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A B S T R A C T

Exploiting renewable resources considering their discontinuity compared to building needs, necessitates energy
system designs that simultaneously maximize generation and storage performance in different seasons. This
article presents the optimization of RESHeat European project, concerning a high-performance system which
combines water-source heat pump, cooled photovoltaic panels and thermal storage. The research regards the
Italian demo site, near Rome, to define a solution for Mediterranean regions which alongside the requirement for
heating have notable need for summer cooling. The targets are system’s efficiency, with a minimum sCOP of 5,
and a minimum 70 % coverage from renewable sources focusing ambient temperature management.
A dynamic model of plant and building was used for parametric analysis, which covered separately heating

and cooling modes, involving significant parameters: operating temperatures of the heat pump, number of strings
comprising the photovoltaic array, volume of the buffer tank connecting PVTs and WSHP and setpoint tem-
perature of a cooler added for tank temperature control in cooling. 184 alternative configurations were evaluated
by Multi-Criteria Decision Making (MCDM) method based on energy, economic and logistic criteria, and
weighted by five indices. The optimal system includes 15 PVT panels strings for 25 kWp, a 3 m3 storage tank and
cooling setpoint temperature of 25 ◦C.

1. Introduction

The building sector is still one of the most energy-intensive sectors,
contributing 40 % of global energy consumption [1,2]. In Europe,
heating, cooling, and domestic hot water account for 80 % of the energy
consumed by citizens, making buildings the largest energy consumer in
Europe, responsible for about 36 % of energy-related greenhouse gas
production [3]. Specifically, the residential sector is the second most
energy-intensive category, accounting for 25 % of final energy con-
sumption [4]. The COP26 conference [5] decided on carbon neutrality
targets by 2050 [6]. COP27 indicates that to maintain the 1.5 ◦C target, a
43 % reduction in emissions to 2030 compared to 2019 is required. To
curb this problem and increase the energy performance of buildings, the
European Commission has set a series of targets to be achieved aimed at
decarbonizing the national building stock by 2050, with indicative

milestones for the previous two decades, including at least 60 %
reduction in emissions by 2030 [7].

1.1. The role of HP systems in reducing emissions

Scientific research [8,9] and European directives [7] both indicate
the use of heat pumps (HP) as one strategy to achieve the
above-mentioned goals. Address three key points: consumption electri-
fication, easy coupling with renewable source and high performance.
Kazem et al. [10] in a systematic review, emphasize the importance and
effectiveness of the HP in reducing carbon emissions.

Pochwała et al. [11] evaluated the viability of incorporating
renewable energy sources through air-to-water heat pumps in the
context of preserving the historical significance of buildings. Their goal
was to ensure harmony with contemporary energy efficiency standards,
decarbonization goals, and prevent the deterioration of heritage struc-
tures. By utilizing Building Information Modelling (BIM), they
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accurately determined energy requirements and recommended a
renewable energy-based heating system for such a unique scenario
involving a heritage building. The outcomes indicated that the proposed
retrofit plan notably decreased final energy demand by 72.9 %,
enhanced thermal comfort, and reduced annual emissions by 121.1 Mg
CO2 and 1.0 Mg PM10.

1.2. Recent advancements in coupling HP with renewable energy sources

HP is becoming increasingly popular in plant applications [12] so
research focuses on implementing systems that increase renewable en-
ergy penetration as well as system efficiency.

Solar-assisted HP (SAHP) systems coupling of HP with photovoltaic

Nomenclature

Symbols

Cdirect Direct cost (€/y)
Cm&m Maintenance and management cost (€/y)
Eel Electrical energy (MWh/y)
Ein Input Thermal Energy (MWh)
Eth Thermal Energy (MWh/y)
ṁhs mass flow rate enters and outlets to heater source and enter in the mixing valve (kg/h)
ṁout,buffer tank mass flow rate enters and outlets to buffer tank equal to ṁhs (kg/h)
ṁout,mixing valve mass flow rate outlets to mixing valve equal to ṁHP,s (kg/h)
CC Climate curve
nCC Without climate curve
NONOFF,av/day Average ON-OFF HP cycle number in one day
OF Occupancy factor
Oi Volume or area occupied by the i-th scenario
O0 Maximum available space
Pi,min Values of minimum satisfaction of the i-th indicator considered considering all the x-th alternatives
Pi,max Values of maximum satisfaction of the i-th indicator considered considering all the x-th alternatives
Pi,x Value of the x-th alternative
Pel Electric power (kW)
Pth Thermal power (kW)
Sm3 Standard cube meter (m3)
TPVT,cell Temperature of the PVT cell (◦C)
Tamb Ambient temperature (◦C)
Tin,HP,s Temperature at HP source side inlet (◦C)
Tout,HP,s Temperature at HP source side outlet (◦C)
Troom,av Indoor temperature (◦C)
Ttop Temperature of the water at buffer tank 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)
Tset,DC Setpoint temperature of dry cooler (◦C)
Tset,HP,l Setpoint temperature of HP load side (◦C)
Tset,HP,s Setpoint temperature of HP source side (◦C)
UL Heat overall loss coefficient and bottom heat loss (W/m2K)
Vi(Pi,x) Value function associated to Pi,x
VF Value function
fPE,i Primary energy conversion factor for the i-th energy vector (− )
fsol,th Thermal solar fraction (− )
fsol,el Electrical solar fraction (− )
fsol,gl Overall solar fraction (− )
PE Primary Energy (MWh/y)
nPVTarray PVT array number
K Slope of climate curve
Abbreviations and Subscripts
C Cooling
DC Dry Cooler
DHW Domestic Hot Water
el electricity
H Heating
HP Heat Pump
ng natural gas (CH4)
NGB Natural Gas Boiler
S0 Current Scenario
ATER Territorial Agency for Residential Construction
DC Dry Cooler
DHW Domestic Hot Water
HP Heat Pump
KPI Key Performance Indicator
MAP HP characteristic map
PVT Photovoltaic-Thermal
TES Thermal Energy Storage
WSHP Water-Source Heat Pumps
COP Coefficient Of Performance (− )
EER Energy Efficiency Ratio (− )
PES Non-Renewable Primary Energy Savings (MWh/y)
LHV Lower Heating Value (kWh/m3)
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(PV) or photovoltaic thermal (PVT) panels have been studied as one of
the best solutions for reducing energy consumption in buildings in
recent years [8]. Nasouri et al. [13] maximize the COP and solar col-
lector efficiency of an indirect expansion solar assisted HP system for
domestic hot water production from an average COP of 3–7.

Adopting the PVT technology, heat from the solar energy is stored in
the heat storage tank and serves as a low-temperature heat source for the
HP system, improving system performance. At the same time, the heat
pump reduces the temperature of the PV panels by circulating the fluid,
resulting in higher electrical conversion efficiency. Therefore, the PVT
system integrated into the HP system can simultaneously improve
electrical performance and thermal performance [14].

In [15] an experimental study was conducted to evaluate the per-
formance of a PVT solar heat pump air-conditioning system. The setup
demonstrated stable operation throughout, with evaporation pressure at
0.36 MPa and condensation pressure ranging from 0.97 MPa to 1.15
MPa. Results indicated that the PVT module temperature decreased
from 52 ◦C to 8 ◦C. The average photovoltaic efficiency of the PVT
module was 10.4 %, a 23.8 % improvement over conventional modules.
The heat pump air-conditioning system achieved a mean COP between
2.75 and 2.85. Additionally, the heat capacity of the water heater
increased to 9400 kJ, raising the water temperature from 20 ◦C to 42 ◦C.

In [16] a novel PV-SAHP system was constructed with PV cells
laminated onto the evaporator–collector plate, converting a portion of
solar energy to electricity and the rest to heat. The heat absorbed by the
refrigerant was carried to the condenser, lowering PV cell temperature
and increasing efficiency. Dynamic performance tests over four days
identified key factors, with a COP reaching 10.4, an average COP of 5.4,
and an average PV efficiency of 13.4 %. The highest overall COP
(COPp/t) was 16.1.

Wilson [17] presents the findings for cooling a PV module using a
Gravity-Feed Cooling technique, eliminating the need for a circulating
pump derived from a mathematical model and experimental campaign.
Water from an upstream source flows through a simple piping system to
the back of the PV module, cools it, and returns downstream under its
own hydraulic head, without energy used for water circulation. A 12.8%
increase in conversion efficiency with no reduction in open cirtcuit
voltage (Voc) rate was achieved, reducing module temperature by 32 ◦C.

Minglu et al. [18] analyzed experimentally a solar photo-
voltaic/thermal (PV/T) integrated dual-source heat pump (DSHP) water
heater, where circulating water within the PV/T system and air were
used as a heat source to provide hot water for residential applications.
The study investigated the impact of evaporator inlet temperature and
hot water temperature in water–water mode, as well as the effect of
outdoor temperature in air–water mode on system performance. Energy
analysis demonstrated the system to work efficiently in both water–-
water mode and air–water mode, but to adopt air–water mode when
solar energy is insufficient is preferable. When water side evaporator
was used, the PV/T panel operating temperature can be decreased up to
45 ◦C, and the electrical conversion efficiency yielded a surplus of 10.3
%.

Pintanel et al. show how a system consisting of HP, seasonal thermal
storage and PVT is an effective system to cover the heat demand of a
multi-family building from the point of view of energy as well as eco-
nomics and environment, achieving a solar thermal coverage of 36 %
and electric of 9 % with a payback time of 8.1 years and a fuel cost
savings of almost 12,000 €/y and an avoided GWP of about 50,000
kgCO2/y [19].

The benefits of plants involving HP-PVT coupling also emerge in
analyses that consider the life cycle of the plant itself. For example, Liu
et al. through an LCA analysis compare the performance of a compound
plant with HP-PVT coupling compared to the use of PV and conventional
plants. The results show a 2–4% lower environmental footprint than
conventional heating systems. With a 9.67 % increase in electrical
output using PVT compared to traditional PV and investment payback
times ranging from 2.49 to 5.21 years [20].

Wang et al. [21] utilized the TRNSYS system to simulate heating
systems involving air-cooling concentrating photovoltaic/thermal
(CPVT) coupled air source heat pumps as well as water-cooling CPVT
coupled air source heat pumps. The primary energy saving rate of the
air-cooling system was found to be 1.06 times and 6.67 times higher
than that of the water-cooling system and the air source heat pump
system, respectively. By optimizing the air-cooling system, the annual
total cost was reduced by 2.83 %, and the energy utilization coefficient
improved by 4.76 %. The proposed air-cooling system demonstrated
significant advantages in terms of energy conservation and enhancing
the coefficient of performance (COP) of the heat pump.

To integrate HPs with PVT, is a way for drawing on a greater heat
source than outside air, reaching a higher coefficient of performance
(COP) than the conventional HP system; another method is to resort to
ground source HP (GSHP) systems. In this case the soil temperature and
the stability of the latter, higher than that of air the air temperature, are
exploited [22].

Alongside researches focused on single a technology, with the aim of
increasing the seasonal efficiency of the system by exploiting the heat
source of the ground, air and thermal energy produced by PVTs or solar
collectors (SC) some authors proposed to combine different systems by
coupling SAHP with GSHP or by investigating dual source ground-air
heat pumps (DSHP).

A multi-source heat pump with thermal energy storage, water or
PCM, for residential heating was investigated in Ref. [23]. Models
integrate components like compressors, solar panels, and heat ex-
changers. A control strategy optimizes operating modes for highest COP.
Genetic algorithm-based multi-objective optimization assesses system
variables across climates and configurations. Solar thermal and PV with
water storage excel in warmer climates; ground source suits colder cli-
mates. Optimal solutions increase SCOP by 50–250 %, with investment
costs rising 215–730 %, varying by climate. PCM tanks are economically
impractical due to minimal performance gains and higher costs. Cost
scenarios show higher initial investments can lower total costs, consid-
ering incentives and energy prices.

[24] details the characteristics and energy performance of an inno-
vative DSHP which uses air or ground brine for heating and cooling, and
provides DHW year-round. It features R32 refrigerant and a variable
speed compressor for efficient operation. Tested at Universitat
Politècnica de València, it demonstrated reliability and ease of use. A
TRNSYS model compared DSHP to GSHP for an office in the
Netherlands, showing DSHP achieved similar efficiency (SPF4 ~3.6)
with reduced initial investment. Seasonal analysis revealed DSHP
mainly uses ground in winter and air in milder conditions, with SPF
factors up to 5.09 in summer due to free cooling. Key control strategies
are needed to optimize performance.

Song et al. [25] conducted a study comparing the annual perfor-
mance and economic aspects of a novel concentrated PV-air dual-source
heat pump system (CPV-DSHP) with a flat PV-DSHP (FPV-DSHP).
Through calculations using a verified model, they discovered that the
CPV-DSHP system was able to harness an additional 6098 MJ and 2213
MJ of solar energy, resulting in the generation of 282.21 kWh and
100.16 kWh more electricity annually in locations such as Garze and
Hefei.

Li et al. [26] introduced an innovative dual-source heat pump
(DSHP) heating system along with a validated model to support it.
Through simulations using this experiment-verified model, the effi-
ciency of the DSHP heating system was analyzed numerically by
comparing it with various systems across different regions. The findings
revealed that the DSHP system outperforms traditional heat pump
heating systems in terms of seasonal performance factors and defrosting
costs, showcasing reductions in annual heating expenses and carbon
emissions ranging from 1.88 % to 21.53 %. In comparison to gas boiler
heating systems, the DSHP system demonstrated potential annual sav-
ings of 20.64 %–54.36 % on heating bills and annual carbon emission
reductions ranging from 14.39 % to 86.09 % in specific regions.
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A focal point in the integration with renewable sources is the match
between consumption and production. Yu et al. show how coupled
systems with ground source heat pump (GSHP), thermal energy storage
(TES) and photovoltaic-thermal panels (PVT) in addition to the advan-
tages for decarbonization of the construction industry, lead to an in-
crease in demand flexibility optimally to move the load on the network
[27].

Literature review shows that most of the papers, to the authors’
knowledge, dealing with combined HP-PVT-TES plant systems focus on
combining PVT with GSHP to restore energy levels in the ground and
maintain high performance over time [28,29].

To address single renewable energy limitations in cold regions, a
novel photovoltaic thermal curtain wall-assisted dual-source air and
ground heat pump system was proposed by Chang et al. [28]. Numerical
simulations and experiments assessed its performance. Multi-objective
optimization using a non-dominated sorting genetic algorithm opti-
mized design for a nearly zero-energy building in Shenyang, China,
considering energy consumption, life cycle cost, and photovoltaic power
generation. Results showed a 6 % and 5 % increase in seasonal COP to
3.30 and 2.80. Life cycle cost correlated negatively with energy con-
sumption and positively with PV power generation. Increasing the PV
thermal curtain wall area from 0 to 15 m2 reduced energy consumption
and life cycle cost by 253 kWh and 1118 CNY.

To address inefficiencies of traditional heat pumps in cold areas, a
novel solar-air source heat pump system is proposed byWang et al. [29].
In winter, it uses latent heat from an ice tank and outdoor air as heat
sources. Solar energy restores the ice tank’s heat during the day. In
summer, the system provides cooling and uses night energy storage for
“peak load shifting.” Optimized for economy, it maintains efficient
operation under extreme weather, with winter and summer SPFs of 2.93
and 2.6, respectively. The system saves about 1.85 t of standard coal
annually and has a payback period of 3.86 years, proving its economic
and practical viability.

In Li et al. [30], the PVT-GSHP coupled system achieves an average
COP of 3.99 with a maximum 4.61 and a minimum 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 cooling COP value was 3.96,
thanks to the optimization of heat storage control strategies.

Although less discussed than sizing, control strategies are a prom-
ising area for systems’ optimization. Annual performance and efficiency
of hybrid systems depend significantly on control logic of their indi-
vidual components and overall operation. Consequently, is an assess the
correlation between performance variations and control modes.

Deng et al. [31] performed optimization analysis on heat pump
systems, focusing on configuration and control strategies. They evalu-
ated the energy efficiency and regulatory characteristics of a magnetic
bearing variable-speed centrifugal heat pump (MBC-HP) through field
tests and simulation analyses. The findings indicated that the MBC-HP
operated efficiently across a broad range of heating loads and
compression ratios. Furthermore, the average coefficient of performance
(COP) for the MBC-HP reached 6.21 during the heating season.

Kim et al. [32] developed a model for a solar geothermal hybrid heat
pump system and planned the Integral Effect Test (IET) facility within an
industrial building. They utilized component Separate Effect Test (SET)
data to validate the simulation model against actual weekly field data in
the IET facility. In order to enhance the system’s efficiency, they carried
out a sensitivity analysis of annual Operation and Maintenance (O&M)
costs for four distinct Cases, considering the impact of PVT, GSHP
components, and On-Off, multistage and fuzzy logic control strategy.
Additionally, an economic analysis using the Net Present Value (NPV)
method was undertaken to assess economic viability, covering initial
capital costs, inflation rates, and potential savings in annual O&M costs.
The findings highlighted the simulation model’s ability to accurately
predict annual energy consumption within a margin of 7.4 % when
compared to the actual heating and cooling IET operational data. The
fuzzy logic requires less training than other neural controls and handles

complex energy systems. The sensitivity study revealed that, compared
to single-stage GSHP case, the case incorporating fuzzy logic control,
exhibited the lowest energy consumption, 9450 kWh/year, and the
highest annual O&M savings, of $1869. Despite a 34 % increase in initial
capital costs due to the advanced control logic, the NPV analysis
revealed the shortest payback period for the fuzzy logic control system,
equal to 8.5 years. Putrayudha et al. conducted a study on a PVT-ground
source heat pump system with fuzzy logic control, which was compared
to an on-off control system. The study results indicated that the former
consumed 18.3 % less system annual energy consumption compared to
the on-off control system [33].

Similarly there is a greater focus on the use of these plant systems for
the purpose of heat production for winter heating or domestic hot water
(DHW) production [34], hardly an analysis can be found that takes into
account all energy-intensive aspects of a building by taking advantage of
the combined heat, cold, (DHW) and electrical production of HP and
PVT.

In [34] the photovoltaic thermal integrated water source heat pump
(PV/T-WSHP) water heater system provides domestic hot water and
electricity. Using energy, exergy, economic, and environmental analysis,
a TRNSYS model validated by experimental data showed a 25.3 %
improvement in electrical efficiency and reduced annual exergy loss
compared to a combined PV and air source heat pump (PV + ASHP)
system. The PV/T-WSHP system also had lower annual costs and higher
coal savings.

Paying attention to the field of application of such plants, it is found
that in literature the buildings that host them or for which they are
planned are mainly residential, of single-family type. In Ref. [35] au-
thors compare heat supply systems for a single-family house, focusing on
PVT and heat pump combinations. With 30m2 PVT, the PVT-brine water
heat pump achieves a SPF of 3.82 versus 3.29 for the air-source heat
pump. PVT-ground source heat pumps with borehole heat exchangers
(BHE) reduce BHE sizing by 30–35%without efficiency loss. Monitoring
confirms PVT’s effective performance, achieving a SPF of 3.1 for a 16 m2

PVT system.

1.3. Multicriteria decision maker method

The widespread interest in the update of energy systems and the
growing research for their integration with renewable energy, requires a
global assessment of their benefits and impacts.

The typical optimization approach follows a single-criterion method
[36], meaning it makes judgments based on only one objective (e.g.,
cost-benefit analysis), resulting often insufficient to address effectively
the challenges of decision support when social, environmental and
economic aspect are involved [37]; in complex scenarios it is therefore
necessary to resort to Multi-criteria decision analysis [38]. This evalu-
ation technique aims to rationalize the decision-making process by
defining a vector of multiple weighted criteria; this way it is possible to
include within a single evaluative procedure both economic criteria,
monetizable, and extra-economic criteria, which can be measured in
both quantitative and qualitative terms.

Multi-criteria Decision approach is a family of decision-making
protocols distinguishable by objectives and methodological structure
on two levels [39]: the multi-objective one, aimed at optimization, and
the multi-attribute one (generically called multi-criteria), employed for
overall evaluation, which judge and prioritize multi-objective problems.

Multi-objective Optimization (MOO) follows a probailistic approach:
helps decision-making when the number of alternatives is not pre-
determined, hence supports the solution of continuous problems by
seeking to create a set of optimal solutions which balance multiple, often
conflicting, objectives, considering trade-offs. Its purpose is to find the
alternative that ensure the best possible achievement among acceptable
levels of the targets, exploring trade-offs through advanced optimization
techniques. Techniques like Genetic Algorithms, Multi-Constraint
Optimization, and Weighted Sum Method explore solution spaces,
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yielding a set of non-dominated solutions (Pareto optimality) [20].
Multi-criteria Decision Making (MCDM) follows a deterministic

approach: it is used for problems that present a predetermined number
of alternatives. Its aim is to select the alternative associated with a level
of fulfilment of the criteria, sometimes opposing or complementary,
which is considered valid without necessarily optimizing a specific
objective, but providing a ranking based on performance across criteria.
The method is closely linked to the analysis of decision-makers’ pref-
erences: a major step in multi-criteria analysis is the establishment of the
relative importance of objectives, represented by weight factors. It is
based on the identification of alternatives, “satisfactory choice” that
meets certain predetermined standards, and estimation of alternatives,
“justified choice” qualified by the decision maker. Methods such as
Multi-Attribute Utility Theory (MAUT), Analytic Hierarchy Process
(AHP) sono I più diffusi, anche per la loro trasparenza e semplicità di
applicazionea problem complessi. Outranking methods based on pair-
wise comparison instead of aggregation of value functions are Tech-
nique for Order Preference by Similarity to Ideal Solution (TOPSIS),
Elimination and Choice Expressing Reality (ELECTRE).

LCA is one of the most common multicriteria analysis in the energy
sector, predominantly utilized when the primary objective is to rigor-
ously evaluate the impacts on environmental sustainability and human
health.

Ren et al. [40] applied to a distributed multi-energy system (DMES)
based on solar, wind and geothermal resources as well as natural gas, a
life-cycle-based multi-objective optimization model. It consists in an
improved multi-objective grasshopper optimization algorithm
(MOGOA), in which to the typical LCA optimization indicators,
regarding energy, economy and environment, carbon tax impact was
added. The case study of a data center in China, was chosen for the
peculiarity, compared to other buildings types, to have simultaneously
heating, cooling and electrical demands in winter. Moreover the last two
are significantly superior to heating loads, implying a prioritization
strategy which privileges cooling and electricity production. System
robustness to forecast errors were also analyzed.

As just seen Multi-criteria decision analysis approaches are mainly
adopted in district scale energy planning [41].

[42] presents an integrated framework for planning distributed en-
ergy systems, consisting of two stages: multi-objective optimization and
multi-criteria evaluation. In the optimization stage, system design and
dispatch are optimized using the Ɛ-constraint method, identifying Par-
eto optimal solutions via three decision-making approaches. The eval-
uation stage uses Analytic Hierarchy Process and Gray Relation Analysis
to rank optimal solutions. The framework, applied to a solar-assisted
Solid Oxide Fuel Cell system across different building types and
climate zones, demonstrates effective system design and dispatch
strategies.

Likewise Wang et al. [43] addressed the topic of multi-objective
optimization and multi-criteria evaluation applying it to a distributed
multi-energy system (DMES) that incorporates renewable energy and
energy storage. The case study was a plant built in an industrial park in
Jinzhong. The Maximum Rectangle Method and Non-dominated Sorting
Genetic Algorithm-II optimize design, while the Analytic Hierarchy
Process and Entropy Weight Method evaluate multiple schemes. The
impact of energy prices, renewable energy and load uncertainties on
system performance is also analyzed.

[44] performed a sustainability ranking of seventeen Spanish com-
munities based on ten selected indicators, with both positive and
negative directions. The indicators have weights ranging from 3.88 to
9.25, with the highest weight assigned to Share of renewable energy
generation in total energy generation (9.25), followed by Total energy
generation (MWh) per population (8.4) and Installed capacity in energy
(MW) per capita (8.1). Alongside the energy parameters, economic
(Gross Domestic Product) and social (Human Development Index, Life
expectancy) parameters are considered.

The Technique for Order of Preference by Similarity to Ideal Solution

(TOPSIS) method was employed for ranking the alternatives. This
research presents novel contributions towards the adoption of
sustainability-oriented policies aimed at enhancing energy systems and
self-sufficiency of energy communities, stimulating economic growth,
social well-being and achieving zero-carbon energy targets.

[45] focuses on the misalignment in temporal property of the opti-
mization objectives for flexible distributed energy systems. Flexibility is
a crucial characteristic for distributed energy systems and relies on
long-term goals that must be met systematically, such as the environ-
mental objective of low-carbon operation and the users’ objective of
daily economic operation, and goals which arise temporarily but require
to be considered priority, such as the power grid’s objective of demand
response balance. Current multi-objective optimization methods over-
look these temporal differences, penalizing systems’ resilience, there-
fore Tian et al. proposed a novel mixed-integer multi-objective
programming model. It provides the most adaptable system configura-
tion and operation schemes for each objective, demonstrating an
improvement in system flexibility by up to 10 % compared to results
obtained using standard methods. Additionally, they defined a new
flexibility index that synergistically accounts for the assumed objectives.

Regarding building-scale energy systems, the single-criterion
method is still the most common approach.

Zhang et al. [36] optimized by Hooke-Jeeves algorithm a solar-air
source heat pump system for a building located in a cold region of
China, implemented and validated in TRNSYS.

The optimization variables were collector area, collector angle,
water tank volume, heat pump heating capacity and heat pump start-
stop temperature difference, whilst as optimization objectives annual
cost, unit heat cost, and annual average solar energy guarantee rate cost,
were assumed. The research also took into account energy-saving,
environmental and economic benefits. The optimization scheme for
the average solar energy guarantee rate cost was found to be the best
solution if all the optimal objectives were considered, reducing the cost
by about 29 %.

Wang et al. [21] adopted a method developed in Grasshopper for
multi-objective optimization of concentrating photovoltaic/thermal
coupled air source heat pump system. Grasshopper is used to call
TRNSYS and get model informations, then, in the Grasshopper frame-
work, the optimization was carried out by Octopus, exploiting the Hyper
volume Estimation algorithm (HypE). HypE uses Monte Carlo simula-
tion and is convenient for problems with arbitrary numbers of objective
functions. In this case objective functions were Primary Energy Con-
sumption, reflecting operating efficiency of the system, and Annual
Total Cost, reflecting economy of the system, whereas as decision vari-
ables PV length, by which CPVT capacity can be controlled, and ASHP
rate heat. Multiobjective analysis does not lead to a single solution
which corresponds to the simultaneous achievement of the optimal
value for all the objectives. A Pareto solution set is obtained, to which
decision making must be applied for finding the “Prior optimal point”,
that however represents a compromise solution. Linear Programming
Technique for multi-dimensional Analysis of Preference (LINMAP)
founded on Euclidean Distance was used to this aim.

Performance-based Pareto optimization and multi-attribute decision
making were applied in Ref. [27] to an indirect-expansion solar-assisted
heat pump. One-factor-at-a-time (OFAT) method was employed to assess
design impacts of influencing parameters for a HP installed in a humid
continental climate. The evaluation integrated also the impact of pres-
sure drop impacts on refrigerant. Single and multi-objective particle
swarm optimizations (MOPSO) were performed choosing as objectives
coefficient of performance (COP) and solar collector efficiency (SCE),
and acting, among the variables, on collectors’ dimensions and heat
pump’s compressor speed or condenser length. TOPSIS coupled to
MOPSO and implemented in MatLab determined the final optimal
configuration. The results show that the application of multi-objective
optimization integrated with TOPSIS allows to define configurations
where COP doubling is achieved.

A. Vallati et al. Energy 307 (2024 ) 132455 

5 



Multiple uncertainties make sizing energy systems at building scale
following deterministic approach a faulty method. Lu et al. [46] pro-
posed an uncertainty-based optimization using copula theory to address
correlations among uncertainties, in some studies reported but rarely
related. A scenario reduction technique to address the uncertainties
preserving low computational costs was developed as well.
Non-dominated Sorting Genetic Algorithm II (NSGA-II), Technique for
Order Preference by Similarity to an Ideal Solution (TOPSIS) and
Shannon entropy were used for multi-objective optimization. The pro-
posed method can effectively mitigate the issues related to HVAC
oversizing: with respect to the baseline case of the study total capacities
of the heat pumps resulted lowered by 14.6 % in heatingmode and 8.6%
in cooling mode. Likewise, technical performance indicators can be
improved, e.g. self-consumption ratio, and self-sufficiency ratio
increased by 32.6 % and 18.2 %, respectively. Results demonstrated this
approach to be robust and suitable for optimal design of NZEB energy
systems.

1.4. Specific focus of the current study

In light of the identified issues, the present study considers the PVT
coupling of a water source heat pump, selected to overcome the tem-
perature fluctuation at the source side of the HP. It proposes the opti-
mization of the individual components of the system through parametric
analysis and the application of Multi Criteria Decision Making method,
with the objective of maintaining a high COP over time and of exploiting
solar energy to cover a share of the building’s load exceeding the 70 %,
assumed as a baseline.

The main contributions of this study are the following.

• to define a retrofitting procedure applicable at urban scale. The so-
cial housing building object of the study represents an archetype for
the Post-war European architecture, this allows to extend the con-
clusions to the international context for the same climatic conditions,
that, in addition to heating, entail a considerable summer cooling;

• to optimize a system for integrated heating, cooling, domestic hot
water production and electric energy generation, meeting at one
time diverse energy demands of residential buildings, where the
trend is to propose solutions aimed exclusively at thermal services or
power production. This offers also a chance to further investigate
WSHP systems, the sensitivity analyses concerning their efficiency
are not yet sufficiently thorough in literature;

• to finalize the parametric analysis to the correlation of number of
photovoltaic strings and buffer tank volume with solar fractions
(thermal, electrical and global) and to maximize the heat pump’s
performance acting on its working thermal levels. The objective is to
identify the limit beyond which the dimensional increase of the
components of the energy system no longer entails a significant
performance benefit;

• to plan the use of low temperature heat from panels to fill the cold
well of the HP during winter; future developments will deepen the

employment of the thermal energy originated from PVT cooling to
raise the temperature of the gas inside an innovative CAES with
liquid piston technology; this approach aims to increase Energy
Density and Round-Trip Efficiency of the system;

• the application of a Multi Criteria Decision Making (MCDM) method,
by putting together energy, economic and logistic criteria defining
the optimal configuration; MCDM analysis for comprehensive
assessment of system performance, economic viability, and logistic
impact are widespread on large plants, development of electric ve-
hicles and sustainable energy planning, but their implementation is
not extended to energy systems at domestic scale;

• to complete the literature of residential retrofitting, focused on
single-family dwellings, applying the energy system to a multifamily
and multi-storey building featured by low thermal performance.

A comparison between the aspects included in the proposed research
and the reviewed literature is summarized in Table 1.

2. ResHeat project and case study

The proposed deepening lies in the context of the European project
RESHeat, whose objective is to design a system based on renewable
energy for the combined production of heat and electricity for residen-
tial buildings, covering all major end-uses in housing such as heating,
cooling, domestic hot water production (DHW) and electrical con-
sumption. The common line for international partners foresees the use of
primary energy from solar sources through PVT modules, as well as the
adoption of HP and thermal storage tanks (TES) hot/cold to provide heat
to the housing through fan coil units [47].

The RESHeat project offers an innovative solution in the field of
solar-assisted water-water heat pump systems, enabling them to achieve
high COPs and maintain them over time. On the one hand, the RESHeat
system solves the main problem inherent in geothermal heat pump
systems, i.e., a rapid decrease in ground heating capacity and heat pump
efficiency over the years of operation; on the other hand, it realizes a
prototype system that takes advantage of the high performance of WSHP
in those situations where exchange with the ground cannot be exploited.
Indeed, the project involves two different adaptations of the RESHeat
plant, the first designed for colder climate zones and the other suitable
for milder climate zones with the demand not only for heating but also
environmental cooling like the Italian one. The RESHeat project in
Poland involves a PVT-based system with solar tracking connected to
two underground units for thermal storage [48,49].

Instead, this work focuses on the Italian version of the RESHeat
project. In this alternative a hot water storage tank replaces the under-
ground heat storage unit. To define a retrofitting procedure applicable to
an urban scale, a case study was chosen representative of a type prev-
alent in Rome: a social residential building with 13 apartments built
around 1980 in Palombara Sabina (Italy). The reference sample is the
result of urban planning started in Italy in the 60s of the ‘900 to program
interventions related to social buildings prior to the regulations on

Table 1
Literary review summarize.

Ref. HP PV/PVT TES load TES source DHW TES H C DHW P Energy Econ. Envir.

Present work WSHP PVT Y Y Y Y Y Y Y Y Y Y
[27] GSHP PVT Y N N Y Y N Y Y Y N
[20] DHHP PVT N N Y Y Y Y
[19] WSHP PVT Y N Y Y N Y Y Y N Y
[30] GSHP PVT N Y N Y Y N Y Y N N
[23] MSHP Air/solar/ground PV and SC N Y N Y N N Y Y
[22] GSHP PVT N Y N Y Y N X Y
[34] WSHP vs ASHP PVT N N Y N N Y Y Y Y Y
[28] DSHP air-ground PVT curtain wall N Y N Y Y N N Y Y N
[29] DSHP air - solar PVT Y Y N Y Y N Y Y Y
[35] AWHP PV/PVT/SC N N N N N Y Y N N
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energy performance in buildings. In those years the same urban plan-
ning has affected the whole of Europe, currently suffering from eco-
nomic and popular buildings devoid of energy considerations, this
allows to extend the conclusions to the international panorama for the
same climatic conditions. To properly implement the proposed system,
we started from previous works where a detailed analysis of thermal
loads and energy demand was carried out on a validated model of the
building in the current configuration [50].

The starting system of the building consists of a central heating
system with natural gas boiler and radiators, combined with autono-
mous DHW production plants with electric boilers in each apartment.
The project involves the replacement of the generators with an HP
combined with cooled photovoltaic panels, the insertion of two storage
units, one source side and the other side load, and fan coil instead of
radiators. In this way, in addition to an integrated heat generation,
cooling and energy production functions were also introduced. During
the heating season, with the low temperature heat from the panels, the
cold well of the heat pump is filled; during the remaining months, when
the panels can provide heat at higher temperatures, are coupled with the
domestic hot water production system. Each subsystem of the thermal
plant has been analytically modelled in TRNSYS. The components were
validated individually through experimental campaigns [51].

The paper proposes the optimization of such a plant system on all the
different configurations of use to maximize the penetration of renewable
in the system and simultaneously maximize its efficiency by ensuring a
COP greater than 5 considering not only the energy aspects, but also the
economic and logistical ones. To this end, 184 simulations were
analyzed by varying the size of the solar-thermal array, the TES inserted
in decoupling between the PVT and HP circuits, and the setpoint tem-
peratures of the main components such as the HP and the dry cooler
(DC). The performance achieved by the system using COP/EER was then
evaluated for each configuration, as well as the solar, thermal electric
and global fractions and the primary energy saving (PES). Following to
be able to evaluate the optimal configuration from not only an energetic
point of view, but also taking into account the different costs that each
configuration involves and wanting to characterize the system consid-
ering the technical-logistical limitations that can be had in the instal-
lation in the demosite and similar buildings, a Multi Criteria Decision
Making (MCDM) method was adopted. This work aims to use the
building in Palombara Sabina as a pilot case for upgrading a central

heating system for mild climates, to propose it as an ideal approach to be
applied on a large scale to the whole social housing stock built during
the 1970s–1990s, with a view to an energy renovation on an urban scale.

3. Materials and methods

As previously mentioned, the work is conducted within the European
RESHeat project [47]. The proposed system involves the combined
production of heat (for ambient heating and DHW production), cooling
and electricity by coupling a water-source heat pump (WSHP), cooled
photovoltaic (PVT) panels connected by thermal storage (TESs) placed
on the source side of the HP. A thermal storage tank (TESl) connected to
the fancoil delivery system is placed on the load side; a second tank
serves the DHW (TESDHW). The aim of the study is to maximize the
plant’s use of renewable energy and, at the same time, maximize its
energy efficiency, guaranteeing as minimum objectives an average
annual COP of 5 and a minimum renewable source coverage of 70 %
with the goal of increasing it to 100 % [47]. A dynamic model of the

Fig. 1. ResHeat Energy Flow chart. Red solid line heat flow. Red dot line heat flux by backup heater generator. Orange DHW heat flow. Light blue solid line cooling
heat flux. Blue dot line Electrical flux. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Characteristics of PVT panels model [53].

ηel,std [%] 18.62

Pel,coeff [%/◦C] − 0.30
NOCT [◦C] 45
Tref [◦C] 20
Reference solar radiation [W/m2] 800
UL [W/m2K] 5.5
Ap,surf [m2] 1.67
ṁ,w,modul [l/h] 30
ṁ w,array [l/h] 150
ṁ w,total [l/h] 3150

Table 3
Main parameters of WSHP RE56 Oilon by datasheet [55].

Refrigerant type R-410A

Refrigerant quantity kg 10.4
Refrig. qty CO2 equivalent t 21.79
Max operating pressure bar 45
Operating temperature ◦C +120/-10
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plant and building was created and used to analyze different scenarios.
To identify the optimal configuration, the MCDM method [52] was
adopted.

3.1. System description

A key role in hachieving a high-performance plant with significant
renewable energy penetration is played by the PVT-TESs-WSHP node.
PVT panels provide thermal and electrical cogeneration, with the elec-
trical energy being used to power the WSHP, any back-up heaters,
auxiliaries and condominium spaces, while the low-temperature heat
produced during the winter period is harnessed as a source for theWSHP

through the TESs. In contrast, outside the heating period, from April to
October, the heat produced by PVT is harnessed for DHW production,
which is stored in the dedicated storage. Finally, in the summer period,
the TESs is connected to a DC, needed to dissipate the excess heat pro-
duced by the HP for space cooling. Fig. 1 shows the energy flows
(thermal and electrical) between the main plant components.

A double glass panel system of the ZXM6-LD60 type was used for
cooled photovoltaic panels [53] which main parameters and assumption
are in Table 2. While Oilon RE56 [54] was selected as the WSHP, based
on calculations developed in previous work [50]. The main parameters
are reported in Table 3.

The building’s thermal characterization as well as the definition of
the thermal loads and its energy requirements ware lead in a previous by
validation modelling on TRNSYS [50,55,56]. Specifically, a winter and
summer heat load of 61 kW and 65 kW, respectively, was calculated
[50].

DHW production by PVTs is also provided in the system when they
are not serving the HP. It was considered a consumption of DHW of 55 l/
person for a total of 50 people, a standard daily hourly profile of a
residential user as reported in Fig. 2 [57]. In accordance with UNI TS
9182 [58] and the DHW demand previously given, a volume of TESDHW
di 1500 l is considered.

As the present work is included in a larger project, for more details on
the model and its characterization please refer to [50, 55, 56].

Fig. 2. Hourly daily fraction of domestic hot water load [57].

Fig. 3. System components and optimization parameters and phases.

Table 4
Optimization parameters depending on the mode of use.

Heat Pump PVT TES source Dry Cooler

Tset,HP,s Tset,HP,l nPVTarry VBT,s Tset,DC

Heating X X X X
Cooling X
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3.2. Optimization method

The system was designed and optimized separately for the different
operating conditions (heating and cooling) as each is regulated and
influenced by specific parameters. DHW-related operation was not car-
ried out because the sizing of the thermal storage follows standards, and
the size of the solar array is dictated by the thermal demand of the HP in

heating mode. Since the winter heating setup is strongly related to the
synergy between HP-PVT-TES, the work started from that configuration.

A diagram of the system is shown in Fig. 3; the equipment considered
for optimization and the quantities considered for optimization are
highlighted in green. In particular, six parameters were considered: the
operating temperatures of the heat pump (Tset,HP,s and Tset,HP,l), the
number PVT array (nPVTarray), the volume of the buffer tank (VBT,s

Fig. 4. Optimization method flow chart.

Fig. 5. Mixing valve balance main parameters.
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referred to TESs) between PVT and WSHP, and the setpoint temperature
of the DC (Tset,DC).

As a first approach, the load for space heating was considered, and a
preliminary analysis is carried out to define the initial set-up of the
system (Fig. 3, IS black square). An analysis was carried out on the
operating temperatures of the HP to optimize its COP. While in the
second phase, parametric analysis was performed on the two parameters
VBT,s and nPVTarray (Fig. 3, I black square). For summer operation the
work focused on the operation of the DC, as it governs the operating
temperatures of the HP in cooling and ensures its high performance
(Fig. 3, III black square). At the end of each analysis, the MCDM was
applied to identify the optimal system configuration. Table 4 summa-
rizes the parameters considered for both mode of use, while in Fig. 4
summarizes the methodological scheme adopted (see Fig. 5).

In summary the optimization objectives are.

• Achieving a COP greater than 5;
• Maximize the solar fraction and place the fsol,gl greater than 0.75;
• In the maximization at the previous point a minimum increase of 5 %
is set as a limit;

• The compatibility of energy results with the logistical/spatial limits
of demo site.

The evaporator set-up temperature (Tset,HP,s) in winter conditions has
been the subject of a previous work [56], in this article we summarize
the approach and the results for completeness in the discussion. Tset,HP,s
influences not only the HP performance but is also closely related to the

combined HP-TES-PVT operation. Therefore, two different parameters
were evaluated in the preliminary analysis, the first one to understand
how this changes the storage capacity of the TESs and the second one to
evaluate how it affects the load coverage by exploiting only the thermal
energy from the PVT. Then the inlet temperature at the evaporator
varies with a sliding setpoint for this purpose, a mixing valve is inserted
on the evaporator hydraulic circuit (Fig. 4), which ensures that the HP
inlet temperature is equal to the setpoint temperature.

The operating range of the HP evaporator (ṁHP,s) varies depending
on the load and curved characteristics of the machine Fig. 6 a. While the
inlet (ṁbypass and ṁhs = ṁout,buffer tank) and outlet (ṁHP,s = ṁout,mixing valve)
flow to the mixing valve are calculated as a function of the head tem-
perature in the tank (Ttop) according to Equations (1)–(4).

ṁbypass =
Ttop − Tout,HP,s

Ttop − Tin,HP,s
ṁHP,s (1)

ṁhs = ṁHP,s − ṁbypass (2)

ṁout,buffer tank=

⎧
⎨

⎩

Controlsignal :Ttop − Tset,HP,s>0
IFTRUE :Ttop>Tset,HP,s →ṁout,buffer tank=ṁHP − ṁbypass=

IFFALSE :Ttop≤Tset,HP,s→ṁout,buffer tank=ṁHP

ṁsh

(3)

ṁHP = ṁout,mixing valve = ṁout,buffer tank + ṁbypass (4)

The operating temperature on the warm side of the HP is sliding as a
function of the external temperature (Tamb) and thus of the building’s
heat demand according to the family of climate straight lines in Fig. 7.
An initial parametric analysis was carried out to select the relationship
that would ensure thermal comfort and the highest performance of the
HP.

Equation (5) describes the family of climate curve adopted

Tset,HP,l = − K(Tamb − 20) (5)

where the parameter K that defines its slope.
The average indoor temperature (Troom,av), COP and the ON-OFF

cycle number (NONOFF) achieved for different values of K were then
evaluated and the curve that best optimized both quantities was
selected.

Given the condenser inlet temperature, Tin,cond, and evaporator inlet
temperature, Tin,eva, the COP and the HP’s heat generated (Pth,rated) to
meet the building’s thermal requirements are calculated by MAP
method from HP data sheet [54] as a function of evaporator and
condenser temperature (Equations (6) and (7)).

Pth,HP,rated = f
[
MAPPth,rated = f

(
Tin,cond,Tin,eva

)]
(6)

Fig. 6. a) COP variation related with evaporator and condenser intel temperature b) Heating building load curve c) Outdoor air temperature during the heat-
ing season.

Fig. 7. Climate curve family described by equation (5).
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COP= f
[
MAPCOP = f

(
Tin,cond,Tin,eva

)]
(7)

Having fixed the initial set-up of the system, the parametric analysis
was carried out. Simulations were conducted by varying in number of
strings of PVTs (nPVTarray), where each string consists of 5 panels con-
nected in series, and the volume of thermal storage (VBT,s) by mutually
considering following variations.

• nPVTarray: [5, 10, 15, 20, 25, 30, 35, 40, 50, 100] (string number, 1
string = 5 PVT)

• VBT,s: [1.5, 3, 6, 10, 15, 20, 30, 40, 50, 100] (m3)

The solar thermal fraction (fsol,th), electrical fraction (fsol,th) and
global fraction (fsol,gl) performed by the different configurations [59]
were considered as evaluative parameters for control and comparison.
The three parameters were calculated as:

fsol,th =
Eth,PVT,st
Eth,demand

(8)

fsol,el =
Eel,PVT
Eel,demand

=
Eel,PVT,sc + Eel,PVT,net

Eel,demand
(9)

fsol,gl =
Eth,PVT,st + Eel,PVT

Eth,demand + Eel,demand
(10)

Where Eth,PVT,st is the thermal energy produced by the PVT and stored in
the TESs, while Eth,demand represents the thermal energy demand from the
HP source. While the solar electric fraction (fsol,el) is calculated, in
accordance with equation (9), as the ratio of the energy produced by the
panels (Eel,PVT) and the electricity demand (Eel,demand). The first takes into
account both the current consumed (Eel,PVT,sc), as well as that released on
the network (Eel,PVT,net

)
, while the second varies according to the

configuration considered. In winter, the electricity absorbed by the HP,
the plant’s auxiliaries, any backup systems and the dry cooler is

considered. Finally, the global solar fraction (fsol,gl
)
is calculated ac-

cording to equation (10) [59].
By the ratio between the COP and the operating capacity

(Pth,HP,operating) the electrical consumption of the HP (Pel,HP) was evalu-
ated.

Pel,HP =
Pth,HP,operating

COP
(11)

Finally, the thermal power requests by the cold sink by the HP (Pcold,HP)
is

Pcold,HP =Pth,HP,operating − Pel,HP (12)

The cooling period is from 1st May to 31st September, according to
external temperatures [60]. The plant consists of the HP, whose
condenser cooling system is guaranteed by a DC. While PVT panels are
used to support the production of DHW. Therefore, in the summer case
the performance of the plant will be strongly conditioned by what is the
sizing and operation of the DC whose main parameters are reported in
Table 5.

The DC is dimensioned in accordance with the maximum power
required by HP equal to 74 kW (work temperature 35–40C; 20–15 ◦C).

These operating conditions being the most unfavorable, but also the
rarest, the DC must be equipped with the fan speed control system to
operate at partial load. The electronic regulation, therefore, allows the
maintenance of the setpoint temperature of the liquid output to vary the
operating conditions reducing energy consumption and the sound level
of the fans. Therefore one of the parameters taken into account for the
optimization of the system is the setpoint temperature of the DC, which
then falls on the operating temperature on the condenser of HP deter-
mining the efficiency. Specifically, the changes in the COP and the
electrical coverage from renewable (fsol,el) were analyzed as a function
of the change in the DC set-temperature and therefore the temperature
trend in the buffer tank and the operating temperature of the condenser
(Fig. 8).

3.3. Multi-Criteria Decision Making method

Multi-criteria Decision Making (MCDM) is a decision-making
approach that involves evaluating and selecting alternatives based on
different weighted criteria. The chosen method allows to aggregate
qualitative and quantitative indicators measured through different
scales thanks to the use of value functions. The tree structure of the
MCDM is on different levels each weighted by its own weight. Each
alternative is evaluated by assigning a final index obtained by aggre-
gating the assessment of different indicators, criteria and requirements
which may cover different areas, energy, economic, environmental, ef-
ficiency, safety, etc [52].

The MCDM process includes the clear identification of levels, then
the relevant requirements for the decision. The weighting of each
requirement and of its components indicators is defined according to
their importance in the overall decision. Each indicator is assigned a
value function that will allow it to be normalized by assigning a grade
from 0 to 1. The votes are aggregated by the weights previously defined
for the identification of the final index corresponding to a given sce-
nario. In the end, the alternative that overall gets the highest score is
selected [61,62].

For the purpose of the evaluation byMCDM, three requirements have
been selected organized in three levels: First level, Requirements, Sec-
ond level Criteria and Third level Indicators (Table 6). The three selected
Requirements are Energy (R1), Economic (R2) and Logistic (R3). With a
total of 5 indexes that best describe the behavior of the building and
meet the purpose of the project to have a high-performance plant, with a
renewable energy component between 70 and 100 % involving a
reduction in primary non-renewable energy consumption, at the same
time able to respond to economic and logistical feasibility. A weighting

Table 5
Dry cooler data sheet.

Fan diameter 914 mm

Fan speed r/s 5.8 7.8 9.3 12 15.8
Power input kW 0.35 0.59 0.75 1.37 3.1
FLC (full load current) A 1.4 2.5 2.8 4.3 7
Capacity kW 64.4 86.4 96.2 118 147
Air Flow m3/s 5.32 7.62 8.82 11.4 15.7

Fig. 8. COPc trend with evaporator work temperature equal to 20-15 ◦C.
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system has therefore been defined for the aggregation of the different
levels for each alternative by assigning to each Requirement, Criterion
and Index a weight between 1 and 0 (Table 6).

The energy requirement is divided into penetration identified by the
indicator fsol,gl already described above and by the primary energy
saving indicator (PES) defined by equation (13).

PES=
PEnREN,i
PEnREN,S0

(13)

where PEnREN,i and PEnREN,S0 are the no renewable primary energy
requirement by the i-th scenario and by the build in the current situation
(S0), respectively.

PEnREN,S0 = LHV ∗ Sm3
CH4,i ∗ fPE,ng = Ein,NGB,0 ∗ fPE,ng (14)

PEnREN,i =Ein,HP,i ∗ fPE,el (15)

where:
fPE,ng = natural gas = 1.05 [63].
fPE,el = electricity = 1.95 (no renewable electricity takes from the

grid) [63].
Ein,HP,i and Ein,NGB,0 are the energy request by the gas boiler (methane)

for the S0 and by the heat pump (electricity) for the i-th scenario,
respectively. LHV is the Lower Heating Value of methane and Sm3

CH4 is
for Standard cube meter of methane.

Regarding the economic requirements, the initial costs related to the
buffer tank and the initial cost of the photovoltaic field for the operation
in Heating and DHWwere considered. In the case of thermal storage was
considered a cost of €/m3 as reported in Fig. 9 [64,65]. Whereas for PVT
it was considered a cost in function of Wp according to Fig. 10 [64].
While for the operation in Cooling was considered the cost of fuel
(electricity from the network) that varies depending on the setpoint of
the DC. As cost of fuel from electric grid was assumed the price of 36.43
c€/kWh [66].

The last requirement, the logistic one, is relative to the necessity to
optimize the system inside of a specific demosite, whose space limits
must be kept in consideration. Therefore, identified the new thermal
power plant and fixed the maximum net volume employable by the TES
and the maximum net area available on the roof for the PVT has defined
as occupacy factor (OF) the ratio of the volume or area occupied by the i-

Table 6
MCDM Criteria and selected weights.

Heating optimization

REQUIREMENTS WEIGHT CRITERIA WEIGHT INDEX Pi,min Pi,max VF type

R1 Energy 0.35 Renewable penetration 0.50 fsol,gl 0 1 CI
Primary Energy 0.50 PES 0 MAX LD

R2 Economic 0.30 Initial Cost 0.50 Cdirect MAX MIN LD
Use Cost 0.50 Cm&m MAX MIN LD

R3 Logistical 0.35 Available Space 1.00 OF 0 1 LI

Cooling Optimization

REQUIREMENTS weight criteria weight index Pi,min Pi,max VF type

R1 Energy 0.60 Renewable penetration 0.30 Fsol,el MIN 1 CD
Primary Energy 0.35 PE,nren MIN MAX CI
Performance 0.35 sEER MIN MAX CI

R2 Economic 0.40 Use Cost 1.00 Cfuel MAX MIN CD

Fig. 9. Thermal energy storage cost related to volume [64,65].

Fig. 10. PVT panels cost related to electrical kW installed [64].

Fig. 11. Example of value function type [52,61,62].
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th scenario (Oi) and the maximum available space (O0). It is therefore
placed as an excellent OF equal to 1, so those scenarios that tend to
occupy all the space provided for that component.

OF=
Oi

O0
(16)

The nine indicators were selected as mentioned for their relevance in
the evaluation of alternatives. Once identified and measured, it is
necessary to normalize the values with a score between 1 and 0, where 1
represents the maximum satisfaction and 0 the minimum, and repre-
sentative of the degree of satisfaction obtained. For each index has been
assigned an optimum value to be reached and a value curve that allows
the normalization of the index.

To define the value curve it is necessary to define the trend of the
value function, the points corresponding to the minimum and maximum
satisfaction, the shape of the value function itself and then its numerical
expression. The trend indicates whether VF is increasing or decreasing,
depending on the nature of the indicator being evaluated. If the degree
of satisfaction increases as the indicator increases, then the function will
be increasing, otherwise decreasing. In Table 6, VF type, the second
letter represents the trend of the curve if increasing (I) or decreasing (D).
The minimum satisfaction points, Pi,min, (grade 0) and maximum, Pi,max,
(grade 1) define the limits of the function value, these do not necessarily
correspond to the minimum and maximum value of the measured var-
iable. Theminimum andmaximum values selected for each indicator are
given in Table 5. The PV can take four different forms, linear, concave,
convex and S (Fig. 11). Each of these curves is selected according to the
characteristics of the indicator to be normalized as described in
Ref. [62]. In this case, concave (C) and linear (L) curves have been
selected, in Table 6, VF type, the first letter represents this parameter.

The general value function is shown in equation (17).

Vi =B

[

1 − e− ki
(
Pi,x − Pi,min

ci

)Ai
]

(17)

Variable B, defined by equation (18), maintains the range of the
value function between 0 and 1.

B=
1

[

1 − e− ki
(
|Pi,x − Pi,min|

ci

)Ai
] (18)

Both B and Vi depend on five parameters. As previously, Pi,max and Pi,
min represent the values of maximum and minimum satisfaction of the i-
th indicator considered considering all the x-th alternatives. Pi,x is the
value of the x-th alternative, compared to the indicator i considered. Pi,x

is between Pi,x,max and Pi,x,min, with a Vi(Pi,x) value attached to it. Ai
defines the shape of the value curve. With Ai<1 there is a concave curve,
with Ai>1 a convex or S-shaped curve, while with Ai 1 there is a linear
trend. Defines approximately the abscissa of the inflection point for
convex or S-shaped curves. ki approximately defines the value of the
ordinate of the inflection point for convex or S-shape curves. The defi-
nition of the parameters (Ai, ci, ki) depends on the type of correlation
that you want to impose between indicator (Pi,x) and degree of satis-
faction (Vi(Pi,x)). Table 7 shows a synoptic of the values assumed by the
different parameters as per [51,61,62]. For each indicator the appro-
priate VF has been defined as shown in Fig. 12.

Once a value Vi(Pi,x) has been assigned to each parameter Pi,x (score
for the first index of the alternative x-th) we proceed with the aggre-
gation of the evaluations by the weighted sum of each index (V(Px)).

V(Px)=
∑N

i=1
αi βi γi Vi

(
Pi,x

)
(19)

Where V(Px) represents the rating assigned to the x-th alternative ac-
cording to the criteria Px = [P1,x, P2,x … PN,x] where N represents the
maximum number of alternatives considered. The indices αi, βi e γi and
γ_i represent the weights associated with each Requirement, Criterion
and Index respectively. Finally Vi

(
Pi,x

)
is the mark assigned to each

index
(
Pi,x

)
.

4. Results and discussion

In this section are reported and discussed the results related to the
operation of the plant to produce heat for heating, DHW and for cooling,
in this order.

4.1. Heating results

First, the preliminary analysis carried out to define the operating
intervals of HP are reported. For the working temperature on the source
side reference is made to a previous work, which results are summarized
belove [56]. After that the results about the working temperature on the
load side the results are reported and analyzed as the selected climate
curve changes. Following this analysis, the parametric analysis was
carried out as described in section 2.1, analysing the variation of the
solar fraction as a function of the volume of the source-side TES (VBT,s)
and the number of strings that make up the solar field (nPVTarray).

4.1.1. Heat pump temperatures
According to Ref. [56] Fig. 13 shows the thermal energy stored in the

TES by the panels (f,Eth,rec,PVT) (a-c) and the variation of hours covered
by the load (HLC) (d-f) related to the inlet HP source side temperature
(Tin,HP,s), a change in the tank volume of 1.5 m3, 3 m3 and 6 m3 was also
taken into account, in addition to the temperature variation. The oper-
ating temperature of the HP cold source is set with a sliding setpoint in
the temperature range from 7 to 20 ◦C at HP (Tin,HP,s).

Considering the first set of graphs Fig. 13a-c, as the inlet temperature
of the evaporator increases, the fraction of energy recovered decreases
because the heat exchange between the panels and the tank decreases. In
particular, for each grade less required at the cold source of the heat
pump, there is an average annual increase off,Eth,ren,PVT of 6.0 % and a
maximum average monthly variation of 8.4 % (VTES = 1500 l,
December) and 8.3 % (VTES = 6000 l, December). The increase varies
according to the month (and the corresponding average monthly radi-
ation and load) with a maximum increase in December of 25.8 % (VTES
= 1500 l, December, Tin,HP,s from 18 ◦C to 19 ◦C) and 31.3 % (VTES =

6000 l, December, Tin,HP,s from 18 ◦C to 20 ◦C). Considering the second
set of graphs, Fig. 13d-e, as the inlet temperature of the evaporator in-
creases the hours covered by the load decrease because the heat ex-
change between the panels and the buffer tank decreases. Specifically

Table 7
c, k and A value according [51,61,62].

Increasing function

Function c k A

Linear c ≈ Pmin ≈0 ≈1
Convex Pmin +

Pmax − Pmin
2

< c < Pmin
<0.5 >1

Concave Pmin < c < Pmin +
Pmax − Pmin

2
>0.5 <1

S-shaped Pmin +
Pmax − Pmin

5
< c < Pmin + (Pmax − Pmin)

4
5

0.2/0.8 >1

Decreasing function

Function c k A

Linear c ≈ Pmin ≈ A ≈1
Convex Pmax < c < Pmax +

Pmin − Pmax
2

<0.5 >1

Concave Pmax < c < Pmax +
Pmax − Pmin

2
>0.5 <1

S-shaped Pmax − (Pmax − Pmin)
4
5
< c < Pmax +

Pmax − Pmin
5

0.2/0.8 >1
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for each degree less required at the cold source of the heat pump. The
maximum average monthly variation is 8.9 % (Vb = 1500 l, December)
and 8.3 % (Vb= 6000 l, December). The increase varies according to the
month (and the corresponding average monthly radiation and load)
with a maximum in December of 25.6 % (Vb = 1500 l, December, Tin,HPs
from 18 ◦C to 19 ◦C) and 31.2 % (Vb = 6000 l, December, Tin,HPs from
18 ◦C to 20 ◦C).

In order to obtain the maximum Eth,ren,PVT and HLC, maintaining a
COP greater than 5 (minimum COP value 4.99)Depending on the low
temperature heat production of the PVT, several monthly reference
temperatures for the operation of the cold side of HP have been iden-
tified, as reported in Table 8.

The operating temperature on the hot side of the HP has instead been
evaluated in accordance with the curves in Fig. 14 (see Table 9). As K

changes, the average COP, the average number of ON-OFF cycles per day
(NONOFF, av/day) and the average temperature inside the building were
evaluated. As shown in Fig. 14 for low K values there is a high COP and a
lower number of ON-OFF cycles, but given the thermal characteristics of
the building, there is no guarantee of internal comfort. For higher values
the COP goes down, remaining however with values higher than 5, while
the thermal comfort is satisfied (Troom,av > 20 ± 0.5 ◦C), but also in-
crease the number of cycles carried out. The balance between COP,
number of cycles and thermal comfort is found with K equal to 2.5.

In order to complete the analysis relating to the selection of the
climate curve, the same simulation with climate curve K = 2.5 (CC) and
without climate curve (nCC) was compared (Fig. 15), then with a fixed
setpoint temperature at 45.C comparing the COP, the average internal
temperature and the PES reached. The insertion of the climatic curve

Fig. 12. Value function selected for each index.
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leads to an improvement of the seasonal average COP from 5 to 8, there
is a better regulation of the internal temperature with a NONOFF,av
average daily equal to 10. It was finally compared to the PES which is
equal to 0.67 without climate curve and 0.8 with climate curve.

4.1.2. Parametric analysis
Once the operation of HP was defined, a parametric analysis was

carried out to evaluate the system performance variation considering the
number of panels installed and the volume of the buffer tank (VBT,s).
Specifically, the thermal, electric and global solar fraction were
considered as KPIs. The following are the results of the parametric
analysis. Specifically, the results are reported by means of response

curves compared to the two independent variables.
The thermal synergy between HP and PVT plays a crucial role and

this is a function of the number of installed panels and the VBT,s. In
Fig. 16 are shown the variation of the solar thermal fraction fsol,th,
defined in equation (4), related to the two parameters. As expected, the
increase in the number of panels and the volume of TES leads to an
increase in fsol,th (Fig. 16a-c).

Considering constant VBT (Fig. 16b) as the number of strings in-
creases fsol,th, in all different nPVT, array values, after a certain value the
response curves strongly decrease their slope with a tangent that tends
to the horizontality and minimal variations. In particular for VBT,s values

Fig. 13. For each month, as function of the operation temperature of the cold source of HP are shown: a to c) the thermal energy stored by the panels in the TESs (a
1.5 m3, b 3 m3, c 6 m3). D to f) hours load coverage by renewable sources (HLC) (d 1.5 m3, e 3 m3, f 6 m3) [56].

Table 8
Monthly evaporator intel set-point temperature (TESs/VBT = 3000
l).

Month Coold sink HP temperature ◦C

November 12
December 7
January 7
February 7
March 16
April 20

Table 9
Seasonal electrical energy consumption.

Eel,DC Eel,HP Eel,tot Eel,pvt f,sol,el

MWh MWh MWh %

T25 1.35 5.25 6.61 19.27 292 %
T30 1.29 5.26 6.55 294 %
T35 1.27 6.06 7.34 263 %
T40 1.36 7.04 8.40 229 %

Fig. 14. Value of COP, average internal temperature (Troom,av) and ON-OFF
cycle number for different K value.
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above 10 m3 there is a significant variation of fsol,th for nPVTarray values,
arrays below 35. With smaller VBT,s, 1.5 and 3 m3, there are significant
variations for nPVTarray values, arrays below 30. Considering nPVTarray
constant array (Fig. 16c) similarly to what said before, the values of fsol,th
grow to remain almost constant or with minimal variations when the
volume exceeds 10 m3, regardless of the number of panels inserted.

Similarly, analyzing the trend of fsol,el with the variation of nPVTarray
and VBT,s (Fig. 17). Considering the graph in Fig. 17 c, keeping therefore
the number of panels constant and varying on the axis of the asceses the
VBT,s, after a first increment exceeded 10 m3 the variation of fsol,el grows
with a much lower slope and settling around a constant value. Main-
taining a constant VBT,s and allowing the solar field size to vary
(Fig. 17b) considering the specific electrical demand of the building, a
nPVTarray greater than 16, corresponding to 80 panels, leads to an excess
of electricity production with a solar cover greater than one, with any
size of buffer tank considered. The same result can been read consid-
ering the detail in Fig. 17 c, where the values of fsol,el that do not exceed
1 are isolated and reducing the VBT,s to maximum 10 m3.

Instead, considering the solar fraction as a whole (fsol,gl), taking into
account both the thermal and the electric part at the same time, the
arguments made for the two separate components are found in fsol,gl. The
limitation relating to the VBT,s of 10 m3, beyond which the increase in
volume does not lead to significant increases in the considered solar
factor, remains valid (Fig. 17d). Considering fsol,gl a nPVTarray greater
than 24 leads to values higher than one (Fig. 18c and e), then to a higher
production of the building demand, then to energy (thermal and/or
electric) not used to be disposed of.

4.2. Cooling results

In the operation for ambient cooling, optimization was not carried
out based on the PVT number and the size of the buffer tank, but rather
the focus was on the operation of the DC, as its performance is crucial for
maintaining high HP efficiency. Fig. 19 shows the operating curves of
the DC considered, specifically the consumption and the thermal ca-
pacity as a function of the speed of the fans.

Finally, since the heat exchange is dependent on the air temperature,
the trend of outdoor air temperatures (Tex) during the considered period
is shown (Fig. 20). Tex range between 35 and 10 ◦C from May 1st to
September 31st. Additionally, Fig. 21 illustrates the variation of the DC
speed as a function of the setpoint temperature and the Tex. As the set-
point temperature increases, at the same ambient temperature, the
speed of the dry cooler decreases because the heat load to be dissipated
decreases (Fig. 21)), thus reducing the required power (Fig. 19).

According to the characteristics of the HP (Fig. 22), as the setpoint
temperature of the DC decreases, the EER of the HP decreases as well.
With a setpoint temperature of 25 ◦C, the average temperature at the

source side inlet of the HP is 26.37 ◦C, and the seasonal average COP is
6.99, while with a setpoint temperature of 40 ◦C, the average temper-
ature at the source side inlet of the HP is 40.08 ◦C, and the COP is 5.12
(Fig. 22). As the setpoint temperature varies, both the electrical con-
sumption of the heat pump and that of the DC vary, resulting in a total
consumption of 6.61 MWh with a setpoint temperature of 25 ◦C, 6.55
MWh with a setpoint temperature of 30 ◦C, 7.34 MWh with a setpoint
temperature of 35 ◦C, and 8.40 MWh with a setpoint temperature of
40 ◦C (Table 8). Since the summer photovoltaic production is 19.27
MWh, the coverage ranges from 292 % (Tset,DC = 25 ◦C) to 229 % with a

Fig. 15. Comparison results with and without climate curve.

Fig. 16. Fsol,th results. a) matrix response. b) response curves, each curve is a
constant value of PVT array number, fsol,th varia with the buffer tank volumes.
c) response curves, each curve is a constant value of buffer tank volumes, fsol,th
varia with the PVT string number.
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DC setpoint temperature equal to 40 ◦C.
The objective of maximizing the use of renewable energies while

simultaneously maximizing the energy efficiency of the system, ensuring
minimum targets of an annual average HP COP of 5 and a renewable
coverage of 70 %, is achieved and exceeded. The optimal setpoint
temperature is found to be 25 ◦C. However, this is limited on days of
higher demand when the ambient temperature exceeds the setpoint (18
% of the total days). On these days, a higher operating temperature is
accepted.

4.3. MCDM assessment

4.3.1. MCDM heating results
In Fig. 23a–c, partial results for the three criteria, Energy (Fig. 23a),

Economic (Fig. 23b), and Logistic (Fig. 23c), are presented. Each value
represents an alternative for heating mode operation, with different
alternatives grouped by buffer tank volume (VBT,s) and number of PVT
panels.

Considering only the energy aspect, the score is strongly influenced
by the number of panels. Referring to Fig. 23, each colour corresponds to
a specific value of nPVTarray. Meanwhile, the volume of the buffer tank

Fig. 17. Fsol,el results. a) matrix response. b) response curves, each curve is a
constant value of PVT string number, fsol,el varia with the buffer tank volumes.
c) response curves, each curve is a constant value of buffer tank volumes, fsol,el
varia with the PVT string number.

Fig. 18. Fsol,gl results. a) matrix response. b) response curves, each curve is a
constant value of PVT string number, fsol,gl varia with the buffer tank volumes.
c) response curves, each curve is a constant value of buffer tank volumes, fsol,gl
varia with the PVT string number.
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has little influence on the final score. With a fixed nPVTarray, the vari-
ation in Vi(Pi,x) is minimal when transitioning from 100 m3 to 1.5 m3,
compared to the variation from nPVTarray 5 (gold) to 100 (light blue).
The three parameters considered in the energy analysis are solar fraction
(fsol), global primary energy saving (PES). As the VBT,s and nPVTarray
increase, PES also increases, reaching the maximum score with the
combination 100-100. On the other hand, fsol achieves the maximum
score with a value of 1. In fact, with the “high” scenarios, an fsol
exceeding 1 indicates energy produced but not utilized, whereas sce-
narios with nPVTarray ranging than from 10 to 20 array achieved a score
between 0.8 and 1.

In addition the score while decreasing proportionally to the decrease
in the volume of the thermal tank, is not proportional with the number
of panels, from nPVT equal to 25 included up to 100 you have a score
increase, but it remains smaller than the smaller sizes of photovoltaic
field which have a score significantly higher than the others relative to
the global solar fraction (fsol,gl).

Unlike the energy aspect, the economic analysis is strongly influ-
enced by VBT,s, where its cost has a greater impact compared to that of
the solar field. With lower values of VBT,s, higher scores close to 1 are
obtained.

In the considerations regarding logistics, feasibility in terms of space,
considering the specificities of the selected building, was taken into
account. Based on this criterion, the “high” scenarios are to be excluded
and receive a score of 0 as they are not compatible with the actual

dimensions of the building. However, their analysis is crucial for un-
derstanding the limits and potential of the system itself. In this case, the
highest scores are obtained with a nPVTarray ranging from 5 to 15. While
VBT shows greater variations, the best score is still achieved for lower
values.

With a maximum net area available on the roof of 450 m2, the
maximum number of panels that can be accommodated is 75. Theas are
clustered into 15 arrays of 5 panels each, for a total of 124 m2 and 23.25
kWp. In each panels circulates 30 l/h of water, corresponding to 150 l/h
per array, with a total flowrate of 3150 l/h circulating throughout the
system.

In Fig. 24, the matrix which summarizes the scores assigned to the
different simulations is presented. From the final scores, it is evident that
the optimal configurations are those with a nPVTarray equal to 15 (75
PVT), with a VBT,s of 6 m3 and 3 m3. A setpoint temperature on the cold
side of the HP ranging between 5 and 20 ◦C, and a temperature on the
hot side of the PVT ranging between 25 ◦C and 55 ◦C, following the
climatic curve in Fig. 7 with K = 2.5.

4.3.2. MCDM cooling results
In the case of the cooling mode, the MCDM analysis is simpler due to

the smaller number of analyzed scenarios. As described previously, en-
ergy and economic aspects were considered, while logistical aspects
were neglected as they do not vary among different configurations.

Throughout the analysis, both for individual criteria (economic and
energy) and in the overall analysis, the most performant configurations
are those with the lowest setpoint temperature. This confirms the results
of the energy analysis described above.

As shown in Fig. 25, the configuration with a T set, DC 30 and 25,
scored the best in both energy and economic criteria.

4.3.3. MCDM weighted analisys
Considering the individual contributions to the final vote Energy,

economic and logistic, the variation of the weights of the three thermals
can lead to define different final configurations, even if in a limited way.
The energy component (Fig. 23a) finds its maximum score with com-
binations where the photovoltaic field is less than 20 strings bringing the
final value to go to nPVT minor, vice versa the economic part (Fig. 23b)
prefers smaller thermal tank volumes, moving the final result towards
that direction, finally the logistics component (Fig. 23c) from a skim-
ming on the number of possible results giving positive values only to a
small number of combinations.

Considering the 3 cases limit in which each of the three in turn has

Fig. 19. Dry cooler thermal capacity and electrical power related to the
fan speed.

Fig. 20. External air temperature from May 1st to September 31st.
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100 % of the weight, excluding the others, the following 3 combinations
are obtained: nPVT 20, VBT 3 (Energetic 100 %); nPVT 5, VBT 1.5
(Economic 100 %); nPVT 15, VBT 3 (Logistic 100 %). In Fig. 26 is shown
in a graphical way the trend of the scores of the three criteria, the
chromatic mapping shows the only combinations whose votes are
greater than 0.8, the numerical value indicates the maximum score
obtained in that category, (energy yellow, economic purple and logistic
blue) while in red is indicated the area of intersection between the three
criteria.

As can be seen, the area of intersection is extremely small, especially
according to the limits imposed by the logistical part (Fig. 26). There-
fore, the variation of the weights will move the final result, however,
around the intersection area and the maxima of the three criteria.

Table 10 shows the three borderline cases mentioned above (c1, c2
and c3), and further combinations such as: c4 where the three criteria
have the same weight, c5-7 where in rotation the criteria have a 50%–
25 % combination, while from c8 to c11 there is an imbalance towards
the energy part at the expense of the other two with different weight
distributions.

Excluding the limit combinations (c1-3), the solutions for this spe-
cific case are centralised between 15–3 and 15–1.5. Only when the
weights are strongly unbalanced towards the energy part (c10 and c11)
is reference made to the 20–3 combination that maximises the energy

part.
The selected weights (Table 6) are chosen to balance the different

criteria while emphasising two focal points of the work: energy analysis
and logistical feasibility.

4.4. Final configuration and discussion

From the preliminary analyses conducted and the MCDM, the
optimal configuration of the system consists of 15 strings for a total of
75 PVT panels, a buffer tank volume connected to the source side of the
HP of 3 m3, and a volume of 1.5 m3 for the DHW thermal storage
(TESDHW). The setpoint temperature for the heat pump on the source
side is variable and ranges between 7 and 20 ◦C, while on the load side, it
follows the climatic curve described by Equation (5) with K equal to 2.5.
Finally, the setpoint temperature for the DC is 25 ± 2 ◦C.

Fig. 27 illustrates the final configuration of the system as described
above.

In both cooling and heating, temperature analyses (Figs. 13, Figs. 14
and 21) aimed to optimize the thermal levels at which the heat pump
works and thus maximize its performance. Subsequently, the parametric
analysis conducted on the buffer tank source (BTsouce) and the photo-
voltaic head were aimed at understanding how the solar fractions
(thermal, electrical and global) vary as a function of the two selected
parameters: number of photovoltaic strings and buffer tank volume. As
well as that of defining the useful limits of the buffer tank volume and
the number of PV array strings to have a significant increase in solar
fractions during winter operation above 5 %.

Therefore, the HP was operated with sliding temperatures on both
the source and load side to maximize not only its efficiency but also the
exploitation of the renewable resource provided by the PVTs. In fact,
looking at the temperatures in Table 8, evaporator inlet temperatures as
low as 7 ◦C are accepted, with a maximum DT between heat source and
heat sink of 48 ◦C, and lower efficiencies in the coldest periods, where
thermal energy production by the panels is reduced, and then increase
the operating temperature on the source side, while decreasing the
required temperature on the load side, significantly increasing the effi-
ciency of the system and thus maintaining high seasonal performance
(sCOP = 8 and sEER = 7) with a f,Eth,rec,PVT (fraction of thermal energy
stored by the panels) of 0.5 and a HLC (hours load covered by renowable
energy) of 0.61 [67].

Fig. 21. Fan variability as function of the outlet air temperature (x axis) and the setpoint temperature (25◦ green, 30 ◦C red, 35 ◦C blue, 40 ◦C purple). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 22. Seasonal COPc for different Dray cooler setpoint temperature.
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Turning then to the parametric analysis as mentioned above, the
values of source-side storage and PV array capacities were defined.
Specifically for the solar thermal fraction (fsol,th), a VBT,s greater than
10 m3, as well as a number of strings (nPVTarray) greater than 30, do not
lead to a significant increase (>5 %) of the solar fraction being
oversized.

Electrically, fsol,el is calculated as the ratio of electrical production to
electrical demand, according to Equation (9). The greater the number of

Fig. 23. MCDM heating results. a) Energy criteria b) Economic criteria, c)
logistical criteria.

Fig. 24. MCDM global heating use results.

Fig. 25. MCDM cooling results. a) Energy criteria. b) Economical criteria. C)
Global results.

Fig. 26. Energy, economical and logistical criteria max value Intersection.
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panels, the greater the solar electric fraction, which exceeds 1 once the
number of strings exceeds 16. The volume of the buffer tank influences
the operation of the HP, and thus the electrical demand, which is why
even if to a small degree as VBT varies, fsol,el varies. As seen above, as the
volume increases, the impact (the increment) it has on the system de-
creases, so the increment of fsol,el also decreases, similarly as for fsol, th
the VBT limit is set at 10 m3.

As the volume of the thermal storage tank varies, so does the thermal
energy storage capacity for the same amount of energy produced by
PVTs. As the volume increases, the fraction of stored energy increases
and so does the solar thermal fraction (fsol,th). For larger VTES values, on
average greater than 10 m3, the increase in stored thermal energy and
thus solar thermal fraction are relative to production peaks and thus
smaller and smaller increases. Whereas as the number of strings in-
creases, the production and thus the thermal energy that can be stored
increases for the same volume and at the same load.

The results obtained are not universally valid, but depend on the
specific building, its requirements and the thermal and electrical pro-
duction. Within the limits of the mathematical model used for the
simulation and partly reported in section 3 and better described in Refs.
[50,55,56,67], the main parameters that determine these quantities
(production and demand) are the climatic data, and therefore the cli-
matic zone to which it belongs, and the characteristics of the building in
terms of envelope performance and intended use. Specifically, reference
is therefore made to residential buildings with medium-low thermal
performance, with a global transmission coefficient through the enve-
lope equal to approximately 1.51 W/m2K, and a climatic zone with
2012◦ day, and with external temperatures varying from 2 to 14 ◦C in
winter to 18–32 ◦C in summer and a global annual average horizontal
radiation of 1500–1600 kWh/m2 (Fig. 28).

Different intended use, different building characteristics and/or
different climate zones can lead to different loads and different

distributions of these over time, as well as different thermal and elec-
trical production. Different loads and outputs lead to different solar
factors and limit values.

Leaving nPVT, array and VTES unchanged, as well as the operating
temperatures of the HP as per the final configuration, and varying the
load, as well as the size of the HP bymeans of a load scale factor (fls), it is
possible to see how a change in load affects performance in terms of
solar fractions (Fig. 29).

Specifically, compared to the reference value (fls = 1) as the load
increases (moving to the right in Fig. 29 there is a decrease in perfor-
mance, doubling the load, fsl= 2, the thermal, electrical and global solar
factors decrease by 20 %, 66 % and 39 % respectively. Vice versa, as the
load decreases (moving to the left in Fig. 29) there is an increase in
performance, reducing the load by 80 % (fsl = 0.2) leads to an increase
in the thermal, and global solar factors by 44.6 %, 322 % respectively,
while the solar electric fraction increases by 15 times.

Since fsol,th is the ratio of the thermal energy produced by the panels
and stored to the thermal energy demand, as the scaling factor de-
creases, the denominator decreases, resulting in an increase in the solar
fraction.

In this paper, the focus is not only on the plant system analyzed, but
also on the application of the MDCM as a method to identify the optimal
configuration for the specific case study, also setting specific logistical
limits. While this may be limiting in extending the results directly to
other similar structures, it does indicate a practical method for identi-
fying the meeting point of even conflicting needs. With the same
building load and performance, orientation and location, but with
different spatial arrangements for the installation of the cooled photo-
voltaic array and thermal reservoirs, the final configuration and thus
also the performance of the system will be different. By doubling the
available space for both panels and TES, the final configuration as a
result of the MCDM leads to a combination nPVT = 20 and VBT = 3
resulting in a solar thermal, electrical and global fraction of 0.52, 1.46
and 0.95 respectively.

The focus of this article has been on the optimization process of the
plant system studied. To better understand the value of the project, it is
useful to report the results of work carried out in parallel to the opti-
mization here and reported in Ref. [67], in witch was anaized data on
effciency improvements, environmental impact reductions and cost
savings in comparison to conventional systems. Specifically, in Ref. [67]
the plant system under study here was compared to a conventional
system with a centralised gas boiler and radiators for winter heating,
stand-alone electric boilers for domestic hot water production and no
cooling system. The comparison was based on four indicators such as
primary energy saving (PES), overall carbon dioxide equivalent emis-
sions (tCO2,eq,avoid) as well as the discounted annual cost saving (dCSav,
25y). And the descounted pay back period (PBP), the fraction of
self-consumed energy (fsc) and the global solar fraction were also
analyzed, compared to the current work the fsol,gl equal to 98 % and
overall of all energy end uses including the production of DHW not
previously treated in this article.

Table 10 summarizes the KPIs defined above, while the following
paragraphs discuss the results obtained in Ref. [67] and provide more
details.

A comparison with the conventional system described above yields a
non-renewable primary energy saving of 36 % with the analyzed plant

Table 10
Final combination as function of criteria weight variation.

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11

Energetico 100 % 0 % 0 % 33 % 50 % 25 % 25 % 75 % 85 % 85 % 90 %
Economico 0 % 100 % 0 % 33 % 25 % 50 % 25 % 13 % 5 % 10 % 5 %
Logistico 0 % 0 % 100 % 33 % 25 % 25 % 50 % 13 % 10 % 5 % 5 %
Combination (nPV-VBT) 20–3 5–1.5 15–3 15-3

15–1.5
15–3 15–1.5 15–3 15–3 15–3 20-3

15–3
20-3
15–3

Fig. 27. Final Italian RESHeat system configuration.
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Fig. 28. a) Europe Heating degree days in NUTS 3 regions [68]; b) Europe Cooling degree days in NUTS 3 regions [68]; c) Europe Global horizontal irradiation [69].
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system in its final configuration. Meditating Table 11 it is possible to go
into more detail in the analysis of the PES. Using S0 to denote the
traditional plant system and S1 to denote the plant system under study,
and taking each energy end-use individually gives a PESnREN of 43 % and
61 % for heating and DHW respectively. Considering the system as a
whole, therefore also considering the addition of cooling not present in
the traditional system, we have a PES of 63 % as well as an increase in
overall comfort guaranteed by the system [67] (see Table 12).

Considering the CO2eq not emitted due to the self-consumption of
electricity from photovoltaic production, the CO2 avoided due to the
replacement of the natural gas boiler with the heat pump, and the CO2
avoided due to the replacement of the electric boilers and the integration
of thermal energy from photovoltaic-thermal panels, a CO2,eq, avoid
not emitted of 63 tCO2 can be achieved [67].

For the economic evaluations, the initial cost was first evaluated
considering the purchase and installation costs of the different compo-
nents of the system such as: cooled photovoltaic panels, heat pump,
thermal energy storage, dry cooler, inverter, fancoil, as well as the dis-
tribution system (piping and circulation pumps) and automation and
control system, for a total of 163.2 k€. The discounted annual cost saving
(dCS) was then calculated, taking into account the economic gains
related to natural gas and electricity savings and considering a decay of
the plant’s annual productivity of 1 %. The dCS calculation also took
into account the plant’s operation and maintenance costs of approxi-
mately 2.2 % of the initial cost per year as well as the revamping of the
plant of 82.5 k€ over 25 years. This results in an average annual dCS over
25 years of 167 k€ considering as energy cost the average value from
2016 to date (2023). Given the initial investment and the dCS, the net
present value (NPV) and pay back period (PBP) of 4 years was
calculated.

The work on the one hand set itself the optimization of the plant
system from an energy point of view by trying to have a vision beyond
the specific application case, on the other hand it proposes through the
method adopted (MCDM) an approach that also takes into account the
design limits of the specific case. The use of two apparently opposing
approaches was necessary to arrive at a meeting point between different
requirements. However, there remain problems and limitations that
have been encountered, but which have not been resolved, but which
can/do arise as a starting point for further project development. One of
the problems involved reconciling the production part and the thermal
and electrical demand in different seasons with different needs and uses
of the plant. This led to unbalancing the sizing of the photovoltaic field
towards the thermal part for winter needs, resulting in a general surplus
of electricity production during the year and thermal in summer. This
limitation has been partially resolved by introducing a hot water

Fig. 29. Variation of thermal solar fraction (fsol,th) related to different
load scale.

Table 11
Summary of annual energy analysis [67].

PES tCO2,eq,avoid dCSav,25y PBP fsol,gl fsc

% tCO2 k€ years % %

63 63 167 4 98 15

Table 12
Annual primary energy consumptions [67].

PE end use Total nREN REN Units

Initial scenario/current situation
S0, Heating, NGB 60 60 0 MWh/y
S0, DHW, Electrical Boiler 118 95 23 MWh/y
S0, H + DHW 178 155 23 MWh/y
RESHeat system
S1, H 34 26 8 MWh/y
S1, DHW 47 24 23 MWh/y
S1, H + DHW 80 50 30 MWh/y
S1, H + C + DHW 91 57 34 MWh/y
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generation and distribution system served by PVTs into the system. To
further improve the performance of the entire building-plant system in
the real context in which it is immersed, a further step to be explored is
the sharing of excess electrical and thermal energy with neighbouring
utilities through the creation of a local CER. Thus, turning the low self-
consumption of electricity of about 15 per cent from a point of weakness
of the system to a point of strength for decarbonization and the pene-
tration of renewables in a wider area.

Remaining on the above-mentioned issue of the thermal-electricity
production deficit, a further step towards optimizing the system and
increasing its already high flexibility involves coupling it with innova-
tive electrical storage systems such as Gas-Liquid Energy Storage (GLES)
[70], which involve the accumulation of electrical energy by com-
pressing a fluid (nitrogen) by means of a piston pushed by oil (charging
phase), and then releasing it at a later stage, by expanding the nitrogen
(discharge phase) the oil is pushed into a turbine to generate electricity.
These electrical storage systems could be coupled with the proposed
plant system in a synergic manner. In fact, if on the one hand the GLES
allow electrical storage and therefore the use of the energy resource
when necessary without drawing from the grid, on the other hand at the
same time as the electrical surplus there is thermal production by the
PVTs, thermal energy that can be exploited to raise the temperature of
the gas inside the GLES and increase the possibility of storage.

One of the strengths of the system is its flexibility and ability to cover
different energy loads, even of a different nature (power, heat and cold),
simultaneously. For this reason, a crucial point is the control and man-
agement strategy of the system itself and consequently the imple-
mentation system of this, both in terms of electronics and sensors. In this
work, optimization has focused on the sizing of the components and
their working energy levels, but a further development for the optimi-
zation of the system lies precisely in modifying the control strategy and
investigating the as yet unexplored possibilities of a particularly flexible
and adaptable system. For example, a further study already underway is
the use of the heat pump from solar assisted to dual source or multi-
source, as well as different strategies for load tracking and matching
between energy production and consumption. A further update of the
system may involve the inclusion of predictive systems in the manage-
ment electronics that can be adapted to external changes, such as
changes in the use of the system by the user or climatic changes that
cause the load and operation to shift towards one mode of use over
others.

5. Conclusions

The present work is part of the broader RESHeat European project,
which focuses on the study of an innovative high-performance system
combining as main elements WSHP, cooled photovoltaic panels and
thermal storage. The project involves the installation and subsequent
monitoring of the system in three different demo sites: two in Poland, in
Limanowa and Krakow, and one in Italy, located in Palombara Sabina.
This article reports on the optimization phase of the system for the latter
demo site.

The objective of the paper is to optimize the system as a whole and in
all its different use configurations. Specifically, the study aims to
maximize the use of renewable energy by the system while simulta-
neously maximizing its energy efficiency, with a minimum seasonal COP
target of 5. Additionally, not only energy aspects but also economic and
logistical considerations are considered.

For this purpose, the heating and cooling operation modes were
separately analyzed, and each one was optimized according to the most
influencing parameters for its performance. Specifically heating
configuration was first assessed, defining an initial operating setup of
the heat pump, followed by a parametric analysis varying the volume of
the buffer tank and the size of the solar field. The energy results obtained
were then expanded and integrated with economic and logistical-spatial
evaluations within a MCDM framework to define a final configuration

for that specific mode of operation. Similarly, the cooling operation was
analyzed by studying the variation of speed and consumption of the dry
cooler with changes in its setpoint temperature, concluding once again
with the determination of the optimal configuration through MCDM.

The main results obtained from the parametric analyses are as
follows:

For the heating configuration, given the building load, maximum
limits were identified beyond which increasing the size of both the
photovoltaic field and the buffer tank becomes disadvantageous: 10 m3

for the buffer tank and 16 array for the PVT panels. Exceeding values,
indeed, lead to minimal increase in renewable energy utilization at the
expense of higher costs both economically and in terms of occupied
surface area.

For the cooling configuration, the optimal setpoint temperature was
identified based on specific climatic characteristics and building load.
The analysis indicated that a setpoint temperature of 25 ◦C is optimal
despite the higher consumption by the DC, as it leads to improved HP
performance and consequently lower overall electrical consumption.

Ultimately, through the MCDM process, it was possible to identify
the optimal configuration of the system, considering criteria such as
energy-related factors including COP, solar fraction, primary energy
consumption, and primary energy saving; economic factors taking into
account initial costs and ongoing operating costs such as management
and maintenance costs and fuel costs; and finally, logistical-spatial
criteria considering the actual installation feasibility within the
structure.

In conclusion, the MCDM identified the final configuration as a
system composed of 15 strings of 5 panels each, totaling 75 PVT panels
installed with a capacity of 25 kWp. A buffer tank linking the PVT panels
and the HP of 3 m3 and a DHW service buffer tank of 1.5 m3 were
included. The identified temperature setpoints were 25 ◦C for the DC,
while for the HP, both the operating temperatures of the evaporator and
the condenser vary according to external conditions. On the cold side,
they range from 7 to 20 ◦C and vary according to incident radiation and
the low-temperature heat production of the PVT panels, while on the hot
side, they vary according to external temperature as described by
Equation (5) with K open at 2.5.

The work thus led to the identification of the optimal configuration,
considering the set objectives, for the RESHeat system at the Palombara
Sabina demo site, which presents the peculiarity of being in a Mediter-
ranean climate where, in addition to heating, there is a significant de-
mand for summer cooling not present in the Polish prototypes. This
resulted in the proposal for an innovative system, which has never been
installed on a real user with the specific characteristics of the Italian
climate.
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storage in residential buildings integrated with RESHeat system. Appl Energy
2023;335:120752. https://doi.org/10.1016/j.apenergy.2023.120752.
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