates and there is a lack
of studies concerning a technical solution that may be feasible, in the whole year, in Mediterranean area. To
this end, this paper presents a novel solar-assisted dual-source multifunctional heat pump (installed in a

detached house in Milan) and discusses the results of a field study. It is worth noting that the Milan area is
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characterized by a peculiar climate (cold and humid winter and hot summer) and, thus, this study further
contribute to the existing discussion on the application of heat pumps in the Mediterranean area. The
proposed study is the preliminary step towards future studies concerning the optimization of the systems by
using an integrated numerical-experimental approach (in this respect, the reader may refer to the procedure

proposed by Chen et al. [35]).

The paper is organized as follows. First, the experimental setup and methods are presented and described;
second, the experimental results are commented and discussed; subsequently, the proposed solar-assisted
dual source multifunctional heat pump is compared with an air-to-water single-source multifunctional heat

pump; finally, main conclusions are drawn

2 Experimental setup and methods

In this section, the experimental setup and the experimental methods are described. First, the multifunctional
heat pump system and the main characteristic of the components are presented (Section 2.1). Second, the
details concerning the operation procedures are outlined (Section 2.2). Finally, the experimental techniques

(Section 2.3) and the performance parameters (Section 2.4) are described.

2.1 Experimental setup

The multifunctional heat pump system (Figure 1) was designed and installed in a detached house (Figure 2)
located in Milan, at RSE Spa3 headquarter (Latitude 45.47°, Longitude 9.25°), located near Milano Linate, which
is generally used as reference for climatic conditions in the Milan area. It is worth noting that the Milan area is
characterized by a peculiar climate (cold and humid winter and hot summer). The interested reader may refer
to the discussion proposed by Rosa et al. [36] for a detailed analysis and comparison of the historical trends of
heating and cooling degree days in different cities in Italy; they concluded that Milan can be considered among
the coldest climatic conditions in the winter period (along with high humidity, which works critically for the
heat pump working conditions). For this reason, the proposed study also contributed to the existing discussion

on the application of SAHPs in cold climates. The detached house consists of a prefabricated house with an

3 RSE Spa carries out research into the field of electrical energy with special focus on national strategic projects funded
through the Fund for Research into Electrical Systems. The activity covers the entire supply system with an application-
oriented, experimental and system-based approach.
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heating/cooling area equal to 60 mz, divided in four rooms simulating a living room, a kitchen, a bedroom and
a bathroom. The house is equipped with five fan coils used for space heating/cooling and has a nominal
heating load equal to 4 kWy, (indoor temperature equal to 20 °C and outdoor temperature equal to -5 °C).
Bazzocchi and Madonna [11] reported additional information concerning the detached house and are briefly
summarized in the following: (a) the opaque walls are of glass wool and wood with an U-value of 0.59 W/mZK;
(b) the U-value of the floor and of the ceiling are of 0.58 W/m’K and 0.54 W/m?K respectively; (c) the windows

(U-value of 2.92 W/m,K) are double glazing with metal frames and covers a total surface of 5 m>.

Figure 1 displays the layout of the multifunctional heat pump, which is composed by five parts: (a) a solar
system, (b) a DHW storage tank and an “intermediate-temperature” storage tank, (c) a reversible heat pump,
(d) terminal of the heating and cooling systems (viz. fan coils) and (e) circulating pumps (Table 1). Further
details concerning the different components of the system are provided in the following. The proposed system
couples hybrid photovoltaic/thermal (PVT) panels with a multifunctional and reversible heat pump. The heat
pump is equipped with an “air-source” evaporator and a “water-source” evaporator, connected in series and
operated alternatively, based on the ambient conditions, system parameters and operating modes. The PVT
panels are connected with the heat pump by two storage tanks to be used to produce domestic hot water and
to be used in “water-source” evaporator. Based on the operating conditions, the hot water is sent to one of

the storage tank. In the following, the main components of the system are described.

Solar system. The solar system consists of seven PVT panels and a PV panel (Figure 2). The PV panel has the
same size and cells characteristic of the PVT panels, to compare the performance of the two technologies. The
seven PVT panels (south-oriented, 45° titled angle) have 1.75 kW, nominal power and are of the roll-bond
technology (Figure 3a). They are composed by polycrystalline silicon cells, a steel heat-exchanger and a 0.02 m
insulation. Figure 4 displays further details of the PVT panels and Table 2 and Table 3 collect their technical
information. To prevent icing-related issues in the hydronic loop of the PVT collectors, water/ethylene glycol

with a nominal flow rate equal to 0.630 m3/h was used.

Storage tanks. The DHW storage tank (0.186 m’ in volume) was used to produce hot water; conversely, the
“intermediate-temperature” storage tank (0.300 m® in volume, Figure 3b) was used as “water-source” from the
heat pump, instead of the “air-source” one, to improve the performance in cold days and avoid defrosts and
reduce temperature fluctuations. The “intermediate-temperature” storage tank is connected to the heat

pump, by a plate heat exchanger (Figure 3c) and the maximum flow rate towards the “water-source” heat

9
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exchanger is 1.45 m>/h.

Heat pump unit. The heat pump is an ad-hoc modified version of the Clivet GAIA 31. In particular, it is a R410A
(total refrigerant charge = 6.9 kg) reversible heat pump, 6.8 kW, nominal heating capacity and 3.47 nominal
COP (water leaving temperature equal to 35 °C, dry-bulb temperature equal to 7 °C, and wet-bulb equal to 6
°C). The compressor is a variable speed twin rotary compressor which allows to modulate the capacity
supplied4, and the defrost method is the reverse-cycle defrost. The machine is equipped with an electronic
expansion valve used to keep the superheating at evaporator outlet to 5 °C. The advantages of variable-
frequency compressors and electronic expansion valves have been discussed by Keliang et al. [37], to whom

the reader should refer.

Circulating pumps. As shown in Figure 1, the experimental system includes circulating loops: (a) solar collector
loops; (b) “intermediate-temperature” storage tank to heat pump; (c) indoor terminal fan-coil side loop and (d)
DHW circulating loops (not shown in figure 1, located between the heat pump and the DHW storage system,
P4). Photos of the circulating pumps are provided in Figure 3d. It is worth noting that pumps P1, P2 and P3 are
controlled by changing their rotation speed. The technical details of the different pumps used are provided in

Table 1. It is worth noting that the use of the “air-source” evaporator automatically deactivate pump P2.

Table 1. Details on circulating pumps used

Code Location (Figure 1) Technical details Power [W]
P1 Solar circulating pump DEB Evolplus Small 60/180 M PWM 5+ 100
P2 “intermediate temperature” circulating pump WILO Stratos Para 25/1-7 PWM 5+70
P3 Fan-coil circulating pump WILO Stratos TEC RS 25/7 PWM 3+70
P4 DHW circulating pump WILO ZRS 12/7 86 (fixed speed)

*It is worth noting that, a variable speed compressor, beside being able to modulate the capacity supplied,
reduced the losses due to On/Off behaviour (i.e., Cycling losses). For further details the reader should refer to
ref. [34].

10
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(d) Pumpes employed in the system (from let to right : P4, P2 and P1)

216 Figure 3: Details on the experimental setup

12



217

218 Figure 4: Details of the roll-bond employed in the PVT panels

219 Table 2. Details the PVT panel - Absorber (Figure 3)

Parameter Unit Value
Absorber area [m?] 1428
Material - Aluminium
Thickness (insulant + absorber) [mm] 23
Dimensions [mmxmm] 910x1570
FinWidth [mm] 15

Fin thickness [mm] 15
Number of risers (-] 18

Riser diameter [mm] 10
Distance between risers [mm] 10
Internal volume (1 0.8

220 Table 3. Details the PVT panel — Module types and solar cells

Parameter Unit Value
Module dimensions [mmxmmxmm] 1663x998x38
Module area [m?] 1.6597
Module weight [kel 18
Cell type technology - Polycristallinesilicon
Cell manufacturer/model - Gintech/GIN156M-3BB
Cell dimensions [mm] 156x156
Cell thickness [um] 200
Cell area [cm?] 24.336

221

222

13
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2.2 Operation modes and control

This paper reports the results of a monitoring campaign subdivided into four sessions: the first lasted from the

17" of January 2017 until the 13" of March 2017 (heating mode, without DHW production), the second lasted

from the 13" of March 2017 until the 24" of May 2017 (heating mode, with DHW production), the third lasted

from the 24" of May 2017 until the 18" of September 2017 (cooling mode, with DHW production) and the

forth lasted from 22™ of October 2017 until the 14" of December 2017. The operation set points were 22°C

and 24°C (automatically controlled via a wall-mounted thermostat) in heating and cooling mode, respectively.

Each mode was controlled aiming to (a) minimize the electricity consumption by the heat pump, by using solar

thermal energy, and (b) maximize the production of electricity of PVT panels keeping their operating

temperature as low as possible. The detailed operating principles for each mode are provided in the following.

Operation modettl. Heating mode without DHW production (from 17/01/2017 to 13/03/2017). The
internal set-point temperature was set to Tt.p0ine = 22 °C, with night attenuation of 4 °C (from 22.00
to 7.00). In this operation mode, the temperature of the water produced by the heat pump and sent
to the fan-coils was set by using a climatic curve: T; = 45 °C with T,,,, =0 °C and T3 = 40 °C with T, =
15 °C. In this operation mode, valve V1 was set to deviate all thermal energy produced by the PVT
panels to the “intermediate-temperature” storage tank. The “intermediate-temperature” storage
tank, is used as the “water-source” for the heat pump when T,,,;, is low and the resulting COP would
decrease. Changes from “air-source” evaporator to “water-source” evaporator are obtained by

switching on/off the pump P2 and switching on/off the outdoor “air-source” unit.

Operation mode#2. Heating mode with DHW production (from 13/03/2017 to 24/05/2017). The
operation mode mode#1 was modified as follows: (a) a daily profile of DHW production was set to
produce 150 / (corresponding to, approximately, 4 KWh); (b) valve V1 was set to deviate the glycol-
water mixture, at the outlet of the PVT panels, depending on the temperature of the storage tanks (a)
towards the “intermediate-temperature” storage tank (Tintermediate-temperature < 38 °C), (b) towards the
DHW tank (Tintermediate-temperature 2 38 °C) or towards the “intermediate-temperature” storage tank
(Torw,tank 2 58 °C); (c) the DHW storage tank set-point temperature was set to Tpyuset-point = 48°C and
its lower temperature has been set Tpuw mantenance = 42°C. If the temperature of the DHW storage tank

fell below Tpuw,mantenance, the heat pump would be used to increase the DHW tank temperature.

Operation mode#3. Cooling mode with DHW production (from 24/05/2017 to 16/10/2017). The

14



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274
275

276

277

278

279

internal set-point temperature was set to Tpoint = 24 °C. In addition, the operation mode mode#2
was modified as follows: (a) a daily profile of DHW production was set to produce 150 /
(corresponding to approximately, 3 KWh; the DHW corresponding capacity is lower compared with
the previous operation mode, owing to the higher inlet water temperature, T;); (b) valve V1 was set
to deviate the glycol-water mixture, at the outlet of the PVT panels, depending on the temperature of
the storage tanks towards the DHW storage tank (Tintermedite-temperature = 36 °C) or towards the
“intermediate-temperature” storage tank (Tpyw,tank 2 57 °C). In this operation mode, pump P1 was
always activated from 19:00 untill 24:00, in order to lower the temperature of the “intermediate-

temperature” storage tank and, thus, to increase the PVT performances.

Operation mode#4. Heating mode without DHW production (from 22/10/2017 to 14/12/2017). The

same as Operation mode#1.

Please note that, owing to technical maintenance in the area of the facility, we were forced to stop the

monitoring activities in the period between the 16/10/2017 and the 22/10/2017. The outlet water

temperature, sent from the heat pump to the fan-coils, was set as follows, depending on the operation mode

and the ambient temperature:

Operation mode#1, Operation mode#2 and Operation mode#4. A weather compensation strategy
was employed. It means that a controller measures the temperature outside the building and varies
the temperature of the water supplied to the heating systems accordingly. The water temperature
was set at 45°C if outdoor air temperature was below 0°C, whilst if the outdoor air temperature
increased, the outlet water temperature was reduced linearly up to 40°C, if outdoor air temperature
was above 15°C

Operation mode #3. The outlet water temperature was set at 7°C;

2.3 Measurement system

All the main variables needed to describe mass and energy balances were measured, as displayed in Figure 5

(please note that Figure 5 provides all details concerning system layout and measured variables). In the

following of this section, the main details of the experimental procedure are presented and discussed;

conversely, Table 4 summarized main uncertainties of the measurement devices. The flow rate in each circuit

was measured by an electromagnetic flowmeter (E&H Promag P50, +0.2% read value). Evaporating and
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295

condensing pressures were measured by pressure transducers (Keller series 21Y, figure 6a). All the inlet and
outlet temperatures of the main equipments, the supply and return water temperatures at the different
locations were measured by RTD Pt100 4wire 1/5DIN, inserted inside the pipes (Figure 6b, ¢ and d). In
addition, the PV and PVT back temperatures were measured by RTD Pt100 4wire 1/5DIN. The indoor and
outdoor (near the PVT panels) temperature and humidity were measured by an Pt100 4wire hygrometer
(Siap+Micros). The solar irradiance was measured by a thermopile pyranometers (Kipp&Zonen CMP11),
mounted at a 45° inclined angle near the PVT panels. The power consumption of the heat pump and the
circulating pumps (solar pumps, intermediate-storage tank pump, fan-coil pump) were measured by
multifunction electric meters (Shark 100 and FRER MonoNano). All the temperature probes were verified with
an in-house calibration procedure by using thermostatic bath. All data were recorded automatically every 6
seconds in a data logger (Advantech ADAM 5000 and 4000 data logging devices) to be further post-processed.

It is worth noting that all pipes were insulated in order to avoid thermal losses towards the environments (see

Figure 6).
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Figure 5: Measurement location
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296 Table 4. Details on experimental uncertainties

Parameter Type Uncertainties
Temperature measurements of water ~ RTD Pt100 (1/5DIN) + 0,06°C (at 0°C)
Water volumetric flow rate Electromagnetic flow meter + 0,5% read value

Multifunction power and +0,2% read value

Electrical consumption of the heat
energy meter

pump and power

Transducer +0,5% read value
Outdoor air temperature RTD Pt100 (Class A) +0,15°C (at 0°C)
Outdoor relative air humidity Humidity transmitter + 1% read value
Indoor air temperature RTD Pt100 (1/5DIN) + 0,06°C (at 0°C)
297
(a) Pressure measurement (b) “intermediate-storage” temperature measurements
(c) temperature measurements (d) temperature measurements
298 Figure 6: Details on the measurement techniques
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2.4 Performance evaluation

2.4.1 Heat pump

The performance of the system was evaluated by means of the mass and energy balances that are evaluated
based on the recorded data (flow rates and temperatures). In particular, the energy fluxes across every

component were computed as follows:

Q = Tth (Tinlet - outlet) (1)

In Eq. (1), Tinerand Toure: refer to the inlet and outlet temperatures, m is the mass flow rate, ¢, is the specific
heat of water. From Eq. (1), the corresponding energy can be computed based on the time discretization of the
measurements (viz.,, E = Y7=~ Q, where t is the time variable). Based on the heat flow rate and the electric
power measured, the COP (during heating mode; mode#1 and mode#2, Eq. (2)) and the EER (during the cooling

mode; mode#3, Eq. (3)) were computed as follows:

COP = Q.HP—>fan—coil + QHP—)DHW—tank (2)
Pel

EER = Q.HP<—fan—coil ;QHP—»DHW—tunk (3)
el

In Egs. (2-3), P, is the electric power provided to the systems; QHP—»fan—coil andQ'thfan_coil is computed
based on T; and T, and m3 = m, (please refer to Figure 1 for the location of the subscripts) and refer to the
heat transfer from the heat pump towards the fan-coils and vice-versa; conversely, Qyp—puw—tank refers to

the heat flow rate provided by the heat pump to the DHW tank and is computed as follows:

3 _ pVDHW,tanka (Tt:n B Tt:n—l) (4)
QHP—>DHW—tank - At
sampling

In Eq. (4), Vouw,tank is the volume of the DHW tank, p is the density of water, and t is the time variable. Please
note that Eq. (4) is computed under the following constrains: (a) the temperature of the DHW boiler is below
Torw,maintenances (D) the temperature of the DHW storage tank is increasing with time; (c) heat pump status is
ON; (d) perfect mixing within the storage tank is assumed. From Eq. (4), the corresponding energy can be
computed based on the time discretization of the measurements (viz., E = Y"=N Q, where t is the time

variable).

To study the influence of the “water source” evaporator and the “air-source” evaporator, Eq. (2) was modified

as follows, based on the status of the storage tank circulating pump (pump P2, Figure 1):
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QHP—) an—coil + QHP—>DHW—tank 5
COP vyater-source” = ! P, if pump P2 = ON ( )
e

_ QHP—»fan—coil + QHP—)DHW—tank

) 6
COP vsjr-source” = P, if pump P2 = OFF ( )
e

Based on experimental uncertainties, it is estimated that the COP/EER is computed within the range of £ 0.2 %
of its actual value. It is worth noting that, when not explicitly stated, the heat pump consumptions include also
all the auxiliaries: (a) the solar circulating pump (its consumption was approximately 4.1 % of the total energy
consumption); (b) the “intermediate-temperature” circulating pump (its consumption was approximately 1.2 %
of the total energy consumption); (c) the Fan-coil circulating pump (its consumption was approximately 3.7 %
of the total energy consumption), (d) the DHW circulating pump and all other auxiliaries (their consumptions
were approximately 14.2 % of the total energy consumption). The above-mentioned values consider all days in

the monitored period.

Finally, it is worth nothing that, in the operation mode#3, the glycol-water mixture, at the outlet of the PVT
panels, can be deviated towards the DHW storage tank, to reduce the heat pump energy consumption for the
DHW production (please refer to Section 2.2). In particular, the heat provided by the PVT panels to the DHW

tank, Qpyrsphw-tanks IS computed as follows:

_ pVDHW,tanka (Te=n — Tr=n-1) @)
PVT->DHW—tank —

Atsam;aling

Please note that Eq. (7) is computed under the following constrains (please refer to Section 2.2 for further
details on this operation mode): (a) Tintermediate-temperature 2 36 °C, (€) Topw,tank < 57 °C, (c) the temperature of the

DHW storage tank is increasing with time; (c) pump P1 status is ON.

2.4.2 PVT panels

The electrical and thermal efficiency of the PVT panels is computed as follows:

77 — Pel,PVT (8)
el fgfinalAPVTGdT

n, = Pth,PVT (9)
th —

fotﬂnal ApyrGdr
Where A is the total area of the panels. Similarly, the electrical efficiency of the PV panel is computed as

follows:
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P
Moy = # (10)
fO APVGdT

The reader should refer to the many review presented in the literature for further details on the relationships

between these efficiencies and operating conditions of the panels (see, for example, ref. [21]).

3 Experimental results

In this section, the experimental results are presented and discussed. First, the ambient conditions in the
monitored period (viz. ambient temperature and humidity) are presented. Second, the seasonal time-scale
performance and the daily time-scale performance of the systems are discussed. In particular, the influence of

the “water-source” and the “air-source” evaporators on the heat pump performances are analysed.

3.1 Ambient conditions

Figure 7 displays the ambient conditions in the monitored period, in order to provide an overview of the heat
pump working conditions and boundary conditions. In particular, Figure 7 displays the daily-averaged values of
the ambient temperature (T,,,,) and relative humidity, which is an important parameter for heating demand in
summer, and frost issue in winter, see ref. [11]. The heat pump was operated in a quite broad range of
operating conditions (i.e., daily averaged T,.,, ranged between 0 and 33 °C; conversely, the instantaneous

values of T,,,, , which are not presented here, ranged between -5°C and 40 °C).

—e— Ambient temperature [°C] —s— Ambient relative humidity [%]
35.0 100
30.0 0
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Figure 7: Daily-averaged ambient conditions: ambient temperature and relative humidity
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3.2 Seasonal performance

3.2.1 Analysis of the seasonal performances

Figure 8 displays the daily-averaged performance of the multifunctional heat pump in the four operating
modes, listed and described in Section 2.2. Please note that, in Figure 8, T, is also displayed for the sake of
clarity. In addition, Table 5 and Table 6 display the monthly-averaged and operation mode-averaged
performance of the system, respectively. The performance of the multifunctional heat pump was computed by
using Eq. (2)—the COP—and Eq. (3)—the EER. In the operation mode#1, the useful effect of the heat pump is
Qupsfan-con (there is no DHW production; Qupspwh-tank = 0); conversely, in the other operation modes (viz.
operation mode#2 and mode#3) the useful effect of the heat pump consists in both Qup-fan-con aNd Qup-spwi-tank-
Please note that, in Figure 8, the electric consumption, P,, used in input to evaluate COP and EER does not
account for the contribution of the auxiliaries (i.e., circulation pumps, stand-by consumption, and so on ...), as
discussed in Section 2.3. The influence of auxiliaries on electrical consumption (and, thus, the performance of
the systems), have been commented in Section 2.3 and are displayed in Figure 9. It is worth noting that the
electrical consumption of the system is strongly related to the external ambient conditions and internal
temperature set-point owing to the well-known relations between external temperature, internal temperature
and heat pump load. Therefore, the shape of the electrical consumption (Figure 9) is, somehow, specular to

the shape of T,,,, (Figure 7).
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Figure 8: Daily-averaged performance of the multifunctional heat pump depending on the operation mode

and ambient temperature

Table 5. Monthly-averaged performances (auxiliaries are neglected when presenting Engpac )

Month Operation mode  EnNy, fan-coil [kWh]  ENy, ppw [kWh]  Engpgc [kwh] COP [-] EER[-]
January mode#1 646.7 - 210.3 3.08 -
February mode#1 670.4 - 191.1 3.51 -
March mode#1 202.6 - 54.0 3.75 -
March mode#?2 151.3 89.3 87.8 2.74 -
April mode#?2 136.1 151.2 116.4 2.47 -
May mode#2 75.9 103.6 70.3 2.55 -
May mode#3 137.7 31.6 56.6 - 2.99
June mode#3 802.6 92.4 259.7 - 3.45
July mode#3 1226.5 111.9 429.1 - 3.12
August mode#3 1316.0 109.4 471.5 - 3.02
September mode#3 310.5 67.2 123.4 - 3.06
October mode#4 69.4 - 19.6 3.53 -
November mode#4 583.2 - 209.4 2.78 -
December mode#4 944.1 - 309.7 3.05 -
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Table 6. Operation mode-averaged performances (auxiliaries are neglected)

Operation mode Enth’fan_co" [kwWh] EnthIDHw [kwh] Ene|’pdc [kwh] cop ['] EER [-]
mode#1 1519.6 0.0 4554 3.34 -
mode#2 363.2 344.2 274.5 2.58 -
mode#3 3793.3 412.5 1340.4 - 3.14
mode#4 1617.0 6.0 547.3 2.97 -
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Figure 9: Influence of auxiliaries on electrical consumption of the systems - Refer to figure 8 for details on

the operation mode

Now, further details on the three different operation modes are discussed; in this respect, aside from the
above-mentioned figures. In the operation mode mode#1, the monthly-averaged COP is in the range of 3 and
4.5 (Table 5) and the averaged COP value is equal to 3.34 (Table 6); as expected, COP increases with time,
owing to the increasing daily-averaged T, (Figure 7 and Figure 8). The relationship between T,,,, and the heat
pump performance can be further understood, by considering the layout of the system. Indeed, the
performance of an heat pump may be related (for fixed component design), to the evaporating and
condensing temperatures/pressures. In the present case: (a) the condensing pressure is related to the internal
ambient conditions, that, for a fixed set-point are, approximately, periodical with time; (b) evaporating
temperature T, is related to T, owing to the variable speed compressor and the electronic expansion valve
(see the details in Section 2.1). Therefore, a variation in the ambient temperature, mainly affects T,,, and, thus,
affects the performance of the whole system. To better discuss this concept, Figure 10 displays the
relationship between the variables of the heat pump (i.e., evaporator pressure and condensing pressure), To,q

and COP. The reader may refer to the studies proposed by Kuang and Wang [38] and Ma and Zhao [39] for a
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more detailed discussion on the role of variable speed compressors in heat pumps. In addition, in Figure 10 is
also displayed the influence of the “water-source” evaporator. The influence of the “water-source” evaporator

is further discussed in Section 3.3.
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Figure 10: Daily performance of the multifunctional heat pump: performance parameters (data obtained at

13/02/2017, mode#1)

In the operation mode mode#2 the performance of the system, compared with the one observed in mode#1,
shows a larger variability and COP is slightly lower. The monthly-averaged COP is in the range of 2.0 and 4.5
(Table 5) and the averaged COP value is equal to 2.58 (Table 6). This behavior can be explained based on the
system operations as well as on the ambient conditions. First, in this period, beside DHW production, Qup-fan-
coil 1S Very low and, in some days, Qup-sfan-coi = 0, OWing to the high T, (the internal set-point temperature can
be achieved also with very low heat pump load). This consideration is also displayed in the heat fluxes
reported in Figure 11, where it is shown that the thermal flux of the fan-coils from/towards the internal
ambient is very low. Therefore, COP is mostly related to Qpuw.tank- S€CON, it should be noted that Qup—prw-tank
is produced at higher temperature compared with Qup-fan-coi; therefore the expected performance of the heat
pump is reduced. In this respect it is well known that Eq. (2) does not take into account the grade of heat
produced, as it is related to energy balances and neglect the entropy/exergy concept. In the operation mode
mode#3, in the cooling mode with DHW production, the monthly-averaged EER is in the range of 3 and 4.5
(Table 5) and the averaged EER value is equal to 3.14 (Table 6). The discussion concerning the relationship
between the ambient conditions and the system performance is similar to the above-discussion for the
operation mode mode#1. It is worth noting that, owing to the high ambient temperature, in the summer

season, the PVT panels are able to contribute to the maintenance temperature of the DHW storage tank, thus

24



417

418

419

420

421

422

423
424

425

426

427

428

429

430

431

432

reducing Qupespxw.tank @nd, thus, the overall energy consumption of the heat pump. In this respect, Table 7
summarize the energy fluxes provided either by the heat pump or by the PVT panels to the DHW storage tank.
It is observed that thermal energy produced by the PVT panels have been successfully used to support the
production of DHW in the summer season; in particular, approximately 63% of the heat needed by the DHW

storage tank has been ensured by the PVT panels (the remaining has been produced by the heat pump).

Table 7. Contribution provided by the PVT panels to the DHW storage tank

Enypsprw-tanc™ [KWh]  Enpyrspuw-tan™* [KWh]  Contribution provided by the PVT panels*** [%]

May 28.15 46.89 62.49%
June 90.96 156.23 63.20%
July 86.08 178.85 67.51%
August 75.42 197.98 72.41%
September 91.21 56.71 38.34%
Total 371.82 636.66 63.13%

* Computed by integrating Eq. (4) over the months

** Computed by integrating Eq. (7) over the months

*** Computed by 100 * QPVT—DHW-tank
(@pwH-DHW-tank+QPVT->DHW-tank)

Finally, in the operation mode mode#4, the monthly-averaged COP is in the range of 3 and 4.5 (Table 5) and
the averaged COP value is equal to 2.97 (Table 6); as the operating conditions of operation mode#4 are equal
to the ones in operation mode#1, the same comments as above, also apply here. For the sake of clarity, Figure
11 displays the input-output energy fluxes considering the heat pump as control volume. The electrical
consumption of the heat pump reflects the ambient conditions, as stated above. It is worth noting that, in the
summer period, the thermal energy produced by the PVT panels have been successfully used to support the

production of DHW.
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Figure 11: Thermal energy fluxes - Refer to Figure 8 for details on the operation mode

3.2.2 Comparison between water source and air source

In the previous section, the performances of the whole system was discussed, without any reference to the
heat source used by the multifunctional heat pump. In this section, an insight in the performance of the
system is proposed, by analyzing the contribution of the “water-source” evaporator and the “air-source”
evaporator to achieve the averaged performance described in Section 3.2.1. To this end, by applying Egs. (5-6)
in the in the operation mode mode#1 and operation mode#4, the corresponding “water-source” the “air-
source” performances were obtained; the results of this analysis were summarized in Figure 12, in terms of
daily-averaged values and in Table 8, in terms of monthly-averaged values. Please note that in some days (viz.
the data not displayed in Figure 12), the “water-source” evaporator was not used. Applying the whole dataset,
(in the operation mode#1) and applying Egs. (5-6), an average COP increase approximately 34 % from the “qir-
source” mode to the “water-source” mode was observed (please refer to Table 8 for the details concerning the

performance parameters).
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Figure 12: Daily-averaged performance of the multifunctional heat pump: influence of “water-source” and

“air-source” evaporators (operation mode mode#1 and operation mode#4)

It is also observed that, when the “water-source” evaporator was used, defrost of the heat pump has been
avoided; indeed, the “water-source” evaporator has been operated mainly in the coolest hors of the day: the

reader should refer to Section 3.3.1 and Section 3.3.2 for a better description of the daily system performance,
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based on the hourly profiles of the variables. Defrosts was observed in three days only, when the “water-
source” evaporator was not available (owing to the low temperature of the “intermediate-storage”). The
corresponding energy consumption of the defrosts is approximately 0.1 kWh. Therefore, it is reasonable to
state that the application of the water-source” evaporator not only increased the COP, owing to an higher heat

source (See Section 3.3.2), but also avoided additional energy consumption.

Table 8. Comparison between “water-source” and “air-source” evaporators (auxiliaries are neglected)

ACOP
Ell:‘th,fan—coil Ent};l,far\—coil EneI,PdC - Enel pdc - W cop COP “gir- cop ‘lwate’:

water- - “air- water- . ” water- ,, source

” " " air-source " source Averaged “
source source source [kWh] source [_] [_] and “air-

[kWh] [kwWh] [kwWh] [-] source”

[%]

January 155.18 491.53 40.58 169.69 3.82 2.90 3.08 32.03%
February 144.79 525.59 32.79 158.30 4.42 3.32 3.51 32.98%
March 78.62 123.94 16.36 37.64 4.81 3.29 3.75 46.00%
October 40.82 28.56 7.76 11.89 5.26 2.40 3.53 118.85%
November 216.57 366.61 63.26 146.17 3.42 2.51 2.78 36.49%
December 193.01 750.03 51.40 257.79 3.76 291 3.05 29.08%

Total 828.99 2286.25 212.15 781.48 3.91 2.93 3.14 33.6%

3.2.3 Comparison between PV and PVT panels

In this section, the performance of the PV and PVT panels are compared in terms of efficiencies and energy
production. To this end, Figures 13 - 17 summarize the main outcomes of the field trial from the seasonal point
of view. The reader should refer to Section 3.3.3 for a better description of the daily performances. Figure 13
compares the cell temperatures (T pyr and Teepy) and electrical efficiency of the PVT (Eq. (8)) and PV (Eq.
(10)) panels. In particular, Figure 13a displays the daily-averaged variables and Figure 13b displays the values
of the variables averaged in the period between 10:00 and 16:00, to take into account only of the periods of
the day when PV and PVT panels are producing thermal/electrical energy. Please note that the PVT cell
temperatures were not monitored up to the 10th of February 2017, which is the reason of its value equal to 0
in Figure 13a and Figure 13b. It is observed that the cell temperature are highly related to T,,, (Figure 7); thus,
it is not surprisingly that the shape of T, profile is somehow similar to the shape of T,,,, profile. The electrical
efficiency of the panels and related to the cell temperatures and the ambient conditions, owing to the well-
known relationships between temperature and PV efficiency (see, for example ref. [40]). Hence, it is not
surprisingly that an higher efficiency is observed during the winter period and it slightly decreases with time

(owing to the increasing ambient temperatures).
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(a) daily-averaged values
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473 Figure 13. Electrical efficiency and operating conditions of PVT and PV panels - Refer to Figure 8 for details

474 on the operation mode
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Figure 14. Performance and operating conditions of PVT and PV panels - Refer to Figure 8 for details on the

operation mode

It is worth noting that, in operation mode#3, pump P1 was activated from 19:00 untill 24:00, in order to lower
the temperature of the “intermediate-temperature” storage tank panels and, thus, to increase the PVT
performances. It is worth noting that T, p 7 is generally lower compared with T, py, OWing to the heat transfer
between the panel and the water. Figure 14 contributes and support the previous discussion proposed, by
including the relationship between (a) the electrical efficiency, (b) the water temperature at the outler of the
PVT panel, (c) Teenpyr and (d) Tome. It is interesting to observe that the PV electrical efficiency is similar to the
PVT electrical efficiency (Figure 13). This point is also clearly observed in Figure 15, where the electrical energy
produced per unit area by the PVT and PV panels are compared (energy produced per unit area are used to
compare the performance of the seven PVT panels with the performance of a PV panels): the energies (per
unit area) produced by the PV and PVT panels are comparable. It can be concluded that, on a seasonal point of
view the PVT panels are very interesting, being able to produce both electrical and thermal energy, with a

comparable energy efficiency.

Figure 16 and figure 17 display the thermal production of the PVT panels. Figure 16 displays the relationship
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502

between the thermal efficiency and the cell temperature. The thermal production is highly related to the
ambient conditions (Figure 7) and the thermal efficiency ranges between 5% and 30% depending on the
ambient and operating conditions. Figure 17 displays the thermal energies produced by the PVT panels. In
particular, Figure 17 displays (a) the thermal energy transferred from the PVT panels toward the to the water
(positive contribution, Figure 16) and (b) the thermal energy transferred from the water toward the PVT panels
(negative contribution, Figure 16). The latter contribution can be interpreted as a thermal loss, but it is
employed, in operation mode#3, to decrease the “intermediate-temperature” storage tank (by activating

pump P1 from 19:00 to 24:00) and, thus, to increase the PVT electrical efficiency during the subsequent day.
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Figure 15. Electrical energy per unit area produced by the PVT and PV panels — Please note that the
electrical production is normalized per unit area, to compare the production of the seven PVT panels with

the performance of a PV panels - Refer to Figure 8 for details on the operation mode
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507 Figure 17: Thermal energy fluxes on the PVT panels - Refer to Figure 8 for details on the operation mode
508 3.3 Daily performance
509 In the previous section (Section 3.2), the seasonal performances of the multifunctional heat pump have been

510 described and commented, in terms of daily-averaged parameters. These parameters provide an overview
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concerning the average performance of the system and are related to the instantaneous values of the
operating parameters (i.e., temperatures, mass flow rate and pressures). The role of this section is to provide
insights on the multifunctional heat pump daily-averaged performance, by discussing the relationships
between the instantaneous variables characterizing the system (viz. the variables listed in Section 2.3 and
displayed in Figure 5). In order to comment on the instantaneous values of the experimental data, it should be
noted that the numerous parameters of the system are highly connected each other, owing to the system
configuration (see the layout in Figure 1 and Figure 5); indeed, the multifunctional heat pump is connected to:
(a) the DHW storage tank (refer to Section 2.2 for the details concerning the DHW storage tank temperature

|tt

set-points); (b) the water-loop which connects the multifunctional heat pump to the external “air-source”
evaporator and to the “intermediate-temperature” storage tank (And, thus, to the solar part of the system); (c)

the water-loop which connects the multifunctional heat pump to the fan-coils.

3.3.1 Analysis of the daily performances

In this section, the relationships between the different variables of the systems are described and commented
to better discuss the results presented in Section 3.2.1. In particular, Figures 18-24 display the instantaneous
values of the measured variables for the three operating modes (for every operation mode, a representative

day has been selected):

e operation mode#1 (heating mode without DHW production): experimental data presented in Figures

18, Figure 19 and Figure 26a (data obtained at 13/02/2017);

e operation mode#2 (heating mode with DHW production): experimental data presented in Figures 20,

Figure 21 and Figure 26b (data obtained at 17/03/2017);

e operation mode#3 (cooling mode with DHW production): experimental data presented in Figures 22,

Figure 23 and Figure 26c¢ (data obtained at 17/07/2017);

e operation mode#4 (heating mode without DHW production): experimental data presented in Figures

24 and Figure 25 (data obtained at 13/02/2017);

As previously mentioned, the instantaneous values of the measured variables are related one-another; for this
reason, in the following of this section, a “bottom-up” approach (viz. starting from the heat pump itself

towards the other systems) is used to present the results: (a) first, the heat pump performance parameters are
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commented (Figure 18a, Figure 20a and Figure 22a); (b) second, the relationships between the heat pump
performances and boundary conditions (i.e., T,m, “intermediate-boiler” temperature, PVT panels temperature
and operating conditions, ...) are commented (Figure 18b, Figure 20b and Figure 22b); (c) finally, the operating
conditions of the other components (i.e., PVT panels, “intermediate-temperature” storage tank, DHW storage

tank, ...) are presented and commented (Figure 18c, Figure 20c and Figure 22c, and Figure 19 - 24).

Figure 18a, Figure 20a and 22a display the relationships between the control parameters (viz. the status of
pump P1 and pump P2) and the performance parameters (viz. either COP or EER); in addition, in these figures,
the influence of auxiliaries on instantaneous system performance are displayed. Please note that in Figure 18a,
Figure 20a and Figure 22a, the performance parameters have been computed by neglecting the contribution of
Qup—puw—tank, to focus on the heat pump only. In order to better interpret these data, the experimental
profiles presented in Figure 10 should be taken into account as well; in Figure 10 it was shown that a variation
in T,ms, Mainly affects T,,, and, thus, affects the performance of the whole system, owing to the variable speed
compressor and the electronic expansion valve. Hence, based on the instantaneous experimental data (Figure
18a, Figure 20a and Figure 22a) as well as the above-mentioned consideration, three main outcomes can be
drawn: (a) the influence of auxiliaries on electrical consumption (and, thus, the performances of the systems)
are in agreement with the considerations reported in Section 2.3 and the seasonal time-scale results presented
in Figure 9; (b) when the system employs the “water-source” evaporator, the performance of the system
increases (please refer to Section 3.2.3 and Section 3.3.2 for a more detailed discussion concerning this point);
(c) the variations in the performance parameters of the multifunctional heat pump are related to the system
boundary conditions (both heat source and heat sink); i.e., the shape of the performance parameter profile

reflects the ambient conditions.

Figure 18b, Figure 20b and Figure 22b display the relationships between the instantaneous heat pump
performances (in term of COP, without taking into account the auxiliaries) and the heat pump boundary
conditions (i.e., Tymp, the temperature of the “intermediate-temperature” storage tank— Tintermediate-temperature”
storage tank—» the temperature of the PVT panels, the operating conditions of the PVT panels ...). Considering
these instantaneous experimental data, the limited availability of the “water-source” evaporator (mentioned
in Section 3.2.2 and visualized in Figure 18a and Figure 20a) can be explained. Indeed, the temperature of the
“intermediate-temperature” storage tank is used as heat source of the heat pump when T, = Ty ermediate-

temperature” storage tank > Tamp (Ple@se refer to Figure 1 for the locations indicated by the subscripts). This issue was
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clearly observed in the early hours in the morning (i.e., approximately between 7:15 and 8:00) in Figure 18b
and in Figure 20b: in the early hours in the morning the heat pump starts to restore the internal temperature
set point (after the night attenuation, Section 2.2); in this condition, the “water-source” is employed, owing to
the unfavorable ambient condition and Tentermediate-temperature” storage tank Starts increasing again (see the values of
T, and Tg), owing to the heat provided by the PVT panels (pump P1 is activated, as can be observed comparing
the experimental profiles of Figure 18a, Figure 20a and Figure 18b and Figure 20b). A further insight in the
availability of the “water-source” is provided in Figure 26, which displays the temperature measurements on
the “intermediate-temperature” storage tank in different locations (i.e., in the lower section, in the middle
section and in the higher section, see Figure 5 and Figure 6b): from these measurements can be observed a
certain thermal stratification in the storage tank, which should be considered in future modeling approaches.
In addition, the experimental data in Figure 26 support that the availability of the “water-source” is related to
the “intermediate-temperature” storage tank conditions (viz. the temperature); generally, pump P2 is
activated during the morning (when T, is lower), Tuntermediate-temperature” storage tank d€Creases and, thus, pump P2
is disabled; conversely, when Teptermediate-temperature” storage tank deCreases, if there is availability of solar thermal
energy, pump P1 is activated, in order to employ the solar energy to raise Teptermediate-temperature” storage tank- Please
note that, in Figure 26, are displayed also the temperature of the DHW storage tank, to provide a better
understanding of results presented in Section 3.2 as well as the operation modes and control procedures listed

in Section 2.2.

Figure 18c, Figure 20c and Figure 22c provide insights in the coupling between the heat pump and the PVT
panels. In particular, the water flow rate elaborated by pump P1 is displayed, to support the above-mentioned
discussion concerning the relationship between the temperature of the “intermediate-temperature” storage
tank and the PVT panels. It is worth noting that, as stated in Section 2.2, in the operation mode#3 pump P1 has
been activated from 19:00 untill 24:00, in order to lower the temperature of the “intermediate-temperature”
storage tank and, thus, to increase the PVT performances. The PVT temperature is related to the ambient
conditions and the operating parameters (i.e., the water flow rate and the water temperatures): when T,
starts raising, the PVT temperature increases and, thus, P1 is activated to transfer heat from the PVT panels
toward the “intermediate-temperature” storage tank, thus lowering the PVT panel temperature and increasing
T, and Tz. The operating conditions and the performance of the PVT panels are further described in Figure 19a,

Figure 21a and Figure 23a, which focus on the relationship between the operating conditions and the
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performances of the PVT panels (viz. the electrical and thermal power produced by the PVT panels). It is worth
noting that the thermal power produced by the PVT panel is negative in Figure 23a, from 19:00 untill 24:00,
owing to the above-mentioned control strategies (e.g., lower the temperature of the “intermediate-
temperature” storage tank): these values find their corrispective daily-averaged values in Figure 17. In
addition, Figure 19b, Figure 21b and Figure 23b compares the performance of the PV and PVT panels: (a) the
electrical production of the PV and PVT panels is comparable; (b) PVT panels tend to have lower temperature
in the second part of the day (approximately form 12:00 tilll the end of the day) and, thus, higher electrical
power production (and, vice-versa for the first part of the day) these results are better visualized and

commented in Section 3.3.3, to whom the reader should refer.

Finally, Figure 19c, Figure 21c and Figure 23c display the instantaneous values of the electrical power produced
or consumed by the different component of the system. The aim of these figures is two-fold: (a) support the
seasonal-time scale results reported in Figure 3.2.1 and (b) provide a better description on the influence of the
auxiliaries on the system performances. The influence of the auxiliaries consumption on system performances
provided in terms of daily-averaged quantities (in Section 2.4.1) is in agreement with the instantaneous values
displayed here. In conclusion, it can be stated that the multifunctional heat pump systems was able to adjust
its operating conditions accordingly to the changes in the boundary conditions related to the external ambient
and to the different system components (i.e., storage temperatures, PVT operating condition, internal set-
point temperatures, ...). The flexible operation of the heat pump can be observed by the data displayed in
Figure 10, which reflect in the performance presented in Figure 18a, Figure 20a and Figure 22a and in Figure
18b, Figure 20b and Figure 22b, owing to the variable speed compressor and the electronic expansion valve
(see the details in Section 2.1). In addition, it was observed that the heat pump operation was correctly
integrated, by using propter control systems, to the other system components (i.e., PVT panels, “intermediate-
temperature” storage tank, ..). The flexible operation of the heat pump, in the different instantaneous

condition, resulted in the daily averaged performance presented in Section 3.2.
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(c) PVT panels operating conditions

Figure 18. Details on operation mode#1 parameters — Part A (data obtained at 13/02/2017)
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Figure 19: Details on operation mode#1 parameters — Part B (data obtained at 13/02/2017)
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(c) PVT panels operating conditions

Figure 20: Details on operation mode#2 parameters — Part A (data obtained at 17/03/2017)
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Figure 21- Details on operation mode#2 parameters — Part B (data obtained at 17/03/2017)
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Figure 22. Details on operation mode#3 parameters — Part A (data obtained at 17/07/2017)
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Figure 23. Details on operation mode#3 parameters — Part B (data obtained at 17/07/2017)
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(c) PVT panels operating conditions

Figure 24. Details on operation mode#4 parameters — Part A (data obtained at 17/07/2017)
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Figure 25. Details on operation mode#4 parameters — Part B (data obtained at 17/07/2017)

(c) Electric powers
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(c) operation mode#2 - data obtained at 17/07/2017

Figure 26. DHW and “intermediate-temperature” storage tank temperatures

45

0:00



632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

3.3.2 Comparison between water source and air source

In this section, a more detailed discussion concerning the performance of the system is proposed, by analyzing
the contribution of the “water-source” evaporator and the “air-source” evaporator to achieve the averaged
performances described in Section 3.2.1 and Section 3.2.2. In particular, Figure 27 displays the significant
increase of COP, owing to the use of the “water-source” evaporator; this figure extend some of the
consideration previously presented in Figure 18a, Figure 20a and Figure 22a. It can be observed that, in Figure
27a, by activating the pump P2 at 8.00 AM the COP increases from 2.7 to 8 (instantaneous values). Similar
considerations can be drawn for the other days (Figure 27b and Figure 27c). The reasons behind the COP
increase are quite known: COP increases owing to the lower difference between the evaporating and the
condensing pressures (i.e., see Figure 10). It is important to remark that the “water-source” evaporator
avoided the defrost cycles of the aerothermal heat pumps and, thus, the subsequent decrease in the
performances. In this respect, the reader may refer to the defrost-related issues described by Zhang et al. [12].
It should be noted that the COP obtained using “water-source” has been obtained in the morning periods,
which are the most unfavorable conditions owing to (a) high building load, (b) higher supply water
temperature (T3) and (c) lower T,,,. Unfortunately, the use of the “water-source” is limited in time and
depends on the thermal energy available in the “intermediate-temperature” storage tank, as stated in Section
3.3.1 and displayed in Figure 18b, Figure 20b, Figure 22b and Figure 26. Future studies should be focused on
alternative technical solutions for storage tanks (i.e., phase change material, PCM, storage tanks), to improve

the availability of the “water-source”.
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(c) data obtained at 27/01/2017, operation mode mode#1
Figure 27: Daily performance of the multifunctional heat pump: influence of “water-source” and “air-

source” evaporators

47



653
654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

3.3.3 Comparison between PV and PVT panels

In this section, a more detailed comparison between the performance of the PV and PVT panels is proposed, to
better understand the averaged performance described in Section 3.2.3. In particular, Figure 28 compares the
cell temperatures (T, pyr and T py) and electrical power produced by the PVT (Eq. (8)) and PV (Eq. (10))
panels; this figure extend some of the consideration previously presented in Figure 19b, Figure 21b and Figure
23b; the drop of performance of PVT panels in the morning is caused by a shadow of a tree nearby the
detached house. The discussion concerning the relationship between the ambient conditions and the cell
temperatures were proposed before and it is not repeated here. It was observed that the PVT panels tend to
have lower temperature in the first part of the day (approximately form 12:00 tilll the end of the day) and,
thus, higher electrical power production (and, vice-versa for the first part of the day) these results are better
visualized and commented in Section 3.3.3, to whom the reader should refer. The electrical power production
of the panels are related to the cell temperatures, owing to the well-known relationships between
temperature and PV efficiency (see, for example ref. [40]). In conclusion, Figure 28 contributes and support the
previous discussion proposed in Section 2.3 considering the relationship between the electrical power
production and the cell temperatures. It can be stated that the electrical production of the PVT panels is
comparable to the one of the PV panels. In addition, the PVT panels support the whole system by providing
thermal energy to the “intermediate-temperature” storage tank. Future studies may be devoted to use the

present experimental data to validate numerical model to predict the performance of PVT panels.
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Figure 28: Comparison between PV and PVT panels
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4 Comparison with an air-to-water single-source multifunctional heat pump

In the previous paragraphs, the performance of the present dual source multifunctional heat pump was
detailed (Section 3.2.1 and Section 3.3.1); subsequently, the performance improvements, owing to the “water-
source” evaporator and to the PVT panels was described (Sections 3.2.2-3.2.3 and Sections 3.3.2-3.3.3). The
aim of this section is to propose a simple and straightforward comparison between the present dual source
multifunctional heat pump and an air-to-water single-source multifunctional heat pump (called “baseline” in
the following), working under the same boundary conditions (viz. the monitored period). The baseline system
is composed by PV panels and a reversible air-to-water heat pump, which should be used to produce DHW and
for heating/cooling purposes. The main assumption employed in this comparison are the followings: (a) the
“baseline” system is equipped with PV panels that ensures an electrical production equal to the one of the PVT
panels (which is reasonable owing to the results discussed in Section 3.2.3); (b) the performances of dual
source multifunctional heat pump is the same as the “baseline” system, when working in the heating mode
with the “air-source” evaporator, when working in the cooling mode and when producing DHW with the heat
pump; (c) the operating conditions of the two systems are the same as the ones in the monitored period. The
first assumption allows to neglect the electrical production of the PVT and PV panels; the second assumption
allows the performance comparison as described below; the third assumptions allows a straightforward

comparison, as boundary conditions are set (i.e., the values in Table 8).

Based on the three above-mentioned assumptions, the comparison is performed as follows: (a) the energy
consumption of the heat pump in the “water-source” conditions is replaced with the equivalent energy
consumption with “air-source” conditions (viz. Equivalent “water-source” conditions); (b) Qpyr—paw—tank (the
heat provided by the PVT panels to the DHW tank) should be replaced by the equivalent energy consumption
of the heat pump (viz. equivalent “PVT-DHW” conditions). In particular, the calculation procedure is described

below:

1. Equivalent “water-source” conditions. When the present multifunctional heat pump employs the

“water-source” evaporator, it has an electric energy consumption equal to E; pac water—source With a

mean performance equal to COP.,4ter—source (@s displayed in Table 8); in this condition, the heat

pump provides a thermal energy (En, pgc) equal to:

Enth,PdC = Eel,PdC,water—source COP"water—source" (11)
If the heat pump would be operated with the “air-source” evaporator (instead of the “water-source”
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evaporator), the corresponding electrical energy consumption (E¢; p4c qir—source) Would be equal to:

Enppac (12)

+ ndayEel,defrost

Eel,PdC,air—source ~ COP
air-source,morning

Where  Eggefrost is the daily energy consumption owing to defrosts (when “water-source”

evaporator is applied the defrosts are avoided). From Eq. (11) and Eq. (12) follows Eq. (13):

COP"water—source" (13)

COPair-source,mornmg

~
=

Eel,PdC,air—source el,PdC,water—source

+ ndayEel,defrost
kWh . . e
Where E¢; gefrost = 0.1 % (obtained from the experimental measurements) and COP,, ;. is taken

from Table 8 for the operation mode#1 and as a weighted-average value of mode#1, for the operation

mode#2 .

2. Equivalent “PVT-DHW” conditions. The equivalent energy consumption (Eg; ggserine—paw) of the
heat pump, needed to produce Qpyrspun-tank i cOmputed as follows (based on mean performance of

the system, COPair—source,DHW):

_ Qpyr>pHW-tank (14)
el,Baseline=DHW ~ =~
COPair—source,DHW

E

It si worth noting that, when using the baseline air-to-water single source heat pump, the consumption of
pumps P1 and P2 should be neglected.; please note also that, in the operation mode#2 no defrosts have been
considered (conversely, they have been considered for the operation mode#1 and #4). At this point,
COP:yir—source and COP- iy sourcer Need to be estimated and the model proposed by Madonna and Bazzocchi
[11] is employed. This model considers the COP as a product of three terms: (a) full load efficiency (COPy); (b)
part load factor (PLF); (c) degradation coefficient due to defrost operations (DOF); hence, the COP is computed

as follows:

COP = COP; PLF DOF (15)
The reader may refer to the work of Madonna and Bazzocchi [11] the definition of the above-mentioned

coefficients; it follows that, in Eq. (13), COP ~ 2 and,in Eq. (14) COP ~ 2.8.

air-source,morning air-source,DHW

Therefore, based on Egs. (11-15) and the monitored energy consumptions, the averaged COP of the “baseline”
system as well as the daily-averaged energy consumptions can be computed, and the two systems can be
compared. In particular, the results of this comparison are displayed in Table 9 (monthly-averaged
performances) and Table 10 (operation mode-averaged performances): the proposed system, compared to the

“baseline” air-to-water heat pump has, on averaged, 17.7% higher performance in the operation mode#1,
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31.8% higher performance in the operation mode#2, 6.4% higher performance in the operation mode#3 and

9.8% higher performance in the operation mode#4. In addition, the proposed system, compared with the

“baseline” air-to-water heat pump has, on averaged, 15.4% lower daily-averaged energy consumptions.

Table 9. Comparison between the present dual source multifunctional heat pump and a “baseline” air-to-

water single-source multifunctional heat pump (monthly-averaged performances)

Month Operation mode ACOPg,cejine-sincler+

AEER Baseline-Sincler+ AEDay, Baseline-Sincler+

[] [] [kWh/day]
January mode#1 14.8% - -12.5%
February mode#1 15.6% - -12.8%
March mode#1 36.4% - -25.2%
March mode#2 64.0% - -36.4%
April mode#2 68.6% - -38.2%
May mode#2 55.1% - -32.8%
May mode#3 - 25.9% -20.0%
June mode#3 - 19.2% -15.8%
July mode#3 - 5.6% -4.8%
August mode#3 - 12.7% -11.0%
September mode#3 - 11.3% -9.7%
October modett4 52.8% - -31.2%
November modet4 16.8% - -13.7%
December mode#4 12.6% - -11.0%

Table 10. Comparison between the present dual source multifunctional heat pump and a “baseline” air-to-

water single-source multifunctional heat pump (operation mode-averaged performances)

Operation mode  ACOPg,geline-sincler+

AEER Baseline-Sincler+ AEDay, Baseline-Sincler+

[-] [-] [kwh/day]
mode#1 17.7% -14.4%
mode#2 63.7% -36.3%
mode#3 12.1% -10.3%
mode#4 15.7% -13.1%
Total - - -15.4%

5 Conclusions, outcomes and outlooks

This paper presents the very first results of field study concerning a novel solar-assisted dual-source

multifunctional heat pump, installed in a detached house in Milan, in three operation modes. The main results

of the filed study are as follows:

e the averaged performance (COP and EER) of the multifunctional heat pump is approximately 3, in the

three different operation modes;

e the use of “water-source” evaporator allows to significantly increase the performance of the plant

(COP increases of approximately 34 %, compared with the “air-source”) and to avoid defrost cycles;
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the thermal energy produced by the PVT panels were successfully used to support the production of
DHW in the summer season; in particular, approximately 63% of the heat needed by the DHW storage

tank has been ensured by the PVT panels;

the PVT panels can successfully support the “water-source” evaporator in the winter/spring seasons;

the proposed system, compared with the “baseline” air-to-water heat pump has on averaged, 15.4%

lower daily-averaged energy consumptions.

the electrical production of the PVT panels is comparable to the one of the PV panels. In addition, the
PVT panels support the whole system by providing thermal energy to the “intermediate-temperature”

storage tank.

Ongoing research as well as future studies may concern both experimental and numerical researches. On the

experimental part, outlooks are as follows:

relate the daily and the seasonal operations, to provide a multi-scale evaluation of the heat pump
performance and propose a comprehensive thermodynamic evaluation (energy and exergy anlayisis)

of the whole system;

compare the performance of PV and PVT systems and provide insights in the relationships between
operating conditions (i.e., temperatures, flow rates, ambient conditions) and the panels performances

(i.e., thermal and electrical energy production);

study alternative technical solutions for storage tanks (i.e., phase change material, PCM, storage

tanks), to improve the availability of the “water-source”.

On the numerical part, future studies would concern testing and validation of a TRNSYS approach, to extend

the results of the present experimental study to different climatic conditions and, finally, to assess the

economic feasibility of the proposed system.
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