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ARTICLE INFO ABSTRACT
Keywords: The energy performance of conventional Air-Source Heat Pumps (ASHPs) decreases significantly as the external
Dual-source heat pump air temperature drops, whereas Ground-Coupled Heat Pumps (GCHPs) are characterized by high borefield in-
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vestment costs and risk of performance decline over time due to unbalanced building loads. To address these
issues, this paper investigates the seasonal (SCOP,) and annual (APF,,.) energy performance of a Dual-Source
Heat Pump (DSHP) able to exploit alternately aerothermal and geothermal energy, comparing it with that of
conventional ASHPs and GCHPs through long-term simulations. A building with strongly unbalanced loads is
considered, coupled to borefields up to 50% undersized. Three source-selection logics are examined: (i) setting of
a switching temperature based on ambient air (ST logic); (ii) source selection as a function of time (SP logic); (iii)
source determination based on DSHP instantaneous COP for both operating modes (PCOP logic). The ASHP
exhibits the lowest performance (APF,. equal to 2.67), whereas the DSHP and GCHP yield 10-37% improve-
ments. The source-selection strategy and borefield size play a key role in the DSHP performance: the SP logic
offers minimal benefits, while ST and PCOP strategies guarantee up to +9% in SCOPye, +8% in APF,.; and —7%
in electric energy consumption compared to conventional GCHPs. The shorter the borefield, the higher the
advantage of using a DSHP with ST or PCOP control logic. The findings highlight the potential of DSHPs in
applications with strongly unbalanced loads, or in retrofitting heat generators in existing geothermal-based
HVAC systems when the borefield becomes undersized over time.

energy consumption [5]. Currently, several energy sources can be
deployed as heat sources or sinks by this kind of system based on
building features (e.g., available outdoor space, energy demand) and
climatic factors. Typical heat sources/sinks include air, ground, waste
heat, and water [6]. It is also worth mentioning that external sources
have a significant impact on the heat pump performance, affecting its
heating/cooling capacity, overall efficiency, and the working tempera-
ture range [7]. Since water-source and waste heat-source heat pumps are
not widely adopted due to a scarce availability of these sources and
regulatory restrictions, air-source heat pumps (ASHPs) and ground-
coupled heat pumps (GCHPs) are the most widely adopted technolo-
gies in residential and non-residential buildings [8]. Their main features
can be summarized as follows:

1. Introduction

The dramatic increase in greenhouse gas emissions over the last
decades has led to global warming and climate change [1]. Since the
largest share of emissions is linked to fossil fuel combustion for
anthropogenic activities [2], there is an urgent need to boost the
deployment of renewable energy sources. Within this framework, the
building sector contributes a significant share of the emissions released.
In advanced economies, such as those in the European Union, buildings
account for up to 16% of emissions [3], primarily due to space heating
and hot water demands [4]. In this regard, a rapid transition from
traditional heating systems to low-emission technologies driven by
electricity must be accelerated to reduce the building sector footprint.
Vapor-compression heat pumps are suitable candidates for replacing
fossil fuel-based heat generators, as they provide heating, cooling, and
domestic hot water with high efficiency, thereby reducing electric

(i) Due to the extremely high availability of the ambient air as
external heat source/sink, ASHPs are the most widespread solu-
tion on the market. In the European Union, almost 98% of units
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Nomenclature
APF Annual Performance Factor
cop Coefficient of Performance

[ Specific heat capacity at constant pressure [J kg™* K]
D Diameter [m]

EER Energy Efficiency Ratio

k Thermal conductivity [W m~! K~1]
L Length [m]

Q Thermal energy [kWh]

RH Relative Humidity [%]

s Shank spacing [m]

SCoP Seasonal Coefficient of Performance
SEER Seasonal Energy Efficiency Ratio

T Temperature [°C]

w Electric energy [kWh]

Greek symbols

a Thermal diffusivity m?s 1]

B Heat pump electric power input reduction factor
y Heat pump heating capacity reduction factor
A Difference

v Kinematic viscosity [m? s ]

p Density [kg m 3]

T Time [s]

Subscripts

a indoor air

b borehole

c cooling

e external

el electric

f fluid

gnd ground

gt grout

h heating

i internal

ice freezing

in inlet

net net

nom nominal

out outlet

p pipe

th thermal

und undisturbed
w water
Acronyms

ASHP Air-Source Heat Pump

BHE Borehole Heat Exchanger

DSHP Dual-Source Heat Pump

GCHP  Ground-Coupled Heat Pump

HP Heat Pump

HVAC  Heating, Ventilation and Air Conditioning
KPI Key Performance Indicator

PCOP Predicted Coefficient of Performance
RCD Reverse Cycle Defrosting

SP Sun Position

ST Switching Temperature [°C]

TRY Test Reference Year

sold in 2024 for heating and cooling purposes were constituted by
aerothermal heat pumps [9]. However, their energy performance
depends strongly on ambient air conditions, and a significant
penalty to heating capacity and efficiency is incurred with low
values of the external air temperature, particularly in corre-
spondence with the frosting phenomenon on the evaporator
surface [10].

(i) GCHPs present higher efficiency than ASHPs on a year-round
basis thanks to the deployment of the ground as external heat
source/sink, which presents a better thermal level and lower
fluctuations than ambient air [11]. Nonetheless, unbalanced
building thermal loads can lead to a significant drift in soil tem-
perature over the years, and, consequently, a substantial decrease
in heat pump performance [12]. Moreover, the installation of
GCHP systems is accompanied by high capital investments due to
the high drilling costs required for borefield installation [13].

In order to address the issues mentioned above, thermal source
integration represents a suitable solution that has been studied by re-
searchers and manufacturers [14]. In this sense, dual-source heat pumps
(DSHPs) can exploit different thermal sources and deploy the most
efficient one based on real-time operating conditions, such as air and
ground temperatures, thereby enhancing the seasonal performance
[15]. Moreover, these multi-source systems show specific benefits
depending on the thermal source coupling. For example, air/ground
DSHPs can relieve or avoid frosting during winter by switching to
ground as the heat source when frost conditions occur [16]. Finally,
although the complexity of heat pumps increases compared to single-
source units, significant economies can be achieved in the overall
installation costs of the HVAC system. Indeed, the availability of a sec-
ond thermal source, namely air, allows for a reduction in the borefield

size relative to a conventional GCHP of up to 50% [17], thereby
decreasing the soil area requirement and the initial investment.

Within this framework, many papers have been published in recent
years concerning the conceptualization, design, numerical simulation,
and experimental verification of DSHP systems [18]. The air-source heat
exchanger type, evaporator arrangement, and switch logic between
thermal sources are the most influential and discussed parameters in this
field. First, different coupling arrangements can be used for multiple
heat sources on the evaporator side. Different heat exchangers can be
arranged in parallel [19] or in series [20]. Alternatively, a specifically
designed heat-exchange unit that allows simultaneous deployment of
two thermal sources [21] can be adopted. With the former coupling
method, solenoid valves are used to control refrigerant flow and select
the operating heat exchanger, preventing interference between heat
sources. Despite additional system complexity and pressure drops, the
optimal thermal source can still be selected based on current operating
conditions. On the contrary, arranging evaporators in series leads to a
simpler configuration of the heat pump cycle, since no valves are
needed. Still, higher pressure drops on the refrigerant flow are intro-
duced, and a complex interference between the heat sources must be
tackled. Integrating two or more thermal sources in a single heat
exchanger is also an attempt to reduce the system complexity and vol-
ume. However, unifying multiple sources into a single component ne-
cessitates targeted design and higher processing costs, and dual-source
operation requires the two thermal sources to be close in temperature.
For these reasons, serial arrangement and integrated evaporators are not
widely used in DSHP systems, and a parallel heat exchanger structure is
typically adopted as the coupling method. Regarding the evaporator
structure, the finned-tube coil is the most common heat exchanger ty-
pology on the air-source side of air/ground DSHPs, characterized by a
relatively low heating capacity, as no additional outdoor equipment is
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required [17]. A dry cooler or a cooling tower can replace the finned-
tube heat exchanger for larger-capacity units. However, these solu-
tions are not typically adopted due to the penalty on system efficiency
and the increased complexity. On the DSHP ground-source side, plate
heat exchangers are typically used [22]. Consequently, due to their
small volume, the dimensions of DSHPs are close to those of conven-
tional ASHPs, advantaging the system integration.

For all these reasons, the typical architecture of an air/ground heat
pump consists of finned-tube and plate heat exchangers on the thermal
source side, connected in parallel. In the open literature, several papers
have been published demonstrating the advantages of this system. For
instance, Corberan et al. [17] investigated the performance of an air/
ground-to-water heat pump, manufactured as a plug-and-play unit,
using a numerical model validated against experimental data obtained
under steady-state conditions at a laboratory scale. They found that the
DSHP could guarantee a comparable performance of a pure GCHP by
halving the Borehole Heat Exchanger (BHE) area. More recently, Yu
et al. [23] investigated the performance of a DSHP, arranged with two
parallel evaporators and based on the utilization of air and waste heat as
heat sources, using a validated numerical model. The dual-source unit
could outperform a traditional ASHP by 70% at low ambient tempera-
ture values. An experimental study by Reum et al. [24] investigated the
performance of a DSHP capable of utilizing both air and ground as heat
sources, either alternately or simultaneously, through two compressors
connected in parallel. Parallel operation yielded the major benefits,
permitting the cover of the required heating load at reduced demand on
the individual heat exchangers, and, therefore, allowing smaller di-
mensions of the heat exchange structures up to 58%. Several studies
have shown that the effective year-round performance of DSHP systems
is strongly influenced by the switching logic between thermal sources
[25]. An improper control strategy could lead to long-term performance
degradation, reduced efficiency and worsened indoor comfort condi-
tions [26]. Therefore, optimizing the switch control and annual opera-
tion strategy of a DSHP is as significant as its design, and it is essential to
maximize its performance. Most published studies considered a fixed
value of the ambient air temperature as a threshold to switch between
air-source and ground-source modes. Zarrella et al. [27] analyzed the
retrofit of a GCHP system coupled to a cooling-dominant building that
experienced a significant deterioration in the ground temperature. The
inconvenience was solved with a dual-sink system that could reject heat
to the ground or to the air. The switch logic was based on ambient air
temperature: for values below 25 °C, the DSHP operated in air-source
mode, whereas the ground loop was activated for values above 25 °C.
The same logic was adopted by Zhang et al. [28]. They developed a
mathematical model of a multi-source heat pump with five operating
modes, aiming at evaluating the system energy, economic, and envi-
ronmental performance. The control logic adopted for the DSHP mode
was based on the outdoor air temperature: air was selected as the heat
source when the ambient air temperature was above 5 °C; otherwise, the
ground was used. Grossi et al. [29] proposed an improvement in the
control algorithm of DSHP systems. Even though the switch between air-
source and ground-source operation still relied on a fixed value of the
ambient air temperature, the authors demonstrated that the DSHP per-
formance could be maximized for a precise value of that parameter,
depending on the size of the borefield coupled to the heat pump. In
particular, the shorter the BHEs, the lower the optimal switching tem-
perature. Similar results were obtained by Bordignon et al. [30]. A
sensitivity analysis was carried out on the control parameters of an air/
ground DSHP to minimize the long-term energy consumption. Heating
and cooling loads, as well as the number of BHEs, varied across different
scenarios, and the optimal value of the switching temperature was
assessed. A different approach was followed by Zanetti et al. [31]. Nu-
merical simulations performed on a DSHP operated in air-source and
ground-source modes only allowed the development of a switching logic
based on the difference between the ambient air temperature and the
temperature of the water returning to the heat pump from the BHEs.
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When that difference was lower than 1.6 K, the DSHP operated in
ground mode; otherwise, it operated in air mode. Although this control
strategy enabled the selection of the heat source that provides the
highest efficiency in real-time, it still relied on a fixed parameter
determined in advance. Recently, some studies have proposed heat
pump control strategies relying on machine learning approaches
[32-34]. However, these works primarily aim to optimize the operation
of single-source heat pumps or hybrid systems (heat pump and gas
boiler) and, to date, have not yet been implemented in dual-source heat
pump systems.

The energy, economic, and environmental benefits of DSHPs are
clearly demonstrated by the papers published on this topic. However,
the need for control optimization of these systems has increased
accordingly to their diffusion. As noted in the literature analysis, the
switch control is still based on simple algorithms, and further research is
needed to improve the DSHP annual performance and boost the diffu-
sion of this technology. Therefore, in this paper, three distinct control
strategies are investigated to select the optimal thermal source for an
air/ground DSHP, and their effectiveness is assessed through long-term
numerical simulations in the Matlab-Simulink environment. In addition,
different sizes of the BHE field coupled with the DSHP are simulated.
The DSHP described in [29] is considered in this paper, and the influ-
ence of the heat source switch logic on the energy savings achievable
with respect to conventional heat pumps is demonstrated. It is worth
mentioning that the effective energy performance of the DSHP consid-
ered here was experimentally investigated in both air and ground modes
[35]. Therefore, the outcomes of the present paper regarding the
effectiveness of the different DSHP control algorithms are based on
validated heat pump performance data. Consequently, this work aims to
improve the energy performance of DSHPs by investigating the effects of
different control logics and identifying borefield conditions where these
systems can achieve greater energy-saving potential compared to
traditional heat pumps, thereby boosting the diffusion of this technol-
ogy. In addition, the presented outcomes can represent a benchmark for
researchers and professionals aiming at optimizing the performance of
DSHP systems.

2. Description of the case study
2.1. Building

The SFH100 archetype developed under IEA SHC Task 44 [36] was
modeled as a reference building coupled to the DSHP to obtain repro-
ducible and reliable results. This test house represents a non-renovated
existing building, and the space heating energy demand is approxi-
mately 100 kWh m~2 y~! under the European reference climate of
Strasbourg. Since the authors are interested in investigating both the
heating and cooling performance of the HVAC system and the effect of
unbalanced building thermal loads, in this paper, the SFH100 building
was located in Milan (Northern Italy), a site characterized by a cold
winter and a humid summer. For the sake of convenience, the main
thermo-physical characteristics of the building envelope components
are reported in Table 1.

The heating season ranges from October 15th to April 15th (183
days) according to the current Italian regulation [37]. On the other
hand, the cooling season is limited to 92 days, from June 1st to August
31st. The open-source Matlab-Simulink tool ALMABuild [38,39] was
used to evaluate the building thermal loads by setting the indoor set-

Table 1
Main characteristics of the building envelope components.
External walls Floor Roof Windows
Thickness [cm] 26.8 36.5 9.5 2.0
Insulation thickness [cm] 1 4 4 -
Transmittance [W m™> K] 1.26 0.21 0.58 3.00
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point temperature to 20 °C and 26 °C during winter and summer,
respectively. The building thermal energy need for domestic hot water
production is not considered in the present study. The Test Reference
Year (TRY) for Milan from the CTI database [40] was used to obtain the
hourly climatic data for the location. The heating and cooling design
external air temperature values are —2 °C and 34 °C, respectively.

The results of the building numerical simulations indicate that the
peak loads for space heating and space cooling are 7.4 kW and 3 kW,
respectively. Consequently, the heating-to-cooling load ratio is approx-
imately 2.5. Moreover, the seasonal thermal energy demand for air
conditioning is equal to 15650 kWh and 1500 kWh during the heating
and cooling periods, respectively, yielding a heating-to-cooling energy
demand ratio of 10.4. These results highlight that building energy needs
are strongly unbalanced between the seasons, with a significant pre-
dominance of the winter loads.

2.2. Hydronic distribution network and emitters

The considered HVAC system presents no night setback during the
heating and cooling seasons. Five hydronic three-speed fan-coils are
selected as terminal units and connected to the heat generator through a
distribution loop based on a fixed-speed circulation pump. A 750 1
thermal energy storage is installed in the distribution network to in-
crease the system thermal inertia. The fan-coils are designed to cover the
required load, considering an inlet water temperature of 45 °C during
the heating season and 10 °C during the cooling season. Table 2 presents
the main fan-coil technical data, in correspondence with the rated values
of indoor air temperature (T,), relative humidity (RH), inlet water
temperature (T, i), a water temperature difference across the emitter of
5 K, and maximum fan speed.

2.3. Heat pump sizing and control system

To satisfy the building space heating and cooling demand, three
different hydronic heat pumps were considered: (i) an Air-Source Heat
Pump, ASHP; (ii) a Ground-Coupled Heat Pump, GCHP; (iii) a Dual-
Source Heat Pump, DSHP. No additional backup systems are present
because each HP is sized to cover the building peak load reported in the
previous section. The DSHP can exploit either ambient air or the ground
as external heat sources, selecting the most favorable option based on
the adopted control strategy. The HP components technical specifica-
tions are reported in Table 3, while a comprehensive description of the
unit and its main operating modes can be found in [29] and is not
repeated here for the sake of brevity.

In order to compare the energy performance of each generator
rigorously, the performance of the ASHP and GCHP is equivalent to that
of the DSHP in air and ground modes, respectively. The nominal heating
capacity in air mode is 11.4 kW, evaluated with an ambient air-dry bulb
temperature of 7 °C. On the other hand, the nominal heating capacity in
ground mode is 10.6 kW, assuming geothermal fluid inlet/outlet tem-
peratures of 5 °C and 0 °C, respectively. In both cases, the inlet and
outlet water temperatures at the load side are 40 °C and 45 °C, respec-
tively. In Fig. 1, the DSHP heating/cooling capacity and COP/EER in
both air-source and ground-source modes are reported as functions of
the external source temperature (i.e., ambient air or borefield heat
transfer fluid) and heat pump inverter frequency.

A PI controller is necessary to modulate the heat pump inverter
frequency based on the load side water temperature at the thermal

Table 2
Fan-coils technical data (reference conditions: T, = 20 °C, Ty,;» = 45 °C in
heating mode; T, = 26 °C, RH 60%, T,,i» = 10 °C in cooling mode).

Air flow rate in heating/ Water flow Heating Cooling
cooling mode [m® h™1] rate [1h™1] capacity [W] capacity [W]
319/233 256 1770 1380
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Table 3
Technical specifications of the HP main components.

HP component Technical specifications

Compressor Scroll, model SNB172FEKMT (Siam)
24 plates

Plate heat exchangers Surface area 1.2 m?
(Alfa Laval)

Fin space/thickness: 1.2 mm/0.1 mm
Internal tube diameter 7.94 mm
Surface front area 1.59 m?

Design air flow rate 7104 m® h™!
(Eurocoil)

E2V24BSE (Carel)

HM4 (Castel)

F003i-2PHB 13 A-HRFRO1 (Frecon)
R410A, charge 6.4 kg

Finned coil heat exchanger

Electronic expansion valve
Solenoid valve

Inverter

Refrigerant

storage outlet. The PI control strategy is based on a hysteresis cycle, 5 K
wide and centered on the reference value, set to 45 °C in winter and
10 °C in summer. When the minimum inverter frequency (30 Hz) is
reached at low partial load, further modulation of the heat pump ca-
pacity becomes impossible, and on-off cycling is performed to meet the
building thermal energy demand. To prevent compressor damage due to
excessive on-off cycles, a minimum heat pump operating time of 10 min
was implemented in the model, corresponding to a maximum frequency
of 6 start-ups per hour, as recommended by the manufacturer. More-
over, both ASHP and DSHP in air-source mode employ the Reverse Cycle
Defrosting (RCD) method [41] to melt the ice formed on the external
surface of the evaporator during the heating season.

2.4. Borehole heat exchanger field

For the GCHP and the DSHP in ground mode, another hydronic loop
with a fixed-speed circulation pump connects the heat pump to a BHE
field, based on double U-tube boreholes. The BHE pipes are made of
high-density polyethylene, and a mixture of water and 25% Freezium is
used as geothermal heat transfer fluid. Freezium is a commercial anti-
freeze fluid for BHEs that maintains low viscosity and high thermal
conductivity at low temperatures [42,43]. The gap between the U-tubes
and the soil is filled by a commercial sealant mortar (Termoplast Plus
[44]). The main characteristics of the BHEs, such as borehole diameter
(Dp), pipe internal and external diameter (Dy,; and D, ), grout and pipe
thermal conductivity (kg and kp), shank spacing (s), ground thermal
diffusivity and conductivity (agng and kgng), and the main characteristics
of the geothermal fluid, such as thermal conductivity (ks), kinematic
viscosity (vp), density (py) and freezing temperature (Tj.), are reported in
Table 4.

The design length of the BHE field coupled to the heat pump (Lopn)
was calculated according to the procedure reported by the ASHRAE
[45], and its value is 150 m. Two inline boreholes, each 75 m in length,
were considered. The linear thermal resistance for double U-tube pipes
was evaluated with the analytical expression proposed by Lamarche
et al. [46], obtaining a value of 0.09 m K wL

2.5. Strategy for the selection of the optimal external source in the DSHP

The selection of the optimal external heat source is a crucial factor in
maximizing the DSHP performance. In order to select the most favorable
source (i.e., air or ground) during the heating season, three control
strategies were investigated. To facilitate the application of the research
findings, the investigated logics were selected considering the sensor
equipment currently used in commercial units. The control logics
considered in this paper are:

e Switching Temperature (ST) logic: when the external air temperature
exceeds a reference value, identified as ST, the heat pump operates in
air-source mode. Otherwise, it operates in ground-source mode. In
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Fig. 1. Cooling and heating capacity, and EER and COP, for the DSHP in air-source mode (a-d) and ground-source mode (e-h) as functions of the external source

temperature and heat pump inverter frequency (reference conditions: load side inlet/outlet water temperatures equal to 40/45 °C during the heating season and 15/
10 °C during the cooling season).

this case, only a temperature sensor is needed to monitor the outdoor e Sun Position (SP) logic: two daily time slots (nocturnal and diurnal)
air temperature and control the DSHP operation. are identified, taking as boundaries the daily sunrise and sunset
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Fig. 1. (continued).
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Table 4

BHEs and geothermal fluid geometrical and thermophysical properties.

BHE geometrical and thermophysical properties

Dy [em] Dy,; [em] Dy, [cm] s [em] gng [m* s7'] kgna [Wm™ K] ke [Wm™ K] k, Wm™ K]
15.2 2.6 3.2 8.3 8.56E-7 1.42 1.60 0.36
Geothermal fluid thermo-physical properties

kf Wm™ K™ v} [m*s7!] Tice [°C] pf [kg m™]

0.50 2.65E-6 —-20 1186

Value evaluated at —5 °C.

times. During the diurnal hours, the heat pump exploits the aero-
thermal source; during the nocturnal hours, it deploys the
geothermal source. To manage this control logic, only a clock is
necessary.

Predicted Coefficient of Performance (PCOP) logic: the DSHP oper-
ating mode is selected based on the highest instantaneous COP
evaluated in air-source and ground-source modes. In particular, for
the currently non-operating external source, the air/geothermal fluid
temperature is continuously monitored, and the corresponding COP
value is evaluated using the DSHP performance data; then, the most
efficient external source is selected. In a real application, the PCOP
logic is based on two sensors, needed to monitor the external sources
temperature, and on the DSHP performance data, pre-loaded in the
heat pump. To account for the energy losses associated with defrost
cycles, the COP in air mode is reduced (i.e., multiplied by a penalty
coefficient ranging between 0 and 1) during the heating operating
mode when the outdoor air temperature is below 6 °C and the
relative humidity is above 50%. The penalty coefficient in air mode
(1 - COPgyyp) is determined as described in Section 4.1. A summary of
the PCOP logic is shown in Fig. 2. Due to the higher complexity of
this control strategy, the DSHP performance data reported in Fig. 1
must be implemented within the heat pump controller as look-up
tables.

As previously mentioned, the selected operation mode must be
maintained for at least 10 min for each logic to prevent compressor
damage from excessive switching between the two external sources. On
the contrary, during the cooling season, the heat pump operates in
ground-source mode only to partially recharge the ground due to
strongly unbalanced building loads. This operation mode is applied to all
control logics to avoid affecting relative comparisons.

Possible frost
deposition?
Yes

COPyr = COPyir X (1= COPyyoyp) |

Copnir 2 COPground?

Yes

| Ground mode | I Air mode

Fig. 2. PCOP logic flowchart.
2.6. Investigated HP configurations

In order to obtain a meaningful comparison among the different HP
systems and evaluate the influence of the DSHP control logic on the heat
pump seasonal energy efficiency, five different configurations were
considered in this work. More specifically, in Cases A and B, the HVAC
systems are based on conventional ASHPs and GCHPs, respectively. The
other configurations present a DSHP in which the external heat source is
selected according to the ST logic (Case C), the SP logic (Case D), or the
PCOP logic (Case E). When the ground is exploited as the external
source, four different borefield configurations were considered (sub-
cases 1, 2, 3 and 4): 2 boreholes each 75 m long (100% of the design
length), 1 borehole 125 m long (17% reduction), 1 borehole 100 m long
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(34% reduction), 1 borehole 75 m long (50% reduction). For the sake of
clarity, the configurations studied in this paper are presented in Table 5,
and the corresponding schematic is shown in Fig. 3.

2.7. Key performance indicators

Long-term (10-year) simulations were carried out to investigate the
performance of different heat pump systems and to assess the potential
drift in the efficiency of the DSHP and GCHP over time due to an un-
dersized borefield (subcases 2-4). The following seasonal and annual
Key Performance Indicators (KPIs) [29] are considered to compare the
system efficiency in each studied case:

Qn
Pret = — 1
SCOPyee W, @
SEERer = % 2
Q.
APF e = W W, ®)]

The net Seasonal Coefficient of Performance (SCOPy,,) is defined as
the ratio between the thermal energy provided by the heat pump during
winter (Qp) and the electric energy (W) absorbed by the heat pump
compressor and fans (the fans are employed by the ASHP and DSHP).
Similarly, the Seasonal Energy Efficiency Ratio (SEER,) is the ratio
between the cooling energy provided by the heat pump during summer
(Qo) and the electric energy consumption throughout the same period
(W,). Finally, the net Annual Performance Factor (APF,) accounts for
the heat pump efficiency throughout the year and is defined as the ratio
between the thermal energy supplied by the heat pump (Q, + Q) and
the absorbed electric energy (W, + W,).

3. Numerical model and validation

The presented HVAC system configurations were simulated by means
of ALMABuild [38,39]. The numerical model was developed by using
blocks from both the ALMABuild and Carnot (a toolbox extension
developed for simulating the main HVAC system components [47]) li-
braries. More in detail, the models of the circulating pump and thermal
storage were taken from Carnot. The building thermal zones were
modeled using ALMABuild, while the numerical models of BHE field,
DSHP, and controllers were developed specifically for this research. In
Fig. 4, an extract of the Matlab-Simulink model is shown.

The Simulink variable-step solver ode23tb (stiff/TR-BDF2) was
selected, utilizing an adaptive algorithm with the following settings:
absolute and relative tolerances of 1E-2, and a time tolerance of 2.84E-
13. The fluids thermo-physical properties, functions of pressure and
temperature, are automatically updated at each time step. A scheme of
the numerical procedure, showing the connections between the major
simulation components, is shown in Fig. 5.

In order to demonstrate the accuracy of the developed numerical
model, its main components, such as the building envelope and the HP
and BHE field models, were validated by comparing results with those
from the literature and the Carnot library, respectively.

Table 5
HP configurations analyzed.
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3.1. Building thermal load validation

As described in Section 2.1, the modeled building is the SFH100
archetype developed by the IEA SHC Task 44 [36]. The building nu-
merical model implemented in ALMABuild [38,39] is based on the RC
formulation where thermal resistances and thermal capacitances simu-
late heat transfer within building envelope components and thermal
zones. The numerical model was validated by locating the building in
Strasbourg, the reference climate considered by the IEA SHC Task 44,
and by imposing an internal air temperature of 20 °C during the heating
season. According to IEA Task 44, the HVAC system is switched off from
June to August. In Table 6, a comparison is presented between the
monthly thermal energy demand of the SFH100 calculated using
ALMABuild and obtained from the IEA Task 44.

Table 6 shows minimal differences across most months, with de-
viations not exceeding 3%. Only in February and October, the differ-
ences increase slightly, reaching about +6% and -12%, respectively.
However, even in October, the absolute difference remains below 1 kWh
m~2 On an annual basis, the building thermal energy demand for space
heating is nearly identical between the two approaches, differing by
only 0.2%. Therefore, the building model can be considered validated.

3.2. Borehole heat exchanger field model validation

The numerical model of the BHE field developed in ALMABuild is
based on the g-functions method proposed by Zanchini et al. [48]. Ac-
cording to this methodology, dimensionless thermal response functions
simulate the trend in ground temperature produced by a uniform, con-
stant dimensionless thermal load. The g-functions employed in this work
assume the borehole as a finite-line-source [49] and the ground as a
semi-infinite solid medium with constant thermo-physical properties,
where no groundwater movement takes place; the presence of multiple
boreholes is evaluated by applying the superposition of effects in space.
After evaluating the borehole-ground interface temperature by means of
g-functions, the BHE fluid outlet temperature can be calculated as a
function of the instantaneous heat transfer rate with the ground and of
the BHE linear thermal resistance [50].

The numerical results obtained with the numerical model developed
in ALMABuild were compared to those achieved with the validated
borefield model in the Carnot library. Both numerical models implement
the g-functions method; however, in Carnot, the ground is split into a
‘near probe’ area with radial and axial nodes in a cylindrical geometry
and a ‘far probe’ area, where the ground temperature is calculated using
the Eskilson g-functions [51]. Moreover, the Carnot model has several
limitations, including the requirement to use a 25% glycol solution as
the geothermal fluid, the use of double U-tube boreholes, and a limited
number of BHE field geometries. On the contrary, the borefield nu-
merical model developed in ALMABuild can handle different geothermal
fluids (e.g., water only, glycol solutions, Freezium solutions), various U-
tube typologies (single or double), and a wider range of BHE field ge-
ometries. The numerical results obtained with the ALMABuild borefield
model were compared with those yielded by the Carnot BHE field model
by considering the same building-HVAC system described in Section 2.1.
Due to the Carnot model constraints, a 25% glycol solution and double
U-tube boreholes were simulated. Different borefield configurations (i.
e., 1 BHE x 100 m, 2 BHEsx75 m and 2 BHEsx 100 m) were considered
for the validation. Table 7 presents the differences in annual and

External source

Air (ASHP) Ground (GCHP)/Air + Ground (DSHP)
Borefield length [m] - 150 (2 x 75 m) 125 (1 x 125 m) 100 (1 x 100 m) 75 (1 x 75 m)
Source selection logic - — ST SP PCOP - ST SP PCOP — ST SP PCOP - ST SP PCOP
Configuration A Bl C1 D1 E1l B2 Cc2 D2 E2 B3 C3 D3 E3 B4 C4 D4 E4
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Fig. 3. Schematic of the different HP configurations.
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Fig. 4. Layout of the building-HVAC system numerical model developed in Simulink.

seasonal HP performance indicators and in the average geothermal fluid
temperature at the BHE outlet (Tsgg,0u) obtained using the ALMABuild
model compared to the Carnot model.

The results reported in Table 7 suggest that, regardless of the BHE
field configuration, the numerical results exhibit a steady trend after the
fifth year of simulation, as evidenced by negligible and constant dif-
ferences. The ALMABuild numerical model slightly underestimates the
BHE fluid temperature at the borefield outlet compared to the Carnot
model, and the deviation increases as the BHE size decreases. However,
the maximum discrepancy is limited to 1 K (borefield 1 x 100 m) on an
annual basis. Therefore, the energy performance of the HP coupled to
the borefield is influenced marginally by the adopted model. The com-
parison of annual and seasonal HP performance indicators reveals that
the maximum difference between the two models is approximately 3%.

3.3. HP model validation

The numerical models of the ASHP, GCHP, and DSHP developed in
ALMABuild are based on the quasi-steady-state performance data pro-
vided by the manufacturer (reported in Fig. 1), implemented using the
Lookup Table Simulink block. More in detail, linear interpolation/
extrapolation is applied to calculate the HP performance for working
conditions within/outside the input dataset. The developed models take
into account elements typically not considered by simulation software,
such as the internal thermal inertia linked to the water volume in the HP
piping (5 1) and heat losses to the ambient air (0.3 W K1), as well as the
HP dynamic behavior during on-off cycling. Experimental tests were
carried out on the DSHP prototype to characterize the energy losses
associated with on-off cycles. According to the methodology described
in [29], four numerical parameters were obtained. Two coefficients, y
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Table 6
Comparison of SFH100 thermal energy demand obtained by ALMABuild and IEA
Task 44.

ALMABuild [kWh m~2]  IEA Task 44 [kWhm~2]  Difference [%]

January 21.9 22.8 -3.9
February 17.6 16.6 +5.9
March 11.3 10.9 +3.0
April 4.7 4.8 -2.5
May 1.0 1.0 -0.2
September 0.8 0.8 -2.9
October 5.4 6.1 -12.1
November 15.2 15.5 —2.4
December 21.7 21.1 +3.0
Total 99.5 99.7 -0.2

and p, were related to the reduction of the heat pump capacity and
electric power input during the start-up phase, respectively. The dura-
tion of the transients related to the heat pump capacity and absorbed
electric power (7, and 74, respectively) was also determined. The values
of these numerical parameters affecting HP performance during the
start-up transients are reported in Table 8.

Moreover, both ASHP and DSHP in air-source mode must perform
periodic defrost cycles during the heating season following the RCD
method [41]. In the numerical model, a defrost cycle is activated when
the outdoor air temperature is below 6 °C and the ambient relative
humidity is above 50% for at least 10 min [52]. According to [52], three
subsequent phases were modeled: (i) an initial phase having a duration
71, in which the heat pump is switched off; (ii) an intermediate phase
with a duration 75, during which the cycle is inverted and the heat pump
operates in cooling mode with cooling capacity P, and Energy Efficiency
Ratio EER,; (iii) a final phase having a duration 73, in which the heat

Table 7

pump is switched off again. In Table 8, the values of these parameters
characterizing the defrosting transients are reported. The minimum in-
terval between two consecutive defrost cycles is one hour.

The HP model was validated by comparing its results with those of
the validated Carnot HP model. In the utilized version of Carnot (7.3),
the numerical model of a fluid-to-fluid heat pump is included. In
particular, the HP performance data, such as heating capacity and
absorbed electric power, are modeled using linear functions of the sink/
source temperatures [53], meaning that the HP COP/EER does not
change with partial load factor. Moreover, in the Carnot HP block, no
efficiency losses related to on-off cycling or defrost cycles are
considered.

For validation purposes, two numerical simulations were conducted
using both tools, employing the same building-HVAC system described
in Sections 2.1-2.3 for the heating season. Since models of air-to-water
units are missing in Carnot 7.3, the heat pump was operated in
geothermal mode to consider operating conditions as close as possible.

The simulation results indicate that both approaches yield nearly
identical seasonal performance during the heating season, with a
SCOPy; value equal to 2.94. Furthermore, Fig. 6 illustrates the HP
heating capacity, evaluated through both tools, over 200 h of the season
(from November 25th to December 2nd). The obtained numerical results
confirm the excellent agreement between the two tools.

Table 8
Values of the parameters characterizing the defrost cycles and cycling losses.

Defrost cycle On-off cycle

P. [kW] EER, 73 [s] b4 B

-11.4 6 30 360 30

71 [s] 72 [s] 7, [s] 75 [s]

0.69 0.96 216 78

Validation of the BHE model for different borefield configurations: relative difference in the outlet geothermal fluid temperature and in the annual and seasonal HP

performance.

1 x 100 m (65% Lnom) 2 X 75 m (Lpom)

2 X 100 m (135% Lnom)

TBHE,out APF, net SCOP, net SEERnet TBHEout APF, net SCOP, net SEERnet TBHE,out APF, net SCOP, net SEERnet
Year A [K] A [%] A [K] A [%] A [K] A [%]
1 -0.5 +0.8 +0.7 +2.6 -0.2 -1.5 -1.6 +0.1 —0.2 -1.5 -1.6 +0.1
5 -1 -0.3 -0.5 +3.2 —0.6 -2.5 -2.8 +0.1 —0.6 -2.5 -2.8 +0.1
10 -1 -0.3 —0.6 +3.2 -0.7 —2.6 -2.9 0 -0.7 —2.6 -2.9 0
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Fig. 6. Comparison between the HP heating capacity evaluated by means of
ALMABuild and Carnot.

4. Results and discussion

The following Sections report the main results of the case studies
analyzed in this paper (summarized in Table 5). Since selecting the
optimal heat source is crucial to maximizing DSHP performance, the
numerical results demonstrate the impact of DSHP control logics on
seasonal and annual energy efficiency.

4.1. Case A

In configuration A, the HVAC system is based on an ASHP. The unit
has the lowest seasonal efficiency during the winter season, with a
SCOPy,,; value of 2.50. Conversely, the value of SEER,,, is equal to 4.50,
about 80% higher than that of SCOPp,;. The APF,,, is equal to 2.67, close
to the SCOPp,; value due to unbalanced building loads.

The numerical results show that the HP seasonal energy performance
is dramatically influenced by the high cycling frequency: the unit per-
forms 2090 cycles throughout the year, almost entirely clustered during
the heating season (1922 cycles in winter and only 168 in summer). This
outcome is mainly due to the high frequency of defrosting cycles, higher
than 8 per day. This characteristic becomes even more pronounced
during the most severe part of the winter, from December to January,
when the daily number of defrost cycles increases by more than 50% (to
17 per day).

To investigate the influence of the ASHP defrosting cycles on the
seasonal performance factor, an additional simulation was carried out,
neglecting frost deposition on the HP evaporator and, consequently, the
energy losses associated with the frosting phenomenon. On the contrary,
the penalization due to on-off cycles was still taken into account. The
numerical results show that the SCOPp,, could increase by 24% if energy
losses associated with defrosting cycles were not considered.

Since defrost cycles significantly influence ASHP seasonal perfor-
mance, it is worthwhile to display the HP hourly performance during
these transients. In this regard, Fig. 7 shows the ASHP heating and
cooling capacity during three typical hours of the heating season.

During the selected interval, consecutive defrost cycles occur every
hour. Accordingly, two hourly time intervals can be defined: the first one
starts when the ASHP reverses the cycle (RCD period), accounting for
the energy losses due to the defrost cycle, and the second one is placed
between two consecutive defrost cycles (und, undisturbed period), ac-
counting for the stationary ASHP performance. For each interval, the
hourly COP is calculated as the ratio of the thermal energy supplied by
the HP and the electric energy absorbed by the HP during that period.
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Fig. 7. ASHP heating (positive values) and cooling (negative values) capacity
during three hours in winter with defrost cycles.

Consequently, an hourly COP drop due to the defrost transient can be
determined as follows:

COP und — COP, RCD

COPirr == C0P, g

4

In Fig. 8, the COPgqp values obtained during the heating season are
shown as a function of the external air temperature. As shown in the
Figure, the COP drop is linearly influenced by the external air temper-
ature; the higher the ambient temperature, the lower the penalty.
Generally, the hourly drop ranges from 30 to 35% when the external air
temperature decreases from 6 to —2 °C. The hourly COP penalization is
strongly correlated to the heat pump defrosting technique. In the liter-
ature, the hourly COP degradation due to reverse cycle defrosting (RCD)
is estimated to be between 20% and 40% [41,54]; consequently, the
results obtained here are consistent with this range. A COPg,p value
equal to 0.3 was incorporated into the PCOP logic of the DSHP to ac-
count for the impact of defrost cycles.

4.2. Case B

In Case B, the GCHP is coupled to different BHE field configurations
(see Table 5), ranging from a minimum length of 75 m (Case B4, 50%
undersizing) to the design borefield size of 150 m (Case B1). Table 9
reports the HP seasonal and annual performance factors achieved in a
long-term horizon (up to 10 years).

As shown in Table 9, the highest efficiency can be achieved with the

50 T : -

B 4
o (8]

COP drop [%]
w
[$)]

w
o

25 : :
-2 0 2 B 6 8

External temperature [°C]

Fig. 8. COP penalization due to defrost cycles as a function of the external
temperature.
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Table 9
Seasonal and annual performance factors of the GCHP.
Year B1 B2 B3 B4
SCOPy SEERq APF SCOP,es SEER o APF SCOP SEER o APF, SCOP SEER APFpq
1 3.43 6.78 3.69 3.32 6.74 3.58 3.08 6.54 3.34 2.76 6.10 3.00
3.36 6.80 3.62 3.27 6.76 3.53 3.04 6.59 3.30 2.72 6.17 2.96
10 3.33 6.81 3.60 3.25 6.77 3.52 3.02 6.61 3.28 2.70 6.20 2.94
design configuration B1 with values of SCOP,;¢;, SEER ;s and APF, at the ) )
tenth year equal to 3.33, 6.81 and 3.60, respectively. Moreover, it is 1st year
noted that in summer the system operates at high efficiency, even with 37 .. Sth year *

configuration B4, based on the shortest borefield. Due to the low energy
demand during the cooling season, the reduction in SEER, is limited to
10% compared to Case B1. On the other hand, the values of SCOP,,,; and
APF exhibit a more significant penalty as the borefield size decreases.
In detail, the SCOP,,, drop in relation to Case B1 ranges from —5% (B2)
to —21% (B4). A similar penalty is observed for the APF,, with a
maximum reduction of 18% for configuration B4. Throughout the 10-
year simulation period, the APF,, closely mirrors the trend observed
for the SCOPy,, exhibiting a slight reduction of approximately 2-3% by
the end of the decade. This decline is primarily attributed to the ground
thermal drift, which manifests as a gradual decrease in the geothermal
fluid temperature during the heating season (i.e., the season with the
highest loads). Specifically, the mean fluid temperature decreases from
4.8 °C to 3.7 °C in Case B1 and from —2.7 °C to —3.5 °C in Case B4,
highlighting the long-term impact of ground thermal imbalance on the
system performance.

The HP electric consumption in Case B1 is about 5350 kWh y ! in the
first year and increases by 150 kWh (+3%) over the simulated period.
Conversely, the reduced efficiency of the heat pump in Case B4 results in
higher electric consumption: 6610 kWh in the first year, followed by a
more modest increase of approximately 100 kWh over the long term
(4+1.5%). The energy demand associated with the circulating pump of
the geothermal loop is approximately 66 kWh y~1, about 1% of the total.

Comparing Cases B1 and A, it is noted that the thermal energy sup-
plied by the GCHP during the heating season is much lower (—7.5%,
—1380 kWh), as well as the corresponding electric consumption (—23%,
—1450 kWh). Although the air unit delivers more energy to the heating
system, the RCD technique reduces the amount of thermal energy
effectively available to the building.

The frequency of the heat pump on-off cycling is stable throughout
the years in both heating and cooling operating modes. During winter,
the GCHP coupled to the design borefield performs about 270 start-ups,
with an average of about 1.5 cycles per day. During the cooling season,
the daily cycling frequency increases to approximately 2.9 due to the
heat pump being oversized relative to the cooling load. A slight reduc-
tion in the number of on-off cycles performed by the GCHP is observed
during the heating season in Case B4, due to the undersized borefield,
which lowers the heat pump capacity.

4.3. Case C

In Cases C1-C4, the heat generator is the DSHP described previously.
During the heating season, the external source is selected based on the
switching temperature (ST) logic (see Section 2.5). On the other hand,
during the cooling season, the DSHP operates in ground-source mode
only, partially recharging the soil and exploiting a more efficient sink
than the external air.

Fig. 9 shows the APF,,, trend over the 10-year simulation period as a
function of the switching temperature, for the different BHE field con-
figurations. It is worth highlighting that a DSHP working with a
switching temperature value of 26 °C operates in ground-source mode
only, achieving the same performance as the GCHP coupled with the
same borefield. It can be observed that the APF,,, increases for a given
switching temperature and simulation year, ranging from Case C4 to
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Fig. 9. APF,,, values obtained in Case C as a function of the borefield config-
uration and the time horizon.

Case C1. Indeed, the higher the total BHE length, the better the heat
pump energy performance, due to more favorable ground temperatures.

Another important outcome is that an optimal switching tempera-
ture, which maximizes the APF,, value, can be found for a fixed BHE
length. In particular, this value increases as the borefield size rises: in
Cases C3 and C4 (33% and 50% of undersizing, respectively), the
optimal switching temperature value ST is 6 °C at the tenth year,
whereas in Cases C2 and C1 (17% and 0% of undersizing, respectively) it
increases up to 8 °C (see the dot-dash curves in Fig. 9). This trend is
coherent: the ground utilization is prolonged with higher values of the
switching temperature, and, with a borefield not much undersized, the
DSHP guarantees better energy performance in ground-source mode
than in air-source mode. In other words, with a shorter borefield, the
geothermal fluid temperature decreases faster, leading to worse heat
pump performance in ground mode. As a consequence, the period of the
winter season in which the heat pump COP in air mode would be higher
than that in ground mode is longer if a shorter borefield is adopted. In
this case, a lower switching temperature, which maximizes the exploi-
tation of the air source and reduces that of the ground, results in a higher
APFp. It is worth noting that defrost cycles can be avoided if a ST value
above 6 °C is set. In general, values of ST lower than 6 °C must be dis-
carded for twofold reasons: (i) prolonged operation of the DSHP in air-
source mode in correspondence of not favorable conditions (low
external air temperature); (ii) energy losses linked to defrost cycles,
occurring with low air temperatures.

It can be observed that the APF,, remains almost constant over the
years, for all BHE field configurations, particularly for very low values of
the switching temperature. Indeed, with a ST value of —2 °C, almost no
thermal energy is extracted from the soil in winter and, therefore, no
ground temperature drift occurs with the undersized borefields to
penalize the SCOPp,; value. Additionally, during the summer, the ther-
mal energy transferred to the ground is insufficient to significantly in-
crease its temperature, due to the low building loads; thus, no penalty to
the SEER,,; values is observed with undersized borefields. Both these
aspects translate into annual performance independent of the year for
each BHE field size, at low ST values. On the contrary, for a given
borefield size and with ST values larger than 6 °C, the DSHP annual
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performance decreases over the years due to the thermal drift of the
ground. The higher the switching temperature, the longer the time spent
with the DSHP in ground mode, and the greater the penalty on the APF,;
due to the soil temperature decrease.

By considering the 10th-year results of Case C4, it can be outlined
that the adoption of an optimized switching temperature (i.e., ST=6 °C)
in the presence of an undersized BHE field allows for achieving an in-
crease in the APF,, value up to 8% compared to a conventional GCHP
coupled with the same borefield (compare the APF,,; values reached by
the blue dot-dash curve in correspondence of ST = 6 °C and ST = 26 °C).
This improvement is related to the deployment of external air as the heat
source for a significant share of the heating season, allowing the soil to
restore its undisturbed temperature partially when the DSHP operates in
air-source mode. In addition, an examination of the 10th-year results for
Case C1 demonstrates that setting the optimized switching temperature
(8 °C) yields an APFy,; value slightly higher than that of the conventional
GCHP system (ST = 26 °C). In summary, the efficiency improvement
achievable after 10 years by a DSHP implementing an optimized
switching temperature ranges from 1% (C1) to 8% (C4) compared to a
conventional GCHP operating with a borefield of equal length.

4.4. Case D

In configuration D, the DSHP uses the sun position (SP) logic as the
source control strategy during the heating season. The APF,, values
achieved with this control logic are shown in Fig. 10.

The numerical results show that the larger the BHE field size, the
higher the APF,,, value, in agreement with the outcomes of the previous
control logic. The minimum and maximum values of APF,,, at the tenth
year are 3.08 and 3.42, respectively, for Cases D4 and D1. The system
efficiency remains almost stable over the 10-year horizon for a given
BHE length. Thus, even with the SP logic, it is possible to limit the
ground temperature drift caused by undersized borehole fields: the
ground temperature can be restored, even with building thermal loads
significantly unbalanced throughout the year, because part of the
heating load is covered in air-source mode.

The annual number of defrost cycles (approximately 550) remains
constant regardless of BHE size or the passage of time, as the DSHP
utilizes external air as the heat source according to a time-scheduling
logic. Consequently, in each configuration, the DSHP operates in air-
source mode for the same period, and the frequency of defrost cycles
depends solely on ambient climatic conditions (which repeat each year
according to the TRY). Since it is not possible to completely avoid
frosting, the SP logic is recommended only for mild climates.

4.5. Case E

In configuration E, the DSHP operates according to the predicted
COP (PCOP) logic, which selects the most favorable external source on
the basis of the highest value of the instantaneous COP. The instanta-
neous COP is evaluated for air- and ground-source modes every 10 min
and, according to the study of the ASHP performance during defrost
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Fig. 10. APF,,, values obtained in Cases D.
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cycles reported in Section 4.1, a COPgrp value of 0.3 is considered for the
air-source mode when the external air temperature is lower than 6 °C
and the RH is higher than 50%.

Fig. 11 shows the seasonal and annual performance figures of the
DSHP operated with the PCOP logic, for the tenth year for each
configuration. The SEERy,; is slightly influenced by the borefield size,
with values ranging between 6.14 (Case E4) and 6.8 (Case E1), corre-
sponding to a span of approximately 11%. It is noteworthy that the
DSHP energy performance during the cooling season is up to 50% higher
than that yielded by a conventional ASHP (SEER,, = 6.8 in Case E1
versus SEER.; = 4.50 in Case A). On the other hand, the DSHP exhibits
lower efficiency in heating mode than in cooling mode. The SCOPp;
varies from 2.92 to 3.39, increasing the total borefield length from 75 to
150 m. However, the SCOP,,; values are still higher than that achieved
by the ASHP (2.50) even with undersized borefields.

The numerical results confirm that higher APF,,; values can be ob-
tained for longer borefields. This outcome is further investigated in
Fig. 12a, which illustrates, for the tenth year of operation, the cumula-
tive frequency of the geothermal fluid temperature entering the DSHP
when it operates in ground-source mode. The reported data indicate that
the borefield size significantly influences the BHE fluid inlet tempera-
ture. During the winter season, for the shortest field configuration (E4),
the DSHP operates for approximately 40% of the time with values of the
geothermal fluid at the DSHP inlet ranging between —9.6 and — 2.6 °C.
In contrast, for the longest configuration (E1), for 40% of the time, the
BHE fluid temperature is higher (between —0.8 and 3.8 °C).

Fig. 12b presents the cumulative frequency of the external air tem-
perature values when the DSHP operates in air-source mode during
winter. A marked discontinuity is evident around 6 °C, attributed to the
penalty factor applied to the heat pump COP when the ambient condi-
tions are favorable for frost formation. Consequently, the DSHP works in
air-source mode less than 5% of the time when the external air tem-
perature falls below 6 °C, regardless of the BHE field size. For values of
the external air temperature above 6 °C, the cumulative frequency
pattern remains similar across the different configurations. It is worth
noting that, even though for the ST logic the switching temperature that
maximizes the performance is generally above 6 °C, under the PCOP
logic a fixed temperature threshold is not defined. In the latter case, the
heat pump is seldom operated in air mode with low values of the outdoor
temperature due to the COP penalty factor, which accounts for the po-
tential occurrence of defrosting cycles.

Another parameter worth investigating is the temperature difference
between the ground and air when the controller determines the most
favorable external source. Some authors used this parameter to identify

6.5 ] ] —
E 5.0
g 4.5
g 4.0
8 3.5
& 3.0
2‘ 5 I
2.0
El E2 E3 E4
Configuration
B SCOPnet O SEERnet @ APFnet

Fig. 11. DSHP seasonal and annual performance indicators obtained in Case E
at the tenth year.
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Fig. 12. Cumulative frequency of the BHE fluid inlet temperature (a) and outdoor air temperature (b) when the DSHP operates in ground- and air-source modes,

respectively (10™ year of operation).

the optimal source for the DSHP operation [17,19,31,55]. Fig. 13 il-
lustrates, on a weekly basis, the temperature difference between the
selected external source and the other one during the tenth heating
season, when the DSHP transitions from ground-source mode to air-
source mode (ATy; in red) and vice versa (ATgg in blue). In partic-
ular, the graph shows the average, maximum and minimum value of the
temperature difference, as well as the switch frequency. For the sake of
clarity, positive/negative values of this parameter indicate that the
selected external source is hotter/colder than the other one.

From the comparison of Figs. 13a (configuration E1) and 13b
(configuration E4), it is evident that the switch frequency for the heating
operating mode in configuration E4 is significantly higher than that in
configuration E1. Indeed, with the shortest borefield configuration, the
ground temperature exhibits more rapid variations, leading to a more
frequent switch between the two external sources (1687 switches for

- ATair - ATgnd

20 T T

Switch frequency: @ 165 @ 85

configuration E4 compared to 559 for configuration E1). The average
values of AT and AT are equal to 7 °C and — 5.6 °C in configuration
E4, respectively, and 5.3 °C and — 4.3 °C in configuration E1, respec-
tively. Consequently, on average, the COP in air mode exceeds that in
ground mode only when the external air temperature is 5-7 K higher
than that of the geothermal fluid. Even higher ATg; values can occur
when the penalty coefficient (1-COPyrqp) applies (see Dec-Feb period in
Fig. 13b). These numerical results highlight that selecting the external
source based on a fixed temperature difference does not allow to opti-
mize the heat pump energy performance, since the optimal value de-
pends on the borefield size. In contrast, the PCOP logic, based on the
higher instantaneous COP, allows the selection of the optimal external
source, accounting for variable temperature differences throughout the
season.
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Fig. 13. Weekly average, maximum and minimum temperature difference between the two external sources when the controller determines the most favorable one
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4.6. Discussion

This Section presents a global comparison of the annual performance
across the different cases analyzed. Table 10 shows, with reference to
the tenth year of simulation, the performance parameters for all the
analyzed cases. In particular, the annual values of heat absorbed by the
heat pump from the two external sources (air or ground), the share of the
building energy demand covered in aerothermal and geothermal mode,
the heat pump electric energy consumption, and the SCOPp;, SEERpe;
and APF,, are presented as a function of heat pump typology (ASHP,
GCHP, DSHP), borefield size (1-4) and control strategy (C-E). For
clarity, heat exchanged with external sources is assumed negative in
cooling mode (i.e., during RCD and summer season) and positive in
heating mode. It is important to highlight that the results presented for
the ST logic (cases C1-C4) are obtained by selecting the optimal
switching temperature, which varies for each BHE field size (see Section
4.3).

The results in Table 10 clearly show that the ASHP achieves the worst
energy performance, with the highest electric energy consumption
(7318 kWh) and the lowest KPI values. Moreover, when ground is used
as the heat source, the shorter the borefield, the lower the average
geothermal fluid temperature and energy extracted from the ground,
resulting in higher electric consumption. For instance, the geothermal
and electric energy contributions in case B1 are 8565 kWh and 5488
kWh, respectively, whereas the corresponding values in case B4 are
7354 kWh (—14%) and 6709 kWh (4-22%), respectively. In cases D1-D4,
the BHE size does not affect the aerothermal energy share (below 30% of
the overall building energy demand), since it depends on the number of
hours operated in air-mode, which is determined by the SP logic and
does not change with the BHE size. Generally, the DSHP operation re-
duces geothermal energy usage compared to a traditional GCHP, from
5% (case E1) to 32% (Case C4). The SEER,; values are twice those of the
corresponding SCOP;,; values due to reduced cooling building demand,
making even the shortest BHE field configuration a favorable heat
source. The APF,, value always follows that of the SCOP,; due to the
significant unbalance in building loads.

A comparative analysis was conducted with the study presented in
Ref. [29], which investigates a building of analogous size located in a
similar climatic context and equipped with the same HP typologies. With
regard to the DSHP operation, the optimization procedure identified the
same optimal switching temperature (6 °C) under the ST control logic,
assuming a 50% reduction in borefield size. The resulting annual energy
shares between aerothermal and geothermal sources are 32% and 68%
in the present study, compared to 40% and 60% reported in [29].
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Furthermore, the overall APF achieved by the DSHP system is compa-
rable between the two studies, with a value of 3.17 obtained in this work
and 3.13 found in [29].

Fig. 14 focuses particularly on the APF,,; values obtained in the tenth
year of simulation in each studied case.

The APF,, of the conventional GCHP coupled with the design BHE
field (Case B1), equal to 3.60, is marked as the reference case. As shown
in Fig. 14, the dashed horizontal line indicates that the ASHP achieves
the lowest performance, yielding an APF,, of 2.67. Conversely, when
the heat pump exploits the ground as the external heat source, either as a
GCHP or a DSHP, the system performance increases significantly,
ranging from a minimum improvement of 10% (GCHP, Case B4) to a
maximum of 37% (DSHP, Case E1). More in detail, for a GCHP con-
nected to a BHE field with the nominal length, the value of APF, is 3.60
(see the reference case in Fig. 14). Interestingly, a slightly higher per-
formance can be achieved by the DSHP connected to the same design
borefield. Indeed, Cases C1 and E1 achieve the highest performance
indicators among all the studied cases, because the DSHP is coupled to
the design borefield (nominal length) and can efficiently exploit external
air when more convenient than ground through the ST or PCOP logics
(APF,; equal to 3.64 for Case C1 and to 3.65 for Case E1). With the ST
and PCOP logics, using a DSHP coupled to an undersized (and, thus,
more economical) borefield can even yield about the same annual per-
formance as that of the GCHP with the design borefield (Cases C2 and
E2: Lpom — 17%, APFe; — 1% than the reference case), or slightly lower
(Cases C3 and E3: L,om — 34%, APF,.; — 5% than the reference case).

For a given strongly undersized borefield, the DSHP APF,,, is always
higher or at least comparable to that of the GCHP, regardless of the
adopted control logic (compare Cases C-E4 to Case B4). Nevertheless, in
general, the logic for selecting an external source strongly influences
achievable performance: although a DSHP can outperform a GCHP in
most scenarios, this potential advantage can be diminished or even
eliminated under suboptimal DSHP regulation. For example, the SP
control logic (orange columns in Fig. 14) is advantageous only with very
short BHE fields (50% of L,,m) but becomes much less effective as the
borefield size increases. Conversely, with the ST and PCOP control
logics, DSHPs can achieve a more significant improvement than tradi-
tional ASHPs and GCHPs. For example, with a single BHE 75 m long
(50% undersizing), a DSHP adopting the ST or PCOP logics achieves up
to 8% better annual performance than a GCHP coupled to the same
borefield.

It might be expected that the PCOP logic, by consistently selecting
the external source yielding the highest efficiency, would consistently
outperform the ST logic. However, a closer analysis of the numerical

Table 10
Annual performance parameters in the tenth year of simulation for all the analyzed cases.
External source Configuration  Heat absorbed from air/ground [kWh Building energy Electric energy consumption [kWh SCOP,.:  SEER,,  APF,
y 1 demand y 1
covered by
air/ground [%]

Air (ASHP) A 6578/— 100/— 7318 2.50 4.50 2.67

Bl —/8565 —/100 5488 3.33 6.81 3.60

B2 —/8440 —/100 5614 3.25 6.77 3.52

Ground (GCHP) B3 /8036 ~/100 6025 3.02 6.61 3.28

B4 —/7354 —/100 6709 2.70 6.20 2.94

C1 2937/5693 19/81 5430 3.37 6.80 3.64

c2 2934/5581 20/80 5537 3.30 6.75 3.56

C3 4654/3611 31/69 5789 3.16 6.51 3.41

C4 4647/3190 32/68 6218 2.94 6.06 3.17

D1 3965/4236 27/73 5730 3.16 6.79 3.42

Air + Ground D2 3951/4193 27/73 5789 3.12 6.73 3.39

(DSHP) D3 3940/4004 27/73 6010 3.01 6.52 3.27

D4 3963/3640 28/72 6388 2.84 6.10 3.08

El 684/7968 5/95 5410 3.39 6.80 3.65

E2 888/7671 6/94 5505 3.32 6.76 3.59

E3 1495/6770 10/90 5791 3.15 6.58 3.41

E4 2218/5601 15/85 6240 2.92 6.14 3.16

14



C. Naldi et al.

Reference case

/

APFnet [-]

1 (2x75 m, Lnom)

2 (1x125 m, -17%)

Applied Thermal Engineering 297 (2026) 130827

3(1x100 m,-34%) 4 (1x75 m, -50%)

BHE field configuration

— — A(ASHP) [ B(GCHP)

[ C (DSHP, ST) [EE D (DSHP, SP)

[ E (DSHP, PCOP)

Fig. 14. Comparison of the APF,,, values in the tenth year across the analyzed cases.

results shows a critical operating condition for the DSHP. An extract of
the behavior of the DSHP coupled to a single 100 m long BHE and
employing the PCOP logic over four hours during the tenth heating
season is shown in Fig. 15.

In detail, Fig. 15 illustrates the DSHP activation profile (green curve)
and the values of the outdoor air and geothermal fluid temperatures at
the HP inlet (yellow and purple curves, respectively). Moreover, the
instances when the DSHP triggers the operation into air-source and
ground-source modes are indicated by yellow and purple circles,
respectively. After the first start-up, the DSHP initially operates in
geothermal mode for approximately 70 min, during which the BHE fluid
temperature decreases until the COP in ground mode becomes lower
than that in air mode, triggering a switch between the external sources.
After 10 min of operation in air-source mode, the soil partially restores
its thermal level, resulting again in the most efficient source and leading
to another switch between the operating modes. However, due to the
short recovery period exploited (only 10 min), the geothermal fluid
temperature drops rapidly during the new operation in ground-source
mode with such an undersized borefield. Since a minimum operating
time of 10 min was selected for each source, during this period, the
DSHP operates in geothermal mode with reduced efficiency. This
behavior results in annual performance achieved through the PCOP
logic just barely better than that obtained with the ST logic. As a
consequence, to mitigate this inefficient operation, a potential
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Fig. 15. Extract of the behavior of Case E3 during four hours of the tenth
heating season.
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improvement to the control logic would be to impose a minimum resting
period for the soil of more than 10 min when the DSHP switches to air-
source mode. During this recovery phase, the external air would serve as
the heat source, even under less efficient conditions. However, it is
noteworthy that the ambient air temperature remains more stable than
the geothermal fluid temperature for a few-hour period (because the
borefield is undersized), and, consequently, the COP in air mode is less
subject to large fluctuations, allowing steady operations.

In conclusion, the greater implementation complexity of the PCOP
logic does not appear to be justified when considering the energy per-
formance achieved by the system with respect to that obtained with the
ST logic (compare the APFy values of the blue and grey bars in Fig. 14).
However, a more detailed numerical model of the defrost process and
the implementation of a larger minimum resting period for the ground
could enhance the outcomes of the PCOP logic, making it a more
attractive option. In this regard, the optimization of the PCOP logic will
be analyzed in future research. On the other hand, the simplest SP
control logic, although less efficient, may still be considered in the
presence of a very short borefield (—50% nominal length), whilst it is not
suitable for systems with larger borefield sizes.

5. Conclusions

In this study, the energy performance of a Dual-Source Heat Pump
(DSHP), which can exploit aerothermal and geothermal energy alter-
nately, was compared with those of a conventional Air-Source Heat
Pump (ASHP) and a Ground-Coupled Heat Pump (GCHP) through long-
term numerical simulations in the Matlab-Simulink environment. A
building characterized by strongly unbalanced seasonal loads was
selected, and simulations were carried out by using the open-source
Simulink toolboxes ALMABuild and Carnot. Well-designed and signifi-
cantly undersized (by up to 50%) Borehole Heat Exchanger (BHE) fields
were coupled to the GCHP and DSHP to assess the influence of borefield
size on the system efficiency. Moreover, since the selection of the
optimal heat source is a crucial point for maximizing the performance of
a DSHP, three control strategies were analyzed: (i) exploitation of the
ambient air as external source when its temperature overcomes a
threshold value called Switching Temperature (ST logic); (ii) use of the
air/ground source during diurnal/nocturnal hours, respectively (SP
logic); (iii) selection of the source based on the highest instantaneous
COP (PCOP logic).

The main findings obtained are as follows:

e The ASHP exhibits the lowest performance (APF,; of 2.67), whereas
the GCHP and DSHP yield 10-37% performance improvement;
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e The source control logic and the borefield size play a significant role
in the DSHP annual performance. The SP logic is slightly advanta-
geous only with very undersized BHE fields, but becomes worse with
increased borefield sizes;

The higher the BHE field undersizing, the higher the advantage of
using a DSHP with ST or PCOP control logic (with 50% undersizing,
+8% in APF, for the DSHP than the GCHP);

The PCOP logic shows slightly better performance compared to the
ST one, so its greater complexity in terms of hardware (i.e., tem-
perature sensors) and software (i.e., computational requirements for
the heat pump controller) does not appear justified.

The use of a DSHP proves to be competitive:

To reduce the investment costs of the HVAC system by reducing the
BHE field size with respect to the nominal length;

To avoid the soil temperature drift with highly unbalanced building
loads and/or undersized borefields (e.g., if the building undergoes a
large volume expansion or change in the intended use, with conse-
quent significant increase in the required loads), by replacing the
heat generator only;

To exploit the geothermal source even in the presence of limited
drilling space.

The main limitations of the present work lie in the limited building
thermal energy demand, the absence of Domestic Hot Water (DHW)
production loads, and the need for further optimization of the PCOP
logic. However, this article clearly demonstrates the potential energy
savings achievable with DSHPs and the strong influence of the external
source selection logic, paving the way for further studies. In this regard,
future work is planned focusing on applications with higher energy
demands (including DHW), such as those in the industrial and tertiary
sectors, where the soil thermal deterioration can be even more signifi-
cant, and DSHP control logics accounting for a more detailed defrosting
model and a minimum ground resting period before a source switch
higher than 10 min.
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