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Total unit cost of products of the system (€/kWh) Coefficient of performance of solar-assisted heat pump for domestic hot water production at 65 ℃ Coefficient of performance of solar-assisted heat pump for space heating at 35 ℃ Capital recovery factor ! (#)

Hourly electrical energy demand of an individual house (kWh) ! (#) Hourly electrical energy required from the auxiliary system i.e. national grid (kWh) ! (#)

Hourly electrical energy produced by solar (PV/PVT) panels (kWh) ! (#)

Hourly excess electrical energy from PV panels sold to the grid (kWh)

! & (#)
Hourly useful electrical energy produced by the solar (PV/PVT) panels (kWh) ∆! (#) Hourly electrical energy used from the battery storage (kWh) ( Fuel savings of the system (kWh/y) )

Economic rate of return (%) * + (#)

Hourly global solar radiation (W/m 2 ) , Operational lifetime of a component of the system (y) -.

Losses from the storage tank (%/h) / Maintenance cost of the system (€/y) 0 Lifetime of the system (y) 1

Number of solar (PV/ST/PVT) panels 1

Optimal number of solar panels in the system Operation cost of the system (€/y) &/

Total operation and maintenance cost of the system (€/y) Principal investment cost of the system (€)

Effective present cost of the system including the replacement costs of components (€) Net present cost of the system (€)

, Net present cost of the subsystem producing electrical energy (€)

, Net present cost of the subsystem producing thermal energy (€)

, , 4 5 Net present cost of the subsystem for domestic hot water production (€)

, ,

Net present cost of the subsystem for space heating (€) 6 ,4 5 (#)

Hourly domestic hot water demand of an individual house (kWh) 6 , (#)

Hourly space heating demand of an individual house (kWh) 6 (#) Hourly thermal energy required from the auxiliary system i.e. grid-driven electrical boiler (kWh) 6 (#)

Hourly thermal energy produced by the solar (ST/PVT) panels (kWh) 6 ,4 5 (#)

Hourly thermal energy produced by solar panels for domestic hot water production (kWh) 6 , (#)

Hourly thermal energy produced by solar panels for space heating (kWh) 6

,4 5 (#) Hourly thermal energy available in the DHW tank (kWh) 6 4 5 Thermal energy produced by solar-assisted heat pump for domestic hot water production by utilizing electricity from PV panels and battery (kWh) 6

Thermal energy produced by solar-assisted heat pump for space heating by utilizing electricity from PV panels and battery (kWh) 6 &,4 5 (#)

Hourly useful thermal energy produced by the solar (ST/PVT) panels for domestic hot water needs (kWh) 6 &, (#)

Hourly useful thermal energy produced by the solar (ST/PVT) panels for space heating needs (kWh) 7 , 4 5 Ratio of annual domestic hot water demand to the total thermal demand Replacement cost of the component of the system (€) 8 [START_REF] Xu | Modelling and control of solar thermal system with borehole seasonal storage[END_REF] Self-discharge rate of the battery (%/day) :

Salvage value of the system at the end of lifetime (€) : [START_REF] Xu | Modelling and control of solar thermal system with borehole seasonal storage[END_REF] Minimum state of charge of the battery (%) ; 4 5 Temperature of DHW production (℃) ;

Temperature of space heating (℃) < 9 ,= Charging efficiency of the battery < 9 ,

Discharging efficiency of the battery < 9 ,

Round-trip efficiency of the battery < >?

Efficiency of the conventional gas boiler < Electrical efficiency of photovoltaic panel < , Electrical efficiency of photovoltaic thermal hybrid panel < , Thermal efficiency of photovoltaic thermal hybrid panel < Thermal efficiency of solar thermal panel @ Solar self-production @ = Solar self-consumption As a result of the rising environmental concerns, the technologies based on solar energy are gaining an increased recognition as a substitute to the conventional fossil fuel-driven alternatives [START_REF] Hermelink | Towards nearly zero-energy buildings Definition of common principles under the EPBD-Final Report[END_REF]. Photovoltaic (PV) panels convert solar energy directly into electricity which could be used to serve the specific electricity demands of a housing or even at an industrial scale through a PV power plant. As a matter of fact, the annual energy potential from the sun is approximately 1.78 × 10 9 MW, which is 800 times and 50 times greater than the potentials from oil and coal reserves, respectively [START_REF] Elibol | Outdoor performance analysis of different PV panel types[END_REF]. However, solar energy-based systems suffer from fluctuating outputs resulting from intermittent weather conditions. Thus, an auxiliary system is required to provide for the mismatched demands. The high initial investments of PV panels, availability of global solar radiation and favourable incentives from the government significantly impact the economic viability of grid-connected PV systems [START_REF] Adaramola | Viability of grid-connected solar PV energy system in Jos, Nigeria[END_REF]. Additionally, solar energy can also be harnessed to meet the heating requirements, such as domestic hot water (DHW) production and/or space heating (SH), using solar thermal (ST) panels. ST panels absorb the incident solar radiation and convert it into heat, which is then transferred to a working fluid (water/air) flowing either under or over the absorber plate [START_REF] Tiwari | Solar Energy: fundamentals, design, modelling and applications[END_REF]. Over the years, several techniques and methodologies to improve the thermal efficiency, and thus, the overall performance of the solar thermal (ST) panels have been explored [START_REF] Pandey | A review on analysis and development of solar flat plate collector[END_REF]. In fact, when implemented on a large-scale for industrial applications, a solar thermal system was reported to obtain rather significant energy savings (9722-20833 kWh) and carbon savings (2-5 tonnes of CO2/kWh) [START_REF] Kylili | Environmental assessment of solar thermal systems for the industrial sector[END_REF]. A building-integrated solar thermal system with seasonal storage was found to attain quite reasonable solar contributions (37-68%) for space heating and DHW production [START_REF] Antoniadis | Optimization of a building integrated solar thermal system with seasonal storage using TRNSYS[END_REF]. It was observed that the implementation of seasonal storage with solar thermal systems could achieve solar fractions as high as 90% for building-scale heating applications [START_REF] Beausoleil-Morrison | Design and simulated performance of a solar-thermal system employing seasonal storage for providing the majority of space heating and domestic hot water heating needs to a single-family house in a cold climate[END_REF]. Xu et al. investigated a flat-plate solar thermal system with borehole seasonal energy storage for district heating applications and recommended the use of optimal control schemes to achieve better thermal comfort and energy savings [START_REF] Xu | Modelling and control of solar thermal system with borehole seasonal storage[END_REF]. However, the improvements in solar fraction may not effectively counterbalance the relatively higher costs of a seasonal thermal energy storage for small-scale applications, as an individual house, in case of inexpensive and highly de-carbonized grid systems (such as the French national grid). A combination of PV and ST technologies, wherein a working fluid (air/water) is made to flow either under or over the PV panels allowing the withdrawal of heat from the PV panels, was first reported by Wolf [START_REF] Wolf | Performance analyses of combined heating and photovoltaic power systems for residences[END_REF] and is known as a photovoltaic thermal (PVT) hybrid panel. Solar cells absorb about 90% of the incident solar radiation, out of which only around 15% is converted into electricity [START_REF] Dupeyrat | Study of the thermal and electrical performances of PVT solar hot water system[END_REF]. The remaining energy (~75%) exists in the form of thermal energy, which increases the temperature of the solar cells. Hence, the potential for heat removal from solar cells is quite high. The removal of heat from the PV panels, reduces the operating temperature and consequently, enhances the electrical efficiency of the solar cells [START_REF] Braunstein | On the Development of the Solar Photovoltaic and Thermal (PVT) Collector[END_REF]. Moreover, the heated working fluid could be used for thermal applications [START_REF] Chow | A review on photovoltaic/thermal hybrid solar technology[END_REF]. Several researches stress the significance of PVT systems [START_REF] Zondag | Flat-plate PV-Thermal collectors and systems: A review[END_REF] and some debate that such systems will be adequate to serve the energy requirements in the near future [START_REF] Herez | Review on photovoltaic/thermal hybrid solar collectors: Classifications, applications and new systems[END_REF]. Furthermore, a heat pump driven by solar panels, i.e. a solar-assisted heat pump (SAHP), serves as an interesting hybrid technology to cover the heating requirements. A combination of PV coupled with an air-source heat pump was reported to be the best economically feasible space heating solution for grid electricity costs up to 0.23 €/kWh (compared to water-source heat pump driven by (i) flat plate ST collector, (ii) PVT collector, and (iii) PV and ST together [START_REF] Bellos | Energetic and financial evaluation of solar assisted heat pump space heating systems[END_REF]. SAHP driven by PVT collectors was concluded to be profitable to meet the domestic hot water (DHW) and space heating/cooling needs with the inclusion of subsidies for PVT implementation [START_REF] Calise | A novel solar-assisted heat pump driven by photovoltaic/thermal collectors: Dynamic simulation and thermoeconomic optimization[END_REF]. The primary energy savings, carbon emissions and annual cost of a ground-source heat pump system were found to improve (by about 4%, 46% and 14%, respectively) when coupled with solar energy (concentrated PVT collectors) [START_REF] Chen | Multicriteria performance investigations of a hybrid ground source heat pump system integrated with concentrated photovoltaic thermal solar collectors[END_REF]. Gunasekar et al. [START_REF] Gunasekar | Artificial neural network modeling of a photovoltaic-thermal evaporator of solar assisted heat pumps[END_REF] proposed and recommended an artificial neural network model for predicting the energy performance of a PVT evaporator of a SAHP. Huide et al. [START_REF] Huide | A comparative study on three types of solar utilization technologies for buildings: Photovoltaic, solar thermal and hybrid photovoltaic/thermal systems[END_REF] compared the energy performances of PV, ST and PVT systems for residential applications at different locations in China. PVT systems were recommended in case of urban residential buildings with limited installation space; while, a combination of PV and PVT may have the highest prospective for rural buildings with lower energy demands and higher space availability.

Subscripts

Due to the intermittent and random nature of solar radiation and the demand profiles, designing a solar-energy based system becomes a complex task. The system size and design parameters have a considerable influence on the performance of such systems. Several authors have investigated and discussed different solar-driven systems to evaluate the thermodynamic performance feasibility of such systems at various locations. However, it is imperative to recognize the economic implications of the system as well, and therefore, a performance study should be supplemented with an economic analysis. Consequently, accounting for both thermodynamic as well as economic performances of the system becomes more important when finding an optimal design/sizing for a solar-driven system. The term thermoeconomics denotes a combination of thermodynamics with the principles of economics, i.e. thermodynamic-assisted cost estimation [START_REF] Bejan | Thermal design and optimization[END_REF]. Thermoeconomics provides a mechanism to include the principal investment cost, operating costs and other costs (such as maintenance and replacement costs) incurred during the lifetime of the system with respect to the useful energy produced by the system [START_REF] Cetina-Quiñones | Thermoeconomic analysis of a flat solar collector with a phase changing material under tropical climate conditions: Residential and industrial case[END_REF]. Therefore, over the last decade, some studies also focus on the thermoeconomic performances of different solar combined heating and power systems. Sokhansefat et al. [START_REF] Sokhansefat | Thermoeconomic and environmental analysis of solar flat plate and evacuated tube collectors in cold climatic conditions[END_REF] investigated the thermoeconomic performance of ST collectors in terms of net present value and payback period, along with an environmental analysis. Wang et al. [START_REF] Wang | Thermoeconomic assessment of a PV/T combined heating and power system for University Sport Centre of Bari[END_REF] concluded that a solar combined heating and power system (consisting of PVT panels) aligns with the wider goal of energy decarbonisation; despite the fact that it is at present economically less favourable to an equivalent gas-fired internal combustion engine system. Behzadi et al. [START_REF] Behzadi | Optimization and dynamic techno-economic analysis of a novel PVT-based smart building energy system[END_REF] optimized the design of a PVT system based on the exergy efficiency and total product cost, using the TRNOPT tool in TRNSYS software. The system was studied and optimized to meet the domestic hot water and electricity requirements of a building. The system employed a storage tank to allow smart interactions between the building, and the grid and district heating networks. The optimized PVT system was found to considerably reduce the electricity and heating costs (by 16.7 €/MWh and 7.7 €/MWh, respectively) compared to the combination of the grid and district heating network.

Starke et al. [START_REF] Starke | Multi-objective optimization of a solar-assisted heat pump for swimming pool heating using genetic algorithm[END_REF] optimized a SAHP for swimming pool heating using genetic algorithm in terms of annualized lifecycle cost and comfort level. The optimized SAHP was reported to achieve lower annualized lifecycle cost with the same level of comfort when compared to a standard air-source heat pump. Herrando et al. [START_REF] Herrando | Technoeconomic modelling and optimisation of solar combined heat and power systems based on flat-box PVT collectors for domestic applications[END_REF] performed thermoeconomic modelling and optimization of a solar combined heating and power system based on PVT panels. The optimal sizing of the system (i.e. number of PVT panels and volume of storage tank) was determined by varying the number of panels from 1 to 33 (i.e. an iterative approach). Levelized production cost (cost per kWh) of total energy generated, percentage of energy demand covered and payback time were selected as the thermoeconomic optimization indicators. Keshavarzzadeh and Ahmadi [START_REF] Keshavarzzadeh | Multi-objective techno-economic optimization of a solar based integrated energy system using various optimization methods[END_REF] applied different evolutionary algorithms to optimize a solar-based combined cooling, heating and power system. The objective of optimization was to maximize the exergy efficiency while minimizing the total cost rate of the system. Genetic algorithms can be considered as one of the most popular optimization techniques applied to energy systems, while other commonly used optimization techniques include direct search, simulated annealing, particle swarm optimization [START_REF] Evins | A review of computational optimisation methods applied to sustainable building design[END_REF]. Genetic algorithm, a meta-heuristic evolutionary algorithm, provides satisfactory results with reasonable convergence accuracies [START_REF] Yang | Comprehensive overview of meta-heuristic algorithm applications on PV cell parameter identification[END_REF].

The objective of this paper is to optimize and compare alternative solar-driven systems for combined heating (including domestic hot water production and space heating) and power generation, based on total unit costs and solar indexes. As per the author's knowledge, there is no existing work in the literature optimizing and comparing different solar-driven solutions amongst each other and with a conventional reference system, both based on energy and thermoeconomics. In the present study, [Case I] PV panels + solar-assisted heat pump (SAHP), [Case II] grid + ST panels, [Case III] PV + ST panels and [Case IV] PVT panels have been examined, with grid + gas boiler as the reference system. In order to allow a fair comparison, each solar-driven system [Cases I-IV] is optimized to find the most appropriate system size and storage capacities specific to the demand profiles and location considered: an individual house of 120 m 2 located in Chambery, France built after 2012 (as per the French RT2012 standards [31]). Genetic algorithm has been used to obtain the optimal design configurations of each system based on a single objective of minimization of the total unit product cost. Opportunities to improve the solar contributions from each system by increasing the solar system size, while keeping its total unit product cost lower than that of the reference system are then suggested. Thereafter, an in-depth comparison based on additional indicators, as the solar indices (self-production and self-consumption), energy performances, fuel savings and total and dissociated unit product costs, has been presented. Finally, to complete the discussion, alternate components such as PV panels are fared against the grid for power generation, while ST panels are compared with the conventional gas boiler and SAHP for heating demands.

Methods

The present study focuses on the performance of different solar combined heating and power systems to meet the electrical and thermal demands of an individual housing of 120 m 2 floor area, located in Chambery, France (H1 climatic zone) and built after 2012, thus adhering to the French RT2012 regulations. The electrical hourly profile of the individual house is obtained from XPair website [START_REF] Aubert | Etude CRIGEN -Profil journalier de consommation d'électricité spécifique pour une MI de 120 m 2[END_REF] and while, the thermal demands, i.e. domestic hot water (DHW) and space heating (SH), are calculated from the enquête performance de l'habitat, équipements, besoins et usages de l'énergie (PHEBUS) investigation [START_REF]Enquête Performance de l'Habitat, Équipements, Besoins et Usages de l'énergie (Phébus)[END_REF] and Agence de l'environnement et de la maîtrise de l'énergie (ADEME) report [START_REF]Les besoin d'eau chaude sanitaire en habitat individuel et collectif[END_REF]. The hourly space heating demands are evaluated from the percentage of heating needs for different months, days of week and hours of day for a house [START_REF]Profils types de demande de chaleur et monotone[END_REF]. Both the domestic hot water requirement at 65 °C and space heating requirement at 35 °C have been considered in this study. Further, the data for the meteorological parameter, i.e. global solar radiation, is obtained using photovoltaic geographical information system (PVGIS) application [START_REF]Photovoltaic Geographical Information System (PVGIS), EU Science Hub, European Commission[END_REF] for the location Chambery, France (latitude 45.567°, longitude 5.922° and elevation 282 m), optimal slope (35°) and optimal azimuth (1°) [START_REF] Huld | A new solar radiation database for estimating PV performance in Europe and Africa[END_REF]. The data is obtained from PVGIS SARAH database [START_REF]SARAH Solar Radiation Data[END_REF]. Figs. 1a-c show the variation of climatic and demand profiles for the considered scenario of an individual house. As illustrated, there is a mismatch between the availability of solar radiation and demands over the day during off-sunshine hours (before sunrise and after sunset). Also, a higher magnitude of solar radiation is available in summer months, with lower heating requirements, than in winter months, with higher heating requirements. This results in an additional mismatch between available solar energy and demands over the year. Moreover, as shown in Figs. 1a and1c, the space heating demands are considerably low but still exist, i.e. non-zero, in the summer months. This is because, the estimation of hourly space heating demands are based on the average values for a typical hour in a typical day of a typical month of the year [START_REF]Profils types de demande de chaleur et monotone[END_REF]. 

Examined cases and theory

In this study, four different solar combined heating and power systems utilizing solar energy to meet the electrical and thermal (for domestic hot water and space heating) demands of an individual house have been studied. Further, the solar-energy based systems are compared against a reference case involving conventional systems to meet the energy requirements. The following cases have been considered in this study:

o [Reference case] National grid + Conventional gas boiler:

In this case, the French national grid supports the electrical demands of the house, while the domestic hot water (DHW) and space heating (SH) demands are met using a conventional gas boiler.

o [Case I] Photovoltaic (PV) panels + Solar-assisted heat pump (SAHP):

PV panels convert solar radiation into electrical energy, in order to cover the electrical demands of the house. Further, an air-source heat pump is employed to meet the thermal demands. The surplus electricity produced by PV panels (if any) is used to drive the SAHP. The excess electricity is first used for SH and then for DHW, as the coefficient of performance (COP) of heat pump is higher for SH than for DHW (resulting from the lower temperature for SH). In the absence of surplus electricity from PV, the heat pump utilizes the electricity from the grid.

o [Case II] National Grid + Solar thermal (ST) panels: The French national grid is used to meet the electrical demands, in this case. ST panels, i.e. flat plate solar thermal collectors with water as working fluid, are used to suffice the domestic hot water (DHW) and space heating (SH) demands.

o [Case III] PV panels + ST panels:

PV panels are employed to meet the electrical demands, while ST panels are used to supply the thermal requirements of the house. In this case, there is a requirement of a higher surface area on the roof of the house to accommodate both types of panels.

o [Case IV] Photovoltaic thermal (PVT) panels:

A PVT panel is combination of PV and ST panels, wherein a working fluid (water or air) is flown under the PV panel which reduces the solar cell temperature and improves the electrical efficiency of PV panel. Moreover, the heated fluid is used for thermal applications. Therefore, PVT panels may meet both the electrical and thermal demands of the house. The solar cells meet the electrical demands and the heated water from the outlet of the PVT panels is used for DHW and SH requirements.

In order to deal with the intermittence associated with solar energy, the French national grid and a grid-driven electric boiler are chosen as the auxiliary systems for power generation and thermal needs (DHW and SH), respectively. Further, a lead-acid battery has been considered for the storage of electrical energy generated by solar cells in Cases I, III & IV and a water tank has been used in Cases II-IV for thermal storage. It is important to note that the excess electricity produced by PV/PVT panels in Cases I, III & IV, is first used to charge the battery up to its capacity. Then, after the battery capacity is reached, the remaining excess electricity from PV/PVT panels is sold to the grid. Additionally, the hot water produced by the ST/PVT panels, is stored in the tank and then the required hot water is utilized as per the demand profile. It should be noted that the present study does not take into account any seasonal thermal energy storage. Implementation of a seasonal storage may lead to further improvements in the solar contribution [START_REF] Beausoleil-Morrison | Design and simulated performance of a solar-thermal system employing seasonal storage for providing the majority of space heating and domestic hot water heating needs to a single-family house in a cold climate[END_REF], although the higher investment and maintenance costs make it economically uncompetitive for small-scale applications.

The design parameters of the different components considered in the study have been listed in Table 1. 

Performance indicators

In order to evaluate the different solar combined heating and power systems [Cases I-IV], the following performance indicators based on energy and thermoeconomics have been used.

The hourly electrical energy generated by the PV panels [Cases I & III] is calculated as:

! (#) = 1 • < * + (#) (1) 
where, N is the number of panels (PV, in these cases) and * + (#) is the hourly global solar radiation. < and are the electrical efficiency and area, respectively, of a PV panel.

The hourly thermal energy produced by ST panels [Cases II & III] can be computed as:

6 (#) = 1 • < * + (#) (2) 
where, N is the number of panels (ST, in these cases), < and are the thermal efficiency and area, respectively, of an ST panel.

The hourly thermal energy produced by ST panels for DHW production (6 ,4 5 ) is evaluated as follows:

6 ,4 5 (#) = 6 (#) • 7 ,4 5 (3) 
where, 7 ,4 5 denotes the ratio of the annual domestic hot water (DHW) demand to the annual thermal demand (including domestic hot water and space heating). The value of 7 ,4 5 has been computed as 53.88%.

Similarly, 6 , (#) can be obtained by multiplying 6 (#) with the factor (1 -7 ,4 5 ). It should be noted that if the hourly DHW and SH demands are lower than 6 ,4 5 (#) and 6 , (#), respectively, the remaining energy is stored in the tank. The stored energy can be then used either in the same hour to meet the other heating demand (if required) or stored for use in the following hours.

The hourly electrical energy (! (#)) and hourly thermal energy (6 (#)) produced by PVT panels [Case IV] can be obtained by substituting < with < , and < , , respectively, and with in Eqs. ( 1) and ( 2).

The hourly thermal energy produced by solar-assisted heat pump (SAHP) employed in Case I, for domestic hot water (DHW) production and space heating (SH) can be evaluated by multiplying the respective COPs (Table 1) with the input electrical energy. The input electrical energy to drive the SAHP comes from the excess electricity produced by PV panels, battery storage or from the grid. First and foremost, the excess electricity from PV panels, i.e. ! (#) -! (#), is used to run the SAHP in order to meet the thermal demands.

The remaining electrical energy required to satisfy the thermal demands is supplied from the battery storage and then from the grid (if required). 6 4 5 and 6 denote the component of thermal energy produced by SAHP by utilizing the electricity from PV panels and battery to meet the corresponding thermal demand. If the excess electricity from PV panels is not sufficient to meet both the thermal demands, then the electricity from PV is first used to meet the space heating demand (6 , (#)) and then the domestic hot water demand (6 ,4 5 (#)) due to the higher coefficient of performance for space heating ( , Table 1).

The hourly electrical energy (! (#)) produced by the solar panels [Case I, III & IV] is first used to meet the hourly electrical demand (! (#)), wherein two cases arise. If ! (#) ≤ ! (#), the total hourly electrical energy (! (#)) produced by PV/PVT panels is utilized to meet the demand. The remaining demand is either met from the battery or the grid (if battery cannot meet the demand). In the second case, if ! (#) > ! (#), the extra electricity from solar panels will first be used to charge the battery up to the limit of its maximum capacity. After charging the battery, the remaining electricity from solar panels, if any, is sold to the grid (! (#)). If at any step the battery charge falls below the minimum state of charge, : 9 (Table 2), then it is charged from the grid to maintain the : 9 . Also, a self-discharge rate (8 9 , Table 2) of 0.5% per day has been considered for the battery.

The hourly thermal energy for DHW production (6 ,4 5 (#)) generated by ST/PVT panels [Case II-IV] is stored in the water tank and then used to satisfy the hourly demand (6 ,4 5 (#)). At the # + 1 hour, 6 ,4 5 (# + 1) is added to the remaining thermal energy available in the tank from the previous hour (6 ,4 5 (#)), i.e. 6 ,4 5 (# + 1) = 6 ,4 5 (# + 1) + 6 ,4 5 (#). During each hour, the thermal energy available in the tank (6 ,4 5 (#)) will be used to meet the demand (6 ,4 5 (#)). If 6 ,4 5 (#)> 6 ,4 5 (#), the auxiliary system, i.e. grid + electric boiler, is used to provide the remaining thermal energy. Further, the tank loses 20% (-. , Table 2) of the thermal energy stored within the tank every hour.

The hourly useful electrical energy (! & (#)), hourly useful thermal energy for DHW production (6 &,4 5 (#)) and for space heating (6 &, (#)) produced by solar panels (PV/ST/PVT) correspond to the hourly energy produced by the panels which is used to meet the electrical demand, DHW demand and SH demand, respectively.

! & (#) = H ! (#) + ∆! (#) )I ! (#) ≤ ! (#) ! (#) )I ! (#) > ! (#) (4) 
where ∆! (#) is the electrical energy utilized from battery storage (which has been charged through solar panels) in order to meet the remaining demand (! (#) -! (#)).

Similarly, 6 &,4 5 (#) and 6 &, (#) can be evaluated, as follows: 

6 &,4 5 (#) = J 6 , 4 
where, 6 ,4 5 (#) denotes the hourly thermal energy available in the DHW tank, after adding the hourly thermal energy produced by solar panels (6 ,4 5 (#)) and the remaining thermal energy in the tank from the previous hour ( 6,4 5 (# -1)).

6 &, (#) = H 6 , (#) )I 6 , (#) ≤ 6 , (#) 6 , (#)

)I 6 , (#) > 6 , (#)

where, 6 , (#) represents the hourly space heating demand.

It should be noted that a storage for space heating has not been implemented in the present study. Also, if 6 , (#) ≤ 6 , (#), the remaining space heating demand is met using the auxiliary system, i.e. grid + electric boiler.

Solar self-production (@ ) and self-consumption (@ = ) are two significant indicators when dealing with solar-driven systems. Solar self-production can be defined as the ratio of total useful energy produced by solar panels to the total demand, and is given by:

@ = ∑ ! & (#) + ∑ 6 &,4 5 (#) + ∑ 6 &, (#) ∑ ! (#) + ∑ 6 ,4 5 (#) + ∑ 6 , (#) (7) 
where, ∑ ! (#), ∑ 6 ,4 5 (#) and ∑ 6 , (#) represent the total annual electrical, DHW and SH demands, respectively.

Solar self-consumption is the ratio of total useful energy produced by solar panels to the total energy produced by the solar panels, defined as:

@ = = ∑ ! & (#) + ∑ 6 &,4 5 (#) + ∑ 6 &, (#) ∑ ! (#) + ∑ 6 ,4 5 (#) + ∑ 6 , (#) (8) 
The effective present cost ( 33 ) is the total investment cost, taking into consideration the costs of replacing certain components (R) of the system, if any, in present value, and is obtained using:

33 = + L 1 (1 + )) + 1 (1 + )) M + ⋯ 1 (1 + )) O• P (9)
where, P is the principal investment cost of the system, i is the rate of return and l is the operational lifetime of the component. The term Q • , denotes the highest multiple of l less than n (system lifetime). Thus, Q • , signifies that the component is replaced j times before the system lifetime is over.

The net present cost ( ) of the system is the total present value of all the costs associated with the system, including the effective present cost, operation and maintenance cost and salvage value at the end of the system lifetime (n years).

is calculated as:

= 33 + &/ R (1 + )) -1 )(1 + )) S -:(1 + )) T -, • U ! (#) (10) 
where, &/ is the total operation and maintenance cost of the system, S is the salvage value at the end of the system lifetime and ∑ ! (#) is the total excess electricity produced by PV/PVT panels which is sold to the grid.

The total unit cost of products ( , ) represents the total cost incurred (including the principal investment, operation, maintenance and replacement costs) per kWh of energy produced by the system. , is computed as per the following relation:

, = • ∑ ! (#) + ∑ 6 ,4 5 (#) + ∑ 6 , (#) (11) 
where, CRF denotes the capital recovery factor, given by:

= )(1 + )) (1 + )) -1
Further, the total unit cost of products ( , ) can be dissociated based on the type of product into unit cost of electricity ( , ) and unit cost of thermal energy ( , ). In order to calculate the dissociated unit cost of products ( , , , ), for the complete system in Eq. ( 11) is replaced by net present cost for just the respective sub-system ( , or , ). Similarly, the denominator in Eq. ( 11), i.e. ∑ ! (#) + ∑ 6 ,4 5 (#) + ∑ 6 , (#), is replaced with the respective demand (∑ ! (#) or ∑ 6 ,4 5 (#) + ∑ 6 , (#)). Additionally, the unit cost of domestic hot water ( , ) and unit cost of space heating ( , ) can be evaluated by segregating the unit cost of thermal energy ( , ).

, is dissociated into the DHW and SH components by multiplying with the fraction of the respective annual demands with respect to the total thermal demand. 

Fuel savings ( ( ) corresponds to the total savings in kWh/y due to the incorporation of renewable solar technologies. It is equal to the portion of demands (electric + domestic hot water + space heating) met through renewable solar energy.

( = U ! & (#) + U 6 &,4 5 (#) + U 6 &, (#) (14) 
The principal investment cost (P), maintenance cost (M) and operational lifetime (l) of different components considered in this study are given in Table 2. Operation cost (O) includes the fuel cost required to operate the system over its lifetime. The operation cost (O) for different systems is evaluated based on the specific fuel costs of electricity from the grid ( , ) and natural gas ( ) given in Table 1. Since, solar energy is freely available, the fuel cost for the portion of the demands met using solar-driven components, namely PV, ST, PVT and SAHP (when the heat pump is powered by solar energy), is considered to be zero. Therefore, in the cases with solar-driven components, O represents the cost of fuel required to meet the demands when solar radiation is not sufficient or not available (i.e. through the auxiliary system). [59]

Thermoeconomic optimization

As the number N of solar panels (PV/ST/PVT) is increased, the energy production from clean renewable resources increases (Eqs. ( 1) and ( 2)) implying a lower reliance on the backup grid. However, the principal investment cost, and also, the operation and maintenance costs (Table 2) increase for a higher number of solar panels, N. Hence, there is a need to determine an optimal value of N in order to strike a balance between the costs and energy produced from solar panels. Further, the storage capacity would directly impact the energy output from solar-driven components, but as the storage capacity increases, the principal investment and operation and maintenance costs also increase (Table 2). Thus, both the battery storage capacity and DHW tank capacity need to be optimized.

In this study, a thermoeconomic optimization of each system [Cases I-IV] has been performed using genetic algorithm, thanks to its reliability. No significant deviations are observed in the literature compared to other meta-heuristic optimization algorithms such as particle swarm optimization [START_REF] Maleki | Optimization of a grid-connected hybrid solar-wind-hydrogen CHP system for residential applications by efficient metaheuristic approaches[END_REF], cuckoo search [START_REF] Ikeda | Metaheuristic optimization methods for a comprehensive operating schedule of battery, thermal energy storage, and heat source in a building energy system[END_REF], differential evolution [START_REF] Ikeda | Metaheuristic optimization methods for a comprehensive operating schedule of battery, thermal energy storage, and heat source in a building energy system[END_REF], water cycle [START_REF] Das | Techno-economic optimization of an off-grid hybrid renewable energy system using metaheuristic optimization approaches -Case of a radio transmitter station in India[END_REF] and moth-flame [START_REF] Das | Techno-economic optimization of an off-grid hybrid renewable energy system using metaheuristic optimization approaches -Case of a radio transmitter station in India[END_REF] algorithms. Genetic algorithm is a bio-inspired randomized search algorithm which mimics the natural evolution process according to the rule of survival of the fittest [START_REF] Holland | Adaptation in Natural and Artificial Systems: An Introductory Analysis with Applications to Biology, Control, and Artificial Intelligence[END_REF]. The algorithm begins by generating a random initial population. A population consists of individual solutions in the search space, wherein the fitness of each solution in the search space is evaluated. The algorithm then generates the subsequent population of the next generation by considering the current population as parents following the processes of selection, mutation and crossover. MATLAB 2019b software has been used to implement the genetic algorithm optimization for Cases I-IV. The parameters to be optimized are the number of solar panels (PV/ST/PVT for Cases I/II/IV, respectively, or both PV and ST for Case III), battery size (in kWh) [Cases I, III & IV] and DHW tank capacity (in L) [Cases II-IV]. The total unit cost of products, , (Eq. ( 11)) has been used as the fitness function to be minimized during optimization. Integer constraints have been put on the number of panels (N) and the DHW tank capacity. The initial population size and the maximum number of generations have been set to 50 and 200, respectively. The scattered crossover function, 'crossoverscattered', and gaussian mutation function, 'mutationgaussian', have been used for crossover and mutation, respectively. The scattered crossover function combines two individual solutions, or parents, to form a crossover child for the next generation by creating a random binary vector. The crossover child includes the elements from the first parent where the vector value is 1, while the elements from the second parent are selected where vector value is 0. The gaussian mutation function makes small random changes in individual solutions to produce mutation children by adding a random number from a gaussian distribution to each element of the parent vector. The mean of the gaussian distribution is zero and standard deviation is set by the parameters scale, shrink and the population range. The scale and shrink parameters govern the standard deviation at the first generation and the decline in standard deviation between generations, respectively. Both the scale and shrink parameters are set to the default value of 1 in the gaussian mutation function 'mutationgaussian'.

The methodology followed for thermoeconomic optimization has been presented in Fig. 2. The stopping criteria may be convergence of the algorithm to an optimal solution or if the maximum number of generations have been reached. The optimization based on , alone focuses on minimizing the costs, as expected. However, a marginal increase in , may be acceptable if it means less reliance on the auxiliary system (i.e. based on the grid) or alternatively, a higher solar self-production (Eq. ( 7)). Therefore, a variation of solar selfproduction (@ ) and self-consumption (@ = ) with , needs to be studied for an in-depth analysis and selection of the best solution for each system [Cases I-IV]. The methodology shown in Fig. 2 has been used for each solar combined heating and power system [Cases I-IV] in order to determine the best solution (i.e. optimal design) minimizing the unit product cost, for each case. Thereafter, the best solutions for Cases I-IV are compared against each other in terms of the energy provided from solar-driven components and energy requirement from grid. Furthermore, the Cases I-IV and the reference case are also compared by evaluating the fuel savings, ( (Eq. ( 14)), and the dissociated unit product costs ( , , , and , ).

Optimization of system size and storage capacity [Cases I-IV]

Table 3 presents the optimal values of N (number of solar panels) and storage capacities for Cases I-IV. As the number of solar panels and the storage capacities are varied, the principal investment cost (P), operation & maintenance cost (O&M) and salvage value (S) (Table 2) and the total excess electricity from solar panels sold to the grid (∑ ! (#)) also change.

Consequently, the net present cost ( ) varies as well. The results from genetic algorithm are based on the minimization of the total unit product cost, , (Eq. ( 11)). Furthermore, , for the reference case is calculated from Eq. ( 11). The design and economic parameters given in Table 1 have been used to evaluate the results. It can be seen from Table 3 that incorporating PV or ST or PVT panel allows to reduce the total unit product cost ( , ) compared to the reference case (up to -41%, for Case I). Therefore, an introduction of solar panels not only improves the solar indices, and subsequently the environmental impact, but also lowers the total unit product cost of the reference system. The reference system, in the present study, is a combination of the French national grid and conventional gas boiler as it remains one of the most commonly used systems in typical French households.

Further, as shown in Table 3, the total unit product cost ( , ) in Case I increases when a PV panel is employed. It is worthwhile to note here that in the absence of solar panels (PV/ST/PVT), the values of , denote the costs associated with the auxiliary systems (grey values in Table 3). Thus, heat pump when coupled to the grid (i.e. auxiliary system for Case I) turns out to be the best solution economically, however without any solar production. Therefore, the minimum number of PV panels in Case I was set to one to facilitate a comparison between different solar technologies. This in turn also allows for better solar production indices and lower environmental impact of the system. A similar result is observed for Case III, wherein the , from the auxiliary system (i.e. without PV/ST panels) is lower than the , with single PV and ST panels. Another important point to observe for Case III is that the solution with a unit ST panel and no PV panel is in fact the same as Case II (grid + ST). Thus, the minimum number of solar panels (both PV and ST) were set to unity to obtain unique cases for a comprehensive comparison. Moreover, the implementation of ST panels [Case II] is economically competitive, to the auxiliary system grid + electrical boiler), with higher renewable production rates (@ and @ = ). Furthermore, introduction of a PVT panel [Case IV] is found to be more beneficial in terms of both economics and solar performance indices.

A preliminary comparison amongst the cases listed in Table 3 shows that a heat pump (driven by grid or PV) significantly decreases the total unit product cost (with the economically best solution when coupled to the grid, though without any solar contribution). PV panel remains more expensive than the grid (in the absence of any subsidies). However, the solar selfproduction index (@ ) slightly increases when a PV panel is employed. Moreover, a 100% solar self-consumption (@ = ) in Case I with unit PV panel contributes to an increase in the profitability of the system. Case III is economically inferior to Case II owing to the implementation of PV; however, it improves the solar indices (@ and @ = ). PVT [Case IV] appears to be the best alternative with lower total unit product cost (excluding the heat pumpbased solutions in Case I) and reasonable solar indices.

Furthermore, the optimal battery capacity in each case where battery is considered [Cases I, III & IV] is 0 kWh, i.e. no battery. This observation is in accordance with the results reported by Behzadi et al. [START_REF] Behzadi | Optimization and dynamic techno-economic analysis of a novel PVT-based smart building energy system[END_REF], wherein the removal of battery was found to significantly reduce the investment costs. The additional investment cost plus the extra operational costs, related to the self-discharge rate and the need to maintain a minimum state of charge (: 9 ) of 30% in the battery justify not to implement electric storage, as the national grid can handle electricity production in excess and in deficit at low cost.

In order to satisfy the DHW demand, a minimum value of 100 L has been assigned to the DHW tank capacity, adequate for an average 2-person household with a consumption of roughly 50 L/person per day. Similarly, the operational benefits of implementing thermal storage [Cases II to IV] for further valorisation of the heat produced is counterbalanced by the corresponding additional investment cost. Thus, unit production cost overpasses the reference case for higher capacities, mainly due to the heat losses considered.

As stated earlier, an optimization based on , alone minimizes the costs, but does not take into account the solar self-production (@ ). Hence, the solar self-production of the optimal solutions for Cases I-IV given in Table 3 is quite low, i.e. 10%-29%. An increase in , may be considered acceptable if it leads to a higher solar self-production. Therefore, the effect of increasing the number of solar panels in each case (in order to achieve higher solar self-production) has been studied. In order to conduct this study, the optimal storage capacities are determined using genetic algorithm as the number of solar panels (N) are increased, for Cases I-IV.

The optimal battery capacity remains 0 kWh as the number of solar panels (PV/PVT) are increased [Cases I, III & IV]. Thus, from an economic standpoint, the systems without battery perform better than with a battery. Fig. 3 shows the variation of the optimal DHW tank capacities with the number of panels (ST/PVT) for Cases II-IV. The optimal DHW tank capacities in the absence of the 100 L minimum capacity constraint are shown with dashed lines. The optimal DHW tank capacity increases almost linearly (~19 L/kWpeak) with the number of solar panels for all the cases, highlighting the needs for thermal storage capacity to valorise locally large heat production, as the excess heat requirement cannot be supported by an external network, as for electricity. Fig. 3: Variation of optimal DHW tank capacity with number of solar panels for Cases II-IV Fig. 4 portrays the influence of increasing the number of solar panels on , and the solar indices for Cases I-IV. At each point, the respective optimal DHW tank capacity (from Fig. 3) has been used in order to study the variation of solar indices with , . As expected, , increases with the number of solar panels, and therefore, the leftmost point on each line represents the lowest number of panels and vice versa. This result is in agreement with those observed in [START_REF] Hajabdollahi | Thermo-economic modeling and multi-objective optimization of solar water heater using flat plate collectors[END_REF], stating that the associated costs increase in case of a higher solar output (or efficiency). As justified by Table 3, the absolute optimal design for each solution [Cases I-IV] from an economic standpoint, considering a non-zero solar contribution, is to have a unit solar panel. However, these designs for Cases I-IV have fairly low solar selfproduction (@ ) ranging from 10% to 29%, leading to a substantial reliance on the auxiliary system based on the grid. If the number of solar panels or consequently, the surface area of solar panels is increased, the solar self-production (@ ) improves, but the total unit product cost ( , ) also rises. It has been illustrated in Fig. 4 that as the value of , increases, owing to an increase in number of solar panels, the solar self-production (@ ) increases, while solar self-consumption (@ = ) decreases for all the cases. Thus, a compromise between the economic gains (low ,

) and the environmental impact (high @ ) needs to be reached. In the present study, the environmental impact is favoured up until positive economic gains are achieved with respect to the reference system. In other words, the highest value of @ is preferred while keeping , lower than the , of the reference system (depicted by a red dashed line in Fig. 4). Fig. 4: Variation of solar self-production (@ ) and self-consumption (@ = ) with total unit product cost for Cases I-IV Therefore, the design with the highest self-production (@ ) and , limited up to the , of the reference case (0.1836 €/kWh), is chosen as the optimal design for each system. The chosen optimal design for each system [Cases I-IV], from Fig. 4, is given in Table 4. 

@ 8 (%) @ 8p (%) c p,total (€/kWh) Reference Case @8p [Case IV] @8c [Case IV] @8p [Case I] @8c [Case I] @8p [Case II] @8c [Case II] @8p [Case III] @8c [Case III]
Case IV 6 0 114 0.1807 49% 33%

Thanks to the energy management flexibility offered by the national electric grid, the number of PV panels could be increased up to 16 (3.9 kWpeak, 26 m²) without overpassing the reference unit production cost, leading to a self-production index close to 50%, with SAHP [Case I]. Inversely, solar thermal-based solutions lead to a smaller installation as a larger solar self-consumption index has to be targeted to limit excess heat production that cannot be valorised, as for electricity [Cases II and III]. Hybrid PVT solution [Case IV] sizing results from a compromise between the flexible use of electricity thanks to the grid and the constrained use of heat.

Comparison of different energy systems with optimal design

Figs. 5a and5b show the hourly variations of electrical demand (! ), electricity generated by solar panels (! ) and electricity requirement from the grid (! ) for the optimal designs of Cases I, III & IV (Table 4) for the two typical days depicted in Figs. 1a and1b, respectively. As illustrated in the figures, the electrical energy generated from PV is the highest in Case I, followed by Cases IV and III, since the number of PV/PVT panels is the highest in Case I, then Case IV and Case III (Table 4). Consequently, the electricity requirement from the grid is also the lowest in Case I. It is worthwhile to note that a negative value of ! signifies that the excess electricity from PV/PVT panels is sold to the grid. Also, the grid is used to meet the electrical demand (i.e. ! = ! ) during off sunshine hours (* + = 0 W/m 2 ) for both typical summer and winter days. Furthermore, since the grid is used to meet the electrical demands in the Reference case and in Case II, ! is equal to the electrical demand (! ) in these cases.

The hourly variations of DHW demand (6 ,4 5 ), useful thermal energy produced by solardriven solutions for DHW (6 &,4 5 ) and thermal energy required from the grid + electric boiler for DHW ( 6) for the optimal designs of Cases II-IV (Table 4) for a typical summer day (Fig. 1a) and a typical winter day (Fig 1b) are portrayed in Figs. 6a and6b, respectively. During peak sunshine hours, in both summers and winters, the DHW demand is completely met using solar energy (6 &,4 5 ) for all the Cases I-IV. Case I requires support of the auxiliary system ( 6) the earliest, i.e. at 18:00h in Fig. 6a and at 14:00 h in Fig. 6b. This is because there is no storage tank in this case to store DHW for use during low sunshine hours. Following Case I, Cases II & III are the next systems to require 6

, at 20:00 h in Fig. 6a and at 14:00 h in Fig. 6b. Cases II & III have the same number of ST panels and DHW tank capacity (Table 4), therefore they show the same results. Finally, Case IV requires the auxiliary system ( 6) at 22:00 h in Fig. 6a and at 17:00 h in Fig. 6b. This is due to the higher number of solar panels and DHW tank capacity in Case IV, than Cases II & III.

Figs. 7a and 7b depict the hourly variations of space heating demand (6 , ), useful thermal energy generated by solar-driven solutions (6 &, ) and thermal energy required from the grid + electric boiler ( 6) for space heating for Cases I-IV for a typical summer day (1 st July) and a typical winter day (1 st January), respectively. The optimal designs for Cases I-IV given in Table 4 have been used to obtain the results. As shown in Fig. 7a, there is no requirement from the grid in any system [Case I-IV] on a typical summer day during sunshine hours from 05:00 h to 18:00 h. After 18:00 h, the solar radiation becomes very low at 19:00 h and from 20:00 h onwards there is no solar radiation. After 19:00 h, all the systems rely on the auxiliary system to meet the space heating demand. This is observed since there is no storage implemented for space heating in the present study. However, during the typical winter day (Fig. 7b) since the solar radiation is much lower in magnitude, the auxiliary system is required even during the sunshine hours. The absence of storage for space heating may have contributed to this result. . This is due to the highest number of PV panels in Case I, which are used to drive the SAHP for space heating. Case IV has six PVT panels, which is greater than two ST panels in Cases II & III, thus, Case IV produces more thermal energy than Cases II & III. Subsequently, the requirement from the auxiliary system ( 6) is the highest in Cases II & III, followed by Case IV and Case I. It should be noted that the entire thermal demand (6 , + 6 ,4 5 ) is met using the conventional gas boiler in the Reference case. Thus, a fuel cost corresponding to the cost of natural gas ( ) given in Table 1, contributes to the operation cost (O) of the reference system.

The fuel savings ( ( ), total and dissociated unit product costs ( , , , , , and , ) for the reference system and the different solar combined heating and power systems [Cases I-IV] are given in Table 5. The fuel savings ( ( ) are the highest in Case IV, followed by Case I, Case III and Case II. This means that the total annual useful energy, i.e. ∑ ! & (#) + ∑ 6 &,4 5 (#) + ∑ 6 &, (#), produced by Case IV is the highest as per Eq. ( 14). This is also in accordance with the results presented in Table 4, wherein Case IV has the highest solar self-production (@ ). The fuel savings ( ( ) in the Reference case is zero since the reference system consists of the grid and conventional gas boiler, and does not have any contribution from solar energy. Moreover, the unit product cost of electrical energy ( , ) is the highest for Case I, followed by Case III and Case IV. The , of Case I is the highest as the design of Case I incorporates the highest number of PV panels. In Case I, the PV panels 1) and neglects the investment cost pertaining to the national grid. Although, a higher , of the solar solutions is compensated by the lower , and , , as shown in Table 5.

Further, Case I achieves the lowest unit product cost of domestic hot water ( , ). The lower , results from comparatively lower investment, operation and maintenance costs of SAHP. Also, the electricity requirement to drive the SAHP is partially covered by the excess electrical production from the PV panels in Case I, thereby reducing the need to buy electricity from the grid. The value of , calculated for Cases II & III is equal, since two ST panels and a 100 L tank are employed in the optimal design for both the cases. Case IV has the third lowest value and the Reference case has the highest value of , . Similarly, the unit product cost of space heating ( , ) is the lowest for Case I, followed by Cases II & III (equal values), Case IV and the Reference case. Therefore, Case IV, i.e. PVT panels, has the highest fuel savings ( ( ) and solar self-production (@ ) with a satisfactory value of , (i.e. , lower than that of the reference system). Whereas, based on the thermoeconomic indicator ( , ) alone, Grid + ST panels [Case II] is superior to the other systems. However, it should be noted that Case II has relatively lower fuel savings (2248.1 kWh/y) and solar self-production (34%). 

Discussion

The results obtained from thermoeconomic optimization using genetic algorithm and comparison of the different solar combined heating and power systems have been presented in Section 3. In this section, an in-depth inspection and analysis of different system components used in Cases I-IV and the reference case has been performed. Such an analysis facilitates a detailed comparison of different alternative system components used for the same objective (power generation, domestic hot water production or space heating).

The use of solar thermal (ST) panels instead of a conventional gas boiler in order to serve the thermal demands (DHW and SH) can be justified by comparing Case II with the Reference case. The fuel savings ( ( ) and solar self-production (@ ) of 2248.1 kWh/y and 34%, respectively, are achieved by replacing a conventional gas boiler with 2 ST panels (4 m 2 ) with a 100 L water tank (Tables 4 and5). This increase in ( and @ is due to the partial coverage of domestic hot water and space heating needs by thermal energy from ST panels. ST panels are favoured over a conventional gas boiler economically as well, depicting a decrease of , and , by 1.13 c€/kWh and 0.97 c€/kWh, respectively (Table 5).

When comparing the grid and photovoltaic (PV) panels to meet the electrical demands of an individual house, a comparison could be made by inspecting Case II, i.e. Grid + ST, and Case III, i.e. PV + ST. The fuel savings ( ( ) and solar self-production (@ ) improve by 405.7 kWh/y and 7%, respectively, when the grid is replaced by PV panels (Tables 4 and5).

Although this increase may seem minor, it should be noted that the increase is primarily due to electrical energy, i.e. a high-grade energy. Further, the magnitude of low-grade thermal energy overpowers the magnitude of electrical energy when calculating the solar selfproduction. While, on the other hand, the unit product cost of electricity ( , ) is lower for the grid, i.e. 0.13 €/kWh, compared to PV panels, i.e. 0.1764 €/kWh (Table 5). As a conclusion, PV panels could only be economically competitive to the grid if the costs of electricity bought from the grid and/or sold to the grid is raised. Otherwise, subsidies are needed to compensate for the cheap electricity from the grid.

Solar-assisted heat pump (SAHP) can be compared against ST panels for domestic hot water and space heating demands by studying Cases I & III. SAHP achieves higher fuel savings ( ( ), by 243.3 kWh/y, and consequently, solar self-production (@ ), by 3%, when compared to ST panels (Tables 4 and5). This increase justifies by the COP of SAHP for space heating and domestic hot water production being set to 3 and 2, respectively (Table 1). Thus, 1 Wh of electrical energy produces 3 Wh of thermal energy for space heating (2 Wh for DHW production). Moreover, the unit product cost of domestic hot water ( , ) of SAHP is lower than that of ST panels by 5.33 c€/kWh. Additionally, SAHP has a lower unit product cost of space heating ( , ) than ST panels by 4.56 c€/kWh. However, it is important to note that the , of Case I (PV + SAHP) is significantly higher than Case III (PV + ST), i.e. by 46.65 c€/kWh. This is due to the higher number of PV panels in Case I compared to Case III (Table 4), contributing towards the extra electricity generated by PV panels which is used by SAHP to meet the thermal demands. Thus, the increase in , cannot be neglected when comparing SAHP and ST panels to cover the thermal demands. The total unit product cost ( , ) of PV + SAHP [Case I] is higher than for PV + ST [Case III] by 0.58 c€/kWh.

To complete the discussion on the comparison of SAHP and ST panels certain drawbacks of a heat pump need to be mentioned. Heat pumps produce noise during operation which may not be suitable for some locations. Also, there is a requirement of outdoor space for the installation of heat pump, which may not always be available. Furthermore, retrofit installation of a heat pump is fairly challenging. These drawbacks of heat pumps may lead to the ST panels being chosen as the better alternative depending on the location and requirements of the installation site. A major advantage of ST panels is that the installation is not too disruptive, while heat pumps can be tough to install.

An additional point to be discussed is related to the subsidies and other benefits provided by the government to promote the use of renewable energy technologies. In France, the generation of electricity from renewable technologies is encouraged through a feed-in tariff and tax aids, while heat production from renewable sources is promoted by means of subsides, tax regulation mechanisms and zero-interest loans [65]. If these factors are also accounted for in the thermoeconomic analysis, the effective investment cost of a renewable energy-based system would be lower (after subtracting the subsidies and other monetary benefits). Subsequently, the unit product cost ( , , Eq. ( 11)) of the system would reduce, indicating higher economic gains from the renewable energy-based systems.

Conclusions and perspectives

This study presents thermoeconomic optimization and comparison of four different solar combined heating and power systems: photovoltaic (PV) panels and solar-assisted heat pump (SAHP), national grid and solar thermal (ST) panels, PV and ST panels, and hybrid photovoltaic thermal (PVT) panels. These combined heating and power solutions are evaluated and compared, also against the reference national grid and gas boiler, to cover the electrical and thermal (space heating and domestic hot water) needs of an individual household (120 m 2 ) in Chambery (France). The system design parameters namely, number of solar panels, electrical and thermal storage capacities are first optimized for each system using genetic algorithm to minimize the total unit product cost (i.e. thermoeconomic objective). An increase in the system size at the expense of cost, however, may be justified in terms of higher solar contribution until the unit product cost remains lower than the reference; the optimal designs for the different systems are thereby chosen. Further, the performances of the considered systems are assessed in terms of solar self-production, solar self-consumption, energy from solar panels, energy required from the grid, fuel savings and unit cost of each product.

The following conclusions can be drawn from this study:

(i)
Introduction of ST panel [Case II] is economically competitive to the case without panels (i.e. just the auxiliary system of grid + electrical boiler running) with a higher contribution from renewable sources. Moreover, ST panels have higher fuel savings ( ( ) and solar self-production (@ ), and lower , and , compared to a conventional gas boiler. Thus, ST panels perform better than a natural gas boiler to meet the thermal demands of an individual house. Further, this system is superior to the other systems in terms of , . However, Case II has the lowest fuel savings (2248.1 kWh/y) and solar self-production (34%) amongst Cases I-IV.

(ii)

The fuel savings and solar self-production improves when the grid is replaced by PV panels to meet the electrical demands, however, , of the grid is lower than that of PV panels by 4.64 c€/kWh (without considering any subsidies). The high investment and maintenance costs of PV panels overpower the operating costs from the French national grid (relatively inexpensive). Though, the inclusion of subsidies could enhance the profitability of the PV panels. Hence, PV panels are better in terms of fuel savings but worse economically than the grid for the electrical requirements of an individual house. However, it is worthwhile to mention here that these results correspond to the specific case of the French national grid, having high efficiency and low cost. Nevertheless, similar trends would be observed in a perspective of future decarbonized and efficient national grids.

(iii) From an economic standpoint, Case III (PV + ST panels) performs worse than Case II (grid + ST panels) due to the implementation of PV panels. However, it achieves higher solar indices: + 7% in @ and +1% in @ = , thanks to additional solar production.

(iv) Heat pump, whether driven by the grid or PV panels, leads to a significant reduction in the total unit product cost ( , ). The best solution economically remains a griddriven heat pump, though without any solar gains. SAHP attains more fuel savings by 243.3 kWh/y and a higher solar-self production by 3% compared to ST panels, whereas , is higher for PV + SAHP system than PV + ST system by 0.58 c€/kWh.

(v)

Single PVT panel [Case IV] seems to be the cheapest solution (economically alone) excluding heat pump-based solution [Case I], which attains considerably lower , . Moreover, increasing the number PVT panels (up to 6 panels) leads to the highest fuel savings (3230.3 kWh/y) and solar self-production (49%), while keeping the total unit product cost ( , ) lower than that of the reference system.

The present study opens up several perspectives for future research. To begin with, a storage for space heating, in addition to domestic hot water production, may be employed for a more thorough analysis. To achieve this, a storage tank could be implemented for both domestic hot water and space heating applications. Seasonal storage could also be investigated. An alternative approach could be to introduce the building's thermal inertia as a storage strategy for space heating. However, this approach stores thermal energy at the cost of the thermal comfort inside the building. Another perspective would be to identify strategies for orienting public policies in cities based on the results of this study. The public policies may be designed by investigating different ways to achieve a compromise between the economic savings and the environmental implications of a combined heating and power system. Further, the combined heating and power systems based on other renewable and clean energies, such as wind, hydro and biomass energy, could be studied and optimized from a thermoeconomic standpoint. Moreover, subsidies provided by the government to promote the renewable energy-based systems may be included in the thermoeconomic analysis, thereby making the renewable energy-based systems more profitable.
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 1 Fig 1: Meteorological and demand profiles for an individual house adhering to the French RT2012 regulations (H1 zone)
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 2 Fig. 2: Thermoeconomic optimization based on genetic algorithm applied to the solar combined heating and power systems
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 567 Fig. 5: Hourly variation of solar radiation, electrical demand, ! and ! for two typical representative days

Table 1 :

 1 Design and economic parameters considered in the study

	Temperature of DHW production Temperature of space heating Efficiency of conventional boiler Electrical efficiency of PV panel Area of PV panel Thermal efficiency of ST panel Area of ST panel Electrical efficiency of PVT panel Thermal efficiency of PVT panel	; 4 5 ; < >? < < < , < ,	65 ℃ 35 ℃ 0.9 0.15 1.64 m 2 0.80 2 m 2 0.20 0.50	[39] [39] [40] [14,41,42] [43,44] [45-47] [48] [49] [49]

Table 2 :

 2 Economic data used in the numerical study

	Component	P	M	l	Ref.
	Conventional gas boiler	4500 €	105 €/y	15 y	[21,45,58]
	Electric boiler (auxiliary system) 600 €	10% of P	15 y	[21,47]
	PV panel	3110 €/kWel	68.1 €/kWel/y	25 y	[21,47]
	SAHP (air-source)	1250 €/kWth	40 €/kWth/y	17 y	[21,47]
	ST panel	1060 €/m 2	15 €/m 2 /y	20 y	[21,47]
	PVT panel	60% of PV + ST	60% of PV + ST	25 y	[21,47]
	Battery storage	140 €/kW	11.5 €/kW/y	6 y	[51]
	DHW tank	51 c€/L	2% of P	25 y	

Table 4 :

 4 Optimal designs for solar combined heating and power systems [Cases I-IV]
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		PV panels	ST panels	Battery capacity	DHW tank capacity	X Y,Z[Z\] (€/kWh)	^_Y ^_X
				(kWh)	(L)		
	Case I	16	-	0	-	0.1809	44% 27%
	Case II	-	2	-	100	0.1665	34% 49%
	Case III	2	2	0	100	0.1751	41% 50%

  only provide for the electrical demand, but also for the additional electrical consumption by SAHP for heating needs. This in turn increases the total electricity requirement and consequently, , of Case I in comparison to the other cases. The lowest value of , i.e. 0.1300 €/kWh is obtained for the reference system and Case II where the grid supplies the electrical demand. Hence, , of the solar solutions [Cases I, III & IV] is always higher than the , of the grid [Ref. case & Case II]. It should be noted that the , of the grid denotes the cost of electricity from the grid ( , , Table

	6 , 6 &, [Cases II & III] [Cases II & III] 6 6 &, [Case IV] 6 [Case IV]

not

Table 5 :

 5 Annual fuel savings and thermoeconomic comparison of different systems

	System	a _\b [kWh/y]	X Y,Z[Z\] [€/kWh]	X Y,c] [€/kWh]	X Y,def [€/kWh]	X Y,_e [€/kWh]
	Ref. Case: Grid + Boiler	0	0.1836	0.1300	0.1055	0.0903
	Case I: PV + SAHP	2897.1	0.1809	0.6429	0.0409	0.0350
	Case II: Grid + ST	2248.1	0.1665	0.1300	0.0942	0.0806
	Case III: PV + ST	2653.8	0.1751	0.1764	0.0942	0.0806
	Case IV: PVT	3230.3	0.1807	0.1580	0.1001	0.0857

[Case I] 6 [Case I]
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