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A B S T R A C T

The building sector accounts for 40% of final energy consumption and 36% of energy-related greenhouse gas 
emissions in Europe, positioning it as a critical target for decarbonisation under the European Green Deal. Road 
Thermal Collectors (RTCs), a type of heat-harvesting system, utilize urban surfaces like roads to capture solar 
energy for thermal applications. When combined with Borehole Thermal Energy Storage (BTES) and water-to- 
water heat pumps, RTCs provide a multifunctional, low-carbon heating solution while also mitigating urban 
heat island effects. This study investigates an RTC-BTES hybrid heating system in a school building in southern 
Italy, where t––he Mediterranean climate poses unique challenges and opportunities for seasonal thermal energy 
storage. The system’s performance is assessed through dynamic simulations using TRNSYS software, with RTC 
models validated against experimental data from the University of Palermo. A typical school with an annual 
heating demand of 166 MWh was analysed, comparing the performance of the proposed integrated heating 
system with one using conventional gas boilers. The results demonstrate that the integrated system significantly 
reduces primary energy consumption and CO2 emissions, offering a scalable and sustainable alternative to fossil 
fuel-based heating, advancing low-carbon solutions for non-residential buildings.

Introduction

The building sector is a major driver of global energy consumption 
and carbon emissions, accounting for 30 % of global energy use and 37 
% of energy-related CO2 emissions in 2023, equivalent to approximately 
9.5 gigatonnes of CO2 per year [1,2]. These figures highlight the sector’s 
dual role as a significant contributor to climate change and a key target 
for decarbonisation efforts. Transitioning the building sector to sus
tainable energy systems remains a significant challenge, requiring the 
adoption of integrated renewable energy systems, advanced thermal 
storage technologies, and innovative solutions to close the gap between 
energy supply and demand [3]. To address the environmental impact of 
buildings, a comprehensive strategy is essential, combining energy ef
ficiency improvements, materials innovation and the adoption of low- 
carbon technologies [4,5]. While progress has been made in electrifi
cation and the use of renewable energy in buildings, fossil fuels continue 
to dominate in many regions, slowing the energy transition [2]. 
Achieving global climate targets requires an accelerated decarbon
ization of both building operations and the construction supply chain to 

reduce the sector’s long-term environmental impact.
This shift is being driven by efforts to decarbonize electricity, expand 

district heating and cooling systems, and integrate renewable energy 
sources such as solar thermal and geothermal energy [6], further 
emphasising the central role of the building sector in promoting sus
tainable energy systems [7]. In Europe, where buildings account for 40 
% of final energy consumption and 36 % of energy-related greenhouse 
gas emissions, the European Green Deal sets ambitious goals to improve 
energy efficiency and sustainability in the building sector. With a target 
to reduce greenhouse gas emissions by 55 % by 2030 and achieve 
climate neutrality by 2050, this initiative places a strong emphasis on 
integrating renewable energy and accelerating building retrofitting 
across the EU [8].

Beyond decarbonization, the challenges of global warming and ur
banization further complicate the building sector’s transformation. The 
Urban Heat Island (UHI) effect, characterized by elevated temperatures 
in dense urban areas compared to their rural surroundings, exacerbates 
energy demands for cooling and heating, worsens air quality, and re
duces thermal comfort [9,10]. Pavements and road surfaces play a sig
nificant role in this phenomenon, absorbing and storing solar radiation, 
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which is then released as heat and amplifies local temperature rises [11]. 
Addressing the UHI effect calls for sustainable urban design strategies, 
including the implementation of cool pavements—innovative surfaces 
designed to reduce temperatures and improve thermal comfort. These 
solutions can be categorized as reflective, evaporative, or heat- 
harvesting systems [12]. Among heat-harvesting systems, Road Ther
mal Collectors (RTCs) stand out for their dual functionality: they reduce 
surface temperatures by capturing the solar energy absorbed by the 
asphalt and reuse this energy for practical thermal applications through 
collectors embedded beneath the pavement [13,14]. Additionally, RTCs 
can be employed to heat road surfaces in colder climates, preventing 
freezing and improving safety during winter months [15]. This dual 
benefit supports decarbonization efforts by integrating renewable en
ergy sources for space heating and hot water production, while simul
taneously addressing urban climate challenges.

In the buildings, gas boilers and furnaces currently dominate the 
technology options for space heating and hot water production [16]. 
Conversely, heat pumps are becoming the leading technology as a 

cleaner alternative to meet sustainability goals [17]. These pumps, 
especially effective when powered by renewable electricity, transfer 
heat and surpass the efficiency of traditional systems. Types of heat 
pumps for buildings include air-to-water, air-to-air, and ground source, 
all of which can be complemented by solar thermal systems [18]. In the 
latter case, it is crucial to integrate the solar thermal system, designed 
for heat production, with seasonal thermal energy storage. This com
bination significantly improves the annual efficiency of a heating system 
that utilizes renewable energy, addressing the issue of mismatched 
timing between heat production and demand periods [19].

Within the realm of Seasonal Thermal Energy Storage systems 
(STESs), Borehole Thermal Energy Storage (BTES) systems are emerging 
as a viable economic option. These systems utilize soil for the sensible 
storage of heat and are increasingly seen as a potential alternative to 
large cogeneration plants, aiming to lower greenhouse gas emissions in 
district heating systems [20]. BTES systems can efficiently store heat 
from various sources, including different types of solar collectors, in
dustrial waste heat, or the output of combined power and heat (CHP) 

Nomenclature

Symbols
Ceq equivalent CO2 emissions avoided in one year [kgCO2-eq/ 

y]
Cc COP degradation factor of the heat pump [-]
cp,f specific heat of fluid [J/(kg•K)]
Cp,s heat capacity of the soil [J/K]
COPFL COP of the heat pump under full load conditions [-]
COPPL COP of the heat pump under partial load conditions [-]
Eboiler annual thermal energy output of the gas boiler [MWh/y]
Ee,plant annual electricity consumption of the plant [MWh/y]
Eev,HP annual thermal energy delivered to the heat pump 

evaporator [MWh/y]
Eload school’s thermal energy requirements for space heating 

[MWh/y]
Ei,BTES cumulative energy input to the BTES [MWh]
Eo,BTES cumulative energy output from the BTES [MWh]
Esun solar energy collected by the RTC opening surface [MWh/ 

y]
Eth,RTC thermal energy produced by the RTC [MWh/y]
Eth,HP thermal energy supplied to the school by the heat pump 

system [MWh/y]
fHP fraction of the school’s heat demand met by the heat pump 

[-]
fsav fractional energy savings [%]
Hb length of boreholes
Ih global irradiation on the horizontal surface [kWh/m2]
ṁf ,HP mass flow rate of the fluid [kg/s]
nb,h number of boreholes connected in parallel
nb,s number of boreholes connected in series
nb,t total number of boreholes
Q̇actual actual operational thermal load of the heat pump [kW]
Q̇ev thermal input power of the heat pump evaporator [kW]
Q̇max

H maximum heat capacity of the heat pump [kW]
rb radius of the borehole [m]
Rp thermal resistance of the borehole [K/W]
rp,i inner radius of the pipes [m]
rp,o outer radius of the pipes [m]
sb spacing between the concentric rings along which 

boreholes are distributed [m]
Tave,BTES average temperature of the storage volume
Tev,i temperature of the fluid entering the evaporator [◦C]

Tev,o temperature of the fluid exiting the evaporator [◦C]
Ti,BTES temperature of the heat transfer fluid entering the BTES 

[◦C]
To,BTES temperature of the heat transfer fluid exiting the BTES [◦C]
Ts,0 undisturbed soil temperature [◦C]
VBTES volume of geothermal storage [m3]
xc half shank spacing between the U-legs [m]

Greek letters
εe primary energy conversion factors for the electricity 

[kWhp/kWhe]
εfuel primary energy conversion factors for the natural gas 

[kWhp/kWhe]
ηboiler efficiency of the gas boiler [%]
ηRTC efficiency of the RTC [%]
ηstorage efficiency of the storage system [%]
λg thermal conductivities of the grout [W/(m•K)]
λp thermal conductivity of the pipe [W/(m•K)]
λs thermal conductivities of the soil [W/(m•K)]
μ e,fuel

mix

emission factor for grid-supplied electricity [kgCO2-eq/ 
kWhe]

μ natural
gas

emission factor for thermal energy from natural gas 
[kgCO2-eq/kWhth]

Acronyms
BTES Borehole Thermal Energy Storage
CHP Combined Heat and Power
CO2 Carbon Dioxide
COP Coefficient of Performance
DST Duct Ground Heat Storage Model
FEM Finite Element Method
HDD Heating Degree Days
HP Heat Pump
HTF Heat Transfer Fluid
PER Primary Energy Ratio
PLF Partial Load Factor
PLR Partial Load Ratio
RER Renewable Energy Ratio
RTC Road Thermal Collector
SCOP Seasonal Coefficient of Performance
SHP Solar and Heat Pump
STES Seasonal Thermal Energy Storage
TRNSYS Transient System Simulation Tool
UHI Urban Heat Island
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systems.
RTCs offer a multifunctional solution, particularly when coupled 

with seasonal thermal storage systems like Borehole Thermal Energy 
Storage (BTES) [20–22]. Recent advancements in hybrid renewable 
energy systems underscore the effectiveness of integrating solar thermal 
and geothermal technologies with advanced storage solutions [23]. 
These systems enable the storage of excess heat during warmer months 
for use during colder periods, effectively addressing the seasonal 
mismatch between energy supply and demand [19,22,24]. By utilizing 
existing urban infrastructure, RTCs avoid the space constraints typically 
associated with flat-plate solar collectors, making them an ideal choice 
for high-density urban areas. Unlike conventional flat-plate solar col
lectors that require dedicated space, RTCs utilize existing urban sur
faces, such as roads and sports fields, without compromising their 
primary functionality. This multifunctional approach makes RTCs 
particularly advantageous in space-constrained urban areas.

By integrating RTCs with borehole thermal energy storage systems 
and water-to-water heat pumps, it would be possible to harness solar 
thermal energy efficiently, store it seasonally, and use it later to meet the 
winter heating demand of buildings. This approach could be particularly 
well-suited to the Mediterranean climate, characterized by mild winters 
and hot summers, where the heating demand is concentrated during a 
relatively short period, while solar energy availability peaks in the 
summer months [25,26].

In a previous study, Panno et al. demonstrated the feasibility and 
performance of a solar-assisted heating system incorporating flat-plate 
solar collectors and a geothermal storage system for a school building 
in the Mediterranean climate of southern Italy. The energy captured and 
stored in the BTES system was utilized by two heat pumps to cover part 
of the thermal loads of the school, achieving approximately 50 % energy 
savings compared to a conventional system based solely on gas boilers 
[27]. Building upon this foundational work, the current study explores 
the replacement of flat-plate collectors with RTCs for heat production, 
aiming to evaluate their performance and applicability in similar 
contexts.

This research introduces an innovative hybrid heating system that 
integrates RTCs with a BTES system and two water-to-water heat pumps. 
The study seeks to address existing knowledge gaps by evaluating the 
technical feasibility, energy efficiency, and environmental impact of this 
novel configuration within a typical school building located in the south 
of Italy – a region that presents unique challenges and opportunities for 
sustainable heating in educational facilities. Schools represent an ideal 
testbed for these technologies due to their consistent heating demands 
and the potential replicability of results across other non-residential 
buildings, such as offices, hospitals, and sports facilities. In this study, 
a typical school building characterized by a heated volume of 14500 m3 

and an annual energy demand for space heating of about 166 MWh was 
considered. The analysed plant layout includes two water-water heat 
pumps with a total heating capacity of 476 kW, an RTC solar field 
covering around 1000 m2, and a BTES with 48 double-U probes 25 m 
deep. Additionally, it was assumed that a conventional heating system 
would be maintained as a backup, based on gas boilers with a nominal 
heat capacity of 800 kW. All simulations were conducted in a dynamic 
state using TRNSYS software − Transient System Simulation Tool − and 
the model for the road solar collector was developed and calibrated 
using experimental data collected during a measurement campaign of an 
actual RTC system realized at the University of Palermo campus [28].

Furthermore, the study showcases the advantages of these systems in 
reducing primary energy consumption and avoiding equivalent CO2 
emissions, contributing to the broader goal of transitioning towards 
sustainable, low-carbon heating solutions in non-residential buildings. 
The environmental benefits, in terms of CO2 emissions avoided, were 
assessed by comparing the proposed integrated system with a conven
tional heating system based solely on gas boilers. This comparison un
derscores the importance of adopting renewable energy technologies 
and innovative thermal storage solutions in meeting the heating 

demands of educational buildings, aligning with environmental sus
tainability goals.

Although the thermal conversion efficiency of RTCs is relatively 
modest, their integration into existing urban infrastructure enables 
multifunctional use of surfaces that would otherwise remain passive. 
This approach allows for energy harvesting without additional land re
quirements or visual impact, making RTCs particularly suitable for 
densely populated urban areas [29]. The present study focuses on 
evaluating the energy and environmental benefits of the proposed 
RTC–BTES–HP configuration, while economic analysis is left to future 
developments.

The paper is organized into the following sections: Section 1 de
scribes the proposed plant layout, describes the numerical models 
developed to simulate the system’s operation, and defines the metrics 
used for both energy performance analysis and the evaluation of avoided 
carbon dioxide emissions. Section 2 presents and discusses the results, 
and finally, Section 3 outlines the conclusions, highlighting the potential 
and limitations of the proposed approach.

Novelties and contributions of the work

This study presents a novel approach to sustainable heating in 
educational buildings by integrating Road Thermal Collectors with 
Borehole Thermal Energy Storage and water-to-water heat pumps. BTES 
and heat pump systems are established technologies in renewable 
heating; however, integrating RTCs as a solar thermal energy source 
represent a novel innovation in this context. Unlike conventional solar 
collectors, RTCs harness the thermal absorption of road surfaces, 
allowing dual functionality of urban spaces, such as sport fields or roads, 
for both recreational and energy production purposes. This multifunc
tional design enhances urban spatial efficiency and provides a low- 
disruption approach to renewable energy harvesting.

One of the key novelties of this work lies in the optimization of 
system integration. By coupling RTCs with BTES, the study addresses the 
long-standing challenge of heat production and demand mismatch. The 
thermal energy harvested by RTCs during the summer is stored in the 
BTES, which maintains thermal stability over multiple seasons. This 
approach ensures that heating needs during winter can be met using 
stored solar energy, thereby significantly reducing reliance on fossil 
fuels. To our knowledge, the combined use of RTCs, BTES, and water-to- 
water heat pumps in this specific configuration has not been widely 
reported in the literature.

The development and validation of a Finite Element Model (FEM) for 
RTCs, based on experimental data from a real installation at the Uni
versity of Palermo, is a significant contribution of this work. The FEM 
was integrated with TRNSYS simulations to provide a comprehensive 
and dynamic performance analysis of the entire system. This dual- 
modeling approach enables a more accurate prediction of system 
behaviour, especially in terms of temperature evolution within the BTES 
and the energy yields of RTCs.

In terms of environmental contributions, the proposed system aligns 
with the decarbonization goals of the European Green Deal and has the 
potential to contribute to broader climate targets. The integration of the 
proposed system supports the transition to low-carbon heating solutions 
in the building sector, particularly in educational facilities. However, 
although this study focuses on a school building, the proposed system 
configuration can be adapted to other non-residential buildings such as 
hospitals, offices, and sports complexes. The generalizability of this 
system design highlights its potential to support low-carbon transitions 
across a broader range of public and commercial buildings.

Finally, performance metrics, including the Renewable Energy Ratio 
(RER), Primary Energy Ratio (PER), and Coefficient of Performance 
(COP), provide a robust framework for evaluating system efficiency and 
renewable energy integration. The analysis of system stability over an 
extended operational timeline further highlights the long-term reli
ability of the proposed system.
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Future work could explore optimizing RTC and BTES material, 
integrating a predictive control algorithm for enhanced efficiency, and 
adapting the system for colder climate zones.

Materials and methods

This section provides a detailed overview of the proposed system, 
including the plant configuration and the numerical models developed 
to simulate the dynamic operation of its components. From this point 
onward, the system integrating Road Thermal Collectors, Borehole 
Thermal Energy Storage, and water-to-water heat pumps will be referred 
to as the Solar and Heat Pump system.

Description of the proposed system: Case study

The Solar and Heat Pump (SHP) system examined in this study in
tegrates a road solar thermal collector with a borehole thermal energy 
storage system to create a sustainable heating solution. The RTC system 
harnesses solar energy absorbed by road surface materials in designated 
urban areas, such as sport fields, converting it into thermal energy. This 
thermal energy, predominantly produced during the summer months, is 
stored in the BTES system and later utilised to meet part of the space 
heating demand of a school building during the winter. The SHP system 
operates by delivering the stored thermal energy to water-to-water heat 
pumps, which are powered by electricity supplied by the national grid. 
This configuration not only leverages renewable energy sources but also 
enhances overall system efficiency by addressing the seasonal mismatch 
between energy availability and heating demand.

The school building under consideration is located in Palermo, a city 
in southern Europe characterized by hot summers, with air temperature 
values ranging from 19.4 to 35.8 ◦C, and mild winters, with a minimum 
air temperature of 4.3 ◦C [30]. According to Italian regulations, Palermo 
is classified in climate zone B, with 751 heating degree days (HDD). This 
classification defines the heating period as extending from December 1st 
to March 31st, with a maximum of 8 h of heating permitted per day [31].

The school building has a heated volume of 14,500 m3, and its energy 
consumption for heating was estimated using a normalisation factor of 
13 Wh/m2 per degree day [32,33].

Fig. 1 shows a schematic overview of the proposed system, high
lighting its primary components: 

– RTC system: Covering approximately 1400 m2, the RTC comprises 
four parallel modules, each 4 m wide and 90 m long, equipped with a 
16-pipe collector. This area, potentially located around the school 
and intended for sports activities, retains its original functionality. 
During periods of high solar radiation, water circulates as the heat 
transfer fluid through the collectors, absorbing heat and raising its 
temperature.

– BTES system: The BTES system consists of 48 vertical double U-sha
ped exchangers, each 25 m deep and arranged in concentric circles. 
This configuration is designed for seasonal thermal energy storage, 
efficiently retaining heat for use during colder months [34].

– Heat pump system: The system includes two water-to-water heat 
pumps, connected in parallel, with thermal capacities of 200 kW and 
300 kW. The evaporators of both heat pumps utilize the BTES system 
as a low-temperature heat reservoir, extracting heat from the central 
ring and effectively raising its temperature to meet the thermal re
quirements of the connected load.

– Heat exchanger and auxiliary components: The condensers of the heat 
pumps are linked to the school’s closed-loop heating system via a 
heat exchanger. This system also incorporates a backup gas boiler to 
ensure reliability and uses fan coil units for heat distribution within 
the building.

The sizing of the RTC and BTES systems was defined through a 
backward energy balance methodology, starting from the school build
ing’s seasonal heating demand. The thermal load was estimated using 
Italian climatic data (751 heating degree days for Palermo) and a 
normalized consumption factor of 13 Wh/m2⋅HDD. Based on this load, 
the heat pump system was dimensioned to operate at a supply 

Fig. 1. Schematic representation of the studied integrated renewable energy heating system.
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temperature of 45 ◦C on the load side, with inlet temperatures from the 
BTES ranging between 8 ◦C and 20 ◦C.

To meet these operational conditions, the BTES was designed to store 
and recover thermal energy with an average temperature differential 
(ΔT) of 5 ◦C. Fixing this ΔT and knowing the thermal power required by 
the evaporators, the total mass flow rate circulating through the BTES 
during the discharge phase was determined. The number of parallel 
boreholes in the central ring was then calculated by dividing this total 
flow rate by the nominal flow rate of a single double-U borehole heat 
exchanger, assuming fully developed turbulent flow (Re ≈ 10,000). To 
define the total storage volume—which depends on the volumetric heat 
capacity of the soil and the target seasonal thermal energy to be store
d—the borehole depth and spacing had to be set. While the depth was set 
at 25  m, a series of simulations was carried out to determine the optimal 
spacing between boreholes, which in systems of this type typically does 
not exceed 3  m. The final configuration of 48 boreholes was selected in 
order to obtain the storage volume required.

The RTC area (1,400  m2) was sized to provide sufficient thermal 
input to the BTES during summer charging. This was achieved by scaling 
a validated experimental RTC module developed and tested at the 
University of Palermo [28], used here as a modular unit repeated in a 
series–parallel layout. This modular approach ensures that the thermal 
energy collected during the summer is well matched to the storage ca
pacity, while maintaining the original function of the area (e.g., play
grounds, paved surfaces) and avoiding additional land use.

In addition to energy balance considerations, the design also ensured 
hydraulic compatibility between the RTC and BTES circuits. The flow 
rate circulating in the RTC loop during summer operation was aligned 
with that of the BTES charging loop, thus enabling efficient heat transfer 
without imbalance or flow mismatch. This coherence was verified dur
ing the simulation setup, where both subsystems were dimensioned to 
operate within compatible thermal power and flow regimes, ensuring a 
stable temperature differential and efficient seasonal operation.

This integrated setup combines renewable energy sources with 
conventional systems, optimizing energy efficiency while providing 
consistent and dependable heating throughout the year.

Energy model of the solar and heat pump system

The dynamic behaviour of the proposed SHP system was investigated 
through simulations carried out in TRNSYS environment. The model 
comprises all the main components of the integrates solar heat pump 
configuration, allowing detailed performance analysis under realistic 
boundary conditions. A schematic representation on the TRNSYS layout 
is reported in Fig. 2, which illustrates the interconnections among the 
subsystems, control signals, and thermal loops.

To provide a clearer understanding of the operational strategy, Fig. 3
presents a flowchart describing the seasonal control logic that governs 
the charge/discharge cycle of the integrated system. The flowchart 
highlights how the system switches from summer to winter operation 
mode by evaluating specific control conditions. In the heating season 
(from December to March, in Palermo), the presence of a thermal load 
triggers the discharge phase of the BTES, with heat being extracted and 
supplied to the evaporators of the two water-to-water heat pumps. 
Conversely, during the non-heating season (from April to October, in 
Palermo), the system switches to the charging phase if all the following 
conditions are simultaneously met: (i) absence of the heating demand 
from the building, (ii) the global horizontal irradiance exceeds 150 W/ 
m2, and (iii) the pipe wall temperature of RTC is equal to or greater than 
the ambient ai temperature. These criteria ensure that the RTC only 
operates under favourable solar conditions, maximizing energy har
vesting and storage efficiency.

This control logic is implemented in the simulation environment 
through a binary signal that regulates the activation of the RTC loop. 
The corresponding activation profile is shown in Fig. 4, where a value of 
1 indicates that the circulation pump of the RTC is operating.

Fig. 2. TRNSYS layout of the proposed system.
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Fig. 3. Detailed flowchart of the SHP system operation, highlighting its seasonal charge/discharge cycle.
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Fig. 4. Binary activation signal of the RTC loop (circulation pump: on = 1; off = 0).
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Road thermal collector system model.
A two-dimensional numerical model of the RTC was developed using 

the Finite Element Method (FEM) to assess its thermal performance. The 
thermal behaviour of the system is governed by transient heat conduc
tion in the multilayer structure, coupled with surface-atmosphere ex
changes and pipe-fluid interactions [28]. The 2D FEM model solves the 
following transient heat conduction equation: 

ρ cp
∂T
∂t

= ∇⋅(k∇T)+G − hconv(T − Tair) − εσ
(

T4 − T4
sky

)
(1) 

where: 

– ρ, cp, and k represent the density, specific heat, and thermal con
ductivity of each material layer,

– G is the absorbed solar irradiance,
– hconv is the convective heat transfer coefficient,
– ε is the surface emissivity, and
– σ is the Stefan-Boltzmann constant.

The top boundary condition accounts for shortwave solar absorption, 
convective cooling, and longwave radiation, while the fluid pipe-fluid 
interface is modelled with Newton’s law of cooling. The bottom 
boundary (soil) was assigned a time-dependent sinusoidal temperature 
profile, derived analytically to reproduce seasonal variation of the 
ground temperature, as proposed in Buscemi et al. [28]: 

T(z, t) = Tavg +A sin
(

ωt −
̅̅̅̅̅̅̅̅̅̅̅̅
ω/2α

√
⋅z
)

(2) 

where, Tavg is the average annual ground temperature, A is the ampli
tude of temperature fluctuation, ω is the angular frequency (annual 
cycle), z is the depth, and α is the thermal diffusivity of the soil.

The efficiency of the model is influenced significantly by the ther
mophysical properties of the uppermost layer of the collector and by the 
energy exchanges at the surface-atmosphere interface. These in
teractions include solar gains, thermal losses through convection and 
radiation, and the energy balance of the heat transfer fluid (HTF) 
flowing inside the embedded pipes. Simulations focused on the transient 
heat exchange between the HTF and the heat exchanger tubes embedded 
in the conductive layer. A two-dimensional vertical section was adopted 
to simplify the geometry while capturing the predominant vertical heat 
transfer [28].

The FEM model, calibrated and validated using experimental data 

from an RTC system built in a parking area on the University of Palermo 
campus, incorporates the geometric and compositional characteristics of 
the experimental facility. Calibration was based on matching measured 
and simulated temperature profiles across the layered structure under 
varying solar and flow conditions. The model showed excellent agree
ment with experimental data, with a Mean Absolute Error (MAE) of 
0.28 ◦C and a Mean Absolute Percentage Error (MAPE) of 1.7 % for the 
solid layers of he RTC, as detailed in Buscemi et al. [28]. The simulated 
outlet temperatures of the heat transfer fluid closely followed the 
measured temporal trends, with deviations consistently within ± 1.5 ◦C 
[28].

Fig. 5 illustrates the three-dimensional schematic of the RTC along 
with the two-dimensional FEM domain developed in COMSOL Multi
physics®.. The RTC’s layered structure consists of an asphalt conglom
erate (Layer 1), a conductive concrete layer embedding the pipes (Layer 
2), a lightweight/insulating concrete layout (Layer 3), and underlying 
soil (Layer 4). Detailed dimensions and thermophysical properties are 
provided in Table 1.

In the numerical model, the thickness of Layer 4 (soil) was set to 3 m. 
Although the soil extends indefinitely in real-world conditions, a finite 
domain must be defined in the FEM simulation. The 3-meter depth was 
chosen to balance computational effort and physical accuracy. At this 
depth, the soil is not significantly affected by the heat released by the 
RTC, which is mainly confined to the upper 1–1.5 m. Instead, the tem
perature fluctuations at this level are primarily driven by seasonal at
mospheric variations, modelled through a sinusoidal temperature 
boundary condition imposed at the bottom of the domain, as described 
in Equation (2). This approach, commonly adopted in shallow 
geothermal simulations, allows the representation of realistic thermal 
dynamics without extending the model to deeper undisturbed zones, 
which would increase computational complexity without improving the 
accuracy of near-surface interaction modelling.

The RTC model was integrated with a numerical BTES model, as 
detailed in the following subsection. Two critical output variables from 
the RTC model serve as inputs to the BTES model: the outlet temperature 
of the HTF from the RTC and an on/off control signal to charge the BTES. 
This integrated multi-physics model enabled dynamic simulations of the 
system’s dynamic response over its first operational year, particularly 
during the initial thermal loading phase of the BTES. The RTC model 
provided insights into the collector’s thermal production, efficiency, and 
turn-on/turn-off logic during summer charging periods.

Geothermal energy storage system model.

Fig. 5. Schematic representation of the FEM model geometry for the RTC.
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The thermal balance in a BTES system is inherently complex, 
requiring effective management of energy storage and withdrawal to 
maintain optimal ground storage temperatures. Excessive storage or 
withdrawal can reduce system efficiency or lead to long-term degrada
tion [35]. To address these challenges, the TRNSYS Duct Ground Heat 
Storage Model (DST, Type 557) was employed to simulate the transient 
thermal response of the BTES system. The DST model, originally 
developed by Hellström [36], enabled the analysis of heat absorption, 
stored, and recovery processes, while also accounting for heat losses to 
the surrounding ground at its undisturbed temperature. This model is 
based on the analytical solution of the transient heat conduction equa
tion in cylindrical coordinates and simulates thermal interaction be
tween multiple vertical boreholes arranged in a grid configuration 
[36,37]. It assumes radial symmetry and superimposes the thermal re
sponses (g-functions) for multiple boreholes [38]. The governing heat 
transfer equation solved by the model is: 

∂T(r, θ, t)
∂t

= α
(

∂2T
∂r2 +

1
r

∂T
∂r

+
1
r2

∂2T
∂θ2

)

+
qin/out(t)

ρcp
(3) 

where T is the soil temperature, α is the thermal diffusivity, qin/out(t) is 
the heat injection or extraction rate per unit of volume, and ρcp is the 
volumetric heat capacity of the soil. This equation captures the thermal 
evolution of the storage field during seasonal operation cycles.

The ground volume affected by heat storage is a function of the total 
number of probes 

(
nb,t

)
, their length (Hb), and the spacing between the 

concentric rings (sb) along which these probes are distributed. These 
parameters can be adjusted to change the geometry of the system and 
thus optimise the heat storage. The conventional storage volume (VBTES) 
can be calculated using the following equation: 

VBTES = π⋅Hb⋅nb,t⋅(0.525⋅sb)
2 (4) 

The geothermal probes that constitute the storage system are ar
ranged in a series–parallel configuration: probes within the central ring 
are connected in parallel, and each of these is connected in series with 
probes in progressively outer rings. If nb,h represents the number of 
probes connected in parallel and nb,s indicates the number of series- 
connected rings, the total number of boreholes is given by the product 
of these two parameters in the DST model.

Furthermore, key input parameters for Type 557 include the undis
turbed soil temperature 

(
Ts,0

)
, thermal conductivities of the pipe 

(
λp
)
, 

grout 
(
λg
)
, and soil (λs), the heat capacity of the soil 

(
Cp,s

)
, and the 

thermal resistance of the borehole 
(
Rp

)
[39]. These parameters were 

calibrated using soil properties specific to the Palermo area, ensuring the 
accuracy of the model [28]. The modelled borehole heat exchangers are 
double U-tube probes, the cross-section of which is depicted in Fig. 6.

Additionally, optimisation of the proposed BTES system was con
ducted by running multiple simulations with the DST model. The 
spacing between boreholes was adjusted while keeping their depth 
fixed, ensuring the system maintained an optimal thermal balance. This 
process allowed effective management of energy storage during summer 
and withdrawal during winter, avoiding overcharging or excessively 
depleting the system. The choice of relatively shallow boreholes (25 m) 
was driven by both techno-economic and site-specific geological con
siderations. In urban environments like Palermo, deeper drilling 

operations are often constrained by higher costs and regulatory 
complexity. Additionally, shallow boreholes are sufficient to achieve the 
desired seasonal thermal storage performance when combined with a 
solar charging source like the RTC. Although upper soil layers are more 
exposed to atmospheric variations, the thermal inertia of the system and 
the continuous summer charging help stabilize the subsurface thermal 
regime. This depth also avoids interference with underground 

Table 1 
Geometrical and thermophysical properties of the RTC layers and pipes.

Layer or component Material Thermal conductivity Specific heat Density Thickness Inner diameter

​ ​ [W/(m•K)] [kJ/(kg•K)] [kg/m3] [m] [m]
Layer 1 Asphalt 0.95 1314 1545 0.11 ​
Layer 2 Conductive concrete 1.828 950 2250 0.07 −

Layer 3 Lightweight concrete 0.948 838 2055 0.5 −

Layer 4 Soil 1.175 1302 1804 3 ​
Pipe PeX-A 0.42 2300 932 0.003 0.026

Fig. 6. Cross section of the double U-tube borehole heat exchanger.

Table 2 
Parameters of the DST model [40].

Design parameters

Total number of boreholes,nb,t 48 ​
Number of head boreholes,nb,h 16 ​
Number of boreholes in series,nb,s 3 ​
Borehole depth,Hb 25 m
Spacing between,sb 3 m
Radius of the borehole, rb 0.075 m
Inner radius of the pipes,rp,i 0.016 m
Outer radius of the pipes,rp,o 0.02 m
Half shank spacing between the U-legs,xc 0.04 m

Thermophysical properties ​
Undisturbed Soil temperature,Ts,0 18 ◦C
Volumetric heat capacity of the soil,Cp,s 2.72 GJ/(m3•K)
Thermal conductivity of the soil,λs 1.75 W/(m•K)
Thermal conductivity of the pipe,λp 0.45 W/(m•K)
Thermal conductivity of the grout,λg 2 W/(m•K)
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infrastructure and reduces installation time and costs, making it a viable 
solution for urban retrofit applications. A summary of the key design 
parameters is presented in Table 2.

The integration of the DST model was essential for simulating and 
optimizing the BTES, providing insights into the thermal behaviour of 
the system under dynamic operating conditions. This process not only 
enhanced operational efficiency but also ensured the long-term reli
ability of the BTES within the integrated Solar and Heat Pump system.

To evaluate the seasonal storage performance, the BTES storage ef
ficiency (ηstorage) was defined as the ratio between the annual thermal 
energy extracted from the BTES (Eo,BTES) and the annual thermal energy 
injected into it (Ei,BTES). 

ηstorage =
Eo,BTES

Ei,BTES
(5) 

These two quantities were obtained from the TRNSYS simulation 
outputs (Type 557), which calculate the transient thermal exchange 
based on the heat transfer fluid’s temperature and flow rate. The in
tegrals of thermal power during charge and discharge phases were post- 
processed to determine the cumulative energy input and output for each 
year.

Heat pump system model.
The two water-to-water heat pumps in the system, with thermal 

outputs of 200 kW and 300 kW, are modelled using a simplified meth
odology based on manufacturer specifications. Referred to as HP1 and 
HP2, these heat pumps are configured in parallel (Fig. 2). Their opera
tion was evaluated at a condenser outlet temperature of 45 ◦C, with 
variable evaporator inlet temperatures ranging from 8 ◦C to 20 ◦C 
(Fig. 7).

The study examined the heat pumps’ performance under partial load 
conditions by analysing their Coefficient of Performance (COP). The 
Partial Load Ratio (PLR), representing the ratio of the actual thermal 

load 
(

Q̇actual

)

to the heat pump’s maximum capacity 
(

Q̇max
H

)

, was 

calculated as follows: 

PLR =
Q̇actual

Q̇
max
H

(6) 

The Partial Load Factor (PLF) was then determined using the PLR 
and a nominal COP degradation factor (Cc), which quantifies efficiency 
losses at partial loads: 

PLF =
PLR

Cc⋅PLR + (1 − Cc)
(7) 

Then, the actual COP of the heat pump under partial load conditions 
(COPPL) was calculated by multiplying the nominal COP (the COP at full 
load − COPFL) by the PLF. The model estimates electricity consumption 
for both heat pumps under varying operational conditions. The evapo
rator outlet temperature 

(
Tev,o

)
was calculated as follows: 

Tev,o = Tev,i −
Q̇ev

ṁf ,HP⋅cp,f
(8) 

where Tev,i indicates the inlet evaporator temperature, Q̇ev is the 
evaporator thermal power of the heat pump, ṁf ,HP is the fluid mass flow 
rate, and cp,f is the specific heat of the fluid. For HP1 and HP2, ṁf ,HP 

values were 29,280 kg/h and 48,800 kg/h, respectively.
A control function was integrated into the model to optimize heat 

pump operation, managing partial loads efficiently in response to hourly 
thermal energy demand fluctuations. This approach maximizes system 
efficiency while maintaining reliable performance.

Energy performance metrics

A comprehensive energy analysis was conducted to assess the per
formance and sustainability of the SHP system. This analysis focused on 
key performance metrics designed to evaluate the energy efficiency and 
environmental benefits of the system. The metrics are detailed below: 

– Thermal energy coverage fraction (fHP): This metric quantifies the 
fraction of the school’s thermal energy demand (Eload) met by the 
heat pump system 

(
Eth,HP

)
, reducing dependency on conventional 

energy sources:

fHP =
Eload

Eth,HP
(9) 

– Primary Energy Ratio (PER): The PER measures the efficiency of 
converting primary energy into usable heat. It compares the SHP 
system’s primary energy consumption to a reference system that 
relies solely on a gas boiler. For the SHP system, the PER is defined as 

Fig. 7. Operating points of modelled heat pumps for condenser outlet temperature of 45 ◦C: (a) HP1 and (b) HP2.
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the ratio between the school’s thermal energy demand (Eload) and the 
non-renewable primary energy used as input to the system:

PER =
Eload

Eboiler ⋅εfuel
ηboiler

+ Ee,plant⋅εe
(10) 

Referring to the proposed plant layout, the total primary energy 
consumption includes both the primary energy required by the plant (for 
the operation of heat pumps and circulation of the fluid in the RTC and 
BTES systems) and the primary energy input to the gas boiler, which is 
used as backup heating system. In Equation (10): Eboiler and Ee,plant are the 
annual thermal energy output of the gas boiler and electricity con
sumption of the plant, respectively; ηboiler represents the efficiency of the 
gas boiler, set at 0.9; εfuel and εe are the primary energy conversion 
factors for the natural gas and electricity from the grid, respectively, 
with values of 1.05 kWhp/kWhth and 1.95 kWhp/kWhe [41]. 

– Renewable Energy Ratio (RER): the RER calculates the share of 
renewable energy contributing to the thermal energy demand:

RER =
Eload

Eev,HP
(11) 

where, Eev,HP represents the annual thermal energy delivered to the 
heat pump evaporators from the BTES system. 

– Fractional energy savings 
(
fsav

)
: This metric evaluates the relative 

energy savings achieved by the SHP system compared to the con
ventional gas boiler system. It is described by Equation (12):

fsav = 1 −
PERref

PERSHP
(12) 

where, PERref and PERSHP represent the primary energy ratios of the 
reference gas boiler and SHP systems, respectively. The ratio of these 
values indicates the relative amount of the non-renewable energy input 
to the reference system compared to the SHP system.

Environmental indicators

The environmental performance of the SHP system was evaluated by 
analysing its contribution to reducing carbon emissions compared to a 
conventional gas boiler system. By utilising solar-generated heat, the 
SHP system minimizes the dependency on natural gas, which signifi
cantly mitigates CO2 emissions. The annual CO2 equivalent emissions 
avoided 

(
Ceq

)
were calculated using the following equation: 

Ceq =
Eboiler

ηboiler
⋅μ natural

gas
+Ee,plant⋅μ e, fuel

mix

[
kgCO2eq

y

]

(13) 

Where: 

– Eboiler represents the annual thermal energy output from the gas 
boiler.

– ηboiler is the efficiency of the gas boiler (assumed to be 0.9).
– μ natural

gas 

denotes the emission factor for thermal energy produced 

using natural gas.
– Ee,plant is the annual electricity consumption of the SHP system.
– μ e,fuel

mix 

represents the emission factor for electricity from the Italian 

grid.

In this analysis, the emission factor for thermal energy produced by 
natural gas combustion is 0.202 kgCO2eq/kWhth, while for electricity 
supplied by the Italian grid, the value adopted is 0.469 kgCO2eq/kWhe 
[42,43].

Results and discussion

This section presents the results of the energy and environmental 
analyses conducted for the proposed Solar and Heat Pump system. The 
performance of the system was evaluated through dynamic simulations 
carried out using the numerical model described in the previous section, 
with a 25-year operational lifetime considered for the analysis.

Energy results

The RTC system operates essentially from April to October, coin
ciding with periods of high solar energy availability. During these 
months, the heat transfer fluid circulates through the RTC’s embedded 
pipes whenever the global horizontal irradiance exceeds 150 W/m2 and 
the pipe wall temperature remains higher than the temperature of the 
entering fluid. This operation ensures optimal thermal energy collection 
and transfer to the borehole thermal energy storage system.

Fig. 8 illustrates the thermal dynamics of the RTC system by showing 
the inlet and outlet temperatures of the HTF, air temperature, and global 
irradiance values for Palermo. The data correspond to the months from 
April to October during the 25th year of the system’s simulated opera
tion, providing insights into its long-term performance and thermal 
behaviour.

The analysis reveals that the RTC outlet fluid temperature peaks in 
July, reaching a maximum value of 43 ◦C. This highlights the system’s 
ability to harness and transfer significant amounts of thermal energy 
during periods of high solar radiation. The results underscore the 
importance of seasonal thermal storage in ensuring that surplus energy 
collected during summer can effectively meet winter heating demands, 
reducing reliance on fossil fuels and improving the overall efficiency of 
the integrated system.

On an annual basis, the RTC system generates a total of 106.4MWh of 
thermal energy with an average solar-to-thermal conversion efficiency 
of 5.5 %. To contextualize the performance of the RTC system, a com
parison was made with a conventional flat-plate collector (FPC) system. 
Assuming an average annual solar irradiance of 1,345 kWh/m2 and a 
typical thermal efficiency of 50 % for FPCs in Mediterranean climates 
[44], the equivalent thermal output of 106.4 MWh/year would require 
approximately 158 m2 of flat-plate collector area. This highlights that 
the RTC, covering 1,400 m2, is approximately 9 times less efficient in 
terms of surface-based yield. However, the primary advantage of RTCs 
does not lie in thermal efficiency, but in their ability to utilize surfaces 
that are otherwise non-productive from an energy standpoint. By inte
grating thermal harvesting into existing infrastructure—such as roads, 
parking areas, and sport fields—RTCs allow for the energetic valor
isation of multifunctional urban surfaces, without requiring additional 
land or compromising the area’s primary use. This makes RTCs partic
ularly attractive for densely populated urban contexts where rooftop or 
open space is scarce or unavailable. Moreover, by extracting heat from 
paved or asphalted areas during periods of high solar exposure, RTCs 
may contribute to mitigating the urban heat island effect. This dual 
benefit—renewable thermal energy generation and local microclimate 
improvement—reinforces the value of RTCs as sustainable, integrable 
technologies in the design of climate-resilient cities [29].

Monthly performance metrics illustrate a strong correlation between 
solar availability and thermal energy output, with the highest energy 
production observed in July at 23.3 MWh and an efficiency of 6.6 %. In 
contrast, October recorded the lowest energy output, at 3.2 MWh, with 
the lowest efficiency. These results highlight the RTC system’s ability to 
harness solar energy effectively, even in Mediterranean climates char
acterized by high summer temperatures and moderate solar availability 
during transition seasons.

Table 3 provides a detailed monthly and annual summary of the 
horizontal solar irradiation (Ih), the solar energy collected by the RTC 
aperture surface (Esun), thermal energy produced by the RTC system (Eth, 

RTC), and the system’s monthly efficiency (ηRTC) in converting solar 
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energy to heat.
The thermal energy produced by the RTC is seasonally stored in the 

BTES by raising the ground temperature. Fig. 9 depicts the simulated 
temperatures of the heat transfer fluid at the BTES inlet (Ti,BTES) and 
outlet (To,BTES), along with the average storage volume temperature 
(Tave,BTES) between the 24th and 25th years of operation. The alternation 
between charging (winter months) and discharging periods (summer 
months) is evident in the temperature trends, reflecting the system’s 
capacity to adapt to seasonal energy demands. The results show that the 
average storage temperature rises to a peak of 32 ◦C during the charging 
phase and subsequently declines to 21 ◦C at the end of heating season. 
This dynamic indicates the efficient use of stored energy throughout the 
year, ensuring a reliable energy supply during demand periods.

Fig. 10 highlights the cumulative energy inputs (Ei,BTES) and outputs 
(Eo,BTES) of the BTES, alongside the average storage temperature over the 
25-year simulation. Notably, the system achieves thermal equilibrium 
by the seventh year of operation, which is crucial for long-term effi
ciency and stability. On an annual basis, the RTC system supplies 106.4 
MWh of thermal energy to the BTES, from which 67.9 MWh are with
drawn by heat pumps. This results in an annual BTES storage efficiency 
(ηstorage) of 63.8 % (see Table 4).

During the school’s heating period, the thermal energy stored in the 
BTES is transferred to two water-to-water heat pumps connected in 
parallel. The total Coefficient of Performance of the heat pump system is 

4.5, while the Seasonal Coefficient of Performance (SCOP), calculated 
by considering the total electricity consumption of the SHP system, is 4 
(see Table 5). This highlights the system’s ability to deliver high thermal 
outputs with minimal electricity input, further enhancing its energy 
efficiency.

The analysis reveals that the SHP system can meet 0.843 of the 
school’s annual thermal energy demand through the heat provided by 
the heat pumps. The remaining 17.9 % is supplied by a backup gas 
boiler, ensuring continuous operation during periods of peak demand or 
low renewable energy availability.

The performance indicators demonstrate the advantages of the SHP 
system compared to the conventional gas boiler system, underscoring its 
effectiveness in integrating renewable energy sources and optimizing 
energy efficiency. The SHP system achieves a PER of 1.67, significantly 
exceeding the reference system’s 0.86, indicating its superior ability to 
convert primary energy into useful heat. Similarly, the RER of 1.52 
demonstrates the system’s effective utilization of renewable energy, 
with RTCs capturing solar energy and BTES ensuring its availability 
during colder months. This integration reduces the dependence on fossil 
fuels and aligns with sustainability goals. Furthermore, the system 
achieves fractional energy savings 

(
fsav

)
of 48.6 %, cutting nearly half 

the primary energy demand compared to the conventional setup. 
Collectively, these metrics the SHP system’s potential as a scalable and 
sustainable solution for decarbonizing heating in educational and other 
non-residential buildings, providing a compelling model for achieving 
energy and environmental targets under real-world conditions.

Environmental results

The environmental analysis reveals a significant reduction in CO2 
equivalent emissions 

(
Ceq

)
when utilizing the SHP system compared to a 

conventional gas boiler system. \Specifically, the SHP system emits 
approximately 22.6 tonnes of CO2 annually, substantially lower than the 
37.8 tonnes emitted by the gas boiler reference system. This equates to a 
reduction of 15.2 tonnes of CO2 per year, representing a 40.1 % decrease 
in greenhouse gas emissions. Such results underscore the SHP system’s 
ability to contribute effectively to climate change mitigation efforts.

The lower emissions are attributed to the system’s integration of 
renewable energy sources and advanced energy efficiency measures. 
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Fig. 8. Simulated inlet and outlet temperatures of the RTC’s heat transfer fluid, air temperature, and global solar irradiance from April to October of the 25th year 
of operation.

Table 3 
Monthly and annual cumulative values for solar horizontal irradiation, solar 
energy collected by the RTC opening surface, thermal energy produced by the 
RTC, and efficiency.

Month Ih Esun Eth_RTC ηRTC

​ [kWh/m2] [MWh] [MWhth ] [%]
April 169.1 243.5 12.4 5.1
May 218.7 314.9 19.7 6.3
June 229.0 329.8 22.1 6.7
July 244.9 352.6 23.3 6.6
August 209.9 302.2 17.6 5.8
September 154.6 222.6 8.1 3.6
October 118.8 171.1 3.2 1.8
Annual 1345.0 1936.7 106.4 5.5
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The SHP system harnesses solar thermal energy through RTCs and stores 
it seasonally in the BTES, thereby reducing reliance on fossil fuels. This 
integrated approach not only enhances energy efficiency but also aligns 
with international decarbonization objectives, such as those outlined in 
the European Green Deal.

This analysis underscores the SHP system’s promise as a scalable and 
environmentally friendly alternative, paving the way for a more sus
tainable energy future in the building sector.

Conclusions

This study assessed the performance of a SHP system integrating 
RTCs for solar thermal energy production, BTES for seasonal heat stor
age, and water-to-water heat pumps to meet a significant portion of the 
winter heating demand for a school building in southern Italy. A gas 
boiler was incorporated as a backup heating system to ensure reliability 
during peak demand periods.

The results of the analysis revealed several key findings: 
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Fig. 9. Simulated temperatures of the heat transfer fluid at the BTES inlet and outlet, along with the average ground temperature in the geothermal storage volume, 
during the 24th − 25th year of operation.

Fig. 10. Cumulative input and output thermal energy values from the BTES, along with the average storage temperature, over the 25-year simulation period.
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– The RTC system operates effectively from April to October, 
leveraging higher solar radiation availability during these months, 
and achieving an annual efficiency of 5.5 %. Although its conversion 
efficiency is lower compared to conventional flat-plate solar collec
tors, RTCs compensate by utilizing multifunctional spaces without 
compromising their primary function, such as sports areas or road 
surfaces. The study also identifies the sensitivity of RTC efficiency to 
higher inlet fluid temperatures from the BTES, underscoring the 
importance of optimizing RTC configuration (e.g., material proper
ties, layer thickness, and tube spacing) and BTES geometry for 
enhanced performance.

– The RTC system annually delivered 106.4 MWh of thermal energy to 
the BTES, raising the average storage volume temperature to 
approximately 32 ◦C. The system achieved a seasonal storage effi
ciency of 63.8 %.

– The heat pump system covered 84.3 % of the total heating load of the 
school building with a COP of 4.5 and a SCOP of 4, showcasing its 
ability to efficiently utilize thermal energy.

– The SHP system achieved a PER of 1.67 and an RER of 1.52, resulting 
in fractional energy savings of 48.9 % compared to a gas boiler-only 
system. Additionally, the SHP system achieved a 40 % reduction in 
equivalent CO2 emissions, aligning with broader decarbonization 
goals.

The results obtained in terms of energy and environmental perfor
mance are comparable with those obtained in the benchmark study 
[27]. Although the thermal conversion efficiency of RTCs is modest, 
their integration into multifunctional urban infrastructure enables sea
sonal energy recovery without additional land use or visual impact, 
making them particularly suitable for densely built environments. The 

proposed configuration enabled the system to supply the majority of the 
building’s heating demand with renewable sources while achieving an 
annual reduction of 15.2 tonnes of CO2eq compared to a conventional 
gas boiler. These outcomes demonstrate the environmental viability of 
the solution. Economic assessment was outside the scope of this study 
and will be addressed in future work. Future developments will also 
explore a comparative analysis between the proposed solar-assisted 
RTC–BTES–HP configuration and alternative Ground Source Heat 
Pump (GSHP) systems without solar charging. In hot climate conditions, 
where both heating and cooling loads are relevant, this comparison will 
help assess the seasonal flexibility and economic attractiveness of the 
two solutions.

In parallel, future work should focus on optimizing the SHP system to 
enhance its performance and applicability across diverse contexts. Ef
forts should aim to refine the thermo-physical properties and configu
rations of RTC and BTES components, ensuring maximum thermal 
efficiency and storage capacity. Advanced control strategies, such as 
predictive and adaptive algorithms, could improve system operation 
under varying climatic and load conditions, reducing reliance on backup 
heating systems. A detailed economic feasibility analysis is also essential 
to assess the balance between initial investment costs and long-term 
operational savings, providing stakeholders with a comprehensive un
derstanding of the system’s financial viability. Furthermore, evaluating 
the SHP system’s performance in different climates and expanding its 
application to other non-residential buildings, such as hospitals and 
offices, would demonstrate its versatility. Material innovations for RTCs 
and BTES could further enhance heat transfer, durability, and sustain
ability, amplifying the system’s environmental benefits. These ad
vancements will strengthen the SHP system’s role in achieving broader 
decarbonization targets and support its adoption as a scalable, low- 
carbon heating solution for the building sector.
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Table 4 
Monthly aggregate values of thermal energy input and output for the BTES, and 
the annual efficiency during the 25th year of simulation.

Ei, BTES Eo, BTES ηstorage

​ [MWh/y] [MWh/y] [%]
January 0.00 20.33 ​
February 0.00 15.69 ​
March 0.00 4.31 ​
April 12.43 0.00 ​
May 19.75 0.00 ​
June 22.12 0.00 ​
July 23.27 0.00 ​
August 17.62 0.00 ​
September 8.10 0.00 ​
October 3.16 0.00 ​
November 0.00 0.00 ​
December 0.00 27.59 ​
Annual 106.44 67.93 63.8

Table 5 
Monthly aggregate values of thermal loads, heat supplied by the backup boiler 
and heat pumps, and electricity consumption of the SHP system.

Eload Eboiler Eth,HP Ee,plant

​ [MWh] [MWh] [MWh] [MWh]
January 59.5 10.6 48.9 11.5
February 38.7 6.3 32.4 8.1
March 6.3 0.1 6.1 2.2
April 0.0 0.0 0.0 0.1
May 0.0 0.0 0.0 0.1
June 0.0 0.0 0.0 0.1
July 0.0 0.0 0.0 0.2
August 0.0 0.0 0.0 0.1
September 0.0 0.0 0.0 0.1
October 0.0 0.0 0.0 0.1
November 0.0 0.0 0.0 0.0
December 62.1 9.2 52.9 12.9
Annual 166.5 26.2 140.3 35.5
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