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Abstract

:

The increasing energy demand encourages the use of photovoltaic solar systems coupled to organic rankine cycle (ORC) systems. This paper presents a model of an ORC system coupled with a concentrating photovoltaic and thermal (CPV/T) system. The CPV/T-ORC combined system, described and modeled in this paper, is sized to match the electrical load of a medium industrial user located in the South of Italy. A line-focus configuration of the CPV/T system, constituted by 16 modules with 500 triple-junction cells, is adopted. Different simulations have been realized evaluating also the direct normal irradiance (DNI) by means of the artificial neural network (ANN) and considering three input condition scenarios: Summer, winter, and middle season. Hence, the energy performances of the CPV/T-ORC system have been determined to evaluate if this integrated system can satisfy the industrial user energy loads. In particular, the peak power considered for the industrial machines is about 42 kW while other electrical, heating or cooling loads require a total peak power of 15 kW; a total electric average production of 7500 kWh/month is required. The annual analysis shows that the CPV/T-ORC system allows satisfying 100% of the electric loads from April to September; moreover, in these months the overproduction can be sold to the network or stored for a future use. The covering rates of the electrical loads are equal to 73%, 77%, and 83%, respectively for January, February, and March and 86%, 93%, and 100%, respectively for October, November, and December. Finally, the CPV/T-ORC combined system represents an ideal solution for an industrial user from the energy point of view.






Keywords:


concentrating photovoltaic and thermal system; line-focus configuration; organic rankine cycle; industrial application












1. Introduction


Among the renewable technologies, the solar systems represent one of the most interesting solutions for energy production; in fact, they allow matching the energy demands of users both residential and industrial. These systems decrease the primary energy consumptions [1] of residential heating and cooling, commercial buildings, and industries allowing to satisfy both electrical and thermal energy demands.



In particular, the concentrating solar systems are an evolution of the traditional photovoltaic system and allow the decrease of the costs and the global efficiency increase [2]. An interesting solution is represented by the concentrating photovoltaic and thermal systems (CPV/T) that allow to concentrate by means of optical systems the sunlight on a photovoltaic receiver; hence, the photovoltaic area and costs of plant decrease [3]. Differently from the concentrating photovoltaic system (CPV), the CPV/T system allows recovering thermal energy by means of a cooling circuit [4], because the sunlight concentration determines a triple-junction (TJ) cells temperature increase [5]. The cooling circuit allows preserving the TJ cells and producing both electrical and thermal energy for several types of users.



In literature, solar heating and cooling systems driven by CPV/T systems have been realized [6] for several typologies of users. The CPV/T systems can operate at temperatures higher than 100 °C [7] allowing to match even the cooling load by means of the adsorption chiller technology [8]. In [9], two air conditioning systems that adopt a solid desiccant cycle and equipped with PVT collectors, are analyzed. In [10], the energy and economic performances of a desiccant cooling system adopting a solar system, are evaluated. However, in literature, the principal aim is to find new solutions that allow reducing primary energy consumption [11] and determining savings from an economic point of view, by adopting also renewable energy sources [12]. Moreover, it is important to observe that the reliability of the triple-junction cells adopted in the CPV systems on varying the operation temperature, is another basic topic as reported in [13].



In this paper, the main purpose is the performance study of a concentrating photovoltaic and thermal (CPV/T) system coupled with an organic rankine cycle (ORC) to match the energy loads of an industrial user. In [14], a modified CPV/ORC system is modeled and the optimum operation temperature of the photovoltaic module is determined for several photovoltaic efficiency values. In [15], the behavior of a solar power generation system that consists of a CPV/T system that utilizes an ORC integrated with a geothermal condenser and an energy storage unit, is studied. A new configuration of a solar concentrating receiver that adopts nano-fluids for spectral splitting and coupled with ORC for thermal energy recovery, is presented in [16]. Hence, in literature, the ORC systems have already been coupled with the solar systems [17], but much less with the CPV/T systems in order to achieve a CPV/T-ORC integrated system able to match the energy demands of a high size user. For this reason, in this paper, a CPV/T-ORC combined system has been sized to satisfy the electrical loads of a medium industrial user located in the South of Italy. Considering the user energy loads, the CPV/T-ORC system has been sized and different simulations have been realized. Once evaluated, the direct normal irradiance (DNI) by means of the artificial neural networks (ANN), three scenarios with different input conditions have been analyzed: Summer, winter, and middle season. Considering the user loads within these scenarios, the CPV/T-ORC system has been sized to evaluate its energy performances, showing how the system can supply the user energy requirements. Moreover, an energy saving analysis has been conducted comparing the CPVT/ORC system with the only use of the CPV/T system. A CPV/T-ORC system allows energy savings according to: User energy loads, solar radiation, environmental conditions, etc. [18].




2. CPV/T-ORC System Description


The system modeled in this paper presents a CPV/T system with a line-focus optics that focuses the solar radiation on a line where the triple-junction (TJ) cells are placed. The optics is reflective and presents a trough concentrator made of tempered glass with low aluminum content that allows obtaining a concentration factor equal to about 100. The cells are located on a tube with a diameter of 32 cm in front of the concentrator; the cells number depends on the user load. The TJ cells used in this analysis consist of InGaP/InGaAs/Ge whose characteristics are reported in Table 1. A scheme of the CPV/T system used in the modeling is shown in Figure 1.



The TJ cells work also with high temperatures and then it is possible to recover thermal energy by means of a cooling circuit. A solution of water and glycol flows in the tube under the cells driven by a pump. A thermostat which controls an automatic valve is also adopted. Once reached in the circuit a fixed level of temperature, the fluid is sent to the tank and new cold fluid enters the circuit. The thermal tank allows storing the thermal energy that is able to satisfy the energy demands. The heated cooling fluid is collected in a delivery manifold and then sent to the heat generator of the ORC system. As the ORC cycle adopts a low boiling fluid, the temperatures reached in the CPV/T system are sufficient to feed the cycle. Therefore, obtaining an average temperature of about 70 °C of the cooling fluid of the CPV/T system, it is possible to achieve a double electric output from the solar source.



The CPV/T-ORC system is shown in Figure 2. The solar radiation incident on the mirrors is concentrated on the cells and partially converted into electrical energy, proportionally to the efficiency of the CPV module. The thermal energy produced on the cells is recovered by the cooling circuit of the module and then transferred to the organic fluid, which is thus heated. The evaporated organic fluid is then conducted towards the expander of the cycle, where mechanical energy is produced, and condensed in a cooling unit; finally, it reaches the pump where it is compressed and the cycle is repeated. The mechanical power produced by the ORC system is then converted into electrical power by a generator. The efficiency of the ORC is rather low, given that it operates in a small temperature range, although it may be of the same order of magnitude as the CPV, depending on the point of operation. Hence, the main components of the CPV/T-ORC combined system are: CPV/T plant, which includes a pre-heater and evaporator of the ORC, ORC pump, ORC expander, ORC condenser, ORC cooling pump, ORC generator, and inverter. The system has also a control unit that turns off the ORC when the solar radiation is low. Moreover, a sun tracking system is used to increase the energy production of the system.




3. CPV/T-ORC System Modeling


The CPV/T-ORC combined system presented in this paper is modeled to evaluate its energy performances. For this purpose, three models have been integrated to analyze the overall energy output of the designed system. The first model analyzes the input condition mainly represented by the solar radiation. Hence, since the CPV/T system can only work with the direct component of the solar radiation, a model of the direct normal irradiance (DNI) has been described in the next section. Due to the lack of experimental measurements in each situation, an ANN model is adopted to simulate the DNI in all the operating conditions during the year. The other two models describe the operation of the CPV/T and ORC systems and allow evaluating the energy performances of the integrated system.



3.1. DNI Evaluation


In order to accurately evaluate the performances of a CPV/T system, first it is important to determine the DNI generally depending on meteorological, climatic, and radiometric variables [19]. The global radiation measurements are obtained by radiometric stations, while the DNI measurements are limited [20]. The DNI evaluation is complicated because there is a relationship of non-linearity between the variables [21]. An ANN model can solve non-linear problems using long-term data series, studying tasks depending on the physical phenomena [22] not considering the hypothesis of prefixed correlations between input and output data [23].



ANNs link many neurons. Important data to be considered include input variables, the number of layers and neurons for a layer, training functions of the learning process using a set of past data, and transfer functions between layers that exchange information. Once fixed, the ANN structure, the steps of learning, validation, and test are considered. The first two steps allow the network to learn the phenomena and to set the neuron parameters such as weights and bias. The third step uses new data to determine the network prediction capability adopting an error analysis [24]. Among the different methodologies adopted to predict the DNI [25], in this paper the ANN model adopts a multi-layer perceptron network [26]. The data have been obtained by databases and experimental measurements [27] in order to evaluate the initial dataset for the several phases. The training data refer to six months and the validation subset is two months. Clearness index (kt), declination angle (δ), hour angle (HRA), and global normal irradiance (Gni) are the astronomical and radiometric variables used as input variables [27]; the Levenberg-Marquadt algorithm is used for the network training process. As a consequence, the DNI is expressed in this way:


  DNI =  f   (   k t  , δ , HRA ,    G    ni    )   



(1)







In the ANN topologic configuration of the DNI there are four input neurons and a hidden layer with five neurons. It adopts a sigmoid function from the input to the hidden layer and a linear function from the hidden to the output layer. The test phase evaluates the good prediction capability of the ANN model. Figure 3 shows the validation results of the training process. A mean absolute percentage error of 2.65% has been determined in the comparison between predicted and measured values. In Figure 4, the predicted DNI is reported as related to winter and summer conditions. These results allow the input conditions to simulate the integrated CPV/T-ORC system necessary to evaluate its energy performances in winter, summer, cloudy, or sunny days.




3.2. CPV/T-ORC Electrical and Thermal Model


The electric model of the CPV/T system depends above all on optics and the TJ solar cell. A reflective optic is used in a line-focus configuration. InGaP/InGaAs/Ge solar cells are adopted and their electrical behavior depends on the cell temperature (Tc) [28], model results, and manufacturer indications [29].



The electric performances of the CPV/T system depend on external and internal parameters. DNI is the main external variable defined by the ANN model described above. The internal parameters are cell temperature, concentration factor, and optical efficiency which influence the TJ cell and overall performances [30]. Once fixed, the temporal level (hourly, daily, monthly) of the DNI and the TJ cell electrical energy is calculated as:


   E  el ,    c    =    DNI  ·  A c  · C ·  η  opt   ·  η c   



(2)




where Ac is the cell area and optical efficiency (ηopt) is considered constant and equal to 0.85 [31]. The cell efficiency (ηc) depends on Tc and is equal to [10]:


   η c  =  η r  +      σ   t  ·  (   T c  −  T r   )   



(3)




where σt is the temperature coefficient which represents the efficiency percentage reduction as a function of the temperature increase. Tr is the temperature of reference equal to 25 °C and ηr is the reference efficiency corresponding to the concentration value, according to the cell manufacturer indications. Therefore, if the CPV/T system is constituted by a variable number of cells subdivided in different modules, the CPV/T system electrical energy is determined as follows [1]:


   E  el ,   CPV / T   =  E  el ,   c   ·      n   c  ·  η   mod      ·  η   inv       



(4)




where ηinv is the inverter efficiency, ηmod is the module efficiency which until 100 cells is equal to 0.95, and nc is the cells number.



The thermal energy obtainable by a CPV/T system is linked to the heat recovery [32] from the TJ cells layer. Hence, the thermal power corresponds to the solar radiation not converted in the electric energy and is equal to [1]:


   E  th ,   CPV / T   =  [   (  1 −  η  el ,   CPV / T    )    · DNI ·  A c  · C ·  η  opt   ·      n   c   ]  −      E    th ,    loss     



(5)




where the CPV/T system electric efficiency considers the cell and module efficiencies:


   η  el ,   CPV / T   =  η c  ·      η    mod   ·  (  1 −  p  par    )   



(6)




where ppar is a loss factor depending on the solar radiation and linked to parasitic power consumption for tracking motors and coolant pump. The thermal energy losses are considered to evaluate the real thermal potential of the CPV/T system. The convective and radiative losses are also evaluated as follows [1]:


   E  th   , loss   =  [     h ¯   c  ·  (   T c  −  T a   )  +  ε c  ·  σ  SB   ·  (   T c     4  −  T a 4   )   ]  ·  A c  ·  n c   



(7)




where εc is the cell emissivity considered equal to 0.85, σSB is the Stefan-Boltzmann constant, and        h ¯   c    is the unitary convective conductance.



The thermal energy obtained by the CPV/T system represents the main input variable of the ORC system model. In fact, in applications where the electrical output is the main aim, it is possible to adopt solutions that allow the thermal energy recovered to be used in a CPV/T system for the production of additional electricity [33]. The global production of electricity depends mainly on the electrical performances of the CPV module and the optical. As said before, once evaluated the thermal and electrical performances of the CPV/T system, the thermal energy can be adopted for a further electrical energy production. As observed in Figure 2, the global energy balance on the ORC cycle is the following:


   E  th ,    CPVT    =    E  el ,    ORC       η  ORC        



(8)




where the electrical energy production of the ORC cycle (Eel, ORC) depends on the overall ORC system efficiency (ηORC), generally defined by the manufacturer and whose value is about 10% [34].



Hence, the total electric energy production of the integrated CPV/T-ORC system is equal to:


   E  el ,    tot    =  E  el ,    CPV  / T   +  E  el ,    ORC     



(9)







Starting from this model, different analyses and simulations of the CPV/T-ORC system have been carried out in order to optimize it and to calculate the energy production; all this can determine an efficiency increase. In particular, fixing the value of the electrical energy necessary for the user, it is possible to size the CPV/T-ORC integrated system.





4. Results and Discussion


The CPV/T-ORC combined system described and modeled in the previous sections has been sized to match the electrical needs of a medium industrial user located in the South of Italy. The combined electrical production has been analyzed in order to show how the thermal energy, recovered from the TJ cells by an active cooling mechanism and sent to the ORC cycle, allows to match the electrical energy loads that the simple CPV system cannot satisfy. The CPV/T system, described in Section 2, has been sized to supply both electrical energy to the user and thermal energy to the ORC system. The cooling fluid [35], which removes heat from the TJ solar cell, is collected in a delivery manifold and then sent to the heat generator of the ORC system. Since the ORC cycle adopts a low boiling fluid, the temperatures reached in the CPV/T system are sufficient to feed the cycle. Hence, obtaining an average temperature of about 70 °C [36] for the cooling fluid of the CPV/T system, it is possible to achieve a double electrical output from the solar source. Starting from the user needs, the CPV/T-ORC system described has been sized and different simulations have been analyzed. Once evaluated the DNI by means of the ANN, three input condition scenarios have been evaluated (summer, winter, and middle season) in order to evaluate if the system can satisfy the energy loads of the industrial user considered in this analysis. The ANN presented in this paper allows determining the solar potential even in colder areas, but it is known that the CPV/T systems work better where the climate is less severe [1].



4.1. Energy Loads of the Industrial User


The user considered is represented by a medium-sized industry located in the South of Italy. This typology of user presents a high electric energy consumption due principally to the industrial machines. The energy demands refer to a manufacturing industry of Salerno. The loads analysis takes into account the seasonality of the energy requirements subdivided in electric energy for industrial machines, other loads, electric heating or cooling [37]. In particular, the peak power considered for the industrial machines is about 42 kW, while other electric loads and heating or cooling, as a function of the season, require a total peak power of 15 kW.



The daily loads have been analyzed, considering 10 h of work for industrial machines and offices. The electrical heating, with different load percentages, is considered for about six months from October to March. In particular, the electric heat pumps, which present a total power of 10 kW, are adopted only for three months at the full load. On the contrary, the electric cooling is principally used in the summer period and its use is always at full load except for the month of September. Moreover, as the cooling is just considered for the offices, the periods of closure affect the loads evaluation. The user loads have been reported in Figure 5. Figure 5a shows the daily electrical energy for each month, subdivided for kind of need. The cumulative monthly electric energy needs are represented in Figure 5b. These values have allowed sizing the CPV/T system, as described in Section 3. Both figures show that the electric needs of the industrial machines represent the main load to match. Furthermore, they show that the seasonality of the considered user is an important factor. It can be noted that months as August and December present low consumptions due to the industrial machines stops. As reported in Figure 5a, the average electric energy need, which in the other months is about 300–350 kWh/day, is reduced to 240 kWh/day in August and 210 kWh/day in December. At the same time, the monthly cumulative electric energy consumptions vary from an average value of 9000 to about 4000 kWh/month between August and December. Hence, this case study constitutes a good example for the use of a CPV/T-ORC system, because the electrical energy is supplied by two systems.




4.2. Energy Production Analysis for Different Scenarios


The high electrical consumption of the considered medium-sized industry represents an ideal application for the system ORC-CPV/T presented in this paper. For this reason, both loads and energy production have been considered in three scenarios (summer, winter, and middle season), in order to evaluate the loads cover percentage. The main purpose is to underline how the thermal production of the CPV/T system allows another energy contribution that increases the electrical energy production when required. The system adopts the thermal energy production obtained by recovering heat from the TJ cells, in order to increase the electrical energy production. This is reflected on the covering percentage of the electrical energy needs, which is greater than considering only the CPV system. Hence, the main aim of this energy analysis is to evidence that the CPV/T and ORC systems coupling is a right choice for a high electric consumption user as the one considered.



The energy analysis conducted starts from the CPV/T system operation. As described in Section 3, the average electrical energy load has been considered as a starting value for the CPV/T system sizing. An average monthly consumption value of 7500 kWh/month, has been considered for the sizing. Starting from this value and considering a concentration factor of 100, the number of necessary TJ cells is 8000. Hence, with the selected size and considering a line-focus configuration, 16 modules of 500 cells have been adopted. Once defined, the CPV/T system size, the first evaluation is referred to its electrical and thermal production. As explained in Section 3, the electric and thermal performances of a solar system, which exploits only the direct radiation, are affected by the amount of the DNI that reaches the TJ cells. In order to increase the quality of the energy analysis, an ANN model has been developed to simulate the DNI input. Although the sizing has been obtained exploiting a mean value of electrical energy load, the simulations take into account three scenarios of production (summer, winter, and middle season). This choice allows demonstrating the specific performances of the system considering also the weather conditions impact. Referring to a CPV/T system with 16 modules, in Figure 6 the electric energy production is shown referring to the three scenarios.



In particular, as a function of DNI duration and intensity, the maximum hourly electrical production in a summer day is about 40 kWh at 1:00 p.m.; the energy production in a summer day covers a wider time range. In the same conditions, a winter day presents an hourly electrical energy of about 23 kWh. On the contrary, the thermal energy production of the CPV/T system, is reported in Figure 7. The maximum value of producibility varies between 35 kWh in winter and 41 kWh in the middle season, up to 63 kWh in the summer period.



Once evaluated, the CPV/T system operating as a stand-alone system, the coupling with the ORC cycle has to be investigated. As observed in Section 3, the thermal energy obtained by the CPV/T system allows overheating the fluid in the ORC cycle and obtaining another contribution to the electrical energy production. Hence, the ORC cycle production is strictly linked to thermal energy production of the CPV/T system. Starting from the thermal energy production reported in Figure 7, the ORC system electrical production is presented in Figure 8 for the three scenarios considered. The daily electrical energy production of the ORC system reaches its maximum value at 12:00 a.m. in the winter condition and at 1:00 p.m. in the summer and middle season period, following the thermal energy production trends. The maximum value in summer is about 50 kWh at 1:00 p.m., while in the middle season is about 33 kWh.



The energy analysis in the different scenarios allows showing the CPV/T-ORC system potential in order to match the electrical energy needs of the presented industrial user. The analysis of the three scenarios shows that even in the winter period the system can operate and cover part of the energy needs. A more refined analysis has been conducted monthly in order to show the system energy production. Hence, starting from the monthly DNI, the electrical and thermal production of the CPV/T and the electrical production of the ORC system, have been evaluated. In Figure 9, the monthly energy production of each part of the system is represented together with the DNI monthly value. It can be noted that the ORC electrical production is always greater than the CPV/T electrical production. In particular, the ORC cycle supplies about 19% more of electric energy compared to the CPV/T system. The reason is linked to the double conversion, electric, and thermal, which the CPV/T system realizes.



The combined electrical production of the CPV/T-ORC system represents a strategic choice to match the industrial energy needs as previously reported. As shown in Figure 10a,b, the use of a single system cannot satisfy the energy needs defined, unless the systems are oversized. In fact, both the electrical energy production of the CPV/T system (Figure 10a) and of the ORC cycle (Figure 10b), do not cover the energy requirements. In particular, both on a daily and monthly basis, they need an electrical energy integration for over 50% of their production; this energy integration by the electricity network is necessary when the CPV/T-ORC system does not match completely the energy load. As shown in Figure 10a,b, the integration needs of the ORC are lower in comparison with the CPV/T system. The average integration in the first three months are respectively equal to 65.3% and 57% for the CPV/T system and the ORC. In the last three months, the electrical integration are lower, but the CPV/T system with an average integration of 58.6% always requires more energy compared to the ORC (48%). In the central six months, considering the stand-alone systems, the CPV/T needs of integration are equal to about 16%, while the ORC does not require an integrated electrical energy. In Figure 10c, the combined production, both on a daily and monthly basis, is compared with the electric energy loads. As shown, the electrical energy needs are always satisfied, unless for coldest months.



Hence, the ORC-CPV/T combined solution represents a good choice which, starting from the solar energy, allows covering the industrial electrical energy needs exploiting as secondary energy the thermal energy obtained by the CPV/T system, in order to produce more electrical energy. For this reason, in Figure 11, the electrical integration required by the CPV/T system is reported together with the ORC electrical production. As shown, the ORC allows covering the high amount of electrical energy that the CPV/T system cannot satisfy. In particular, considering the daily load and the ORC electrical production summed to the CPV/T system production, only a few kWh/day are required to the traditional fossil source. In the first three months, the user needs about 100 kWh/day of integration, while in the last three months of the year the necessary integration is lower (Figure 11).



The monthly situation related to the electric needs covered by the integrated system is analyzed in Figure 12. The CPV/T-ORC system allows satisfying 100% of the loads from April to September. Moreover, in these months the overproduction can be sold to the network or stored for future use. In the first three months, as previously described, the combined production requires integration from the traditional source. The covering rates of the electrical loads are 73%, 77%, and 83%, respectively for January, February, and March, with an average monthly electrical energy to supply equal to about 1895 kWh/month. In the last three months, the covering rates are better: 86% in October, 93% in November, and 100% in December. In this case, an average monthly request of about 939 kWh/month is necessary as electrical energy integration. Hence, the combined CPV/T-ORC system allows covering the electrical loads of the industrial user for seven months, while the integration necessary in the other periods is very low. Finally, the CPV/T-ORC combined system represents an ideal solution for an industrial user from the energy point of view. Therefore, considering the CPV system [4] and ORC system costs [14] and a purchase price of electricity on the Italian market equal to about € 0.20 €/kWh and a sale price electricity of about 0.10 €/kWh in order to define the yearly cash flows, a simple pay-back of about eight years has been obtained considering a useful life of the CPV/T-ORC system of 20 years.





5. Conclusions


In this paper, a CPV/T system is coupled with an organic Rankine cycle and the integrated system energy performances have been investigated in order to satisfy the electrical energy loads of a medium industrial user located in the South of Italy. The CPV/T-ORC system has been sized and different simulations have been realized in order to show how this system can supply the user energy requirements. Once evaluated, the DNI by means of the Artificial Neural Networks, three input condition scenarios have been evaluated: Summer, winter, and middle season. The electrical production of the integrated system has been determined in order to show how the thermal energy, removed from the TJ cells by an active cooling mechanism and sent to the ORC cycle, allows satisfying the electrical energy needs that the simple CPV system cannot supply.



The peak power considered for the industrial machines is about 42 kW, while other electrical loads and heating or cooling, as a function of the season, require a total peak power of 15 kW, obtaining a cumulative monthly average consumption of 7500 kWh/month. The line-focus CPV/T system, with a concentration factor of 100, presents 16 modules of 500 TJ cells. The cooling fluid, which removes heat from the TJ solar cell, is collected in a delivery manifold and then sent to the heat generator of the ORC system. Since the ORC cycle adopts a low boiling fluid, the temperatures of about 70 °C reached in the CPV/T system are sufficient to feed the cycle. Hence, it is possible to achieve a double electric output from the solar source.



The system model has shown that in a summer day the maximum hourly electrical production of the CPV/T system has been about 40 kWh at 1:00 p.m., while in the same condition in a winter day an hourly electrical energy of about 23 kWh is obtainable. The thermal energy production of the CPV/T system has presented a maximum value of 35 kWh in winter, 41 kWh in the middle season, and 63 kWh in the summer period. Once evaluated, the CPV/T system production, the coupling with the ORC cycle has been investigated. Starting from the thermal energy production of the CPV/T, the ORC system electrical production has been evaluated. In particular, the daily electrical energy production of the ORC system reaches its maximum value in summer with about 50 kWh at 1:00 p.m., while in the middle season is 33 kWh. The ORC cycle supplies about 19% more of electric energy compared to the CPV/T system. The combined electrical production of the CPV/T-ORC has allowed satisfying 100% of the loads from April to September and the overproduction of these months can be sold to the network or stored for future use. As for the months of January, February, and March the covering rates of the electrical loads of the CPV/T-ORC combined system have been equal to 73%, 77%, and 83%, respectively. Moreover, the covering rates have been 86% in October, 93% in November, and 100% in December. Hence, the CPV/T-ORC combined system can represent an interesting solution to satisfy the energy loads of an industrial user. Finally, an interesting aspect of the CPV/T systems is to obtain simultaneously electrical and thermal energy. In particular, the thermal energy can be used either to directly meet the thermal demands of a user or to couple the CPV/T systems with other systems in order to obtain additional electrical energy. This is the most interesting aspect that will be increasingly developed in the near future.
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Abbreviations








	A
	area (m2)



	ANN
	artificial neural network



	C
	concentration ratio



	CPV
	concentrating photovoltaic system



	CPV/T
	concentrating photovoltaic and thermal system



	DNI
	direct normal irradiance (kWh/m2)



	Gni
	global normal irradiance (kWh/m2)



	HRA
	hour angle



	InGaP/InGaAs/Ge
	indium gallium phosphide/indium gallium arsenide/germanium



	kt
	clearness index



	ORC
	organic rankine cycle



	T
	temperature (°C)



	TJ
	triple-junction



	Greek symbols:
	



	δ
	declination angle



	εc
	emissivity



	  η  
	efficiency



	σt
	temperature coefficient (%/K)



	Subscripts:
	



	a
	air



	c
	cell



	el
	electric



	inv
	inverter



	mod
	module



	opt
	optical



	par
	parasitic



	r
	reference



	th
	thermal
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Figure 1. Concentrating photovoltaic and thermal (CPV/T) system. 
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Figure 2. Scheme of the integrated CPV/T-oragnic rankine cycle (ORC) system. 
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Figure 3. Validation results of the training process. 
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Figure 4. Direct normal irradiation in the summer, winter, and middle seasons. 
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Figure 5. Electrical energy loads of the industrial user: Daily loads for each equipment (a), monthly cumulative loads (b). 
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Figure 6. Electrical production of the CPV/T system in the summer, winter, and middle seasons. 
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Figure 7. Thermal production of the CPV/T system in the summer, winter, and middle seasons. 
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Figure 8. Electrical production of the ORC system in the summer, winter, and middle seasons. 
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Figure 9. Monthly energy production of the combined CPV/T-ORC system. 
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Figure 10. The CPV/T-ORC system electrical production compared to the user electrical loads: (a) Only the CPVT system; (b) only the ORC system; (c) combined production. 
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Figure 11. Electrical integration required by the CPV/T system and monthly electrical production of the ORC system. 
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Figure 12. Annual electrical covering (%) by means of the CPV/T-ORC system and electrical energy integration required (kWh) for the industrial user. 
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Table 1. Parameters of the triple-junction cell.






Table 1. Parameters of the triple-junction cell.





	Parameter
	Value





	material
	InGaP/InGaAs/Ge



	dimensions
	1.0 × 1.0 cm



	   η r    (at 25 °C, 50 W/cm2–1000 suns)
	39.0%



	temperature coefficient (   σ t   )
	−0.04%/K
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