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A B S T R A C T

Livestock farming is an energy-intensive sector of agriculture and a significant contributor to greenhouse gas 
emissions. This study presents the first-year operational results of an integrated renewable energy system 
combining photovoltaic–thermal (PVT) collectors, borehole thermal energy storage (BTES), and a dual-source 
heat pump (DSHP) for space heating in a commercial swine nursery building.

The BTES is based on a novel “double-circuit” configuration, allowing the exploitation of solar energy during 
mid-season and summer periods, while ensuring reliable heat supply during winter peak loads.

A monitoring system, including dedicated piezometers aligned with groundwater flow, was implemented to 
continuously record environmental conditions inside the building, system operating parameters, energy flows, 
and subsurface temperature variations. During the first year, the system met the heating demand of the nursery 
barn, achieving an overall Seasonal Performance Factor (SPF) of 3.78. Approximately 54% of the heat pump 
operation occurred in hybrid ground–air mode, 38% in ground-only mode, and only 7% in air-only mode, 
demonstrating the effectiveness of the strategy in balancing performance and resource preservation. The 
installed system employed only 240 m of borehole heat exchangers, compared to an estimated 640 m required for 
conventional systems delivering comparable thermal performance. Subsurface monitoring confirmed that the 
thermal impact on the aquifer was limited and remained well below regulatory thresholds.

The results demonstrate that solar-assisted BTES coupled with a DSHP represents a technically effective, 
energy-efficient, and environmentally compatible solution for decarbonising heating in livestock buildings, 
particularly in rural areas with available land and suitable hydrogeological conditions.

1. Introduction

Heating, ventilation, and air conditioning are commonly applied for 
controlling the environmental parameters in livestock farms and inten
sive crop production facilities. Traditional systems often rely on lpg and 
natural gas, leading to significant greenhouse gas emissions. Recent 
studies report that such sectors account for 10–15 % of the whole global 
emissions (FAO, 2019); however, the exact quantification is object of 
debate among researchers (Nugrahaeningtyas et al., 2024; He, et al., 
2023). These numbers have raised concerns about the sustainability 
especially of intensive livestock farming (Tyris et al., 2022). Many 

technological advancements have been conducted in recent years; for 
instance, radiant heating and heat recovery ventilation have been suc
cessfully applied (Deeken et al., 2023). On the other hand, renewable 
energy sources, such as solar panels for both electrical and thermal 
production, have proved to be easily installed on the roofs of the pro
duction’s facilities, to enhance sustainability (Pal et al., 2025)

Moreover, it is worth noticing that livestock farms and crop pro
duction facilities, as well as companies located in rural areas more 
generally, typically have extensive land availability that can be exploi
ted for shallow geothermal energy systems based on borehole heat ex
changers (BHEs), generally connected to ground source heat pumps 
(GSHP). These systems are considered environmentally friendly due to 
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their limited impact on aquifers (Barbaresi et al., 2020). The extraction 
of the required thermal energy from the subsurface using geothermal 
heat exchangers (GHEs) generally demands large volumes of subsoil 
(Focaccia et al., 2016). Because increasing the installation depth of 
GHEs entails high costs, a common design strategy consists of replicating 
and hydraulically connecting multiple exchangers in series or in paral
lel, resulting in significant spatial requirements (Giambastiani et al., 
2014). Consequently, agricultural and farming areas are particularly 
well suited for the deployment of such systems (Alberti et al., 2018).

In addition, vertical GHEs, namely borehole heat exchangers, can 
also be employed as underground thermal energy storage (UTES) sys
tems by injecting surplus or waste heat into the subsurface, thereby 
artificially increasing the temperature of the aquifers (Brown et al., 
2024). Following the charging phase during the summer, the stored 
thermal energy can be recovered in the subsequent winter season by 
reversing the flow direction within the BHEs, thus meeting the thermal 
demands of farming facilities (Sadeghi et al., 2024). Among the avail
able energy sources, solar thermal energy is considered one of the most 
promising options for UTES applications, owing to its pronounced 
temporal mismatch with building heating requirements (Xiuting et al., 
2024).

The main barrier to the wide installation of GHE and UTES system 

resides in the high installation cost, compared to fossil fuel boilers but 
also to alternative renewable energy sources, including solar. This has 
been object of debate for decades among researchers, institutions, 
companies and policy makers (Chiavetta et al., 2011; Nitkiewicz and 
Sekret, 2014; Emmi et al., 2017; Tiktas and Hepbasli, 2026). Even if the 
use of fossil fuels is generally cheaper in urban areas compared to 
GSHPs, the specific nature of livestock farms and crop production fa
cilities, and their localization in the rural environment, deserve some 
additional considerations: The production facilities are generally not 
connected to the natural gas grid; therefore, a specific management of 
the fuel supply must be considered, which sums to the usual business of 
the farms; 

- Each facility must respect rigid environmental and health regula
tions, in order to not affect the productions, and subsequently be 
subjected to sanctions. In such context, the presence of liquified 
petroleum gas (LPG) or diesel fuel tanks is a potential source of 
pollution and contamination, and therefore of risk;
- The fluctuating behavior of fossil fuel prices can affect the various 
businesses of the farms, which instead aim to keep the production 
costs as constant as possible, in order to always be attractive for the 
market.

Nomenclature

Acronyms
ASHP Air Source Heat Pump
BHE Borehole Heat Exchanger
BTES Borehole Thermal Energy Storage
COP Coefficient of Performance
DSHP Dual Source Heat Pump
GSHP Ground Source Heat Pump
LPG Liquified Petroleum Gas
MPF Monthly Performance Factor
SPF Seasonal Performance Factor
TRT Thermal Response Test
PV Photovoltaic Solar Panel
PVT Photovoltaic-Thermal Solar Panel
UTES Underground Energy Storage

Subscripts
ambient ambient source
air air source
building building end-user
effective practical
ground ground source

i step
ideal theoretical
in inlet
out outlet
m mean
mod modified
nat natural
solar solar source
T0 minimum temperature

Symbols
α Thermal diffusivity
c Specific heat
E Thermal energy
L Electric energy
H Heat
P Absorbed Power
Q Flow
ρ Density
t Time
T Temperature
V Volume

Fig. 1. View of a nursery room, heated mainly by the radiant heat from the hallway.
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Relating to solar energy, the photovoltaic (PV) panels are widespread 
in the sector, used to cover the electricity consumptions of the farms. 
The match between electric production and air conditioning of the farms 
facilitates their introduction, while mismatches are increasingly covered 
by electric batteries (Li et al., 2026). An indirect benefit of installing PV 
in farms is the increased economic convenience of electrification of 
tractors and forklifts, aiming to a cleaner food production (Lombardi 
and Berni, 2021). Due to such advantages, many subsidies currently 
exist at local and national levels to increase the use of PV in the rural 
sector (Tamborrino et al., 2026). With regard to solar thermal panels, 
their use in the farms instead remains limited due to the mismatch be
tween energy request and production (Ramadhani et al., 2025). To 
tackle such limitation, an effective solution is the proper installation of 
long-term thermal energy storage system, among which the UTES 
proved to have major potential (Naranjo-Mendoza et al., 2019; Fadzlin 
et al., 2025).

In such context, the integration of solar electric and thermal energy 
systems with BHEs in agricultural buildings has therefore been the 
subject of extensive research, with greenhouses being identified as a 

particularly relevant application, especially with regard to heating de
mands (Dhaidaan et al., 2024). Several studies have assessed the 
enhancement of system efficiency achieved through the integration of 
geothermal and photovoltaic technologies for greenhouse heating in 
cold climatic regions (Ghiasi et al., 2025). The results of these in
vestigations confirmed that hybrid renewable energy systems play a key 
role in achieving sustainable heating solutions, enabling the mainte
nance of indoor temperatures within the optimal range of 19–24 ◦C 
throughout the year. In this context, the performance of heat pumps is a 
critical factor for greenhouse applications. This aspect has been further 
explored by various authors, who focused on the development of design 
and simulation models for solar photovoltaic–driven greenhouses 
(Asgari et al., 2025). Their findings demonstrated that low-carbon 
heating in greenhouses can be effectively achieved by employing heat 
pump systems powered by cost-effective renewable energy sources, such 
as photovoltaic installations.

The integration of solar energy systems, particularly photo
voltaic–thermal (PVT) technologies, with geothermal sources has been 
extensively investigated in the scientific literature, with specific 

Fig. 2. System’s components: dual source heat pump (a), borehole thermal energy storage field installation in the courtyard (b), thermophotovoltaic system on the 
roof (c), solar central station (d).
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emphasis on animal production and livestock farming applications 
(Qamar et al., 2026). Within this framework, studies conducted under 
the European RES4LIVE project assessed the renewable energy source 
potential of livestock farms through the adoption of these integrated 
technologies (Benni et al., 2023; Tyris et al., 2022). In particular, the 
performance of solar PVT systems in livestock facilities was analysed, 
providing valuable insights into meeting the energy demands of cattle 
(Hosouli et al., 2023) and swine farms (Murali et al., 2024), while ac
counting for the opportunities offered by geothermal heat exchange for 
seasonal thermal energy storage.

The potential of geothermal storage was further explored through an 
experimental approach involving its integration with a dual-source heat 
pump (DSHP) system (Tinti et al., 2023). In this context, the execution of 
Thermal Response Tests (TRTs) at different depths proved to be essential 
for validating the performance of borehole heat exchangers (BHEs) 
(Tinti, 2022). Based on these activities, a step-by-step methodology was 
developed and tested to characterize the shallow geothermal reservoir 
and to define the optimal design of a Borehole Thermal Energy Storage 
(BTES) system. The results highlighted that the identification of an 
effective solution requires the acquisition of detailed geological and 
hydrogeological information, as well as an accurate characterization of 
the ground’s thermophysical properties.

Preliminary performance assessments carried out over limited time 
periods confirmed the validity of the proposed approach (Benni et al., 
2025). Overall, the research project demonstrated that effective control 

of environmental conditions in livestock barns can be achieved through 
the implementation of smart heating systems powered by renewable 
energy sources (Benni et al., 2024).

2. Theoretical background

Ground temperature Tground, dampening with depth in shallow sub
soil, follows Eq. (1).  

Where Tground is the ground temperature, varying with depth d and 
time t, Tm is the mean of seasonal air temperature, A is the temperature 
amplitude, αground is the ground thermal diffusivity and tTo is time of 
minimum air temperature.

The ground temperature inside the volume of the BTES is locally 
modified according to the energy injected and extracted through the 
BHEs. Due to the geometry of BTES, the groundwater conditions and the 
effective heat injection and extraction cycles, some areas (usually the 
central volume of the BTES, the so-called “thermal core”) keep their 
modifications along the whole season; the real seasonal thermal energy 
storage involves is delimited by such volumes.

The energy provided by the BTES to the DSHP EBTES is based on Eq. 
(2). 

Fig. 3. Simplified schematic of the integrated system, controlled by the solar station (heat injection phase) and by the DSHP (heat extraction phase), and monitored 
by PLEGMA Labs.
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EBTES =
∑n

i=1

(
Tin,BTES,i − Tout,BTES,i

)
⋅QBTES,i⋅cBTES⋅ρBTES⋅(ti − ti− 1) (2) 

Where (Tin,BTES,i-Tout,BTES,i) is the fluid temperature difference 
exchanged in the evaporator at the time step i; QBTES,i is the fluid flow 
from the BTES to the DSHP; cBTES is the specific heat of the fluid circu
lating in the BTES, ρBTES is the density of the fluid circulating in the BTES 
and (ti-ti-1) is the reference period step for the energy calculation.

On the condenser side, the energy provided by the DSHP to the 
building (from both geothermal and air source) Ebuilding is based on Eq. 
(3). 

Ebuilding =
∑n

i=1

(
Tout,building,i − Tin,building,i

)
⋅Qbuilding,i⋅cbuilding⋅ρbuilding⋅(ti − ti− 1)

(3) 

Where (Tin,building,i-Tout,building,i) is the fluid temperature difference 
exchanged in the condenser at the time step i (K); Qbuilding,i is the fluid 
flow towards the building from the DSHP (m3⋅s− 1); cbuilding is the specific 
heat of the fluid circulating in the building (J⋅kg− 1⋅K− 1); ρbuilding is the 
density of the fluid circulating in the building (kg⋅m− 3); and (ti-ti-1) is the 
reference period step for the energy calculation (s).

Referring to the injected energy in the BTES from the solar station 
Esolar, the equation is the following: 

Esolar =
∑n

i=1

(
Tin,solar,i − Tout,solar,i

)
⋅Qsolar,i⋅csolar⋅ρsolar⋅(ti − ti− 1) (4) 

Where (Tin,solar,i-Tout,solar,i) is the fluid temperature difference 
exchanged in the BTES at the time step i (K); Qsolar,i is the fluid flow 
towards the BTES from the PVT; cp solar is the specific heat of the fluid 
circulating in the BTES, ρsolar is the density of the fluid circulating in the 
BTES and (ti-ti-1) is the reference period step for the energy calculation.

Due to the heat transfer effects in the ground, not all the injected 
energy is stored in the BTES, but some is transferred under the form of 
thermal plume. The effective energy storage after a cycle of injection 
Estorage can be calculated by Eq. (5). 

Estorage =
∑n

i=1

(
Tground,mod − Tground,nat

)
⋅cground⋅ρground⋅Vground (5) 

Where Tground,nat is the natural ground temperature, before heat in
jection, Tground,mod is the modified ground temperature, at the end of the 
injection period, cp ground is the specific heat of the ground interested by 
the injection, ρground is the density of the ground interested by the in
jection, Vground is the volume of the ground interested by the heat in
jection. Regarding the latter, it is preliminarily considered of regular 
cylindrical shape, with the center in the middle of the BTES; however, 

Fig. 4. Detailed schematic of the DSHP components, with connection to the building (hot water in/out) and the borehole thermal energy storage (geothermal water 
in/out).
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the geometry can be potentially affected by the impact of groundwater 
movement.

In terms of performance of the DSHP, the theoretical coefficient of 
performance (COP), for both ground and air source, is presented below. 

COPideal,ground =
Tout,building

Tout,building − Tin,BTES
(6) 

COPideal,air =
Tout,building

Tout,building − Tin,air
(7) 

On the other hand, the effective performance of the DSHP is evalu
ated by the practical COP, ratio between the heat provided and the 
electric power absorbed, and the related monthly and seasonal perfor
mance factors (MPF and SPF) 

COPeffective =
H
P

(8) 

Fig. 5. Map (a) and section (b) of the BTES and the ground monitoring system.

Table 1 
Energy loads used for modeling and design.

Design ground energy exploitation 
(MJ)

Design solar energy injection 
(MJ)

Jan 16,210.8 3254.4
Feb 15,991.2 3754.8
Mar 6505.2 8964.0
Apr 2916.0 9792.0
May 1454.4 13,831.2
Jun 39.6 13,446.0
Jul 3.6 17,121.6
Aug 3.6 14,342.4
Sep 93.6 10,292.4
Oct 4136.4 6858.0
Nov 8348.4 3646.8
Dec 14,274.0 3618.0
TOT 69,973.2 108,921.6
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MPFi =
Ebuilding,i

Li
(9) 

SPF =

∑n
i=1Ebuilding,i
∑n

i=1Li
(10) 

Where H is the thermal power provided (W), P is the electric power 
absorbed (W) and Li is the electric energy absorbed in the month i.

For the air mode, P and Li refer to the works of compressor and fans; 
for the ground mode, P and Li refer to the work of compressor and cir
culation pumps; finally, for the hybrid mode, P and Li refer to the 
combined work of compressor, fans and circulation pumps.

Excluding the auxiliaries, the MPFs and SPF can be calculated by 
knowing the ambient energy. In this case, the values are always higher, 
and the equations are as follows: 

MPFi =
Ebuilding,i

Ebulding,i − Eambient,i
(11) 

SPF =

∑n
i=1Ebuilding,i

∑n
i=1

(
Ebuilding,i − Eambient,i

) (12) 

3. The case study

The Golinelli swine farm is located in Mirandola, in the province of 
Modena (northern Italy), and rears 500 sows and 2500 weaners. The 

farm consists of a farrowing barn, a nursery barn, a gestation barn, and a 
hog barn with a gestation sector. The goal of the RES4LIVE project was 
to demonstrate the efficiency of renewable heating and electricity for 
the nursery barn. In such building, originally, heating was provided by a 
34 kW LPG boiler, supported by 5 thermal lamps within each of the 10 
nursery rooms (Fig. 1). The fossil-fueled boiler was then replaced by the 
integrated PVT-BTES-DSHP system (Fig. 2), consisting of: a 35-kWth 
dual source heat pump (DSHP), able to select the ambient source (air or 
ground) as an alternative or in combination (Fig. 2a); 

- a BTES field consisting of 8 double-U BHE, 30 m deep, occupying 
around 18 m2 of the courtyard (Fig. 2b);
- a PVT system formed by 24 SAMSTER SunPro 320 W PVT collec
tors, with a total electric and thermal capacity of 25 kWth and 7.68 
kWel, respectively, and covering 39.3 m2 of the building roof 
(Fig. 2c);
- a solar central station with a novel standardized design, the heart of 
the system, able to switch the direction of the flows according to the 
needs (Fig. 2d).

The solar station consists of an uninsulated PVT field hydraulically 
connected to the BTES. The circulation pump between the PVT field and 
the BTES is governed by a rule-based control strategy designed to ensure 
positive heat transfer and avoid unnecessary parasitic consumption. The 
pump is activated when either of the following conditions is satisfied: 
The global irradiance on the collector plane exceeds 150 W/m², ensuring 
sufficient solar availability; 

- The temperature difference between the PVT outlet temperature 
and the BTES return temperature exceeds 4 ◦C, ensuring a favorable 
thermal gradient for heat injection into storage.

Subsequently, the pump is deactivated when both conditions fall 
below these thresholds, preventing operation under low-gain or ther
modynamically unfavorable conditions.

Specifically to the DSHP providing heat to the nursery building, it is 
activated via a remote dry contact from the farm's central management. 
The system's performance and critical operational parameters—such as 
temperatures, pressures, and equipment status—are continuously 

Fig. 6. Design energy loads.

Table 2 
Coefficient of performance design data of the DSHP.

Heat source temperature ( ◦C) Heat pump 
COP

Water Air

- 1 2.5
0 6 2.8
5 11 3.0
10 16 3.4
15 21 3.9
20 26 4.5
25 31 5.0
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logged and monitored on a cloud-based platform via Modbus TCP. The 
core operation is governed by a Mitsubishi FX5U PLC, which provides 
robust control over the entire system architecture. To meet the specific 
thermal demands of the facility, the system is designed to maintain a 
constant supply water temperature setpoint of 50–55 ◦C. This is ach
ieved using a Copeland digital scroll compressor, which dynamically 
modulates its capacity based on the required heating load. Furthermore, 
the refrigerant flow is precisely managed by two Electronic Expansion 
Valves (EEVs), each dedicated to one of the two evaporators (water- 
cooled and air-cooled). The FX5U PLC regulates these EEVs utilizing two 
independent Proportional-Integral-Derivative (PID) control loops, 

ensuring optimal superheat and stability across all operating modes.
To maximize the overall Coefficient of Performance (COP), the 

control algorithm prioritizes the highly efficient water-cooled evapo
rator, dynamically adjusting the heat source based on the glycol inlet 
temperature. The specific temperature setpoints governing these source 
transitions were established as optimal for the heat pump's efficiency 
following extensive experimental trials. When the glycol temperature is 
above 4 ◦C (plus a predefined differential), the system operates solely on 
the water-cooled source. A drop below 4 ◦C triggers a hybrid mode, 
activating the air-cooled evaporator simultaneously. For freeze protec
tion, a critical safety setpoint is set at − 1 ◦C; below this threshold, the 

Fig. 7. COP design data of the DSHP.

Fig. 8. Average minimum temperature in the DSHP-BTES circuit for the various months.
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water-cooled evaporator is entirely bypassed, and heating relies exclu
sively on the air-cooled source. Finally, frost accumulation on the air coil 
is managed via a hot gas bypass valve, supported by backup electrical 
resistors for severe ambient conditions where hot gas alone is 
insufficient.

Finally, PLEGMA Labs provided a fully integrated measuring and 
monitoring system of both the ambient variables of the nursery barn and 
of the working variables of the PVT-BTES-DSHP plant. The schematic of 
the integrated PVT-BTES-DSHP system is presented in Fig. 3. Addition
ally, the detail of the schematic of the DSHP, and its connection to the 
building and the BTES, is illustrated in Fig. 4.

The BTES and ground temperature monitoring system is composed 
by eight BHE 30 m deep, one monitoring BHE 10 m deep, and two 
monitoring piezometers, 25 m deep and located respectively upwards 
and downwards of the BHE field, along the groundwater flow direction. 
The connection among BHEs was tailored for the heat storage optimi
zation and subsequent recovery within the PVT-BTES-DSHP system; its 
exact configuration is currently patented. (Fig. 5)

The energy loads exposed in Table 1 and Fig. 6 were originally used 
for the modeling and design of the integrated PVT-BTES-DSHP system. 
The ground energy exploitation loads were found based on the building 
heat request in a reference year, while the solar energy injection loads 

Fig. 9. Average maximum temperature in the DSHP-BTES circuit for the various months.

Fig. 10. Average minimum temperature in the DSHP-building circuit for the various months.
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were found by using an average value of the solar irradiation of the 
previous ten years and by imposing the temperature injection limit in 
the BTES of 35 ◦C, due to the local environmental regulations for aquifer 
protection. Moreover, such loads are not supposed to cover the whole 
demand of the nursery barn, since the peak power is covered by the air 
source.

By design, PVT electrical production is expected to be approximately 
40 MJ/year. This value has not yet been verifiable experimentally as the 
PVT's electricity production was not yet connected to the grid due to a 
delay caused by local regulatory issues.

With respect to the coefficient of performance (COP) of the DSHP, it 

is presented in Table 2 and Fig. 7.
The activation of the fans (air source) is based on two temperature 

levels of the geothermal circuit (outlet from the heat pump and return to 
the BTES). The first level is imposed at 4 ◦C. When the fluid outlet 
temperature drops below this value, the fans activate and the air source 
is exploited as an integration of the ground source, to reach the peak 
thermal power of 35 kW. The second level is imposed at − 1 ◦C. When the 
fluid outlet temperature drops below this value, the geothermal circuit is 
shut down and the air source covers entirely the power. In both cases, 
the heat release in the geothermal circuit makes the ground recovers, for 
a soon reactivation. Due to the use of antifreeze, working temperatures 

Fig. 11. Average maximum temperature in the DSHP-building circuit for the various months.

Fig. 12. Defrosting of fans occurrence for the various months.
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up to − 10 ◦C can be reached by the circulating fluid.

3. Results and discussion

Within the first monitoring year, the temperature of the various 
fluids involved, and the working and energy data of the DSHP, were 
recorded every minute. For each month, the average minimum and 
maximum working temperature at both BTES and building side were 
calculated and the results are presented. Fig. 8 shows the average min
imum temperatures recorded at the outlet of the BTES–DSHP circuit for 
each month. These values provide a direct indication of the lowest 
geothermal source temperatures exploited by the heat pump during 
operation. The results highlight that, even during the coldest winter 
months (December–February), the minimum fluid temperature remains 
safely above the lower operational threshold imposed by the control 
strategy. This confirms that the combination of shallow geothermal 
exchange and prior solar heat injection effectively prevents excessive 
cooling of the ground. Moreover, the relatively stable minimum tem
peratures observed from November to March indicate that the BTES was 
not thermally depleted, despite sustained heat extraction during the 
heating season. Fig. 9 presents the corresponding average maximum 

temperatures in the BTES–DSHP circuit. These values reflect periods 
when either solar-charged ground volumes or partial recovery phases 
contributed to raising the inlet temperature to the heat pump. The 
gradual increase in maximum temperatures observed during late winter 
and early spring suggests a progressive thermal recovery of the BTES, 
supported by reduced heating demand and occasional simultaneous 
solar heat injection. This behaviour confirms the dynamic and reversible 
nature of the storage system, which can both supply and recover heat 
depending on seasonal conditions. Fig. 10 reports the average minimum 
temperatures measured on the DSHP–building circuit, representing the 
lowest supply conditions delivered to the heating distribution system of 
the nursery barn. The data demonstrate that the system consistently 
maintained minimum supply temperatures compatible with the thermal 
requirements of the livestock building, even during mild season demand 
winter demand. The absence of critical temperature drops confirms the 
adequacy of the DSHP control logic and the effectiveness of the hybrid 
ground–air operation in ensuring continuity of service under unfav
ourable climatic conditions. Fig. 11 shows the average maximum tem
peratures recorded on the DSHP–building circuit. These values are 
associated with periods of the highest thermal demand by the barn, with 

Table 3 
Comprehensive results of the DSHP for the first monitoring year.

Thermal energy 
provided to the building 
(MJ)

Electric energy full 
consumption (MJ)

Monthly 
Performance Factor 
(MPF)

Jan 32,440.32 8419.54 3.85
Feb 19,614.42 5161.36 3.80
Mar 15,223.36 4119.37 3.70
Apr 4873.79 1200.58 4.06
May ​ ​ -
Jun ​ ​ -
Jul ​ ​ -
Aug ​ ​ -
Sep 38.81 7.152 5.42
Oct ​ ​ -
Nov 34,685.57 8971.75 3.87
Dec 40,250.81 11,037.32 3.65
TOT 147,132.72 38,917.07 3.78

Fig. 13. Comprehensive results of the first year of use.

Table 4 
Comprehensive results of the DSHP for the first year, excluding the auxiliaries.

Thermal energy provided 
to the building 
(MJ)

Ambient energy (All 
sources) 
(MJ)

Monthly 
Performance Factor 
(MPF)

Jan 32,440.32 24,416.46 4.04
Feb 19,614.42 14,715.79 4.00
Mar 15,223.36 11,138.58 3.73
Apr 4873.79 3716.64 4.21
May ​ ​ -
Jun ​ ​ -
Jul ​ ​ -
Aug ​ ​ -
Sep 38.81 31.68 5.44
Oct ​ ​ -
Nov 34,685.57 25,858.01 3.93
Dec 40,250.81 29,543.58 3.76
TOT 147,132.72 109,425.02 3.90
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contemporary enhanced source availability, during which the heat 
pump operates at higher condenser temperatures. The relatively narrow 
range of maximum temperatures across the heating season reflects sta
ble system regulation and avoids excessive temperature fluctuations 
inside the building, which is particularly important for maintaining 
animal welfare and preventing thermal stress.

Details of defrosting is presented in Fig. 12. The system worked from 
November to April, while it was completely shut down in the other 
months; defrosting occurred 3.6 % of the time in the mentioned period. 
Table 3 summarises the comprehensive energetic performance of the 
DSHP during the first year of operation, including the electric energy 
consumption of the compressor and all auxiliaries (circulation pumps 
and fans). The reported results refer exclusively to periods of active 
system operation and provide a complete overview of monthly heat 
delivery, electricity use, and resulting MPFs. The system supplied a total 
of 147,133 MJ of thermal energy to the nursery building over the 
monitoring year, with an associated electric energy consumption of 
38,917 MJ, resulting in an overall Seasonal Performance Factor (SPF) of 
3.78. These values confirm the high efficiency of the integrated 
PVT–BTES–DSHP system, particularly considering the shallow depth of 
the borehole field and the intermittent nature of the heating demand in 
livestock buildings. The monthly distribution of heat production clearly 
reflects the seasonal heating requirements of the nursery barn. The 
highest thermal outputs were recorded in December (40,251 MJ) and 

November (34,686 MJ), followed by January (32,440 MJ), corre
sponding to the coldest months of the year. In contrast, heat demand 
progressively decreased during spring, with limited operation in March 
(15,223 MJ) and April (4874 MJ), and negligible operation outside the 
heating season. The small amount of heat delivered in September is 
attributable to a short functional test of the DSHP and does not represent 
regular operation. Electricity consumption followed a similar seasonal 
trend, peaking in winter months when both the compressor load and 
auxiliary operation increased due to lower source temperatures and 
higher heating demand. Despite this, the MPF values remained relatively 
stable throughout the heating season, ranging between 3.65 and 4.06, 
with the highest MPF observed in April (4.06). This indicates that system 
efficiency was not significantly degraded during periods of high de
mand, highlighting the effectiveness of the dual-source operating 
strategy and the contribution of solar-assisted geothermal storage. 
Fig. 13 graphically illustrates the relationship between thermal energy 
supplied to the building and the corresponding electrical energy con
sumption for each month. The figure clearly shows that increases in 
delivered heat are not associated with proportional increases in elec
tricity use, confirming the favourable thermodynamic behaviour of the 
system. The consistent gap between the heat output and the electric 
input across the heating season visually reinforces the robustness of the 
achieved MPFs.

Table 4 present the energetic performance of the dual-source heat 
pump (DSHP) during the first monitoring year excluding the electrical 
consumption of auxiliary components, such as circulation pumps and 
fans. In this analysis, the Monthly Performance Factors (MPFs) are 
calculated considering only the ambient energy extracted from the heat 
sources (ground, air, or their combination), thus providing an upper- 
bound estimate of the thermodynamic performance of the heat pump 
itself. In order to deliver the thermal energy needed to the building, as 
depicted in Table 4, the system extracted 109,425 MJ of ambient energy 
from renewable sources, resulting in an overall SPF of 3.90 when aux
iliaries are excluded. Compared with the comprehensive SPF of 3.78 
reported in Table 3, this corresponds to a relative difference of 
approximately 3 %, highlighting that auxiliary electricity consumption 
has a limited impact on the overall efficiency of the system. The monthly 
values show a consistent trend across the heating season. During winter 
months (November–February), MPFs range between 3.76 and 4.04, 
demonstrating that high efficiency is maintained even under unfav
ourable climatic conditions. Slightly higher MPFs are observed during 
transitional periods, such as April (4.21) and September (5.44), when 

Fig. 14. Impact of the auxiliaries’ electric energy consumption over the monthly performance factor.

Table 5 
Detailed results of the working type of the DSHP for the first monitoring year.

Ground only energy 
source 
(MJ)

Air only energy 
source 
(MJ)

Hybrid energy (ground+air) 
source 
(MJ)

Jan 9314.06 2478.64 12,656.70
Feb 6636.78 454.03 7645.00
Mar 2852.21 0 8286.62
Apr 2788.70 0 925.52
May 0 0 0
Jun 0 0 0
Jul 0 0 0
Aug 0 0 0
Sep 31.68 0 0
Oct 0 0 0
Nov 8602.13 823.32 16,430.29
Dec 12,003.44 2836.98 14,789.05
TOT 42,230.66 6592.97 60,735.85
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milder outdoor temperatures and reduced heating demand allow the 
DSHP to operate under more favourable source and load conditions. The 
September values, however, are associated with short testing periods 
and should not be interpreted as representative of seasonal operation.

Fig. 14 provides a visual comparison between MPFs calculated with 
and without auxiliary electricity consumption, clearly illustrating the 
marginal influence of auxiliaries on system performance. The relatively 
small gap between the two curves confirms that the electrical demand of 
pumps and fans is well balanced with respect to the heat delivered and 
does not significantly penalise the efficiency gains achieved through 
solar-assisted geothermal storage and dual-source operation. The results 
also indicate that the system design successfully minimised parasitic 
losses by limiting borehole depth, optimising hydraulic layouts, and 
adopting a control strategy that activates the air source only when 
strictly necessary. This is particularly relevant for shallow geothermal 
systems, where excessive auxiliary consumption can otherwise offset the 
benefits of ground-source operation. These results demonstrates that the 
core thermodynamic performance of the DSHP is high and that the in
clusion of auxiliary components results in only a modest efficiency 
reduction.

The monitoring system recorded all working parameters of the 
DSHP, including selection of the operating modes and related heat 
provision to the building. Therefore, it was possible to clearly dis
tinguishing the energy source at each time interval, especially in the 
configurations ground-source only and air-source only. Related to the 
hybrid ground-air operation, some additional calculations were needed 
and specifically Eq. (2) was used to calculate the heat exploitation from 
the ground based on inlet and outlet fluid temperature. In such config
uration, the heat exploitation from air was obtained by subtracting the 
energy measured from the system and the result of the calculation, for 
each time interval.

Table 5 and Fig. 15 describe the distribution of thermal energy 
extracted by the DSHP according to the three possible operating modes: 
ground-source only, air-source only, and hybrid ground–air operation. 
With respect to the whole amount of ambient energy exploited in the 
monitoring year, 38.6 % was supplied exclusively by the ground source, 
6.0 % by the air source alone, and the remaining 55.4 % through hybrid 
operation. The monthly distribution highlights a clear seasonal pattern. 
During the coldest months (December–February), hybrid operation 
dominates, accounting for more than half of the extracted energy, as the 
air source is activated to support the ground source during peak heating 
demand. In contrast, during milder periods such as March and April, 
ground-only operation becomes predominant, reflecting more favour
able geothermal conditions and reduced load. The air-only mode is 
confined to short peak-demand periods, confirming that the air source 
effectively functions as a backup resource rather than as the primary 
heat source. Table 6 and Fig. 16 focus specifically on the exploitation of 
the geothermal source, distinguishing between energy extracted during 
ground-only operation and the geothermal contribution during hybrid 
operation. Over the monitoring year, the DSHP extracted a total of 
53,905 MJ from the ground, corresponding to approximately 49 % of the 
total ambient energy used. Ground-only operation accounted for 42,231 
MJ, while an additional 11,674 MJ were extracted from the ground 
during hybrid operation. The highest geothermal extraction occurred in 
winter months, particularly December (14,425 MJ), November (11,540 
MJ) and January (11,417 MJ), when heating demand was the highest. 
Despite this sustained extraction, no evidence of thermal depletion of 
the BTES was observed, as confirmed by stable minimum source tem
peratures and subsequent thermal recovery. The geothermal source 

Fig. 15. Detailed results of the working mode.

Table 6 
Detailed results of the use of ground source by DSHP for the first monitoring 
year.

Ground energy 
source (total) 
(MJ)

Ground only energy 
source 
(MJ)

Ground energy source in 
hybrid mode 
(MJ)

Jan 11,416.46 9314.06 2102.40
Feb 7820.75 6636.78 1183.93
Mar 3811.79 2852.21 959.58
Apr 2969.28 2788.70 180.58
May 0 0 0
Jun 0 0 0
Jul 0 0 0
Aug 0 0 0
Sep 31.68 31.68 0
Oct 0 0 0
Nov 11,539.51 8602.13 2937.38
Dec 14,424.66 12,003.44 2421.22
TOT 53,905.10 42,230.66 11,674.44
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remained the dominant contributor throughout the heating season, even 
when the air source was activated. This confirms that the role of the air 
source is complementary rather than substitutive, allowing the 
geothermal field to operate within safe thermal limits while maintaining 
high system efficiency. Table 7 and Fig. 17 present the detailed contri
bution of the air source, distinguishing between air-only and hybrid 
operation. The total ambient energy extracted from the air source during 
the monitoring year amounted to 55,654 MJ, slightly exceeding the 
geothermal contribution. However, only 6593 MJ were extracted in air- 
only mode, while the remaining 49,061 MJ were supplied during hybrid 
operation. This distribution highlights that the air source is primarily 
exploited in conjunction with the ground source rather than indepen
dently. The air contribution peaks in winter months, particularly in 
December (15,205 MJ), November (14,316 MJ) and January (13,034 
MJ), when outdoor temperatures are low and heating demand is high. 
During transitional months, air-source exploitation decreases signifi
cantly, and no air contribution is recorded outside the heating season. 
The air-only operation is limited to brief periods, supporting the 
conclusion that the air source is mainly used to cover thermal peaks and 
prevent excessive cooling of the ground. This strategy enhances system 

resilience without compromising the overall efficiency.
Finally, Table 8 and Fig. 18 shows the average COP for the various 

operation modes as a whole.
In terms of fluid evolution, the following Figs. 19 and 20 present the 

daily and monthly analysis, by selecting 15th November as typical 
working day and November as typical working month. In the specific 
condition of November, the ground is the main energy source, supplied 
by air, when necessary, only in hybrid mode. The daily coefficient of 
performance of the DSHP for 15th November was 3.66, which is similar 
to the average for the month of November and the entire work of the 
system.

The presented results were achieved by boosting the natural ground 
geothermal potential with the solar heat injected in the BTES. Specif
ically: in spring, the DSHP was on and off, so, for some days, contem
porary geothermal energy extraction and solar heat injection occurred; 
in summer the DSHP system was off, and the BTES system was able to 
fully inject the solar heat from PVT; in autumn and winter, the DSHP 
recovered the stored heat of the previous two seasons to boost the per
formance of the system. The total injected heat for the reference year is 
presented in Table 9 and Fig. 21, which compares it with the exploited 
heat in the subsequent heating season.

In conclusion, for the first year of monitoring, the DSHP system 
worked 14.86 % of the time, corresponding to around 53 full days, 
almost distributed from November to beginning of April. The total SPF 
was about 3.78. The compressor of the DSHP worked 37.91 % of the 
time exploiting the ground source only, 53.93 % exploiting the com
bined ground and air source and 7.13 % exploiting the air source only, 
covering the peaks. Finally, the compressor worked 1.03 % of the time to 
perform defrosting of the fans during some cold winter nights.

The electric energy consumption of the DSHP was around 37,800 MJ 
for the reference year, calculated based on the SPF (Table 10).

The estimated electricity production from the PVT system (still not 
connected to the grid at the moment of the present paper) is between 
36,000 and 39,600 MJ, thus covering between 95 % - 105 % of the 
system energy consumption, although in asynchrony operation.

After the first operation year, it was then possible to compare the 
design energy values with the effective results, considering the unpre
dictability of weather conditions. Regarding the real extracted ground 
energy (around 54,000 MJ), it was 23 % smaller than the design value 

Fig. 16. Specific results of the ground source use.

Table 7 
Detailed results of the use of air source by DSHP for the first monitoring year.

Air energy source 
(total) 
(MJ)

Air only energy 
source 
(MJ)

Air energy source in hybrid 
mode 
(MJ)

Jan 13,032.90 2478.64 10,554.26
Feb 6915.06 454.03 6461.03
Mar 7327.04 0.00 7327.04
Apr 744.95 0.00 744.95
May 0.00 0.00 0.00
Jun 0.00 0.00 0.00
Jul 0.00 0.00 0.00
Aug 0.00 0.00 0.00
Sep 0.00 0.00 0.00
Oct 0.00 0.00 0.00
Nov 14,316.26 823.32 13,492.91
Dec 15,204.82 2836.98 12,367.84
TOT 55,654.38 6592.97 49,061.41
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(around 70,200 MJ). On the other hand, the real injected solar energy 
(around 68,400 MJ) was 36 % smaller than the design value (around 
108,000 MJ). Nonetheless, the DSHP was able, thanks to the use of air 
source, to provide all required energy to the building, keeping accept
able SPF (3.78).

In terms of seasonal energy storage in the subsoil, it could be 
calculated, by considering: the BHE temperature at the start of the 
extraction period, which was 20 ◦C, with respect to the initial ground 
temperature (15 ◦C), the volume delimited by the surface area of the 
BTES and their depth (30 m), thus 540 m3 and the estimated ground 
volumetric heat capacity ρcground of 1.7 MJ/(m3⋅K). By applying Eq. (5), 
the seasonal heat storage at the end of the injection period was 4590 MJ, 
ready for exploitation by the BHEs to fuel the DSHP.

Finally, it was possible to evaluate the impact of energy extraction 
and injection cycles on the aquifer, thanks to the use of two piezometers 
and one monitoring borehole heat exchangers, placed exactly on the 
direction of the groundwater movement. More details of the technical 
details, plan and location of the three monitoring points can be found in 
(Tinti, et al., 2023). Temperature strings, measuring and recording at 

Fig. 17. Specific results of the air source use.

Table 8 
Average coefficient of performance of the DSHP during the year and for the 
different operation modes.

COP 
total

COP 
ground

COP 
air

COP 
hybrid

Jan 4.24 4.64 3.79 4.13
Feb 4.23 4.62 3.82 4.00
Mar 3.81 4.20 - 3.67
Apr 4.40 4.72 - 3.51
May - - - -
Jun - - - -
Jul - - - -
Aug - - - -
Sep 5.55 5.55 - -
Oct - - - -
Nov 4.03 4.60 3.39 3.78
Dec 3.96 4.31 3.65 3.88
TOT 4.07 4.51 3.69 3.88

Fig. 18. Impact of the various working modes on average COP with respect to the total ambient energy data.
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each m along depth, were placed in all the three monitoring points: For 
the South Piezometer, upwards the BTES field and 25 m deep: from 1 to 
25 m; 

- For the North Piezometer, downwards the BTES field and 25 m 
deep: from 1 to 22 m;
- For the Monitoring BHE, upwards the BTES field (3 m far from it) 
and 10 m deep: from 1 to 10 m

The measured graphs are reported in Fig. 22 (South Piezometer), 
Fig. 23 (North Piezometer) and Fig. 24 (Monitoring BHE).

The analysis of temperatures in depth for the two piezometers are 
reported in Fig. 25 and Fig. 26.

By analysing the evolution of minimum, average and maximum 
temperature along depth, it is possible to reconstruct the model of the 
temperature wave and obtain useful information about the effective heat 
stored in the aquifer around the BTES.

The comparison of average values per month are provided by ana
lysing the temperature difference and the amplitude at each depth. The 
results are presented in Figs. 27 and 28.

Finally, the average, minimum and maximum values along the 
monitoring BHE are instead reported in Fig. 29.

Fig. 19. Fluid temperature evolution in a typical working day (15th November).

Fig. 20. Fluid temperature evolution (average values) for a typical working month (November).

F. Tinti et al.                                                                                                                                                                                                                                     Geothermics 140 (2026) 103698 

16 



The results showed how the temperature in North Piezometer is 
approximately 0.25 K higher than the one in South Piezometer. This can 
be due by the thermal impact of the solar injection in the BTES, which 
can be partially transferred towards North, by the groundwater 
movement.

In any case, the impact on the aquifer is modest and even lower than 
what initially simulated during the design phase (Tinti, et al., 2023). By 
consider the temperature difference between South and North Piezom
eter (around 0.22 K) entirely due by the solar heat injection, higher than 
the BTES heat extraction, the volume impacted by such annual storage 
Vground can be geometrically defined by the border of the BTES towards 
South and by the Piezometer North, towards North (coherent with what 
originally modelled in (Tinti, et al., 2023)). In depth, the volume is 
delimited by the length of the 6 BHEs (30 m). The total calculated vol
ume is then 900 m3. Applying again Eq. (5), it was possible to calculate 
the effective annual energy storage Estorage, evidencing the impact on the 
aquifer, due the thermal imbalance between injected and extracted en
ergy. The annual heat stored in the aquifer was around 340 MJ.

Such annual storage is expected to provide positive contributions 
along the years for the work of the DSHP, without significant impacts on 
the aquifer temperature (approximately a gain of 0.22 K/year in the 
considered area). As long-term behaviour, such imbalance will produce 

a thermal plume, along the groundwater flow, from South to North. By 
using the monitoring system installed inside the two piezometers, and 
especially focusing on the temperature values recorded inside the North 
Piezometer, it is expected to detect the thermal plume in the next three- 
four years. The effective influence of such thermal plume on the system’s 
performance will be accurately analysed and object of future research.

The achieved results proved the validity of combining PVT with 
BTES and DSHP, where aquifer and subsoil conditions allow the un
derground thermal storage. With such integrated system, it was possible 
to reach a valuable SPF with a limited number of very shallow borehole 
heat exchangers: 8 BHE, 30 m deep, for a total BHE length of 240 m. As a 
rough comparison, in standard geothermal projects, not benefitting 
neither the geothermal storage and the dual source, in order to fulfil a 
peak power of 35 kW with such SPF, around 640 m of BHEs are neces
sary, almost three times the installed BHE length at the farm under 
study.

4. Conclusion

This study presented and analysed the first year of operation of an 
innovative integrated renewable energy system combining photo
voltaic–thermal (PVT) collectors, borehole thermal energy storage 
(BTES), and a dual-source heat pump (DSHP) installed in a commercial 
swine nursery farm in Northern Italy. The results provide robust 
experimental evidence of the technical feasibility and energetic effec
tiveness of coupling shallow geothermal energy storage with solar- 
assisted heat pump systems in livestock farming applications. The spe
cific achieved results were: Seasonal Performance Factor: 3.78. Over the 
monitored period, the system successfully met the thermal requirements 
of the nursery building, ensuring suitable indoor environmental 

Table 9 
Solar injected heat in the BTES in the first year of monitoring.

Solar injected heat in the BTES 
(MJ)

Jan 1440
Feb 1800
Mar 5040
Apr 6480
May 9720
Jun 7200
Jul 13,320
Aug 12,240
Sep 5760
Oct 3240
Nov 1080
Dec 1080
TOT 68,400

Fig. 21. Comparison of the cumulated injected and exploited energy values in the BTES for the reference year.

Table 10 
Resume of electric energy consumption coherent with the SPF value.

Heat provided to the 
building 
(MJ)

Ambient energy extraction 
(All sources) 
(MJ)

Electric energy 
consumption 
(MJ)

TOT 147,132.72 109,425.02 37,706.70
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conditions for animal welfare while substantially reducing reliance on 
fossil fuels. The overall Seasonal Performance Factor (SPF) of 3.78 
confirms the high efficiency of the integrated PVT–BTES–DSHP config
uration, particularly considering the limited borehole depth and the 
stringent environmental constraints on aquifer temperature. 

- Hybrid operation of the DSHP: 50 %. The hybrid operating strategy 
of the DSHP proved to be a key factor: approximately half of the 
operating time was characterised by combined ground–air opera
tion, while exclusive air-source operation was confined to short 
peak-demand periods. This approach effectively prevented thermal 
depletion of the ground while guaranteeing continuity of service 
under variable climatic conditions.
- Borehole length reduction with respect to a standard GSHP project: 
66 %. The seasonal solar heat injection into the BTES significantly 
enhanced the geothermal potential of the site. Despite deviations 
between design assumptions and actual weather con
ditions—resulting in lower-than-expected injected and extracted 

energy—the system maintained stable performance thanks to the 
flexibility of the dual-source heat pump. The measured data 
confirmed that solar-assisted seasonal storage can raise the effective 
ground temperature by several degrees, improving heat pump per
formance during the heating season and reducing the required total 
borehole length. Compared with conventional ground-source heat 
pump systems, the proposed solution achieved comparable thermal 
performance with a borehole length reduction of approximately two- 
thirds, highlighting its economic and spatial advantages for rural and 
agricultural contexts.
- Temperature variation of the shallow aquifer: 0.22 K. The dedicated 
monitoring network, including piezometers and a monitoring bore
hole aligned with groundwater flow, allowed a detailed assessment 
of the thermal impact on the aquifer. The observed temperature 
variations were modest and remained well below regulatory 
thresholds, confirming that the proposed system can operate safely 
under realistic hydrogeological conditions. The estimated annual 
thermal imbalance stored in the subsurface was limited, suggesting 

Fig. 22. Monitored subsoil temperature wave in the South Piezometer.

Fig. 23. Monitored subsoil temperature wave in the North Piezometer.
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that long-term operation is unlikely to cause significant environ
mental impacts, while potentially providing cumulative benefits for 
system efficiency over successive years.

Overall, the findings demonstrate that the integration of PVT sys
tems, BTES, and DSHP represents a promising and scalable solution for 
decarbonising energy use in livestock buildings. The proposed 

Fig. 24. Monitored subsoil temperature wave in the Borehole Heat Exchanger 3 m South of the BTES field.

Fig. 25. Evolution of minimum, average and maximum temperature along 
depth for the South Piezometer.

Fig. 26. Evolution of minimum, average and maximum temperature along 
depth for the North Piezometer.

Fig. 27. Temperature difference for minimum, average and maximum values 
along depth between South and North Piezometer.

Fig. 28. Amplitude difference along depth between South and 
North Piezometer.
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configuration is particularly well suited for farms with available land 
and favourable shallow geothermal conditions, offering a viable 
pathway to reduce greenhouse gas emissions while improving energy 
resilience.

Future work will focus on optimising the control strategies for solar 
heat injection and extraction, integrating the electrical output of the 
PVT system into the farm energy balance, and extending the monitoring 
period to assess long-term thermal behaviour and sustainability over 
multi-year operation. These developments will further support the 
deployment of integrated renewable energy systems as a key component 
of climate-neutral livestock farming.
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