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Abstract

The growing demand for energy-efficient heating, ventilation, and air conditioning (HVAC)
systems has increased interest in multi-source heat pumps as a sustainable solution. While
extensive research has been conducted on heat pump performance prediction, there is still
a lack of practical tools for early-stage system evaluation. This study addresses that gap by
developing regression-based models to estimate the performance of various heat pump
configurations, including air-source, ground-source, and dual-source systems. A simplified
performance estimation model was created, capable of delivering results with accuracy
levels comparable to TRNSYS simulation outputs, making it a valuable and accessible
tool for system evaluation. The analysis was conducted across nine climatic zones in Italy,
considering key environmental factors such as air temperature, ground temperature, and
solar irradiance. Among the tested configurations, hybrid systems like Solar-Assisted
Ground-Source Heat Pumps (SAGSHP) achieved the highest performance, with SCOP
values up to 4.68 in Palermo and SEER values up to 5.33 in Milan. Regression analysis
confirmed strong predictive accuracy (R2 = 0.80–0.95) and statistical significance (p < 0.05),
emphasizing the models’ reliability across different configurations and climatic conditions.
By offering easy-to-use regression formulas, this study enables engineers and policymakers
to estimate heat pump performance without relying on complex simulations.

Keywords: HVAC; heat pumps; regression analysis; SCOP; SEER; renewable energy

1. Introduction
The global energy crisis, driven by increasing demand, depleting fossil fuel reserves,

and climate change, necessitates a shift toward sustainable energy solutions [1]. Over the
past fifty years, energy consumption has exceeded the total usage of the previous two
centuries, leading to rising greenhouse gas emissions and severe environmental conse-
quences [2]. The global average temperature has increased by approximately 1.2 ◦C to
1.3 ◦C since the late 19th century, and CO2 concentrations in 2019 reached their highest lev-
els in the past two million years [3]. These challenges highlight the urgency of transitioning
to renewable energy sources to mitigate climate change and ensure energy security.

Among different sectors, the building sector accounts for approximately 30% of global
energy consumption, with heating, ventilation, and air conditioning (HVAC) systems
responsible for around 60% of this usage [4–6]. Decarbonizing this sector is crucial for
achieving climate goals, with the European Commission (EU) setting a target for over
85% of buildings to be zero-carbon-ready by 2050 [7]. In such a framework, heat pumps
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are a key technology in reducing heating and cooling energy consumption, offering high
efficiency and lower carbon emissions. However, their adoption remains limited, currently
meeting only 10% of global heating demand [8]. Increasing their deployment, partic-
ularly when integrated with renewable energy sources (RES), is essential to achieving
sustainability targets. Heat pumps can be combined with renewable energy sources in
order to achieve these goals and maximize their performance, as demonstrated in sev-
eral projects like the Photovoltaic–Thermal Solar-Assisted Heat Pump (PVT-SAHP) [9],
Dual-Source Photovoltaic–Thermal and Air (DUAL-PVT-AIR) [3,10], Ground-Source Heat
Pumps (GSHP) [11], and Photovoltaic–Thermal Solar-Assisted Ground-Source Heat Pumps
(PVT-SAGSHP) [12].

Several articles have analyzed single-source heat pumps and multi-source heat pumps.
Xiong et al. [13] used CFD to show that a vapor-bypassed design can enhance COP, while
Hu et al. [14] demonstrated, through experiments and simulations, that a variable circuitry
design improves performance and reduces pressure drops. Dai et al. [15] experimen-
tally studied a solar-assisted ground-source heat pump system. They found the best
performance—highest COP, solar contribution, and soil recovery—when the solar tank
and ground exchangers were connected in series. Pelella et al. [16] demonstrated that
multi-source heat pumps, combining solar, ground, and air energy, can significantly im-
prove seasonal efficiency depending on the climate—solar sources being more effective
in warm regions and ground sources in cold. Emmi et al. [17] evaluated that a real-world
multi-source heat pump system combining ground, air, and solar sources can significantly
reduce cooling energy use and improve efficiency, though air-source operation increases
energy costs and requires careful design.

To further enhance system optimization and facilitate more efficient design, predictive
modelling techniques can be utilized to estimate performance outcomes based on system
parameters and environmental factors.

In general, there are three main approaches for predicting heat pump performance,
identified as follows: (1) detailed engineering simulations like TRNSYS and EnergyPlus,
as well as grey-box models based on physical equations calibrated with manufacturer
data and implemented in platforms like MATLAB and EER, (2) AI-based methods such as
artificial neural networks (ANN), and (3) statistical techniques using historical data [18–20].
According to the literature review, for some of the abovementioned configurations, like
GSHP, the performance using various prediction models has been measured. Park [18] and
Xu [21] applied regression and ANN techniques to predict heating performance and heat
transfer rates, with ANN demonstrating higher accuracy. Xu found that increasing soil
thermal conductivity, well depth, water flow rate, and temperature difference improved
heat transfer, while well diameter and U-tube thickness had an inverse effect. Simon [22]
developed multiple regression models to predict GSHP performance with low errors, while
Song [23] introduced a data-driven approach to estimate heat pump electricity consumption,
achieving 99% accuracy for GSHPs and 83% for ASHPs using minimal parameters.

Despite the wide availability of advanced methods for modeling heat pump behavior,
most existing approaches focus exclusively on the heat pump unit itself, often overlooking
the overall performance of the integrated system—including the interaction between the
heat pump, heat sources (air, ground, solar), and thermal storage. Moreover, these models
are often computationally intensive and require expert knowledge, which limits their
practicality for early-stage design or feasibility studies.

This study introduces a simplified, user-friendly tool based on regression models using
only three key environmental parameters: ambient air temperature, ground temperature,
and solar irradiation. The first novelty lies in its ability to estimate the overall performance
of the entire system, not just the heat pump, making it suitable for assessing system-level
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efficiency across various hybrid configurations. The second novelty is the minimal input
requirement, which allows for rapid performance evaluation without the need for complex
simulation or detailed design data. This makes the tool especially valuable for preliminary
system sizing, comparison, and decision-making in both research and engineering practice.

2. Methodology
One of the main advantages of numerical studies is the ability to model different

configurations in various climates and locations without incurring significant costs. More-
over, with advancements in computational power, numerical simulations can be executed
rapidly, by virtually anyone, without requiring a specific field of expertise.

As a result, this study is conducted through numerical simulations to evaluate the
performance of different heat pump configurations across various climatic conditions. The
methodology of this work is presented visually in Figure 1.

 

Figure 1. Methodology workflow for system analysis.

For this study, the analysis was conducted using TRNSYS-18 to simulate the perfor-
mance of the heat pump systems. It has been chosen since it is one of the most widely used
in studies to optimize systems and model various energy technologies, including wind,
solar, and heat pumps, across different climatic conditions [4,24–28].

The performance of different heat pump configurations across nine different cities
along Italy (Milan, Rome, Palermo, Naples, Potenza, Campobasso, Bolzano, Venice, and
Toblach) is evaluated. The weather data for these cities are given in Table 1. Finally, data
are collected from the TRNSYS analysis and are utilized for regression analysis to develop
a model to predict the SCOP/SEER.

Table 1. Weather data for all cities.

City Average Temperature (C◦) Soil Temperature (◦C) HDD CDD

Milan 11.4 14 2783 410
Rome 15.5 17 2073 435

Palermo 18.5 20 1207 673
Potenza 11.3 13 3165 164

Campobasso 12 15 3034 241
Naples 16 18 1808 521
Bolzano 12 14 4274 93
Venice 12 14 2354 368

Toblach 7.3 10 5879 12
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2.1. System Configurations and Components

Various heat pump configurations can be designed by integrating different energy
sources to enhance efficiency and adaptability. This study examines multiple configurations,
including Air-Source Heat Pumps (ASHP), Photovoltaic–Thermal Solar-Assisted Heat
Pump (PVT-SAHP), Ground-Source Heat Pumps (GSHP), Photovoltaic–Thermal Solar-
Assisted Heat Pump, Solar-Assisted Ground-Source Heat Pumps (PVT-SAGSHP), and
Dual-Source Photovoltaic–Thermal and Air (DUAL-PVT-AIR), each leveraging different
renewable energy sources to optimize performance across diverse climatic conditions, as
shown in Figure 2.

 

Figure 2. Simulation Configurations.

The analysis is done for two different modes: space heating with DHW and space
cooling with DHW. The configurations have similar load sides but different source sides.
The simulation details are given in Table 2.
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Table 2. Parametric simulation data.

Unit Value

Building

Geometry

Rooms - 5

Volume m3 998.76

Area m2 237

Roof slope ◦ 30

Envelope Average U-value W/m2/k 0.298

Thermophysical
Infiltration rate 1/h 0.1, 0.3, 0.5

Internal gain W/m2 4

Control
Heating set point ◦C 20

Cooling set point ◦C 24

Components

Heat Pump

Flow rate kg/m3 1000

Capacity kJ/h 3000

Scale factor - 1 to 2.3

Fan Coil
Outlet temperature for space heating ◦C 30

Outlet temperature for space cooling ◦C 18

PVT

Azimuth ◦ 180

Length m 2

Width m 30

Flow rate kg/m2 500

Number of tubes - 30

Boreholes

Number of boreholes - 3

Length m 60

Storage heat capacity kJ/m3/K 2400

Soil temperature ◦C Table 1

Connection of the U pipes - Parallel

The case study is derived from a real building, which has been analyzed under
residential operating conditions. The building used in this study is a 237.8 m2 with
5 homogeneous thermal zones and a basement of the same area under the ground floor.
The DHW load profile for this study is based on the ASHRAE 90.2 standard, which
provides detailed guidelines for the energy usage of domestic hot water systems using
200 L/day [29].

2.1.1. Load Side

In all the abovementioned configurations, the heated or cooled water from the heat
pump flows into a flow diverter, which directs the water either to the DHW tank or to the
fan coil, with priority given to the DHW. When DHW is not required and space heating or
cooling is needed, the water is sent to the fan coil unit. Another air flow diverter distributes
conditioned air to different building zones. A thermostat (Type 155) regulates the room
temperature with setpoints of 24 ◦C for cooling and 20 ◦C for heating, with a 2 ◦C dead
band. After the heat exchange, the water enters the load-side storage tank before returning
to the heat pump. A thermostat controls the circulation pump, activating or deactivating
the heat pump as needed.
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2.1.2. Source Side

As mentioned, there are five different configurations: ASHP, PVT-SAHP, DUAL-PVT-
AIR, GSHP, and PVT-SAGSHP. In space cooling mode, the PVT-SAHP configuration cannot
be used because lower source temperatures are preferred, while the PVT panels increase
the source temperature. DUAL-PVT-AIR and PVT-SAGSHP face the same issue; however,
in these configurations, solar energy is utilized exclusively for DHW production, while the
heat pump operates independently for space cooling.

The five system configurations analyzed differ primarily in the thermal source used to
drive the heat pump. These sources affect system efficiency due to variations in tempera-
ture stability and availability. While TRNSYS components are used for implementation,
the physical principles behind heat exchange, thermal inertia, and solar/ground energy
harvesting form the core of system behavior.

• ASHP

In the air-source heat pump, thermal energy is extracted from ambient air using a
refrigerant cycle. However, to ensure a uniform comparison across all configurations in
this study, a water-to-water heat pump is modeled. Ambient air is thermally coupled
to the system via an external counter-flow heat exchanger (Type 5b), simulating air as a
secondary source. This exchanger transfers heat to the working fluid based on effectiveness
correlations, using inlet temperatures, flow rates, and a constant UA value of 700 W/K.
The airflow rate of 5000 kg/h represents a typical medium-sized air handling system. The
performance of this system is influenced by ambient temperature fluctuations, especially
during peak summer and winter loads.

• PVT-SAHP

This configuration integrates PVT collectors to harvest both electricity and thermal
energy from solar radiation. Physically, the system enhances heat pump efficiency by
preheating the working fluid before it enters the evaporator. The collectors increase the
source temperature during the daytime, which can reduce compressor work. A stratified
storage tank (Type 155) acts as a thermal buffer. Fluid from the cold layer of the tank is
circulated through the PVT field, controlled by a differential thermostat: circulation is
triggered when the PVT outlet temperature exceeds the tank temperature by 4 ◦C. This
setup is particularly suited for DHW production but is limited in cooling due to high
summer source temperatures. The PVT follows the roof slope and is installed on the south
side to maximize solar exposure in Italy.

• DUAL-PVT-AIR

This hybrid system switches between air and solar sources—or uses them in
parallel—to optimize performance. The physical logic is to use solar energy when available
and efficient but to revert to air when solar gains are insufficient. The PVT loop acts as
a preheating stage, while a Type 5b exchanger represents the air source. Control logic
ensures fluid flows through the most efficient path: if solar heat is sufficient, it preheats
the fluid before it enters the evaporator; otherwise, the fluid bypasses the PVT and uses air
as the source. This configuration balances the variability of solar availability and ambient
conditions, making it versatile in mixed climates.

• GSHP

GSHPs extract low-temperature heat from the ground, benefiting from thermal inertia
and stable subsurface temperatures. The physical process involves heat conduction and
storage in soil layers. A vertical borehole heat exchanger (Type 557) models the ground loop,
where heat is exchanged between the brine fluid and the ground. Performance depends
on thermal conductivity, borehole depth, ground temperature profile, and flow rate. The
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ground offers high seasonal reliability, making this system efficient for both heating and
cooling, although it requires higher upfront investment and site-specific geological data.

• PVT-SAGSHP

This system enhances GSHP performance by injecting solar heat into the ground
loop, effectively “charging” the ground during the day. Physically, this helps to avoid
ground thermal depletion over time and increases seasonal performance. The configuration
combines the ground loop (Type 557) and the PVT field in series. A control algorithm
determines the flow direction: if the PVT outlet is warmer than the borehole inlet, fluid first
passes through the PVT field before entering the heat pump; otherwise, it flows directly
from the borehole. This setup leverages both solar availability and the ground’s stable
temperature to smoothen seasonal performance variation and improve overall system COP.

To improve the regression analysis and enhance the prediction model, three different
infiltration rates were considered to assess how the model performs under varying energy
consumption levels. This approach ensures the model’s capability to predict SCOP and
SEER across different consumption scenarios. The selected infiltration rates—0.1, 0.3, and
0.5—capture the spectrum from highly airtight buildings to those with typical permeability
levels, thereby enhancing the robustness of the regression analysis and the predictive
capability of the model under diverse energy consumption conditions.

3. Model Development
A regression analysis was conducted to predict the system’s performance across

different configurations by considering different climates and consumptions. This method
identifies relationships between key variables such as energy consumption, efficiency, and
environmental factors. The results provide insights into how operational parameters and
climate conditions influence system effectiveness, helping to highlight trends and areas
for optimization.

To develop the regression model, data were collected from simulations carried out in
TRNSYS for nine cities across Italy, representing various climate zones. For each city, five
different heat pump configurations were analyzed: GSHP, SAHP, PVT-SAGSHP, ASHP, and
Dual-PVT-AIR. The key variables considered in the regression analysis included the following:

• Air temperature (◦C): Average monthly temperature during the heating season.
• Ground temperature (◦C): Average monthly ground temperature for each location

(used for GSHP and PVT-SAGSHP).
• Solar horizontal irradiation (kWh/m2month): Total horizontal solar energy received

monthly (used for PVT-SAHP, DUAL-PVT-AIR, and PVT-SAGSHP).

The regression model aimed to predict COP or EER for each configuration based on
these input parameters. The equations for each configuration were as follows:

COP/EER = β0 + β1 × Tair + β2 × Tsoil + β3 × Irradiation (1)

where Tair is ambient air temperature, Tsoil is the soil temperature, irradiation is the solar
horizontal monthly irradiation, and β0, β1, β2, and β3 are the regression coefficients. This
is the general form of the equations, and in some cases, only one or two of the parameters
are required. For instance, in ASHP, the only parameter that is used is Tair.

Monthly COP/EER values were predicted based on climate data, and these results
were then used to calculate the Seasonal Coefficient of Performance (SCOP) for each con-
figuration. SCOP and SEER were determined using the following weighted average formula:

SCOP =
Σ
(
COPmonth × Qheat,month

)
ΣQheat,month

(2)
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SEER =
Σ
(
EERmonth × Qcool,month

)
ΣQcool,month

(3)

where Qheat,month represents the heating demand for each month of the heating season and
Qcool,month represents the cooling demand for each month of the cooling season. For winter,
the months are January, February, March, April, May, October, November, and December.
For warmer climates, May and October are excluded for the heating mode. For the cooling
mode in summer, June, July, August, and September are used.

The goodness of fit for each regression model was assessed using the R2 value, which
indicates the proportion of variance in the dependent variable (COP) explained by the
independent variables (air temperature, ground temperature, and horizontal irradiance).
Higher R2 values suggest a better fit and a more accurate model, while lower values
indicate that the model explains less of the variation in the data. Additionally, the p-value
for each regression coefficient was determined. The p-value tests the null hypothesis that
the coefficient is equal to zero (no effect). If the p-value is less than 0.05, the corresponding
independent variable is considered statistically significant. This means there is a strong
likelihood that the variable has a meaningful influence on the COP

4. Results and Discussion
4.1. Simulation Results and Data Collection

The simulation results for all cities are presented in Figure 3 and Table 3. These data not
only are used for regression analysis but also provide a valuable comparative assessment
of the different configurations across various climates.

Figure 3. Simulation results for all cities.
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Table 3. Simulation results for space heating and cooling modes.

City Space Heating (SCOP) Space Cooling (SEER)

ASHP PVT-SAHP DUAL GSHP PVT-SAGSHP ASHP DUAL GSHP PVT-SAGSHP

Milan 3.35 3.5 3.79 3.74 4.06 3.9 4.18 4.8 5.33
Rome 3.56 4.15 4.3 3.92 4.47 3.85 3.92 4.52 4.58

Palermo 3.72 4.50 4.59 4.05 4.68 3.74 3.72 4.16 4.02
Potenza 3.40 3.80 4.00 3.73 4.18 4.08 4.20 4.78 5.29

Campobasso 3.45 3.91 4.10 3.82 4.30 3.89 3.85 4.65 4.80
Naples 3.57 4.08 4.25 3.95 4.42 3.84 3.87 4.44 4.46
Bolzano 3.35 3.55 3.83 3.75 4.10 3.95 4.10 4.82 5.25
Venice 3.42 3.62 3.89 3.76 4.11 3.96 4.11 4.77 5.18

Toblach 3.19 3.42 3.69 3.57 3.97 4.04 4.70 5.20 6.18

In space heating mode, the results show that PVT-SAGSHP consistently achieves the
highest SCOP, reaching 4.06 in Milan, 4.47 in Rome, and 4.68 in Palermo, while ASHP has
the lowest in all cities, around 3.35 in Milan and 3.56 in Rome. Warmer climates improve
solar-assisted systems’ efficiency due to higher irradiation, while GSHP performs better
in colder regions, benefiting from stable ground temperatures. For instance, the SCOP of
DUAL-PVT-AIR in Palermo is 4.59, but for GSHP it is 4.05. However, for Toblach, which
has a cold climate, they have the same performance: the SCOP for DUAL-PVT-AIR and
GSHP are 3.69 and 3.57, respectively.

In space cooling mode, the SEER is higher for PVT-SAGSHP and GSHP in all climates
compared to air-source configurations. PVT-SAGSHP configuration has a higher variation
in SEER across different cities: 5.33 in Milan, 5.18 in Venice, and 4.58 in Rome. However,
in ASHP configuration, the SEERs are close to each other; for instance, the SEER of Milan
is 3.90, and Rome is 3.85. Finally, the ground-source configuration showed a much better
result compared to ASHP and DUAL-PVT-AIR due to constant soil temperature.

4.2. Regression-Based Performance Analysis

This section presents the regression-based performance analysis of various heat pump
configurations. The analysis focuses on key influencing factors such as air temperature,
ground temperature, and horizontal solar irradiation to understand how these variables
affect system efficiency. The results are examined for two distinct operating modes: space
heating and space cooling. Each mode is analyzed individually to provide insights into the
predictive capabilities and accuracy of the regression models. There are 208 data points that
are adopted for regression in space heating mode, and 84 data are adopted for space cooling.

The correlations between ambient temperature and COPs are shown in Figure 4 for
space heating mode, and the correlation between soil temperature/irradiation and COP
is presented in Figure 5. By increasing the ambient temperature, soil temperature, and
irradiation, the COP for all configurations increases, and for space cooling, as ambient
temperature or soil temperature increases, the EER decreases, as presented in Figure 6.
Since in space cooling mode the solar radiation is used only for DHW production, its
correlation with EER is not presented.

The regression equations presented below form the foundation of the simplified per-
formance model, expressing the relationship between system efficiency (COP and EER) and
key environmental parameters such as air temperature, solar irradiance, and soil tempera-
ture. Each configuration reflects different levels of sensitivity to these variables, depending
on the energy sources involved. While the equations are mathematically straightforward
for expert readers, their statistical robustness and practical implications are further clari-
fied through detailed analysis in Sections 4.2.1 and 4.2.2. Moreover, Table 4 provides an
overview of the regression results, including R2 values and p-values for each variable,
confirming the reliability and statistical significance of the models.
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Figure 4. Correlation between ambient temperature and COPs in space heating mode.
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Figure 5. Correlation between irradiation, soil temperature, and COPs in space heating mode.
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Figure 6. Correlation between EER and different parameters in space cooling mode.

Table 4. Regression analysis results for both modes.

Space Heating Space Cooling

Configurations R2 p-Value
Intercept

p-Value
Air Temperature

p-Value
Irradiation

p-Value Soil
Temperature R2 p-Value

Intercept
p-Value

Air Temperature
p-Value

Soil Temperature

ASHP 0.93 1× 10−288 1.9 × 10−122 - - 0.83 4.55 × 10−71 1.75 × 10−33 -

PVT-SAHP 0.88 6.5 × 10−154 3.26 × 10−52 2.23 × 10−15 - - - - -

DUAL-PVT-AIR 0.87 9.1× 10−174 1.65 × 10−49 1.56 × 10−14 - 0.84 1.72× 10−63 7.17 × 10−35 -

GSHP 0.80 4.3 × 10−201 3.45 × 10−43 - 6.92 × 10−24 0.79 3.4 × 10−55 0.027 1.56 × 10−23

PVT-SAGSHP 0.84 6.9 × 10−123 2.36 × 10−38 1.83 × 10−5 0.002 0.93 3.18× 10−63 3.92× 10−16 3.29× 10−25
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• ASHP

COP = 3.13 + 0.045 × Air Temperature (4)

EER = 5.8 − 0.08 × Air Temperature (5)

• PVT-SAHP

COP = 2.94 + 0.095 × Air Temperature + 1.21 × 10−6 × Irradiation (6)

• DUAL-PVT-AIR

COP = 3.28 + 0.08 × Air Temperature + 1.04 × 10−6 × Irradiation (7)

EER= 6.96 − 0.13 × Air Temperature (8)

• GSHP

COP = 3.34 + 0.022 × Air Temperature + 0.024 × Soil Temperature (9)

EER = 5.65 + 0.019 × Air Temperature − 0.08 × Soil Temperature (10)

• PVT-SAGSHP

COP = 3.84 + 0.07 × Air Temperature + 5.46 × 10−7 × Irradiation − 0.016 × Soil Temperature (11)

EER = 9.54 − 0.11 × Air Temperature − 0.12 × Soil Temperature (12)

4.2.1. Space Heating Mode

The performance of heat pump configurations in space heating is primarily influenced
by environmental factors such as air temperature, soil temperature, and solar irradiance.
ASHP relies solely on air temperature, showing a strong correlation between rising temper-
atures and increased SCOP. PVT-SAHP and Dual-PVT-AIR systems benefit from both air
temperature and solar irradiance, demonstrating a notable improvement in efficiency under
higher solar availability. GSHP depends on soil and air temperature, with soil temperature
having a more significant impact, while PVT-SAGSHP integrates air, soil, and solar heat
sources, offering the most adaptable and efficient performance across different climates.
The regression models for all configurations confirm the strong statistical significance of
these variables, with higher R2 values ranging from 0.86 to 0.95, indicating well-fitted
models for performance prediction. In all configurations, the p-value is much lower than
0.05 emphasizing that all parameters are significant in the regression equations.

4.2.2. Space Cooling Mode

In space cooling mode, there are four configurations: ASHP, DUAL-PVT-AIR, GSHP,
and PVT-SAGSHP, excluding PVT-SAHP since there is no need for solar irradiation in this
mode, as mentioned in the methodology section. The efficiency of heat pump systems
is influenced by air temperature and ground temperature. ASHP and DUAL-PVT-AIR
exhibit an inverse relationship between air temperature and performance as higher ambient
temperatures reduce efficiency, as presented in Figure 6. GSHP and PVT-SAGSHP benefit
from stable underground temperatures, maintaining a more consistent performance across
varying climates. The regression models indicate that cooling performance is more sensitive
to extreme environmental conditions compared to heating, with some configurations
showing a slight reduction in model accuracy (lower R2 values) due to more complex
interactions between variables. Like space heating mode, the p-values are below 0.05,
making the effect of variables significant in the analysis.
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4.3. Study Limitations and Future Studies

This study provides valuable insights into heat pump performance across different
climates but has some limitations. TRNSYS simulations, while accurate, rely on predefined
assumptions and simplified models that do not fully capture real-world dynamics, such as
part-load variations and transient effects.

The study focused on residential buildings with three infiltration rates, but results
may differ for other types of residential buildings, commercial buildings, hospitals, or
school buildings with varying heating and cooling demands. The regression models
used only air temperature, ground temperature, and solar irradiation, but additional
factors like humidity, wind speed, and building thermal mass could improve accuracy.
For instance, humidity can affect heat exchanger performance and frost formation on
external coils, while wind speed impacts convective heat transfer and can cause rapid
temperature fluctuations. Part-load behavior, reflecting the system’s response to varying
heating/cooling demand, influences overall efficiency but is challenging to model with
steady-state regression. Expanding the data set to include extreme weather conditions
would further refine predictions.

Another limitation is the assumption of water as the working fluid, while real-world
systems often use water-glycol mixtures to prevent freezing, which affects heat transfer
efficiency. Additionally, while regression-based models offer a quick estimation method,
they require experimental validation to confirm real-world performance.

To strengthen the practical relevance of this study, future work will focus on experi-
mental validation of regression models using data from operational heat pump systems.
Such validation would enable the assessment of model accuracy under real-world con-
ditions. Furthermore, collaboration with industry partners for monitored field trials is
planned to refine and adapt the models for practical engineering applications.

Despite these constraints, the study lays a strong foundation for optimizing heat
pump systems across different climates. Future research should focus on experimental
validation, diverse building types, alternative working fluids, and improved dual-source
heat pump modeling.

5. Conclusions
This study investigated the performance of various heat pump configurations using a

regression-based approach to provide practical performance estimation tools. Five different
heat pump systems—ASHP, PVT-SAHP, Dual-PVT-AIR, GSHP, and PVT-SAGSHP—were
analyzed under two operational modes (space heating and space cooling), both with DHW
across nine climatic zones in Italy. TRNSYS simulations were used to generate performance
data, which were then employed to develop regression models correlating heat pump
efficiency with key environmental parameters such as air temperature, ground temperature,
and solar irradiation.

In space heating mode, the results highlight that hybrid systems like DUAL-PVT-
AIR, particularly PVT-SAGSHP, consistently achieve the highest efficiency, with SCOP
values reaching up to 4.68 in warm climates like Palermo and 4.06 in Milan (mild climate),
benefiting from both stable geothermal energy and solar radiation. The lowest SCOP is
for ASHP configuration since the air temperature varies a great deal during the day and
seasonally reaches very high temperatures. In space cooling mode, similar to heating, PVT-
SAGSHP performed best, followed closely by GSHP, benefiting from their stable energy
sources, with SEER values of 5.33 and 4.8, respectively, in Milan.

The results showed a strong correlation between the selected parameters and both
SCOP and SEER values, indicating that system performance is closely linked to environmen-
tal and operational conditions. The regression models demonstrated high accuracy, with
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R2 values ranging from 0.86 to 0.95, confirming their reliability in predicting performance
across different configurations and climates. In all cases, the p-values of the regression
coefficients were below 0.05, meaning the predictors were statistically significant.

These models provide a practical and efficient tool for engineers, designers, and poli-
cymakers, enabling preliminary performance assessments without the need for complex
simulations. While this study offers valuable insights, certain limitations should be ac-
knowledged. The regression models are based on numerical simulations and may require
further validation with experimental data. Additionally, factors such as humidity, wind
speed, and part-load variations were not included in the analysis but could further re-
fine performance predictions. Future research should focus on incorporating additional
influencing variables, validating the models with real-world data, and exploring broader
applications across different building types and climate zones.

By addressing the need for accessible predictive models, this study contributes to
optimizing heat pump system selection and design, supporting the transition toward more
energy-efficient and sustainable building solutions.
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Abbreviations
The following abbreviations are used in this manuscript:

TRNSYS Transient System Simulation Tool
HVAC Heating, Ventilation, and Air Conditioning
COP Coefficient of Performance
SCOP Seasonal Coefficient of Performance
EER Energy Efficiency Ratio
SEER Seasonal Energy Efficiency Ratio
PVT Photovoltaic–Thermal Collector
ASHP Air-Source Heat Pump
PVT-SAHP Photovoltaic–Thermal Collector Solar-Assisted Heat Pump
DUAL-PVT-AIR Dual Photovoltaic–Thermal Collector and Air-Source Heat Pump
GSHP Ground-Source Heat Pump
PVT-SAGSHP Photovoltaic–Thermal Collector Solar-Assisted Ground-Source Heat Pump
DHW Domestic Hot Water
HDD Heating Degree Days
CDD Cooling Degree Days
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