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Abstract 7 

Although solar energy is one of the most abundantly available and inexhaustible forms of 8 
clean renewable energy, its use suffers from economic barriers mainly linked to its 9 
intermittence. This article aims at comparing to a conventional reference system (national 10 
grid and gas boiler) four different solar combined heating and power systems, namely 11 
photovoltaic panels with solar-assisted heat pump, national grid and solar thermal panels, 12 
photovoltaic and solar thermal panels together and photovoltaic thermal hybrid solar 13 
collector. The study is carried out for an individual house of 120 m2 located in Chambery, 14 
France. The optimal designs (number of solar panels and electrical and thermal storage 15 
capacities) are determined for each case using genetic algorithm based on a thermoeconomic 16 
indicator, i.e. the total unit product cost. Furthermore, the solutions are compared against one 17 
another and with the reference case, using the following additional indicators: solar self-18 
production, solar self-consumption, energy produced by solar panels, energy requirement 19 
from grid and fuel savings. Implementation of unit solar panel-driven systems without 20 
storage shows the lowest unit product costs, with a positive solar contribution, especially for 21 
solar-assisted heat pump with photovoltaic panels (-41% than the reference). Further, a wise 22 
increase of the solar system sizes allows to improve the solar self-production (by up to 30%) 23 
and fuel saving indexes (by up to 3230.3 kWh/y), at the expense of the solar self-24 
consumption, while maintaining unit production costs lower than the reference system 25 
(0.1836€/kWh). Despite of their intermittence, solar thermal collectors, with grid-driven 26 
electric boiler as backup, are proving to be an economical competitor to the reference gas 27 
boilers (with 11% lower unit product costs). However, photovoltaic systems suffer from low 28 
economic competitiveness compared to the high efficiency and low cost French national grid 29 
(by -36%), which could be compensated when coupled with heat pump to satisfy heating 30 
demand. 31 

Keywords: solar energy; solar combined heat and power; thermoeconomic optimization; 32 
genetic algorithm; self-production; self-consumption 33 

Nomenclature 
��� Area of photovoltaic panel (m2) 

���� Area of photovoltaic thermal hybrid panel (m2) 

��� Area of solar thermal panel (m2) 

���,
��
 Cost of electricity from the French national grid (€/kWh) 
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���,���
  Selling price of excess electricity to the grid (€/kWh) 

��
  Cost of natural gas (€/kWh) 

��,��  Unit cost of electricity produced by the system (€/kWh) 

��,
��  Unit cost of domestic hot water produced by the system (€/kWh) 

��,��  Unit cost of space heating provided by the system (€/kWh) 

��,��  Unit cost of thermal energy produced by the system (€/kWh) 

��,�����  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/m2) 

,  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 (€) 
��33  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 (€)

89��� Self-discharge rate of the battery (%/day) 

: Salvage value of the system at the end of lifetime (€) 

:��9��� 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 
Subscripts 

batt Battery 
el Electrical 
th Thermal 
DHW Domestic hot water 
PV Photovoltaic panel 
PVT Photovoltaic thermal hybrid panel 
SAHP Solar-assisted heat pump 
SH Space heating 
ST Solar thermal panel 
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1 Introduction 35 

As a result of the rising environmental concerns, the technologies based on solar energy are 36 
gaining an increased recognition as a substitute to the conventional fossil fuel-driven 37 
alternatives [1]. Photovoltaic (PV) panels convert solar energy directly into electricity which 38 
could be used to serve the specific electricity demands of a housing or even at an industrial 39 
scale through a PV power plant. As a matter of fact, the annual energy potential from the sun 40 
is approximately 1.78 × 109 MW, which is 800 times and 50 times greater than the potentials 41 
from oil and coal reserves, respectively [2]. However, solar energy-based systems suffer from 42 
fluctuating outputs resulting from intermittent weather conditions. Thus, an auxiliary system 43 
is required to provide for the mismatched demands. The high initial investments of PV 44 
panels, availability of global solar radiation and favourable incentives from the government 45 
significantly impact the economic viability of grid-connected PV systems [3]. Additionally, 46 
solar energy can also be harnessed to meet the heating requirements, such as domestic hot 47 
water (DHW) production and/or space heating (SH), using solar thermal (ST) panels. ST 48 
panels absorb the incident solar radiation and convert it into heat, which is then transferred to 49 
a working fluid (water/air) flowing either under or over the absorber plate [4]. Over the years, 50 
several techniques and methodologies to improve the thermal efficiency, and thus, the overall 51 
performance of the solar thermal (ST) panels have been explored [5]. In fact, when 52 
implemented on a large-scale for industrial applications, a solar thermal system was reported 53 
to obtain rather significant energy savings (9722–20833 kWh) and carbon savings (2–5 54 
tonnes of CO2/kWh) [6].  A building-integrated solar thermal system with seasonal storage 55 
was found to attain quite reasonable solar contributions (37–68%) for space heating and 56 
DHW production [7]. It was observed that the implementation of seasonal storage with solar 57 
thermal systems could achieve solar fractions as high as 90% for building-scale heating 58 
applications [8]. Xu et al. investigated a flat-plate solar thermal system with borehole 59 
seasonal energy storage for district heating applications and recommended the use of optimal 60 
control schemes to achieve better thermal comfort and energy savings [9]. However, the 61 
improvements in solar fraction may not effectively counterbalance the relatively higher costs 62 
of a seasonal thermal energy storage for small-scale applications, as an individual house, in 63 
case of inexpensive and highly de-carbonized grid systems (such as the French national grid). 64 
A combination of PV and ST technologies, wherein a working fluid (air/water) is made to 65 
flow either under or over the PV panels allowing the withdrawal of heat from the PV panels, 66 
was first reported by Wolf [10] and is known as a photovoltaic thermal (PVT) hybrid panel. 67 
Solar cells absorb about 90% of the incident solar radiation, out of which only around 15% is 68 
converted into electricity [11]. The remaining energy (~75%) exists in the form of thermal 69 
energy, which increases the temperature of the solar cells. Hence, the potential for heat 70 
removal from solar cells is quite high. The removal of heat from the PV panels, reduces the 71 
operating temperature and consequently, enhances the electrical efficiency of the solar cells 72 
[12]. Moreover, the heated working fluid could be used for thermal applications [13]. Several 73 
researches stress the significance of PVT systems [14] and some debate that such systems 74 
will be adequate to serve the energy requirements in the near future [15]. Furthermore, a heat 75 
pump driven by solar panels, i.e. a solar-assisted heat pump (SAHP), serves as an interesting 76 
hybrid technology to cover the heating requirements. A combination of PV coupled with an 77 



air-source heat pump was reported to be the best economically feasible space heating solution 78 
for grid electricity costs up to 0.23 €/kWh (compared to water-source heat pump driven by (i) 79 
flat plate ST collector, (ii) PVT collector, and (iii) PV and ST together [16]. SAHP driven by 80 
PVT collectors was concluded to be profitable to meet the domestic hot water (DHW) and 81 
space heating/cooling needs with the inclusion of subsidies for PVT implementation [17]. 82 
The primary energy savings, carbon emissions and annual cost of a ground-source heat pump 83 
system were found to improve (by about 4%, 46% and 14%, respectively) when coupled with 84 
solar energy (concentrated PVT collectors) [18]. Gunasekar et al. [19] proposed and 85 
recommended an artificial neural network model for predicting the energy performance of a 86 
PVT evaporator of a SAHP. Huide et al. [20] compared the energy performances of PV, ST 87 
and PVT systems for residential applications at different locations in China. PVT systems 88 
were recommended in case of urban residential buildings with limited installation space; 89 
while, a combination of PV and PVT may have the highest prospective for rural buildings 90 
with lower energy demands and higher space availability. 91 

Due to the intermittent and random nature of solar radiation and the demand profiles, 92 
designing a solar-energy based system becomes a complex task. The system size and design 93 
parameters have a considerable influence on the performance of such systems. Several 94 
authors have investigated and discussed different solar-driven systems to evaluate the 95 
thermodynamic performance feasibility of such systems at various locations. However, it is 96 
imperative to recognize the economic implications of the system as well, and therefore, a 97 
performance study should be supplemented with an economic analysis. Consequently, 98 
accounting for both thermodynamic as well as economic performances of the system 99 
becomes more important when finding an optimal design/sizing for a solar-driven system. 100 
The term thermoeconomics denotes a combination of thermodynamics with the principles of 101 
economics, i.e. thermodynamic-assisted cost estimation [21]. Thermoeconomics provides a 102 
mechanism to include the principal investment cost, operating costs and other costs (such as 103 
maintenance and replacement costs) incurred during the lifetime of the system with respect to 104 
the useful energy produced by the system [22]. Therefore, over the last decade, some studies 105 
also focus on the thermoeconomic performances of different solar combined heating and 106 
power systems. Sokhansefat et al. [23] investigated the thermoeconomic performance of ST 107 
collectors in terms of net present value and payback period, along with an environmental 108 
analysis. Wang et al. [24] concluded that a solar combined heating and power system 109 
(consisting of PVT panels) aligns with the wider goal of energy decarbonisation; despite the 110 
fact that it is at present economically less favourable to an equivalent gas-fired internal 111 
combustion engine system. Behzadi et al. [25] optimized the design of a PVT system based 112 
on the exergy efficiency and total product cost, using the TRNOPT tool in TRNSYS 113 
software. The system was studied and optimized to meet the domestic hot water and 114 
electricity requirements of a building. The system employed a storage tank to allow smart 115 
interactions between the building, and the grid and district heating networks. The optimized 116 
PVT system was found to considerably reduce the electricity and heating costs (by 16.7 117 
€/MWh and 7.7 €/MWh, respectively) compared to the combination of the grid and district 118 
heating network. 119 



 
 

Starke et al. [26] optimized a SAHP for swimming pool heating using genetic algorithm in 120 
terms of annualized lifecycle cost and comfort level. The optimized SAHP was reported to 121 
achieve lower annualized lifecycle cost with the same level of comfort when compared to a 122 
standard air-source heat pump. Herrando et al. [27] performed thermoeconomic modelling 123 
and optimization of a solar combined heating and power system based on PVT panels. The 124 
optimal sizing of the system (i.e. number of PVT panels and volume of storage tank) was 125 
determined by varying the number of panels from 1 to 33 (i.e. an iterative approach). 126 
Levelized production cost (cost per kWh) of total energy generated, percentage of energy 127 
demand covered and payback time were selected as the thermoeconomic optimization 128 
indicators. Keshavarzzadeh and Ahmadi [28] applied different evolutionary algorithms to 129 
optimize a solar-based combined cooling, heating and power system. The objective of 130 
optimization was to maximize the exergy efficiency while minimizing the total cost rate of 131 
the system. Genetic algorithms can be considered as one of the most popular optimization 132 
techniques applied to energy systems, while other commonly used optimization techniques 133 
include direct search, simulated annealing, particle swarm optimization [29]. Genetic 134 
algorithm, a meta-heuristic evolutionary algorithm, provides satisfactory results with 135 
reasonable convergence accuracies [30].   136 

The objective of this paper is to optimize and compare alternative solar-driven systems for 137 
combined heating (including domestic hot water production and space heating) and power 138 
generation, based on total unit costs and solar indexes. As per the author’s knowledge, there 139 
is no existing work in the literature optimizing and comparing different solar-driven solutions 140 
amongst each other and with a conventional reference system, both based on energy and 141 
thermoeconomics. In the present study, [Case I] PV panels + solar-assisted heat pump 142 
(SAHP), [Case II] grid + ST panels, [Case III] PV + ST panels and [Case IV] PVT panels 143 
have been examined, with grid + gas boiler as the reference system. In order to allow a fair 144 
comparison, each solar-driven system [Cases I–IV] is optimized to find the most appropriate 145 
system size and storage capacities specific to the demand profiles and location considered: an 146 
individual house of 120 m2 located in Chambery, France built after 2012 (as per the French 147 
RT2012 standards [31]). Genetic algorithm has been used to obtain the optimal design 148 
configurations of each system based on a single objective of minimization of the total unit 149 
product cost. Opportunities to improve the solar contributions from each system by 150 
increasing the solar system size, while keeping its total unit product cost lower than that of 151 
the reference system are then suggested. Thereafter, an in-depth comparison based on 152 
additional indicators, as the solar indices (self-production and self-consumption), energy 153 
performances, fuel savings and total and dissociated unit product costs, has been presented. 154 
Finally, to complete the discussion, alternate components such as PV panels are fared against 155 
the grid for power generation, while ST panels are compared with the conventional gas boiler 156 
and SAHP for heating demands.  157 

2 Methods 158 

The present study focuses on the performance of different solar combined heating and power 159 
systems to meet the electrical and thermal demands of an individual housing of 120 m2 floor 160 
area, located in Chambery, France (H1 climatic zone) and built after 2012, thus adhering to 161 



 
 

the French RT2012 regulations. The electrical hourly profile of the individual house is 162 
obtained from XPair website [32] and while, the thermal demands, i.e. domestic hot water 163 
(DHW) and space heating (SH), are calculated from the enquête performance de l’habitat, 164 
équipements, besoins et usages de l’énergie (PHEBUS) investigation [33] and Agence de 165 
l'environnement et de la maîtrise de l'énergie (ADEME) report [34]. The hourly space heating 166 
demands are evaluated from the percentage of heating needs for different months, days of 167 
week and hours of day for a house [35].  Both the domestic hot water requirement at 65 °C 168 
and space heating requirement at 35 °C have been considered in this study. Further, the data 169 
for the meteorological parameter, i.e. global solar radiation, is obtained using photovoltaic 170 
geographical information system (PVGIS) application [36] for the location Chambery, France 171 
(latitude 45.567°, longitude 5.922° and elevation 282 m), optimal slope (35°) and optimal 172 
azimuth (1°) [37]. The data is obtained from PVGIS SARAH database [38]. Figs. 1a-c show 173 
the variation of climatic and demand profiles for the considered scenario of an individual 174 
house. As illustrated, there is a mismatch between the availability of solar radiation and 175 
demands over the day during off-sunshine hours (before sunrise and after sunset). Also, a 176 
higher magnitude of solar radiation is available in summer months, with lower heating 177 
requirements, than in winter months, with higher heating requirements. This results in an 178 
additional mismatch between available solar energy and demands over the year. Moreover, as 179 
shown in Figs. 1a and 1c, the space heating demands are considerably low but still exist, i.e. 180 
non-zero, in the summer months. This is because, the estimation of hourly space heating 181 
demands are based on the average values for a typical hour in a typical day of a typical month 182 
of the year [35].   183 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a. Hourly solar irradiation and demands for a 

typical summer day (1st July 2016) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b. Hourly solar irradiation and demands for a 

typical winter day (1st January 2016) 
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 184 

c. Average daily solar radiation and demands from 1st January to 31st December 2016 185 

Fig 1: Meteorological and demand profiles for an individual house adhering to the French 186 
RT2012 regulations (H1 zone) 187 

 188 

2.1 Examined cases and theory  189 

In this study, four different solar combined heating and power systems utilizing solar energy 190 
to meet the electrical and thermal (for domestic hot water and space heating) demands of an 191 
individual house have been studied. Further, the solar-energy based systems are compared 192 
against a reference case involving conventional systems to meet the energy requirements. The 193 
following cases have been considered in this study:  194 

o [Reference case] National grid + Conventional gas boiler:  195 
In this case, the French national grid supports the electrical demands of the house, while 196 
the domestic hot water (DHW) and space heating (SH) demands are met using a 197 
conventional gas boiler.  198 
 199 

o [Case I] Photovoltaic (PV) panels + Solar-assisted heat pump (SAHP): 200 
PV panels convert solar radiation into electrical energy, in order to cover the electrical 201 
demands of the house. Further, an air-source heat pump is employed to meet the thermal 202 
demands. The surplus electricity produced by PV panels (if any) is used to drive the 203 
SAHP. The excess electricity is first used for SH and then for DHW, as the coefficient of 204 
performance (COP) of heat pump is higher for SH than for DHW (resulting from the 205 
lower temperature for SH). In the absence of surplus electricity from PV, the heat pump 206 
utilizes the electricity from the grid.   207 
 208 

o [Case II] National Grid + Solar thermal (ST) panels: 209 
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The French national grid is used to meet the electrical demands, in this case. ST panels, 210 
i.e. flat plate solar thermal collectors with water as working fluid, are used to suffice the211 
domestic hot water (DHW) and space heating (SH) demands.212 

213 
o [Case III] PV panels + ST panels: 214 

PV panels are employed to meet the electrical demands, while ST panels are used to 215 
supply the thermal requirements of the house. In this case, there is a requirement of a 216 
higher surface area on the roof of the house to accommodate both types of panels. 217 

218 
o [Case IV] Photovoltaic thermal (PVT) panels: 219 

A PVT panel is combination of PV and ST panels, wherein a working fluid (water or air) 220 
is flown under the PV panel which reduces the solar cell temperature and improves the 221 
electrical efficiency of PV panel. Moreover, the heated fluid is used for thermal 222 
applications. Therefore, PVT panels may meet both the electrical and thermal demands of 223 
the house. The solar cells meet the electrical demands and the heated water from the 224 
outlet of the PVT panels is used for DHW and SH requirements. 225 

In order to deal with the intermittence associated with solar energy, the French national grid 226 
and a grid-driven electric boiler are chosen as the auxiliary systems for power generation and 227 
thermal needs (DHW and SH), respectively. Further, a lead-acid battery has been considered 228 
for the storage of electrical energy generated by solar cells in Cases I, III & IV and a water 229 
tank has been used in Cases II-IV for thermal storage. It is important to note that the excess 230 
electricity produced by PV/PVT panels in Cases I, III & IV, is first used to charge the battery 231 
up to its capacity. Then, after the battery capacity is reached, the remaining excess electricity 232 
from PV/PVT panels is sold to the grid. Additionally, the hot water produced by the ST/PVT 233 
panels, is stored in the tank and then the required hot water is utilized as per the demand 234 
profile. It should be noted that the present study does not take into account any seasonal 235 
thermal energy storage. Implementation of a seasonal storage may lead to further 236 
improvements in the solar contribution [8], although the higher investment and maintenance 237 
costs make it economically uncompetitive for small-scale applications. 238 

The design parameters of the different components considered in the study have been listed in 239 
Table 1. 240 

Table 1: Design and economic parameters considered in the study 241 

Temperature of DHW production ;4�5 65 ℃ [39] 
Temperature of space heating  ;�� 35 ℃ [39] 
Efficiency of conventional boiler <>? 0.9 [40] 
Electrical efficiency of PV panel  <�� 0.15 [14,41,42] 
Area of PV panel ��� 1.64 m2 [43,44] 
Thermal efficiency of ST panel  <�� 0.80 [45–47] 
Area of ST panel  ��� 2 m2 [48] 

Electrical efficiency of PVT panel <���,�� 0.20 [49] 

Thermal efficiency of PVT panel  <���,�� 0.50 [49]



 
 

Area of PVT panel  ����  1.64 m2 [43,44] 

COP of SAHP for DHW at 65 ℃  ����������   2  [50] 

COP of SAHP for SH at 35 ℃  ����������   3 [50] 

Charging efficiency of battery  <9���,=  0.9 [51,52] 

Discharging efficiency of battery  <9���,
  0.9 [51,52] 

Round-trip efficiency of battery  <9���,�  0.8 [51,52] 

Minimum state of charge of battery  :��9���  30% [51,52] 
Self-discharge rate of battery 89���  0.5 %/day [51] 
Losses from tank  -���.  20% [53] 
Economic rate of return i 5% [21] 
Lifetime of the system n 25 y [21] 

Cost of electricity from the grid  ���,
��
  0.13 €/kW [45,54] 

Selling price of excess electricity to the grid  ���,���
  0.10 €/kW [55] 

Cost of natural gas  ��
  0.0839 €/kW [56,57] 

 242 

2.2 Performance indicators 243 

In order to evaluate the different solar combined heating and power systems [Cases I-IV], the 244 
following performance indicators based on energy and thermoeconomics have been used.  245 

The hourly electrical energy generated by the PV panels [Cases I & III] is calculated as: 246 

 !�(#) =  1 ∙ <��*+(#)��� (1) 

where, N is the number of panels (PV, in these cases) and *+(#) is the hourly global solar 247 
radiation. <�� and ��� are the electrical efficiency and area, respectively, of a PV panel. 248 

The hourly thermal energy produced by ST panels [Cases II & III] can be computed as: 249 

 6�(#) =  1 ∙ <��*+(#)��� (2) 

where, N is the number of panels (ST, in these cases), <�� and ��� are the thermal efficiency 250 
and area, respectively, of an ST panel. 251 

The hourly thermal energy produced by ST panels for DHW production (6�,4�5) is 252 

evaluated as follows: 253 

 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 254 

annual thermal demand (including domestic hot water and space heating). The value of 255 
7
,4�5 has been computed as 53.88%. 256 

Similarly, 6�,��(#) can be obtained by multiplying 6�(#) with the factor (1 − 7
,4�5). It 257 

should be noted that if the hourly DHW and SH demands are lower than 6�,4�5(#) and 258 

6�,��(#), respectively, the remaining energy is stored in the tank. The stored energy can be 259 



then used either in the same hour to meet the other heating demand (if required) or stored for 260 
use in the following hours. 261 

The hourly electrical energy (!�(#)) and hourly thermal energy (6�(#)) produced by PVT 262 
panels [Case IV] can be obtained by substituting <�� with <���,�� and <���,��, respectively, 263 

and ��� with ���� in Eqs. (1) and (2). 264 

The hourly thermal energy produced by solar-assisted heat pump (SAHP) employed in Case 265 
I, for domestic hot water (DHW) production and space heating (SH) can be evaluated by 266 
multiplying the respective COPs (Table 1) with the input electrical energy. The input 267 
electrical energy to drive the SAHP comes from the excess electricity produced by PV 268 
panels, battery storage or from the grid. First and foremost, the excess electricity from PV 269 
panels, i.e. !�(#) − !
(#), is used to run the SAHP in order to meet the thermal demands.270 
The remaining electrical energy required to satisfy the thermal demands is supplied from the 271 
battery storage and then from the grid (if required). 6����4�5  and 6������  denote the component 272 
of thermal energy produced by SAHP by utilizing the electricity from PV panels and battery 273 
to meet the corresponding thermal demand. If the excess electricity from PV panels is not 274 
sufficient to meet both the thermal demands, then the electricity from PV is first used to meet 275 
the space heating demand (6
,��(#)) and then the domestic hot water demand (6
,4�5(#)) 276 

due to the higher coefficient of performance for space heating (���������� , Table 1).277 

The hourly electrical energy (!�(#)) produced by the solar panels [Case I, III & IV] is first 278 
used to meet the hourly electrical demand (!
(#)), wherein two cases arise. If !�(#) ≤ !
(#),279 
the total hourly electrical energy (!�(#)) produced by PV/PVT panels is utilized to meet the 280 
demand. The remaining demand is either met from the battery or the grid (if battery cannot 281 
meet the demand). In the second case, if !�(#) > !
(#), the extra electricity from solar panels282 
will first be used to charge the battery up to the limit of its maximum capacity. After charging 283 
the battery, the remaining electricity from solar panels, if any, is sold to the grid (!���
(#)). If 284 
at any step the battery charge falls below the minimum state of charge, :��9��� (Table 2), 285 
then it is charged from the grid to maintain the :��9���. Also, a self-discharge rate (89���, 286 
Table 2) of 0.5% per day has been considered for the battery. 287 

The hourly thermal energy for DHW production (6�,4�5(#)) generated by ST/PVT panels 288 

[Case II–IV] is stored in the water tank and then used to satisfy the hourly demand 289 

(6
,4�5(#)). At the # + 1�� hour, 6�,4�5(# + 1) is added to the remaining thermal energy290 

available in the tank from the previous hour (6�����,4�5(#)), i.e. 6�����,4�5(# + 1) =291 

6�,4�5(# + 1) + 6�����,4�5(#). During each hour, the thermal energy available in the tank292 

(6�����,4�5(#)) will be used to meet the demand (6
,4�5(#)). If 6
,4�5(#)> 6�����,4�5(#),293 

the auxiliary system, i.e. grid + electric boiler, is used to provide the remaining thermal 294 
energy. Further, the tank loses 20% (-���., Table 2) of the thermal energy stored within the 295 
tank every hour. 296 

The hourly useful electrical energy (!&(#)), hourly useful thermal energy for DHW 297 
production (6&,4�5(#)) and for space heating (6&,��(#)) produced by solar panels 298 



 
 

(PV/ST/PVT) correspond to the hourly energy produced by the panels which is used to meet 299 
the electrical demand, DHW demand and SH demand, respectively. 300 

 !&(#) = H!�(#) + ∆!�����(#)          )I !�(#) ≤ !
(#)!
(#)                                )I !�(#) > !
(#)   (4) 

where ∆!�����(#) is the electrical energy utilized from battery storage (which has been 301 
charged through solar panels) in order to meet the remaining demand (!
(#) − !�(#)). 302 

Similarly, 6&,4�5(#) and 6&,��(#) can be evaluated, as follows: 303 

 6&,4�5(#) = J6�����,4�5(#)          )I 6�����,4�5(#) ≤ 6
,4�5(#)
6
,4�5(#)                 )I 6�����,4�5(#) > 6
,4�5(#)  (5) 

where, 6�����,4�5(#) denotes the hourly thermal energy available in the DHW tank, after 304 

adding the hourly thermal energy produced by solar panels (6�,4�5(#)) and the remaining 305 

thermal energy in the tank from the previous hour (6�����,4�5(# − 1)).  306 

 6&,��(#) = H6�,��(#)         )I 6�,��(#) ≤ 6
,��(#)
6
,��(#)         )I 6�,��(#) > 6
,��(#)  (6) 

where, 6
,��(#) represents the hourly space heating demand. 307 

It should be noted that a storage for space heating has not been implemented in the present 308 
study. Also, if 6�,��(#) ≤ 6
,��(#), the remaining space heating demand is met using the 309 
auxiliary system, i.e. grid + electric boiler. 310 

Solar self-production (@��) and self-consumption (@�=) are two significant indicators when 311 

dealing with solar-driven systems. Solar self-production can be defined as the ratio of total 312 
useful energy produced by solar panels to the total demand, and is given by:  313 

 @�� =  ∑ !&(#) +  ∑ 6&,4�5(#) + ∑ 6&,��(#)
∑ !
(#) + ∑ 6
,4�5(#) + ∑ 6
,��(#)  

(7) 

where, ∑ !
(#), ∑ 6
,4�5(#) and ∑ 6
,��(#) represent the total annual electrical, DHW and 314 

SH demands, respectively. 315 

Solar self-consumption is the ratio of total useful energy produced by solar panels to the total 316 
energy produced by the solar panels, defined as: 317 

 @�= =  ∑ !&(#) +  ∑ 6&,4�5(#) + ∑ 6&,��(#)
∑ !�(#) + ∑ 6�,4�5(#) + ∑ 6�,��(#)  

(8) 

The effective present cost (��33) is the total investment cost, taking into consideration the 318 

costs of replacing certain components (R) of the system, if any, in present value, and is 319 
obtained using: 320 

 ��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 321 
operational lifetime of the component. The term Q ∙ , denotes the highest multiple of l less 322 
than n (system lifetime). Thus, Q ∙ , signifies that the component is replaced j times before the 323 
system lifetime is over. 324 

The net present cost (����) of the system is the total present value of all the costs associated 325 
with the system, including the effective present cost, operation and maintenance cost and 326 
salvage value at the end of the system lifetime (n years). ���� is calculated as: 327 

 ���� =  ��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 328 
at the end of the system lifetime and ∑ !���
(#) is the total excess electricity produced by 329 
PV/PVT panels which is sold to the grid. 330 

The total unit cost of products (��,�����) represents the total cost incurred (including the 331 

principal investment, operation, maintenance and replacement costs) per kWh of energy 332 
produced by the system. ��,����� is computed as per the following relation: 333 

 ��,����� = ���� ∙ �� 
∑ !
(#) + ∑ 6
,4�5(#) + ∑ 6
,��(#) 

(11) 

where, CRF denotes the capital recovery factor, given by: 334 

�� =  )(1 + ))�
(1 + ))� − 1 335 

Further, the total unit cost of products (��,�����) can be dissociated based on the type of 336 

product into unit cost of electricity (��,��) and unit cost of thermal energy (��,��). In order to 337 

calculate the dissociated unit cost of products (��,��, ��,��), ���� for the complete system in 338 

Eq. (11) is replaced by net present cost for just the respective sub-system (����,�� or ����,��). 339 

Similarly, the denominator in Eq. (11), i.e. ∑ !
(#) + ∑ 6
,4�5(#) + ∑ 6
,��(#), is replaced 340 

with the respective demand (∑ !
(#) or ∑ 6
,4�5(#) + ∑ 6
,��(#)). Additionally, the unit 341 

cost of domestic hot water (��,
��) and unit cost of space heating (��,��) can be evaluated by 342 

segregating the unit cost of thermal energy (��,��). ����,�� is dissociated into the DHW and 343 

SH components by multiplying with the fraction of the respective annual demands with 344 
respect to the total thermal demand. 345 

 ����,��,4�5 = ����,��
∑ 6
,4�5(#)

∑ 6
,4�5(#) + ∑ 6
,��(#) 

= ����,�� ∙ 7
,4�5             
 

 

 
(12) 

 ����,��,�� = ����,��
∑ 6
,��(#)

∑ 6
,4�5(#) + ∑ 6
,��(#) 
 



 
 

= ����,�� ∙ V1 − 7
,4�5W     
(13) 

Fuel savings ( ��() corresponds to the total savings in kWh/y due to the incorporation of 346 
renewable solar technologies. It is equal to the portion of demands (electric + domestic hot 347 
water + space heating) met through renewable solar energy.  348 

  ��( =  U !&(#) +  U 6&,4�5(#) + U 6&,��(#) (14) 

The principal investment cost (P), maintenance cost (M) and operational lifetime (l) of 349 
different components considered in this study are given in Table 2. Operation cost (O) 350 
includes the fuel cost required to operate the system over its lifetime. The operation cost (O) 351 
for different systems is evaluated based on the specific fuel costs of electricity from the grid 352 
(���,
��
) and natural gas (��
) given in Table 1. Since, solar energy is freely available, the 353 

fuel cost for the portion of the demands met using solar-driven components, namely PV, ST, 354 
PVT and SAHP (when the heat pump is powered by solar energy), is considered to be zero. 355 
Therefore, in the cases with solar-driven components, O represents the cost of fuel required to 356 
meet the demands when solar radiation is not sufficient or not available (i.e. through the 357 
auxiliary system).  358 

Table 2: Economic data used in the numerical study 359 

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 €/m2 15 €/m2/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 [59] 

 360 

2.3 Thermoeconomic optimization 361 

As the number N of solar panels (PV/ST/PVT) is increased, the energy production from clean 362 
renewable resources increases (Eqs. (1) and (2)) implying a lower reliance on the backup 363 
grid. However, the principal investment cost, and also, the operation and maintenance costs 364 
(Table 2) increase for a higher number of solar panels, N. Hence, there is a need to determine 365 
an optimal value of N in order to strike a balance between the costs and energy produced 366 
from solar panels. Further, the storage capacity would directly impact the energy output from 367 
solar-driven components, but as the storage capacity increases, the principal investment and 368 
operation and maintenance costs also increase (Table 2). Thus, both the battery storage 369 
capacity and DHW tank capacity need to be optimized.  370 

In this study, a thermoeconomic optimization of each system [Cases I-IV] has been 371 
performed using genetic algorithm, thanks to its reliability. No significant deviations are 372 



observed in the literature compared to other meta-heuristic optimization algorithms such as 373 
particle swarm optimization [60], cuckoo search [61], differential evolution [61], water cycle 374 
[62] and moth-flame [62] algorithms. Genetic algorithm is a bio-inspired randomized search375 
algorithm which mimics the natural evolution process according to the rule of survival of the 376 
fittest [63]. The algorithm begins by generating a random initial population. A population 377 
consists of individual solutions in the search space, wherein the fitness of each solution in the 378 
search space is evaluated. The algorithm then generates the subsequent population of the next 379 
generation by considering the current population as parents following the processes of 380 
selection, mutation and crossover. MATLAB 2019b software has been used to implement the 381 
genetic algorithm optimization for Cases I-IV. The parameters to be optimized are the 382 
number of solar panels (PV/ST/PVT for Cases I/II/IV, respectively, or both PV and ST for 383 
Case III), battery size (in kWh) [Cases I, III & IV] and DHW tank capacity (in L) [Cases II–384 
IV]. The total unit cost of products, ��,����� (Eq. (11)) has been used as the fitness function to 385 

be minimized during optimization. Integer constraints have been put on the number of panels 386 
(N) and the DHW tank capacity. The initial population size and the maximum number of387 
generations have been set to 50 and 200, respectively. The scattered crossover function, 388 
‘crossoverscattered’, and gaussian mutation function, ‘mutationgaussian’, have been used for 389 
crossover and mutation, respectively. The scattered crossover function combines two 390 
individual solutions, or parents, to form a crossover child for the next generation by creating 391 
a random binary vector. The crossover child includes the elements from the first parent where 392 
the vector value is 1, while the elements from the second parent are selected where vector 393 
value is 0. The gaussian mutation function makes small random changes in individual 394 
solutions to produce mutation children by adding a random number from a gaussian 395 
distribution to each element of the parent vector. The mean of the gaussian distribution is 396 
zero and standard deviation is set by the parameters scale, shrink and the population range. 397 
The scale and shrink parameters govern the standard deviation at the first generation and the 398 
decline in standard deviation between generations, respectively. Both the scale and shrink 399 
parameters are set to the default value of 1 in the gaussian mutation function 400 
‘mutationgaussian’. 401 

The methodology followed for thermoeconomic optimization has been presented in Fig. 2. 402 
The stopping criteria may be convergence of the algorithm to an optimal solution or if the 403 
maximum number of generations have been reached. The optimization based on ��,����� alone 404 

focuses on minimizing the costs, as expected. However, a marginal increase in ��,����� may 405 

be acceptable if it means less reliance on the auxiliary system (i.e. based on the grid) or 406 
alternatively, a higher solar self-production (Eq. (7)). Therefore, a variation of solar self-407 
production (@��) and self-consumption (@�=) with ��,����� needs to be studied for an in-depth 408 

analysis and selection of the best solution for each system [Cases I-IV]. 409 
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Fig. 2: Thermoeconomic optimization based on genetic algorithm applied to the solar 442 
combined heating and power systems 443 
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3 Results 444 

The methodology shown in Fig. 2 has been used for each solar combined heating and power 445 
system [Cases I-IV] in order to determine the best solution (i.e. optimal design) minimizing 446 
the unit product cost, for each case. Thereafter, the best solutions for Cases I-IV are 447 
compared against each other in terms of the energy provided from solar-driven components 448 
and energy requirement from grid. Furthermore, the Cases I-IV and the reference case are 449 
also compared by evaluating the fuel savings,  ��( (Eq. (14)), and the dissociated unit product 450 
costs (��,��, ��,
�� and ��,��). 451 

3.1 Optimization of system size and storage capacity [Cases I-IV] 452 

Table 3 presents the optimal values of N (number of solar panels) and storage capacities for 453 
Cases I-IV. As the number of solar panels and the storage capacities are varied, the principal 454 
investment cost (P), operation & maintenance cost (O&M) and salvage value (S) (Table 2) 455 
and the total excess electricity from solar panels sold to the grid (∑ !���
(#)) also change.456 
Consequently, the net present cost (����) varies as well. The results from genetic algorithm 457 
are based on the minimization of the total unit product cost, ��,����� (Eq. (11)). Furthermore, 458 

��,����� for the reference case is calculated from Eq. (11). The design and economic 459 

parameters given in Table 1 have been used to evaluate the results. 460 

Table 3: Optimal number of solar panels (Nopt), battery size, water tank capacity for Cases I-461 
IV and the corresponding ��,����� and solar indices 462 

PV 

panels 

ST 

panels 

Battery 

capacity 

(kWh) 

DHW tank 

capacity 

(L) 

XY,Z[Z\]
(€/kWh) 

^_Y ^_X

Ref Case - - - - 0.1836 - - 
Case I 1 

0 
-
- 

0
0

-
- 

0.1080
0.1044

10% 
- 

100% 
- 

Case II -
- 

1
0

-
- 

100
0

0.1483
0.1482

24% 
- 

70% 
- 

Case III 1 
0 

1
0

0 
0 

100
0 

0.1521
0.1482

29% 
- 

72% 
- 

Case IV 1 
0 

0 
0 

100 
0 

0.1419
0.1482

21% 
- 

82% 
- 

463 

It can be seen from Table 3 that incorporating PV or ST or PVT panel allows to reduce the 464 
total unit product cost (��,�����) compared to the reference case (up to -41%, for Case I). 465 

Therefore, an introduction of solar panels not only improves the solar indices, and 466 
subsequently the environmental impact, but also lowers the total unit product cost of the 467 
reference system. The reference system, in the present study, is a combination of the French 468 
national grid and conventional gas boiler as it remains one of the most commonly used 469 
systems in typical French households. 470 

Further, as shown in Table 3, the total unit product cost (��,�����) in Case I increases when a 471 

PV panel is employed. It is worthwhile to note here that in the absence of solar panels 472 



 
 

(PV/ST/PVT), the values of ��,����� denote the costs associated with the auxiliary systems 473 

(grey values in Table 3). Thus, heat pump when coupled to the grid (i.e. auxiliary system for 474 
Case I) turns out to be the best solution economically, however without any solar production. 475 
Therefore, the minimum number of PV panels in Case I was set to one to facilitate a 476 
comparison between different solar technologies. This in turn also allows for better solar 477 
production indices and lower environmental impact of the system. A similar result is 478 
observed for Case III, wherein the ��,����� from the auxiliary system (i.e. without PV/ST 479 

panels) is lower than the ��,����� with single PV and ST panels. Another important point to 480 

observe for Case III is that the solution with a unit ST panel and no PV panel is in fact the 481 
same as Case II (grid + ST). Thus, the minimum number of solar panels (both PV and ST) 482 
were set to unity to obtain unique cases for a comprehensive comparison. Moreover, the 483 
implementation of ST panels [Case II] is economically competitive, to the auxiliary system 484 
grid + electrical boiler), with higher renewable production rates (@�� and @�=). Furthermore, 485 

introduction of a PVT panel [Case IV] is found to be more beneficial in terms of both 486 
economics and solar performance indices. 487 

A preliminary comparison amongst the cases listed in Table 3 shows that a heat pump (driven 488 
by grid or PV) significantly decreases the total unit product cost (with the economically best 489 
solution when coupled to the grid, though without any solar contribution). PV panel remains 490 
more expensive than the grid (in the absence of any subsidies). However, the solar self-491 
production index (@��) slightly increases when a PV panel is employed. Moreover, a 100% 492 

solar self-consumption (@�=) in Case I with unit PV panel contributes to an increase in the 493 
profitability of the system. Case III is economically inferior to Case II owing to the 494 
implementation of PV; however, it improves the solar indices (@�� and @�=). PVT [Case IV] 495 

appears to be the best alternative with lower total unit product cost (excluding the heat pump-496 
based solutions in Case I) and reasonable solar indices. 497 

Furthermore, the optimal battery capacity in each case where battery is considered [Cases I, 498 
III & IV] is 0 kWh, i.e. no battery. This observation is in accordance with the results reported 499 
by Behzadi et al. [25], wherein the removal of battery was found to significantly reduce the 500 
investment costs. The additional investment cost plus the extra operational costs, related to 501 
the self-discharge rate and the need to maintain a minimum state of charge (:��9���) of 30% 502 
in the battery justify not to implement electric storage, as the national grid can handle 503 
electricity production in excess and in deficit at low cost.  504 

In order to satisfy the DHW demand, a minimum value of 100 L has been assigned to the 505 
DHW tank capacity, adequate for an average 2-person household with a consumption of 506 
roughly 50 L/person per day. Similarly, the operational benefits of implementing thermal 507 
storage [Cases II to IV] for further valorisation of the heat produced is counterbalanced by 508 
the corresponding additional investment cost. Thus, unit production cost overpasses the 509 
reference case for higher capacities, mainly due to the heat losses considered.  510 

As stated earlier, an optimization based on ��,����� alone minimizes the costs, but does not 511 

take into account the solar self-production (@��). Hence, the solar self-production of the 512 

optimal solutions for Cases I–IV given in Table 3 is quite low, i.e. 10%–29%. An increase in 513 



��,����� may be considered acceptable if it leads to a higher solar self-production. Therefore, 514 

the effect of increasing the number of solar panels in each case (in order to achieve higher 515 
solar self-production) has been studied. In order to conduct this study, the optimal storage 516 
capacities are determined using genetic algorithm as the number of solar panels (N) are 517 
increased, for Cases I-IV. 518 

The optimal battery capacity remains 0 kWh as the number of solar panels (PV/PVT) are 519 
increased [Cases I, III & IV]. Thus, from an economic standpoint, the systems without battery 520 
perform better than with a battery. Fig. 3 shows the variation of the optimal DHW tank 521 
capacities with the number of panels (ST/PVT) for Cases II-IV. The optimal DHW tank 522 
capacities in the absence of the 100 L minimum capacity constraint are shown with dashed 523 
lines. The optimal DHW tank capacity increases almost linearly (~19 L/kWpeak) with the 524 
number of solar panels for all the cases, highlighting the needs for thermal storage capacity to 525 
valorise locally large heat production, as the excess heat requirement cannot be supported by 526 
an external network, as for electricity. 527 

528 

Fig. 3: Variation of optimal DHW tank capacity with number of solar panels for Cases II-IV 529 

Fig. 4 portrays the influence of increasing the number of solar panels on ��,����� and the solar 530 

indices for Cases I–IV. At each point, the respective optimal DHW tank capacity (from Fig. 531 
3) has been used in order to study the variation of solar indices with ��,�����. As expected,532 

��,����� increases with the number of solar panels, and therefore, the leftmost point on each 533 

line represents the lowest number of panels and vice versa. This result is in agreement with 534 
those observed in [64], stating that the associated costs increase in case of a higher solar 535 
output (or efficiency). As justified by Table 3, the absolute optimal design for each solution 536 
[Cases I-IV] from an economic standpoint, considering a non-zero solar contribution, is to 537 
have a unit solar panel. However, these designs for Cases I-IV have fairly low solar self-538 
production (@��) ranging from 10% to 29%, leading to a substantial reliance on the auxiliary 539 

system based on the grid. If the number of solar panels or consequently, the surface area of 540 
solar panels is increased, the solar self-production (@��) improves, but the total unit product 541 
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cost (��,�����) also rises. It has been illustrated in Fig. 4 that as the value of ��,����� increases, 542 

owing to an increase in number of solar panels, the solar self-production (@��) increases, 543 

while solar self-consumption (@�=) decreases for all the cases. Thus, a compromise between 544 
the economic gains (low ��,�����) and the environmental impact (high @��) needs to be 545 

reached. In the present study, the environmental impact is favoured up until positive 546 
economic gains are achieved with respect to the reference system. In other words, the highest 547 
value of @�� is preferred while keeping ��,����� lower than the ��,����� of the reference system 548 

(depicted by a red dashed line in Fig. 4).  549 

 550 

Fig. 4: Variation of solar self-production (@��) and self-consumption (@�=) with total unit 551 

product cost for Cases I-IV 552 

Therefore, the design with the highest self-production (@��) and ��,����� limited up to the 553 

��,����� of the reference case (0.1836 €/kWh), is chosen as the optimal design for each 554 

system. The chosen optimal design for each system [Cases I-IV], from Fig. 4, is given in 555 
Table 4. 556 

Table 4: Optimal designs for solar combined heating and power systems [Cases I-IV] 557 

 PV 

panels 

ST 

panels 

Battery 

capacity 

(kWh) 

DHW tank 

capacity 

(L) 

XY,Z[Z\] 
(€/kWh) 

^_Y ^_X 

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% 
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Case IV 6 0 114 0.1807 49% 33% 

 558 

Thanks to the energy management flexibility offered by the national electric grid, the number 559 
of PV panels could be increased up to 16 (3.9 kWpeak, 26 m²) without overpassing the 560 
reference unit production cost, leading to a self-production index close to 50%, with SAHP 561 
[Case I]. Inversely, solar thermal-based solutions lead to a smaller installation as a larger 562 
solar self-consumption index has to be targeted to limit excess heat production that cannot be 563 
valorised, as for electricity [Cases II and III]. Hybrid PVT solution [Case IV] sizing results 564 
from a compromise between the flexible use of electricity thanks to the grid and the 565 
constrained use of heat. 566 

3.2 Comparison of different energy systems with optimal design 567 

Figs. 5a and 5b show the hourly variations of electrical demand (!
), electricity generated by 568 
solar panels (!�) and electricity requirement from the grid (!
��
)  for the optimal designs of 569 

Cases I, III & IV (Table 4) for the two typical days depicted in Figs. 1a and 1b, respectively. 570 
As illustrated in the figures, the electrical energy generated from PV is the highest in Case I, 571 
followed by Cases IV and III, since the number of PV/PVT panels is the highest in Case I, 572 
then Case IV and Case III (Table 4). Consequently, the electricity requirement from the grid 573 
is also the lowest in Case I. It is worthwhile to note that a negative value of !
��
 signifies 574 

that the excess electricity from PV/PVT panels is sold to the grid. Also, the grid is used to 575 
meet the electrical demand (i.e. !
��
 =  !
) during off sunshine hours (*+ = 0 W/m2) for 576 

both typical summer and winter days. Furthermore, since the grid is used to meet the 577 
electrical demands in the Reference case and in Case II, !
��
 is equal to the electrical 578 

demand (!
) in these cases. 579 

The hourly variations of DHW demand (6
,4�5), useful thermal energy produced by solar-580 

driven solutions for DHW (6&,4�5) and thermal energy required from the grid + electric 581 

boiler for DHW (6
��
) for the optimal designs of Cases II–IV (Table 4) for a typical 582 

summer day (Fig. 1a) and a typical winter day (Fig 1b) are portrayed in Figs. 6a and 6b, 583 
respectively. During peak sunshine hours, in both summers and winters, the DHW demand is 584 
completely met using solar energy (6&,4�5) for all the Cases I–IV. Case I requires support of 585 

the auxiliary system (6
��
) the earliest, i.e. at 18:00h in Fig. 6a and at 14:00 h in Fig. 6b. 586 

This is because there is no storage tank in this case to store DHW for use during low sunshine 587 
hours. Following Case I, Cases II & III are the next systems to require 6
��
, at 20:00 h in 588 

Fig. 6a and at 14:00 h in Fig. 6b. Cases II & III have the same number of ST panels and 589 
DHW tank capacity (Table 4), therefore they show the same results. Finally, Case IV requires 590 
the auxiliary system (6
��
) at 22:00 h in Fig. 6a and at 17:00 h in Fig. 6b. This is due to the 591 

higher number of solar panels and DHW tank capacity in Case IV, than Cases II & III.  592 

Figs. 7a and 7b depict the hourly variations of space heating demand (6
,��), useful thermal 593 

energy generated by solar-driven solutions (6&,��) and thermal energy required from the grid 594 

+ electric boiler (6
��
) for space heating for Cases I–IV for a typical summer day (1st July) 595 



 
 

and a typical winter day (1st January), respectively. The optimal designs for Cases I–IV given 596 
in Table 4 have been used to obtain the results. As shown in Fig. 7a, there is no requirement 597 
from the grid in any system [Case I–IV] on a typical summer day during sunshine hours from 598 
05:00 h to 18:00 h. After 18:00 h, the solar radiation becomes very low at 19:00 h and from 599 
20:00 h onwards there is no solar radiation. After 19:00 h, all the systems rely on the 600 
auxiliary system to meet the space heating demand. This is observed since there is no storage 601 
implemented for space heating in the present study. However, during the typical winter day 602 
(Fig. 7b) since the solar radiation is much lower in magnitude, the auxiliary system is 603 
required even during the sunshine hours. The absence of storage for space heating may have 604 
contributed to this result.  605 

  606 

a. for Cases I, III & IV on a typical summer day (1st July 2016) 607 
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610 

b. for Cases I, III & IV on a typical winter day (1st January 2016)611 

Fig. 5: Hourly variation of solar radiation, electrical demand, !� and !
��
 for two typical 612 

representative days 613 

614 

615 

a. for Cases I–IV on a typical summer day (1st July 2016)616 
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 618 

b. for Cases I–IV on a typical winter day (1st January 2016) 619 

Fig. 6: Hourly variation of solar radiation, DHW demand, useful thermal energy for DHW 620 
from solar-based solutions and 6
��
 for two typical representative days 621 
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a. for Cases I–IV on a typical summer day (1st July 2016) 624 
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627 

b. for Cases I–IV on a typical winter day (1st January 2016)628 

Fig. 7: Hourly variation of solar radiation, SH demand, useful thermal energy for SH from 629 
solar-based solutions and 6
��
 for two typical representative days 630 

Moreover, it can be seen from Fig. 7b that for a typical winter day, 6&,�� is the highest for 631 

Case I, followed by Case IV, while Cases II & III have the lowest value of 6&,��. This is due 632 

to the highest number of PV panels in Case I, which are used to drive the SAHP for space 633 
heating. Case IV has six PVT panels, which is greater than two ST panels in Cases II & III, 634 
thus, Case IV produces more thermal energy than Cases II & III. Subsequently, the 635 
requirement from the auxiliary system (6
��
) is the highest in Cases II & III, followed by 636 

Case IV and Case I. It should be noted that the entire thermal demand (6
,�� + 6
,4�5) is 637 

met using the conventional gas boiler in the Reference case. Thus, a fuel cost corresponding 638 
to the cost of natural gas (��
) given in Table 1, contributes to the operation cost (O) of the 639 

reference system. 640 

The fuel savings ( ��(), total and dissociated unit product costs (��,�����, ��,��, ��,
�� and 641 

��,��) for the reference system and the different solar combined heating and power systems 642 

[Cases I–IV] are given in Table 5. The fuel savings ( ��() are the highest in Case IV, 643 
followed by Case I, Case III and Case II. This means that the total annual useful energy, i.e. 644 
∑ !&(#) +  ∑ 6&,4�5(#) + ∑ 6&,��(#), produced by Case IV is the highest as per Eq. (14).645 

This is also in accordance with the results presented in Table 4, wherein Case IV has the 646 
highest solar self-production (@��). The fuel savings ( ��() in the Reference case is zero since 647 

the reference system consists of the grid and conventional gas boiler, and does not have any 648 
contribution from solar energy. Moreover, the unit product cost of electrical energy (��,��) is 649 

the highest for Case I, followed by Case III and Case IV. The ��,�� of Case I is the highest as 650 

the design of Case I incorporates the highest number of PV panels. In Case I, the PV panels 651 
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not only provide for the electrical demand, but also for the additional electrical consumption 652 
by SAHP for heating needs. This in turn increases the total electricity requirement and 653 
consequently, ��,�� of Case I in comparison to the other cases. The lowest value of ��,�� i.e. 654 

0.1300 €/kWh is obtained for the reference system and Case II where the grid supplies the 655 
electrical demand. Hence, ��,�� of the solar solutions [Cases I, III & IV] is always higher than 656 

the ��,�� of the grid [Ref. case & Case II]. It should be noted that the ��,�� of the grid denotes 657 

the cost of electricity from the grid (���,
��
, Table 1) and neglects the investment cost 658 

pertaining to the national grid. Although, a higher ��,�� of the solar solutions is compensated 659 

by the lower ��,
�� and ��,��, as shown in Table 5.  660 

Further, Case I achieves the lowest unit product cost of domestic hot water (��,
��). The 661 

lower ��,
�� results from comparatively lower investment, operation and maintenance costs 662 

of SAHP. Also, the electricity requirement to drive the SAHP is partially covered by the 663 
excess electrical production from the PV panels in Case I, thereby reducing the need to buy 664 
electricity from the grid. The value of ��,
�� calculated for Cases II & III is equal, since two 665 

ST panels and a 100 L tank are employed in the optimal design for both the cases. Case IV 666 
has the third lowest value and the Reference case has the highest value of ��,
��. Similarly, 667 

the unit product cost of space heating (��,��) is the lowest for Case I, followed by Cases II & 668 

III (equal values), Case IV and the Reference case. Therefore, Case IV, i.e. PVT panels, has 669 
the highest fuel savings ( ��() and solar self-production (@��) with a satisfactory value of 670 

��,����� (i.e. ��,����� lower than that of the reference system). Whereas, based on the 671 

thermoeconomic indicator (��,�����) alone, Grid + ST panels [Case II] is superior to the other 672 

systems. However, it should be noted that Case II has relatively lower fuel savings (2248.1 673 
kWh/y) and solar self-production (34%).  674 

Table 5: Annual fuel savings and thermoeconomic comparison of different systems 675 

System a_\b 

[kWh/y] 

XY,Z[Z\] 
[€/kWh] 

XY,c] 
[€/kWh] 

XY,def 
[€/kWh] 

XY,_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 

  676 

4 Discussion 677 

The results obtained from thermoeconomic optimization using genetic algorithm and 678 
comparison of the different solar combined heating and power systems have been presented 679 
in Section 3. In this section, an in-depth inspection and analysis of different system 680 
components used in Cases I–IV and the reference case has been performed. Such an analysis 681 
facilitates a detailed comparison of different alternative system components used for the same 682 
objective (power generation, domestic hot water production or space heating). 683 



The use of solar thermal (ST) panels instead of a conventional gas boiler in order to serve the 684 
thermal demands (DHW and SH) can be justified by comparing Case II with the Reference 685 
case. The fuel savings ( ��() and solar self-production (@��) of 2248.1 kWh/y and 34%, 686 

respectively, are achieved by replacing a conventional gas boiler with 2 ST panels (4 m2) 687 
with a 100 L water tank (Tables 4 and 5). This increase in  ��( and @�� is due to the partial 688 

coverage of domestic hot water and space heating needs by thermal energy from ST panels. 689 
ST panels are favoured over a conventional gas boiler economically as well, depicting a 690 
decrease of ��,
�� and ��,�� by 1.13 c€/kWh and 0.97 c€/kWh, respectively (Table 5). 691 

When comparing the grid and photovoltaic (PV) panels to meet the electrical demands of an 692 
individual house, a comparison could be made by inspecting Case II, i.e. Grid + ST, and Case 693 
III, i.e. PV + ST. The fuel savings ( ��() and solar self-production (@��) improve by 405.7 694 

kWh/y and 7%, respectively, when the grid is replaced by PV panels (Tables 4 and 5). 695 
Although this increase may seem minor, it should be noted that the increase is primarily due 696 
to electrical energy, i.e. a high-grade energy. Further, the magnitude of low-grade thermal 697 
energy overpowers the magnitude of electrical energy when calculating the solar self-698 
production. While, on the other hand, the unit product cost of electricity (��,��) is lower for 699 

the grid, i.e. 0.13 €/kWh, compared to PV panels, i.e. 0.1764 €/kWh (Table 5). As a 700 
conclusion, PV panels could only be economically competitive to the grid if the costs of 701 
electricity bought from the grid and/or sold to the grid is raised. Otherwise, subsidies are 702 
needed to compensate for the cheap electricity from the grid. 703 

Solar-assisted heat pump (SAHP) can be compared against ST panels for domestic hot water 704 
and space heating demands by studying Cases I & III. SAHP achieves higher fuel savings 705 
( ��(), by 243.3 kWh/y, and consequently, solar self-production (@��), by 3%, when 706 

compared to ST panels (Tables 4 and 5). This increase justifies by the COP of SAHP for 707 
space heating and domestic hot water production being set to 3 and 2, respectively (Table 1). 708 
Thus, 1 Wh of electrical energy produces 3 Wh of thermal energy for space heating (2 Wh for 709 
DHW production). Moreover, the unit product cost of domestic hot water (��,
��) of SAHP 710 

is lower than that of ST panels by 5.33 c€/kWh. Additionally, SAHP has a lower unit product 711 
cost of space heating (��,��) than ST panels by 4.56 c€/kWh. However, it is important to note 712 

that the ��,�� of Case I (PV + SAHP) is significantly higher than Case III (PV + ST), i.e. by 713 

46.65 c€/kWh. This is due to the higher number of PV panels in Case I compared to Case III 714 
(Table 4), contributing towards the extra electricity generated by PV panels which is used by 715 
SAHP to meet the thermal demands. Thus, the increase in ��,�� cannot be neglected when 716 

comparing SAHP and ST panels to cover the thermal demands. The total unit product cost 717 
(��,�����) of PV + SAHP [Case I] is higher than for PV + ST [Case III] by 0.58 c€/kWh. 718 

To complete the discussion on the comparison of SAHP and ST panels certain drawbacks of 719 
a heat pump need to be mentioned. Heat pumps produce noise during operation which may 720 
not be suitable for some locations. Also, there is a requirement of outdoor space for the 721 
installation of heat pump, which may not always be available. Furthermore, retrofit 722 
installation of a heat pump is fairly challenging. These drawbacks of heat pumps may lead to 723 
the ST panels being chosen as the better alternative depending on the location and 724 



 
 

requirements of the installation site. A major advantage of ST panels is that the installation is 725 
not too disruptive, while heat pumps can be tough to install. 726 

An additional point to be discussed is related to the subsidies and other benefits provided by 727 
the government to promote the use of renewable energy technologies. In France, the 728 
generation of electricity from renewable technologies is encouraged through a feed-in tariff 729 
and tax aids, while heat production from renewable sources is promoted by means of 730 
subsides, tax regulation mechanisms and zero-interest loans [65]. If these factors are also 731 
accounted for in the thermoeconomic analysis, the effective investment cost of a renewable 732 
energy-based system would be lower (after subtracting the subsidies and other monetary 733 
benefits). Subsequently, the unit product cost (��,�����, Eq. (11)) of the system would reduce, 734 

indicating higher economic gains from the renewable energy-based systems. 735 

 736 

5 Conclusions and perspectives 737 

This study presents thermoeconomic optimization and comparison of four different solar 738 
combined heating and power systems: photovoltaic (PV) panels and solar-assisted heat pump 739 
(SAHP), national grid and solar thermal (ST) panels, PV and ST panels, and hybrid 740 
photovoltaic thermal (PVT) panels. These combined heating and power solutions are 741 
evaluated and compared, also against the reference national grid and gas boiler, to cover the 742 
electrical and thermal (space heating and domestic hot water) needs of an individual 743 
household (120 m2) in Chambery (France). The system design parameters namely, number of 744 
solar panels, electrical and thermal storage capacities are first optimized for each system 745 
using genetic algorithm to minimize the total unit product cost (i.e. thermoeconomic 746 
objective). An increase in the system size at the expense of cost, however, may be justified in 747 
terms of higher solar contribution until the unit product cost remains lower than the reference; 748 
the optimal designs for the different systems are thereby chosen. Further, the performances of 749 
the considered systems are assessed in terms of solar self-production, solar self-consumption, 750 
energy from solar panels, energy required from the grid, fuel savings and unit cost of each 751 
product.  752 

The following conclusions can be drawn from this study: 753 

(i) Introduction of ST panel [Case II] is economically competitive to the case without 754 
panels (i.e. just the auxiliary system of grid + electrical boiler running) with a higher 755 
contribution from renewable sources. Moreover, ST panels have higher fuel savings 756 
( ��() and solar self-production (@��), and lower ��,
�� and ��,�� compared to a 757 

conventional gas boiler. Thus, ST panels perform better than a natural gas boiler to 758 
meet the thermal demands of an individual house. Further, this system is superior to 759 
the other systems in terms of ��,�����. However, Case II has the lowest fuel savings 760 

(2248.1 kWh/y) and solar self-production (34%) amongst Cases I–IV.  761 

(ii) The fuel savings and solar self-production improves when the grid is replaced by PV 762 
panels to meet the electrical demands, however, ��,�� of the grid is lower than that of 763 



 
 

PV panels by 4.64 c€/kWh (without considering any subsidies). The high investment 764 
and maintenance costs of PV panels overpower the operating costs from the French 765 
national grid (relatively inexpensive). Though, the inclusion of subsidies could 766 
enhance the profitability of the PV panels. Hence, PV panels are better in terms of 767 
fuel savings but worse economically than the grid for the electrical requirements of an 768 
individual house. However, it is worthwhile to mention here that these results 769 
correspond to the specific case of the French national grid, having high efficiency and 770 
low cost. Nevertheless, similar trends would be observed in a perspective of future 771 
decarbonized and efficient national grids. 772 

(iii) From an economic standpoint, Case III (PV + ST panels) performs worse than Case II 773 
(grid + ST panels) due to the implementation of PV panels. However, it achieves 774 
higher solar indices: + 7% in @�� and +1% in @�=, thanks to additional solar 775 

production. 776 

(iv) Heat pump, whether driven by the grid or PV panels, leads to a significant reduction 777 
in the total unit product cost (��,�����). The best solution economically remains a grid-778 

driven heat pump, though without any solar gains. SAHP attains more fuel savings by 779 
243.3 kWh/y and a higher solar-self production by 3% compared to ST panels, 780 
whereas ��,����� is higher for PV + SAHP system than PV + ST system by 0.58 781 

c€/kWh. 782 

(v) Single PVT panel [Case IV] seems to be the cheapest solution (economically alone) 783 
excluding heat pump-based solution [Case I], which attains considerably lower 784 
��,�����. Moreover, increasing the number PVT panels (up to 6 panels) leads to the 785 

highest fuel savings (3230.3 kWh/y) and solar self-production (49%), while keeping 786 
the total unit product cost (��,�����) lower than that of the reference system. 787 

The present study opens up several perspectives for future research. To begin with, a storage 788 
for space heating, in addition to domestic hot water production, may be employed for a more 789 
thorough analysis. To achieve this, a storage tank could be implemented for both domestic 790 
hot water and space heating applications. Seasonal storage could also be investigated. An 791 
alternative approach could be to introduce the building’s thermal inertia as a storage strategy 792 
for space heating. However, this approach stores thermal energy at the cost of the thermal 793 
comfort inside the building. Another perspective would be to identify strategies for orienting 794 
public policies in cities based on the results of this study. The public policies may be 795 
designed by investigating different ways to achieve a compromise between the economic 796 
savings and the environmental implications of a combined heating and power system. 797 
Further, the combined heating and power systems based on other renewable and clean 798 
energies, such as wind, hydro and biomass energy, could be studied and optimized from a 799 
thermoeconomic standpoint. Moreover, subsidies provided by the government to promote the 800 
renewable energy-based systems may be included in the thermoeconomic analysis, thereby 801 
making the renewable energy-based systems more profitable.   802 
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