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Abstract

:

Energy consumed for air conditioning in residential and tertiary sectors accounts for a large share of global use. To reduce the environmental impacts burdening the covering of such demands, the adoption of renewable energy technologies is increasing. In this regard, this paper evaluates the energy and environmental benefits achievable by integrating a dish-Stirling concentrator into energy systems used for meeting the air conditioning demand of an office building. Two typical reference energy plants are assumed: (i) a natural gas boiler for heating purposes and air-cooled chillers for the cooling periods, and (ii) a reversible heat pump for both heating and cooling. For both systems, a dish-Stirling concentrator is assumed to operate first in electric-mode and then in a cogenerative-mode. Detailed models are adopted for plant components and implemented in the TRNSYS environment. Results show that when the concentrator is operating in electric-mode the electricity purchased from the grid decreases by about 72% for the first plant, and 65% for the second plant. Similar reductions are obtained for CO2 emissions. Even better performance may be achieved in the case of the cogenerative-mode. In the first plant, the decrease in natural gas consumption is about 85%. In the second plant, 66.7% is the percentage increase in avoided electricity purchase. The integration of the dish-Stirling system allows promising energy-saving and reduction in CO2 emissions. However, both a reduction in capital cost and financial support are needed to encourage the diffusion of this technology.
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1. Introduction


The increasing emission of greenhouse gases (GHG) into the atmosphere, primarily carbon dioxide (CO2), represents the major cause of the rise in global average temperature [1]. The energy production from fossil fuel, the consumption of energy in the industrial and transport sectors, and the energy used to meet the heating and cooling demands of buildings are the main human activities contributing to CO2 emissions [2].



In this scenario, greater employment of renewable technologies for a distributed generation would lead to a large amount of avoided emissions, while improving the reliability of energy supply and reducing the energy withdrawal from the national grid. In particular, the building sector accounts for about 30% of global energy consumption [3], with a consequence of about 10 GtCO2 emissions on a global scale in 2019 [4].



The use of renewable energy sources along with energy-saving measures are the two main routes to decarbonizing the building sector [5]. However, the integration of renewable technologies with buildings is challenged by the need to align production and demand energy profiles, which often do not match [6]. In this regard, it is necessary to consider, on the one hand, the energy needs (in terms of electricity, energy for heating and cooling) of buildings which is largely variable over time, and, on the other hand, the aleatory nature of renewables such as solar and wind energy [7]. Then, to mitigate intermittency problems and to perform peak shaving, the use of renewable technologies cannot disregard the installation of efficient energy storage systems or energy auxiliary systems [8].



Among solar technologies for electricity or heat production, the most promising and efficient systems are Concentrating Solar Power (CSP) systems [9]. For instance, if installed in remote regions like islands where fossil fuel-based generation systems are usually adopted, they could lead to a significant reduction in CO2 emissions [10]. Thanks to the continuous technological development, the CSP technologies are expected to cover up to 6% of the world’s energy demand by 2030 and 12% by 2050 with promising energy efficiency [11].



There are four types of CSP technologies and they can be classified into line-focusing technologies, such as parabolic trough systems and linear Fresnel reflectors, and point-focusing technologies, such as central solar tower systems and parabolic dish systems [12].



Among CSP technologies, parabolic dish solar concentrators are characterized by the highest efficiency in the conversion of solar energy into electricity [13], and the highest values of operating temperature, and concentration ratio. Moreover, such collectors occupy a smaller area of land per installed peak power than other types of CSP systems [14]. The typical capacity of these systems ranges between 3–30 kWp, making it suitable for small-scale applications [15]. Parabolic-dish systems are also eligible for installation in water-scarce areas, since they do not require water for cooling or operational processes [16].



The integrated engine moves jointly with the paraboloidal collector and therefore both the support structure and tracking system must be solid and robust, thus affecting the total cost of the system [17]. The high initial cost is the main limit to the commercialization of the parabolic dish system [18], and it strongly affects the Levelized Cost of Energy (LCOE), which is not as competitive as parabolic trough or central solar towers systems [19]. Furthermore, CSP systems such as parabolic troughs enjoy the advantage of being more easily coupled to thermal storage systems compared to a parabolic dish [13]. For these reasons, the latter technologies are installed in most of the CSP plants in operation or under construction worldwide [20].



In general, the development of more experimental and demonstration plants could encourage and improve the commercial penetration of parabolic dish technology, which is less mature and widespread than the others [21].



Parabolic dish solar concentrators, equipped with a biaxial tracking system, use a paraboloid-shaped mirror to collect incident normal solar irradiation and concentrate it at a receiver. The receiver, which can be a cavity or made of small tubes, transfers the high-temperature thermal energy to a heat transfer fluid (air, helium, or hydrogen), which evolves in a thermodynamic cycle (Stirling cycle or Brayton cycle) to perform the conversion from heat to mechanical energy. Finally, an alternator is used to generate electric energy [22].



The dish-Stirling solar concentrator, which couples a paraboloidal reflector with a Stirling engine, is the newest CSP technology to be developed and the most efficient in solar-to-electricity conversion [23]. Furthermore, such systems, whose producibility is highly dependent on the level of normal solar irradiation of the installation site [24], can be employed in several applications [9]. This technology can be coupled with a thermal storage system [25], or it can be hybridized to extend the production period to hours of the day during which solar radiation is not available [26], it can be used in both centralized [27] and distributed power generation for electricity supplying remote rural areas [28], and it can also be combined with desalination systems to produce potable water [29].



Other interesting applications of dish-Stirling technology include the possibility to operate it in pure electric mode or cogenerative mode [30]. Referring to the pure electric mode, in [31], the authors analysed and compared the energy performance of a photovoltaic system and a dish-Stirling system integrated into a building located in Lebanon to meet the electricity demand. With the criterion of maximising the use of the building rooftop area, it was observed that the dish-Stirling system, with a peak electrical power of 25 kWp, covers 68% of the total electric energy demand, compared to 12% obtained using the PV system (9.3 kWp).



Regarding the cogenerative mode, research has shown the possibility of using a dish-Stirling system in the building sector to satisfy energy demand for heating, cooling, ventilation, domestic hot water, and electricity. In [32], energy, environmental and economic analyses of a dish-Stirling cogenerative system (10 kWp), covering the electricity, heating, and cooling energy demands of a residential building, were carried out. Since the building energy requirements and the engine output power depend on the climatic conditions and the level of solar beam irradiation, the reference building was considered to be located in five different cities in Iran achieving average primary energy savings of about 139 MWh/y. In [33], the modelling and optimization of a micro-CHP system with a solar-powered Stirling engine were carried out. This system achieved an energy-saving rate of 15% during most of the year for a reference building located in three different Iranian cities. In [34], a combined CHP plant is proposed for the first time, implementing a dish-Stirling collector field, a seasonal geothermal storage, and a water-to-water heat pump system. The cogeneration plant has been designed both to supply thermal energy to the heating system of a non-residential building at Palermo University and to produce electrical energy. The results of the simulations show that by installing a single dish-Stirling concentrator, it is possible to cover 59% of the building annual thermal loads using the energy produced by the solar system, with a 55% reduction in CO2 emissions.



In this framework, the present paper assesses the benefits achievable by integrating the dish-Stirling concentrator into energy plants used to cover the energy demand of tertiary buildings. Two typical plants for space heating and cooling are identified to be eligible for the integration of this technology. The first one consists of systems that use natural gas and electricity, while the second one includes only electrically-driven systems. Meanwhile, to improve the achievable energy savings, two alternative operating strategies of the solar concentrator are proposed. More specifically, a fully electric mode is compared to a cogenerative mode, where the heat recovered from the Stirling engine is used to meet heating demand. Two further contributions of the proposed manuscript could be identified as follows:




	
the analysis proposes the integration of the detailed modelling of the dish-Stirling concentrator with the ones of the heat pump and chiller. Such an approach allows for a better understanding of the plant behavior, along with a more reliable assessment of the energy-saving and avoided CO2 emissions.



	
the study investigates the feasibility of a cogeneration system based on the dish-Stirling technology, in localities characterized by Direct Normal Irradiation (DNI) lower than 2000 kWh/m2/y.








To explore these topics, an office building located in Palermo (Southern Italy) is assumed as a case study. Two energy plants commonly adopted in this sector are considered: (i) a natural gas (NG) boiler for meeting thermal demand during the winter and an air-cooled chiller during the summer; and (ii) a reversible heat pump (HP) for providing both heating and cooling. In both plants, the possibility to operate the concentrator in electric or cogenerative mode is investigated. The numerical model of the dish-Stirling systems was validated by experimental data collected during the monitoring of the facility test site of Palermo [24]. The energy demands of the selected case study were available from energy audits performed in the field. A simplified economic analysis is also carried out to highlight factors that could affect the economic viability of the proposed investments.



The paper is structured as follows:




	
in the second section, detailed modelling of all subsystems comprising the energy plant is presented;



	
in the third section a description of the case study and the investigated energy systems configurations is provided;



	
in the last section, the results are presented and discussed in detail.









2. Materials and Methods


In this section, the models of the main plant components are explained in detail. Such models are then used to dynamically simulate the operation of the investigated energy plants.



2.1. Energy Model of the Dish-Stirling Solar Concentrator


To assess the annual energy production of the dish-Stirling solar concentrator, the numerical model presented in the literature [24] was taken as a reference. For the sake of completeness, a brief description is provided here and for more details, the reader is invited to refer to the cited reference. A scheme of the energy balance of the dish-Stirling concentrator is shown in Figure 1. The solar power (    Q ˙   s u n    ) incident on the collector mirrors can be calculated using Equation (1).


    Q ˙   s u n   =  I b  ⋅  A n   



(1)




where:    I b    is the solar beam radiation and    A n    is the net useful mirror area of the collector, the net aperture area of the dish.



The role of the mirror dish is to collect the incident solar beam radiation, reflect off and concentrate it on the receiver. However, it is necessary to consider that the concentrator is affected by optical losses and that the mirrors could be soiled. Therefore, the thermal power that is concentrated on the receiver (    Q ˙   r , i n    ) can be calculated as shown in Equation (2),


    Q ˙   r , i n   =   Q ˙   sun   ⋅  η o  ⋅  η  cle    



(2)




where:    η o    is the optical efficiency of the solar concentrator and    η  c l e     is the mirrors cleanliness index.



Furthermore, using Equation (3), it is possible to calculate the thermal power dissipated by convection and radiation from the receiver to the external environment (    Q ˙    r , out     ) as a result of the high temperature reached.


    Q ˙    r , out    =  A r  ⋅  [   h r  ⋅  (   T r  −  T  air    )  + σ ⋅  ε r  ⋅  (   T r    4  −  T  sky     4   )   ]   



(3)







In Equation (3),    A r    is the aperture area of the receiver,    h r    is the effective convective heat transfer coefficient of the receiver,    T r    and    T  air     are the receiver and external air absolute-temperatures respectively,  σ  is the Stefan-Boltzmann constant,    ε r    is the receiver emissivity, and, finally,    T  sky     is the equivalent black-body temperature of the sky. This last temperature (expressed in Kelvin) was calculated using the empirical expression shown in Equation (4) [35].


   T  sky   = 0.0552 ⋅    (   T  air    )    1.5    



(4)




Thus, the thermal power that the receiver transfers to the Stirling engine (    Q ˙    S , in     ) can be determined by the following difference:


    Q ˙    S , in    =   Q ˙    r , in    −   Q ˙    r , out     



(5)







The mechanical output power of the Stirling engine (    W ˙  S   ) can be formulated as in Equation (6).


    W ˙  S  =  (   a 1  ⋅   Q ˙    S , in    −  a 2   )  ⋅  R T   



(6)




where,    a 1    and    a 2    are two fitting parameters of the mechanical efficiency curve of the Stirling engine, and    R T    is the correction factor defined as the ratio between the reference temperature (   T 0    = 25 °C) and the external-air temperature expressed in Kelvin [24]. Finally, using Equation (7), it is possible to calculate the net electric output power of the dish-Stirling solar concentrator (    E ˙  n   ), where     E ˙  p  ave     represents the average value of the parasitic electric consumption (tracking and cooling-engine systems) and    η  cle   ave     is the average cleanliness index of the collector mirrors.


    E ˙  n  =  (   η e  ⋅  η o  ⋅  η  cle   ave   ⋅  a 1  ⋅  A n  ⋅  R T   )  ⋅  I b  −  [   η e  ⋅  (   a 1  ⋅   Q ˙    r , out    +  a 2   )  ⋅  R T  +   E ˙  p  ave    ]   



(7)







From the annual values of both the solar input energy to the collector (   Q  sun    ) and the net electric output energy (   E n   ), the solar-to-electricity generation efficiency (   η G   ) is defined as in Equation (8).


   η G  =    E n     Q  sun      



(8)








2.2. Technical Features and Modelling of Reversible Air-to-Water Heat-Pump and Air-Cooled Chiller


As will be shown in Section 3, the use of a reversible air-to-water heat pump and an air-cooled chiller will be hypothesized in this paper. The technical features of the two reference systems used for developing models of the operation of these systems are shown in Table 1. In particular, the cooling/heating capacities were selected based on the peak of the cooling/heating demand of the case study. For all of them, R410A is assumed as the refrigerant, and Electronic Expansion Valve (EEV) is used as the metering device. Brazed plate heat exchangers are used to heat and cool water. In the air-cooled chiller, a fin and tube heat exchanger with induced-draft fans is used on the condenser airside. Each unit is equipped with scroll compressors. The delivered cooling/heating capacity is controlled by activating/deactivating one compressor at a time for the air-cooled chiller. Conversely, a variable frequency drive is used on the heat pump.



Simulations of full-load and part-load operation were carried out using plant simulator IMST-ART v.3.80 [36]. This tool allows the performance of 1-D simulations for vapor-compression chiller systems, relying on detailed thermohydraulic modelling of heat exchangers, refrigerant lines, and accessories. Energy consumption and efficiency of compressors were evaluated using the “catalogue data” option, which converts data from commercial compressor catalogues into efficiency and consumption curves. A constant 3 °C superheat at the evaporator outlet was assumed, thus replicating the operating mode of EEVs.



In Figure 2, the Coefficient of Performance (COP) and the Heating Capacity (HC) of the reversible heat pump are plotted versus the outdoor air temperature (ODT) and the part load ratio (PLR). The black points in Figure 2 were obtained from the IMST-Art simulations at full (PLR = 100) and part-load conditions (PLR < 100).



Then, a multivariable regression was adopted to model the dependence of COP and HC from the two mentioned variables. The resulting equations are shown in the cited figures along with the corrected R-square. Similar graphs were obtained for the cooling-mode of the HP and the air-cooled chiller, not shown here for the sake of brevity. However, it was not possible to check the accuracy of the results since experimental data were not available for the investigated systems. Nevertheless, some published papers investigated the accuracy of simulation results from IMST-Art for chiller systems [37] commercial freezers [38], and heat pumps [39]. As shown in [38], experimental cooling capacity and power consumption are predicted by the software within a ±10% error band. Furthermore, the experimental evaporation and condensation temperatures are predicted within an error band of ±3 K. Other validation studies can be found in the following reference [36].





3. Description of the Case Study


An office building located in Palermo (Italy, 38.11° N; 13.36° E) was selected as a case study. In Figure 3, the following profiles are shown:




	
the yearly cooling demand (Figure 3a);



	
the thermal demand which accounts for space-heating and domestic hot water (DHW) (Figure 3b);



	
the electricity demand related to the lighting system and office equipment operation (Figure 3c).








Such profiles were available from energy audits performed in the framework of previous research [40].



3.1. Description of the Reference Dish-Stirling Concentrator


The reference system is the dish-Stirling concentrator with a 32 kWe net peak electrical power and operating at the facility test site of the University of Palermo. A picture of it is shown in Figure 4. The most relevant technical data concerning the considered dish-Stirling system are summarized in Table 2.



The main subsystems of the dish-Stirling concentrator are the collector, the Power Conversion Unit (PCU), and the tracking system. The reflector has the shape of a paraboloid and consists of an assembly of 104 facets of mirrors with a double curvature and a sandwich structure, with a glass upper surface characterized by a high reflection coefficient (ρ = 0.95 for clean surface). The mirror dish has a diameter of 12 m and an effective aperture area of 106 m2. On the focal axis of the paraboloid, at a focal length of 7.45 m, the PCU is fixed and includes the receiver, the Stirling engine, and the electric generator. The collector concentrates the collected solar radiation onto the aperture area of the receiver. The biaxial tracking system maintains a continuous and perfect alignment between the focal axis of the paraboloid and the direction of the sun’s rays. Subsequently, the receiver absorbs the solar thermal energy, making it available to the hot side of the Stirling engine in the form of high-temperature thermal energy. Here, the hydrogen reaches the operating conditions of 720 °C and 200 bar. Simultaneously with the continuous delivery of heat by the receiver on the hot side of the engine, a water-fed cooling system removes thermal energy on the cold side (outlet temperature of the water around 40 °C), which is dissipated into the environment via a dry-cooler. Thus, the Stirling engine converts high-temperature thermal energy into mechanical energy. Finally, an electric generator converts the mechanical output energy of the Stirling engine into electricity.



According to the energy model shown in Section 2.1, the main variables influencing the producibility of the dish-Stirling system are the solar beam irradiation (   I b   ), the external air temperature (   T  air    ), and the level of soiling of the mirrors (   η  cle    ). Figure 5a depicts the hourly frequency distribution of the solar beam irradiation with a bin of 50 W/m2 and the average air temperature values calculated for each interval, referred to Typical Meteorological Year (TMY) provided by the Meteonorm solar database for Palermo [41]. Meteonorm uses input data obtained by interpolating observed ground-based data, mainly global and diffuse radiation, along with the support of satellite images. Furthermore, the software takes into account the attenuation of direct solar radiation due to atmospheric turbidity, i.e., the presence of water vapor and aerosol particles, in the solar radiation modelling [42].



As shown in Figure 5a, the hourly frequency distribution of    I b    for Palermo presents two peaks: one between 600 and 650 W/m2 and the other one between 700 and 750 W/m2. Both ranges are characterized by an average air temperature of approximately 23 °C. The annual normal solar irradiation value is equal to 1932.61 kWh/m2/y. Based on Meteonorm solar data and the reference energy model [24], the electrical production of the dish-Stirling system closely follows the seasonal trend of    I b   , as shown in Figure 5b. From simulations carried out in the present research, the cumulative annual production was found to be 46 MWh in Palermo.




3.2. Description of the Investigated Scenarios


Two alternative energy systems were assumed as reference plants to cover the demands of the case study. Such systems, here following indicated as System no. 1 and System no. 2, are representative of typical plants used in the tertiary sector for air-conditioning demand. Schemes of these are shown in Figure 6. Note that:




	
in System no. 1 (Figure 6a), an NG boiler is used to cover the thermal demand during the winter. In particular, hot water at 65 °C is supplied to fan coil units, and hot water at 45 °C to meet the DHW demand. Conversely, an air-cooled chiller covers the cooling demand during the summer. The electricity consumed by the lighting, office equipment, and the air-cooled chiller is purchased from the local grid;



	
in System no. 2 (Figure 6b), a reversible air-to-water HP covers both heating and cooling demands. Regarding DHW, electric heaters are used.








In both systems, it was assumed to integrate the dish-Stirling solar concentrator presented in Section 3.1. In particular, the following operating strategies were examined:




	
electric-mode: the dish-Stirling system produces only electricity, and heat is not recovered;



	
cogenerative-mode: the dish-Stirling system produces both electricity and heat. To make such a heat flow useful for air-conditioning purposes, the temperature of the water exiting the cooler of the Stirling engine is increased from 40 °C to 50 °C. Such a temperature increase is achieved by shutting off the dry-cooler. A reduction in the efficiency and electric power of the solar concentrator is expected due to the higher compression temperature of the engine. However, the assumed increase of the Stirling-engine cold side temperature (about 10 °C) slightly affects the engine efficiency (about −0.05% is the observed reduction), according to the following experimental study [43].








Based on the previous management strategies, different scenarios could be conceived when the dish-Stirling system is integrated. For Systems no. 1, the schemes of the two scenarios are shown in Figure 7. Note that:




	
Scenario no. 1-A: as shown in Figure 7a, the dish-Stirling system produces only electricity which is used differently during the year. In particular, during the winter, such electricity is consumed by the lighting system and office equipment. Conversely, during the summer, it is also used to drive the air-cooled chiller. The thermal demand is covered using the NG boiler.



	
Scenario no. 1-B: as shown in Figure 7b, the dish-Stirling system produces both electricity and heat, used differently throughout the year. In particular, during the winter, the recovered heat is supplied to the air conditioning system. As a consequence, a fraction of thermal demand is not met by the boiler, and the amount of NG consumed decreases. Moreover, the produced electricity flow is consumed by the lighting system and office equipment. During the summer, the produced electricity is used to supply the air-cooled chiller, the lighting system, and office equipment. However, the heat flow recovered from the Stirling engine is at 40 °C since only DHW is needed. Indeed, it is not convenient to recover heat at a higher temperature which would reduce the electric power.








Like System no. 1, two scenarios were proposed for System no. 2, which are shown in Figure 8. Note that:




	
Scenario no. 2-A: as shown in Figure 8a, the dish-Stirling system produces only electricity which is used to operate the HP during the year. In those hours of low electricity demand, the electricity surplus is sold to the grid.



	
Scenario no. 2-B: as shown in Figure 8b, the dish-Stirling system operates in a cogenerative mode. In particular, like Scenario 1-B, during the winter, the recovered heat flow is used to supply the air-conditioning system, while the electricity is consumed mainly by the HP. Conversely, during the summer, the produced electricity is used to drive the HP, the lighting systems, and office equipment. Moreover, in this scenario, like Scenario 1-B the heat flow recovered from the Stirling engine is only used for DHW purposes.









3.3. Notes on Performed Simulations and Definition of the Environmental and Economic Indicators


The models of the main plant components previously described were implemented and solved by TRNSYS [44] software. The dynamic simulation of the investigated plant configurations was performed on a one-hour step.



Concerning the achievable environmental benefits, only the reduction in CO2 emissions was considered. Such a reduction was quantified by considering that the amount of electricity produced by the dish-Stirling system is not purchased from the electricity generation system of the country where the plant is operated anymore. Equation (9) was used for this purpose, where the emission factor    μ e    CO  2      quantifies the kilograms of CO2 emitted per kilowatt-hour of saved electricity (   E  sav    ). For instance, in Italy, according to [45], the emissions factor was estimated to be 0.485 kgCO2/kWhel.


  C  O 2  av   =  μ e    CO  2    ⋅  E  sav    



(9)







In Equation (9),   C  O 2  av     is measured in kilograms per year. The same approach was used to calculate the avoided CO2 emissions resulting from the reduction in natural gas consumption. In this case, the emission factor    μ  NG     CO  2      was assumed to be 0.19 kgCO2/kWhNG.



The total installed cost of the dish-Stirling unit of Palermo amounted to 200,525 € (   I 0   ). This cost was evaluated by taking into account the real costs incurred for the realization of this facility test site in 2017. To assess the economic feasibility of the four analyzed scenarios, the Net Present Value (NPV) and the Discounted Payback Time (DPBT) of the investment were assumed as economic and risk indicators.



The NPV was calculated according to Equation (10),


  N P V =   ∑  t = 1  n     C  F t       (  1 + r  )   t       



(10)




where: n is the useful lifetime of the plant set equal to 25 years, t is the t-th year of the lifetime of the plant,   C  F t    [€] is the corresponding cash flow and r [-] is the discount rate set to 5%. While the DPBT [y] is defined as the number of years (t) required for the initial total investment to be re-paid and was determined according to Equation (11).


  D P B T = t   |     ∑   t = 0   n     C  F t       (  1 + r  )   t      ≥ 0  



(11)









4. Results and Discussion


Results obtained for reference System no. 1 and System no. 2 are shown in Table 3 and Table 4. It was found that:




	
for System no 1 (see Table 3) the NG consumed to cover the thermal demand was equal to 3970.4 Sm3/y. Conversely, electricity accounted for 63.64 MWhe/y. The amount of CO2 emitted for operating this plant was 38,107 kgCO2/y. Almost 81% of these emissions was due to the electricity purchase from the grid, while 19% was due to NG consumed by the boiler;



	
for System no. 2 (see Table 4), since a reversible HP covers both cooling and heating demand, only electricity was consumed throughout the year. The annual amount was found to be 71.45 MWhe/y, which led in turn to the emissions of 34,653 kgCO2/y of CO2.








4.1. Results for Improved System No. 1: Scenario No. 1-A and 1-B


Results for the improved configurations of Systems no. 1 shown in Figure 9, are presented and discussed in the following two subsections.



4.1.1. Results for Scenario 1-A


As shown in Figure 7a, in this case, the dish-Stirling system is operated in electric-mode. In Figure 9a, the annual electricity produced by the solar concentrator is plotted with the aggregated electricity demand of the case study (which accounts for the electricity consumed by the lighting systems, office equipment, and chiller). Note that:




	
a large share of the aggregated electricity demand (yellow profile in Figure 9a) is met by using the electricity produced from the dish-Stirling system (orange profile). The fraction of electricity demand which is not covered by the concentrator is purchased from the grid;



	
focusing on a generic week in August in Figure 9b, the hourly dish-Stirling output power is simultaneous to the office demand, thus indicating that storage should not be installed. Conversely, on non-working days when electricity is not needed, the electricity is sold to the grid.








Annual results for Scenario no. 1-A are shown in Table 3. Since no heat was recovered during the operation, the amount of NG consumed did not vary compared to reference System no.1. Only the amount of electricity purchased from the grid decreased from 63.64 MWhe/y to 18.01 MWhe/y, resulting in 71.7% electricity saving. As a consequence, the same percentage reduction in CO2 emissions is observed.




4.1.2. Results for Scenario 1-B


In this scenario, the dish-Stirling system was operated in cogenerative-mode. In Figure 10a, the profile of the electricity produced by the solar concentrator is plotted along with the aggregated electricity demand profile. In Figure 10b, the electricity produced from the cogenerative dish-Stirling system is compared with the one obtained in electric mode. In Figure 10c, the heat flow recovered is plotted along with the office thermal demand. Note that:




	
as shown in Figure 10a, the electricity produced by the concentrator (green profile) can cover a large share of the entire aggregated electricity demand (yellow profile);



	
as shown in Figure 10b, the profile of the electricity produced from the dish-Stirling system in electricity-mode and the one obtained for Scenario no. 1-B are compared. During the winter, the higher temperature of the cold-side of the Stirling engine, required by the cogenerative asset, leads to a reduction in the electric output power (see dashed black contoured rectangle). From the simulation, it was found that such a reduction is about 15% of the corresponding output power in electricity-mode.



	
as shown in Figure 10c, the heat flow recovered covers at least half of the office thermal demand. Conversely, during the summer, a fraction of the recovered heat flow is used to cover the DHW demand.








Annual results for Scenario no. 1-B are shown in Table 3. Since heat is recovered from the Stirling-engine during winter operation, the amount of NG consumed decreases by about 84.8% compared to the base case and Scenario no. 1-A. Conversely, the amount of electricity produced in Scenario no. 2-A reduces by about 4.6% compared to Scenario no. 1-A due to the lower electric output power of the dish-Stirling system during the winter. However, such a reduction is fully justified by the lower NG consumption achieved. From an environmental viewpoint, a further 31.9% reduction in CO2 emissions is observed passing from Scenario no. 1-A to Scenario no. 1-B.





4.2. Results for Improved System No. 2: Scenario No. 2-A and 2-B


In Scenario no. 2-A, it was assumed that the electricity produced by the dish-Stirling system was used to drive the HP in summer and winter. The yearly profile of the electricity produced by the dish-Stirling system is the same as the one shown in Figure 9a. A reduction of the electricity purchased from the grid is achieved and, as shown in Table 4, it decreases from 71.45 MWhe/y of the base case to 25.15 MWhe/y (almost 65%). The same percentage reduction is observed in the amount of emitted CO2.



In Scenario no. 2-B, it was assumed that the dish-Stirling system operates in a cogenerative-mode. In this scenario, the profile of the electricity and heat produced by the concentrator throughout the year is equal to that shown in Figure 9a,c. In Table 4 the energy and environmental results are shown. Note that, when the heat is recovered, an additional 2.96 MWhe/y of electricity are not purchased from the grid anymore, due to the lower amount of heating demand covered by using the HP. As a consequence, the amount of emitted CO2 decreases from 12,199 kgCO2/y to 11,130 kgCO2/y (−8.8%).



Substantial improvements in both energy and environmental performances are observed passing from the base configuration of System no. 2 to Scenario no. 2-B.




4.3. Economic Results for the Four Analysed Scenarios


The economic feasibility of scenarios 1-A, 1-B, 2-A, and 2-B was assessed using the indicators described in Section 3.3. The results of this analysis are shown in Table 5.



Due to the high investment cost of the dish-Stirling system, it was observed that, with the current investment cost, in the absence of financial support, none of the investigated scenarios achieved a DPBT lower than 25 years.



It is worth considering that the feasibility of the proposed investment improves when the amount of energy saved is economically valued by an ad-hoc feed-in tariff (FIT). To this aim, the last available Italian mechanism supporting the electricity production by renewable sources was assumed as a reference [46]. According to the cited decree, a FIT value was set equal to 0.369 €/kWhe throughout the useful lifetime of the plant. The results of this analysis are shown in Table 5. Under this hypothesis, it was observed that the DPBT is equal to ~19 years for Scenarios 1-A and 2-A, with NPV equal to 35 k€ and 38 k€, respectively. Conversely, when the dish-Stirling system operates in the cogenerative mode for Scenarios 1-B and 2-B, the DBPT decreases to 14–17 years, and NPV is equal to 73 k€ and 45 k€, respectively.



It is of note that the previous indicators were calculated by assuming the same investment cost as the prototype installed in Palermo. In the case of a future full-commercial scale, a reduction in the installed cost is expected and a resulting improvement in the economic viability of the investment will be consequent. In this respect, assuming a 40% reduction of the capital cost (which corresponds to a total installed cost equal to 3645 €/kWp), the DPBT will be lower than 10 years for all the scenarios as shown in Table 5.




4.4. Brief Comparative Analysis of the Key Findings with Other Research


In this section, the key findings of the proposed research are compared with the results of some of the published papers focused on the integration of the dish-Stirling technology into the building sector.



In [31], the authors claimed that the combination of a photovoltaic system and a dish-Stirling system reduced the total energy consumption of a building located in Lebanon by about 68%, decreasing the dependence on the national power grid. Moreover, for the proposed case study in this analysis, the integration of the dish-Stirling allowed a reduction of 65–72% in the amount of electricity purchased from the local power grid for the case of energy plants relying only on electrically-driven systems. These values confirm that, although dependence on other energy sources is inevitable, the integration of this technology could greatly contribute to achieving the self-sufficiency of buildings.



When a cogenerative mode is assumed, 85% percentage variation in the natural gas consumption is observed as well. A higher value of primary energy saving (about 97%) was found in [34], where the authors optimized the configuration of a dish-Stirling collector field, a seasonal geothermal storage, and a water-to-water heat pump system, supplying the heating system of a non-residential building in Palermo. The difference in the previous percentages could be related to the lack of an optimization routine in the present work compared to [34]. However, the achieved value suggests again that the cogenerative asset during the winter could be very promising for reducing energy consumption, also in places mainly characterized by cooling demand. Furthermore, unlike [34], in the present analysis any thermal energy storage was included in the plant layout.



In the end, the comparison of the proposed scenarios for the two energy plants suggests that promising energy-saving and avoided CO2 emissions could be achieved when the energy demands of the served building are met by using both electricity and NG (i.e., 72% for Scenario 1-B). This result is totally in line with the key-findings of [32,34], where the authors considered integrating such technologies to reduce the dependence on natural gas.





5. Conclusions


This paper investigated the energy and environmental benefits achievable by integrating a dish-Stirling system into an energy plant covering the air-conditioning demand of an office building located in Southern Italy. Two different plants were assumed as references, both representative of the typical systems used in this sector. The first one relied on the natural gas boiler for covering the thermal demand and on air-cooled chillers for cooling demand. The second one consisted of a reversible heat pump for covering both heating and cooling demands. For both systems, the benefits of operating the dish-Stirling concentrator in electricity-mode or cogenerative-mode were analyzed. The detailed models adopted for all the main plant components were implemented into the TRNSYS environment and hourly-based simulations were carried out.



Starting from the first systems, it was found that the integration of the dish-Stirling concentrator allows for the reduction of the electricity purchased from 63.64 MWhe/y to 18.01 MWhe/y (about 72%), which also leads to a reduction in CO2 emissions of about 58%. Even better energy performance was achieved by operating the dish-Stirling system in cogenerative-mode during the winter. In this last configuration, it was found that the amount of consumed natural gas decreases by about 85% compared to the base case. However, an increase in the purchased electricity is observed compared to the case of the dish-Stirling system operated in electricity-mode (+4.6%). However, such an increase is more than offset by the reduction in natural gas consumption.



For the second system which included a reversible heat pump, it was found that when the dish-Stirling system operates in electricity-mode, a 65% decrease in the amount of electricity purchased from the grid could be achieved, which passes from 71.45 MWhe/y of the base case to 25.15 MWhe/y. When heat is recovered, an additional 2.96 MWhe/y of electricity is no longer purchased from the grid. Results of this analysis have shown that promising energy saving could be achieved by integrating dish-Stirling technology in conventional energy systems used in the tertiary sector to cover the energy demands. Moreover, the cogenerative asset could be very advantageous and environmentally-friendly when heating demand still relies on fossil fuel consumption. Finally, the economic analysis of the four proposed system scenarios showed that the installation of a dish-Stirling system integrated into a building is only economically viable if financial support is considered. Consequently, there is a clear need to develop appropriate incentive systems to promote the deployment of such systems. Then technological improvements and economies of scale will allow the reduction in total installed cost until it is competitive with that of other currently fully commercialized CSP technologies.
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Nomenclature




	
Symbols

	
Abbreviations




	
    a 1    

	
first parameter of the Stirling engine mechanical efficiency curve [-]




	
    a 2    

	
second parameter of the Stirling engine mechanical efficiency curve [W]




	
A

	
area [m2]




	
CF

	
cash flow [€/y]




	
DPBT

	
Discounted Payback Time [y]




	
E

	
electric energy [kWh]




	
   E ˙   

	
electric power [W]




	
h

	
convective heat transfer coefficient [W/(m2∙K)]




	
  I  

	
irradiance [W/m2]




	
I0

	
total installed cost of the dish-Stirling unit [€]




	
n

	
useful lifetime of the plant [y]




	
n

	
number




	
NPV

	
Net Present Value




	
Q

	
thermal energy [kWh]




	
   Q ˙   

	
thermal power [W]




	
r

	
discount rate [%]




	
R

	
correction factor [­]




	
T

	
temperature [°C]




	
FIT

	
feed-in tariff [€/kWhe]




	
     W ˙      

	
mechanical output power [W]




	
Greek letters




	
Symbols

	
Abbreviations




	
  ε  

	
emissivity [-]




	
  η  

	
efficiency [­]




	
  μ  

	
emission facto [kgCO2/kWh]




	
  σ  

	
the Stefan-Boltzmann constant [W/(m2∙K4)]




	
Subscripts




	
Symbols

	
Abbreviations




	
b

	
beam component of radiation




	
cle

	
cleanliness




	
e

	
electric




	
G

	
generation




	
in

	
inlet




	
n

	
net effective aperture area of the reflector CSP




	
p

	
parasitic component




	
o

	
optical




	
out

	
outlet




	
S

	
Stirling




	
sav

	
saving




	
r

	
receiver




	
t

	
t-th year of the lifetime of the plant [-]




	
T

	
Temperature




	
0

	
referred to the reference




	
Superscripts




	
Symbols

	
Abbreviations




	
av

	
avoided




	
ave

	
average




	
Acronyms




	
Symbols

	
Abbreviations




	
CO2

	
Carbon Dioxide




	
COP

	
Coefficient of Performance




	
CSP

	
Concentrating Solar Power




	
DNI

	
Direct Normal Irradiation




	
GHG

	
Greenhouse Gases




	
HP

	
Heat Pump




	
HC

	
Heating Capacity




	
NG

	
Natural Gas




	
ODT

	
Outdoor Temperature




	
PCU

	
Power Conversion Unit




	
PLR

	
Part Load Ratio




	
TMY

	
Typical Meteorological Year
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Figure 1. Scheme of the energy balance of a dish-Stirling concentrator. 
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Figure 2. (a) Coefficient of performance and (b) heating capacity of the reversible HP obtained from IMST-Art Simulations in case. 






Figure 2. (a) Coefficient of performance and (b) heating capacity of the reversible HP obtained from IMST-Art Simulations in case.



[image: Energies 14 01163 g002]







[image: Energies 14 01163 g003 550] 





Figure 3. Hourly profiles of the case study: (a) cooling, (b) thermal and (c) electricity demands [40]. 
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Figure 4. The dish-Stirling solar concentrator installed in the test site of Palermo (Italy). 
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Figure 5. (a) Hourly-frequency histogram (bin of 50 W/m2) of    I b    and average air temperature for Palermo and (b) monthly electric output energy of the dish-Stirling system. 
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Figure 6. Schemes of the reference plants assumed for the case study: (a) System no. 1: NG boiler and air-cooled chiller, and (b) System no. 2: reversible heat pump. 
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Figure 7. Improved scenarios for System no. 1: (a) dish-Stirling system operating in electric-mode, and (b) dish-Stirling system operating in cogenerative-mode. 
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Figure 8. Improved scenarios for System no. 2: (a) dish-Stirling system operating in electric-mode and (b) dish-Stirling system operating in cogenerative-mode. 
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Figure 9. Scenario no. 1-A: (a) profiles of annual electricity demand and dish-Stirling production and (b) weekly profiles of electricity demand and dish-Stirling production. 






Figure 9. Scenario no. 1-A: (a) profiles of annual electricity demand and dish-Stirling production and (b) weekly profiles of electricity demand and dish-Stirling production.



[image: Energies 14 01163 g009a][image: Energies 14 01163 g009b]







[image: Energies 14 01163 g010 550] 





Figure 10. Scenario no. 1-B: (a) profiles of annual electricity demand and dish-Stirling production, (b) electricity profile of dish-Stirling production in electricity mode and the one obtained for cogenerative mode and (c) profile of office thermal demand and heat recovered from dish-Stirling. 
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Table 1. Main technical features of the air-cooled vapour compression chillers and reversible heat pump.
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Reversible Heat Pump

Cooling Capacity 1 56 kW

Heating Capacity 2 57 kW

	
Air-Cooled Chiller *

Cooling Capacity 1 55 kW






	
Refrigerant

	
R410A

	
R410A




	
Condenser

	
Micro-Channels Heat Exchanger

(Number of exchangers: 1; Surface 2.96 m2, Fin pitch 1 mm)

	
Fin and Tube Heat Exchanger

(Tube diameter 9.2 mm, 3 tube rows, fin density 16 fins per inch)




	
2 Fan, 1.95 kW each

	
2 Fan, 1.20 kW




	
(Air Flowrate per fan 16,388 m3/h)

	
(Air Flowrate per fan 12,362 m3/h)




	
Metering Device

	
Electronic Expansion Valve

	
Electronic Expansion Valve




	
Evaporator

	
Brazed Plate Heat Exchanger

	
Brazed Plate Heat Exchanger




	
Dimension in (mm)

Width = 526, Height = 119, Length = 291

Number of plates 92

	
Dimension in (mm)

Width = 526, Height = 119, Length = 291

Number of plates 92




	
1 Pump, 1.0 kW

(Water flow 9.2 m3/h)

	
1 Pump, 1.0 kW

(Water flow 9.2 m3/h)




	
Compressor Type

	
Scroll

	
Scroll




	
Swept Volume [cm3/rev]

	
88.32

	
103.5




	
Compressors Power [kW]

	
9.44 (each)

	
12.4 (each)




	
Number of Compressors

	
2

	
2




	
Oil Charge [dm3]

	
6.6

	
7.2




	
Refrigerant Charge [kg]

	
15

	
19.9








1 Heat Pump’s cooling capacity refers to the following boundary conditions: variation of the water temperature in the evaporator from 7 to 12 °C, and outdoor air temperature equal to 35 °C (such boundary conditions are also used for the air-cooled chiller). 2 Heat Pump’s heating capacity refers to the following boundary conditions: variation of the water temperature in the condenser from 40 to 45 °C and outdoor air temperature equal to 7 °C.
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Table 2. Typical parameters of the dish-Stirling system located in Palermo [24].
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	Parameter
	Value
	Unit





	Aperture area of the receiver (   A r   )
	0.0314
	m2



	Average parasitic electric consumption (    E ˙  p  ave    )
	1600
	W



	Clean mirrors optical efficiency (   η o   )
	0.85
	-



	Convective heat transfer coefficient of the receiver (   h r   )
	10
	W/(m2∙K)



	Emissivity of the receiver (   ε r   )
	0.88
	-



	Focal length
	7.45
	m



	Geometric concentration ratio
	3217
	-



	Max operating pressure of hydrogen
	200
	bar



	Mirror cleanliness index (   η  cle    )
	0.85
	-



	Net aperture area of the dish collector (   A n   )
	106
	m2



	Parameter    a 1    in Equation (6)
	0.475
	-



	Parameter    a 2    in Equation (6)
	3318.66
	W



	Reference temperature (   T o   )
	25
	°C



	Reflectivity of clean mirror ( ρ )
	0.95
	-



	Temperature of the receiver (   T r   )
	720
	°C
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Table 3. Annual results for System no. 1, Scenario no. 1-A, and Scenario no. 1-B.
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	System No. 1
	Scenario No. 1-A
	Scenario No. 1-B





	NG consumption [Sm3/y]
	3970.4
	3970.4
	601.2



	Electricity purchased from the grid [MWhe/y]
	63.64
	18.01
	20.14



	Electricity produced by the dish-Stirling [MWhe/y]
	-
	46.29
	44.16



	CO2 Emissions [kgCO2/y]
	38,107
	15,976
	10,866
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Table 4. Annual results for System no. 2, Scenario no. 2-A, and Scenario no. 2-B.
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	System No. 2
	Scenario

No. 2-A
	Scenario

No. 2-B





	Electricity Purchased from the Grid [MWhe/y]
	71.45
	25.15
	22.95



	Electricity Produced by the Dish-Stirling [MWhe/y]
	-
	46.30
	44.16



	CO2 Emissions [kgCO2/y]
	34,653
	12,199
	11,130
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Table 5. Summary of NPV and DPBT values for the investigated scenarios.
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Assumptions

	
Economic Indicators

	
Scenario No. 1-A

	
Scenario No. 1-B

	
Scenario No. 2-A

	
Scenario No. 2-B






	
(I0, FIT)

	
NPV [€]

	
35,054

	
73,611

	
38,323

	
45,797




	
DPBT [y]

	
18.6

	
14.6

	
18.1

	
17.2




	
(Ireduced, FIT)

	
NPV [€]

	
111,445

	
150,002

	
114,713

	
122,187




	
DPBT [y]

	
9.1

	
7.5

	
8.9

	
8.6
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