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Abstract: In agreement with the decarbonization of the building sector to meet the 2050 climate
neutrality targets, borehole thermal storage for solar energy represents a potential solution to increase
the energy efficiency of renewable energy plants. As is well known, electricity is not the optimum
solution to integrate large inflows of fluctuating renewable energy. In the present paper, we investigate
the possibility to use the solar collector to give energy to the borehole field. In detail, a solar-assisted
geothermal heat pump is applied to a school located in Milan, Italy. In winter, both the energy from
the solar collector and the heat pump are collected into a storage tank connected to the emission
terminals, whereas, in summer, as there is no energy demand, the hot water from the solar collector
flows into the geothermal probes. By means of this seasonal thermal energy storage technology, the
intermittent solar energy collected and stored during the summer months can be utilized during the
winter months when the heating demand is high. A long-term dynamic analysis is performed by
employing Trnsys. The results show that solar collectors coupled with ground-source heat pumps
can give an important contribution to the soil temperature drift, and this also applies in cases of un-
balanced loads during the heating season. Moreover, the employment of solar collectors increases the
seasonal coefficient of performance of the heat pumps and may rise to reductions to the probes field.

Keywords: ground-source heat pumps; solar collectors; Trnsys; dynamic simulations

1. Introduction

In Europe, natural gas is widely used for winter heating, and, nowadays, many
greenhouse gas emissions still come from burning fossil fuels [1]. For this reason, the
European directives have obliged the European States to develop alternative renewable
energy sources, such as solar, wind, and geothermal, to reduce the carbon dioxide
emissions in the atmosphere [2,3]. Heat pumps and solar thermal systems realize the
objective to reduce fossil fuels and to achieve decarbonization goals, including net zero
greenhouse gas emissions at 2050 [4]. Heat pumps are particularly helpful for winter
heating in temperate and mild climates and, therefore, could be particularly effective
in Italy. A general analysis of the Italian energy system is reported in [5] and focuses on
the possible energy, economic, and environmental effects of the use of individual heat
pumps for winter space heating. Another aspect driving the decarbonization goals
in the building sector is related to the envelope. For instance, different researchers
investigated the use of glass facades [6-8].

Concerning the heat generation system, in the literature, many papers have inves-
tigated the evaluation of the seasonal coefficient of performance (SCOP) of heat pumps,
both geothermal [9-12] and air-source, also considering, in the latter case, the effect of
the defrosting cycle [13]. Regarding the integration of heat pumps with solar panels,
the so-called solar-assisted heat pump systems, the most used system considers a heat
pump connected to photovoltaic panels [14,15]. These systems suffer from a decrease
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in electric conversion efficiency, mainly at the latitudes of Southern Europe, when the
temperature in the solar collectors rises. Moreover, in [16], the authors demonstrate
that climate changes have influenced PV energy production in the past period and will
continue to cause a reduction in energy production.

In fewer papers, attention is paid to hybrid solar-geothermal heat pumps, al-
though solar thermal panels and geothermal heat pumps have a high potential to
reach the objective of the Paris Agreement [17]. As stated by Guelpa and Verda [18],
thermal storage facilities ensure a heat reservoir for optimally tackling the dynamic
characteristics of district heating systems. Ciampi et al. [19] simulated a solar district
heating system for a period of 5 years when serving a district composed of six typical
single-family houses under the climatic conditions of Naples (central Italy). The anal-
ysis showed that the use of a seasonal borehole TES connected to a solar DH system
allowed for a primary energy reduction of 6% and a reduction in carbon dioxide emis-
sion of more than 4%. Another work [20] demonstrated that seasonal storage combined
with a solar plant could decrease energy consumption by about 26%. An experimental
study [21] of a ground-coupled heat pump used in a 180 m? private residence, com-
bined with thermal solar collectors, showed that the energy injected into the ground
was 34% of the heat extracted from the ground by using a heat pump with a COP of 3.75
after 11 months of operation. In a recent work [22], the authors investigated, by means
of dynamic simulation over a 15-year period, a solar-assisted, ground-coupled heat
pump system that met the domestic hot water demand of 960 students. The simulation
outcomes regarding the underground heat balance were compared with a standalone
heat pump. The results showed that solar energy storage in the ground could lessen the
thermal imbalance caused by continuous heat extraction and correspondingly could
improve the system’s performance. In addition, when the entire system was employed
in regions where solar energy resources were consistent, the average temperature of
the soil may increase year by year instead of decreasing as when a stand-alone heat
pump is used. Thermal energy storage presents many advantages with respect to other
storage systems, when compared with batteries in particular. Lund et al. [23] criticized
electricity storage because more efficient and cheaper options existed. They asserted
that electricity was not the optimum solution to integrate large inflows of fluctuating
renewable energy.

As already discussed, previous published papers asserted that electricity was not
the optimum solution to integrate large inflows of fluctuating renewable energy. In
the present work, the long-term behavior of a solar-assisted ground source heat pump
was analyzed. The case study was represented by a school virtually located in Italy,
in the city of Milan. In the summer periods, while there was no energy demand in
the school, the solar collector gave energy to the borehole field. The novelty of the
present analysis, in fact, consisted of using the solar collectors to restore the soil in
order to increase the COP of the ground source heat pump or to reduce the probe’s
field. Different simulations were carried out varying the number of probes and the
area of the solar collectors, in order to determine the soil temperature for 15 years,
comparing the seasonal performances of the heat pump.

2. Materials and Methods
2.1. Building

The school under investigation is represented in Figure 1. It is a two-floor building
ideally located in Milan, Italy (Coordinates: 45°27/39.24” N 9°16/48" E), i.e., with
2404-degree days and a heating period from 15 October to 14 April every year. In
the building, below the ground floor, there is a non-heated basement. As reported in
Table 1, the total floor area of the two floors is 2313 m? (total volume 8424 m3); the
gymnasium and the stairwell have a height of 6 m, whereas all the other thermal zones
have a height of 3 m.
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Figure 1. Three-dimensional view of the building under investigation (a) and school plan (b).

Zone Sioor (M?)
Classrooms 945
Toilets 126
Secretariat 63
Presidency 63
Teachers’ offices 63
Stairwell 63
Entrance 63
Gymnasium 432
Corridors 432
Locker room 63
Total 2313

In Table 2, the thermal transmittances of the main elements are reported. Concerning
windows, they are double glazed (4/12/4 mm), having a low-emission treatment, they are
argon-filled with a wooden frame, and display a total transmittance U = 1.69 W/(m?K).
Moreover, the external walls have an insulation thickness of 10 cm; thus, the building can
be considered well insulated for the Milan climate.
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Table 2. Thermal transmittance U of the main elements.

Element U (W/(m?-K)
External walls 0.292
Ceiling 0.287
Floor 0.342
Partitions 1.098
Windows 1.690

The set points are reported in Table 3 and were applied as valid for every day of the
heating season from Monday to Saturday; on Sunday and during nighttime, we assumed
that the heating was turned off. Public holidays were not considered.

Table 3. Set points.

tset—point (W)

l:set-point 0

Zone Sfioor (m?)
(7:00-17:30) (17:00-7:00)
Classrooms, toilets, secretariat,
Presidency, teachers’ offices 20 - 1260
Corridors, stairwell, entrance 18 - 558
Locker room 22 - 63
Gymnasium 18 - 432

2.2. Heating System

The heating system displayed fan coils as emission terminals, modeled in TRNSYS
with a fan and a heating coil (type 744 and 753d, respectively). The temperature was
controlled by zone, and the thermostat had 3 stages relating to fan speed (0.6/0.75/1 Pmax).

The fan coils were sized according to an external design temperature of —5 °C and to

reach the set-point temperature of 20 °C in about 1 h.

The air and water flow rates of the fan coils were estimated by relating them to the thermal
power of the emission terminal, considering a commercial model (Daikin): 140 kg/(h kW) for
water and 150 kg/(h kW) for air. Details of the fan coils for each heating zone are reported in

Table 4, and the Trnsys sketch of the emission system is reported in Figure 2.

Table 4. Details of the fan coils for each heating zone.

Zone Power (kW) Water (kg/h) Air (kg/h)
Al 45 630 675
A2 45 630 675
A3 45 630 675
A4 45 630 675
A5 45 630 675
B1 45 630 675
B2 45 630 675
B3 45 630 675
B4 45 630 675
B5 45 630 675
C1 45 630 675
Cc2 45 630 675
C3 45 630 675
Cc4 45 630 675
C5 45 630 675
gymnasium 44.0 4600 6600
locker room 5.0 700 750
toilet ground floor 4.5 630 675
toilet first floor 45 630 675
corridor ground floor 9.35 1000 1403
corridor first floor 10.5 1100 1575
entrance 3.0 300 450
stairwell 43 600 645
presidency 45 630 675
teachers’ offices 45 630 675
secretariat 45 630 675
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Figure 2. Sketch of the emission system, as built in Trnsys.

Regarding the generator system, it was assumed that two water-water heat pumps of
40 kW each could operate together or separately. The heat pumps were modelled with ther-
mal power and COP maps for 3 different inverter frequency values, as shown in Figure 3.
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Figure 3. Thermal power Py, and COP of the heat pumps vs. water source temperature TsoyRrcE IN
for different inverter frequencies and for different water inlet and outlet temperatures.
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The plant included a 2000 L storage tank (Type 156), i.e., 50 L/kW referred to the power
of the generators. The storage tank was located in the basement of the building, and it had
an internal coil (heat exchanger) dedicated to solar energy (internal and external diameter
of the pipes equal to 0.020 m and 0.022 m, respectively; coil length 200 m, coil thermal
conductivity 400 W/(mK)). The storage tank was also connected to the emission terminals
(maximum flow rate of 22,000 kg /h) and to the heat pump (22,000 kg/h); regarding the solar
collectors, a flow rate of 1500-3000 kg/h was set, depending on the simulation scenario
considered. All pumps were variable speed (Type 110). Concerning the plant working
conditions, the winter and summer conditions are sketched in Figure 4. In particular, in
winter, the water from the solar collector flowed into the heat exchanger inside the storage
tank; the heated water contained in the storage was moved to the emission terminals, which
supplied hot air to the single rooms of the building. The heat pump ran and operated
between two circuits (heat pumps-tank and heat pumps-borehole field circuit). In summer,
no energy demand for cooling the building was assumed; therefore, the water from the
solar collector flowed in the geothermal probes.
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Figure 4. Plant working conditions in winter (a) and in summer (b); the grey lines represent non-active
connections during the specific season.

To perform the Trnsys simulations [24,25], the following assumptions were made. The
air changes were assumed to be equal to 0.5 h~! when there were no people, whereas
they were equal to 0.9 h~! when the building was occupied (Mon-Sat from 7:00 to 17:30).
Occupancy was 25 people in the classrooms and the gym; 2 in the toilets, offices, and locker
room; and 5 in the corridors, teachers’ offices, and secretariat. The sensible load for each
person was considered equal to 60 W (40 W radiative and 20 W convective gain), whereas,
for the latent part, the production of 0.065 kg/h of vapor per person was considered in
all rooms except the gym, where a production of 0.45 kg/h per person was assumed. The
solar control foresaw that the solar pump was activated for the outlet temperature from
the collector higher than 10 K, with respect to the tank temperature in winter, whereas
it foresaw activation during the summer only if the inlet temperature to the probes was
higher than 10 K compared to the temperature of the water leaving the probe. The pump,
in this case, had variable speed control.

2.3. Ground Probes and Solar Collectors

In order to numerically simulate the ground probes, for the soil a density of 2800 kg/m?,
a conductivity 1.8 W/(mK) and a thermal capacity 0.85 kJ / (kgK) were assumed. The probes
were single U-tubes, having outer diameters of 0.2 m, pipe center distances of 0.1 m, pipe
outer diameters of 33 mm; the depths of the probes were 100 m. The pipe conductivity
was 0.4 W/(mK), whereas the sealing mortar conductivity was 1.6 W/(mK). An initial soil
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temperature of 14 °C was estimated, and a Type 557a was used. The approximate sizing,
according to the ASHRAE method, provided a probe field of 2.7 km if the presence of solar
energy was neglected. In order to simulate the behavior of the solar collectors, Trnsys Type
1b was employed, considering values of the intercept efficiency of 0.807, efficiency slope
of 3.766 W/ (m?K), curvature efficiency of 0.0059 W/(m?-K?), and collector slope of 35°
(south direction). The total surface area of the collectors was different for the groups of
simulations, as reported in the next chapter.

3. Results and Discussion

Twelve different simulations were conducted, varying the number of probes and the
areas of the solar collectors in order to determine the soil temperature for 15 years. Details
of the simulations are reported in Table 5. Table 5 also reports the storage volumes of the
soils considered for the simulations by Type 557a: for every simulation, a soil volume in
order to neglect the boundary effects on the simulations and the soil temperature results
has been assumed. The mass flow rate of the solar pump has been determined in order to
obtain a flow rate of 50 L/m? for the installed collector.

Table 5. Simulations performed.

Number Solar Panels Solar Pump Storage Volume
# of Probes (m?) (m3/h) (m3)
Al 25 0 0 135,000
A2 20 0 0 108,000
A3 15 0 0 81,000
A4 10 0 0 54,000
A5 25 30 15 135,000
A6 20 30 15 108,000
A7 15 30 15 81,000
A8 10 30 15 54,000
A9 25 40 2 135,000
A10 20 40 2 108,000
All 15 40 2 81,000
Al12 10 40 2 54,000

In Table 6, the average annual thermal energies (averaged over the 15 years of simu-
lations conducted) and the electricity demands related to the geothermal heat pumps are
reported for each simulation.

Table 6. Annual thermal energy given by the heat pump to the storage (ET) and electricity consump-
tion (EE) obtained from simulations. The values reported are the mean average during the 15 years
of Trnsys simulations.

# EE (MWh) ET (MWh)
Al 12.37 46.35
A2 12.51 46.30
A3 12.68 46.24
A4 12.97 46.03
A5 11.26 43.10
A6 11.33 42.79
A7 11.56 43.00
A8 11.86 43.02
A9 10.98 42.32

Al0 11.11 42.29
All 11.28 42.22

Al12 11.53 42.07
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Cases A1-A4 are presented in Table 6 (i.e., with no solar collectors), and an increase in
electricity demand of 5% for case A4 (total length of ground probes of 1 km) with respect to
case Al (total length of 2.5 km) can be noticed.

It can also be noticed that in the simulations from Al to A4 the thermal energy given to
the storage was higher compared to the subsequent simulations (an average of 46.23 MWh
for simulations from Al to A4, compared to the average of 42.65 MWh for simulations from
A5 to A12).

In Table 7, the thermal energy required and injected in the borehole field are reported
for each simulation, together with the thermal energy given by the solar collector (if
included in the analysis) to the hot water tank during winter and the one supplied to the
borehole field during the summer.

Table 7. Annual thermal energy taken from the borehole field (ETpr ), sum of the thermal energy
taken by the heat pump during winter season (ETgint.r), and thermal energy given to the ground by
the solar collector during summer (ETprsymmer)- Yearly thermal energy given by the solar collectors
(ETsc tot), sum of solar energy given during winter (ETsc yjnter) and summer (ETsc symmer)- The values
reported are the mean average during the 15 years of Trnsys simulations.

# ETBEtot (MWh) ETBF,summcr (MWh) ETBF,winter (MWh) ETSC,tot (MWh) ETSC,wintcr (MWh) ETSC,summer (MWh)
Al —33.99 0 —33.99 0 0 0
A2 —33.80 0 —33.8 0 0 0
A3 —33.55 0 —33.55 0 0 0
A4 —33.07 0 —33.07 0 0 0
A5 —10.16 21.69 —31.85 21.69 3.69 25.38
A6 —10.58 20.89 —31.47 20.89 3.99 24.88
A7 —-9.78 21.66 —31.44 21.66 3.69 25.35
A8 —9.36 21.80 —31.16 21.80 349 25.29
A9 —2.60 28.75 —31.35 28.75 4.63 33.38
Al0 —2.48 28.70 —31.18 28.70 4.63 33.33
All —2.33 28.61 —-30.94 28.61 4.63 33.24
Al2 —2.15 28.40 —30.55 28.40 4.64 33.04

If we focus on Table 7, we can see that the thermal energy taken from the ground is
always higher than the energy given to it, as it is also in cases A9-A12 (cases considering a
collector surface area of 40 m?): the total energy unbalanced to the ground ranges between
—33.99 MWh for case Al to —2.15 MWh in case A12.

If we consider the data related to the thermal energy supplied by the solar collectors for
the simulation groups with the same areas, namely, A5-A8 (30 m?) and A9-A12 (40 m?), we
observe that there is a comparable increase in the thermal energy supplied by the collectors
during the summer (31.7%) despite an increase in the collection area of approximately
33.3%. However, during the heating season, the increase is more modest (going from an
average of 3.72 MWh in cases A5-A8 to a mean value of 4.63 in cases A9-A12, resulting in
a percentage increase of 24.5%). The slight increase in solar collector production during
winter by increasing the area does not appear to have significant effects on the thermal
energy extracted from geothermal probes during winter, considering the two simulation
groups (A5-A8 averaging 31.48 MWh and A9-A12 averaging 30.75 MWh). However,
when considering the annual difference between the thermal energy extracted from the
geothermal field during winter and the energy provided during the summer period for
the same simulation group, the cases from A9 to A12 show an average annual thermal
energy extraction of 2.39 MWh compared to 9.97 MWh for the A9—-A12 group, representing
a reduction of approximately 76% in energy extraction.

In Figures 5 and 6, the trends in the soil temperature around the borehole field and the
SCOP for the 15 years of dynamic analysis are reported, respectively.
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Figure 5. Trends in the ground temperature obtained from dynamic simulations for the different
considered scenarios: Al to A4 (a), A5 to A8 (b), A9 to A12 (c).
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Figure 6. Yearly mean soil temperature (a) and SCOP of the water-to-water heat pump (b).

Regarding cases A1-A4, Figures 5 and 6 show a decrease in the ground temperature of
the field and a decrease in the SCOP (ground temperature for cases Al and A4 of 12 °C and
10.9 °C, respectively, at the fifteenth year of the dynamic simulation; SCOP in the last year
of 3.72 and 3.54 for cases Al and A4, respectively). A peculiar aspect regards the SCOP and
ground temperature trends in case A4: the SCOP trends tend to be constant starting from
the fifth year, whereas the ground temperature shows a decreasing trend also in the latter
years of the simulations. Figure 5a shows no important changes in the amplitude of the
ground temperature for cases A1-A4, even if the ground field is undersized.

The reduction in thermal energy demand from the ground field obtained using the
solar collectors in cases A5-A12 leads to a stabilization of the ground temperature after five
years at values between 12.8 °C and 13.4 °C (13.4 °C is obtained by the four simulations
A9-A12 that consider a collector area of 40 m2. The use of solar collectors leads to a
stabilization of the SCOP, similar to cases A1-A4, but to higher values (Figure 6b)).

In all the cases that consider the solar collectors with respect to cases A1-A4, from
Figure 5b,c, an increase in ground temperature amplitude during the year can be observed:
in particular, the amplitude results higher for the cases that present undersized probes
(i.e., A8, A7, All, and A12) with respect to the well-sized ground field.
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Furthermore, Figure 5 shows that the amplitude of temperature fluctuations tends to
decrease as the number of simulation years increases, compared to the early simulation
years, stabilizing and being consistently higher in the case of the undersized borehole field
systems compared to the well-sized borehole field systems, even in the presence of solar
thermal panels. Meanwhile, the SCOP tends to stabilize in the final years of the simulation.

Another aspect that can be observed from Figure 6 is the increase in SCOP considering
the same ground field due to the coupling with solar collectors: for instance, if we consider
that the field was made of 25 boreholes, the case without solar collectors (case A1) and the
case in which the field was coupled with solar collectors (cases A5 and A9), the percentage
increases in the SCOP in the fifteenth year were 2.7% and 3.8%, respectively, for A5 and A9],
with respect to A4. When analyzing the SCOP for the undersized field made of 10 boreholes,
the increases were 2.5% and 3.7%, respectively, for A8 and A12, with respect to A4.

4. Conclusions

In the present paper, a numerical analysis of ground-coupled heat pumps coupled
with solar collectors is presented. The main findings of this work are:

e  The solar collectors coupled with ground-source heat pumps can make an important
contribution to soil temperature drift, and this also adds to cases of unbalanced loads
during the heating season;

e  The influence of the solar collectors can be observed also on the SCOP values during the
years: in particular, the SCOP tends to be higher in cases that employ the solar collectors;

e  The SCOP obtained in the last year of simulation, in the case that considers 40 m?
of solar collectors instead of 30 m?, is slightly higher, but the influence of the solar
collector dimension has a limited impact on the SCOP itself (case A9, with respect
to case A5, shows an increase on SCOP of 1%). However, considering the cases
characterized by the same collector area, as in, for example, cases A9-A12, the SCOP
decrease due to the undersized ground field is up to 5% by the fifteenth year of the
dynamic simulations.

Despite the reduction in SCOP due to the undersizing of the borehole field (up to 5%
compared to an appropriately sized field with the same solar collector area), as mentioned
above, the use of solar collectors could be a key factor to consider and deeper investigate in
future works, also in relation to the initial investment cost of the borehole field. Additional
investigations may also take into account the influence of different soil properties, or of the
convection in the soil [26], and the effect of real weather data on the temperature drift in
ground-source heat pumps coupled with solar collectors. Moreover, an economic analysis
of substituting the old generation system with the one proposed in this study will also be
conducted, also considering the reduction in carbon dioxide emissions.
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