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A B S T R A C T   

Residential buildings account for 84 % of Italy’s built environment, playing a pivotal role in the EU’s aim to cut 
GHG emissions by 55 % through enhanced energy efficiency and climate adaptation. This necessitates 
comprehensive energy retrofit initiatives, especially in sectors like social housing, which has been relatively 
overlooked in terms of energy efficiency strategies. This study focuses on a multi-story building from the 1980s in 
Rome, implementing an innovative energy system proposed by the RESHeat European project. This system, 
aimed at standardizing energy retrofits for late 20th-century social housing, leverages the underexplored po
tential of water-source heat pump (WSHP) systems. The novelty of this research extends to its examination of 
multi-family housing, a sector that has seen less attention compared to public spaces and smaller residential 
buildings. Through experimental validation and annual dynamic simulations using TRNSYS and Simulink, the 
research compares the existing heating system with a proposed upgrade that includes a WSHP and Photovoltaic- 
Thermal (PVT) panels. This upgrade demonstrated a significant efficiency improvement, achieving an annual 
COP of 6.1 for the WSHP and a 36 % Primary Energy Savings (PES) from the PVT panels, showcasing the 
effectiveness of these technologies in enhancing the energy profile of multi-family residential buildings.   

1. Introduction 

It’s widely acknowledged that the building sector ranks among that 
highly energy-consuming, due to both phases of construction and de
molition but also in operation. At this stage, climate change in particular 
has a significant impact, resulting in an increasing demand for cooling 
and in thermal systems being undersized or oversized compared to 
future needs [1]. In urban areas, the first step to accomplish the energy 
efficiency and carbon neutrality objectives set forth by the European 
Union for the year 2050 [2,3] is therefore to adopt energy conservation 
measures (ECM). Several studies have focused on management of in
ternal loads, enhancement of envelope insulation and optimization of 
heating, ventilation and air conditioning system work. To identify a 
series of interventions that can be widely applied to existing buildings 
with similar characteristics is a strategic approach to speed up the 
achievement of international sustainability objectives. In retrofitting, 
one indispensable consideration concerns the construction year, a factor 

that cannot be overlooked since it significantly affects the insulation 
grade of the envelope and the type of thermal systems, as well as the 
construction trends. In numerous Italian municipalities the energy effi
ciency improvement necessitates of special actions for which it is 
mandatory to take into account the building context, involving the 
knowledge of materials, construction features, and so forth [4]. 

Several studies explore retrofit measures for residential buildings 
across Italy and Europe, providing insights into current trends and 
technologies. In [5] an overview of the implementation of interventions 
for renovating historical and heritage buildings is offered, assessing the 
feasibility and advantages of different retrofit approaches. The authors 
underline how the payback time of a single or combination of in
terventions is a key factor in the decision of the action to be taken, 
recalling that it varies for the same energy measure from colder to 
warmer zones. Renovations focused solely on the building envelope 
show limited effectiveness for residences powered by oil and gas, 
because fossil fuel consumption is not sufficiently reduced across the 
entire building stock. Despite a 2.5 % annual renovation rate and an 
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average 65 % energy reduction achieved per dwelling, the overall 
decrease remains inadequate. Thus, envelope renovations in residences 
supplied by fossil fuel, should shift towards combined approaches, 
integrating efficiency enhancements in the building envelope alongside 
transitioning to alternative heating systems [6]. 

In residential structures, where hot water generation, spaces’ heating 
and cooling can be managed by a single system, the air-to-water heat 
pump (HP) offers distinct advantages, encompassing cost-effectiveness 
and straightforward installation. Throughout the colder seasons, the 
Coefficient of Performance (COP) of this apparatus diminishes concur
rently with the building’s peak energy demand. Additionally, it is 
typically engineered to fulfill the maximum load while predominantly 

operating under partial load conditions, resulting in substantial seasonal 
performance reduction [7]. Addressing these challenges, hybrid systems 
that interconnect air-source heat pumps with parallel or 
series-connected backup heaters have exhibited promising potential. 
Nevertheless air-source heat pumps incur higher operating costs due to 
significant seasonal fluctuations in the heat source temperature. In 
contrast, water-source heat pumps and geothermal heat pumps exhibit 
superior performance and reduced operational costs because of the 
higher heat source temperatures. 

In general, if the goal is to maintain a high COP, some operational 
issues can be encountered with single-source heat pump arrangements, 
notably in cold regions: in conditions of low outdoor air temperature, 

Abbreviations 

ATER Agenzia Territoriale per l’Edilizia Residenziale 
DC Dry Cooler 
DHW Domestic Hot Water 
ECM Energy Conservation Measures 
HFM Heat Flow Meter 
HP Heat Pump 
KPI Key Performance Indicator 
MAP HP characteristic map 
NGB Natural Gas Boiler 
PV Photovoltaic 
PVT Photovoltaic-Thermal 
TES Thermal Energy Storage 
WSHP Water-Source Heat Pumps 

Symbols 
cp,w Average fluid specific heat (J/kgK) 
ṁw,HP mass flow rate of HP heat transfer fluid (kg/h) 
ṁw,PVT Mass flow rate of PVT heat transfer fluid (kg/h) 
APVT Collector area (m2) 
Cf Capacity factor (− ) 
Eel,DC Dry Cooler Electricity demand (MWh/yr) 
Eel,EB Electric Boiler Electricity demand (MWh/yr) 
Eel,HP Heat Pump Electricity demand (MWh/yr) 
Eel,PVT,net PVT Electricity net sharing (MWh/yr) 
Eel,PVT,sc PVT Electricity self-consumption (MWh/yr) 
Eel,PVT PVT Electricity production (MWh/yr) 
Eel,aux Auxiliary devices Electricity demand (MWh/yr) 
Eel,build Building Electricity demand (MWh/yr) 
Eel,demand Overall Electricity demand (MWh/yr) 
Ein,HP Heat Pump Input Energy (MWh) 
Ein,NGB Natural gas Boiler Input Energy (MWh) 
Eth,DHW Domestic Hot Water Thermal Energy demand (MWh/yr) 
Eth,HP,e Heat Pump Thermal Energy demand (cold side) (MWh/yr) 
Eth,HP Heat Pump Thermal Energy production (MWh/yr) 
Eth,PVT,st PVT Thermal Energy production and storage (MWh/yr) 
Eth,demand Overall Thermal Energy demand (MWh/yr) 
FR Collector heat removal factor (− ) 
It Solar radiation on collector tilted surface (W/m2) 
Pcold,HP Refrigerating power from evaporator to cold well (W) 
Pel,DC Electric power input DC (W) 
Pel,HP Electric power demand HP (W) 
Pel,PVT Electric power output PVT (W) 
Pth,DC Thermal power output DC (W) 
Pth,HP Thermal power output HP (W) 
Pth,PVT Thermal power output PVT (W) 
Sm3 Standard cube meter (m3) 
TPVT,cell Temperature of the PVT cell (◦C) 

Tamb Ambient temperature (◦C) 
Tin,HP,e Temperature at evaporator inlet (◦C) 
Tout,HP,e Temperature at evaporator outlet (◦C) 
Ttop Temperature of the water at TES top (◦C) 
Tw,HP,c Temperature of water in HP condenser (◦C) 
Tw,HP,e Temperature of water in HP evaporator (◦C) 
Tw,out,PVT Temperature of outlet water of PVT (◦C) 
UL Heat overall loss coefficient and bottom heat loss (W/m2K) 
cel Temperature coefficient of maximum Pel,PVT (%/◦C) 
fPE,i Primary energy conversion factor for the i-th energy vector 

(− ) 
ηel Overall cell electrical efficiency (− ) 
ηth Overall thermal efficiency (− ) 
COP Coefficient Of Performance (− ) 
EER Energy Efficiency Ratio (− ) 
fSC self-consumption fraction (− ) 
fsol Overall solar fraction (− ) 
fsol,el Electrical solar fraction (− ) 
fsol,th Thermal solar fraction (− ) 
NOCT Nominal Operating Cell Temperature (◦C) 
PE Primary Energy (MWh/y) 
PE, nREN Primary non-renewable Energy (MWh/y) 
PE, REN Primary renewable Energy (MWh/y) 
PES Non-Renewable Primary Energy Savings (MWh/y) 
sCOP Seasonal Coefficient Of Performance (− ) 
LHV Lower Heating Value (kWh/m3) 
τα Transmittance-absorptance product of collector (− ) 

Subscripts 
C Cooling 
c condenser 
DC Dry Cooler 
DHW Domestic Hot Water 
e evaporator 
el electricity 
H Heating 
HP Heat Pump 
M Measures 
ng natural gas (CH4) 
NGB Natural Gas Boiler 
NOCT Standard test condition (irradiance = 800 W/m2; module 

temperature = 20 ◦C, wind speed 1 m/s) 
operating operating 
rated rated 
S Simulated 
S0 Current Scenario 
S1 RESHeat Scenario 
sc self-consumption 
w water  
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the outdoor heat exchanger of air-source HPs frosts [8,9], whilst in case 
of inconsistent heating and cooling loads continued operation of 
ground-source heat pump system (GSHP) can cause thermal imbalance 
of the soil [10,11]. 

In case of solar assisted heat pumps low solar irradiance during 
certain periods of the year, in addition to its instability, lead to an 
intermittent performance of the solar energy systems, hence requiring a 
high number of collectors, which means a substantial upfront capital 
investment and issues in the installation process due to the wide 
committed area [12]. To overcome these concerns, avoiding perfor
mance and operation reliability decreases, some studies tried to take 
advantage of composite heat pump system, which enable flexible 
running modality. 

In [13] the viability of a multi-source hybrid heat pump system in 
different cold regions of China was demonstrated. A double-source heat 
pump unit, able to run as a separate heat pipe mode and vapor 
compression heating mode, was added to a ground-source heat pump. 
The system, with a summer COPc around 7.6 and a winter COPh around 
3, showed a 49.21 % rise in mean COPh and a 36 % increase in annual 
COP compared to GSHPs operating under equivalent conditions. The 
addition of the double-source heat pump, accounts for 9.59 % of the 
initial investment, leading to a static payback period of four years. 

In [14], a TRNSYS simulation model for a solar-assisted groundwater 
source heat pump system is proposed, along with a year-round operation 
control strategy. The model incorporates a new dual-interface solar and 
groundwater heat storage module, Type299. Experimentation validates 
the model’s accuracy using a case system in Shenyang. Results indicate a 
significant rise in annual solar energy utilization. Over ten years, the 
new system effectively maintains groundwater temperature, demon
strating improved stability and efficiency: it achieves a 36.8 % rise in 
annual average temperature and a 23.8 % higher comprehensive per
formance coefficient compared to the original system. 

A recent review researches conducted on solar assisted ground 
source heat pump systems [15] gave as highest values 5.7 and 13.5 for 
air source heat pump’s COP and system’s relying on latent heat energy 
storage tank. Among the solutions to increase the COP include the 
application of PCMs, which reduces heating load and electrical con
sumptions or even alternative refrigerants: the use of R22 compared to 
R744 increases COP of 28.8 %, whereas, thanks to its low critical tem
perature and high operating pressure, R410A turns out appropriate for 
low temperature heat pumps. Moreover, future directions for researches 
and developments to match for higher efficiency of the systems in 
question are highlighted. First, the optimization of their application in 
buildings which consume large quantities of primary energy, such as 
tertiary-use buildings, and their work under different weather condi
tions such as low ambient temperatures, high humidity, and windy en
vironments; advanced control strategies and the experimentation of 
environment-friendly refrigerants are also recommended. 

Nevertheless, solar energy and environmental air energy exhibit an 
isotropic distribution in cold regions and the ambient temperature re
mains low in scenarios of reduced solar radiation, posing challenges in 
fulfilling heating requirements. A more reliable set-up consists in a solar- 
ground source heat pump heating system to exploit in full solar and 
shallow soil energy. 

In [16], the experimental findings indicated that throughout the 
heating season in all cold regions of Turkey, the average Coefficient of 
Performance of the apparatus was approximately 3, with the COP of the 
HP measuring around 2.7. Solar collectors, featuring modified flat-plate 
water collectors, transfer heat to the water-source evaporator; during 
the day, heat from the evaporator is stored in the ground, enhancing the 
HP and system’s COP. Collector efficiency rose from 33 % to 54 % during 
the coldest months. 

[17] presents an experimental study on a ground-coupled heat pump 
combined with PVT collectors integrated into a 180 m2 private resi
dence. This system prioritizes solar heat for domestic hot water, redi
recting excess energy to the ground via boreholes once the preset 

temperature is reached; this way, it effectively balances ground loads, 
extends solar collector operation, and mitigates overheating issues. 
Despite high domestic hot water solar fraction, ground temperature 
fluctuations near boreholes reduced COP by 14 %. Solar heat injection 
mitigated this effect, particularly in summer. After 11 months of oper
ation, 6253 kWh are extracted from the ground, and additional 2121 
kWh are solar heat injected, constituting 34 % of the total extracted 
heat. 

The average COP achieved in heating mode is 3.75, whilst the do
mestic hot water solar fraction remained consistently above 60 %. 
Optimal circulation pump control is crucial for COP enhancement. 
Continuous operation of one pump yielded a lower average COP (2.6) 
compared to synchronized operation (3.35). Thermal solar collectors 
could reduce borehole numbers and installation costs, but additional 
pump electricity consumption may lower seasonal performance. 

In the PV/T coupled ground source heat pump system in Ref. [18], 
the soil provides 73.4 % of heat load, with photovoltaic cells contrib
uting 24 % of electricity generation. Operational efficiency is high, with 
a mean COP of 3.99 during heating and 3.96 during cooling. Compar
ative analysis favors temperature difference control methods over time 
control. Heat collection efficiency during storage is 37.4 %, with soil 
heat storage efficiency at 84.4 %. Soil temperature fluctuations remain 
favorable for sustained performance, especially in cold regions. Minimal 
soil internal energy loss and stable temperatures ensure long-term sys
tem effectiveness. 

Okumiya and Zhang [19] designed solar-ground source heat pump 
system for an office building in Beijing, proposing a novel operation 
strategy for transition seasons. Two winter operation strategies were 
compared. In the first one, solar collectors and ground heat exchanger 
are installed in series. The second one stores solar heat collected during 
the day in a tank, releasing it at night to recharge GHE and restore soil 
temperature. The system’s parameters were optimized. Simulation re
sults over 3 months of winter heating favored the first strategy in Bei
jing, because it maintanes and restores soil temperature better in cold 
climates. A transition season strategy proposed keeping the heat pump 
off and directly connecting ground heat exchanger to fan coil heat ex
changers, reducing annual electricity consumption by 20.86 %. ground 
heat exchanger length variations had a greater impact on system’s COP 
than collector area. 

Less researches have dealt with heat pump systems relying on air- 
ground composite source so far. The combined use of technology 
clearly reduces electricity consumption: a HVAC system resulting from a 
ground-source heat pump combined with and an air-source heat pump, 
in addition to ensuring a high EER, achieves electricity consumption 
levels approximately equal to 60 % of that obtained by an air-source 
heat pump, and to 82 % of that by a ground-source heat pump [20]. 
Another strategy to face the challenge associated with these systems lies 
in ensuring their proven effectiveness in cold climate conditions through 
the implementation of heat storages. Water-Source Heat Pumps 
(WSHPs) are renewed for their high efficiency in heating and cooling, as 
they leverage the relatively stable temperature of water which can 
derive from ground system or from different water sources as lakes, 
rivers or ponds. Surface WSHPs were proposed in Ref. [21] as efficient 
alternatives for conventional cooling and heating systems. Challenges 
related to freezing during heating operations are addressed through a 
proposed heat source compensation operation, enhancing thermal en
ergy utilization. Moreover water source technologies are suitable for 
large scale heat recovery. Zhou et al. showed the potential of Water 
source heat pumps for waste heat recovery from data centers facilities to 
achieve carbon neutrality [22]. Numerous urban wastewater treatment 
facilities release treated tail water with consistent flow rates [23]. Tail 
Water Source Heat Pumps adeptly harness heat from this purified water, 
markedly diminishing energy consumption for building heating, and 
integrated with Thermal Energy Storage (TES) enables to fulfill peak 
load shifting objectives. The average Coefficient of Performance for this 
kind of HP units and for the comprehensive system is 7.08 and 4.41, 
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correspondingly. In contrast to a gas-fired boiler, the envisaged system 
attains a notable reduction in carbon emissions, by 62.53 %. Ma et al. 
addressed challenges in systems exploiting solar energy and air source 
heat pumps for hot water production by employing TRNSYS to simulate 
a solar-coupled HP. The analysis compares the efficiency of the intro
duced combined configuration and an ordinary air source heat pump, 
revealing the new system’s capability to supply water at 50 ◦C [24]. 

The shift to the electricity-driven technology, caused by the 
replacement of traditional heating generators, namely Natural Gas 
Boilers (NGBs) with HP systems [25], if decreases emissions due to the 
direct utilization of fossil fuel, transfers the load to the electricity sector 
[26]. This way demand for Primary Energy (PE) remains high, unless 
resorting to on-site production of renewable energy to satisfy energy 
needs of buildings. Photovoltaic (PV) panels installation, like that of 
solar collectors, is the most implemented intervention for distributed 
energy production so far, this makes heat pumps powered by PV systems 
[27] the cornerstone technology of the decarbonization pathway 
through renewable aided electrification. 

[28] investigates the potential of High-Temperature Heat Pumps 
based on the vapor compression cycle to replace fossil fuel-fired boilers 
for generating high-temperature water and steam. This examination is 
crucial for industries. Different cycle configurations and natural re
frigerants are compared based on two primary metrics: the coefficient of 
system performance and exergetic efficiency. It identifies ammonia and 
water as preferable working fluids under specific conditions: the first 
one preferred for source and sink temperatures lower than 60 ◦C and 
110 ◦C, respectively, while water serves as a better working fluid at 
higher temperatures. The need for further improvement in compressor 
technologies for these solutions to be competitive in terms of cost and 
operational reliability was pointed out. A lack of the work is that the 
analysis is highly dependent on the case study’s settings, and the results 
may not be directly applicable to all industrial or residential scenarios. 

It is however noteworthy that the solar energy share which can be 
directly converted into electrical power is only 10–20 %, while the rest is 
dissipated as heat, leading to loss in power and devaluation [29]. This 
hesitates also in high operating temperature, responsible for cell’s 
structural damage over time and reduction of service life. Hence, it is 
crucial to plan a method for cooling these units [30]. In photo
voltaic/thermal (PVT) systems, which produce electrical power mean
while providing thermal energy [31], the fluid flowing in PVT system 
decreases PV panels’ temperature collecting excess heat, thus suitable 
for DHW or space heating [32,33]. In PVT assisted direct-expansion heat 
pump the panels are directly responsible for heating the working fluid of 
the HP; such a cooled PVT panel can achieve higher electrical efficiency 
than an uncooled one, along with ensuring a relatively high COP [33]. 

PVT and HP can work with a storage tank interposed [34]; in 
Ref. [35] an interesting alternative was given to sensible heat storages, 
suggesting an integrated thermochemical and phase change materials 
based latent heat thermal storage system. 

Cost-competitiveness of the water storage makes WSHP easy to be 
proposed for short-term domestic applications, also in large scale 
refurbishment. Water source heating system prospect promising and 
viable solution to be applied to energy districts; the coupling with 
photovoltaics means further exploiting the potential of energy commu
nities, mainly founded on the sharing of electricity from PV. 

With the emergence of Energy Communities, district heating and 
cooling is deemed an efficient and low-environmental impact solution to 
cover the requirement for thermal energy of buildings. The possibility to 
employ low-temperature heat is a noticeable benefit of district heating 
and cooling networks, originated by combined heat and power engines, 
heat pumps powered by photovoltaic electricity, energy from other 
renewable sources like biomass and geothermal energy, and waste heat 
from industrial processes. By applying a proper control to impede 
overheating and optimizing the demand-supply balance in relation to 
building typology, primary energy uptake and CO2 emissions of districts 
can be even more decreased [36]. In Ref. [37], a bidirectional 

heating/cooling network of 5th generation is formulated, incorporating 
water-to-water and ground-source heat pumps along with a photovoltaic 
array. Specifically tailored for a 50-building district in Madrid, this 
network allows to reach a PES of 64 % and to lower CO2 emissions by 76 
% in comparison to the prevailing conditions. The district’s electricity 
need meet by the photovoltaic field, only equal to 30 % by the delin
eated design, could be enhanced by the integration of a supplementary 
energy storage; it will help in mitigating grid balancing challenges, 
optimizing power production alignment with the real-time demand. The 
efficacy of the aforementioned strategy can be moreover heightened by 
incorporating proper energy storage systems, facilitating increased uti
lization of renewable thermal energy sources. An illustrative case is 
presented by Todorov et al. [38], where winter and summer temperature 
control is entrusted to groundwater heat pumps associated to under
ground aquifers to store thermal energy. 

However, looking at European scenario, few studies implement 
retrofit strategies at neighborhood or wider scale [39]. Looking at the 
built environment, several studies pointed out Public social building 
stock poses a challenging reality, experiencing energy poverty, which 
contradicts the UN Sustainable Development Goals (SDGs) [40]. Besides 
suffering for envelopes not adequately insulated, due to various eco
nomic and technical factors [41,42], low-income households encounter 
difficulties in maintaining comfortable living conditions in social 
housings, that incur in obsolescence in terms of energy and structures. 

In the operation phase of residential buildings, plural energy fluxes 
are included, mainly depending on constructive features and systems for 
heating, cooling and DHW production. The scant uniformity in the 
housing stock, and in the corresponding systems’ arrangement, adds 
complexity to this spectrum of energy flows; however knowing them in 
their singularity is mandatory to compare their energy performance. 

Extensive analyses of effective energy consumption in both resi
dential and non-residential buildings have been conducted so far [43, 
44]. Numerous EU projects have developed databases with the aim of 
characterizing the building stock to make deductions and comparisons 
also from an energy point of view [45]. On the other hand few studies on 
energy utilization in social housing buildings exist [46]. Thus the 
research must fill the gap of energy consumption limited understanding 
in the abovementioned typology, delve into occupants’ behavior and 
factors contributing to the Energy Performance Gap. 

Dynamic modelling of solar heating systems relying on PVT tech
nology is crucial to manage electrical and thermal peak load shift, with 
the purpose of minimizing dependence on grid energy in favor of self- 
consumption [24,47,48], as well as to assess fluctuations in 
source-side storage tanks. The systematic development of models pro
vides a solution to the challenge highlighted in Ref. [49], concerning 
issues in designing heat pump systems, due to the limited and variable 
available catalog data. Subsequent enhancements to the model should 
concentrate on its performance during low-temperature or nocturnal 
operation, as well as on the anomalies due to condensation and frosting. 
In Ref. [50], the implementation and validation of PVT collector model 
in TRNSYS shows that, for significant thermal capacities, thermal out
comes have a less accurate fit of the dynamic behavior, meaning the 
significance of determining accurately the thermal capacity of PVT. 

In recent literature there is room for the economic aspects that 
induce some considerations on their still not exhaustive development. 
While the paper of Bergamini et al. [28] thoroughly examines the 
thermodynamic and technical aspects of HTHP, it provides limited 
insight into the economic implications, such as installation costs, oper
ational costs, and potential savings, which are critical for stakeholders 
considering such a replacement. Ref. [51] focuses on the environmental 
impact of replacing an all-electric boiler with an air source heat pump 
through a life cycle assessment. The analysis demonstrates that ASHPs, 
particularly those paired with underfloor heating, can achieve envi
ronmental amortization within a conservative lifespan of 10 years, and 
that the choice of heat emitters significantly affects the environmental 
amortization time: underfloor heating systems requiring the shortest 
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time to offset their environmental impact compared to more traditional 
radiators. Cost considerations, including installation, maintenance, and 
operational expenses, are crucial for homeowners and were not detailed 
in the study. Luo et al. [52] explored the thermo-economic performance 
of replacing a coal-fired boiler with a Groundwater Heat Pump system 
for greenhouse heating and cooling. The results show that despite higher 
capital costs, the GWHP system offers better economic performance in 
terms of Average Energy Price (AEP) and suggests its potential as an 
alternative to traditional boilers. Anyway the study does not provide 
detailed analysis on the impact of these initial costs on the overall 
economic feasibility for potential adopters. The applicability of its 
conclusions is influenced by local conditions, in addition the study 
covers a one-year monitoring period, which provides valuable insights 
but may not fully capture the long-term performance, maintenance 
needs, and potential technical challenges associated with GWHP 
systems. 

1.1. The RESHeat project and aim of the study 

In this research context fits RESHeat Project [53], whose objective is 
to design a system based on renewable energy, intended for thermal 
control of residential buildings, encompassing both heating and cooling 
functions. 

The common line for the international partners provides for the use 
as primary energy that from solar source 

through PVT modules, and the adoption of heat pumps and cold/heat 
buffers to supply the heat to the housings by means of fan coil units. In a 
preliminary study a similar heat pump system was simulated imple
mented in a compact office situated in Cracow, Milan and Rome [54]. 
The findings shown that, when for the PVT are set thermal efficiency 
equal to 0.6 and electrical efficiency equal to 0.15, and for the heat 
exchanger of the storage vessel an efficiency equal to 0.9 is considered, 
the heating demand is fulfilled in Rome for 70 %, in Milan for 62 %, in 
Cracow for 47 %. As expected, where the availability of solar radiation is 
limited and the outdoor air temperature is lower, the case of Milan and 
Cracow, the experimental facility does not guarantee an adequate 
heating provision. To extend the heat pump’s coverage during the 
heating season, limiting the use of an auxiliary system, a viable strategy 
is to resort to a TES system. The RESHeat project in Poland, therefore, 
involves a sun-tracking PVT-based system connected to a buried unit for 
thermal storage [55]. 

In the Italian version of RESHeat project, serving as water heat 
pump’s source, a hot water storage tank replaces the underground heat 
accumulation unit. 

In this paper this alternative is addressed. With the aim of defining a 
retrofit procedure applicable to the urban scale, a case study represen
tative of a widespread type in the urban fabric of Rome’s area was 
chosen to be used as training site: an existing social housing building 
with 13 apartments constructed around 1980 in Palombara Sabina 
(Italy). The reference building sample stems from urban planning ini
tiatives aimed at coordinating interventions concerning economic and 
social housing, started in Italy during the 1960s. Arising from the 
developmental context which interested Europe prior to the enactment 
of energy performance regulations, this sample serves as a representa
tive archetype. Consequently, the insights garnered from its analysis can 
be extrapolated to an international context, particularly within regions 
sharing similar climatic conditions. 

To correctly implement the proposed system, a detailed thermal 
loads and energy demand analysis was assessed on a validated model of 
the building in the current configuration. As regards the energy system, 
it consists in centralized heating powered by a NGB, combined with 
autonomous production of DHW by an electric boiler in each apartment. 
The improvement involves the replacement of generators with a water 
source heat pump coupled to cooled photovoltaic panels, the insertion of 
two storage units, one source-side and the other load-side, and fan coil 
instead of radiators. This way, besides an integrated generation of heat, 

summer cooling and power production were introduced. During heating 
season, with the low-temperature heat from the panels, the heat pump’s 
cold well is replenished; during the remaining months, when the panels 
can provide heat at higher temperatures, they are coupled with the 
system deputy to domestic hot water production. Every subsystem of the 
thermal facility was analytically modeled in TRNSYS. 

The components were individually validated through experimental 
campaigns. 

For the energy analysis hourly simulation during a whole year were 
performed. System’s efficiency was evaluated with reference to average 
seasonal and monthly COP of the heat pump. The main energy cosid
erations concern production and consumption of thermal energy, along 
with the generation and absorption of electrical power. Additionally, to 
express the penetration of renewables in heat production, the achieved 
solar fractions were presented. Primary energy savings and avoided CO2 
allowed to quantify the potential of the proposed solution compared to 
the current state. 

The present work has therefore the objective of using the building in 
Palombara Sabina as pilot case to enhance a centralized heating system 
for mild climates, so as to propose it as ideal approach to be extensively 
applied to the whole social housing real estate erected during the 
1970–1990s, in view of an urban scale energy retrofitting. 

The novelty of the proposed study is based on the following key 
aspects.  

• It is the counterpart of the Polish proposal for RESHeat Project: the 
focus on shifting systems away from Natural Gas during periods of 
low supply from RES facilities, achieved through TES devices, is 
adapted to mild climates thanks to water storage. This presents an 
opportunity to deepen WSHP systems, which is relatively underex
plored in the literature.  

• The renewable energy-based integrated system, proposed for social 
housing and modeled with dynamic software, is validated through 
on-site experimental campaigns.  

• The methodology adopted to define the plant design allows seasonal 
optimization of the HP operation, with the introduction of the 
chiller, which in future developments can also be considered as a 
double source heat plant.  

• The topic of energy retrofitting is enriched through an in-depth 
analysis within the context of social housing. This represents a 
widespread typology both nationally and internationally, requiring 
urgent intervention to address energy weaknesses associated with its 
low performance. Improving these structures could lead to a massive 
decarbonization of the building stock, aligning with the perspectives 
of carbon neutrality by 2050. 

• In the literature, energy retrofitting is often applied to public envi
ronments, primarily offices, or in residential settings to apartments 
or small-scale buildings, mainly single or double-family homes, 
while the field of multi-family residences, such as the present case 
study, is still relatively underexplored.  

• Through Carbon Avoidance Evaluation, a preliminary estimate of the 
environmental impact of energy systems is provided. This approach 
aims to align with regulatory requirements such as EPBD and Life 
Cycle Assessment (LCA) analysis, currently under development, 
while also facilitating future comparative analyses among different 
energy systems based on location, intended use, and occupancy 
profile. 

2. Materials and methods 

As previously stated, this work falls within the RESHeat European 
project, which involves the implementation of an innovative experi
mental system on three demo sites, two in Poland and one in Italy. 
Specifically, this article discusses the results obtained from simulations 
on the Italian location. It’s crucial to emphasize that the building 
selected for this purpose is representative of a widely spread typology in 
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Italy, particularly in the Lazio region. Therefore, an additional goal of 
this work is to evaluate the extendibility of the results to the entire 
building stock represented by the analyzed building. 

The residential building under study, the edification period of which 
can be traced back to the 1980–1985 years, is placed in Palombara 
Sabina (DD 2012), a town 30 km far from Rome in northeast direction, 
and belongs to Agenzia Territoriale per l’Edilizia Residenziale (ATER). 
In the three floors above ground are distributed thirteen flats served by 
two stairs, whereas the basement houses cellars and technical rooms. 
The structure is in reinforced concrete, and the building envelope aligns 
with construction techniques of that ages. The choice focused on this 
type of building as representative of a widespread building heritage in 
Italy and Europe. More specifically, the reasons for the selection are set 
out in Ref. [56]. 

The research intend to raise plant’s reliance on renewable energy, 
while ensuring optimal energy efficiency. The baseline objectives 
include an average annual coefficient of performance equal to 5 for the 
heat pump and a 70 % coverage from renewable sources [57]. To 
optimize the building’s energy consumption, two scenarios were stud
ied: first, the existing heating system, followed by an analysis of the 
RESHeat system, which replaces the NGB with a water-source heat pump 
assisted by a cooled photovoltaic system. 

The subsequent sections account in-depth explanations of the two 
plant configurations – the original building system and the energy 
optimization system (RESHeat System) – along with the Key Perfor
mance Indicators (KPIs) chosen for the discussion. 

2.1. Current heating system 

The building’s heating system relies on a natural gas boiler featured 
by maximum heating capacity of 69 kW and an efficiency of 0.96. The 
useful heat vary among a minimum of 51.8 kW and a maximum of 65 
kW. The modulation of power output depends on the boiler outlet 
temperature, configured at 80 ◦C. The radiators, which differ in size and 

characteristics, have their powers calculated according to the UNI 10200 
standard [58]. The operation period of the heating system goes from 
November to April, following a double scheduling: the daily working 
hours are 8 from November 15 to March 15, programmed from 14:00 to 
22:00, reduced to 5 between March 15 to April 15, from 16:00 to 21:00. 
The centralized heating system does not supply the water-sanitary plant; 
hot water is generated autonomously by each apartment through its own 
electric boiler. This system has been previously studied [56], and the 
current research seeks to formulate innovative energy solutions to be 
applied to the real case. 

The methodology begins with the selection and analysis of the 
building. Subsequently, the architecture and the original system are 
modeled using TRNSYS software, followed by model validation using 
historical data and measurements from the previous phase. Once vali
dated, the utilization of the model is for the purpose of RESHeat system 
simulation and comparison with the existing heating system (Fig. 1). 
The detail of the dynamic model and its validation is explained in the 
following section. Meanwhile, the building loads obtained from the 
analyses are reported below. 

As previously mentioned, the building was modeled and validated in 
Ref. [56], from this it was possible to derive the thermal loads of the 
building and the annual energy requirement for heating and cooling. 
The energy assessment of the ATER building revealed an annual heating 
energy demand of 54.92 MWh/y and an annual cooling energy demand 
of 37.70 MWh/y, while the domestic hot water (DHW) demand is 48.5 
MWh/y. Fig. 2 illustrates the monthly energy requirements as previously 
described obtained by the building model previously validated in 
Ref. [56]. To assess the DHW energy demand, a consumption rate of 55 L 
per person for a total of 50 people was considered. Additionally, a 
standard daily hourly profile of a residential user [59], as depicted in 
Fig. 3a, was used for the evaluation. The DHW energy demand was 
calculated, and the electrical energy consumption for domestic hot 
water with a traditional electric boiler (Eel,EB,DHW) was determined, 
considering an electrical power of 1200 W per apartment. Estimating an 

Fig. 1. Methodology chart.  
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electrical consumption for DHW equal to 64.65 MWh/y (Fig. 3b). 

2.2. Italian RESHeat system 

The proposed system is developed to facilitate the integrated gen
eration of heat, cooling, and power. It is shown in Fig. 4. Key compo
nents comprise a water source heat pump (2), a hybrid photovoltaic 
system (1), and two distinct thermal energy storage units (on source side 
(3) and load side (4) of the heat pump). In the system, a water-to-water 

heat pump is employed for generating thermal energy to meet both 
winter requests for heat and summer requests for cool. This system is 
integrated with a photovoltaic plant comprising 75 panels, which are 
cooled by a 3 m3 buffer tank (3) on the heat pump’s source side. Addi
tionally, this tank is linked to a dry cooler (DC) necessary for heat 
removal during the summer. On the heat pump’s load side, connections 
are made to fan coils for both space heating and cooling. The RESHeat 
system’s control mechanism is strategically designed to optimize the 
utilization of RESs. The operational principles governing the control 

Fig. 2. Thermal energy demand.  

Fig. 3. a) hourly daily fraction of domestic hot water load [56]; b) Estimated DHW electrical consumption.  

Fig. 4. RESHeat system.  

A. Vallati et al.                                                                                                                                                                                                                                  



Energy 301 (2024) 131531

8

system are the following: the circulation pump is triggered when in the 
heat exchanger beneath the PV panels the temperature exceeds 20 ◦C ±
2 ◦C. During the winter period, the heat pump is activated when inside 
the inertial storage tank (4) the temperature falls below 45 ◦C ± 5 ◦C. 
The heat pump operates between 5 a.m. and 11 a.m., and between 4 p.m. 
and 10 p.m., in accordance with Italian regulations [60]. In the summer 
period, the heat pump is activated when the temperature of the inertial 
storage tank (4) exceeds 15 ◦C ± 5 ◦C. During summer, the dry cooler is 
switched on to facilitate the heat pump’s operation, especially when the 
temperature of the heat storage tank (3) exceeds 20 ◦C. 

During winter season, heat generated by the heat pump, as well as in 
summer months cold produced to meet increased demand for cooling, is 
stored in a buffer tank (3). For enhancing the efficiency of the heat pump 
the synergistic utilization of PVT panels is crucial. During the winter, the 
cooling circuit of the photovoltaic system feeds the 3 m3 buffer (3), 
yielding thermal energy used to hold the average temperature inside the 
tank around 15.45 ◦C, thus increasing the efficiency of the HP. Simul
taneously, the temperature of the liquid inside (3) is lowered by the heat 
pump’s output at the evaporator-side, ensuring a proper cooling source 
for the panels. In summer season the heat production from the photo
voltaic panels is employed for domestic hot water, while, if the heat into 
the TES (3) connected with the condenser side of the HP is in excess, it is 
dissipated by a dry cooler. 

This way, the supply of domestic hot water is turned from autono
mous to centralized and integrated with the production of heat by the 
PVT during summer, whilst in the winter period, when the panels are 
able to provide heat only at low temperature, they are disconnected 
from the DHW, serving as an energy source for reintegration of the HP’s 
cold well (Fig. 5). A gas boiler (7) is used as a back-up heater for DHW 
when thermal energy from PVT is insufficient. 

2.3. KPI 

Six Key Performance Indicators (KPIs) have been selected to assess 
the impact of the proposed system from an energy-environmental 
perspective and with the objective of evaluate the seasonal energy 
performance. Among the goals of the study is the optimization of the 
thermal system, with the first benchmark being the efficiency of the heat 
pump and the achievement of a coefficient of performance, averaged 
throughout a year, greater than 5. 

The seasonal coefficient of performance (sCOP) of the heat pump was 
calculated as thermal energy production (Eth,HP) to electrical energy 
consumption (Eel,HP) ratio over the entire heating season: 

sCOP=
Eth,HP

Eel,HP
(1) 

Subsequently, starting from the thermal and electrical energy re
quirements and the energy produced by the thermal-photovoltaic field, 
the following KPIs were evaluated to assess the penetration of renewable 
energy into the system: thermal solar fraction (fsol,th), electrical solar 

fraction (fsol,el), and overall solar fraction (fsol) [61]. 

fsol,th =
Eth,PVT,st

Eth,demand
=

Eth,PVT,st

Eth,HP,st + Eth,DHW
(2)  

fsol,el =
Eel,PVT

Eel,demand
=

Eel,PVT,sc + Eel,PVT,net

Eel,HP + Eel,DC + Eel,aux + Eel,build
(3)  

fsol =
Eth,PVT,st + Eel,PVT

Eth,demand + Eel,demand
(4) 

To complete the energy evaluation, the primary energy associated 
with each scenario was calculated by Eq. (5), for the current scenario 
(S0), and Eq. (6), for the proposed one (S1); non-renewable Primary 
Energy Savings (PES) corresponding to the improved scenario were 
estimated (Eq. (7)) by comparing its Primary non-renewable Energy 
with that of the initial state, where no interventions were made. 

The primary energy need per generator (PEHP, PENGB) are determined 
by Eq. (5) and Eq. (6) multiplying the primary energy conversion factor 
(fPE,i) [62] and the energy supplied to the generator during the given 
timeframe, taking into account that the involved heat generators are 
fueled by different energy sources: electricity and natural gas. 

PENGB = LHV ∗ Sm3
CH4 ∗ fPE,ng = Ein,NGB ∗ fPE,ng (5)  

PEHP = Ein,HP ∗ fPE,el (6)  

where: 

fPE,ng =natural gas = 1.05  

fPE,el = electricity = 1 if the HP is fed by the PVT electricity and fPE =

2.42 if the HP is fed by the electricity take from the grid. 
LHV means Lower Heating Value of methane and Sm3

CH4 is for 
Standard cube meter of methane. Ein,HP is the energy demand from the 
gas boiler, namely methane, whilst Ein,NGB is that from the heat pump, 
namely electricity. 

For the calculation of PEnREN the conversion factor remains the same 
of that in Eq. (6) for NGB, while for electricity from grid fPE,el = 1.95 was 
considered. 

PES=1 −
PEnREN,S1

PEnREN,S0
(7) 

Finally, the tons of CO2 avoided with the proposed scenario were 
assessed, taking into account the self-consumed energy from renewable 
sources and not drawn from the national grid, as well as the CO2 saved 
not combusting fossil fuels [63]. 

The equation below outlines the various values considered, with S1 
subscripts indicating values associated with the new system, and S0 
subscripts indicating values related to the original system. 

tCO2av =
(
tCO2el,HP,H + tCO2el,HP,C + tCO2ng,DHW

)

S1 −
(
tCO2el,PVT,sc

)

S1

−
(
tCO2ng,NGB,H + tCO2el,EB,DHW

)

S0 (8) 

The terms tCO2el,HP,H and tCO2el,HP,C represent the tons of CO2 emitted 
for the production of heat during heating and cooling by the HP, related 
to electric consumption deriving from RESHeat application. Meanwhile, 
tCO2ng,DHW indicates the tons of CO2 emitted to produce domestic hot 
water through the gas boiler, used as a back-up heater when thermal 
energy from PVT is not sufficient. To these quantities, we subtract the 
tCO2 not emitted due to electric self-consumption 

(
tCO2el,PVT,sc

)
, the 

amount in charge at the natural gas boiler (NGB) before the substitution 
by the heat pump tCO2ng,NGB,H, and that arising from electric boilers’ 
work until their elimination as domestic hot water generators 
tCO2el,EB,DHW. 

For the calculation, emission factors for electrical energy (FCO2,el) 
and methane (FCO2,NH4) were considered, with values of 0.2457 tCO2/ 
MWh and 1.6 tCO2/MWh, respectively [63]. Fig. 5. DHW summer scheme.  
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3. Model description and validation 

This section outlines the numerical model employed for simulations, 
providing detailed descriptions of key components such as heat pump, 
cooled photovoltaic panels, thermal storage and dry cooler, as well as 
meteorological data and the building itself. In addition to the parameters 
and equations underlying the model, the second part of this section is 
dedicated to its validation. 

3.1. Weather data 

For incident solar radiation (a) and air temperature (b) the hourly 
variations over 24-h are shown in Fig. 6, referring to the winter period. 
Any possible value appears depicted by the orange dots, comprised be
tween the upper red curve, which represents the maximum reachable 
values, and the yellow line at the bottom, corresponding to the trend of 
minimums. With a horizontal average solar radiation of 1478 kWh/m2 

Y. 

3.2. Building’s thermal model 

The geometrical and thermophysical characterization of the building 
and the estimation of its energy demand was carried out by way of the 
plugins TRNSYS 3D and TRNBuild [64]. 

The model of the building begins defining and drawing the thermal 
zones in TRNSYS 3D (SketchUp plugin). Once the geometric model was 
completed, the.idf file was imported into TRNSYS Building. There, for 
each thermal zone, it is mandatory to specify the initial indoor tem
perature and relative humidity values and the required data for evalu
ating the overall features of the zone, which include infiltration rate, 
internal gains and comfort parameters of the building occupants. Also 
the thermophysical properties of the considered zone’s boundaries, such 
as walls and windows, must be specified. 

The information file which TRNBuild originates accordingly outlines 
outputs and required inputs of Type 56. By this type the building model 
is inserted in TRNSYS workspace, namely Simulation Studio. 

Heating and cooling equipment are modeled as separate components 
in Simulation Studio. Therefore, the outputs derived from the zones of 
Type 56 act as inputs for the equipment models, which for their part 
provide heating and cooling inputs for the zones. 

An examination of the building’s energy behavior was first per
formed using TRNSYS 17. The model underwent validation through data 
of envelope’s thermal transmittance and internal temperature collected 
in on-site measurements and by referencing energy consumption records 
from the years 2018–2019 and 2020. The assumed stratigraphy for the 
structure under consideration is shown below. From Table 1, calcula
tions give a theoretical global heat transfer coefficient equal to 0.78 W/ 
m2K. Such result derived by the embracement of surface thermal re
sistances quoted by the ISO 6946 [65] standard, along with a 20 % in
crease to account for aging effects. Such percentage was deduced as 

average among the values for thermal insulating material and poly
styrene concrete layer reported in UNI 10351 [66]. This Italian standard 
suggests percentage increases to be applied to the thermal conductivity 
of materials for taking into account factors like compaction of bulk 
materials, moisture content and aging under standard operating condi
tions. The percentage increase for the catalogued materials ranges from 
10 % to 50 %. 

Because of the scarce thermal inertia of the analyzed wall, given 
suitable boundary conditions with regard to thermal stresses, the Heat 
Flow Meter (HFM) measured significant instantaneous thermal trans
mittances. Based on these, invoking the well-established progressive 
average method outlined in ISO 9869-1 [67], a U-value of 0.8 W/m2K 
was found. Therefore, the assumed stratigraphy in Table 1 can be 
deemed realistic, in line with the experimental findings. Theoretical and 
experimental U-values exhibit a deviation of +10.45 %. 

3.3. Combined photovoltaic-thermal panels (PVT) 

Double glass panels of the type ZXM6-LD60 were applied to the roof 
of the case study housing in Palombara Sabina, in conformity with the 
grant agreement, and taking into account its geometry. The panels 
quantity was established at 75 units, arranged in groups of 5 to form 15 
strings, leading to a total area of 124 m2 equivalent to an electric ca
pacity of 23.2 kWp. An overall flow rate of 3150 l/h circulating across 
the entire system was yielded, assuming for each panel in the series a 
constant flow rate of 30 l/h. The main parameters of the panels from 
data sheet and assumed in the model are reported in Table 2. 

According with [68] the mathematical model equations are the 
following: 

NOCT Tref

Iref
+ Tamb (9)  

ηel = ηel,std
[
cel
(
Tpv,cell − Tcel,std

)
+1

]
(10)  

Pel = ηel It Ap,surf (11)  

Pth,PVT =Ap,surf FR
[
It τα −

(
Tw,in − Ta

)
UL

]
(12)  

Fig. 6. Hourly variation over 24h in the heating season of: a) incident solar radiation; b) air temperature.  

Table 1 
Thermal features of the opaque envelope.  

Material Depth [m] Λ [W/mK] R [m2K/W] 

External laminar layer   0.04 
Gypsum plaster 0.02 1.00 0.02 
Hollow brick 0.12 0.36 0.33 
Insulation 0.03 0.09 0.33 
Air Cavity 0.05 0.25 0.20 
Hollow brick gypsum covered 0.08 0.36 0.22 
Internal laminar layer   0.13 
U-value 0.78 W/m2K  
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FR =

NOCT Tref
Iref

− τα
UL

Tw,in − Ta
It − τα

UL

(13)  

ηth =
Pth,PVT

Pincident
(14)  

Tw,out,PVT =Pth,PVT ṁw,PVT Cp,w (15) 

The experimental setup, installed on July 6, 2022, consists of two 
cooled photovoltaic panels, connected in parallel for the hydraulic part 
and series for the electrical domain. The cooling system consists of two 
independent coils, each with six pipes. The PV modules used in this 
experiment are Bifacial Double Glass Mono PV module of ZXM6-LD60, 
type 310, from Znshinesolar manufacturer [69]. The module com
prises 60 mono-crystalline cells with dimensions of 156 × 156 mm. The 
module’s width is of 997 mm and the height of 1679 mm, with an area of 
1.67 m2 (net 1.46 m2). At standard test conditions, the nominal power of 
the module is 310 Wp with 18.62 % electrical conversion efficiency. The 
technical data of the module is given in Table 2. The experimental 
system is located in a laboratory of the Astronautical Electrical and 
Energetic Engineering Department of Sapienza University of Rome. The 

latitude and longitude of the site are 41.958352 and 2.504975, respec
tively. The azimuth of the building is 178◦ and the module tilt angle of 
30◦. The measurement data used to test the photovoltaic panel are the 
following: outdoor climatic parameters, outlet and inlet temperature of 
the panel, thermal flow transferred to the water and flow rate in the 
hydraulic circuit. The measuring tools are thermal energy probes for 
detecting thermodynamic quantities and a climatic control unit for 
determining meteorological data. The weather data are based on the 
values collected by Meteoblue archive [70] of the Roma-Urbe Airport, 
since a climate control unit was not installed in the laboratory site. The 
following parameters were collected: air temperature (2 m elevation 
corrected), direct, diffuse and global shortwave radiation, cloud cover 
total, wind speed and direction (10 m). 

The experimental campaign was conducted during two non- 
consecutive days, on July 27 and August 5, for 8 h (Fig. 7). Each mea
surement describes the initial conditions of the plant and the weather 
conditions. 

The first campaign was conducted on July 27, 2022, from 9 a.m. to 
4.15 p.m. The measurements were taken with a 15 min time step. The 
outdoor climatic measures were as follows: outdoor air temperature 
28 ◦C, wind velocity 5.7 km/h while the cloud cover was 0 from the start 
to the measurement until 3.30 p.m. and three oktas before 3.30 p.m. 
[70]. The hydraulic circuit on the side of the panels was already in 
operation at the beginning of the measurement campaign. Therefore, 
there was no stagnant water in the panels. The initial temperature at the 
inlet of the panels was 28.9 ◦C. In contrast, the temperature at the outlet 
was 32.6 ◦C, with a ΔT of 3.7 ◦C. 

As reported in Tables 2 and 3, the data sources for the parameters 
and model inputs are mainly: the technical data sheet of the panels, 
measured data related to the heat transfer fluid, readings by the climatic 
control unit and the characteristics of the installation. 

Temperature and flow rate at panel inlet have been used as input 
data, as well as environmental temperature, wind speed and horizontal 
radiation measured by the climatic control unit located in Roma-Urbe 
airport. The PVT outlet temperature (Tw,out,PVT) as well as the thermal 
power (Pth,PVT) produced, measured (M) and simulated (S), were then 

Table 2 
Model parameters.  

Parameters Value 

Collector Area 1.67 m2 

Collector Fin Efficiency Factor 0.7 – 
Fluid Thermal Capacitance 3.92 kJ/kgK 
Collector plate absorptance 0.92 – 
Number of glass covers 2 – 
Collector plate emittance 0.09 – 
Loss coefficient for the bottom and edge losses 20 kJ/hm2K 
Collector slope 30 degrees 
Transmittance absorbtance product 0.9 – 
Temperature coefficient of PV cell efficiency 0.0032 1/K 
Temperature for cell reference efficiency 25 ◦C 
Packing factor 0.8537 –  

Fig. 7. Weather data of Roma-Urbe Airport during the two examined days: a),b) solar radiation; c),d) air temperature, and wind velocity.  
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compared. Fig. 8 shows the trends over time of the measured and 
simulated quantities. The average percentage error is 0.8 % for tem
peratures and 9.5 % for powers. 

3.4. Water source heat pump 

As per the calculations previously conducted, the Oilon RE56 water 
source heat pump was selected to be installed on the demo site in Pal
ombara Sabina, Italy. Oilon’s technical data sheet and dimensioning tool 
allow to define the characteristic curves of the machine (Fig. 9). Spe
cifically, Fig. 9c illustrates the variation of the COP by changing tem
peratures at evaporator and condenser inputs; in Fig. 9a the pattern of 
the HP’s thermal capacity and in Fig. 9b the pattern of the electricity 
consumption of the compressor are depicted, both related to the varia
tions in the aforementioned temperatures. 

Given the water temperature in the HP condenser 
(
Tw,HP,c

)
and 

evaporator 
(
Tw,HP,e

)
, using the mappings from the heat pump technical 

data sheet, the COP and the thermal power required for the device to 
fulfill the building’s demand are derived. 

Pth,rated = f
[
MAPPth,rated = f

(
Tw,HP,c,Tw,HP,e

)]
(16)  

Pth,HP,min =Pth,HP,rated Cf ,min (17)  

Cf =
Pth,HP,operating

Pth,HP,rated
(18)  

COP= f
[
MAPPth,HP,rated = f

(
Tw,HP,c,Tw,HP,e

)]
(19)  

Pel,HP =
Pth,HP,operating

COP
(20)  

Where Cf is the capacity factor, and Cf ,min represents the minimum 
modulation of the heat pump; MAP refers to values extracted from heat 
pump characteristic maps shown in Fig. 9. 

In simulating winter operation of the system, to understand the 
operation of PVT as a thermal source in charge of replenish the energy 

grade of the cold well of the heat pump, it was necessary to quantify the 
refrigerating power exchanged between the evaporator and the cold 
well (Pcold,HP

)
as well as the temperature at the outlet of the evaporator 

(Tout,HP,e
)
.. 

Pcold,HP =Pth,HP,operating − Pel,HP (21)  

Tout,HP,e =Tin,HP,e −
Pth,HP,e

ṁw,HP,eCp,w
(22) 

Therefore, a range of operating temperatures for the heat pump was 
set in order to harness synergy with PVT and to maximize the COP: 

Tin,HP,e =

⎧
⎨

⎩

Tin,HP,e,min ≤ Ttop ≤ Tin,HP,e,max → Tin,HP,e = Ttop
Ttop > Tin,HP,e,max → Tin,HP,e = Tin,HP,e,max

Ttop< Tin,HP,e,min → Tin,HP,e = Ttop

(23)  

Where Ttop is the water temperature at the uppermost part of the TES, 
therefore the one that enters the HP and exchange with the evaporator 
(number 3 in Fig. 4a). 

Using the OILON software, four different load side temperatures and 
six different source side temperatures were tested, and a COP curve for 
the RE 56 heat pump was created. After preparing the actual data, the 
heat pump model was created. The quantities assumed for the heat 
pump model are specified in Table 4. COP’s from actual data and 
model’s results are compared in Fig. 10a for the cooling mode and in 
Fig. 11a for the heating mode. The average error rate for the COP esti
mation by the model stands at 0.36 % (cooling mode) and 0.59 % 
(heating mode). The comparisons in terms of heat pump’s cooling and 
heating capacity are outlined in Figs. 10b and 11b, respectively. The 
average percentage error for electric power usage is 0.73 % (cooling 
mode) and 0.34 % (heating mode). 

3.5. Dry cooler 

As for the cooling interval, it starts on May 1st and ends on 
September 31st, operating not continuously but according to external 
temperatures [71]. The plant consists of the same heat pump, whose 
condenser cooling system is guaranteed by a dry cooler. Therefore in the 
summer case the performance of the plant will be strongly conditioned 
by the sizing and operation of the DC. Its sizes are based on HP’s 
maximum power requirements of 85 kW (work temperatures 35–40 ◦C; 
20-15 ◦C). Fig. 12a depicts the operating curves of the considered DC, 
specifically thermal capacity and electrical consumption, as a function 
of the speed of the fans. 

Since the heat exchange depends on the external air temperature, its 
trend during the period considered is reported in Fig. 12b: measure
ments vary between 35 and 10 ◦C. As the set-point temperature in
creases, at the same ambient temperature, the speed of the dry cooler 
decreases since the load to be disposed of decreases, thus also decreasing 
the power required (Fig. 12a). 

4. Results and discussion 

To comprehend the incorporation of the RESHeat system into the 
study building in Italy, an analysis was conducted on monthly and 
annual scales, taking into account thermal energy consumed and 
generated, as well as electricity demanded and produced. The energy 
profiles of the heat pump and cooled solar panels, along with those of the 
downstream and upstream tanks of the heat pump, serve as reference 
quantities. Additionally, the system’s efficiency, particularly the 
average seasonal and monthly COP of the heat pump, is considered. 
Furthermore, to express the penetration of renewables, the achieved 
solar fractions are presented. Table 5 reports the annual summary of the 
prime energy aspects under consideration. 

Table 3 
Model inputs.  

Inputs Unit Data source 

Inlet fluid temperature ◦C Measurements 
Fluid mass flow rate kg/h Measurements 
Ambient temperature ◦C Weather Data [70] 
Incident radiation kJ/h.m2 Weather Data [70] 
Windspeed m/s Weather Data [70] 
Cell Efficiency at reference conditions – Module datasheet  

Fig. 8. Comparison of results.  
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4.1. System efficiency 

A crucial aspect of the system is the ability of guaranteeing a high 
level of efficiency, with the heat pump’s COP consistently exceeding 5. 
The combined operation of the heat pump and the PVT panels is 
essential for optimizing system performance. During the winter, the 
panel cooling circuit, supplied by the HP’s cold source, exchanges heat 
with the thermal storage, maintaining an average temperature inside it 
above 8 ◦C. Based on simulations, the heat pump achieve an annual 
average COP of 6. Specifically, the seasonal heating performance 
(sCOPh) stands at 5.4, and the seasonal cooling performance (EER/ 
sCOPc) is 6.9 (Fig. 13). 

In summer, according to the characteristics of the HP, raising the DC 
set point temperature, the COPc of the HP increases. When the tem
perature of set point is 25 ◦C, the average input temperature of the HP is 
maintained at 26.37 ◦C and its seasonal average COP results of 6.99. 

4.2. Thermal energy 

Another crucial aspect of the proposed system is the integration of 
the PVT array. Specifically, during the winter months, the low- 
temperature heat produced by the panels is harnessed to replenish the 
heat pump’s cold well, ensuring the high-performance levels discussed 
earlier. In contrast, during non-winter months, when the panels can 
provide heat at higher temperatures, they are coupled with the system 
for domestic water heating. The thermal generation through the work of 
the panels is hence analyzed in relation to these two different needs. 

In Fig. 14a, the thermal energy generated by the collectors and saved 
in the buffer tank (Eth,PVT,st

)
, subsequently used by the HP is depicted, 

indicating as Eth,HP,e the thermal energy required by the cold side of the 
heat pump. Additionally, the solar factor (fsol,th) is provided for each 
month. During the winter period, the useful heat production by the 
panels amounts to 7.64 MWh, while the thermal demand by the HP’s 
evaporator is 15.9 MWh. In this specific case, taking in account only the 
winter season, the solar thermal fraction (fsol,th,H) is 0.54. 

During the months outside the heating season, the heat produced by 

the PVT panels is allocated for domestic hot water production (Fig. 14b). 
From April to October the domestic hot water thermal demand (Eth,DHW

)

is equal to 25.18 MWh. The theoretical total thermal energy production 
by the PVT panels could reach 32.6 MWh, but the thermal energy 
actually available is given by the storage capacity of the DHW tank 
(number 6 in Fig. 4d). According to UNI TS 9182 [72] and to the DHW 
demand previously indicated, it is considered a volume of 1500 l. Since 
the heat source is of a variable nature, the actual storage capacity of the 
tank must be checked by dynamic simulation. 

If the volume is of 1500 l the thermal energy provided by the PVT 
and retained in the buffer tank is 23.65 MWh, with a thermal energy 
coverage by RES equal to 94 %. 

Directing heat deriving from panels’ cooling, which otherwise 
should be dissipated by a dry cooler, to meet the summer load of do
mestic hot water, is an effective strategy in order to avoid dispersing 
heat and the electrical load of the dry cooler possibly attached to this 
end, at once rising the share of renewable coverage of the building, thus 
reducing current consumption from fossil sources. 

4.3. Electrical analysis 

Fig. 15 illustrates the monthly electricity generation and 
consumption. 

The PVT system yearly generates 30 MWh/y. From simulation the 
electricity consumed by the heat pump over the annual operational 
period results equal to 9.28 MWh/y. The post-intervention estimated 
electricity consumption is calculated based on simulations (MWh) and 
increased by 10 % to account for the consumption of auxiliary electrical 
and electronic devices. To this, the current electricity consumption 
related to condominium use not connected to the heating system is 
added, augmented by 15 % to consider future additional condominium 
expenses. Resulting an Electrical Energy Consumption of 23 MWh/y, it 
is possible to state that the annual production ensures a positive balance 
between consumption and production. 

The annual net solar electric fraction is equal to 1.27 (Fig. 16). In all 
months except the winter months, December, January and February, the 
electricity production exceeds the need with a f,sol,el,net more than 1. 
Specifically, there is a minimum fsol,el,net of 0.22 in December. On the 
contrary, as mentioned in the previous section (4.2 Thermal Energy), the 
annual solar thermal factor is 0.67 with a minimum in January of 0.25 
and a maximum of more than 0.95 in June and July. Given the solar 
thermal and electrical factors, by Eq. (4) the global solar fraction was 
calculated, and the annual value results 0.98. In the months when the 
thermal and electrical demand is greater, but there is little production, 
the solar source needs an auxiliary support to ensure the thermal and 
electrical demand, reaching the minimum in January and December of 
0.29, while in months with higher production and lower needs fsol,gl 
exceeds 1 with the maximum in the month of lower electricity and 
thermal consumption, April, equal to 2. 

Fig. 9. Heat pump characteristics varying evaporator (Tin,eva = Tw,HP,e) and condenser (Tin,cond =
(
Tw,HP,c) inlet temperature. a) thermal capacity; b) electrical 

power; c) COP [70]. 

Table 4 
Model parameter of the RE 56.  

Parameters Value 

Source fluid specific heat (kJ/kg.K) 3.82 
Load fluid specific heat (kJ/kg.K) 4.19 
Source fluid density (kg/m3) 1024.33 
Load fluid density (kg/m3) 1000.00 
Rated heating capacity per heat pump (kW) 85.4 
Rated cooling capacity per heat pump (kW) 74.0 
Rated heating power per heat pump (kW) 11.3 
Rated source flow rate per heat pump (l/s) 3.8 
Rated load flow rate per heat pump (l/s) 4.1 
Rated load flow rate per heat pump (l/s) 4.1  
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4.4. Primary energy 

Taking into account the self-consumed and grid-supplied electrical 
energy, Primary Energy required by the current heating plant (PENGB) 
and by the RESHeat layout (PEHP) were evaluated and compared 
(Fig. 17). 

For the first one a primary energy conversion fraction equal to 1.05 
(Natural gas factor) was used; for the second one two factors were 
assumed: fPE = 1 if the HP is feed by the PVT electricity and fPE = 2.42 if 
the HP is feed by the electricity take from the grid. In Fig. 17, the orange 

part of the bars represents PE,nREN and the green one PE,REN for the 
RESHeat scenario (S1). Black lines are for the current PEnREN amount 
(scenario S0). With a total (H + C + DHW) annual primary energy de
mand of 95.22 MWh/year, of which 39.5 MWh/year is non-renewable 
(PE,nREN) and 55.73 MWh/year is renewable (PE,REN), this repre
sents a significant reduction from the initial (H + DHW) energy demand 
of 148.25 MWh/year, with 131.15 MWh/year being non-renewable (PE, 
nREN) and 17.1 MWh/year being renewable (PE,REN). The result is 
achieving non-renewable primary energy savings (PES) of 44 %, while 
also providing additional benefits to the tenants, such as increased 

Fig. 10. Cooling Validation results, comparison between HP datasheet (Actual) and model simulation (Model). a) COP; b) Cooling Capacity; c) Electrical Energy.  
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Fig. 11. Heating Validation results, comparison between HP datasheet (Actual) and model simulation (Model). a) COP; b) Heating Capacity; c) Electrical Energy.  
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comfort due to summer cooling. 
Looking only at the heating service (Table 6), this transition results in 

a reduction of total primary energy consumption from 60 MWh associ
ated with the natural gas boiler to 34 MWh with the heat pump, trans
lating to a 43 % decrease. When considering only the non-renewable 
portion, there is a reduction of 56 %. 

If the focus is moved to domestic hot water, replacing independent 
electric generators with the centralized NGB system integrated with PVT 
for which the boiler works as a backup during summer, there is a 72 % 
reduction in non-renewable primary energy (Table 6). 

A comparison between the present state and the RESHeat scenario 
indicates that the second one, leads to substantial savings in consump
tion. Considering the end energy use already installed in the building, 
heating and domestic hot water production, there is a primary energy 
reduction amounting to 98 MWh/year, equal to 55 % (Table 6). Even 
considering the additional consumption of summer cooling, a consid
erable decrease in primary energy of 48 % is achieved (87 MWh/y) 
(Table 6). 

4.4.1. Carbon avoidance 
For the purpose of evaluating the environmental impact and emis

sions associated with the operation of RESHeat heating system, the 
corresponding avoided tCO2eq emissions were calculated. 

Specifically, consideration was given to the CO2 emitted by the new 
system for each final use: heat, cool and domestic hot water generation. 
The calculation involved the subtraction of CO2eq not emitted thanks to 
electric self-consumption from photovoltaic production (tCO2el,PVT,sc

)
, 

the CO2 avoided through the replacement of the methane boiler with the 
heat pump (tCO2ng,NGB,H), and the CO2 avoided through the replacement 
of electric boilers (tCO2el,EB,DHW), along with the integration of thermal 
energy from photovoltaic-thermal panels. When the production of the 
latter isn’t sufficient to meet the needs of DWH a gas boiler is employed 
as a back-up generator. 

As calculated by Eq. (8), an annual saving in emissions equivalent to 
62.5 tCO2 is achievable, despite the increase in end uses, how it is visible 
from lower levels of CO2 avoided during the period in which cooling is 
introduced, and the enhanced comfort provided to the tenants (Fig. 18). 

This analysis reveals the significant reduction in overall carbon di
oxide equivalent emissions attributable to the implementation of the 
RESHeat system. It not only provides insights into the specific envi
ronmental advantages of RESHeat but also contributes valuable data for 
assessing the broader sustainability implications of innovative heating 
systems in residential buildings. 

4.5. Economic assessment 

In order to conduct a detailed cost evaluation of the intervention, it is 
necessary to consider maintenance activities for the proper functioning 
of the system and to maintain the guaranteed efficiency at the time of 
installation. Firstly, regular maintenance activities such as panel 
cleaning and component integrity checks should be scheduled, alongside 
long-term revamping or repowering actions aimed at improving overall 
system capabilities and performance. To counteract efficiency degra
dation affecting the photovoltaic field and potentially impacting self- 
consumption, it is essential to monitor various components of the sys
tem, including panels, the photovoltaic generator, and inverters [73]. 
Several studies indicate that accumulated dirt on photovoltaic modules 
leads to performance decrease of from 7 to 98.13 % [74]. In the analyzed 
case, with panels not subjected to unfavourable environmental condi
tions such as maritime zones, high pollution areas, or proximity to large 
trees, a reduced efficiency degradation over time is expected. Singular 
events may necessitate extraordinary maintenance interventions, such 
as repairing panel damages, especially after intense weather events that 
may cause cable or inverter damage and their subsequent replacement, 
as well as battery status checks. Furthermore, it is crucial to monitor 
system production levels and efficiency to identify any issues or mal
functions and intervene accordingly. Therefore, ensuring anomaly-free 
operation of the monitoring system is also essential. The thermal 
aspect of PVT systems entails specific checks, such as verifying the state 
and composition of the heat transfer fluid, especially in cases where the 
thermal solar system is equipped with a water and antifreeze mixture, an 

Fig. 12. a) Dry cooler thermal capacity and electrical power related to the fan speed. b) Outlet air temperature.  

Table 5 
Summary of annual energy analysis.  

Eth,PVT,st Eth,HP,e Eth,DHW Eel,PVT Eel,demand PE, nREN PES fsol fsc sCOP 

31 MWh/y 16 MWh/y 25 Mwh/y 30 Mwh/y 28 MWh/y 56 MWh/y 36 % 98 % 15 % 6  

Fig. 13. Monthly performance: a) heating COP (orange); b) cooling EER (blue)  
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increasingly common solution: if the pH drops below 6.6, it could 
become corrosive. Other specialized interventions include checking the 
expansion vessel membrane and the venting and safety valves. As 
regards heat pumps [75] addresses the impact of soft faults, like 

refrigerant leakage and heat exchanger fouling, on their performance. 
Soft faults, if undetected, lead to significant performance degradation 
over time. A 50 % performance drop in cooling mode without planned 
maintenance was demonstrated that could be reached. For air-to-air 
heat pumps in heating mode, results show a 40 % condenser fouling 
and 30 % refrigerant leakage causing 16 % and 12 % performance 
degradation, respectively. Evaporator fouling has a lesser impact. 
Overlapping faults exacerbate degradation. Surprisingly, none of the 
maintenance strategies significantly reduce fault penalized scenarios, 
suggesting the need for automatic fault detection, diagnosis, and eval
uation systems (FDDE). 

The investments effectiveness of the intervention was evaluated in 
terms of payback period (PBP). 

As first thing it has been calculated the initial cost of the system like 
sum of the costs of every single component brought back in Table 7. 

To determine the NPV the saving cost of the n-th year (Csn) were 
calculated following Equation (23) and expressed in €/yr: 

Csn =Cel,ev,n + Cng,ev,n − CO&M,n − Cre,n (24)  

In this context, Cel,ev and Cng,ev represent the economic gains linked to the 
saving of electricity and natural gas respectively and evaluated ac

Fig. 14. Thermal energy produced and stored by PVTs(Eth,PVT,st) and thermal solar fraction (fsol,th) related to thermal energy consumed by different services: a) HP; 
b) DHW. 

Fig. 15. Electrical production and consumption.  
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cording to equations (24) and (25), CO&M denotes operational and 
maintenance expenses (€/yr) calculated according to Table 8 and Cre 
denotes the revamping cost cording with the service time of the specific 
component (Table 8), it has been calculated as a tantum in correspon
dence of the service time. 

Cel,ev,n =
(
Eel,so + Eel,s1 fd

n)Cel (25)  

Cng,ev,n =
(
Vng,so +Vng,s1 fd

n)Cng (26)  

Where Eel and Vng represent the electricity consumption expressed in 
kWh and natural gas expressed in m3, for scenarios s0 and s1. While fd 
represents a factor of decay of the productivity of the system applied 
annually and equal to 1 %. Cel and Cng denote respectively the cost of the 
electrical energy and natural gas. As cost of individual energy carriers’ 
reference was made to the regulatory authority for energy, networks and 
environment [76]. Fig. 19 show the cost of electricity (a) and methane 
(b) from 2016 to 2024, from which three different scenarios were 
examined considering the current cost of the specific energy carrier, the 
maximum value over the time considered and the average value. 

Finally, NPV is then calculated as the difference between the sum of 
the discounted annual cost saving less the initial investment considering 
a investment interest rate, i (%) equal to 2.7 [77]. 

NPV = − IC +
∑25

n=0

Cs

(1 − i)n (27) 

Fig. 20 shows the time trends of the NPV for the three selected price 
scenarios. Getting three different payback period (PBP) equal to 4 years 
considering a cost equal to the average cost from 2016 to today, to 2.5 
years considering the current price of energy and just 1 year considering 
the maximum cost. 

4.6. Weaknessess and limitations of the system 

The RESHeat system, which combines a water heat pump with a 
cooled photovoltaic system, offers significant advantages in terms of 
energy efficiency and emission reduction. However, its adoption and 
effectiveness in real-world contexts may be limited by several weak
nesses that need to be considered. This study discusses the initial costs, 
end-user acceptance, adaptability to different climatic conditions, and 
potential solutions through the addition of electrical storage related to 
the RESHeat system. 

Initial costs and payback period. 

Fig. 16. Electrical, thermal and global solar fraction; (net) indicates that the considered electricity is the whole produced, including the self-consumed and the share 
fed into the grid. 

Fig. 17. Monthly Primary Energy demand for S0 and S1 scenarios, considering 
the whole energy consumption (heating, cooling and DHW), and expected PES. 

Table 6 
Annual primary energy consumptions.  

PE end use Total nREN REN Units 

Initial scenario/current situation 
S0, Heating, NGB 60.2 60.2 0 MWh/y 
S0, DHW, Electrical Boiler 117.7 94.8 22.9 MWh/y 
S0, H + DHW 177.9 155.1 22.9 MWh/y 
RESHeat system 
S1, H 34.0 26.3 7.7 MWh/y 
S1, DHW 46.2 23.6 22.6 MWh/y 
S1, H + DHW 80.3 50.0 30.3 MWh/y 
S1, H + C + DHW 90.5 56.8 33.8 MWh/y  
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- the installation of the RESHeat system may require significant initial 
investments, which are not always sustainable for all building 
owners or entities involved;  

- some owners may be discouraged from investing in the technology 
due to the long time required to amortize the initial costs. 

Adaptability to different climatic conditions. 

- the RESHeat system is optimized for use in specific climatic condi
tions, such as those found in the Italian location under study, which 
limits its applicability on a wider scale. However, challenges may 
arise in adapting the system to different climatic and environmental 
conditions, such as those found in other regions or countries. 

Addition of Electrical Storage.  

- electrical storage would enable increased self-consumption of energy 
produced by photovoltaic panels, reducing dependence on external 
power grids and maximizing economic benefits for building owners. 

- it could also be used to manage electricity demand during peak pe
riods, reducing costs associated with higher electricity tariffs.  

- the RESHeat system could be made more flexible to better respond to 
variations in solar energy production and the building’s energy 
needs. This would improve the system’s overall reliability and 
optimize the use of available energy resources.  

- it could serve as a backup system during blackouts, ensuring a 
continuous power supply for critical services within the building. 

However, it is important to consider the potential disadvantages and 
challenges of adding electrical storage with lithium batteries. These 

Fig. 18. Tons of CO2 avoided.  

Table 7 
Initial cost of the system components.   

Cost (euro) 

Solar PVT panels 39400 
Heat pump 30000 
Termal energy storage 7500 
Dry cooler 6500 
Inverter 2000 
Automation and control 6000 
Fancoil units 12500 
Circulation Pumps 5000 
Piping 7000 
DHW System 29800 
Other cost 17500 
Total 163200  

Table 8 
operational and maintenance expenses as function of initial investment.   

O&M cost/IC Service time 

% of IC Years 

PVT 1.6 % 25 
HP 5.8 % 20 
TES 0.7 % 25 
DC 5.8 % 10 
FC 0.7 % 10 
Other 1.5 % 20  

Fig. 19. Costs of electricity (a) and methane (b) from 2016 to 2024 [76].  
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include the additional costs of purchasing, installing, and maintaining 
the storage unit, as well as the need for additional space to accommodate 
it. In addition, it is important to ensure that the electrical storage is 
compatible with the other components of the RESHeat system and is 
correctly configured to maximize the overall benefits of the system. 

Space limitations. 

- The installation of a RESHeat system requires a suitable and appro
priately oriented surface area for the photovoltaic panels needed to 
meet the heat pump’s thermal load.  

- Additionally, there must be enough space to accommodate the 
thermal storage systems, which can be quite large depending on the 
building’s energy needs and required storage capacity due to the 
limitation of available space.  

- Limited space may hinder system implementation, particularly in 
buildings with restricted areas for photovoltaic panel installation or 
limited space for thermal storage units. 

Development of a Digital Twin (DT) [78] of the system.  

- implementation of a real-time virtual representation of the building- 
plant system would enhance its management by enabling efficient 
and accurate monitoring of its performance.  

- DT can identify and resolve operational problems or inefficiencies in 
the RESHeat system in a timely manner by simulating and analyzing 
real-time data. 

- RESHeat system parameters can be automatically adjusted to maxi
mize performance and reduce energy consumption using real-time 
data and optimization algorithms.  

- maintenance activities can be more effectively planned by predicting 
the future performance of the RESHeat system based on historical 
data and weather forecasts. 

However, implementing a DT system may result in added expenses 
for infrastructure and software, as well as difficulties in collecting and 
integrating data from various sources. It is crucial to prioritize the se
curity and protection of sensitive data used by the DT to prevent privacy 
breaches or cybersecurity vulnerabilities. 

5. Review and comparison with the literature 

A comparison of the results with other works in the literature is 
difficult because each case has its peculiarities. However, the different 

systems studied in the literature were analyzed and compared. 
The comparison therefore concerned in general the type of plant, the 

intended use, the size of the building analyzed, the final uses satisfied by 
the plant. There where possible for similitude of climatic data, plant 
type, the KPIs used, we have passed to a comparison of the results ob
tained. Finally, highlighting the differences, strengths and innovative 
compared to the works in the literature. 

Studies on plant systems whose main components are HP, PVT and 
TES are widely spread in the literature, what distinguishes the different 
jobs mainly is the operation of HP and the control system of the entire 
plant (Table 9). Several studies have focused on solar assisted HP 
(SAHP), ground source HP (GSHP) or dual source air-ground HP (DSHP) 
with the aim of increasing the seasonal efficiency of the system by 
exploiting the source of ground heat, air and thermal energy produced 
by PVT or SC (solar collector) [79–85]. 

Specifically, from the analysis carried out by the authors, with these 
components the most studied plant type is of the type PVT-GSHP-TES 
(Table 9, reference: [79,80,82,95,91]). In these systems the heat pump 
exploits the soil temperature, more stable than the air temperature, as a 
low temperature heat source [82]. However, the continuous operation 
of the GSHP, particularly in regions with very cold climates where there 
is an imbalance between winter and summer load in favor of the former, 
leads to a gradual decrease in soil temperature over the years. This 
decrease has a negative impact on the system COP [96]. In order to 
replenish the energy levels of the soil, several works propose a GSHP 
coupling with PVT, to exploit the heat produced at low temperature by 
the panels to compensate for the heat extracted by HP, ensuring a 
maintenance of performance. In Guadong et all we highlight how the 
combination of GSHP and PVT can improve soil temperature, as well as 
lead to an optimization in the sizing of the geothermal heat exchanger, 
indicating an optimal correspondence between the area of the PVT 
collector and the total length of the underground pipes such as not to 
create problems of accumulation of heat in the soil with increases in the 
COP of 10 % [96]. In Li et all [97] the coupled system PVT-GSHP reaches 
an average COP of 3,99 with a maximum of 4,61 and a minimum of 3,59 
during the heating period, while in the cooling period the EER reached 
4,59, the minimum value was 3,59 and the average value of the cooling 
COP was 3.96, thanks to the optimization of the control strategies of the 
heat accumulation. 

Alternatives to the most widespread geothermal heat pumps in the 
literature consist of dual or multi-source heat pumps solar-air or only 
source HP, where with solar source we mean the direct connection be
tween HP and PVT, without the interposition of a TES, also known as 

Fig. 20. NPV and PBP for the three different cost splinters considered, (current, maximum and average).  
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direct expansion solar SDHHP. 
In the first case the heat pump exploits multiple sources based on the 

energy levels of each of them optimizing their use and keeping them 
constant over time [81,84,94]. Whereas, in the second case, photovol
taic panels are used as evaporators in the thermodynamic cycle of the HP 
[86]. As in Nasouri et al. [98] the COP is maximized by connecting the 
HP to solar collectors, from an average COP of 3–7 for the production of 
DHW. 

A further evolution of the latter type of plant consists in interposing a 
thermal tank between the PVT and the HP (source side) [99,100]. 

There are still few works dealing with solar-assisted water source 
heat pump plant systems that take advantage of the thermal inertia of 
TESs to optimize the performance of the system itself and meet the 
diverse energy, electrical, and thermal demands of residential buildings. 
Most articles, to the authors’ knowledge, focus on the combination of 
PVT and GSHP to restore energy levels in the ground and maintain high 
performance over time [80,82–84,86]. Similarly, the use of these plant 
systems to produce heat for winter heating is focused more [19,80, 
82–84,86,87] or on DHW production [32,33,86,87], it is difficult to find 
an analysis that takes into account all types of energy consumption of a 
building by taking advantage of the combined production of heat, cold, 
(DHW) and electrical production of HP and PVT. The proposed system 
aims to cover all end uses of residential buildings by harnessing solar 
renewable energy with a minimum coverage of 70 % reaching, through 
the optimization reported in this paper, 100 % coverage. The work also 
complements the literature on the analysis of such plant systems applied 
to multifamily and multi-story buildings that has been poorly addressed 
compared to single-family dwellings [33,83,86]. 

In a comparison with similar work in the literature [87,92] and in 
agreement with these, it is shown that the proposed plant is a viable way 
forward in decarbonization and optimization of traditional plant sys
tems. In Pintanel et all [87] a system composed of 90 
photovoltaic-thermal hybrid panels (PVT) with a 100 m3 seasonal 
storage tank coupled with a high-efficiency heat pump is analyzed to 
partially cover the heat demand of a social housing building located in 
Zaragoza, Spain, with an annual solar radiation 1796 kWh/m2y. 

The social housing building considered has a thermal load for winter 
heating of 26.5 kWh/m2y and a load for DHW of 7.1 kWh/m2y. With an 
electrical output of 56Mwh/y and thermal output of 80.8 MWh/y [87] it 
achieves 79.8 % solar coverage for DHW and 26.7 % for heating with an 
annual self-consumption of 43.2 %. Comparing, as far as possible given 
the differences between the two works, in Ref. [87] there is a lower 
number of PVTs per m2 of building than in the present work, but a 
significantly higher volume of TES given the seasonal function. The 
higher number of PVTs leads to increased solar thermal and overall solar 
coverage, but also to excess electrical generation and reduced 
self-consumption. However, leading overall to high system performance 
with COP of 6. 

In contrast, Obalanlege et al. [92] discuss a similar system, consisting 
of cooled PV panels connected via TES to a WSHP that in turn serves a 
DHW tank for domestic consumption, located in Belfast, Northern 
Ireland. The plant system is applied to a small 100 m2 building for DHW 
production alone of 25.5 kWh/m2y and electricity consumption of 38.1 
kWh/m2y. With the installation of 12 PVTs [comp7] it achieves a solar 
thermal coverage of 80 %. Electric of 33 % and a self-consumption of 31 
%. 

Finally, Vallati et al. [54] present a PVT-HP-TES coupled system for a 
small office located in three different European cities: Rome, Milan and 
Krakow. The best results are achieved in the city of Rome with 70 % 
solar coverage, compared to 47 % obtained in the case of Krakow. 

The comparison is made to emphasize how the proposed system is 
adaptable and applicable not only in the purely Italian setting, but in 
general there where climatic conditions involve a balance between 
winter and summer heat load and adequate solar radiation [87,101]. 
While looking at Obalanlege et all [92] with a ratio of m2 of PVT per m2 

of building of 0.16 (compared to 0.11 in the present work) and the Ta
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results obtained by Refs. [54,101] it is plausible to assume, within 
certain limits, an extendibility of the system while maintaining high 
performance, there where there is a harsher winter climate and less solar 
radiation, but with a reduction in performance, in such cases a specific 
analysis is therefore crucial to understand its actual energy and eco
nomic advantage over other plant solutions. 

The work focused on a residential building as one of the most energy- 
intensive compartments in the civil sector. A comparison from literature 
with other building types is not easy given the scarcity of such work. In 
reference to Vallati et al. [54] as mentioned a small office building is 
analyzed obtaining a solar coverage, in the Rome location, of 70 % for 
winter heating with a COP of c.a. 5. The substantial difference between 
the different uses, from the energy point of view, lies in the different 
load, which is more centralized on the cooling and heating part and 
minor compared to DHW. A different load curve may lead to different 
numerical results, but remaining in the civil sector, the plant system 
properly scaled for the specific load is applicable to other uses while 
maintaining high performance. 

Ultimately, the proposed PVT-TES-WSHP-TES-LOAD plant system 
was compared with other systems studied for the same building in 
Vallati et al. [56]. Three different plant systems are analyzed in the 
article with additional sub-differences for a total of 8 different scenarios. 
The comparison will consider the scenarios with air source heat pump 
only (s2.1), which appears to be the most prevalent HP plant system in 
the geographical area to date, and the hybrid HP-NGB system (s3.1). 
Among the various KPIs analyzed, an increase in plant performance 
(compared to scenario 0 similar to the one in this paper) of 12 % with the 
simple inclusion of an HP (s1.1) to 54 % (s3.1) with the inclusion of the 
HHP system and a PES of 0.22 and 0.28 for s.2.1 and s3.1, respectively, 
are highlighted. In none of the above scenarios is the coupling with PVT 
considered, leaving the comparison partial. Since they are applied to the 
same building, however, it is interesting to see how with the system 
proposed in this paper, extremely higher performance can be achieved 
by going from a maximum COP in Ref. [56] of 3.58 to an average annual 
COP of 6. 

In any case, for all the different considerations made above, more in- 
depth work is needed, with an adequate sensitivity analysis to be able to 
make quantitative considerations and not only qualitative ones, as well 
as to understand the cost-effectiveness of these considerations in relation 
to the costs required to maintain the benefits. In this Work, it has been 
chosen not to go into further detail, but to devote a specific work to it 
that will allow for an adequate investigation of the topic. 

6. Conclusions 

Energy efficiency actions directed at residential buildings are 
essential to the achieve European targets aimed at minimizing green
house gases release and to make buildings more resilient to climate 
change. These buildings are at the core of this collective effort, as they 
represent a significant part of Italy’s built environment. In this scenario, 
the proposed research takes centre stage, exploring the complex context 
of a typical multi-storey building dating back to the 1980s, located in 
Rome. The analysis of its structure aims to effectively understand the 
architecture of construction, but also to gain insights applicable to 
global energy retrofit strategies. 

This research contributes to the European RESHeat project, which 
aims to implement an innovative heating system in various residential 
buildings. The project involves optimizing and increasing the Technol
ogy Readiness Level (TRL) of a plant which synergizes a water-source 
heat pump (WSHP), a field of cooled photovoltaic-thermal panels 
(PVT), a dry cooler for heat dissipation in summer and the potential 
transformation of WSHP into a dual source. In addition, thermal storage 
units, specifically non-underground and of reduced capacity in the 
Italian demo site, were utilized, while underground thermal storage 
units were employed in the Polish case studies. 

This article focuses on the Italian demo site, chosen for its 

representativeness of an extensive part of the urban environment in 
Mediterranean area, since the study will serve as a foundational step for 
future extension of findings to the entire building stock of the afore
mentioned climate zone. The purpose is to devise effective preservation 
approaches that can be standardized for social housing, representing a 
noteworthy progression towards a sustainable and climate-resilient built 
environment. 

The methodology began with a detailed survey of building, installed 
systems, and tenant habits [56]. Subsequently, mathematical models for 
the building and for the different components involved in the current 
and the designed energy systems were developed, calibrated and vali
dated. The building model was created using SketchUp software and 
imported into tool of TRNSYS software named TRNBuild, which added 
gains, losses, heating and infiltration for each housing unit. After the 
existing building model being completed, the RESHeat system was 
implemented. 

As expected an overall annual load increase was achieved, attribut
able to the introduction of cooling. Apart from that, simulations 
demonstrated that the combined use of HP-PVT-TES results in an Co
efficient of Performance (COP) averaged over a year of 6.1, with a 
summer Seasonal COP (sCOP) of 7. The high COP, along with the 
combined production of thermal and electrical energy from PVT, led to a 
Primary Energy Saving (PES) of 36 % and a solar renewable energy 
coverage of 96 %. Considering the electricity produced by PVTs and self- 
consumed, as well as the cubic meters of methane not consumed by the 
boiler during the heating period, a reduction in emissions of 62 tCO2eq 
was achieved. In conclusion, the application of the proposed scheme will 
improve heating system’s effectiveness and also boost the general 
wellbeing of inhabitants by the inclusion of cooling during the summer 
season. 

At present the installation of the new RESHeat system has been 
completed. It is expected to provide data that will be used to automat
ically update the dynamic model calibrations. This process, along with 
creating the system’s Digital Twin for building management, establishes 
the foundation for reproducing the scenario at different scales in the 
social housing landscape. In future developments, the research will 
encompass a broader outlook, indicating a uniform climate control 
system for the analyzed building typology. Such an application would 
allow comprehensive forecasts and detailed design solutions in the 
planning phase and management solutions in the operation through the 
Digital Twin. 
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[51] Latorre-Biel Juan-Ignacio, Jimémez Esther, García Jorge L, Martínez Eduardo. 
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Arauzo I. Energy and environmental benefits of an integrated solar photovoltaic 
and thermal hybrid, seasonal storage and heat pump system for social housing. 
Appl Therm Eng 2022;213:118662. https://doi.org/10.1016/j. 
applthermaleng.2022.118662. 

[88] Qu Minglu, Yan Xufeng, Wang Haiyang, Hei Yingxiao, Liu Hongzhi, Zhao Li. 
Energy, exergy, economic and environmental analysis of photovoltaic/thermal 
integrated water source heat pump water heater. Renew Energy 2022;194: 
1084–97. https://doi.org/10.1016/j.renene.2022.06.010. 

[89] Martorana Francesca, Bonomolo Marina, Leone Giuliana, Monteleone Francesco, 
Zizzo Gaetano, Beccali Marco. Solar-assisted heat pumps systems for domestic hot 
water production in small energy communities. Sol Energy 2021;217:113–33. 
https://doi.org/10.1016/j.solener.2021.01.020. ISSN 0038-092X. 

[90] Del Amo A, Martínez-Gracia A, Pintanel T, Bayod-Rújula AA, Torné S. Analysis 
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