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Abstract
[bookmark: _Hlk140780455]To reduce primary energy consumption and emissions for households, this paper assesses the techno-economic-environmental performance of four residential energy systems based on a variety of solar technologies, i.e., solar photovoltaic (PV) panels, solar thermal evacuated tube collectors (ETCs), photovoltaic-thermal (PVT) collectors, and hybrid PV-ETCs, in comparison with grid-dependent systems. The primary innovative contribution of this study is the integration of realistic market-based cost models into the assessment framework, along with a comprehensive generalisation analysis to address the potential of solar-based systems across diverse contexts. An extensive market investigation on the current retail prices and quotations of components is first conducted, with up-to-date data integrated into the economic evaluation. The component sizes and operational control variables of the solar systems are optimised to achieve the minimum net present cost (NPC). A case study in Beijing shows that PV-, ETC-, PVT- and hybrid PV-ETC-based systems reduce the benchmark NPC of grid-dependent systems (USD 9890) by 34%, 31%, 44% and 43%, respectively, indicating that solar systems, especially cogeneration systems, are cost-effective in residential households. In contrast, ETC-based systems achieve the shortest payback period of 3.4 years and the highest internal rate of return at 42%. Moreover, these solar systems reduce the benchmark carbon emissions of grid-dependent systems (9500 kg) by 35%-74%. The influence of local conditions and parameters on system performance is also investigated, showing that all solar systems can be profitable with annual solar irradiance of 900-2500 kWh/m2 and electricity tariffs of 0.05-0.10 USD/kWh. A generalised analysis of load characteristics indicates that PV-, hybrid PV-ETC-, and PVT-based systems are optimal for householders with low domestic (<40 L/day), medium (40-200 L/day), and high hot water loads (>200 L/day), respectively. Finally, the economic feasibility of these systems is analysed in Beijing, Washington, London and New Delhi to span different global regions, revealing that all systems are profitable in these locations, and that hybrid PV-ETC-based systems in London achieve the highest NPC reduction of USD 20600.
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Highlights
· Comprehensive comparison of solar energy systems using PV, ETCs and PVT collectors
· An extensive survey of updated market prices to ensure a reliable cost assessment
· Cogeneration systems yield lower costs and carbon emissions than individual systems
· Solar systems benefit from abundant solar irradiance and high electricity tariffs
· Hybrid PV-ETC-based systems in London achieve the highest cost savings of USD 20600
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Nomenclature

Abbreviations
AC 	air conditioning system
COP 	coefficient of performance
DHW 	domestic hot water
ECE 	equivalent carbon emissions
EH 	electric heater
ETC	evacuated tube collector
FPC	flat plate collector
HP 	heat pump
IEA	International Energy Agency
IRR 	internal rate of return
LCOE 	levelised cost of energy
ROI 	return on investment
NPC 	net present cost
NPV 	net present value
NREL 	National Renewable Energy Laboratory
NSRDB 	National Solar Radiation Database
PBP 	payback period
PV 	photovoltaic
PVT 	photovoltaic-thermal
TLBO 	teaching-learning-based optimisation


Symbols
A 	heat collecting area, m2
cp		specific heat capacity, J/(kg·K)
C	cost, USD
DOD	depth of discharging
E	capacity, J or Wh
I	solar irradiance, W/m2
T	temperature, K or ℃

	mass flow rate, kg/s
N	number of years
obj	objective function
P	power, W
Q	heat, J or Wh
r	real discount rate
R	rate or ratio
V	volume, m3 or L

Greek symbols

 	efficiency factor

 	carbon emission factor, kg/Wh

	electricity tariff, USD/Wh

 	time interval, s, min, h or day

	conversion efficiency

 		water density, kg/m3

Subscripts
bat	battery
cur	curtailed
deg	degradation
grid	the utility grid
life	lifetime
loads	total residential loads
main	mains water
nom	nominal
ref	reference
sc	space cooling or self-consumption
sh	space heating
solar	solar systems
ss	self-sufficiency
stc	standard test condition
tank	water tank
temp	temperature

Superscripts
bench	benchmark
c	cooling
ch	charging
dis	discharging
h	heating
in	inlet or input
inv	investment
m	maintenance
max 	maximum value
mean	average value
out	outlet or output
re	reduced
rep	replacement
th	thermal



1. Introduction
Solar energy technologies are among the most popular options for distributed renewable energy generation in residential households [1]. Thanks to mature business models and rapid cost reductions in recent years, the global installed capacity of photovoltaic (PV) panels increased dramatically from 70 GW in 2011 to 710 GW in 2020, with global electricity generation rising from 60 TWh to 830 TWh [2]. However, the fluctuating and unpredictable nature of the solar resources inevitably leads to a mismatch between PV system power generation and load demand, necessitating the integration of energy storage to regulate this imbalance.
Additionally, solar energy can be harnessed to supply heat via solar thermal technologies [3], such as flat plate collectors (FPCs) and evacuated tube collectors (ETCs) [4]. The nominal solar-to-thermal conversion efficiencies of FPCs and ETCs can reach up to 60% and 70%, respectively [5], and they have been acknowledged as effective options for supplying residential space heating and domestic hot water (DHW) loads. In particular, ETCs, which hold a significant market share of 69% [6], are regarded as a representative solar thermal technology.
Beyond solar PV and solar thermal technologies, hybrid photovoltaic-thermal (PVT) collectors, which integrate PV cells with a thermal absorber, have also attracted growing interest as a solution for the simultaneous provision of electricity and heat. The elevated operating temperature of PV cells under hot and sunny conditions can significantly degrade their electrical efficiency. In PVT collectors, a thermal absorber is adopted to cool the PV cells using a heat transfer fluid, which can be used downstream for heat supply, thereby improving the overall system efficiency [7].

1.1 Solar power-based systems
The feasibility of adopting PV panels and batteries in residential energy systems has been extensively studied. For instance, Zhang et al. [8] investigated the optimal sizing and operation strategy of grid-connected residential PV-battery systems. The results showed that integrating batteries effectively enhanced self-sufficiency and self-consumption, but the high costs would degrade payback period (PBP) and levelised cost of energy (LCOE). Terlouw et al. [9] conducted an optimal design of PV-based residential energy systems using a life cycle economic and environmental assessment. The results indicated that PV-battery-heat pump (HP) systems provided an effective solution for reducing the consumption of carbon-intensive and costly grid-imported electricity or natural gas. Pena-Bello et al. [10] also examined the potential of PV-HP-battery systems for decarbonising residential heating, and their evaluation revealed that batteries increased the PV self-consumption rate to 30-39% and reduced peak residential demand by 14-17%. Laterre et al. [11] explored the integration of PV panels with Carnot batteries comprising a HP, thermal storage and a heat engine, into residential energy systems. Their findings indicated that Carnot batteries were a cost-effective addition to PV-based residential systems. Hassan et al. [12] evaluated the techno-economic-environmental (TEE) performance of on-grid and off-grid PV-battery systems for household electrification. The evaluation showed that both options were technically feasible for meeting household loads, while on-grid operation yielded a 7% lower cost than off-grid operation due to the benefits of feed-in tariffs. Furthermore, Steinbach et al. [13] studied the impact of PV-battery residential systems on grid reinforcement costs associated with increasing electrified mobility, and found that adopting PV-battery systems reduced grid-related costs by 39%-51%.
The TEE performance of residential energy systems can be improved through demand-side management. Tostado-Veliz et al. [14] incorporated demand response strategies and the possibility of grid outages into the sizing methodology for residential PV-battery systems. Their findings indicated that integrating demand response and batteries could improve the resilience of residential systems during grid outages. Wang et al. [15] analysed the impact of battery storage and electric vehicle management on the autonomy of household PV-based systems, and the analysis revealed that the coordinated control of electric vehicles and batteries significantly enhanced PV self-consumption. Gorman et al. [16] explored the potential of PV-battery systems to supply backup power under various residential consumption patterns, and the results showed that load flexibility and climate conditions played a critical role in system design and backup capability.
Additionally, the TEE performance of PV-based systems varies across regional conditions. Wang et al. [17] evaluated the economic feasibility of residential PV-battery systems in the UK under various scenarios, including geographical locations, supporting policies, load profiles, and electricity tariffs. The findings revealed that the net present value (NPV) of such systems dropped by 96% due to reduced government subsidies for PV investments. Yang et al. [18] analysed region-specific investment decisions for residential PV-battery systems in China, with results suggesting that abundant solar irradiance, high electricity tariffs, and support policies such as carbon trading and storage subsidies could improve investment benefits. Ren et al. [19] assessed the TEE benefits of residential PV-HP-based systems across various regions in China, and the results indicated that system performance and optimal control strategies were significantly influenced by the climate zones. Saez et al. [20] analysed the techno-economic performance of rooftop PV-based systems in Spain, and found that geographical differences between urban and rural areas led to distinct PV self-consumption rates. Nicoletti et al. [21] studied the optimal sizing of PV-HP-battery residential systems in different Italian climatic regions, revealing that PV and battery sizes strongly depended on residential heat demand and climatic characteristics.

1.2 Solar thermal-based systems
The developments and applications of PVT systems, including various types of PVT technologies, working fluids, and environmental conditions, were summarised by Jia et al. [22]. In contrast, Herrando et al. [23] provided a comprehensive overview of PVT collectors and PVT-based systems, including a classification of PVT collectors, modification pathways for upgrading PVT collectors, and a global assessment of carbon mitigation potential of PVT-based systems.
The TEE performance of PVT collectors in residential applications has also been extensively evaluated. For example, Zabnienska-Gora et al. [24] evaluated the annual energy performance of PVT collectors for residential heating, and their findings indicated that PVT collectors could reliably supply heat during spring and autumn, while an auxiliary heater was required during winter. Erixno et al. [25] conducted a TEE assessment of PVT collectors with batteries and thermal storage in residential applications. This study reported a 27% reduction in carbon emissions compared to grid-dependent systems. Obalanlege et al. [26] integrated PVT collectors with HPs for co-generation, and the techno-economic analysis showed that PVT-HP systems met over 30% of the power load and 80% of the DHW load, achieving significant reductions in both costs and emissions. Wang et al. [27] evaluated the techno-economic performance of PVT-HP systems incorporating phase change material thermal storage, revealing that such systems reduced energy consumption and operating costs by 56% and 28%, respectively. Vallati et al. [28] proposed retrofitting residential buildings using PVT-HP systems, and the results indicated a 36% reduction in primary energy consumption. Xu et al. [29] investigated the impact of PVT collector area on residential systems, with results showing that a larger PVT installed area increased the self-sufficiency rate and solar fraction by 28% and 19%, respectively, but reduced the solar thermal efficiency by 45%. Wang et al. [30] analysed the performance of PVT-based building energy systems under different operation strategies. The results revealed that optimization-based strategies led to lower operating costs, despite lower energy efficiency and greater grid impacts.
Similar to PV-based systems, the performance of PVT-based systems strongly depends on regional conditions. Herrando et al. [31] modelled and optimised flat-box PVT-based systems for residential power, space heating and DHW supply across different European locations. Their results indicated that the PBP of PVT-based systems depended on solar irradiance and grid electricity tariffs. Adun et al. [32] analysed the TEE performance of residential PVT-based systems in the Middle East and North Africa, revealing seasonal variations in the energy efficiency of PVT collectors across all locations. Mortadi et al. [33] conducted a TEE assessment of PVT-based tri-generation systems under Moroccan climate conditions, showing that PVT-based systems were more cost-effective in hot desert regions. Andalibi et al. [34] analysed the performance of PVT-HP-thermal storage systems for sports complexes, considering regional differences in water, natural gas, and electricity prices. This analysis indicated that these PVT-based systems were not economically viable in Iran, but achieved a short PBP of 3.8 years in Portugal. Roy et al. [35] evaluated the techno-economic feasibility of residential PVT-based systems with a Stirling engine across different building types in the UK, with results showing that those installed in detached houses delivered the lowest costs. Wang et al. [36] analysed the TEE performance of PVT-HP systems in regions with varying cooling/heating ratios, and the results showed that increasing the size of PVT collectors yielded better performance in cooling-dominated regions, while higher electricity prices improved the economic competitiveness in heating-dominated areas.

1.3 Comparison of various solar-based systems
With the increasing interest in residential solar power, solar thermal, and PVT-based systems, it is essential to compare the TEE performance of these solar energy systems to identify the most promising options for different applications. Wang et al. [37] compared the techno-economic performance of solar PV, solar thermal, and PVT systems based on a case study of a sports centre. Here, the PVT system delivered the best energetic performance, covering 81% of the electrical load and 31% of the heating load, whereas the PV system yielded the shortest PBP (9.4 years) and the lowest LCOE (0.113 USD/kWh). Dimri et al. [38] evaluated the economic performance of PV-HP, FPC, hybrid PV-FPC, and PVT systems for residential heating applications. Results from this work indicated that PV-HP systems achieved the lowest unit production costs, while FPC systems assisted by electric heaters (EHs) were the most cost-competitive. Asefi et al. [39] compared the techno-economics of PV and PVT systems with or without thermal storage. Their analysis revealed that PVT systems achieved a significantly lower LCOE, while PV systems yielded a shorter PBP. Similarly, Wang et al. [40] compared the techno-economics of PV- and PVT-based building energy systems, and the results showed that PVT systems reduced electricity costs by 10% compared to PV systems, and significantly smoothed grid power fluctuations. Furthermore, Herrando et al. [41] conducted a life cycle environmental assessment of PV, PVT, and grid-based residential systems. The results indicated that PVT and PV systems reduced environmental impacts by 50% and 30% compared to grid-based systems, and PVT systems offered environmental benefits regardless of solar irradiance levels and electricity mix.
Additionally, regional differences have a significant impact on the performance of various solar systems. Mousa et al. [42] examined the optimal technological mix of solar power and solar thermal systems for industrial applications across 12 global regions. Their findings revealed that hybrid solar power/thermal configurations generally achieved the best TEE performance in most regions. Su et al. [43] compared the life cycle environmental performance of PV, ETC and PVT systems, considering different climate characteristics and energy structures. The results indicated that ETC systems were more suitable for regions with renewable-dominated energy mixes, while PV systems performed better in coal-dominated regions. Elaouzy et al. [44] investigated the TEE performance of residential PV and PVT energy systems across six climatic regions, and their results demonstrated that both PV and PVT systems performed best in desert climates and worst in Mediterranean climates. Seddik et al. [45] compared the TEE performance of PV, FPC and PVT energy systems for building applications in six Moroccan regions. Their results indicated that FPC and PVT systems produced significantly lower carbon emissions than PV systems for all regions, but their economic performance was highly sensitive to subsidised gas prices. Overall, solar PV, solar thermal, and PVT systems each present unique advantages, and no single option consistently outperforms the others across all applications, climate regions, and performance indicators.

1.4 Contributions
Based on the review of the aforementioned literature, various solar technologies demonstrate strong potential for adoption in residential energy systems. In terms of economic feasibility, most studies have relied on cost data and/or correlations directly sourced from earlier literature, which might be outdated or unrealistic, as the market of solar technologies has witnessed significant price changes, e.g., a dramatic manufacturing cost decrease for PV panels and solar thermal collectors, as well as the gradual commercialisation of PVT collectors in recent years [46]. However, studies such as Laterre et al. [11], Yang et al. [18], and Wang et al. [36], have concluded that the economic performance varies significantly under different cost scenarios, highlighting the critical role of cost parameters in determining the economic feasibility of residential solar-based systems. Therefore, a key research gap identified by these observations is the need to investigate up-to-date market prices of these technologies (and auxiliary devices), to provide updated cost evaluation models and to accurately evaluate their economic feasibility in practical applications.
Although the impact of regional differences on the performance of various solar systems has been extensively investigated, previous literature has primarily focused on a limited number of case studies to demonstrate their techno-economic feasibility in specific geographic contexts. However, the findings derived from these case studies are only applicable to the regions under investigation, and provide limited reference value for regions beyond their scope. Therefore, the generalised impact of key factors such as cost levels, solar irradiance, electricity tariffs and residential load characteristics on system performance requires further exploration. Different regions and households are characterised by these factors, which significantly affect the techno-economic performance of solar systems and the final decision on the most cost-effective solution. A critical research gap remains in a more generalised techno-economic analysis that incorporates a broad range of conditions and parameters, which is essential for providing comprehensive and relevant guidance for various householders across diverse contexts.
To address the aforementioned knowledge gaps, this work incorporates realistic market-based cost models and a comprehensive generalisation analysis into the TEE assessment framework, based on which the performance of four residential solar energy systems is compared. These systems include PV-, ETC-, PVT- and hybrid PV-ETC-based configurations, which are designed to supply electricity, space cooling, space heating and DHW demands of residential households.
Innovatively, this work conducts an up-to-date market price survey of PV panels, inverters, batteries, ETCs, PVT collectors and water tanks, based on publicly available retail prices and quotations from various manufacturers. The collected pricing datasets are used to develop two cost scenarios, representing average market prices and the lowest available prices, which are incorporated into the economic evaluation models. 
Subsequently, the installed sizes of different solar systems, along with their operational control variables, are optimised using a heuristic algorithm to minimise the net present cost (NPC). Based on the cost-optimal solutions, the technical performance of each system is assessed using self-sufficiency and self-consumption indices. Their economic profitability is holistically evaluated via the LCOE, PBP, return on investment (ROI) and internal rate of return (IRR). Environmental benefits are quantified using the equivalent carbon emissions (ECE) index.
Furthermore, a comprehensive generalisation analysis of key driving factors, including market prices, solar irradiance, electricity tariffs and residential load characteristics, is conducted to provide a broader mapping of the economic feasibility of these systems across diverse contexts. As the ranges of these factors are derived from the boundaries of realistic conditions, the resulting generalised maps enable any region or household characterised by these parameters to directly evaluate the performance of their solar systems and identify the corresponding optimal solutions. In addition, this work compares the TEE performance of solar systems in four typical global locations (Beijing, Washington, London and New Delhi) which exhibit distinct country-specific electricity tariffs and market prices, thus offering tailored insights for these locations.
The primary innovative contributions of this work are summarised as:
(1) Novel economic evaluation models for solar energy systems are developed based on an up-to-date market price survey of system components, using publicly available retail prices and quotations from various manufacturers. These economic models are incorporated into the optimisation of sizing configuration and operational control variables, to accurately evaluate and compare the TEE performance of four residential solar energy configurations.
(2) A comprehensive generalisation analysis of key driving factors including market prices, solar irradiance, electricity tariffs and residential load characteristics, is conducted to provide a broader mapping of the economic feasibility of solar-based systems across diverse contexts. By incorporating distinct country-specific electricity tariffs and market prices, a global-level TEE assessment of solar-based systems is further conducted for four typical locations, offering tailored insights and region-specific references to support informed decision-making.

2. Methodology
From the perspective of householders, this work aims to comprehensively compare the TEE performance of four residential solar energy systems based on sizing-control optimisation, so as to support informed decision-making in solar technology deployment. Notably, realistic market-based cost models and a generalisation analysis are integrated into the TEE assessment framework.

2.1 System configurations
In this work, PV-based, ETC-based, PVT-based and hybrid PV-ETC-based residential energy systems are considered, referred to as System-1, System-2, System-3 and System-4, respectively. A grid-dependent system, in which all residential loads are fully supplied by the utility grid via energy conversion devices, is regarded as a benchmark for comparison. The configurations and operational strategies of each system are introduced below.

2.1.1 System-1: PV-based system
A schematic diagram of System-1 is shown in Figure 1, which primarily includes PV panels, inverters and batteries. All residential loads including electricity, space heating, space cooling and DHW, are supplied by electric power via energy conversion devices. Space heating and space cooling are supplied by an air conditioning system (AC), and DHW is supplied by an EH. The power generated by PV panels shows a significant intra-day difference, so batteries are adopted to balance the mismatch between PV power generation and residential loads via flexible charging and discharging. When PV power exceeds the overall residential loads, the surplus power is stored in the batteries, while any remaining power that cannot be stored will be curtailed [47]. Contrarily, when PV power cannot cover the residential loads, the deficiency will be firstly supplied by batteries, and the utility grid is responsible for the unmet loads. The grid-imported power is typically recorded monthly by an electricity meter to calculate the electricity bills.
[image: ]
Figure 1. Schematic configuration of System-1 (PV-based system).

2.1.2 System-2: ETC-based system
A schematic diagram of System-2, in which ETCs are selected as a representative solar thermal technology due to their dominant market share [6], is shown in Figure 2. System-2 integrates ETCs to supply DHW, while any unmet DHW load is covered by a backup EH, and the space heating and cooling loads are supplied by an AC. The control strategy of ETCs is that, only if the outlet temperature reaches the required threshold, the hot water will be stored in the water tank [48]. Otherwise, the water is recirculated back to the collectors and reheated in the next time interval.
[image: ]
Figure 2. Schematic configuration of System-2 (ETC-based system).

2.1.3 System-3: PVT-based system
A schematic diagram of System-3 is shown in Figure 3. This system integrates PVT collectors, inverters, batteries, and a water tank to simultaneously supply DHW and electricity. The control strategies of batteries and PVT collectors are consistent with that of batteries in System-1 and ETCs in System-2, respectively.
[image: ]
Figure 3. Schematic configuration of System-3 (PVT-based system).

2.1.4 System-4: Hybrid PV-ETC-based system
A schematic diagram of System-4 is shown in Figure 4. This system integrates PV panels and ETCs, along with inverters and batteries, to independently supply electricity and DHW. The hybrid PV-ETC-based system performs the same operational functions as PVT collectors but features a separate structural configuration. Similarly, the control strategies of batteries and ETCs are consistent with those implemented in System-1 and System-2, respectively.
[image: ]
Figure 4. Schematic configuration of System-4 (hybrid PV-ETC-based system).

2.2 Techno-economic models
The energetic and economic models of system components, including PV panels, ETCs, PVT collectors, batteries, water tanks, inverters, ACs, EHs, and utility grid, are presented below.

2.2.1 PV panels
The electrical efficiency and power generation of PV panels depend on the tilted surface solar irradiance and ambient temperature, and are also influenced by degradation losses [49]:
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[bookmark: MTBlankEqn]where  is the power generated by PV panels at time t,  is the rated power of PV panels,  and  are the tilted surface solar irradiance and ambient temperature at time t,  and  are the solar irradiance and temperature on standard test condition,  and  are the reference solar irradiance and temperature,  is the nominal operating cell temperature,  is the temperature factor, and  is the degradation rate over time.
NPC is defined as the discounted present value of all costs throughout the life cycle [50], which is an intuitive index to evaluate the economic performance of energy systems. The NPC of PV panels consists of initial investment cost and annual maintenance cost, and can be expressed as:

	(2)





where  represents the NPC of PV panels, ,  are the investment cost and maintenance cost of PV panels respectively, in which the maintenance cost is taken as 2% of the investment cost for simplification [51],  is the expected system lifetime, and  is the real discount rate, which depends on the nominal discount rate and inflation rate.

2.2.2 Evacuated tube collectors
ETCs dominate the market share of solar thermal technologies in residential households, and their thermal efficiency and heat generation primarily depend on the tilted solar irradiance and ambient temperature. Accordingly, the thermal energy generated by ETCs is [37]:
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where  is the thermal energy generated by ETCs at time t,  is the heat collecting area of ETCs,  is the thermal efficiency of ETCs at time t, whose characteristic curve is shown in Figure A1 [37],  and  are the reduced temperature and average temperature of ETCs at time t,  and  are the inlet temperature and outlet temperature of ETCs at time t,  is the specific heat capacity of water, and  is the mass flow rate of water in ETCs. The outlet temperature of ETCs is calculated by an iterative method based on the heat balance of Eqs. (3) and (7).
The NPC of ETCs including investment and maintenance cost is:
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where  represents the NPC of ETCs,  and  are the investment cost and maintenance cost of ETCs, respectively.

2.2.3 PVT collectors
PVT collectors can simultaneously generate electricity and heat, offering higher overall efficiency compared to individual solar power or solar thermal systems over the same installed area [23]. When the temperature of the thermal energy (i.e., hot water) delivered by PVT collectors is kept low, their electrical efficiency can be higher than that of PV panels owing to the heat absorption of circulating water loop. Similar to ETCs, the thermal efficiency of PVT collectors is typically represented by characteristic curves of efficiency as a function of reduced temperature. The electric power and heat outputs of PVT collectors are [37]:
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where  is the power generated by PVT collectors at time t,  is the rated power of PVT collectors,  is the operating temperature of PVT collectors at time t,  is the thermal energy generated by PVT collectors at time t,  is the mass flow rate of water in PVT collectors,  is the heat collecting area of PVT collectors,  is the thermal efficiency of PVT collectors at time t, whose characteristic curve is shown in Figure A1 [37], and  is the reduced temperature of PVT collectors at time t. Similarly, the outlet temperature of PVT collectors is calculated by an iterative method based on the heat balance of Eqs. (10) and (12).
The NPC of PVT collectors including investment and maintenance cost is:
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where  represents the NPC of PVT collectors,  and  are the investment cost and maintenance cost of PVT collectors, respectively.

2.2.4 Batteries
Batteries are among the most applicable energy storage technologies in residential energy systems. Installing batteries can balance the mismatch between electricity generation and residential demand via charging/discharging processes, thus reducing dependence on the utility grid and enhancing system resilience. The operating constraints of the batteries are estimated from [52]:
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where  is the available capacity of batteries at time t,  is the rated capacity of batteries,  and  are the charging and discharging power of batteries at time t,  and  are the charging and discharging efficiency,  and  are the maximum charging and discharging rate,  is the depth of discharging, and  is the time interval. Moreover, batteries apply the "load following" operation strategy that batteries only store the surplus power generation and supply the unmet residential loads, so the scenario that the utility grid charges the batteries for price arbitrage is not considered in this work.
In addition to investment cost and maintenance cost, the NPC of batteries includes replacement cost due to its finite lifetime [53]:
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where  represents the NPC of batteries, ,  and  are the investment cost, maintenance cost and replacement cost of the batteries, and  is the replacement year, which depends on the minimum value of the cycle lifetime and calendar lifetime.

2.2.5 Water tanks
Water tanks serve as thermal energy buffers to balance the solar heat generation and DHW demand. The operating constraints of the water tanks in the simulated systems are:
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where  and  are the available volume and available heat of water tanks at time t,  is the rated volume of water tanks, and  are the inlet and outlet mass flow rate of water tanks at time t,  is the water density,  and  are the fixed temperature of water tanks and mains water, respectively.
The NPC of water tanks including investment and maintenance cost is:
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where  represents the NPC of water tanks,  and  are the investment cost and maintenance cost of water tanks, respectively. Notably, ETCs are typically integrated with water tanks (as shown in Figure 2), so the cost of water tanks does not require additional consideration. However, the storage volume of water tanks generally keeps a fixed relationship with the installed area of ETCs due to structural stress constraints. In contrast, PVT collectors should additionally account for the cost of water tanks due to the separated structure, while the storage volume of water tanks is not constrained by the installed area of PVT collectors.

2.2.6 Inverters
Inverters are essential to the residential applications of PV panels, as they convert DC power output into AC power for load supply. The net electricity output is reduced by the DC-AC conversion efficiency of inverters:
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where  and  are the input power and output power of inverters at time t, and is the conversion efficiency of inverters.
The NPC of inverters including investment and maintenance cost is:

	(24)



where  represents the NPC of inverters,  and  are the investment cost and maintenance cost of inverters, respectively.

2.2.7 Air conditioning systems
The space heating and cooling loads of residential energy systems are fully supplied by ACs owing to their high coefficient of performance (COP). The required power of ACs for space heating or cooling is estimated from the expression:
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where  is the required electric power of ACs at time t,  and  are the space heating and space cooling loads at time t,  and  are the COP of ACs for heating and cooling at time t, which are related to the ambient temperature. The heating and cooling COP characteristic curves versus different ambient temperatures are shown in Figure A2 [54].

2.2.8 Electric heaters
EHs are used to cover DHW loads in the grid-dependent systems, and also serve as a backup source for systems where solar thermal collectors are involved. The required power of EHs in the context of covering DHW loads is given by [55]:
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where  is the required electric power of EHs at time t,  is the DHW load at time t, and  is the power-to-heat conversion efficiency of EHs, which is not influenced by the operating temperature. It is worth noting that, the costs of ACs and EHs are not considered since they are installed by default in the benchmark and all solar systems.

2.2.9 Utility grid
The utility grid is responsible for residential loads which cannot be supplied by solar energy systems. The electricity bill from the utility grid is estimated from:
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where  represents the NPC of the electricity bill from the utility grid,  is the grid-imported power at time t, which is equal to the unmet loads based on simulated operation, and  is the electricity tariff for residential users.

2.3 Optimisation models
From the perspective of householders, the primary motivation for installing solar systems is to reduce electricity bills. Hence, the objective function of sizing optimisation for all solar systems is to minimise the NPC, which represents the present value of the total expenditure on solar systems and electricity bills throughout the system’s life. Then, sizing optimisation is solved by an efficient meta-heuristic algorithm, namely teaching-learning-based optimization (TLBO) [56], whose convergence and robustness have been demonstrated to outperform particle swarm optimisation, differential evolution, and firefly algorithm [57]. The population evolution mechanism of TLBO includes both learning from the best solution and learning through peer interaction, thus achieving an inherent balance between exploration and exploitation capabilities. The optimisation models for each system, including the objective function, decision variables, and constraints, are formulated below.

2.3.1 System-1: PV-based system
The NPC of System-1 includes the NPC of PV panels, inverters, batteries, and electricity bills. The decision variables of System-1 are the rated power of PV panels and the rated capacity of batteries, both of which are constrained by the available installation area of the household. The optimisation model of System-1 is given below:

	(28)

	(29)





where  represents the objective function of System-1,  and  are the decision variables of System-1,  and  are their maximum values. It is assumed that the rated power of inverters is the same as that of PV panels to cover all energy conversion scenarios.

2.3.2 System-2: ETC-based system
The NPC of System-2 consists of the NPC of ETCs and electricity bills. The sizing decision variable of System-2 is the installed area of ETCs, while the mass flow rate of the water loop is considered as an operational control variable, as it can influence the thermal efficiency of ETCs and the overall economic performance. The optimisation model for System-2 is:

	(30)

	(31)





where  represents the objective function of System-2,  and  are the decision variables of System-2,  and  are their maximum values.

2.3.3 System-3: PVT-based system
The NPC of System-3 consists of the NPC of PVT collectors, separate water tanks, inverters, batteries, and electricity bills. The decision variables of System-3 include the rated power of PVT collectors, the rated capacity of batteries, the rated volume of water tanks, and the mass flow rate of water in the PVT collectors. The optimisation model of System-3 is:

	(32)

	(33)









where  represents the objective function of System-3, , ,  and  are the decision variables of System-3, and , ,  and  are the maximum values for each decision variable.

2.3.4 System-4: Hybrid PV-ETC-based system
System-4 is the combination of System-1 and System-2, so its NPC consists of the NPC of PV panels, inverters, batteries, ETCs, and electricity bills. The decision variables of System-4 are the rated power of PV panels, the rated capacity of batteries, the installation area of ETCs, and the mass flow rate of water in the ETCs. The optimisation model of System-4 is described as:

	(34)

	(35)





where  represents the objective function of System-4, and , ,  and  are the decision variables of System-4, which are constrained by their maximum value.

2.4 Performance evaluation indicators
Based on the economic-oriented sizing optimisation, the TEE performance of four residential solar energy systems is comprehensively compared. The descriptions of technical, economic, and environmental indicators are presented below.

2.4.1 Technical indicators
Self-sufficiency and self-consumption are widely used to evaluate the technical performance of grid-connected residential energy systems [58]. Self-sufficiency is defined as the proportion of residential loads met by self-generated energy, reflecting the system’s autonomy and resilience. Self-consumption refers to the proportion of self-generated energy that is consumed by residential loads, which evaluates energy utilisation efficiency and indicates whether the installed solar technologies are oversized. These two indicators are expressed as:

	(36)

	(37)








where  and  are the self-sufficiency and self-consumption ratio,  is the grid-imported power,  represents the total residential loads,  and  represent the curtailed power and heat of solar technologies,  and  represent the power and heat generated by solar technologies.

2.4.2 Economic indicators
In addition to the NPC, economic indicators including the LCOE [59], PBP [60], ROI [61] and IRR [62], are adopted to evaluate the profitability of different residential solar energy systems. Specifically, the LCOE refers to the NPC of solar systems divided by their lifecycle discounted energy output, PBP indicates the number of years required to recover the initial investment costs, ROI is defined as the annual profit divided by the initial investment, and IRR is the discount rate that makes the NPV equal to zero, or that makes the NPC equal to the benchmark value:

	(38)

	(39)

	(40)

	(41)


[bookmark: _Hlk139102956]where  represents the specific NPC of solar systems, and  represents the benchmark grid-imported power. The difference in electricity bills between solar systems and the benchmark is considered as indirect profits of installing solar technologies.

2.4.3 Environmental indicator
The deployment of residential solar energy systems not only reduces electricity bills for households, but also decreases carbon emissions indirectly via lowering grid-imported power. Therefore, the ECE index [57] is applied to evaluate their environmental performance:

	(42)

where  is the carbon emission factor of the utility grid, which denotes the specific amount of carbon emissions associated with 1 kWh of electricity generation.

2.5 Updated market price investigation
To establish up-to-date cost evaluation models for components in solar systems, including PV panels, inverters, batteries, ETCs, PVT collectors, and water tanks, an extensive market price investigation based on Alibaba.com, the largest commercial trading platform, has been conducted in this work. Notably, the prices of PVT collectors are sourced from quotations provided by various manufacturers, while the data for other components are based on publicly available retail prices. A wide range of market prices from different manufacturers are collected, based on which the linear fitting curves representing the average market price and the lowest price available in the market for each component are derived, as shown in Figure 5. The specification ranges and manufacturers for each component are listed in Table 1. 
The cost of PV panels, inverters, and PVT collectors depends on the rated power, while the cost of batteries, ETCs and water tanks depends on the rated capacity, heat collecting area, and rated volume, respectively. The average fitting curves of components are adopted as cost models to evaluate the economic performance of various residential solar energy systems, and the lowest price curves are used to analyse the impact of market prices on the comparative results. It is worth noting that the up-to-date database and cost models can provide valuable references for investors and researchers conducting more accurate and reliable economic assessments for such systems in practical applications.

Table 1. Specification ranges and manufacturers of solar-based system components, including PV panels, inverters, batteries, ETCs, PVT collectors, and water tanks.
	Components
	Specification ranges
	Manufacturers

	PV panels
	280 W – 695 W
	Longi, JAsolar, Jinko Solar, Trinasolar, YINGLI, LDK, CanadianSolar, TW SOLAR, SUNTECH, TAOISTIC, REENERGY, CHINT, ReneSola, risen, SOLEAD, 
DAH solar, MY solar

	Inverters
	2 kW – 10 kW
	SUNGROW, ginlong, GROWATT, invt, goodwe, AiSWEI, HopeSun, SINENG, SOFAR

	Batteries
	3.2V: 25 Ah – 320 Ah
3.7V: 62 Ah – 234 Ah
	CATL, BYD, GOTION, EVE, ETC, highstar, TAFEL, LISHEN, greatpower, REPT BATTERO, PYLONTECH, CALB, SVOLT, BNB, GBM, Ganfeng Lithium, TOPBAND, Envision AESC, Narada, Higee Energy

	ETCs
	1.875 m2 – 5.25 m2
	Micoe, sunrain, Hi-min Solar All, HUAYANG, Haier, Suntask, Linuo-paradigma

	PVT collectors
	310 W – 540 W
	Eusun, Sule, Uniepu, Suntask, BTE

	Water tanks
	40 L – 1000 L
	NANTOU, JUNBRO, LONGPU, QIANXIYUAN, xie chi, PHILMAN WG, Adton
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Figure 5. Market prices, fitting average price curves, and the lowest market price curves of PV panels, inverters, batteries, ETCs, PVT collectors, and water tanks.

3. Results and discussion
This work initially takes a household with four residents in Beijing, China (39.92° N, 116.37° E) as a case study to investigate the detailed TEE performance of various residential solar energy systems. Subsequently, the boundary conditions are extended to national and global scales to provide a broader mapping of their economic feasibility across diverse contexts.

3.1 Data preparation
[bookmark: _Hlk138966122]This work considers a residential flat-roofed building with an area of 130 m2 [63]. The total area required by the solar systems is constrained so as not to exceed this value. Figure 6 presents the residential load profiles for electricity (retrieved from HOMER Pro by the National Renewable Energy Laboratory (NREL) [64]), DHW (originated from the International Energy Agency (IEA) [65]), and annual space heating and cooling (simulated via EnergyPlus software [66] with indoor temperatures set as 18-26 ℃). Figure 7 shows the meteorological conditions in Beijing, including solar irradiance and ambient temperature, which are retrieved from the National Solar Radiation Database (NSRDB) [67] and Solargis Prospect [68]. The technical specifications and boundary parameters for evaluating TEE performance are presented in Table 2. Energy system modelling and sizing optimisation are implemented using MATLAB R2018b. The key control parameters of TLBO, namely the population size and the number of iterations, are set to 100 and 50, respectively.

Table 2. Technical specifications of each component and boundary parameters for residential solar energy systems.
	Component
	Parameter
	Value
	Unit
	Source

	PV panel
	Temperature coefficient
	-0.29%
	℃-1
	[69]

	
	First-year degradation rate
	<1.5%
	-
	[69]

	
	2-25 years degradation rate
	0.4%
	-
	[69]

	ETC
	Nominal thermal efficiency
	0.768
	-
	[37]

	PVT collector
	Nominal thermal efficiency
	0.726
	-
	[37]

	Inverter
	Conversion efficiency
	0.98
	-
	[70]

	Battery
	Round-trip efficiency
	0.90
	-
	[64]

	
	Depth of discharge
	0.20
	-
	[64]

	
	Cycle lifetime
	6000
	cycles
	[71]

	
	Calendar lifetime
	15
	years
	[64]

	Water tank
	Nominal temperature
	45
	℃
	[65]

	
	Main water temperature
	10
	℃
	[65]

	Electric heater
	Conversion efficiency
	0.98
	-
	[55]

	Electricity tariff
	<240 kWh/month
	0.068
	USD/kWh
	[72]

	
	240-400 kWh/month
	0.075
	USD/kWh
	[72]

	
	>400 kWh/month
	0.11
	USD/kWh
	[72]

	System
	Real discount rate
	6.4%
	-
	[73]

	
	USD-CNY exchange rate
	7.2
	-
	[74]

	
	Measurement lifetime
	25
	years
	[73]

	
	Carbon emission coefficient
	872
	g/kWh
	[75,76]
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Figure 6. Daily load profiles for electricity and DHW, as well as annual load profiles for space heating and cooling of a typical residential household in Beijing.

[image: ]
Figure 7. Annual profiles of the optimal tilted solar irradiance and ambient temperature in Beijing, with the optimal tilted angle of 35º and azimuth angle of 0º [68].

3.2 Optimal sizing and performance analysis
The optimal sizes of different systems based on the minimisation of NPC, along with TEE indicators are presented in Table 3. The optimization results derived from TLBO are validated through an enumeration approach, as shown in Figure A3.
All solar systems achieve a lower NPC compared to the grid-dependent system, indicating the profitability of installing solar technologies in residential households. Particularly, System-3 with PVT collectors of 1.8 kW (installed area of 8.4 m2), batteries of 2.7 kWh, and a water tank of 213 L, yields the lowest NPC of USD 5500, reducing electricity bills by USD 4390. System-2 with ETCs of 4.1 m2 and a water tank of 268 L has the best performance in terms of LCOE, PBP, ROI and IRR. System-1, which consists of PV panels of 5.2 kW (installed area of 24 m2) and batteries of 10.4 kWh, achieves the highest self-consumption thanks to the largest battery capacity, which consumes more surplus power generation. In comparison, System-4 with PV panels of 3 kW (installed area of 13.8 m2), ETCs of 4 m2, batteries of 6.2 kWh and a water tank of 262 L, delivers the highest self-sufficiency and the lowest ECE, attributed to its highest electricity and heat generation. Notably, energy storage (battery or/and water tank) is included in the optimal sizing results of all systems, further confirming that energy storage is essential and profitable by reducing the interaction between residential households and the utility grid. 
Overall, all solar systems exhibit distinct advantages in terms of technical, economic, and environmental performance. If the householders pursue the maximum profit, System-3 and System-4 with lower NPC are the best options. Conversely, if the householders prioritise low investment risk, System-2 with the shortest PBP would be a better option.

Table 3. Optimal sizing results and techno-economic-environmental performance indicators of various residential energy systems for a typical household in Beijing.
	
	Benchmark
	System-1
	System-2
	System-3
	System-4

	PV power (kW)
	-
	5.2
	-
	-
	3

	ETC area (m2)
	-
	-
	4.1
	-
	4

	PVT power (kW)
	-
	-
	-
	1.8
	-

	PVT area (m2)
	-
	-
	-
	8.4
	-

	Battery capacity (kWh)
	-
	10.4
	-
	2.7
	6.2

	Water tank volume (L)
	-
	-
	268
	213
	262

	Mass flow rate (L/h)
	-
	-
	22
	9.4
	23.7

	NPC (USD)
	9890
	6500
	6810
	5500
	5600

	Bill saving (USD)
	-
	3390
	3080
	4390
	4290

	LCOE (USD/kWh)
	-
	0.05
	0.028
	0.036
	0.053

	PBP (years)
	-
	7.0
	3.4
	4.4
	5.8

	ROI
	-
	0.14
	0.29
	0.23
	0.17

	IRR
	-
	0.16
	0.42
	0.29
	0.2

	Self-sufficiency
	0
	0.69
	0.27
	0.61
	0.74

	Self-consumption
	0
	0.72
	0.53
	0.59
	0.62

	ECE (kg)
	7500
	2360
	4880
	2910
	1950



3.2.1 Economic performance analysis
Figure 8 shows the optimal NPC breakdown including the investment costs and electricity bills of different systems. Generally, there is a clear trade-off between the investment costs and the electricity bills, i.e., higher investment costs of solar systems lead to lower electricity bills, albeit with diminishing marginal benefits. 
System-2 has the lowest investment cost (USD 1080) but the highest electricity bill (USD 5730), as the ETCs only supply the DHW load, while all remaining loads including space heating/cooling and electricity rely on the utility grid. Although the NPC of System-4 is comparable to that of System-3, its higher investment cost (USD 3440) results in a longer PBP and a lower ROI than System-3, as shown in Table 3. Notably, System-1 has the highest investment cost (USD 3830), but its electricity bill (USD 2670) is still higher than that of System-4 (USD 2160), indicating that cogeneration is more cost-effective than individual electricity generation. 
Overall, cogeneration systems based on PVT collectors and hybrid PV-ETC configurations deliver the lowest NPC, while the ETC-based system achieves the highest investment return.
[image: ]
Figure 8. Investment cost and corresponding electricity bill of various solar systems installed for a typical household in Beijing, along with the benchmark grid-dependent system.

The discounted cash flows of all systems are shown in Figure 9. In the first year, the cumulative cost of solar systems is higher than the benchmark due to the initial investment in solar technologies. However, the cumulative cost of the benchmark system surpasses that of solar systems after 3-7 years, owing to high electricity bills. Therefore, from the perspective of long-term benefit, the initial investment in solar technologies can lead to substantial electricity bill savings over the system’s lifetime, ultimately offsetting the upfront costs and making profits.
Nevertheless, the deployment of solar systems in real-life households remains limited. This is primarily due to the expensive initial investment cost of solar technologies and the lack of explicit cost-benefit assessment. To promote the practical application of residential solar energy systems, it is recommended that the government publicises the benefits and provides subsidies for installation, thus alleviating the financial burden of the initial investment.
[image: ]
Figure 9. Discounted cash flows of various solar systems installed for a typical household in Beijing, along with the benchmark grid-dependent system.

3.2.2 Technical performance analysis
Figure 10 shows the technical evaluation indicators (self-sufficiency and self-consumption) of various solar systems, and Figure 11 presents the annual energy flow Sankey diagrams. The annual electricity, DHW, space heating, and space cooling loads are 4064 kWh, 3051 kWh, 3670 kWh, and 102 kWh, respectively. ACs with a COP ranging from 2 to 5 [54], can convert 1 kWh of electricity into more than 1 kWh of thermal energy, so 1422 kWh of electricity meets 3772 kWh of space heating/cooling loads. In contrast, the power-to-heat efficiency of EHs is lower than 1, so 3114 kWh of electricity is required by the EHs to cover 3051 kWh of DHW load.
The self-sufficiency index represents the autonomy of residential energy systems while the self-consumption index reflects energy utilisation efficiency. System-1 yields the highest self-consumption and the second-highest self-sufficiency, as System-1 with the largest rated capacity of batteries can accommodate 2706 kWh of PV power. This effectively avoids energy curtailment and supplies 2427 kWh of electricity to decrease unmet loads, thus improving both energy efficiency and autonomy. By comparison, System-2 performs the lowest self-sufficiency, as the ETCs can only supply 2940 kWh of DHW load and the remaining 5600 kWh of electric loads need to be covered by the utility grid. Meanwhile, System-2 also performs the lowest self-consumption, as 2650 kWh out of 5590 kWh thermal energy generated by ETCs must be curtailed.
Furthermore, both self-sufficiency and self-consumption of System-4, which uses a hybrid PV-ETC configuration, are higher than System-3 with PVT collectors. Due to the significantly lower power generated by PVT collectors (2938 kWh) compared to PV panels (4943 kWh), 2239 kWh of unmet load in System-4 is supplied by the utility grid, which is lower than the unmet load of System-3 (3335 kWh). As a result, System-4 achieves higher self-sufficiency. Similarly, 3368 kWh out of 6320 kWh thermal energy generated by PVT collectors and 2539 kWh out of 5466 kWh thermal energy generated by ETCs are curtailed, respectively, enabling System-4 to achieve higher self-consumption.
The heat generation of PVT collectors always maintains a fixed relationship with power generation due to their integral structure, and this power/heat coupling limits sizing flexibility and leads to greater energy curtailment. Therefore, System-4 with separate PV panels and ETCs performs a better balance of energy efficiency and autonomy. 
Notably, the self-sufficiency and self-consumption of all solar-based systems can be improved by increasing energy storage capacity, but it would lead to higher investment costs.
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Figure 10. Self-sufficiency and self-consumption indices of different solar systems installed for a typical household in Beijing.
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Figure 11. Annual energy flow Sankey diagram of different solar systems with the optimal sizes for a typical household in Beijing: (a) System-1 with PV panels of 5.2 kW and batteries of 10.4 kWh, (b) System-2 with ETCs of 4.1 m2 and a water tank of 268 L, (c) System-3 with PVT collectors of 1.8 kW, batteries of 2.7 kWh and a water tank of 213 L, and (d) System-4 with PV panels of 3 kW, ETCs of 4 m2, batteries of 6.2 kWh and a water tank of 262 L.

3.2.3 Environmental performance analysis
Installing solar systems can not only reduce household electricity bills, but also indirectly lower carbon emissions. The carbon emission per kWh of grid-imported electricity can be roughly estimated based on the carbon intensity of coal-fired power plants and their proportion in the energy mix of utility grid [75,76]. The annual ECE of different systems are shown in Figure 12. Compared to the benchmark ECE (7500 kg), all solar systems significantly reduce the annual ECE by 2620-5550 kg. Particularly, System-4 performs the lowest ECE (1950 kg), representing a 74% reduction from the benchmark. Since only the direct carbon emissions of the utility grid are considered in this work, lower grid-imported electricity directly leads to lower carbon emissions. Therefore, the pattern of environmental performance is consistent with that of self-sufficiency.
This environmental analysis highlights the substantial carbon reduction potential of deploying solar technologies for an individual household. Consequently, the large-scale adoption of residential solar-based systems could play a critical role in the decarbonisation of the residential sector. Moreover, the "from cradle to grave" lifecycle carbon footprint of various solar technologies can be further included for a comprehensive environmental assessment.
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Figure 12. Annual equivalent carbon emissions of solar systems installed for a typical household in Beijing, along with the benchmark grid-dependent system.

3.3 Generalisation analysis
As concluded from the above discussions, all solar systems, especially PVT-based and hybrid PV-ETC-based configurations, demonstrate better TEE performance than the grid-dependent system. Furthermore, market prices, solar irradiance, electricity tariffs and residential load characteristics directly influence the comparative results of various solar systems. Therefore, this section further investigates the economic performance of solar systems across different parameters and conditions to provide generalisation patterns. Notably, solar irradiance and electricity tariffs represent regional differences, while residential load characteristics reflect the household’s variations in population and lifestyle. Accordingly, these factors are separately examined in this section.

3.3.1 Influence of market prices
The retail price and quotation of solar technologies and auxiliary devices vary across manufacturers, and these prices significantly influence the sizing configuration and economic feasibility of solar-based systems. The aforementioned economic assessments based on average market prices represent neutral scenarios, and the lowest available market prices are further considered to investigate their economic performance under optimistic scenarios.
Table 4 compares the optimal sizing configurations and performance indicators of various solar systems under two cost scenarios (average and lowest). As expected, the NPC of all systems decreases with lower component prices, albeit with different reduction scales. Under the lowest price scenario, the optimal rated power of PV panels and rated capacity of batteries in System-1 increase from 5.2 kW and 10.4 kWh to 7.3 kW and 14 kWh, respectively. These increased sizes lead to higher self-sufficiency (80%) and less imported grid electricity, significantly decreasing the NPC by 26%, from USD 6500 to USD 4810. In contrast, the optimal size of System-2 remains unchanged at 4.1 m2 of ETCs, which reaches the saturation point for DHW supply, and the optimal NPC slightly reduces by 6.7%. Additionally, the optimal size of PV panels of System-4 increases from 3 kW to 4.5 kW, while the ETC size slightly decreases even under lower prices. This is because ETCs serve only the DHW loads, accounting for 28% of the total loads, whereas PV power can supply all types of loads. Therefore, increasing the size of PV panels is more effective in reducing imported grid electricity and enhancing overall system performance. 
Notably, System-4 achieves the lowest NPC (USD 4100) under the lowest price scenario, and the NPC of System-1 (USD 4810) becomes identical to that of System-3. It suggests that PV-based systems offer the greatest cost-saving potential when PV panels are available at the lowest market prices. Nevertheless, System-4 integrating power and heat cogeneration remains more cost-effective than systems that generate electricity or heat independently.
The LCOE of System-1, System-2 and System-4 decreases under the lowest price scenario, but System-3 shows the opposite trend. This is because lower component prices lead to an increase in the rated power of PVT collectors under NPC-oriented optimisation, and more investment costs are required and greater solar energy is curtailed simultaneously, thus yielding a higher LCOE. In terms of PBP, ROI and IRR indicators, System-1, System-2 and System-4 present improved economic performance, whereas the values for System-3 are less sensitive to the price reduction. Furthermore, lower component prices contribute to reduced carbon emissions due to less imported electricity, thereby enhancing the environmental benefits.
Overall, lower market prices of system components generally result in a higher renewable energy share, improved economic performance, and lower carbon emissions. The comparison between the two cost scenarios confirms that cost parameters significantly affect the overall performance of solar systems, and even change the selection of cost-optimal solutions. This finding highlights the critical role of the realistic market-based cost models developed in this work in enabling reliable assessments of economic feasibility of installed solar technologies.

Table 4. Optimal sizing configurations and performance indicators of various residential solar energy systems for a typical household in Beijing, under average and lowest market price scenarios.
	
	System-1
	System-2
	System-3
	System-4

	
	average
	lowest
	average
	lowest
	average
	lowest
	average
	lowest

	Optimal sizing configurations

	PV power (kW)
	5.2
	7.3↑
	
	
	
	
	3
	4.5↑

	ETC area (m2)
	
	
	4.1
	4.1
	
	
	4
	3.6↓

	PVT power (kW)
	
	
	
	
	1.8
	2.5↑
	
	

	PVT area (m2)
	
	
	
	
	8.4
	11.7↑
	
	

	Battery capacity (kWh)
	10.4
	14↑
	
	
	2.7
	6.8↑
	6.2
	8.4↑

	Water tank volume (L)
	
	
	268
	268
	213
	185↓
	262
	237↓

	Flow rate (L/h)
	
	
	22
	22
	9.4
	7.1↓
	23.7
	22↓

	Performance indicators

	NPC (USD)
	6500
	4810↓
	6810
	6360↓
	5500
	4810↓
	5600
	4100↓

	LCOE (USD/kWh)
	0.05
	0.035↓
	0.027
	0.016↓
	0.036
	0.04↑
	0.053
	0.039↓

	PBP (years)
	6.95
	5.03↓
	3.4
	1.97↓
	4.41
	4.37↓
	5.83
	4↓

	ROI
	0.14
	0.20↑
	0.29
	0.51↑
	0.23
	0.23
	0.17
	0.25↑

	IRR
	0.16
	0.25↑
	0.42
	1.03↑
	0.29
	0.30↑
	0.20
	0.33↑

	Self-sufficiency
	0.69
	0.8↑
	0.27
	0.27
	0.61
	0.73↑
	0.74
	0.81↑

	Self-consumption
	0.72
	0.6↓
	0.53
	0.53
	0.59
	0.63↑
	0.62
	0.58↓

	ECE (kg)
	2360
	1530↓
	4880
	4880
	2910
	2030↓
	1950
	1440↓

	Grid electricity (kWh)
	2706
	1755↓
	5600
	5600
	3335
	2328↓
	2239
	1651↓



3.3.2 Influence of solar irradiance and electricity tariffs
Solar irradiance and electricity tariffs are two critical factors deciding whether solar systems are economically feasible for residential applications. Specifically, if solar energy resources are too scarce, installing solar systems becomes ineffective. On the other hand, if electricity tariffs are very low, solar systems may be unnecessary, as residential householders can purchase inexpensive electricity directly from the utility grid. 
The province-level distributions of solar irradiance and electricity tariffs across China are shown in Figure 13. Generally, solar irradiance in western areas is greater than that in eastern areas, while electricity tariffs exhibit the opposite spatial trend. The annual solar irradiance in China ranges from 970 kWh/m2 in Sichuan province to 2400 kWh/m2 in the Tibet autonomous region [68]. Average electricity tariffs in China span from 0.05 USD/kWh in the Xinjiang autonomous region to 0.10 USD/kWh in Shanghai municipality [72]. Notably, the average electricity tariffs refer to the average value of stair electricity tariffs, which are typically divided into three tiers based on monthly or yearly residential electricity consumption.
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Figure 13. Province-level solar irradiance and average residential electricity tariffs in China.

Based on the realistic boundary conditions in China, the ranges of annual solar irradiance and average electricity tariff are set to 900-2500 kWh/m2 and 0.05-0.10 USD/kWh, respectively. Figure 14 presents the optimal NPC of four solar systems under varying conditions. Generally, lower electricity tariffs and higher solar irradiance lead to lower NPCs across all systems, and the lowest NPC is achieved by System-3 with PVT collectors (USD 3590), under conditions of annual solar irradiance of 2500 kWh/m2 and average electricity tariff of 0.05 USD/kWh. More importantly, all solar systems are more cost-effective than the grid-dependent system across all conditions, even when the average electricity tariff is the lowest at 0.05 USD/kWh. These results highlight that solar-based systems are economically viable for residential deployment in any region of China.
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Figure 14. Optimal NPC of different solar-based systems under varying annual solar irradiance of 900-2500 kWh/m2 and electricity tariffs of 0.05-0.10 USD/kWh: (a) System-1, (b) System-2, (c) System-3, and (d) System-4.

Figure 15 illustrates the cost-optimal solar system under varying conditions of solar irradiance and electricity tariffs, with star markers indicating representative regions. The generalised results reaffirm that cogeneration systems (PVT-based and hybrid PV-ETC-based) are more cost-effective than individual systems. When the average electricity tariff is below 0.075 USD/kWh, System-3 with PVT collectors consistently achieves the lowest NPC across all solar irradiance levels. In contrast, System-4 with hybrid PV-ETC becomes the most cost-effective option only under conditions of both high electricity tariffs and intense solar irradiance. This is because System-4 performs higher self-sufficiency and imports less electricity from the utility grid than System-3, making it more adaptable to elevated electricity tariffs. Notably, System-3 is the dominant solution across all province-level regions represented in the map (Beijing, Sichuan, Tibet, Xinjiang, and Shanghai) under NPC-oriented optimisation. Therefore, the PVT-based system is generally more suitable for most regions in China.
These generalised results reveal that abundant solar irradiance and high electricity tariffs are beneficial for the self-deployment of solar systems, which are consistent with the findings of Yang et al. [18]. Furthermore, as the ranges of solar irradiance and electricity tariffs are derived from realistic boundary conditions, the resulting generalised maps enable any region in China characterised by these two parameters to directly assess the performance of their solar systems and identify the corresponding optimal solutions.
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Figure 15. Cost-optimal system under varying annual solar irradiance of 900-2500 kWh/m2 and electricity tariffs of 0.05-0.10 USD/kWh, labelled with representative regions in China.

3.3.3 Influence of residential loads
The residential space heating and DHW loads vary across households, due to differences in family population and lifestyle. Therefore, a generalisation analysis of residential loads is conducted to examine their impact on the comparative performance of various solar systems. Notably, variations in residential loads influence the cost comparison among different solar systems, but do not change the fact that all solar systems are more cost-effective than the grid-dependent system. This is because the cost-effectiveness of solar systems depends on the comparison between the LCOE and electricity tariffs, while the LCOE is primarily decided by the solar irradiance and market prices instead of residential load characteristics.
Setting the ranges of annual space heating load and daily DHW load to 0-8000 kWh/year and 0-400 L/day, respectively, Figure 16 shows the minimum NPC for each system under varying residential loads. A general pattern observed is that higher space heating and DHW loads result in higher NPCs, owing to larger sizing configuration and more grid-imported power.
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Figure 16. Optimal NPC of various solar systems under varying annual space heating loads of 0-8000 kWh/year and daily DHW loads of 0-400 L/day: (a) System-1, (b) System-2, (c) System-3, and (d) System-4.

Figure 17 further presents the cost-optimal solar system under varying conditions of residential loads. When the DHW load is below 40 L/day, System-1 with individual PV panels achieves the lowest NPC, as the DHW load is too low to take advantage of solar thermal technologies. System-4 becomes more cost-effective for DHW loads of 40-100 L/day. When the DHW load ranges from 100 to 200 L/day, System-4 is more cost-effective at higher space heating loads while System-3 is preferrable at lower space heating loads. Finally, when the DHW load exceeds 200 L/day, System-3 becomes the cost-optimal option for all space heating loads. The competition between two cogeneration systems (System-3 and System-4) is that PVT collectors with a lower LCOE and a fixed rate of power and heat generation are more favourable for a higher proportion of DHW load; otherwise, it may lead to considerable heat curtailment. In contrast, hybrid PV-ETC with a higher LCOE and a more flexible heat/power rate prefers a lower proportion of DHW load.
Overall, the DHW load is a decisive factor in selecting the most cost-optimal solar system. The general decision-making strategy is that households with low (<40 L/day), medium (40-200 L/day) and high (>200 L/day) DHW loads are recommended to adopt PV-based, hybrid PV-ETC-based, and PVT-based systems, respectively.
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Figure 17. Cost-optimal solar system under varying annual space heating loads of 0-8000 kWh/year and daily DHW loads of 0-400 L/day.

3.4 Global analysis
[bookmark: _Hlk142483948]Beyond the generalisation analysis across China, a global-level analysis is further conducted to investigate the economic feasibility of these residential solar systems worldwide. Boundary conditions, especially solar irradiance, electricity tariffs and market prices, vary significantly across different countries. In this work, Beijing, Washington, London and New Delhi are selected for a representative cross-national comparison. Washington is characterised by high market prices, London is featured by high electricity tariffs and low solar irradiance, and New Delhi has low electricity tariffs and low market prices. The solar resource data of these locations are retrieved from NSDRB [67], the electricity tariffs are retrieved from Statista [77], and the market prices of solar technologies are adjusted using the relative ratios of solar PV investment costs across different locations, as reported by the IEA [78].
Table 5 summarises the key boundary conditions and economic performance of various solar systems in each location. Figure 18 presents a global NPC comparison of these solar systems across the four locations. Despite the distinct boundary conditions, all solar systems consistently achieve a lower NPC compared to the grid-dependent system in each location. This trend highlights the global economic feasibility of adopting solar technologies for residential applications.
Specifically, the NPC of different systems in London is higher than in other locations, primarily due to its highest electricity tariff (0.41 USD/kWh). In contrast, New Delhi with the lowest electricity tariff (0.07 USD/kWh) exhibits the lowest NPC across all systems. As solar systems cannot fully meet residential loads and a large portion must be covered by the utility grid, the NPC remains strongly influenced by local electricity tariffs. In terms of the NPC reduction ratio compared to the benchmark system, System-4 (hybrid PV-ETC) in London delivers the largest NPC reduction of 45% (USD 20600), since the high electricity tariff significantly enhances the profitability of self-generation. In comparison, New Delhi achieves the lowest NPC reduction, reflecting the limited cost-competitiveness of solar systems in electricity markets with low prices.
Overall, solar technologies prove to be profitable for residential applications across various global regions, particularly in areas with high electricity costs. Furthermore, the distributed deployment of solar technologies at the household level can reduce the environmental impact of power generation by lowering the carbon emissions from the utility grid, and improve the energy security and resilience of residential energy systems, especially during grid outages.

Table 5. Key boundary conditions and economic performance of residential solar energy systems in Beijing, Washington, London and New Delhi.
	Locations
	Beijing
	Washington
	London
	New Delhi

	Annual GHI (kWh/m2)
	1400
	1520
	1030
	1715

	Electricity tariff (USD/kWh)
	0.08
	0.18
	0.41
	0.07

	Cost ratio
	0
	+73%
	+29%
	-6%

	NPC of benchmark (USD)
	9900
	20300
	46200
	7900

	NPC of System-1 (USD)
	6500 (↓34%)
	13600 (↓33%)
	27700 (↓40%)
	5700 (↓28%)

	NPC of System-2 (USD)
	6800 (↓31%)
	15400 (↓24%)
	36150 (↓22%)
	5850 (↓26%)

	NPC of System-3 (USD)
	5500 (↓44%)
	11800 (↓42%)
	25850 (↓44%)
	4850 (↓39%)

	NPC of System-4 (USD)
	5600 (↓43%)
	11900 (↓41%)
	25600 (↓45%)
	4750 (↓40%)



[image: ]
Figure 18. Global NPC of various solar systems and the benchmark grid-dependent system in Beijing, Washington, London and New Delhi.

[bookmark: _Toc117534611]4. Conclusions
This work aims to evaluate the techno-economic-environmental performance of residential solar energy systems (PV-, ETC-, PVT- and hybrid PV-ETC-based). Innovatively, this work incorporates realistic market-based cost models and a generalisation analysis of key driving factors into the research framework, aiming to deliver a more reliable and comprehensive assessment. An extensive market investigation of retail prices and quotations from various manufacturers is first conducted to update the cost assessment models. Moreover, a generalisation analysis of varying solar irradiance, electricity tariffs and residential load characteristics, is performed to provide a broader mapping of the economic potential of these solar systems across diverse contexts. Finally, an economic analysis spanning four typical global locations, characterised by distinct electricity tariffs and market prices, offers country-specific insights that support informed decision-making.
A case study in Beijing reveals that the optimal NPC of all solar-based systems is lower than that of the grid-dependent system. PV-based, ETC-based, PVT-based, and hybrid PV-ETC-based systems reduce the benchmark NPC (USD 9890) by 34 %, 31%, 44% and 43%, respectively, indicating that these solar systems are cost-effective for residential households by saving considerable electricity bills. Cogeneration systems, i.e., PVT- and hybrid PV-ETC-based systems, achieve the lowest NPC of USD 5500 and USD 5600, respectively. In contrast, the ETC-based system demonstrates the best performance in terms of LCOE, PBP, ROI and IRR thanks to its low investment cost and high energy efficiency. Moreover, the PV-based system with the largest battery capacity has the highest self-consumption (72%), while the hybrid PV-ETC-based system yields the highest self-sufficiency (74%) and the lowest annual ECE (1950 kg) as it can minimise the electricity imported from the grid. Under the lowest price scenario, the hybrid PV-ETC-based system achieves the lowest NPC of USD 4100, which outperforms the PVT-based system as the cost-optimal option. These findings highlight that each solar system offers distinct advantages.
A comprehensive generalised analysis indicates that all solar-based systems are more cost-effective than grid-dependent systems across China, under realistic boundary conditions of annual solar irradiance (900-2500 kWh/m2) and electricity tariffs (0.05-0.10 USD/kWh). Furthermore, cogeneration systems consistently deliver better cost-effectiveness than individual power or heat systems, and the hybrid PV-ETC-based system is particularly suitable for scenarios with high electricity tariffs and abundant solar resources. The DHW load is identified as a key parameter for the selection of these solar systems, and the general decision-making strategy is that the cost-optimal systems for households with low (<40 L/day), medium (40-200 L/day), and high (>200 L/day) DHW loads are PV-based, hybrid PV-ETC-based, and PVT-based systems, respectively.
A global-level analysis reveals that all solar-based systems are profitable in four typical locations (Beijing, Washington, London and New Delhi), characterised by distinct electricity tariffs and market prices. London, with the highest electricity tariff of 0.41 USD/kWh, shows the greatest potential of installing solar systems, as evidenced by the largest NPC reduction of 45%, highlighting that deploying such systems is more promising in regions with high electricity costs.
Based on these findings, future research will explore a broader range of building types and climate conditions, which significantly affect the load characteristics of spacing heating and cooling. Furthermore, the integration of advanced energy storage technologies such as Carnot battery and phase change material thermal storage, can be explored to further enhance the overall performance and flexibility of residential energy systems.
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Appendix
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Figure A1. Thermal efficiency curves of a solar thermal ETC and a PVT collector. (Note: the assumed solar irradiance is 1000 W/m2)
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Figure A2. Cooling and heating COPs of ACs and the fitting curves. (Note: the air output temperature of cooling and heating is 18 ℃ and 27 ℃ respectively.)
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Figure A3. Boxplots of all possible NPCs within the feasible regions generated using an enumeration approach, with the optimal results from TLBO marked by red stars. This figure clearly demonstrates that the minimum results obtained by TLBO lie at the lower bound of all feasible NPCs for all systems, thereby verifying the optimality of the results.
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