
HAL Id: hal-03991573
https://hal.science/hal-03991573

Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Exergy and exergo-economic analysis of a hybrid
renewable energy system under different climate

conditions
Sonja Kallio, Monica Siroux

To cite this version:
Sonja Kallio, Monica Siroux. Exergy and exergo-economic analysis of a hybrid renewable en-
ergy system under different climate conditions. Renewable Energy, 2022, 194, pp.396-414.
�10.1016/j.renene.2022.05.115�. �hal-03991573�

https://hal.science/hal-03991573
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


March 28, 2022   1 

Article 1 

Exergy and Exergo-economic analysis of a hybrid renewable 2 

energy system under different climate conditions 3 

Sonja Kallio1 and Monica Siroux1*  4 

1 INSA Strasbourg ICUBE University of Strasbourg, Strasbourg, France; sonja.kallio@insa-strasbourg.fr 5 

* Correspondence: monica.siroux@insa-strasbourg.fr; Tel.: +33388144753 6 

Received: date; Accepted: date; Published: date 7 

Abstract:  8 

The building sector has a great potential to accelerate the decarbonisation by using high efficient and 100% renewable 9 

energy production on-site. This allows also increased energy autonomy to protect building owners against increasing 10 

electricity prices. The key solution is to apply micro combined heat and power (micro-CHP) systems to form a domestic 11 

hybrid renewable energy system (HRES) which supports fluctuating solar energy production by the controllable biomass-12 

fuelled micro-CHP. However, despite the market availability of the technology, the initial investment of such a system is 13 

assumed to be a barrier to penetration. In this study, dynamic exergy and exergo-economic analyses of the HRES are 14 

conducted in Matlab/Simulink to define the specific costs of energy products when the market available system is applied 15 

to the European building stock under different climate and economic conditions. The overall exergy efficiency of the 16 

system is 13%-16%. The specific costs have high variation on a monthly and location basis. On a yearly basis, the lowest 17 

specific cost of electricity is 0.29 €/kWh in the southernmost location and of heat products 0.319 €/kWhex (0.034 €/kWh). 18 

The comparative results show that the HRES is economically viable and reduces primary energy use and costly 19 

irreversibility up to 95%. 20 

Keywords: Hybrid renewable energy systems; Climate conditions; Exergy analysis; Exergo-economics; Renewable micro-cogeneration  21 

 22 

 23 

Nomenclature 24 

A area, m2 25 

a annuity factor 26 

Ċ cost rate, €/h 27 

c specific cost, €/kWh 28 

cp specific heat, J/(kg K) 29 

CRF Capital Recovery Factor 30 

E electrical energy, kWh  31 

EL energy level 32 

Ėx exergy rate, kW 33 

Ex exergy, kWh 34 

H enthalpy, kJ 35 

h specific enthalpy, J/kg 36 

I component specific initial investment, € 37 

i interest rate 38 

Ir irreversibility, W 39 

LHV lower heating value 40 

m mass, kg 41 

MC thermal capacity, J/K 42 

n lifetime, year 43 

NPV Net Present Value 44 

OM operating and maintenance 45 
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PES Primary Energy Savings 46 

Q thermal energy, W, kW 47 

r discount rate 48 

RAI Relative Avoided Irreversibility 49 

S entropy, kJ/K 50 

s specific entropy, J/kgK 51 

SV yearly savings, €/year 52 

SPT Simple Payback Time 53 

T temperature, K 54 

t time, h 55 

U heat transfer coefficient, W/m2K 56 

Z initial investment costs, € 57 

 58 

Greek symbols 59 

β temperature coefficient, %/K 60 

η efficiency 61 

ζ exergy efficiency 62 

 63 

Subscripts 64 

b boiler 65 

CD conduction 66 

CV convection 67 

d destruction 68 

DHW domestic hot water 69 

e environment 70 

eg electric grid 71 

eng engine 72 

el electrical 73 

f fluid, fuel 74 

g glass cover 75 

HX heat exchanger 76 

in inlet 77 

irr irradiation 78 

k kth component 79 

out outlet 80 

p product 81 

pv photovoltaic 82 

q quality  83 

SH space heating 84 

sol solar energy 85 

sys system 86 

TES thermal energy storage 87 

th thermal 88 

0 reference 89 

1. Introduction 90 

The building sector is the largest energy end-use sector in the European Union (EU) with a share of 41% [1]. 91 

To reduce final energy use and greenhouse gas emissions in the building sector, the energy efficiency measures 92 

for buildings have been under strong focus in research and in the content of the EU directives, such as the 93 

Energy Performance of Building Directive [2]. The EU has also set the energy efficiency targets for 2020 and 94 

2030 by aiming to reduce energy consumption and emissions by 20% by the year 2020 and by at least 32.5% by 95 

the year 2030 compared to the 1990 level as a baseline [3]. However, despite the great energy-saving potential 96 

of the building sector, gaining the savings has proven challenging [4]. The EU Building Factsheets [4] present a 97 
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breakdown of the residential buildings by the construction year, which show that the European building stock 98 

has a significant share of older buildings constructed before 1990. Due to this, the renovating and retrofitting 99 

measurements are required to implement to already existing buildings to gain the energy-saving potential of the 100 

building sector. These measures should not only be passive measures, such as building envelope enhancement 101 

[5], but also active measures to have decentralized high efficient solutions for electricity, space heating and 102 

domestic hot water (DHW) production in buildings. The active measures should aim to have 100% renewable 103 

energy production in the building sector, which is possible with the hybrid renewable energy systems combining 104 

different energy sources, such as biomass and solar energy [6]. 105 

The key solution for the active measures to accelerate the decarbonisation of the building sector is micro 106 

combined heat and power (micro-CHP), or co-generation, systems. Micro-CHP refers to the units that produce 107 

decentralized heat and power simultaneously from a single fuel source at high efficiency. Typically, these units 108 

operate in buildings or small communities to produce energy for on-site use. The micro-CHP units typically 109 

have an electrical power of up to 15 kW [7]. However, according to the definition of the EU in the energy 110 

efficiency directive [8], micro-cogeneration refers to units with electrical power below 50 kW. 111 

The micro-CHP system can be powered by different prime movers, such as an internal and external 112 

combustion engine or non-combustion based prime mover. Such prime movers are internal combustion engine 113 

(ICE), organic Rankine cycle (ORC), fuel cells and Stirling engine. A photovoltaic-thermal (PVT) collector is a 114 

non-combustion based cogeneration unit that converts solar energy into heat and electricity simultaneously from 115 

the same installed area. The photovoltaic (PV) panel produces electricity which generates waste heat at the same 116 

time. In the PVT collector, the PV panel has a cooling circuit underneath the panel, and the waste heat is 117 

recovered to the coolant flow to produce thermal energy. This leads to the simultaneous production of heat and 118 

power at high efficiency. However, due to the fluctuating nature of solar energy availability, the PVT collector 119 

cogenerates energy in an uncontrolled manner. On the other hand, a biomass-fuelled Stirling engine micro-CHP 120 

is the external combustion based cogeneration unit that has high fuel flexibility and produces, in a controlled 121 

manner, heat and power, simultaneously. The Stirling engine can be fuelled by renewable energy, such as 122 

biomass and solar energy. The performance of the biomass and solar energy-fuelled Stirling engines were 123 

compared by Ferreira et al. [9]. They concluded that the biomass-fuelled Stirling engine provided 87.5% more 124 

power output than the solar fuelled, had 52% lower levelized costs of electricity production and had controlled 125 

energy output. 126 

A hybrid renewable energy system (HRES) is a second key solution for the active measures. The HRES 127 

refers to the generation of multiple energy products from the integration of two or more renewable energy 128 

sources with or without conventional energy sources and storage [10]. These systems are especially appropriate 129 

for small- and micro-scale distributed generation applications [11]. The hybridization of the solar and engine-130 

based cogeneration units enables the use of cost-free, clean and fluctuating solar energy, and as a base-load the 131 

controllable but paid fuel energy, such as biomass. Additionally, the energy storage can be used to facilitate the 132 

energy management between the production and highly varying energy demand of a building. The hybridization 133 

enables highly efficient energy generation, increased reliability and flexibility, support for fluctuating solar 134 

energy source and the reduction in costs, primary energy use and CO2 emissions.  135 

Numerous studies of the domestic HRES performance with different configurations of micro-CHP and solar 136 

technologies have been conducted in the literature. The ICE based micro-CHP unit was coupled with 137 

photovoltaic (PV) panels and solar thermal collectors in [12–14] and the ORC based prime mover was studied in 138 

[15,16]. Kotowicz and Uchman studied a domestic HRES combining a natural gas-fuelled Stirling engine based 139 

micro-CHP with PV panels and electrical energy storage [17]. Aunón-Hidalgo et al. [18] presented an 140 

experimental study of a grid-connected HRES consisting of a natural gas-fuelled Stirling engine micro-CHP 141 

combined with photovoltaic panels and solar thermal collectors for a domestic environment. The energy 142 

management between the system and the domestic user was facilitated by the electrical and thermal energy 143 

storages. They conducted an energy performance and CO2 emissions assessment of the system. Their results 144 

showed that the system was able to cover 75.6% of the total energy demand and reached 36.2% reduction in 145 

CO2 emissions. They concluded that biogas or biomass should be used as a micro-CHP fuel instead of natural 146 

gas to achieve zero CO2 emissions. A review on the domestic HRES based on cogeneration and solar support 147 

was presented in [19]. However, a research gap was indicated and there are no studies on a domestic HRES 148 

which combines the biomass-fuelled Stirling engine micro-CHP with the PVT collectors. 149 

The assessment of the HRES can be extended to exergy and exergo-economic performance. The latter is used 150 

to define the specific costs of energy products from the system with multiple products and the costs flows 151 

associated with exergy flows in the system. The exergo-economic method is useful when the considered system 152 
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has multiple inputs and outputs with different exergies. Mouaky and Rachek [20] conducted a dynamic energy, 153 

exergy and exergo-economic assessment of a novel HRES driven by biomass and solar energy. The system was 154 

designed to be a polygeneration unit that, in addition to electricity cooling, heating and DHW, produced 155 

freshwater for a rural community of 40 residential buildings. Their results indicated that the system was able to 156 

cover fully the community’s requirements except for cooling. The annual exergo-economic costs of the 157 

produced electricity DHW and space heating were 0.239 €/kWh, 0.043 €/kWh and 0.035 €/kWh, respectively. 158 

However, they concluded that the specific costs were competitive for remote communities but a significant 159 

reduction in the cost should be achieved to facilitate the implementation of such systems. Another dynamic 160 

exergy and exergo-economic analysis of a renewable solar-biomass HRES for polygeneration was studied by 161 

Calise et al. [21]. The system consisted of parabolic trough photovoltaic-thermal (cPVT) collectors, an 162 

absorption chiller, a biomass heater and a desalination unit. Based on their results, the cPVT collectors caused 163 

the highest exergy destruction followed by the biomass boiler in the system. The exergo-economic results 164 

revealed a high fluctuation over the year in the exergo-economic costs of the different products. Wang et al. [22] 165 

conducted an exergo-economic analysis and optimization of the HRES based on cogeneration units. The system 166 

consisted of cPVT collectors with a natural gas fired internal combustion engine (ICE) micro-CHP unit for a 167 

hotel building application to produce cooling, heating, DHW and electricity. The exergo-economic analysis was 168 

based on the energy level method. This method allows allocating the higher specific cost for the energy product 169 

with the higher energy level, such as electricity should be more expensive than low grade heat. 170 

Within the given framework, this study aims to contribute to the existing literature through the dynamic 171 

energy, exergy and exergo-economic analysis of the cogeneration based HRES under different European climate 172 

and economic conditions to satisfy residential building energy demand. The novel HRES configuration includes 173 

PVT collectors combined with the biomass fuelled Stirling engine micro-CHP unit and thermal energy storage 174 

to facilitate the decarbonisation of the building sector.  175 

The paper is structured as follows. In the second section, the detailed system description is provided with a 176 

modelling approach, building energy demand profiles and weather data. Additionally, the exergy and exergo-177 

economic models are introduced with the performance indicators. In the third section, the results of the exergy 178 

and exergo-economic analysis are presented and discussed. Next, the comparative results of the HRES to the 179 

reference systems are presented and discussed. Finally, the main conclusion is drawn in the fourth section. 180 

2. Methodology 181 

2.1. System description 182 

In the considered hybrid renewable energy system (HRES), the water-cooled flat plate PVT collectors are 183 

integrated with the biomass-fuelled micro-CHP system and thermal energy storage (TES). The system layout 184 

with the energy and mass flows is presented in Fig. 1. The HRES is used to produce domestic hot water, space 185 

heating and electricity for a residential building use. The cooling demand is not considered in this study. The 186 

biomass-fuelled micro-CHP is a critical component of the HRES to satisfy, especially, the thermal energy 187 

demand and the PVT collectors are used as a support to reduce costly biomass use and CO2 emissions. The same 188 

system configuration of the HRES is applied in each location to investigate how the utilization rates of the 189 

energy production units (the micro-CHP and PVT) vary under different climates and how they impact on the 190 

exergo-economic costs of the system. The system configuration is valid in each location because the winter 191 

conditions require the controllable energy production for the significant space heating and DHW demand but 192 

there is good solar availability in each location. The annual space heating demands are presented in Fig.3 and 193 

the annual solar availability and ambient temperatures in Fig. 7. 194 

The capacity of the micro-CHP was selected based on the market available domestic biomass-fuelled micro-195 

CHP technology called ÖkoFen Pellematic Condens_e powered by a Stirling engine. The unit has a nominal 196 

electrical power of 1 kW and thermal power of 12 kW. This micro-CHP unit has been experimentally tested in 197 

the laboratory of INSA Strasbourg ICUBE in France and the aim of this study is to demonstrate the use of the 198 

unit in the existing residential sector. The ÖkoFen micro-CHP unit is fed by air (flow 1) and wood pellets (flow 199 

2) to produce electricity (flow 3) and hot water (flow 4) as energy products. The coolant mass flow between the 200 

unit and TES is fixed to be 0.2 kg/s. The micro-CHP follows the heat-driven ON/OFF control strategy to satisfy 201 

the temperature levels of the thermal storage. The start-up and shut-down dynamics of the unit are neglected in 202 

this study. Additionally, the unit has internal control and is shut down if the coolant temperature reaches 75 °C. 203 
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The field of water-cooled flat plate PVT collectors is used to convert available solar radiation into heat (flow 204 

11) and electricity (flow 12). The field consists of 9 collectors in a matrix of 3x3 to reach the higher outlet 205 

temperature from the field to the TES and to cover assumed available roof area of a typical residential building. 206 

The reference electrical efficiency of the collectors is 18.7%, and the coolant mass flow is 100 kg/h per row of 207 

the collectors. A differential temperature controller is used to control the coolant mass flow between the TES 208 

and PVT collectors. The controller compares the outlet temperature of the PVT to the temperature of the bottom 209 

of the thermal storage. The coolant mass flow is stopped or started gradually if the temperature difference is 210 

smaller or greater than 5 K to avoid cooling the storage. 211 

The stratified 2 m2 multi-port sensible heat storage is used to store the produced thermal energy from the 212 

micro-CHP and PVT collectors, simultaneously. Water is used as a storage medium. The volume of the storage 213 

was selected to be large to supply space heating and DHW, to enable more continues running of the micro-CHP 214 

and to store heat from two sources, simultaneously. The micro-CHP unit charges the TES to the top of the tank, 215 

and the return connection to the unit (flow 5) is at the bottom of the tank. The TES has an internal heat 216 

exchanger at the lower part of the tank to recover the heat from the PVT field. Both return connections are 217 

located at the bottom of the tank. The TES supplies heat for space heating (flow 8) of the reference building, and 218 

it has an internal heat exchanger to produce domestic hot water at 55 °C (flow 6). 219 

The electricity flow from the micro-CHP (flow 3) and the PVT field (flow 12) are used to satisfy the power 220 

balance between the production and the electricity demand of the building presented in Fig. 5. The surplus 221 

electricity is fed to the electric grid.   222 

 223 

 224 
Fig. 1. The system layout and control volumes of the hybrid renewable energy system. 225 

 226 

The main characteristics of the described HRES are presented in Table 1. 227 

Table 1. The main characteristics of the hybrid renewable energy system 228 

Component  Parameter Value Unit 

Micro-CHP Thermal power 12 kW 

 Electrical power 1 kW 

 Fuel Wood pellets  

PVT Area single 2 m2 

 Ref. electrical 
efficiency 

18.7 % 
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 PVT in series 3 - 

 PVT in rows 3 - 

TES Volume 2 m2 

 Insulation 0.3 W/m2K 

 229 

2.2. Simulation models 230 

A dynamic simulation model of the described HRES was built into Matlab/Simulink environment to analyze 231 

its yearly exergetic and exergo-economic performance.  232 

The open-source CARNOT-Toolbox [23] was used to model the stratified multi-port thermal energy storage, 233 

pipe connections, thermostatic flow mixers for heat supply, valves and pumps. The validated tank model called 234 

“Storage_Type_5” was used in which the storage volume is divided into 6 nodes to present the stratification. For 235 

each node, the energy balance is calculated to find the current temperature of each node. The detailed tank 236 

model is presented in [24]. The thermostatic flow mixers were used to control the required heat supply 237 

temperatures of 40°C for space heating and 55°C for DHW.  238 

In the authors’ previous work [25], a single water-cooled flat plate PVT collector with glazing and sheet-and-239 

tube heat exchanger was modelled into Matlab/Simulink and extended to present a field of the PVT collectors. 240 

The model considers the main heat transfer mechanisms between each PVT layer, such as the glass cover, PV 241 

module, absorber and coolant fluid. The electricity conversion efficiency of the PVT collector depends linearly 242 

on the PV module temperature Tpv, the temperature coefficient βPV and the efficiency ηSTC at standard conditions 243 

Tref. The key governing equations of the PVT collector in terms of thermal and electrical energy are following: 244 

�� × ��,� × ��� �	⁄ = ��,
�� + ����,�� + ���
��,�� + �����,�� + �����,��  (1) 245 

��� × ��,�� × ���� �	⁄ = ���,
 + �����,�� + �����,�� + �����,�� − �  (2) 246 

�� × ��,� × ��� �	⁄ = �����,�� + ��  (3) 247 

���(�) = �!�� × "1 − $%� × &��� − �'��()  (4)  248 

The detailed description of the used model and the validation can be found in [25].  249 

The considered HRES includes the ÖkoFEN Pellematic Condens_e unit which is a biomass-fuelled Stirling 250 

engine micro-CHP system and has been experimentally tested in the laboratory of INSA Strasbourg ICUBE in 251 

France. The mathematical model of the system is based on Annex 42 [26] modelling approach of the external 252 

combustion engine and the following energy balance governing equations are implemented to Simulink to 253 

model the heat transfer to the coolant fluid [27]: 254 

*+�,� ���,� �	⁄ = -./0 × &�1,�23 − ��,�( + -.��

 × &��,� − ��,�( + 4��, (5) 

 255 

*+1 × ��1,�23 �	⁄ = �5 1 × ��,1 × &�1,6, − �1,�23( + -./0 × &��,� − �1,�23( (6) 

The previously collected experimental data of the considered micro-CHP was used to validate and identify 256 

the thermal capacity of the engine MCeng and cooling water MCw, and the engine specific heat transfer 257 

coefficients UAHX and UAloss. The identification was performed with Simulink Parameter Estimator Tool. 258 

The recovered heat from the micro-CHP control volume QCHP is calculated from the cooling water mass flow 259 

rate mw and temperature difference between the inlet and outlet of the flow [28]. 260 

��/% = �5 1 × �1 × &�1,6, − �1,�23( (7) 

2.3. Building energy demand 261 
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The considered HRES is installed in a single or multi-family house in different locations. As a reference 262 

building, a single-family house presented in Fig. 2 was selected and simulated in the IDA ICE building 263 

simulation tool [29]. The building U-values were defined based on the building factsheets of the European 264 

Union [4], which represent the building stock characteristics in different European countries. Based on this 265 

average building performance data, the defined reference building was simulated under different climate 266 

conditions with the country-specific U-values of the building shell. The hourly heating demand profiles were 267 

obtained from the simulation in the different European locations and used in the exergo-economic analysis. The 268 

selected locations were Tampere, Finland; Strasbourg, France and Barcelona, Spain. The geometry of the 269 

reference building and building performance parameters in the different locations are presented in Table 2.  270 

 271 

 272 

Fig. 2. The reference building used in the building simulation. 273 

Table 2. The main characteristics of the reference buildings and the climate classifications in each location [4]. 274 

Parameter  Building geometry U-value [W/m2K]   

  Finland France Spain 

Windows 19 m2 1.76 2.83 4.16 

Walls 111 m2 0.34 0.97 1.32 

Floor 150 m2 0.32 0.89 1.03 

Roof 143 m2 0.23 0.83 1.45 

Windows to wall ratio 0.17    

Climate classification  Subarctic Semi-continental Dry-summer subtropical 

 275 

The annual results of the hourly thermal load in three locations are presented in Fig. 3. This Figure shows 276 

that space heating is required during the whole year in the northernmost location of Tampere resulting in the 277 

annual demand of 152 kWh/m2. In Strasbourg, the annual demand is 160 kWh/m2. The milder climate 278 

conditions of Strasbourg did not reduce the heating demand compared to Tampere, because of the higher U-279 

values of the building envelope. However, during the summer period the heating demand was slightly lower in 280 

Strasbourg than in Tampere as shown in Fig. 3. In Barcelona, the annual heating demand was significantly 281 

lower than in Tampere and Strasbourg due to the warmer climate resulting in 86 kWh/m2. In Barcelona, there 282 

was no space heating demand during July, August and September.  283 

 284 
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 285 
Fig. 3. The annual results of the hourly thermal load in each location. 286 

In addition to space heating, the HRES is used to produce domestic hot water (DHW). The reference building 287 

is assumed to include 4 inhabitants with 250 l/day average consumption. The hourly DHW demand profile 288 

based on probability distribution was generated using the DHW-calc tool developed for IEA-SHC Task 26 at the 289 

University of Kassel in Germany [30,31]. The different parameters, such as the average daily consumption, flow 290 

rates and daily, weekly and monthly weighting of the consumption, were defined to generate a realistic DHW 291 

demand profile suitable for each location. An example of the demand profile is presented in Fig. 4. 292 

In the system simulations, the temperature of the cold water entering the system from the mains was assumed 293 

to be at 15°C during the year in each location and the water was heated up to 55 °C.  294 

  295 

 296 
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Fig. 4. The hourly DHW demand profile generated by the DHW-calc tool. 297 

 298 

The electricity demand profile was assumed to be the same in each location. The normalized standard 299 

electricity demand profiles for residential buildings generated by the German Association of Energy and Water 300 

Industries, BDEW (Bundesverband der Energie- und Wasserwirtschaft) [32] are used to simulate electricity 301 

demand every 15 min for certain yearly consumption. The profile takes into account electrical appliances 302 

excluding special applications, such as heat pumps and electrical storage heaters. The used electricity profile 303 

includes three different periods of the year: winter, summer and transition. Additionally, three different types of 304 

the day are presented: workday, Saturday and Sunday/holiday. Figure 5 shows the sample of the profile during a 305 

summer period. In the analysis, the yearly consumption of 6000 kWh was assumed for a single-family house in 306 

each location. 307 

 308 
Fig. 5. The electricity profile for a day (weekday, Saturday and Sunday). 309 

2.4. Meteorological data 310 

The proposed HRES is studied under three different European climate conditions because the energy yield of 311 

the PVT collectors depends strongly on the weather parameters, such as solar radiation, wind speed and ambient 312 

temperature. The performance of the PVT collectors has a direct impact on the available solar support in the 313 

hybrid energy system and on the fuel costs reduction. 314 

The selected locations are Tampere, Finland; Strasbourg, France and Barcelona, Spain. According to the 315 

Köppen climate classification presented in Fig. 6, Tampere represents Northern Europe with a subarctic climate 316 

border. This means that the ambient temperature reaches above 10 °C only 3 months in a year [25]. Strasbourg 317 

represents Central Europe, and according to the classification, it has a semi-continental climate with cool 318 

winters and relatively sunny summers. The Mediterranean location Barcelona represents South of Europe, and 319 

according to the classification, it has a dry-summer subtropical climate. This means hot and dry summer with a 320 

cooler and wetter wintertime.  321 
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 322 

Fig. 6. The Köppen-Geiger Climate Classification map [33].  323 

 324 

Figure 7 shows the global solar irradiation and ambient temperature over year in each location. The presented 325 

hourly weather data is obtained from the IDA ICE building simulation software and is based on the ASHRAE 326 

IWEC (International Weather for Energy Calculation) database [34]. In this database, the weather files for 327 

different locations are derived from the collected hourly weather data for up to 18 years [35]. These “typical” 328 

weather files for different locations smooth the yearly variation of the weather conditions.  329 

 330 
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 331 
Fig. 7. The hourly solar radiation and ambient temperature based on the historical data in each location [34]. 332 

 333 

The monthly average ambient temperatures are presented in Table 3. This data is used in the exergy and 334 

exergo-economic analysis as monthly reference temperatures in order to take into account the impact of the 335 

location to thermal exergy production. 336 

Table 3. The monthly average temperatures in each location [34]. 337 

Month Tampere, average 
temperature [°C] 

Strasbourg, 
average 
temperature [°C] 

Barcelona, 
average 
temperature 
[°C] 

January -6.3 2.3 8.2 

February -6.6 2.1 9.4 

March -2.5 6.0 11.2 

April 3.3 9.9 13.2 

May 9.6 14.7 17.1 

June 13.5 17.4 21 

July 16.6 18.9 23.6 

August 15.1 19.0 24 

September 9.2 14.7 21.5 

October 4.6 10.5 17.2 

November -1.2 4.8 12 

December -4.2 2.7 9.7 
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 338 

2.5. Exergy analysis 339 

The exergy analysis is based on the Second Law of Thermodynamics and it quantifies the quality of the input 340 

and output in the energy conversion process. It complements the First Law based energy analysis by counting 341 

how well the quality of the fuel energy is maintained in the conversion process while energy analysis quantifies 342 

only the amount of energy produced and lost in the process. Through the energy conversion process, exergy is 343 

always destroyed but energy changes its form and is never destroyed. The exergy analysis helps to reveal better 344 

inefficiencies in the conversion process. The quality of energy is counted as a work potential to the specific 345 

environment or reference temperature. Typically, this state is the environmental conditions of the energy 346 

conversion device. The selection of the reference temperature defines the exergy of the system and it should be 347 

selected carefully. In this study, the monthly exergy and exergo-economic analysis is conducted under different 348 

climate conditions and the monthly average ambient temperatures in Table 3 are used as reference temperatures. 349 

The exergy balance of the cogeneration is generally presented as follows: 350 

where Exd is the exergy destruction, Exin is the exergy content of the used fuel, and Exel and Exth represent 351 

the electrical and thermal exergy products, respectively. The exergy efficiency is calculated by dividing the sum 352 

of the exergy products by fuel exergy. 353 

The considered system receives the fuel exergy from biomass and solar radiation. The PVT field absorbs 354 

exergy from solar radiation which is not seen as pure exergy but a following conversion conversation coefficient 355 

is used to calculate incoming exergy [36]: 356 

In Equation (9) T0 is the monthly reference temperature in Kelvin and Tsol is the solar temperature (5777 K). 357 

The fuel exergy of biomass is defined as follows [37]: 358 �76,,�/% = 89,:6�;<

 × �5 � × =>?:6�;<

 (10) 

where fq,biomass is a quality factor of wood pellets and LHVbiomass is the lower heating value of 4900 Wh/kg. In 359 

this study, the quality factor of 1.13 is used for wood pellets [38]. 360 

As an energy product, electricity is seen as pure exergy which can be totally transformed into work. 361 

However, the exergy content of thermal energy flow from the micro-CHP, PVT field and thermal energy storage 362 

depends on the specific enthalpy (h) and entropy (s) of the water flow at the inlet and outlet of the certain 363 

component. The specific enthalpy and entropy of the certain flow depends on the temperature at which the flow 364 

is made available. The thermal exergy of water flows in the system is presented as follows [37,39]:  365 �73@ = �5 × Aℎ�23 − ℎ6, − �C × (D�23 − D6,)E =  �5 × ��,� × A(��23 − �6,) − �C × GH ��23 �6,⁄ E (11) 

where ṁ is the mass flow rate, cp,f is the fluid specific heat. 366 

2.6. Performance indicators 367 

The considered HRES has highly dynamic behaviour due to dependence on the fluctuating solar radiation 368 

and energy demand. Due to this cumulative energy and exergy flows are used to calculate the performance 369 

indicators over defined periods: 370 

The period is defined to be a month to see the difference in the performance indicators during a year.  371 

The exergy efficiency of the whole HRES is presented as follows: 372 

 373 

J �76, − J(�7�� + �73@) =  J �7K (8) 

�76,,%�� =  .L × M6'' × (1 − 4 3⁄ × �C �
��⁄ + 1 3⁄ × (�C �
��⁄ )P) (9) 

�7Q = R �75 Q  �	��'6�K  (12) 
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S���'<�� = (�7T − �7U) + (�7V − �7W) + �7X + �7YZ�76,,�/% + �76,,%��  (13) 

where the exergy products are space heating, domestic hot water and electricity produced by the PVT field 374 

and micro-CHP unit. 375 

The operation of the considered hybrid energy system including cogeneration units can be compared to 376 

separated production of heat and electricity. The defined reference system for separated energy production 377 

includes the electric grid based on the centralized nuclear power plant and a natural gas-fuelled boiler. The 378 

energy based comparison indicator is Primary Energy Savings (PES) [37]: 379 

[�\ = ]1 − 1������ + �3@�:
^ × 100 (14) 

The PES indicator shows the saved primary energy when cogeneration is used instead of the separated energy 380 

production. However, this indicator qualifies electricity and heat to be the same value but, in terms of exergy, 381 

heat has lower quality than electricity. This leads to a fact that it is not reasonable to directly compare the 382 

different energy products of the system. Thus, an exergy-based comparison indicator called Relative Avoided 383 

Irreversibility (RAI) [37,40] is used and presented as follows:  384 

`.a = b1 − ac�/%ac�� + ac:d × 100 (15) 

 385 ac = (1 − S) × �76,  (16) 

where Ir is the generated exergy irreversibility or destruction of the certain energy conversion process. 386 

2.7. Economic and Exergo-economic assessment based on energy level and varying reference temperatures 387 

In this study, the considered HRES is economically assessed by the economic indicators called Simple 388 

Payback-Time (SPT) and Net Present Value (NPV) and by an exergo-economic analysis which specifies the 389 

costs of the energy products from the HRES. 390 

 391 

2.7.1. Economic indicators 392 

The SPT gives a rough estimation of the economic viability of the considered system by dividing the initial 393 

investment costs (Zsys) by all counted revenues/savings that the system can generate during yearly operation. 394 

However, it does not take into account the time value of cost which results in the rough estimation of the 395 

payback-time in years. This indicator is calculated as follows [41]: 396 

 397 \[� = e
�
 \?
�
,��<'⁄  (17) 

 398 

where SVsys,year is the yearly savings compared to a reference system and calculated as follows [41].  399 

 400 

\?
�
,��<' = b���,��<K × ���,�'�;f'6K + &�3@,!/ + �3@,�/g( × �hf=>?hf�: d�!− &�:6�;<

 × �:6�;<

 + ���,�'�;f'6K × ���,�'�;f'6K− ���,3�f'6K × ���,3�f'6K + i*�/%(/�j! 

(18) 

 401 

where RS indicates the reference system and HRES the considered hybrid system.  402 

Another useful economic indicator to evaluate the economic viability is the NPV, which takes into account 403 

time by discounting future savings to the present value over the lifetime of the HRES. A positive NPV indicates 404 
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economically acceptable investment and a negative indicates unviable investment under considered 405 

circumstances. 406 k[? = −e
�
 + J&l × \?
�
,��<'(,  
(19) 

a = 1 (1 + c),⁄  (20) 

where a is the annuity factor, r is the discount rate and n is the lifetime of the system. 407 

 408 

2.7.2. Exergo-economic analysis 409 

The exergo-economic analysis combines exergy with economic analysis and is used to allocate the initial 410 

investment and operating and maintenance (O&M) costs for the energy products of the. In this study, the 411 

Specific Exergy Costing (SPECO) approach proposed by Lazzaretto and Tsatsaronis [42] is used. Based on that 412 

method, a cost value can be assigned to exergy unit of each energy flow in Fig. 1 coming and leaving a certain 413 

system component. The exergy costing method reveals the prices for the produced electricity and heat that 414 

should be returned or saved to cover the initial investment and O&M costs of the HRES. According to the 415 

SPECO, the exergy cost balance equation of the kth component in steady operating conditions can be written as 416 

follows:  417 C5 = c × Ex5  (21) 

 418 

J&cr × Ex5 r(srtuv + Z5 s = J &cx × Ex5 x(sxyz{t|}  (22) 

where C5  is exergy cost rate in €, c is the specific cost of exergy in €/kWhex and Ex5  is the exergy rate in kW. 419 

Due to the fluctuating nature of solar energy production, the cumulative exergy flows over defined period based 420 

on Eq. (12) are taken into account and the exergy rates in Eq. (22) are replaced by the cumulative values. In Eq. 421 

(22), e5 represents non-exergetic costs including initial investment costs and O&M costs of the component with 422 

the Capital Recovery Factor (CRF). The cumulative non-exergetic costs are presented as follows: 423 

e~� = a� × +`� × 	��'6�K 8760⁄ + i*� = a� × �(1 + �),(1 + �), − 1 × 	��'6�K 8760⁄ + i*�  (23) 

where tperiod is the length of considered period, i is the interest rate, n is the lifetime of the component and OM 424 

is the O&M costs over the considered period. It is assumed to be 1.5% of the levelized investment cost of the 425 

period for the micro-CHP unit.  426 

The considered HRES has multiple outputs and it includes cogeneration components that have multiple 427 

products. Due to this, auxiliary costing equations are required to define the specific cost of the multiple 428 

products. Additionally, the energy levels of different energy products are taken into account in the costing 429 

method according to [43]. The energy level reveals the quality of the energy flow and its ability to work to the 430 

reference temperature [43]. By considering the energy level, the specific cost of any flow is directly proportional 431 

to its energy level and gives the higher price for the higher quality flow. This leads to more realistic evaluation 432 

of the exergo-economic performance of different energy product.  433 

The energy level of electricity is 1 but the level of heat depends on the following formula [43]: 434 �= = 1 − �C ∆\ ∆>⁄  (24) 

where T0, ΔS and ΔH are the reference temperature, entropy change and enthalpy change, respectively.  435 

In addition to the energy levels, the location and period specific reference temperatures in Table 3 were taken 436 

into account in the monthly exergo-economic analysis in order to have a fair comparison between different 437 

locations of the HRES. 438 

Next, the exergo-economic model of the HRES in Fig. 1 is presented. The model includes a number of cost 439 

balances and n-1 auxiliary costing equations for three main components: micro-CHP, PVT field and thermal 440 

energy storage. Table 4 presents the economic parameters used in the exergo-economic analysis. The initial 441 

investment costs are presented without the country specific Value Added Tax (VAT) which is taken into 442 

account in the calculations. The VAT is 24% for Finland, 20% for France and 21% for Spain. 443 
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Table 4. The economic parameters of the exergo-economic analysis. 444 

Parameter Description Value Unit Ref. 

ICHP Initial investment costs of micro-CHP 17600 € ÖkoFEN 
company 

OMCHP O&M costs of micro-CHP 1.5 %  

IPVT Initial investment costs of PVT 295 €/m2 DualSun 
company 

Iinv Initial investment costs of inverters 100 €/piece Enphase 
company 

ITES Initial investment costs of TES 2300 €/m3 Sailer 
company 

cDHW Specific costs of tap water 0.00083 €/kg [44] 

LHVbiomass Biomass lower heating value 4900 Wh/kg  

LHVNG Natural gas lower heating value 9.6 kWh/Sm3 [41] 

ηel,heater Efficiency of electric heater 95 %  

ηb Efficiency of natural gas boiler 80 %  

r Discount rate 2 %  

N Lifetime 25 years  

 445 

Micro-CHP 446 

The biomass-fuelled micro-CHP unit uses air, which is free of charge, biomass and the non-exergetic cost 447 e~�/%to produce electricity (flow 3) and heat (flow 4), simultaneously. This leads to a following cost balance and 448 

auxiliary equations: 449 +Y5 + +Z5 + e~�/% = +X5 + &+P5 − +�5 ( (25) 

+Y5 = 0 (26) 

+Z5 = ṁ:6�;<

 × �:6�;<

 (27) 

where ṁbiomass is the mass flow of wood pellets (kg/h) and cbiomass is the specific cost of wood pellets in €/kg. 450 

Based on the fuel and product rule of the SPECO [42] and on the fact that the specific costs of electricity and 451 

heat produced by the micro-CHP unit are directly proportional to their energy levels, the following auxiliary 452 

equation are written: 453 �X �=X⁄ =  (�P − ��) �=P��⁄  (28) 

+X5 × &�7P5 − �7�5 (�7X5 × &+P5 − +�5 ( = �=X �=P��⁄  (29) 

Finally, the specific costs of electricity from the micro-CHP unit are formulated as follows: 454 

���,�/% = +Z5 + e~�/%b1 + &�7P5 − �7�5 ( × �=P���7X5 × �=X d �75 X
 (30) 

PVT 455 

The PVT field consumes solar energy (flow 13), which is free of charge, and the non-exergetic costs e~%��to 456 

produce electricity (flow 12) and heat (flow 11), simultaneously. This leads to a following cost balance and 457 

auxiliary equations: 458 +X5 + e~%�� = +YZ5 + &+YY5 − +YC5 ( (31) 

+X5 = 0 (32) 
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�YZ �=YZ⁄ =  (�YY − �YC) �=YY�YC⁄  (33) 

CYZ5 &ExYY5 − ExYC5 (ExYZ5 &CYY5 − CYC5 ( =  ELYZEL  (34) 

Finally, the specific costs of electricity from the PVT field are formulated as follows: 459 

cuv,��� = Z~���b1 + &ExYY5 − ExYC5 (ELYY�YCExYZ5 ELYZ d ExYZ5  (35) 

Thermal energy storage 460 

The thermal storage receives heat “fuel” from the micro-CHP and PVT field and uses the non-exergetic costs 461 Z~��� to store and exchange the heat to feed DHW and space heating circuits when necessary. The following cost 462 

balances are written for the TES: 463 &+5P − +5�( + &+5YY − +5YC( + e5�j! = &+5T − +5U( + &+5V − +5W( (36) 

+5W = �5 W × ��/g (37) (�T − �U) �=T�U⁄ = (�V − �W) �=V�W⁄  (38) &+5T − +5U(&�75 V − �75 W(&�75 T − �75 U(&+5V − +5W( = �=T�U�=V�W 

(39) 

where ṁ7 is the domestic hot water demand and cDHW is the specific cost of tap water in €/kg. 464 

 465 

Hybrid renewable energy system 466 

Finally, the specific costs of electricity (cel,sys), domestic hot water (cDHW) and space heating (cSH) are 467 

calculated as follows: 468 

���,
�
 = +5X + +5YZ�75 X + �75 YZ =  ���,�/% × �75 X + ���,%�� × �75 YZ�75 X + �75 YZ  

(40) 

��/g = +5V �75 V⁄  (41) 

�!/ = &+5T − +5U( &�75 T − �75 U(�  (42) 

 469 

3. Results and discussion 470 

The simulation tool was built into Matlab/Simulink to evaluate the exergetic and exergo-economic 471 

performance of the HRES in Fig. 1 under three different European climate conditions described in Section 2.4. 472 

The tool allows calculating exergy production, destruction and efficiency on the component and system level 473 

over a certain period. Additionally, the calculations of the exergo-economic specific costs of electricity, 474 

domestic hot water and space heating produced by the HRES can be conducted on the monthly basis. 475 

3.1. Exergy analysis 476 

Next, the results of the exergy analysis of the system in each location are presented and discussed. The aim of 477 

the considered HRES was to support energy production of the biomass micro-CHP with solar cogeneration in 478 

order to reduce biomass consumption and costly exergy destruction. Solar energy as a fuel has lower quality 479 

than biomass, and it is free of charge.  480 

In Fig. 8 are presented the exergy fuel, product and destruction flows over three representative days from 481 

spring, summer and winter periods in Strasbourg.  482 

 483 
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 484 
Fig. 8. The fuel, product and destruction exergy flows during three different days in Strasbourg a) in spring, b) in summer and c) in winter.  485 

 486 

Figure 8 shows the variation of the utilized solar and biomass exergies over time. On each day, the micro-487 

CHP run during the night hours to satisfy the space heating and to maintain the temperature of the TES. The 488 

reduced solar availability during the spring and winter day forced to use biomass exergy also during the day 489 

hours. During the winter day, the main fuel exergy came from biomass use. The exergy destruction in both 490 

micro-CHP and PVT was significantly higher compared to the exergy products that are space heating, DHW and 491 

electricity. The magnitude of the space heating and DHW exergy products was low due to the low temperature 492 

levels. The highest exergy product was the electricity produced by PVT during the spring and summer days and 493 

the electricity produced by the micro-CHP during the winter day.   494 

The exergy analysis in Fig. 8 revealed a big difference between the magnitudes of the used fuel exergy fed to 495 

the system and the gained exergy products. The costly exergy destruction in the Stirling engine micro-CHP unit 496 

could be reduced by improving the electrical power output of the unit.     497 

In Fig. 9 is presented the used fuel exergy in each location. The higher availability of solar radiation during 498 

the summer months increased the solar share of the total fuel exergy. However, the solar share was also 499 

increased due to decreased energy demand of the building. Figure 9 clearly shows that in the southernmost 500 

location of Barcelona, the solar share of the fuel exergy was significant also during the winter months from 501 

November to March covering at worst 26% of fuel exergy in January. At the same time, the solar share was 502 

below 10% in Strasbourg and Tampere. This trend was seen in November and December as well.    503 

Figure 9 reveals that despite the northern location of Tampere, the solar share of the fuel exergy was close to 504 

one in Strasbourg. However, in September the solar share was only 52% while it was still 78% and 97% in 505 

Strasbourg and Barcelona, respectively. 506 
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 507 
Fig. 9. The monthly fuel exergy flows in each location. 508 

Figure 10 shows the total exergy destruction divided for each system component (PVT, micro-CHP and TES) 509 

in each location. The exergy destruction was higher during the winter months from November to March because 510 

of the high demand for low-grade heat production for space heating. During these months, the micro-CHP 511 

caused most of the destruction in the system while the PVT dominated the destruction during the summer 512 

months. The TES was used to manage thermal exergy flows in the system and counted the smallest part of the 513 

total exergy destruction. However, the exergy destruction of the TES was significantly higher during the winter 514 

months. This was caused by using high thermal exergy flow from the micro-CHP to produce a high amount of 515 

space heating which had low exergy content. On the other hand, during the summer months, while the space 516 

heating was almost zero, the low thermal exergy flow from the PVT field was used to produce domestic hot 517 

water which had high exergy content resulting in lower exergy destruction. 518 

 519 

 520 
Fig. 10. The monthly exergy destruction in each location divided for each component. 521 

The exergy products from the HRES were space heating, domestic hot water and electricity produced by the 522 

micro-CHP unit and PVT field. These exergetic products are presented on monthly basis in Fig. 11.  523 
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Figure 11 reveals that the exergy products were dominated by the electrical exergy produced by the PVT 524 

field. In the sunny location of Barcelona, the proportion of the PVT electricity was already higher than the one 525 

of the micro-CHP in January although the operation of the micro-CHP was high due to higher space heating 526 

demand. The same happened in Tampere and Strasbourg in March. This result show that the hybridization of the 527 

units increased significantly the free-fuel based electricity production capacity of the HRES. Additionally, the 528 

solar support helped to reduce biomass use and costly exergy destruction during the whole year.  529 

In Tampere and Strasbourg, the space heating was a significant exergy product during the cooler months 530 

from November to February. However, the quality of the space heating as an exergy product depended on the 531 

reference temperature of the considered location. Due to this, the exergy of the heat products was the lowest in 532 

the warmest location of Barcelona. 533 

 534 

 535 
Fig. 11. The monthly exergy products from the hybrid renewable energy system in each location divided for each energy product of the 536 

system.  537 

Figure 12 shows the monthly overall exergy efficiency of the HRES in the selected locations. The exergy 538 

efficiency varied from 13% to 16% reaching the maximum value in Tampere already in February, in Strasbourg 539 

in June and in Barcelona in September. Due to the significantly cooler monthly reference temperatures, the 540 

efficiency was the highest in Tampere during the winter months. In Strasbourg and Barcelona, the exergy 541 

efficiency increased slowly from January to June and to May, respectively, while the solar irradiation increased 542 

and heating demand decreased. In each location, the exergy efficiency decreased strongly at the end of the year 543 

due to strongly reduced solar irradiation and increased use of the micro-CHP system for space heating demand. 544 

The decrease was strongest in Strasbourg from September to October by 2% percentage points. In Tampere and 545 

Barcelona, the fall in efficiency was slower and took place from August to October and from September to 546 

November, respectively. 547 
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 548 
Fig. 12. The monthly exergy efficiency of the whole system in each location. 549 

 550 

The yearly overall exergy efficiency, given by Eq. (13), was the highest in Tampere resulting in 15.3% 551 

followed by Strasbourg and Barcelona with the same result of 14.3%. The efficiency was the highest in Tampere 552 

due to the coolest monthly reference temperatures which led to the higher exergy of the heat products. This 553 

increased relatively the amount of the total exergy products compared to the other locations. Barcelona and 554 

Strasbourg resulted in the same annual overall exergy efficiency. This was possible due to the different 555 

utilization rates of the energy production units of the system. Due to the higher heating demand, the micro-CHP 556 

unit produced more electricity and heat in Strasbourg. However, this led to the higher biomass fuel use in 557 

Strasbourg but, as compensation, the received solar energy fuel was lower than in Barcelona. In Barcelona, this 558 

was the other way around. Additionally, the amount of the PVT electricity product was higher but the amount of 559 

the heat exergy products was lower due to the lower heating demand and the higher monthly reference 560 

temperatures.  561 

The overall exergy efficiency of the same HRES in different locations can be close to each other because of 562 

the different component utilization rates and varying exergy of the heat products depending on the reference 563 

temperature. In terms of the PVT collectors, the decreased value of the heat products is compensated by the 564 

increased amount of PVT electricity production due to the higher solar radiation. 565 

Next, the results of the exergo-economic analysis will be presented and discussed.   566 

3.2. Exergo-economic analysis 567 

The exergo-economic costs of the electricity produced by the HRES in each location are presented in Fig. 13. 568 

The specific cost of the system electricity takes into account the specific costs of the PVT and micro-CHP 569 

electricity according to Eq. (40). Figure 11 shows the specific cost of electricity cumulated on a monthly and 570 

yearly basis. The specific costs varied strongly in each location over the year with the minimum value as low as 571 

0.189 €/kWh (or kWhex as electricity is seen as pure exergy) in each location during the summer and as high as 572 

0.798 €/kWh in Tampere, Finland in November. In each location, the costs were lowest during the summer 573 

months when the PVT field produced most of the electricity. During the winter months, the costs increased in 574 

each location due to a greater share of the electricity produced by the micro-CHP, which had the higher initial 575 

investment cost, existing fuel costs and lower nominal electrical power. However, in Barcelona, the monthly 576 

specific costs were 15 to 30 c€/kWh lower during the winter months than in Strasbourg and France due to the 577 

better availability of solar energy. 578 

Figure 13 shows that the specific cost of electricity was surprisingly close to each other in Strasbourg and 579 

Tampere when taking into account the physical distance between the locations. However, from November to 580 

January, the solar share of the electricity production was lower in Tampere resulting in over 10c€/kWh higher 581 

specific cost of electricity. The specific costs in Tampere and Strasbourg were close to Barcelona only during 582 

the best months of solar radiation, and during the rest of the year, the costs were 16% to 43% lower in Barcelona 583 

than in two other locations. 584 
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 585 
Fig. 13. The monthly and yearly exergo-economic costs of electricity produced by the hybrid energy system in Tampere, Strasbourg and 586 

Barcelona. 587 

 588 

The results in Fig. 13 reveal that the available solar support from the PVT field decreased the specific cost of 589 

electricity significantly compared to the months, such as January and February, when the micro-CHP run almost 590 

at full requirements due to low solar irradiation and high space heating demand. In Tampere, the specific cost 591 

was reduced by 75%, by 66% in Strasbourg and by 59% in Barcelona due to increased solar support between the 592 

winter and summer. The impact of the solar support on the costs was also seen in the annual specific cost of 593 

electricity presented in Fig. 11. These costs were the lowest in sunny Barcelona resulting in 0.292 €/kWh and 594 

the highest in Strasbourg with 0.406 €/kWh. The annual specific cost was only slightly lower in Tampere than in 595 

Strasbourg with 0.404 €/kWh although the highest monthly specific cost were resulted in Tampere.  596 

In Fig. 14 is presented the exergo-economic specific cost of space heating in each location on monthly and 597 

early basis. 598 
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 599 
Fig. 14. The monthly and yearly exergo-economic costs of space heating in Tampere, Strasbourg and Barcelona. 600 

The exergo-economic cost of the space heating reached the highest value of 3.73 €/kWhex in Strasbourg in 601 

July due to low space heating demand and high ambient temperature. At the same time, the cost reached the 602 

highest value in Tampere as well with 3.11 €/kWhex. In Barcelona, there was no space heating demand from 603 

July to September and the specific cost was zero. Figure 14 shows that the specific cost reached the highest 604 

values in Barcelona and lowest in Tampere over the year. This was caused by the higher space heating demand 605 

and cooler reference temperatures in Tampere which leads to higher heat exergy production. 606 

Figure 14 presents the specific cost of space heating per kWh of exergy, not energy. Based on the monthly 607 

energy levels of the heat exergy flows, the cost transfer coefficient of thermal exergy to energy varied from 608 

0.143 to 0.068 in Tampere, from 0.115 to 0.061 and 0.095 to 0.054 in Strasbourg and Barcelona, respectively. 609 

The energy levels of the exergy flows were highest during the cooler months. The annual average specific cost 610 

of space heating was the highest in Barcelona with 0.399 €/kWhex which resulted in 0.036 €/kWh. In Tampere 611 

and Strasbourg, the costs were slightly lower in terms of exergy resulting in 0.341 €/kWhex (0.044 €/kWh) and 612 

0.319 €/kWhex (0.034 €/kWh), respectively. 613 

In Fig. 15 is presented the exergo-economic cost of DHW in each location on monthly and yearly basis. The 614 

DHW profile was assumed to be the same in each location but the specific cost of DHW were influenced also by 615 

the current space heating demand. Due to that, the specific cost reached a value as high as 11.9 €/kWhex in 616 

Barcelona in August when the space heating demand was zero and all costs were allocated only to the DHW. At 617 

the same time, the specific costs were 60% lower in Strasbourg and 74% lower in Tampere. 618 

 619 
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 620 
Fig. 15. The monthly and yearly exergo-economic costs of DHW in Tampere, Strasbourg and Barcelona. 621 

On yearly basis, the specific cost of the DHW was the highest in Barcelona with 1.626 €/kWhex which 622 

resulted in 0.111 €/kWh. In Strasbourg and Tampere, the costs were lower resulting in 0.987 €/kWhex (0.083 623 

€/kWh) and 0.725 €/kWhex (0.075 €/kWh), respectively.  624 

In this study, the exergo-economic calculation took into account the energy level of the exergy flows in order 625 

to allocate more production costs to an energy product with the higher energy level. Due to this, the specific cost 626 

of DHW were higher than the specific cost of space heating which had the lower temperature and energy level 627 

than the DHW. On the other hand, the specific cost of electricity was the highest among the energy products of 628 

the system because of the highest energy level of 1 as electricity is seen as pure exergy. It should be also noted 629 

that this study was conducted not taken into account any renewable energy based support or incentive 630 

mechanism. However, when comparing different countries, this study took into account the country specific tax 631 

and prices in Table 5. 632 

Based on the performed exergo-economic analysis it can be concluded that the reasonable unit prices 633 

assigned to each energy product of the HRES differ according to the location and climate conditions of the 634 

hybrid system. These prices are presented in Table 5.  635 

Table 5. The average unit prices of the energy products in each location. 636 

Energy product Barcelona Strasbourg Tampere Unit 

Electricity 0.292 0.406 0.404 €/kWh = 
€/kWhex 

Space heating 0.036 0.034 0.044 €/kWh 

 0.399 0.319 0.341 €/kWhex 

Domestic hot water 0.111 0.083 0.075 €/kWh 

 1.626 0.987 0.725 €/kWhex 

 637 

It can be recognized that the appropriate electricity prices are relatively high compared to the country-638 

specific electricity purchase prices in Table 6. This is mainly caused by the high initial investment of the HRES. 639 

At the moment, it is not realistic to gain the electricity prices above by selling or self-consuming the produced 640 

electricity of the HRES. However, the investment costs of the components can be expected to be reduced in the 641 

future while the grid electricity prices are expected to increase. Additionally, a thermally activated cooling 642 
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device could be added to the system to increase the utility of the system during the summer months and decrease 643 

the prices of the heat products. 644 

 645 

3.2.1. Sensitivity analysis of exergo-economics 646 

The sensitivity analysis was conducted to investigate the impact of the solar and storage component 647 

capacities on the exergo-economic costs. The exergo-economic results in Strasbourg were used as a reference in 648 

the analysis. First, the number of the PVT rows was decreased and increased by 33% by removing and adding 649 

one row to the original system configuration presented in Section 2. Varying the number of PVT collectors had 650 

a strong impact on the monthly and annual specific cost of the electricity as shown in Fig. 16. 651 

 652 

 653 
Fig. 16. The monthly and yearly exergo-economic costs of electricity produced by the hybrid energy system with different PVT capacities.  654 

 655 

Decreasing the number of PVT collectors increased the monthly and annual specific cost of electricity 656 

because the cost-free solar fuel was reduced and compensated by the costly biomass fuel to cover energy 657 

demand. Adding the PVT collectors resulted in the opposite results but with a lower magnitude. The smaller 658 

PVT field increased the annual specific cost of electricity by 20% while the larger field decreased the cost by 659 

13%. In terms of the space heating and DHW, varying the number of the PVT collectors did not influence the 660 

specific cost because these heat products were not the direct output of the PVT field but the thermal storage.  661 

Next, the thermal storage volume was varied by ±25% compared to the reference system resulting in the 662 

storage sizes of 1.5 m3 and 2.5 m3. The thermal storage is used to facilitate the matching between thermal 663 

energy production and demand. Varying the storage size had an impact on the initial investment cost but not on 664 

the magnitude of the heat products defined by the building energy use. Due to this, the monthly specific costs of 665 

the heat product were increased or decreased only during the summer months when the heating demand was 666 

relatively low as shown in Fig. 17.  667 

 668 

 669 
Fig. 17. The monthly and yearly exergo-economic costs of a) DHW and b) space heating with different storage capacities. 670 

 671 
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In July and August, the specific costs of DHW were 9.3% and 12.6% higher, respectively, if the size was 672 

increased. Decreasing the size led to 11.7% and 10.7% lower DHW costs in these months. The variation in the 673 

specific cost of space heating was with the same magnitude. The storage size did not influence the specific cost 674 

of electricity.   675 

3.3. Comparative results of the HRES to the reference system 676 

Energy, exergy and economic comparison indicators were used to further evaluate the performance of the 677 

cogeneration based HRES compared to separated production of heat and power by a reference system. The 678 

primary energy savings (PES) were used as an energetic indicator, the relative avoided irreversibility (RAI) as 679 

an exergetic indicator, and the simple payback time and net present value as economic indicators.  680 

In terms of PES and RAI indicators, the reference system included an electric grid with an efficiency of 35% 681 

for electricity and a natural gas-fired boiler with an efficiency of 80% for heat production. In Fig. 18 is 682 

presented the monthly PES in each location compared to the reference system. The primary energy savings took 683 

into account only the reduction in biomass use because solar energy is CO2 and cost-free primary energy. Figure 684 

18 shows significantly high primary energy savings in each location during the sunniest months from May to 685 

August, when the PES was over 60% in each location. The system operation in Barcelona resulted in the highest 686 

PES over the year leading to the PES of over 90% from May to September. The PES values were almost the 687 

same during the year in Tampere and Strasbourg despite September when the PES was 68% in Strasbourg and 688 

40% in Tampere due to strongly reduced solar irradiation in the northern location. 689 

 690 
Fig. 18. The monthly primary energy savings in each location.  691 

In each location, the PES was positive and primary energy was saved during the whole year. Based on the 692 

results, it can be concluded that hybridization of the fuel-fired micro-CHP system with solar cogeneration 693 

reduced strongly primary energy use compared to the reference system. In terms of exergy, the monthly RAI 694 

indicator showed the existing irreversibility savings in the HRES compared to the reference system but always 695 

at the lower level than primary energy savings. However, in Fig. 19, the RAI indicator revealed inefficiency of 696 

the HRES in Tampere in November when the RAI got a negative value. This indicates that the HRES was not an 697 

improvement from the reference system in November. In Tampere and Strasbourg, the RAI indicator was 698 

negative or close to zero from November to January. This was mainly caused by the low solar energy 699 

production. As a conclusion, the RAI indicator revealed the hidden inefficiency of the HRES operation which 700 

was not seen in the PES indicator.    701 
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 702 
Fig. 19. The monthly relative avoided irreversibility in each location. 703 

 704 

Next, the economic indicators were calculated for four different scenarios in each location. The SPT and 705 

NPV of the HRES are presented in Table 6 with the country-specific parameters used in the calculation. These 706 

economic calculations were conducted for the replacement of the reference system by the HRES. The case 1 707 

compared the HRES to the reference system including the electric grid and natural gas boiler, and the case 2 708 

compared to the reference system consisting only of the electric grid. Within the cases, the following two sub-709 

scenarios were considered: a) dynamic electricity balance between the load and production was taken into 710 

account, and b) all produced electricity was assumed to be consumed by the building. In the sub-scenario a), the 711 

produced electricity was consumed in the building according to the load profile in Section 2.3 and the surplus 712 

production was fed to the grid with the country-specific feed-in-tariff presented in Table 6. The sub-scenario b) 713 

presented an ideal situation to show how the economic indicators were changed if the perfect match between the 714 

load and production would be possible. 715 

Table 6. The parameters used in the economic comparison to the reference systems and economic results in each location. 716 

 Tampere Strasbourg Barcelona Ref. 

Electricity demand 6000 kWh/year 6000 kWh/year 6000 kWh/year  

Heating demand 22475 kWh/year 24571 kWh/year 12901 kWh/year  

DHW 4238 kWh/year 4238 kWh/year 4238 kWh/year  

Electricity price 0.174 €/kWh 0.19 €/kWh 0.224 €/kWh [45] 

Natural gas price 0.087 €/kWh 0.075 €/kWh 0.09 €/kWh [46,47] 

Wood pellet price 0.27 €/kg 0.25 €/kg 0.23 €/kg [48] 

Feed-in-Tariff 0 €/kWh 0.06 €/kWh 0.05 €/kWh [49–51] 

VAT 24% 20% 21%  

 Tampere Strasbourg Barcelona  

RESULTS     

Savings, case 1a 1 830 €/year 1 887 €/year 1 939 €/year  

SPT, case 1a 19.3 years 18 years 17.7 years  

NPV, case 1a 508 € 2 781 € 6 585 €  

Savings, case 1b 2 217 €/ year 2 212 €/year 2 435 €/year  

SPT, case 1b 15.9 years 15.4 years 14.1 years  

NPV, case 1b 8 054 € 9 105 € 3 474 €  
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Savings, case 2a 3 361 €/year 4 525 €/year 3 748 €/year  

SPT, case 2a 10.5 years 7.5 years 9.2 years  

NPV, case 2a 30 388 € 54 243 € 38 803 €  

Savings, case 2b 3 747 €/year 4 848 €/year 4 245 €/year  

SPT, case 2b 9.4 years 7 years 8.1 years  

NPV, case 2b 37 934 € 60 567 € 48 494 €  

 717 

The economic indicators in Table 6 show that the retrofitting of the old system with the considered HRES 718 

had economic viability under given circumstances in each location. The NPV was positive in each location after 719 

25 years period. The longest simple payback time was indicated for the case 1a in Tampere resulting in 19.3 720 

years with the NPV of only 508 €. This case took into account the dynamic behaviour of the electricity 721 

production and demand which is rarely matched with each other without energy storage. In this case, the surplus 722 

electricity was sold to the grid with the country-specific feed-in-tariff. The SPT was decreased by 3.4 years if 723 

the produced electricity was assumed to be used totally in the building. Additionally, the NPV was increased by 724 

7546 €. In the case 1a, the SPT was 1.3 and 1.6 years shorter in Strasbourg and Barcelona, respectively, than in 725 

Tampere due to more favourable economic conditions, such as the feed-in-tariff and VAT.  726 

The economic viability of retrofitting the electricity only based system (case 2) by the HRES resulted in 727 

significantly shorter SPT than in the case 1. In Tampere, the SPT of the case 2a was 10.5 years with the NPV of 728 

30388 €. The shortest SPT of the case 2 was indicated in Strasbourg due to lower electricity price combined 729 

with low VAT for the initial investment. Assuming the 100% self-consumption in the building resulted only in a 730 

small reduction of the SPT. However, the reduction was less significant than between the case 1a and 1b. 731 

The economic results revealed the higher viability of the hybrid system if the produced electricity was used 732 

100% on-site. The electrical energy storage or electric car with advanced and intelligent system control can 733 

facilitate the energy management of the system and enable 100% self-consumption but increases the initial 734 

investment costs as well.  735 

 736 

4. Conclusion 737 

In this paper, a hybrid renewable energy system based on cogeneration from biomass-fuelled Stirling engine 738 

micro-CHP unit and photovoltaic-thermal collectors was assessed thermo-economically under three different 739 

European climate and economic conditions. The dynamic exergy and exergo-economic analyses were performed 740 

and the results were presented on a daily, monthly and yearly basis.  741 

Compared to a yearly analysis, the conducted dynamic exergy analysis gives more detailed insight to the 742 

variation of exergy fuels, products and efficiency over the year. The dynamic exergo-economic analysis reveals 743 

the high variation in the specific cost of energy products compared to the yearly analysis. This variation is 744 

mainly caused by the fluctuating solar energy availability and heat demand of the reference building.  745 

The location of the HRES had an impact on the following issues: the utilization rate of the energy production 746 

units within the system, exergy of the heat products, heating demand of the building, economic conditions, 747 

payback time, specific costs of energy products, primary energy savings and relative avoided irreversibility. The 748 

location of the HRES did not influence significantly the overall exergy efficiency of the system. 749 

First, the results were obtained in terms of monthly fuel exergy, exergy destruction in the components, 750 

exergy products and the overall exergy efficiency. The following main findings were done:  751 

 752 

• The share of solar exergy was the highest during the summer period in each location. In the 753 

southernmost location of Barcelona, the share was also significant during the winter months from 754 

November to March covering at worst 26% of fuel exergy in January. 755 

• The micro-CHP caused most of the exergy destruction during the winter months while the PVT 756 

dominated the destruction during the summer months. The TES caused 2.5%-6% of the total monthly 757 

exergy destruction. 758 

• The hybridization increased significantly cost-free electricity production and facilitated to reduce 759 

biomass use and costly exergy destruction during the whole year in each location.  760 

• The overall exergy efficiency of the system varied from 13% to 16% over the year.  761 
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 762 

The following main findings were done based on the exergo-economic analysis:  763 

• The specific cost of electricity varied strongly in each location over the year with the minimum value 764 

as low as 0.189 €/kWh in each location during the summer months and as high as 0.798 €/kWh in 765 

Tampere, Finland in November. 766 

• The lowest specific cost of electricity is competitive with the current grid electricity prices in Table 6 767 

which makes the system attractive for the building owner (prosumer).  768 

• The annual specific cost of electricity was 28% lower in Barcelona (0.292 €/kWh) than in Strasbourg 769 

(0.406 €/kWh) and Tampere (0.404 €/kWh) due to the higher utilization rate of the PVT and the lower 770 

rate of the costly micro-CHP unit, and more favourable economic conditions. The similar utilization 771 

rate of the PVT, less favourable economic conditions of Finland and higher exergy of heat products in 772 

Finland resulted in the same annual specific cost of electricity in Tampere and Strasbourg. 773 

• The specific cost of the space heating varied over year depending on the heating demand by having the 774 

highest value of 3.73 €/kWhex in July in Strasbourg and the lowest value of 0.26 €/kWhex in January. 775 

• The DHW had the highest monthly costs of 11.9 €/kWhex in Barcelona in August due to the highest 776 

reference temperature and the lowest space heating demand. The lowest cost were 0.35 €/kWhex in 777 

January in Tampere. The cost of the DHW was higher than space heating due to higher exergy content. 778 

• The specific cost of electricity was sensitive to the number of the PVT collectors but not to the size of 779 

the thermal storage. The 33% smaller PVT field increased the annual specific cost by 20% while the 780 

33% larger field decreased the cost by 13%. 781 

 782 

Finally, the HRES was compared against two reference systems including the electric grid with or without a 783 

gas boiler. Additionally, the self-consumption rate of the produced electricity was taken into account and varied 784 

within two reference cases. The following main findings were done:  785 

• The hybridization reduced primary energy use and irreversibility up to 95% compared to the reference 786 

system.  787 

• The longest SPT of 19.3 years resulted in Tampere and the shortest in Barcelona of 14.1 years if the 788 

comparison was made against the electric grid combined with a natural gas boiler. If only the electric 789 

grid was considered as a reference system, the SPT was between 7 to 10.5 years depending on the 790 

scenario and location. 791 

• The HRES was economically viable in each case while the NPV resulted to be positive. 792 

• The economic results revealed the higher viability of the HRES if the produced electricity was used 793 

100% on-site.  794 

 795 

To enhance the matching of renewable energy production and building energy demand, the upcoming future 796 

work should include an investigation of integrating battery storage or electric vehicle into the system with the 797 

Time-of-Use tariff. Additionally, the optimization of the energy demand side and the HRES will be performed 798 

for each location. More research on advanced and intelligent energy management algorithms is required as well 799 

to control better the energy flows in the hybrid renewable energy system.  800 
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