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Hybrid renewable energy systems (HRES) are seeing as a solution to overcome the fluctuation and randomness of certain renewable energy sources, such as solar and wind power. Coupling the fluctuating renewable energy sources with the controllable sources, such as biomass-fueled micro-cogeneration, constitute an HRES that significantly reduces CO2 emissions and primary energy consumption. The purpose of this work is to review research works on hybrid renewable energy systems based on micro-cogeneration and to present a case study of optimizing a solar-based micro-cogeneration system. First, renewable energy-fueled micro-cogeneration systems are presented according to the prime mover technology: Stirling engine, organic Rankine cycle and photovoltaic-thermal (PVT). The different prime movers are assessed according to their advantages, disadvantages and market availability. Next, several research works on hybrid renewable energy systems including solar and micro-cogeneration technologies are summarized and key findings are highlighted. Finally, the results of the case study are presented for reasoning the necessity of system hybridization. The results indicated that more experimental data on HRES and research effort on energy management strategies and stochastic optimization models are required. The results of the case study showed maximum thermal and electrical reliability of 68% and 70%, respectively. The optimized PVT/battery/thermal storage system was not able to cover all energy demand of the case study but supporting heat and electricity sources are required.

Introduction

The building sector has a high impact on greenhouse gas emissions and final energy consumption in the European Union (EU) by being the largest energy end-use sector with a share of 41% [START_REF] Doroudchi | Approaching net zero energy housing through integrated EV[END_REF].

The micro combined heat and power (micro-CHP), or cogeneration, units produce simultaneously decentralized heat and power from a single fuel source at high efficiency. The building integrated micro-cogeneration systems are in the key role in reaching the primary energy and pollutant emissions reduction targets of the EU [START_REF] González-Pino | Modelling and experimental characterization of a Stirling engine-based domestic micro-CHP device[END_REF].

Nomenclature

Q

thermal power, W R reliability SOC state of charge T temperature, K, °C η efficiency Hybrid renewable energy systems integrate two or more renewable energy sources with or without conventional energy source to produce heat and electricity to satisfy a certain end-use demand [START_REF] Bajpai | Hybrid renewable energy systems for power generation in stand-alone applications: A review[END_REF]. The common features for these systems are decentralized set-up, high renewable energy share, flexible operation to follow local energy demand and small-or micro-scale system components.

Due to the multitude of possible combinations, hybrid energy systems can deliver highly efficient solutions for energy generation. The targets of using hybrid energy systems are to increase reliability, to support fluctuating renewable energy sources, to improve overall efficiency and fuel flexibility. Additionally, these systems reduce costs, fossil fuels, primary energy use and CO2 emissions. HRES can operate as a grid-connected system or standalone system in rural areas without an existing power grid.

The HRES are widely studied in the literature. Shivarama et al. ( 2015) [START_REF] Krishna | A review on hybrid renewable energy systems[END_REF] presented a comprehensive review on hybrid renewable energy systems. They considered modelling, analysis, optimal sizing, energy management and control aspects of the HRES. If the technology types of the HRES are selected appropriately, the system can be used to produce cooling, heating and power, simultaneously. Applying combined cooling, heating and power (CCHP) systems can reach an overall efficiency even more than 90% compared to a conventional centralized power plant, which has an efficiency of 30-45% [START_REF] Gu | Modeling, planning and optimal energy management of combined cooling, heating and power microgrid: A review[END_REF]. [START_REF] Gu | Modeling, planning and optimal energy management of combined cooling, heating and power microgrid: A review[END_REF] [START_REF] Gu | Modeling, planning and optimal energy management of combined cooling, heating and power microgrid: A review[END_REF] presented the review of modeling, planning and optimal energy management of CCHP micro-grids. They defined that a typical CCHP system consists of four main elements: the renewable energy source, prime mover, energy storage and load. Wang et al. (2020) reviewed current research of small-scale hybrid solar-assisted CCHP systems. They highlighted that more research is required on system integration evaluation and advanced energy management strategies. [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] presented a review on small-scale CCHP systems covering biomass-fired systems and solar extensions. The results indicated the high energetic and environmental potential of biomass-fired CHP systems with solar extensions. However, they pointed out that more experimental data on the system operation is required.

In this given framework, a research gap has been indicated and more research effort is required in biomass-fired micro-scale CHP systems with solar support to enable highly efficient and 100% renewable energy systems in the building sector as well. The present work provides a research contribution by summarizing possible renewable energy-based micro-cogeneration prime movers and by reviewing research works on HRES based on microcogeneration and solar technologies. Finally, a case study of solar-based micro-cogeneration system with energy storages is presented for reasoning the necessity of system hybridization.

Renewable energy based micro-cogeneration

Prime movers are used to transform fuel energy to mechanical work and heat as a by-product. The prime movers of the micro-CHP systems can be divided into the following three categories: internal, external and no combustion process [START_REF] Martinez | Micro-combined heat and power systems (micro-CHP) based on renewable energy sources[END_REF]. The most developed, used and researched technology is internal combustion engine (ICE) based micro-CHP systems [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF]. However, the external combustion-based systems, such as Stirling and organic Rankine cycle (ORC) have better fuel adaptability to use different renewable sources, such as solid biomass, waste heat and solar energy [START_REF] Martinez | Micro-combined heat and power systems (micro-CHP) based on renewable energy sources[END_REF]. Fuel cells and photovoltaic-thermal (PVT) collectors are based on the no combustion process. In the fuel cells, the chemical energy of a fuel is converted to electricity through a chemical reaction with oxygen. The PVT collectors convert solar radiation into heat and electricity simultaneously from the same installed area. An assessment of different micro-CHP prime movers presented in this review is shown in Table 1. The selection of the considered prime movers was based on their adaptability to use solid biomass and solar as fuel and market penetration in the building sector. The assessment is based on the literature findings. High fuel flexibility [START_REF] Martinez | Micro-combined heat and power systems (micro-CHP) based on renewable energy sources[END_REF][START_REF] Zabalaga | Performance analysis of a stirling engine hybrid power system[END_REF] Noise level and electricity/heat ratio suitable for residential use [START_REF] Martinez | Micro-combined heat and power systems (micro-CHP) based on renewable energy sources[END_REF][START_REF] Alanne | Sustainable small-scale CHP technologies for buildings: The basis for multi-perspective decision-making[END_REF] High thermal efficiency [START_REF] Zabalaga | Performance analysis of a stirling engine hybrid power system[END_REF] Good partial load performance [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] Low-grade heat use starting from 50°C [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF]11] High fuel flexibility [START_REF] Padinger | Best practise report on decentralized biomass fired CHP plants and status of biomass fired small-and micro scale CHP technologies[END_REF] Easy to retrofit the existing heating device [START_REF] Pereira | ORC based micro-cogeneration systems for residential application -A state of the art review and current challenges[END_REF] High partial load efficiency [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] Well developed as flat plate collector [START_REF] Joshi | Photovoltaic -Thermal systems (PVT): Technology review and future trends[END_REF] Simple operation without moving parts [START_REF] Joshi | Photovoltaic -Thermal systems (PVT): Technology review and future trends[END_REF] Wide range of possible applications [START_REF] Joshi | Photovoltaic -Thermal systems (PVT): Technology review and future trends[END_REF] Disadvantages Low electrical efficiency [START_REF] Alanne | Sustainable small-scale CHP technologies for buildings: The basis for multi-perspective decision-making[END_REF][START_REF] Angrisani | Distributed microtrigeneration systems[END_REF] High investment costs [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF][START_REF] Padinger | Best practise report on decentralized biomass fired CHP plants and status of biomass fired small-and micro scale CHP technologies[END_REF] High investment costs [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] Relatively low electrical efficiency and waste heat recovery [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF][START_REF] Pereira | ORC based micro-cogeneration systems for residential application -A state of the art review and current challenges[END_REF] Challenges in efficient downscaling [START_REF] Padinger | Best practise report on decentralized biomass fired CHP plants and status of biomass fired small-and micro scale CHP technologies[END_REF] Difficulty of sun tracking with flat plate [START_REF] Joshi | Photovoltaic -Thermal systems (PVT): Technology review and future trends[END_REF] Fuel types Biomass, natural gas, solar radiation [START_REF] Ferreira | Assessment of the Stirling engine performance comparing two renewable energy sources: Solar energy and biomass[END_REF] Waste heat, geothermal, biomass, solar radiation [START_REF] Padinger | Best practise report on decentralized biomass fired CHP plants and status of biomass fired small-and micro scale CHP technologies[END_REF][START_REF] Pereira | ORC based micro-cogeneration systems for residential application -A state of the art review and current challenges[END_REF][START_REF] Zhu | Modeling and experimental investigation of a free-piston Stirling engine-based micro-combined heat and power system[END_REF] Solar energy

State of technology

Commercially available [START_REF] Zhu | Modeling and experimental investigation of a free-piston Stirling engine-based micro-combined heat and power system[END_REF][START_REF] Mascuch | Experience from set-up and pilot operation of an in-house developed biomass-fired ORC microcogeneration unit[END_REF] R&D and some commercially available [START_REF] Zhu | Modeling and experimental investigation of a free-piston Stirling engine-based micro-combined heat and power system[END_REF][START_REF] Mascuch | Experience from set-up and pilot operation of an in-house developed biomass-fired ORC microcogeneration unit[END_REF] R&D and commercially available [START_REF] Joshi | Photovoltaic -Thermal systems (PVT): Technology review and future trends[END_REF] Market availability ÖkoFEN, Whispergen, BAXI, Sunmachine, Genoastirling S.r.l.

Rank®, Kaymacor ORChidea, Viking Development Group

DualSun, Abora Solar, Naked Energy, Solarus

Hybrid renewable energy system

Various technology types are identified in the literature for the planning and design of hybrid energy systems. Their suitability depends on available fuel sources on the generation side, the availability of a grid connection or a heating network, and the considered application scenario. Within the scope of the HRES, the utilization of the following technologies can be considered: solar technologies: photovoltaic (PV), solar thermal and PVT systems, mini-wind turbines, micro combined heat and power (micro-CHP) systems, heat pumps and thermal chillers.

The following storage technologies are often deployed in the HRES to facilitate energy management in the system: sensible and latent heat storages, electric battery storages, thermally activated building systems and electric vehicles as flexible electric storages.

The above-listed components can form different configurations for the HRES depending on the considered application and load demand. As an example, photovoltaic electricity production can be used to support the electricity consumption of the heat pump. On the other hand, the combustion-based micro-CHP can support fluctuating solar energy production and activate thermal chiller during the cooling period. Different configurations for the HRES have been studied in the literature. [START_REF] Zabalaga | Performance analysis of a stirling engine hybrid power system[END_REF] [START_REF] Zabalaga | Performance analysis of a stirling engine hybrid power system[END_REF] presented the performance analysis of the HRES including photovoltaic (PV), biomass Stirling engine and battery system. They compared the HRES with the PV/diesel engine/battery hybrid system and performed the analysis in terms of energy efficiency, environmental sustainability and economic feasibility. Their results revealed that the HRES performed better in terms of each indicator in the analysis. [START_REF] Calise | A novel solar-assisted heat pump driven by photovoltaic/thermal collectors: Dynamic simulation and thermoeconomic optimization[END_REF] [START_REF] Calise | A novel solar-assisted heat pump driven by photovoltaic/thermal collectors: Dynamic simulation and thermoeconomic optimization[END_REF] studied a novel solar-assisted CCHP system, which coupled PVT collectors with a reversible heat pump and adsorption chiller. The aim was to design, dynamic simulation and analyzing the energetic, environmental and economic performance of the system.

In this study, the solid biomass-fueled micro-CHP systems supported by solar technologies are considered as components to form a hybrid renewable energy system with energy storages. The selection is based on the exergy approach which indicates the highest overall exergy efficiency for the HRES components based on the combined heat and power production [START_REF] Wall | Exergy -A useful concept within resource accounting[END_REF][START_REF] Gong | Life Cycle Exergy Analysis of Solar Energy Systems[END_REF]. Additionally, the literature review has shown that coupling the micro-CHP system with solar technologies can overcome the intermittency issues of solar energy production, increase self-consumption and reduce primary energy use and fuel costs. Table 2 summarizes the cases of the hybrid solar supported micro-CHP systems in the literature. 

Case study

The preliminary study was conducted considering residential electricity and domestic hot water production by a photovoltaic-thermal system integrated with thermal and electrical storages. The hourly demand profiles with daily average demands of 24.6 kWh and 7.5 kWh for electricity and thermal energy, respectively, were used. The study was conducted under meteorological conditions of Strasbourg, France. To this purpose, the dynamic system model was built into Matlab/Simulink environment and a multi-objective optimization with genetic algorithm was performed. The aim of the optimization was to find a Pareto optimal set of system designs to maximize selfconsumption and autonomy of the system over year with the minimum initial investment costs. The considered system is presented in the Fig.

A.1 in Appendix A.
The dynamic model of the PVT collector have been presented in the literature [START_REF] Chow | Performance analysis of photovoltaic-thermal collector by explicit dynamic model[END_REF][START_REF] Vera | Performance evaluation and multi-objective optimization of hybrid photovoltaic-thermal collectors[END_REF][START_REF] Kallio | Energy Analysis and Exergy Optimization of Photovoltaic-Thermal Collector[END_REF][START_REF] Da Silva | Hybrid photovoltaic/thermal (PV/T) solar systems simulation with Simulink/Matlab[END_REF][START_REF] Bhattarai | Simulation and model validation of sheet and tube type photovoltaic thermal solar system and conventional solar collecting system in transient states[END_REF] and used to evaluate the thermal and electrical performance of the collector. In this case study, glazed water cooled PVT collectors with sheet-and-tube thermal absorbers were used and modelled with the main heat transfer mechanisms between the PVT layers. The key governing equations of the PVT collector and thermal storage are presented as follows:

(1)

(2) (3) (4)
In Equations (1-4) m, c, T, Q and E indicate mass, specific heat capacity, temperature, heat transfer rate and electricity production, respectively. The following subscripts: "g", "s", "e", "CV", "sky", "RD", "pv", "f", "TS", "w", "aux", "DHW" and "loss" refer to glass cover, solar energy, environment, convection, sky, radiation, PV module, fluid, thermal storage, water, auxiliary, domestic hot water and heat losses. The more detailed description of the PVT governing equations and model validation are presented in the Authors' previous work [START_REF] Kallio | Energy Analysis and Exergy Optimization of Photovoltaic-Thermal Collector[END_REF].

The PV converts a fraction of the solar radiation into the electricity. The electrical efficiency of the PV depends linearly on the PV temperature Tpv, the temperature coefficient βPV and on the efficiency ηSTC at standard conditions Tref. The electrical efficiency ηel is calculated according to the following relation:

(

The battery model was based on the load balance between the electricity production and demand. If the electricity production was higher than demand, the battery was charged and discharged if the demand was higher. The surplus electricity was sold to the grid. However, selling and buying from the grid was aimed to be minimized in order to maximize self-consumption and autonomy of the system. The battery state of charge SOCB is presented as follows: [START_REF] Wegener | Biomass-fired combined cooling, heating and power for small scale applications -A review[END_REF] where Pch, Pdis, CB, ηch and ηdis are charging power, discharging power, battery capacity, charging and discharging efficiency, respectively.

The multi-objective design optimization problem was formulated to maximize the thermal and electrical reliability Rthermal and Relectric, respectively, and minimize the initial investment costs of the considered system, simultanously. The inflation was not considered in the case study. The Matlab function called gamultiobj of the Global Optimization Toolbox was applied to create a set of optimal solutions in the space of decision variables on the Pareto front. The function uses a controlled, elitist genetic algorithm, which is a variant of non-dominated sorting genetic algorithm-II (NSGA-II). The detailed description of the algorithm is presented by [START_REF] Deb | Multi-Objective Optimization using Evolutionary Algorithms[END_REF] in [START_REF] Deb | Multi-Objective Optimization using Evolutionary Algorithms[END_REF]. Table 3 presents the selected decision variables to be optimized by minimizing the objective functions with NSGA-II optimization algorithm. The bounds of the variables were selected based on the previous research on the PVT collectors [START_REF] Kallio | Energy Analysis and Exergy Optimization of Photovoltaic-Thermal Collector[END_REF] and on the market availability of the components for residential buildings. Table 4 present the estimated prices of the system components used in the optimization. As a result, the Pareto front was obtained for the optimization problem and is presented in Fig. 1. The optimization algorithm found 18 non-dominating optimal solutions for the component sizing of the considered renewable energy system. The optimal solutions can be used by the decision-makers to select the final optimal solution depending on the application and constraints, such as available roof area or budget. Three solutions were selected from Fig. 1 based on the increasing investment costs. These solutions are presented in Table 5. Within the optimal solutions the investment costs varied from 8172 € to 40877 € while the thermal reliability increased from 0.48 to 0.68 and electrical reliability from 0.02 to 0.7.

The results show that the thermal and electrical energy demands of the considered case study under residential constraints, such as maximum available roof area, cannot be covered by the PVT system only. The results show also that the thermal and electrical storages increase the reliability of the system significantly. However, auxiliary heat and electricity sources are required to support fluctuating solar energy production and to cover the remaining part of the energy demand.

Conclusion

In the present work, the renewable energy-based micro-cogeneration prime movers (Stirling engine, ORC and PVT collector) were presented. The advantages and disadvantages of these technologies were assessed. Based on the assessment, the Stirling engine micro-CHP and PVT collectors have the highest potential for renewable cogeneration in the residential building sector.

The literature review on the HRES including micro-cogeneration and solar support on the building sector was conducted and the key findings were highlighted. It was seen that photovoltaic and solar thermal technologies were integrated with Stirling engine and ORC systems. In more advanced hybridization, the PVT was used as a solar extension. Based on the literature, the system reliability was increased with the hybridization and CO2 emissions were reduced. Additionally, the electricity production capability was increased significantly with PVT and the fuelfired micro-CHP overcame the fluctuation of solar energy sources. However, more experimental data on hybridization and research on advanced energy management strategies are required.

The results of the case study including PVT/battery/thermal storage system revealed that hybridization with high efficient and fuel-fired heat and electricity generation is required. In this case, the coupling of the PVT system with the biomass-fueled Stirling engine micro-CHP system should be considered to cover residential electricity, space heating and domestic hot water demands. The Stirling micro-CHP can provide a stable baseload and support fluctuating solar energy production. The coupling of these technologies can form a hybrid renewable energy system that provides 100% renewable energy for buildings.

Fig. 1 .

 1 Fig. 1. The Pareto front of the optimal solutions in the objective space.

  

Table 1 .

 1 Assessment of renewable energy based micro-CHP prime mover technologies

	Prime mover	Stirling engine	ORC	PVT
	Advantages	Low maintenance, noise, vibration and		
		emissions [8]		

Table 2 .

 2 The cases in the literature of the hybrid renewable energy systems based on micro-CHP and solar support

	Prime mover	Solar support	Methods	Evaluation	Key findings	Ref.
	Power output					
	Fuel					
	Stirling engine	PV	Experimental study	ηel	Higher performance is expected if heat	[21]
	Pel = 1 kW, Pth	Flat plate solar	Operation data of 36 days in	ηth	demand is extended to space heating and	
	= 7 kW Natural gas Biomass possibility	thermal To produce heat and electricity	Spain Matlab Comparison to a reference system including electric grid and diesel oil boiler	CO2 emissions	The system reliability increased with thermal and electrical storages, and micro-CHP unit CO2 emissions reduced by 36%	
			Typical residential domestic		76% of total energy demand is covered	
			hot water and electricity		Biomass use proposed for further CO2	
			demand profiles		reduction	
	Stirling engine	PV	Comparison of different PV	Demand self-	The system enables significant	[22]
	Pel = 1 kW, Pth = 26 kW	To produce electricity	powers and battery capacities with Stirling micro-CHP	coverage index Sold share index	improvement in self-sufficiency High investment costs	
	Natural gas Biomass		Experimental data of PV and micro-CHP installation	Energy stored share Self-consumption	High ecological effect Research on energy management and	
	possibility			index	control required	
				Net present value		
	ORC	PVT	Matlab	Thermo-economic	Payback time 11.5 years	[23]
	Pel = 40 kW,	To produce	Transient techno-economic	analysis	100% renewable energy supply with	
	Pth =310 kW	heat and	modelling		hybrid system	
	Biomass	electricity	Design optimization		production capability	
			Sport center in Bari, Italy		increased significantly	
	ORC	PV	System modelling and	Energy analysis	Yearly electrical self-consumption	[24]
	Pel = 14 kW, Pth =70 kW Biomass	To produce electricity	analysis Residential building block Electricity, space heating and domestic hot water	Fuel savings	84.9% with hybrid system, 32.5% with PV only. 54.9% of thermal energy demand covered Significant natural gas savings	
					ORC overcomes the fluctuation of solar	
					energy source	
	PVT		Dynamic simulation in	Energy, economic	Primary energy savings 57.66%	[25]
	Natural gas boiler as back-up		TRNSYS Optimization of the system configuration	and environmental analysis Sensitivity analysis	CO2 emissions reduction of 51.63% Simple payback time 11.64 years	
			Hotel in Naples, Italy			

Table 3 .

 3 The decision variables for the multi-objective optimization problem

	Decision variable	Bounds	Unit
	Coolant mass flow rate, ṁ	60 ≤ x(1) ≤ 130	kg/h
	Nr. of PVT in series, N	1 ≤ x(2) ≤ 6	-
	Nr. of PVT rows, M	1 ≤ x(3) ≤ 6	-
	Battery capacity, CB	4 ≤ x(4) ≤ 14	kWh
	Thermal storage volume	0.1 ≤ x(5) ≤ 0.4	m 3

Table 4 .

 4 The component prices of the system

	Component	Price	Ref.
	PVT collector	325 €/m 2	DualSun company
	Thermal storage	2.95 €/dm 3	[32]
	Electrical storage	1143 €/kWh	Enphase company

Table 5 .

 5 The selected optimal solutions from the Pareto front

	Solution	ṁ (kg/h)	PVT in series	PVT rows CB (kWh)	VTS (m 3 )	Rthermal	Relectric	Inv. (€)
	1	108	6	6	14	0.5	0.68	0.7	40877
	2	64	6	2	9	0.2	0.57	0.41	18677
	3	111	1	3	4	0.1	0.5	0.09	6817
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Appendix A