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Abstract

:

This paper analyzes the use of hybrid photovoltaic/thermal (PVT) collectors in nearly zero-energy buildings (NZEBs). We present a design methodology based on the dynamic simulation of the whole energy system, which includes the building energy demand, a reversible heat pump as generator, the thermal storage, the power exchange with the grid, and both thermal and electrical energy production by solar collectors. An exhaustive search of the best equipment sizing and design is performed to minimize both the total costs and the non-renewable primary energy consumption over the system lifetime. The results show that photovoltaic/thermal technology reduces the non-renewable primary energy consumption below the nearly zero-energy threshold value, assumed as 15 kWh/(m2·yr), also reducing the total costs with respect to a non-solar solution (up to 8%). As expected, several possible optimal designs exist, with an opposite trend between energy savings and total costs. In all these optimal configurations, we figure out that photovoltaic/thermal technology favors the production of electrical energy with respect to the thermal one, which mainly occurs during the summer to meet the domestic hot water requirements and lower the temperature of the collectors. Finally, we show that, for a given solar area, photovoltaic/thermal technology leads to a higher reduction of the non-renewable primary energy and to a higher production of solar thermal energy with respect to a traditional separate production employing photovoltaic (PV) modules and solar thermal (ST) collectors.
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1. Introduction


In the last decades, new solutions are studied to reduce energy requirements in the building sector, even with the aim to reach the nearly zero-energy level. In particular, the generation system including renewable energy sources, such as solar thermal panels and photovoltaic modules, are often analyzed [1,2,3,4,5]. The point of strength of these systems, in fact, is the possibility of being coupled with thermal storages, low-temperature terminal units, and heat pumps, to address the energy requirements of the building in an efficient way. However, it is necessary to seek the optimal sizing and control strategy of the solar technologies to maximize the energy savings. Several studies have been published on this topic [6,7,8], finding that the possible savings depend on the characteristics of the buildings, the profiles of energy requirements, and the characteristics of the overall system [9].



Among the classical solutions using separate modules, more attention is now given to hybrid photovoltaic/thermal collectors, also named PVT collectors. These collectors are a promising technology, combining in a single component both photovoltaic modules and solar collectors. Their main advantages are the reliability, the low maintenance, and the clean technology [10]; however, as they are still an emerging technology, their application in practical cases needs further study [11]. The PVT collector can be classified depending on the coolant fluid used, which is usually air or water. Several configurations are presented in literature, depending on the position of the absorber and the photovoltaic layer (see [10,11] for a complete analysis of the various possible configurations). Innovative designs are also present in literature: for example, in [12], the authors test a new PVT collector where water is directly in contact with the photovoltaic (PV) panel, without serpentines, showing good performances, even if the thermal efficiency is found to be strongly dependent on the flow rate. In [13], the authors propose instead a PVT collector where the water flows over the PV layer: the water flow absorbs infrared radiation, without modifying the visible spectrum, which instead is responsible for a good PV efficiency. Experimental results of this collector show that this PVT panel performs better than traditional ones in the case of large values of solar irradiance, due to the reduction of losses. In the last years, scientific literature reports several case studies of application of PVT collectors in building applications. For example, in [14], the authors study the feasibility of a system including a PVT collector, a thermal wheel, and an air-handling unit, finding that this solution allows a good energetic performance and a reduction of the energy requirements for the exhaust air heat recovery. In [15], the authors present the case study of a PVT collector connected to a thermal storage. The aim of the study is the identification of the optimal control of the water flow rate to maintain a high electrical efficiency and, at the same time, meet the domestic hot water (DHW) energy demand of the building. Two profiles of optimal control are found, one for winter and one for summer, which lead to significant energy and economic savings with respect to the suboptimal solution. In [16], the authors compare several solutions using water heat pumps as main generators, and photovoltaic modules, flat plane collectors or PVT collectors as renewable energy sources that provide useful energy for the generator and for the building requirements. Results show that the use of PVT collectors is associated with the lowest electrical energy requirements from the grid, also in different scenarios of electricity prices.



The use of PVT collectors in nearly zero-energy buildings (NZEBs) is not widespread in literature, since the analysis is often focused only on the solar collector and its energy conversion efficiency. However, this topic is important, considering the current targets in reducing the building energy requirements, especially for new and renovated ones. In this paper, the application of PVT collectors in NZEBs is investigated through a cost-benefit analysis of a case study constituted by a farm hostel served by a reversible heat pump, PVT collectors, and a thermal storage, for the heating, cooling, domestic hot water, and electrical energy services. We verify the achievement of the NZEB target assumed as a building with net primary energy consumption lower than 15 kWh/(m2·yr) [17].



The optimal design and control will be found through an exhaustive-enumeration multi-objective optimization in a dynamic simulation of the overall system, using as optimization variables the number, the azimuth, and the slope of PVT collectors, together with the volume and the control temperature of the thermal storage. The objective functions are the non-renewable primary energy and the total costs (sum of installation costs and operational costs), both evaluated at the end of the system lifetime. A set of possible design alternatives on the Pareto frontier is provided to the decision makers. Furthermore, the optimal solutions will be compared with the results of a similar optimization in a case study where the PVT collectors are substituted by traditional photovoltaic (PV) modules and solar thermal (ST) collectors. In this way, possible advantages and disadvantages of the PVT collectors can be highlighted with respect to traditional solutions.



Section 2 presents the description and modeling of the case study, including the heat pump, thermal storage, PVT collectors, and the control system. Section 3 presents the optimization problem and the analysis of the results. Section 4 presents the description of the case study with the PV and ST collectors separately and the results of the comparison of the optimization problem referred to the PVT case and the PV/ST case, from an energetic and economic point of view. Section 5 illustrates the conclusions and future works.




2. Description and Modeling of the Case Study


The chosen case study is a farm hostel in Enna, Italy. The town has a favorable solar irradiance, which is expected to result in a significant energy contribution from solar generators (PV, ST, and PVT). Besides, the energy system includes an electrically driven air-to-water heat pump, a thermal storage, with the possibility of exchanging power with the electrical grid (see Figure 1). Both buildings and heating, ventilation, and air-conditioning (HVAC) equipment performances are simulated over a standard year of operation through established dynamic models and an hourly time step.



The Italian Thermotechnical Committee (CTI) provides the hourly values of the typical meteorological year (TMY), in terms of temperature, relative humidity, global solar irradiance on the horizontal plane, and wind speed [18]. Monthly averaged climate data are reported in Table 1.



2.1. Energy Requirements of the Building


The hourly energy demands of the building are related to the heating and cooling service, domestic hot water (DHW) production, and electrical energy for lighting and other uses. The heating and cooling loads are evaluated as a function of the envelope characteristics (e.g., geometry, materials thermo-physical properties), external climate and internal set point. The main characteristics of the building envelope are reported in Appendix A.



The hourly heating and cooling loads of the building have been evaluated through the methodology reported in [19], using the following equations:


Eth,H=PH(1−Text¯−Tdes,HToff,H−Tdes,H)−ηH(Eel,ou)



(1a)






Eth,C=PC(1−Text*¯−Tdes,C*Toff,C−Tdes,C*)+ηC(Eel,ou)



(1b)






Text¯(t)=1ϕ¯∑i=0ϕ¯Text(t−ϕ¯+i)



(1c)






ϕ¯=∑i(UA)iϕi[∑i(UA)i+Hve]



(1d)






Text*(t)=Text(t)+αSheIsol(t)



(1e)




where Eth,H and Eth,C are the hourly heating and cooling loads, respectively; PH and PC are the heating and cooling peak loads; Tdes,H is the design external temperature (−3 °C) for heating; Tdes,C* is the design sol-air external temperature (47 °C) for cooling. Text* is the sol-air temperature, used in summer to take into account the effects of solar irradiation together with the external temperature: the sol-air temperature is evaluated as in Equation (1e), in accordance with [20]. Toff,H and Toff,C are the external and sol-air temperatures at which thermal losses and gains balance, nullifying heating and cooling demands, respectively. Text¯ is an effective external temperature based on the effective time shift of the building, ϕ¯, evaluated through Equation (1d) [21]. The gains due to the electrical residential equipment, Eel,ou, are considered as an additional cooling load or reduction of heating requirement, using the heat gain utilization factors, ηC and ηH, evaluated as in EN 52016 [22]. The adopted building model represents a good trade-off between simplified models (e.g., the energy signature method [23]) and dynamic models (e.g., TRNSYS). The former ones do not require a detailed knowledge of the building, simply employing a correlation between the external temperature and energy requirements, but results can be inaccurate; the latter ones, instead, need a significant number of inputs to provide accurate results. Moreover, they are often time-consuming, being less suitable for simulations and optimization of many interconnected components.



For the present case study, peak loads are equal to 15 kW for both heating and cooling. A typical users’ profile has been chosen, with peaks in weekends and summer [24]. This profile influences the internal loads and the energy requirements for DHW and electrical energy. The corresponding energy demand for DHW is evaluated through the following equation:


Eth,DHW=ρWcWVDHW(TDHW−Taqu)



(2)




where TDHW is equal to 40 °C and Taqu is equal to 16 °C. Hourly schedules of electrical energy have been also evaluated, using typical demands and profiles of hostels with rooms (where typical household appliances are used, such as personal computers, TVs, chargers) and kitchens (where fridges and induction cooking are used). More details about the building and profiles can be found in [25] and in Appendix A.




2.2. Modeling of the System


The analyzed HVAC system consists of a reversible heat pump, a thermal storage, and PVT collectors. The thermal storage is the main thermal node of the system, as it provides energy to DHW and the heating loads and is heated by the PVT collectors and by the heat pump when the solar contribution is not enough to maintain the required temperature. The latter generator also meets the cooling demand and directly heats the building, according to the control strategy discussed in detail in Section 2.2.4. As for the electrical load, the grid delivers or receives the power surplus or deficit between the PVT production and electricity demand (heat pump included). Figure 1 represents a scheme of the overall system.



2.2.1. Modeling of the Heat Pump


The heat pump is a reversible air-to-water electrically driven one, with inverter: thus, the actual thermal output can be provided by the heat pump without a significant penalization of the coefficient of performance (COP). For the evaluation of the heat pump performance, the second-law efficiency method is used, as suggested by several technical standards [26]. The methodology is based on the following equations:


COP=ηHIICOPid=ηHIITRFTRF−Text



(3a)






EER=ηCIIEERid=ηCIITRFText−TRF



(3b)




where ηHII and ηCII represent the second-law efficiencies of the heat pump in the heating and cooling mode, respectively: According to the manufacturers’ data, these values can be considered as constant at different temperatures and equal to 0.35 and 0.25 for heating and cooling modes, respectively. TRF represents the mean temperature of the radiant floor, which is used for both heating and cooling the building. The radiant floor is modeled through a simplified resistance model that takes into account the characteristics of the terminal unit and the water and surface temperatures. The floor temperature is evaluated to verify possible condensation during the cooling period: In this case, an additional electrical demand related to the use of a dehumidifier is considered to maintain the proper relative humidity inside the building. The water temperature TRF is used for the evaluation of the COP and energy efficiency ratio (EER) of the heat pump in both heating and cooling modes. For external temperatures below 2 °C, an electrical resistance (with efficiency equal to one) is supposed to be turned on to meet the heating requirements for 30 min. More details about the heat pump and radiant floor models are discussed in [25]. When the heat pump is used to heat up the thermal storage, TRF is replaced by TTS, evaluated as in Equation (4a).




2.2.2. Modeling of the Thermal Storage


A simplified 0-dimensional thermal storage model is considered for this analysis, reading:


VTSρWcW(TTS(t+1)−TTS(t))=EPVT,th+EHP,TS−(ETS,H+ETS,DHW)−ETS,l



(4a)






ETS,l=STSλTSsTS(TTS−Text,TS)



(4b)







In Equation (4a), VTS is the volume of the thermal storage, ETS,H and ETS,DHW are the thermal energy used for heating and for DHW loads, respectively; ETS,l are the losses of the thermal storage, evaluated through Equation (4b), depending on the insulating characteristics and the thermal storage location temperature (Text,TS). In this work, we assume Text,TS as the annual mean outdoor temperature. More details about the thermal storage characteristics are reported in Appendix A.




2.2.3. Modeling of the PVT Collectors


PVT collectors concurrently provide electrical and thermal energy, as they consist of a photovoltaic layer placed upon a thermal collector (see Figure 2). The temperature of the collector, TPVT, influences both the photovoltaic and thermal performances. In the modeling, we have neglected any thermal capacity (quasi-steady state approach) and we have considered a unique mean temperature for the whole collector, including photovoltaic cells and thermal coil. This lumped approach is allowed by the limited temperature increase of the fluid across the collector [27,28] and by the negligible thermal resistance between the PV cells and the coil. The energy equation reads:


Isol,PVTSPVT=EPVT,th+EPVT,el+EPVT,l



(5a)




where:


EPVT,th=ϵPVTm˙W,PVTcW(TPVT−Tw,in)(TPVT−Tw,in)



(5b)






EPVT,th=ηPVT,thSPVTIsol,PVT



(5c)






ηPVT,th=η0−α1(TPVT−Text)Isol,PVT−α2(TPVT−Text)2Isol,PVT



(5d)






EPVT,el=ηel,PVTSPVTIsol,PVT



(5e)






ηPVT,el=ηinv(ηel,PVT,ref[1−βT,PVT(TPVT−Tref,PVT)])



(5f)






Tw,out=Tw,in+ϵPVT(TPVT−Tw,in)



(5g)







The global solar irradiance on the PVT collector Isol,PVT is a function of the slope (βPVT) and azimuth (γPVT) of the PVT collector. The collector temperature, TPVT, is evaluated through Equations (5b) and (5c), assuming Tw,in=TTS. The thermal efficiency, ηth,PVT, depends on the coefficients η0, α1, and α2, given by the manufacturer according to the technical standard EN ISO 9806:2017 [29] (replacing EN 12975:2006). The heat transfer effectiveness of the thermal coil ϵPVT is assumed equal to 0.8 and solar collectors are assumed in parallel.



The water flows across the collector only if the following conditions occur: (i) Presence of solar irradiance (Isol>0); (ii) temperature of the collector lower than the maximum allowed value (TPVT<TPVTMAX); (iii) temperature of the collector higher than inlet water temperature (TPVT>Tw,in). Tw,in is assumed equal to the temperature of the water within the thermal storage, TTS. The third condition ensures the heating of the water flow, otherwise the solar collector would act as a dissipator.



If the water flow rate in the PVT collector is nil, the device acts as a standard PV unit and only electrical energy is generated by the module. In this case, we use the following equation to evaluate the photovoltaic cell temperature [30]:


TPVT=Text+(219+832Kt)NOCTPVT−20800



(6)




where Kt is the hourly clearness index [31], evaluated using the data in [18]. Thus, one can evaluate the photovoltaic efficiency and the produced electrical energy using Equations (5e) and (5f).




2.2.4. Control Strategy


The control strategy of the overall system depends on two threshold values: TTS,up, the temperature above which the heating and DHW loads are completely addressed by the thermal storage (Figure 3a), and TTS,down, the temperature below which the heat pump provides thermal energy to reheat the thermal storage to a given set point TTS,set (Figure 3c). For thermal storage temperatures between TTS,down, and TTS,up, the thermal storage addresses the DHW load, whereas the heat pump addresses the heating load (Figure 3b). If one of the conditions discussed in Section 2.2.2 occur, the water flow rate from the PVT collector is nil and both the heating and DHW loads must be addressed by the heat pump (Figure 3d). In summer, the PVT collectors provide thermal energy for the DHW load, reheating the thermal storage, whereas the heat pump, in chiller mode, addresses the cooling load of the building (Figure 3e).






3. Multi-objective Optimization Problem for the PVT System


3.1. Formulation of the Multi-Objective Optimization Problem


A simple multi-objective optimization problem can be formulated, for the minimization of the global cost of the system and the non-renewable primary energy necessary to meet the building energy demand. Table 2 reports the thermal and electrical demand of the building, which are the same in all the simulation.



The following two objective functions are chosen:


CTOT=c˜PVTnPVT+c˜TSVTS+C˜HP+(c˜el,bEel,grid,b−c˜el,sEel,grid,s)τlife



(7a)






PrEnnores=fp,el,noresSB(Eel,grid,b−Eel,grid,s)



(7b)







CTOT represents the total costs at the end of lifetime (τlife is equal to 20 years), considering the number of installed PVT collectors, the volume of the thermal storage, the size of the heat pump, and the price of the purchased/sold electrical energy from the grid. PrEnnores represents the annual non-renewable primary energy per building floor surface, SB, using the conversion factor from electrical energy to non-renewable primary energy equal to 2.3, as proposed by EN ISO 52000:2017 [32]. The unitary costs of the various used technologies are reported in Appendix A.



An exhaustive-enumeration technique has been employed to obtain a Pareto frontier between CTOT and PrEnnores. The considered optimization variables and related range of values are:


nPVT={0;1;2:2:8;10:5:50}VTS={0.5:0.5:3} [m3]TTS,up={50:5:70} [°C]γPVT={−90, 90} [deg]βPVT={10:10:90} [deg]











Regarding the γPVT values, we have considered the Eastern and Western sides of the roof, for a maximum available surface of 79 m2. The latter value also corresponds to the upper bound of the nPVT set (i.e., 50×1.58 m2). We do not vary γPVT and βPVT when nPVT=0. Globally, we have 5060 configurations to be tested.




3.2. Results of the Multi-Objective Optimization Problem for the PVT Collectors


The results of the optimization procedure show that there are 11 solutions on the Pareto frontier, which optimize the objective functions CTOT and PrEnnores.Figure 4 shows the results of the simulations, highlighting the Pareto frontier (red markers) with respect to the suboptimal solutions (blue markers). A reference simulation without PVT collectors is also highlighted (black “x” marker, named non-solar configuration). Figure 4 also shows the solution with the lowest total costs (black rhomboidal marker ID#1) and the one with the lowest non-renewable primary energy requirements (black square marker, ID#11). With respect to the non-solar solution, Figure 4 also shows that all the solutions on the Pareto frontier have lower total costs. The most economical solution (i.e., ID#1) allows a reduction of 12.5% of total costs with respect to the non-solar configuration. Furthermore, thanks to the PVT technology, nearly zero-energy building (i.e., ID#10) and even zero-energy building (i.e., ID#11) are practically achievable (respectively, 8% and 6% of cost savings).



To compare the eleven solutions on the Pareto frontier, we introduce the following economic and energetic performance indexes with reference to the non-solar configuration, namely:

	
Cost of saved energy (CoSE): Ratio between the installation costs and lifecycle saved energy with respect to the non-solar configuration;



	
Fraction of energy savings (FES): Percentage increase of energy savings with respect to the non-solar configuration;



	
Primary energy ratio (PER): Ratio between the useful energy and the net non-renewable primary energy input;



	
Profitability Index (PI): Ratio between the difference of total costs between the chosen configuration and the non-solar configuration and installation costs for the specific configuration.








The values of the optimization variables and of the energetic and economic indicators of the 11 Pareto points are reported in Table 3.



Table 3 shows that, among the 11 solutions, there is a monotonic relation between CTOT and PI, with the highest profitability index reached for the most economical solution, with 20 PVT panels. This is also related to the smooth profile of total cost as a function of nPVT. However, the energy indexes, PrEnnores and CoSE, show an opposite trend, encouraging the use of several PVT panels. A unique indication does not exist for both relative and absolute performance indexes, but the choice on the final sizing depends on the investors’ financial availability and desired energy targets.



Figure 5 shows the TS thermal energy balance and the electrical balance for the eleven configurations on the Pareto frontier. The solar collectors contribute about 40–50% of the DHW energy demand, almost independently from the PVT number. TS is almost not used for heating purposes. With respect to the electrical balance, the increase of PVT collectors causes the reduction of the energy bought from the grid, up to the balance between bought and sold energy.



In the Appendix A, Table A4 reports the detailed values of the thermal and electrical balance terms for the 11 configurations.



We analyze here the non-solar configuration and the solution with the lowest total costs and the one with the lowest non-renewable primary energy requirements (ID#1 and ID#11 in Table 3), comparing the electrical energy required for the DHW service. See Table 4: The results show that the electrical energy needed by the heat pump for the DHW service decreases together with the COP. In fact, during summer, the PVT collectors are the main generator, whereas the heat pump is used in winter, with low external temperatures and then low COPHP,TS. Nonetheless, the overall performance coefficient of the system, Sys_COPDHW, increases, as the energy is provided by the solar collectors.



For the ID#1 and ID#11 solutions, we report in Table 5 the monthly values of the following terms of the thermal and electrical balance:

	
For the thermal balance of the thermal storage:

	○

	
Thermal production from the PVT collectors, EPVT,th




	○

	
Hours of thermal energy production, hPVT,th




	○

	
Equivalent hours of thermal energy production, hPVT,eq,th, where the number of hours of thermal energy production is divided by the nominal thermal capacity of the PVT collector and the number of PVT collectors




	○

	
Thermal efficiency, ηPVT,th




	○

	
Average thermal storage temperature, TTS¯.









	
For the electrical balance:

	○

	
Electrical energy provided by the PVT collectors, EPVT,el




	○

	
Hours of electrical energy production, hPVT,el




	○

	
Equivalent hours of electrical energy production, hPVT,eq,el, where the number of hours of electrical energy production is divided by the nominal electrical capacity of the PVT collector and the number of PVT collectors




	○

	
Electrical efficiency, ηPVT,el




	○

	
Average cell temperature, TPVT.














These results show that the two solutions behave similarly as for the electrical production: The provided electrical energy is different depending on the number of PVT collectors, but the number of equivalent hours, the electrical efficiency, and the cell temperature are quite the same. The system operates as a classical PV system, with a value of annual full-load equivalent hours equal to 1300 in both tests (typical value for Southern Italy). Considering the thermal production, instead, we note that thermal energy does not increase according to the PVT number, but it varies around 4000–5000 kWh/yr without a clear trend. This is due to the conflicting effects of other thermal parameters, such as solar irradiation, thermal storage, and PVT collector temperature (see Equations (5a)–(5g)). First, the higher number of PVT does not increase the thermal production in winter, as the PVT temperature is too low with respect to the TS set-point. Second, increasing the number of PVT collectors tends to increase the temperature of the thermal storage, namely the water temperature entering the PVT system, limiting the production to those hours in which the solar irradiation is sufficiently high to heat up the collector to a proper temperature (see Table 5). The high irradiation increases the thermal efficiency in those hours (see again Equations (5a)–(5g) and Table 5), but globally the equivalent operating hours decrease. All these opposing effects result in a limited range of the annual thermal production.





4. Comparison of the PVT System with the Solution with ST and PV Modules


4.1. Methodology


The optimal solutions are compared with a similar system without PVT collectors, having separate ST panels and PV modules. In this case, the production of thermal energy by the solar thermal panels does not depend on the temperature of the photovoltaic cell. The thermal energy production is estimated through the classical models illustrated in technical standards [31,33], which read:


EST=ηSTSSTIsol,ST



(8a)






ηST=FR(τα)n(1−b0(1cosθ−1))−FRUL(TST,in−Text)Isol,ST



(8b)




where nST is the number of installed solar thermal panels, each with area SST, ηST is their efficiency, and TST,in is equal to the thermal storage temperature (TTS). The solar irradiance Isol,ST on the ST panel is a function of the slope and azimuth of the panel, βST and γST. For the evaluation of the photovoltaic production and efficiency, Equations (5e), (5f) and (6) are used, using the incident solar radiation on the module, function of the slope and azimuth of the PV panel, βPV and γPV. The characteristics of the PV modules and ST collectors are reported in Appendix A. A comparison of the thermal performances of the PVT collectors and ST collectors is shown in Figure 6.



Additionally, in this case, we evaluate the total costs and the non-renewable primary energy during lifetime (as defined in Equations (7a) and (7b)) of the configurations with the following variables and related ranges:


nST={0;1;2:2:8}










nPV={0;35:5:50}










VTS={0.5;1:1:3} [m3]










TTS,up={50:5:70} [°C]










γPV=γST={−90, 90} [deg]










βPV={10:10:30} [deg]










βST={10:10:60} [deg]











The maximum slopes of 30 and 60 degrees have been chosen to reduce the number of configurations to be tested. As shown in Section 4.2, we verified that all the solutions on the Pareto frontier do not correspond to these bounds. We do not vary γPV and βPV when nPV=0, as well as γST and βST when nST=0. Globally, we have 16,100 configurations to be tested.



Similarly to the PVT case, we assumed that both solar panels and PV modules must be installed either on the Eastern or on the Western side of the roof, for a maximum surface of 79 m2. This constraint ensures that the technologies are compared with an equal available space. The slopes of the PV and ST panels can instead be different. The unitary costs of the system are reported in Appendix A.




4.2. Results and Comparison


Among the 16,100 configurations of the PV + ST modules, only 3360 respect the constraint on the area. The latter configurations have been compared with the PVT configuration results, seeking the solutions, which show the lowest costs and/or the lowest non-renewable primary energy requirements. An optimization procedure based on exhaustive-enumeration for the total analyzed configurations (all PVT simulations and (PV + ST) simulations with the area constraint) has been carried out, using as objective functions CTOT and PrEnnores as defined in Section 3. In this case, 25 solutions have been found to be part of a global Pareto frontier subject to the surface constraint: 24 of them are non-PVT configurations and are the ones with the lowest total costs, whereas the last is a PVT solution, with the lowest non-renewable primary energy requirement. Figure 7 shows the results of the simulations of non-PVT configurations with the area constraint (blue markers), with respect to the PVT collectors results (red markers). The Pareto frontier is highlighted with black markers.



The PVT solution on the Pareto frontier is the ID#11 configuration, already discussed in Section 3. Regarding PV+ST configurations, they correspond to systems where the PV modules number is predominant with respect to the solar thermal technology. In Table 6, we compare the characteristics of the three main Pareto solutions: The overall lowest primary energy configuration (ID#11), the lowest primary energy PV+ST configuration (ID#24A) and the lowest total-cost configuration (ID#1A). The characteristics of the whole Pareto frontier solutions are shown in Table A5.



The results show that only the PVT technology reaches the ZEB target under the given available solar surface. The separate solution (PV + ST) allows the accomplishment of the NZEB criterion (PrEnnores<15kWhm2 yr) with a lower total cost than PVT. Regarding the design parameters, we note that the solutions on the Pareto frontier tend to maximize the PV production and the direct heating of the building through the heat pump, limiting the contribution of the thermal storage. The slope of ST panels is higher than the one found for PV arrays to reduce the optical losses due to the incident angle (see Equation (9b)) according to the preferred Eastern orientation and increase the specific thermal production per solar panel.



All the 24 separate PV + ST solutions on the Pareto frontier are characterized by similar installation and total costs. Primary energy requirements, instead, vary according to the deficit between sold and bought power from the grid. With respect to ID#24A and ID#21 configurations, ID#11 has higher values of functional electrical simulation (FES), but also higher installation costs and lower profitability index. However, a possible lowering of PVT costs is expected in the next future because of the market development and technology spread. Thus, the identified energy-optimal solution (ID#11) should present CTOT values closer to the cost-optimal ones.



Table 7 shows the various terms of the thermal and electrical balances. The installation of ST collectors (ID#1A) reduces the electrical energy required by the heat pump (HP) to address the DHW service, but also reduces the power production by the PV arrays, limiting the feeding into the power grid and increasing the power purchasing. At equal solar surface, the PV-HP coupling is an efficient solution to meet the thermal loads, also leaving an electrical surplus to be sold. In this perspective, the PVT technology does not limit the space for electrical production, also allowing the thermal production when the temperature and irradiation conditions are favorable. The installation of PVT collectors represents a better choice if one wants to maximize the provided energy by the system using the same installation area.





5. Conclusions and Future Works


In the present work, we applied a simulation-based optimization methodology to a nearly zero-energy building, a farm hostel in Italy, using simplified literature and in-house models to reproduce the thermal and energetic behavior of the entire system (building and system components). In particular, we focused on PVT collectors, a promising technology that can produce both electrical and thermal energy. The results confirm that, through the simulation-based optimization, it is possible to achieve an effective design of the solar technologies and ancillary equipment (i.e., thermal storage), which leads to a reduction of total costs during the lifecycle and significant energy savings (up to almost 100%), with respect to a non-solar solution. In the considered equipment layout, the system favors the production of electrical energy, while the production of solar thermal energy only occurs in summer and it is almost totally used to meet one-half of the yearly DHW requirements. This can be due to the presence of a single thermal storage that must be always maintained to a suitable temperature for DHW (i.e., greater than 50 °C), thus limiting the possible contribution of the solar modules during the coldest period of the year. In any case, the analysis has proven the potential of the PVT as a cost-beneficial solution for NZEB as all the solutions on the Pareto frontier present favorable values of both the CoSE and PI indexes: For instance, it is possible to save almost 43% of the non-renewable primary energy with a corresponding profitability index of about 30% (see Table 3). We showed that the PVT technology could meet the requirements of nearly zero-energy buildings even with a cost decrease of 7% with respect to the non-solar technology. Also, the paramount aim of a zero-energy building results in a viable achievement, with a smaller cost saving (4%).



A comparison with a traditional solution with separate photovoltaic modules and solar thermal collectors has also been performed, using the surface available on the roof as the constraint on the maximum allowed solar area. The results of this comparison show that both hybrid and separate solutions tend to use the maximum allowed surface (about 80 m2) mainly for electrical production. The installation of PVT collectors leads to a higher reduction of the non-renewable primary energy requirements as higher thermal energy production is associated to a similar production of electrical energy, but higher installation costs are needed. These results are strongly affected by the assumed unitary cost for the different technologies, thus future works will deal with a sensitivity analysis at different cost scenarios. Additionally, we will apply the methodology shown in this work to verify the energy and economic viability of PVT collectors under possible future economic scenarios and in other system configurations, e.g., using different thermal storage temperature levels for DHW and heating, connected to low temperature terminals with appropriate dynamic modeling and control [34].
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Nomenclature


Acronyms





	BOS
	balance of system



	COP
	coefficient of performance



	COPid
	ideal coefficient of performance (reversed Carnot cycle)



	CoSE
	cost of saved energy [€/kWh]



	DHW
	domestic hot water



	EER
	energy efficiency ratio



	EERid
	ideal energy efficiency ratio (reversed Carnot Cycle)



	FES
	fractional energy savings (see definition in ISO 9488:1999 “Solar Energy—Vocabulary”)



	HP
	heat pump



	HVAC
	heating, ventilating and air-conditioning system



	NZEB
	nearly zero-energy building



	PER
	primary energy ratio



	PI
	profitability index



	PV
	photovoltaic system



	PVT
	photovoltaic/thermal collectors



	ST
	solar thermal system



	TS
	thermal storage






Symbols—Greek letters










	αs
	solar absorptance
	



	α1
	first coefficient for the determination of the PVT thermal efficiency
	[W/(m2·K)]



	α2
	second coefficient for the determination of the PVT thermal efficiency
	[W/(m2·K2)]



	βT
	PV/PVT penalization factor depending on technology
	[%/°C]



	ε
	efficiency of the heat exchanger
	[-]



	η0
	zero-loss PVT thermal efficiency
	[-]



	η
	efficiency or heat loss utilization factor
	[-]



	β
	PV/PVT/ST slope
	[deg]



	γ
	PV/PVT/ST azimuth
	[deg]



	λ
	thermal conductivity
	[W/(m K)]



	ΔU
	variation of internal energy
	[kWh]



	ρ
	density
	[kg/m3]



	τlife
	system lifetime
	[yrs]



	(τα)n
	transmittance-absorptance product for normal-incidence irradiance
	[-]



	𝜙i
	characteristic time shift of the i-th external wall
	[h]



	𝜙¯
	building time shift
	[h]






Superscripts





	*
	referred to sol-air temperature



	MAX
	maximum



	II
	second-law efficiency






Symbols










	b0
	incidence angle modifier coefficient for single-cover ST collectors
	[-]



	CTOT
	global cost
	[k€]



	Cin
	installation cost
	[k€]



	c
	specific heat
	[kJ/(kg·K)]



	c˜
	specific cost of the technology/energy
	[€/kWh]



	E
	energy
	[kWh]



	fp
	primary energy factor
	-



	FR
	ST removal factor
	-



	Hve
	equivalent ventilation-thermal transmittance
	[W/K]



	h
	hours
	[h]



	he
	external heat transfer coefficient
	[W/(m2·K)]



	heq
	equivalent hours
	[h]



	Isol
	global solar irradiance
	[kWh/(m2 day)]



	Kt
	hourly clearness index
	[-]



	NOCT
	nominal operating cell temperature
	[°C]



	n
	number of collectors
	



	P
	peak load
	[kW]



	PrEn
	net annual primary energy consumption
	[kWh/(m2·yr)]



	s
	thickness
	[m]



	S
	surface
	[m2]



	T
	temperature
	[°C]



	T¯
	mean temperature over a certain period of time
	[°C]



	Toff
	switching-off temperature
	[°C]



	TRF
	mean temperature of the water in the radiant floor
	[°C]



	TTS
	thermal storage temperature
	[°C]



	(UA)i
	surface-thermal transmittance product of the i-th external wall
	[W/K]



	UL
	ST frontal losses coefficient
	[W/(m2·K)]



	V
	volume
	[m3]






Subscripts





	ref
	reference



	aqu
	aqueduct



	b
	bought



	B
	building



	C
	cooling



	des
	design



	DHW
	domestic hot water



	El
	electrical



	ext
	external



	grid
	electrical grid



	H
	heating



	HP
	heat pump



	in
	inlet or input



	inv
	electronic converter and other PV system components



	l
	losses



	nores
	non-renewable energy sources



	ou
	other electrical uses



	PVT
	referred to PVT collectors



	s
	sold



	set
	setpoint



	th
	thermal



	TS
	thermal storage



	W
	water








Appendix A


In this appendix we report the main characteristics of the analyzed system and additional results of the multi-objective optimization problem for the PVT and PV + ST systems. The building envelope is characterized by the following parameters:

	
Total floor area: 400 m2; total height of the two-story building: 7.5 m;



	
Thickness of the opaque vertical walls: 80 cm, with a total transmittance of 0.82 W/(m2·K);



	
Insulated roof, with a total transmittance of the roof of 0.30 W/(m2·K);



	
Insulated floor in concrete and tiles, with total transmittance of 0.29 W/(m2·K);



	
Double-glazed windows with wooden frame and shutters, of total area 28.3 m2 (ratio glazed to windows area: 71%) with transmittance 1.6 W/(m2·K).








The main characteristics of the energy system are reported in Table A1, Table A2, and Table A3. For more details, see [25]. Table A4 shows the thermal and electrical energy balance of the 11 PVT configurations on the Pareto frontier in Figure 4. Table A5. reports the main technical and economical parameters of the 25 configurations on the Pareto frontier in Figure 7.
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Table A1. Characteristics of the analyzed system.






Table A1. Characteristics of the analyzed system.





	
Parameter

	
Value

	
Parameter

	
Value






	
PH

	
15 kW

	
c˜PVT

	
800 €/collector




	
PC

	
15 kW

	
c˜TS

	
1000 €/m2




	
Tdes,H

	
−3 °C

	
c˜HP

	
12,000 €




	
Tdes,C*

	
47 °C

	
c˜el,b

	
0.20 €/kWh




	
Toff,H

	
14 °C

	
c˜el,s

	
0.10 €/kWh




	
Toff,C

	
26 °C

	
c˜PV

	
500 €/module




	
TDHW

	
40 °C

	
-




	
Taqu

	
40 °C




	
λTS

	
0.04W/(m·K)




	
sTS

	
0.08 m 




	
TTS,set

	
50 °C
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Table A2. Nominal performance indexes of the analyzed PVT collectors.






Table A2. Nominal performance indexes of the analyzed PVT collectors.





	Parameter
	Value





	PVT collector surface
	1.58 m2



	PPVT,el
	0.24 kW



	PPVT,thr
	0.92 kW



	βT,PVT
	−0.48%/°C



	NOCTPVT
	45 °C



	ηinv
	0.85



	Tref,PVT
	25 °C



	ηel,PVT
	13%



	η0
	58%



	α1
	6.31 W/K



	α2
	0.08 W/K
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Table A3. Characteristics of the PV modules and ST collectors.






Table A3. Characteristics of the PV modules and ST collectors.





	
Parameter

	
Value






	
PV Modules




	
SPV PV collector surface

	
1.5 m2




	
PPV

	
0.19 kW




	
ηel,PV

	
15%




	
NOCT

	
45 °C




	
Tref,PV

	
25 °C




	
βT,PVT

	
−0.48 %/°C




	
ηinv

	
0.85




	
ST Collectors




	
ST collector surface

	
3 m2




	
UL

	
5 W/(m2·K)




	
FR

	
0.8




	
(τα)n

	
0.7




	
b0

	
0.1
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Table A4. Terms of the thermal and electrical balance for the 19 solutions on the Pareto front. The non-solar configuration is also reported.






Table A4. Terms of the thermal and electrical balance for the 19 solutions on the Pareto front. The non-solar configuration is also reported.





	
[kWh/yr]

	
Thermal Balance of the Energy Storage




	
ID

	
EPVT,th

	
EHP,TS

	
ETS,l

	
ETS,DHW

	
ETS,H

	
ΔU,TS




	
non-solar

	
0

	
10,391

	
530

	
9832

	
0

	
29




	
ID#1

	
3757

	
6716

	
611

	
9832

	
1

	
29




	
ID #2

	
3998

	
6493

	
621

	
9832

	
6

	
29




	
ID#3

	
5197

	
5693

	
982

	
9832

	
18

	
58




	
ID 4

	
4209

	
6305

	
629

	
9832

	
21

	
29




	
ID#5

	
5508

	
5569

	
1000

	
9832

	
187

	
58




	
ID#6

	
5478

	
5447

	
1001

	
9832

	
34

	
58




	
ID#7

	
4362

	
6196

	
636

	
9832

	
43

	
29




	
ID#8

	
5723

	
5289

	
1013

	
9832

	
109

	
58




	
ID#9

	
4692

	
5965

	
653

	
9832

	
66

	
29




	
ID#10

	
5092

	
5747

	
665

	
9832

	
73

	
29




	
ID#11

	
5556

	
5693

	
674

	
9832

	
156

	
29




	

	
Electrical Balance of the Energy Storage




	
ID

	
Eb,grid

	
EPVT,el

	
Eel,ou

	
EHP,in,H

	
EHP,in,C

	
EHP,in,TS

	
Es,grid




	
non-solar

	
16720

	
0

	
8395

	
3415

	
2155

	
2754

	
0




	
ID#1

	
11007

	
6176

	
8395

	
3415

	
2155

	
1826

	
1391




	
ID#2

	
10378

	
7741

	
8395

	
3414

	
2155

	
1770

	
2384




	
ID#3

	
10414

	
7729

	
8395

	
3413

	
2155

	
1691

	
2489




	
ID#4

	
9921

	
9299

	
8395

	
3412

	
2155

	
1721

	
3536




	
ID#5

	
9948

	
9270

	
8395

	
3380

	
2155

	
1663

	
3624




	
ID #6

	
9954

	
9271

	
8395

	
3410

	
2155

	
1629

	
3636




	
ID#7

	
9611

	
10918

	
8395

	
3408

	
2155

	
1692

	
4879




	
ID#8

	
9635

	
10816

	
8395

	
3396

	
2155

	
1593

	
4912




	
ID#9

	
9355

	
12522

	
8395

	
3404

	
2155

	
1633

	
6290




	
ID#10

	
9176

	
14109

	
8395

	
3403

	
2155

	
1575

	
7758




	
ID#11

	
9068

	
15697

	
8395

	
3388

	
2155

	
1562

	
9265
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Table A5. Characteristics of the configurations on the Pareto front when the surface constraint is included.
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Characteristics of the Configurations Using PVT Modules




	
ID

	
nPVT

[-]

	
STOT

[m2]

	
VTS

[m3]

	
TTS

[°C]

	
γPVT

[deg]

	
βPVT

[deg]

	
PrEnnores

[kWh/(m2 yr)]

	
CTOT

[k€]

	
Cin

[k€]

	
CoSE

[c€/kWh]

	
FES

[%]

	
PER

[-]

	
PI

[%]




	
#11

	
50

	
79

	
0.5

	
60

	
-90

	
20

	
−1.1

	
75.8

	
52.5

	
6.7

	
101

	
-

	
7




	
Characteristics of the Configurations Using Separate PV and ST Modules




	
ID

	
nPV/ST

[-]

	
STOT

[m2]

	
VTS

[m3]

	
TTS

[°C]

	
γPV/ST

deg

	
βPV/ST

[deg]

	
PrEnnores

[kWh/(m2 yr)]

	
CTOT

[k€]

	
Cin

[k€]

	
CoSE

[c€/kWh]

	
FES

[%]

	
PER

[-]

	
PI

[%]




	
#1A

	
40/4

	
72

	
0.5

	
70

	
−90

	
20/30

	
18.0

	
64.9

	
36.5

	
5.8

	
81

	
7.09

	
40




	
#2A

	
40/4

	
72

	
0.5

	
70

	
−90

	
20/40

	
17.7

	
64.9

	
36.5

	
5.8

	
82

	
7.17

	
40




	
#3A

	
45/2

	
73.5

	
0.5

	
65

	
−90

	
20/40

	
13.8

	
65.3

	
37

	
5.6

	
86

	
9.23

	
38




	
#4A

	
45/2

	
73.5

	
0.5

	
70

	
−90

	
20/10

	
14.3

	
65.1

	
37

	
5.7

	
85

	
8.91

	
39




	
#5A

	
45/2

	
73.5

	
0.5

	
70

	
−90

	
20/20

	
14.0

	
65.1

	
37

	
5.6

	
85

	
9.08

	
39




	
#6A

	
45/2

	
73.5

	
0.5

	
70

	
−90

	
20/30

	
13.8

	
65.1

	
37

	
5.6

	
86

	
9.20

	
38




	
#7A

	
45/2

	
73.5

	
0.5

	
70

	
−90

	
20/40

	
13.8

	
65.3

	
37

	
5.6

	
86

	
9.23

	
38




	
#8A

	
50/1

	
78

	
0.5

	
55

	
−90

	
20/20

	
7.9

	
65.6

	
38.5

	
5.5

	
92

	
16.18

	
36




	
#9A

	
50/1

	
78

	
0.5

	
55

	
−90

	
20/30

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.26

	
36




	
#10A

	
50/1

	
78

	
0.5

	
60

	
−90

	
20/10

	
8.0

	
65.6

	
38.5

	
5.5

	
92

	
15.87

	
36




	
#11A

	
50/1

	
78

	
0.5

	
60

	
−90

	
20/20

	
7.9

	
65.6

	
38.5

	
5.5

	
92

	
16.18

	
36




	
#12A

	
50/1

	
78

	
0.5

	
60

	
−90

	
20/30

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.26

	
36




	
#13A

	
50/1

	
78

	
0.5

	
60

	
−90

	
20/40

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.31

	
35




	
#14A

	
50/1

	
78

	
0.5

	
60

	
−90

	
20/50

	
7.8

	
65.8

	
38.5

	
5.4

	
92

	
16.32

	
35




	
#15A

	
50/1

	
78

	
0.5

	
65

	
−90

	
20/10

	
8.0

	
65.6

	
38.5

	
5.5

	
92

	
15.87

	
36




	
#16A

	
50/1

	
78

	
0.5

	
65

	
−90

	
20/20

	
7.9

	
65.6

	
38.5

	
5.5

	
92

	
16.18

	
36




	
#17A

	
50/1

	
78

	
0.5

	
65

	
−90

	
20/30

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.26

	
36




	
#18A

	
50/1

	
78

	
0.5

	
65

	
−90

	
20/40

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.31

	
35




	
#19A

	
50/1

	
78

	
0.5

	
65

	
−90

	
20/50

	
7.8

	
65.8

	
38.5

	
5.4

	
92

	
16.32

	
35




	
#20A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/10

	
8.0

	
65.6

	
38.5

	
5.5

	
92

	
15.87

	
36




	
#21A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/20

	
7.9

	
65.6

	
38.5

	
5.5

	
92

	
16.18

	
36




	
#22A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/30

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.26

	
36




	
#23A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/40

	
7.8

	
65.7

	
38.5

	
5.4

	
92

	
16.31

	
35




	
#24A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/50

	
7.8

	
65.8

	
38.5

	
5.4

	
92

	
16.32

	
35
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Figure 1. Thermal and electrical energy flows in the analyzed system. 
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Figure 2. Scheme of the photovoltaic/thermal (PVT) collector. 
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Figure 3. Control strategy of the overall generation system, heating mode: (a)–(d), cooling mode: (e). 
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Figure 4. Pareto frontier between CTOT and PrEnnores. 
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Figure 5. Thermal (a) and electrical (b) balance for the 11 Pareto solutions. 
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Figure 6. Comparison between the thermal efficiency of the PVT collector and solar thermal (ST) collector. 
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Figure 7. Comparison between photovoltaic (PV) + ST configurations and PVT configurations. 
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Table 1. Monthly average climate data for the town of Enna, Italy (adapted from [18]).
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	Parameter
	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.





	Text [°C]
	7.8
	8.2
	9.6
	11.9
	18.9
	25.4
	26.9
	25.4
	20.7
	17.3
	14.9
	9.1



	Isol

[kWh/(m2·day)]
	2.69
	3.09
	4.31
	4.76
	6.54
	7.07
	6.81
	6.60
	4.96
	3.84
	2.38
	2.32
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Table 2. Energy requirements of the building for the heating, cooling, domestic hot water (DHW) and electrical services.
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	Heating Energy Requirement [kWh/yr]
	Cooling Energy Requirement [kWh/yr]
	DHW Energy Requirements [kWh/yr]
	Electrical Energy Requirements (Excluding HP Requirements) [kWh/yr]





	13,683
	8093
	9832
	8395
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Table 3. Optimization variables and energetic and economic indicators for the Pareto frontier points.
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	ID
	nPVT

[-]
	VTS

[m3]
	TTS

[°C]
	γPVT

[deg]
	βPVT

[deg]
	PrEnnores

[kWh/(m2·yr)]
	CTOT

[k€]
	Cin

[k€]
	CoSE

[c€/kWh]
	FES

[%]
	PER

[-]
	PI

[%]





	non-solar
	-
	0.5
	70
	-
	-
	96.1
	79.4
	12.5
	n/a
	n/a
	1.32
	-



	ID#1
	20
	0.5
	70
	−90
	20
	55.3
	70.6
	28.5
	8.7
	42
	2.30
	31



	ID#2
	25
	0.5
	70
	−90
	20
	46.0
	70.7
	32.5
	8.1
	52
	2.77
	27



	ID#3
	25
	1.0
	60
	−90
	20
	45.6
	71.2
	33.0
	8.2
	53
	2.79
	25



	ID#4
	30
	0.5
	70
	−90
	20
	36.7
	71.2
	36.5
	7.7
	62
	3.47
	22



	ID#5
	30
	1.0
	50
	−90
	20
	36.4
	71.7
	37.0
	7.7
	62
	3.50
	21



	ID#6
	30
	1.0
	60
	−90
	20
	36.3
	71.7
	37.0
	7.7
	62
	3.50
	21



	ID#7
	35
	0.5
	70
	−90
	20
	27.2
	72.1
	40.5
	7.3
	72
	4.68
	18



	ID#8
	35
	1.0
	55
	−90
	20
	27.2
	72.7
	41.0
	7.4
	72
	4.69
	16



	ID#9
	40
	0.5
	70
	−90
	20
	17.6
	73.1
	44.5
	7.1
	82
	7.22
	14



	ID#10
	45
	0.5
	70
	−90
	20
	8.2
	74.3
	48.5
	6.9
	92
	15.60
	10



	ID#11
	50
	0.5
	60
	−90
	20
	−1.1
	75.8
	52.5
	6.7
	101
	-
	7
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Table 4. Comparison between non-solar, ID#1 and ID#11 configurations.
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	Parameter
	Non-Solar
	ID#1
	ID#11





	ETS,DHW [kWh/yr]
	9832
	9832
	9832



	EHP,TS [kWh/yr]
	10,391
	6716
	5693



	EHP,in,TS [kWh/yr]
	2754
	1826
	1562



	COPHP,TS
	3.77
	3.68
	3.64



	Sys_COPDHW
	3.57
	5.38
	6.29
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Table 5. Monthly comparison of some terms of thermal and electrical balance for ID#1 and ID#11 configurations. In the table, values of energy are in [kWh] and temperatures in [°C].
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Parameter

	
ID.

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
-

	
Thermal Quantities




	
EPVT,th

	
ID#1

	
11

	
93

	
229

	
458

	
652

	
795

	
862

	
450

	
178

	
30

	
0

	
11




	
ID#11

	
17

	
189

	
425

	
803

	
876

	
1024

	
1081

	
721

	
358

	
62

	
1

	
17




	
hPVT,th

	
ID#1

	
0

	
6

	
25

	
52

	
84

	
104

	
119

	
128

	
84

	
45

	
18

	
2




	
ID#11

	
0

	
2

	
15

	
22

	
30

	
31

	
39

	
33

	
32

	
23

	
10

	
2




	
hPVT,eq,th

	
ID#1

	
0

	
1

	
5

	
12

	
25

	
36

	
43

	
47

	
25

	
10

	
2

	
0




	
ID#11

	
0

	
0

	
4

	
9

	
18

	
19

	
22

	
24

	
16

	
8

	
1

	
0




	
ηPVT,th

	
ID#1

	
0

	
0.08

	
0.14

	
0.16

	
0.19

	
0.22

	
0.23

	
0.25

	
0.22

	
0.17

	
0.08

	
0.01




	
ID#11

	
0

	
0.14

	
0.19

	
0.28

	
0.35

	
0.40

	
0.39

	
0.49

	
0.37

	
0.26

	
0.12

	
0.01




	
TTS¯

	
ID#1

	
49.0

	
48.9

	
49.8

	
51.2

	
55.3

	
59.1

	
60.7

	
56.2

	
53.6

	
51.5

	
49.2

	
48.9




	
ID#11

	
49.0

	
48.8

	
51.2

	
55.8

	
64.7

	
64.8

	
65.4

	
62.0

	
62.0

	
56.4

	
49.9

	
48.9




	
TPVT

	
ID#1

	
20.9

	
19.7

	
22.7

	
26.6

	
33.9

	
39.7

	
42.6

	
40.9

	
34.7

	
30.0

	
24.2

	
20.8




	
ID#11

	
20.9

	
19.6

	
22.5

	
25.8

	
32.5

	
38.1

	
41.1

	
39.4

	
33.8

	
29.6

	
24.1

	
20.8




	
-

	
Electrical Quantities




	
EPVT,el

	
ID#1

	
319

	
382

	
533

	
555

	
709

	
720

	
751

	
693

	
541

	
426

	
292

	
254




	
ID#11

	
798

	
958

	
1339

	
1411

	
1818

	
1849

	
1926

	
1778

	
1378

	
1075

	
733

	
634




	
hPVT,el

	
ID#1

	
310

	
284

	
340

	
347

	
403

	
390

	
403

	
380

	
330

	
341

	
316

	
307




	
ID#11

	
310

	
284

	
340

	
347

	
403

	
390

	
403

	
380

	
330

	
341

	
316

	
307




	
hPVT,eq,el

	
ID#1

	
66

	
80

	
111

	
116

	
148

	
150

	
157

	
144

	
113

	
89

	
61

	
53




	
ID#11

	
66

	
80

	
112

	
118

	
152

	
154

	
160

	
148

	
115

	
90

	
61

	
53




	
ηPVT,el

	
ID#1

	
0.12

	
0.12

	
0.12

	
0.11

	
0.11

	
0.11

	
0.10

	
0.11

	
0.11

	
0.11

	
0.12

	
0.12




	
ID#11

	
0.12

	
0.12

	
0.12

	
0.11

	
0.11

	
0.11

	
0.11

	
0.11

	
0.11

	
0.11

	
0.12

	
0.12
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Table 6. Comparison of the characteristics of the three main configurations on the Pareto frontier (PVT vs. separate modules).
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Characteristics of the Configurations Using PVT Modules




	
ID

	
nPVT

[-]

	
STOT

[m2]

	
VTS

[m3]

	
TTS

[°C]

	
γPVT

[deg]

	
βPVT

[deg]

	
PrEnnores

[kWh/(m2·yr)]




	
ID#11

	
50

	
79

	
0.5

	
60

	
−90

	
20

	
−1.1




	
CTOT

[k€]

	
Cin

[k€]

	
CoSE

[c€/kWh]

	
FES

[%]

	
PER

[-]

	
PI

[%]

	
-




	
75.8

	
52.5

	
6.7

	
101

	
n/a

	
7




	
Characteristics of the Configurations Using PV + ST Modules




	
ID

	
nPV/ST

[-]

	
STOT

[m2]

	
VTS

[m3]

	
TTS

[°C]

	
γPV/ST

[deg]

	
βPV/ST

[deg]

	
PrEnnores

[kWh/(m2·yr)]




	
ID#24A

	
50/1

	
78

	
0.5

	
70

	
−90

	
20/50

	
7.8




	
ID#1A

	
40/4

	
72

	
0.5

	
70

	
−90

	
20/30

	
18.0




	

	
CTOT

[k€]

	
Cin

[k€]

	
CoSE

[c€/kWh]

	
FES

[%]

	
PER

[-]

	
PI

[%]

	
-




	
ID#24A

	
65.8

	
38.5

	
5.4

	
92

	
16.3

	
35




	
#1A

	
64.9

	
36.5

	
5.8

	
81

	
7.1

	
40
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Table 7. Comparison among the Pareto frontier solutions in terms of thermal and electrical balances.
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[kWh/yr]

	
Thermal Balance of the Thermal Storage




	
ID

	
EST,th

	
EHP,TS

	
ETS,l

	
ETS,DHW

	
ETS,H

	
ΔUTS




	
ID#11

	
5556

	
5693

	
674

	
9832

	
156

	
29




	
ID#24A

	
1853

	
8558

	
550

	
9832

	
0

	
29




	
ID#1A

	
6634

	
3922

	
649

	
9832

	
47

	
27




	

	
Electrical Balance




	
ID

	
Eb,grid

	
EPV,el

	
Eel,ou

	
EHP,in,H

	
EHP,in,C

	
EHP,in,TS

	
Es,grid




	
ID##11

	
9068

	
15,697

	
8395

	
3388

	
2155

	
1562

	
9265




	
ID#24A

	
9754

	
14,867

	
8395

	
3416

	
2155

	
2258

	
8398




	
ID#1A

	
9234

	
11,894

	
8395

	
3407

	
2155

	
1059

	
6112
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