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Abstract

:

The performance of Concentrating Photovoltaic and Thermal (CPV/T) systems is also linked to climatic conditions. In this paper, the main purpose is to determine the energy and economic performance of a line-focus CPV/T system used for a residential user, considering three cities with different weather conditions: Amsterdam (The Netherlands), Marrakech (Morocco), and Salerno (Italy). A modular configuration of a CPV/T system, with a concentration factor equal to 90 and module of 60 Triple-Junction (TJ) cells, is considered. The electrical power is linked to the values of TJ cell temperature and concentrated radiation by an experimental model. Electric production is highly influenced by the TJ cell temperature values. Hence, Marrakech presents lower power generation in summer than Amsterdam, 126 W, and 134 W respectively; in winter season the trend is reversed. However, the electric production in Marrakech will be higher because presents a higher number of daylight hours than other cities considered. The CPV/T system electrical and thermal producibility is evaluated for each city and for typical winter and summer sunny days, together with the modules number able to obtain the investment profitability.
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1. Introduction


Energy consumption is quickly increased during the last years in the world [1]. The dependency on fossil fuels is causing climate changes due to the CO2 emissions increase in the atmosphere [2]. The traditional energy conversion systems currently are often more advantageous from the economic point view, but some renewable technologies will become the next future competitive in comparison with conventional ones [3]. The solar energy is the most promising source of clean energy [4]. The solar energy that reaches the planet surface is so enormous that in one year it is about twice as much as will ever be obtainable by all non-renewable resources on earth such as oil, coal, natural gas and mined uranium combined.



Hence, the main advantages of solar energy are high availability [5] and it can be simultaneously converted into different forms of energy [6]. However, as the conversion efficiency of commercialized solar photovoltaic (PV) power generation is still low and the cost is high, the solar PV systems are limited in actual applications. A limitation of solar power generation is the high cost of solar cells, and the method of solar concentration can effectively reduce the cost of solar PV power generation because it can decrease the number of solar cells number [7,8]. These systems use optics able to focus the solar radiation on smaller Multi-Junction (MJ) cells and to obtain higher electric power thanks to higher conversion efficiency [9]. Hence, the concentrating photovoltaic (CPV) systems allow to maximize the electrical efficiency [10]. However, it is necessary to observe that there is a spectral response of solar cell and not all the solar radiation energy can be used for electric power production. The solar energy dissipated can determine the temperature increase of solar cells, causing the photoelectric conversion efficiency to decrease. A solar concentrating photovoltaic and thermal (CPV/T) system can solve this problem [11,12]. The heat recovered by thermal collector or cooling system can be used in other ways, decreasing the cell temperature and increasing the overall utilization efficiency of solar energy [13]. Hence, despite the high cost of the MJ cells relative to traditional solar cells [14], a careful selection of optics and active cooling system of a CPV/T system can determine further energy and economic advantages [15]. In particular, the electric performance of CPV modules is highly linked to the internal behavior of the solar cells; so, parameters as Direct Normal Irradiation (DNI) and Triple-Junction (TJ) cell temperature, generally adopted in these systems, have a significant impact. The CPV systems work only with the direct component of the solar radiation [16], and can’t convert the diffuse radiation into electrical energy [17]. The rates of solar radiation components depend on the climate conditions of specific zone [18], as well as concentration and environmental temperature parameters which affect the cell temperature and its electrical performance [19]. Hence, the CPV systems could have better electrical performances in cold regions in comparison with hotter regions under other similar conditions [20]. On the other hand, higher operation temperatures allow the thermal energy recovery. Therefore, it is clear that the overall energy performance of a CPV/T system could be different according to its installation site.



This typology of systems has been studied by scientific community in several possible configurations and in different world areas. For example, an experimental study concerning a CPV/T system in Nanjing city (China), is presented in Ref. [21]. The CPV/T system has been tested both for sunny and cloudy days. The results have shown a good assessment of energy performance, reaching overall energy efficiency of about 60%. Another interesting application in China is described in Ref. [22], where a CPV/T system is coupled with an Organic Rankine Cycle (ORC) increasing the conversion efficiency of solar energy in electricity up to 44%. An energy analysis of a concentrating photovoltaic/concentrating solar power (CPV/CSP) hybrid system for the city of Beijing (China), is realized in Ref. [23]. In Ref. [24] the CPV/T energy and economical performances under two different weather conditions, have been studied in Tunisia and in the city of Chambery (France); in Tunisia, the system has presented better performance. In Ref. [25] the energy performance of line-focus CPV/T system from the cogeneration point of view, has been studied in Salerno (Italy). In Ref. [26] the electrical and thermal production of some CPV/T power plants adopted in different areas of Spain, have been monitored.



However, a CPV/T system can’t be equally convenient worldwide. In fact, the electrical and thermal producibilities of a given CPV/T system are linked to the climate conditions of its installation site (yearly DNI, environmental temperature, sunlight hours number, etc.). Hence, the aim of this paper is to analyze by means of an experimental modeling of the energy and economic performances of a line-focus CPV/T system, used to satisfy the energy loads of a residential user when its installation site varies. In order to evaluate the potential of these systems in different world areas, three cities with different weather conditions have been considered: Amsterdam (Netherlands), Marrakech (Morocco) and Salerno (Italy).




2. Experimental System


The experimental system (Figure 1), built in the Applied Thermodynamics Laboratory of the University of Salerno, is a linear CPV/T plant that presents a parabolic trough concentrator. The solar radiation is focused on a pipe where the refrigerant fluid flows and the Triple-Junction (TJ) solar cells are placed. The TJ cells are sixty and present an area of 1.0 × 1.0 cm2 (Table 1). A biaxial tracking system is used in order to focus the maximum Direct Normal Irradiance (DNI) on TJ cells. The first rotation is possible in the horizontal plane and allows to follow the sun in azimuth direction; the second rotation in the vertical plane follows the sun in zenithal direction. Another freedom degree of the system is the variation of the distance between optics and pipe varying the concentration factor value.



Parabolic optics is characterized by its focal length (f) which affects the focused image size, and the truncation value (a) that regulates the energy which reaches the pipe. So, the concentration factor depends on the ratio (f/a). In the CPV/T system sizing the chosen input data have been: C = 107, pipe length equal to 1.2 m and diameter equal to 2.8 cm. Hence, it has been possible to evaluate the parabola size able to ensure the optimal concentration factor. The maximum optical concentration factor (Copt) experimentally measured at the proper focal length, is about 90. To measure the environmental, fluid, and cell temperatures, some PT100 thermo-resistances with accuracy equal to ±0.2 °C [27] have been adopted. A pyrheliometer with accuracy of 2% has been used to measure the DNI. An acquisition data system (data tracker series DT80) has been adopted to measure DNI, voltage, current and temperatures; the sampling rate has been of 15 s.




3. Energy and Economic Performance Evaluation


The main purpose is to study the energy and economic performance of a linear CPV/T plant adopted for a residential user varying the installation site. Since the performance of a CPV/T system is highly dependent on operating conditions, and thus on parameters such as Tenv, DNI and daily hours of sunlight, cities with different climatic conditions have been considered. Three cities (Marrakech, Amsterdam and Salerno), where the performance of the CPV/T system was evaluated, present different values in terms of environmental temperature (Tenv), Direct Normal Irradiance (DNI) and daily hours of sunlight [28].



3.1. Energy Performance


The evaluation of energy performance first requires determining, for each location, typical summer and winter sunny days, that are the limit working conditions of a CPV/T system. For both days, a clear sky irradiation has been considered as the DNI is highly variable with the degree of cloud cover. Hence, the comparison between three cities does not depend on the chosen single day and so on its cloudiness degree.



By considering the annual hourly distribution of DNI and Tenv for each location, it has been possible to make an accurate evaluation of the electrical and thermal energy performance of the CPV/T system. This analysis evaluates the TJ cells number that allows to satisfy the user’s electrical load and to correctly size the CPV/T system, obtained using a modular configuration. The experimental CPV/T plant, previously described, has been considered as single module. Its electric power depends on TJ cells operation temperature (Tcell) and solar radiation (Rcell) concentrated on TJ cell obtained multiplying optical concentration factor and DNI [29].



As for Tcell, approximately equal to the refrigerant temperature (Tfluid), an experimental equation that links it to environmental temperature (Tenv) and Rcell, has been determined. It has been experimentally noted that the increase of Tcell with the environmental temperature increases logarithmically with the concentrated solar radiation, according to the following equation:


   T  c e l l   −  T  e n v   = A · l n  R  c e l l   + B  



(1)




where A and B are coefficients experimentally determined.



The electric power of the module described (   P  e l , m o d    ) has been experimentally evaluated monitoring both cold winter and hot summer days corresponding to different solar radiation conditions. The experimental analysis has allowed to collect many data representing different CPV/T system working conditions. Adopting a black-box modeling approach, a measured data multivariable regression, with a significance level   α = 0.05  , has been realized in Matlab [30].



The following relation among    P  e l , m o d    ,    R  c e l l     and    T  c e l l     has been determined:


   P  e l , m o d   = C ·  R  c e l l   + D ·  1   T  c e l l      



(2)




where  C  and  D  are coefficients experimentally determined.



To valid the previous relationships, the solar radiation concentrated on TJ cell and its temperature must be strictly included between the values (9.00 ÷ 83.7)     kW    m 2      and (35.0 ÷ 95.0) °C, respectively.



The    P  e l , m o d     values evaluated by means of the Equation (2) considers the parasitic current losses generated in the module together with module efficiency which considers the coupling in series of cells along a line where a cell TJ can work at efficiency lower than the nominal one.



Once calculated    P  e l , m o d    , the recovered thermal power (   Q  t h , m o d    ) can be evaluated by an energy balance on CPV/T module:


   Q  t h , m o d   =  R  c e l l   ·  A  t u b e   −  P  e l , m o d   −  Q  t h , l o s s    



(3)




where    A  t u b e     is the tube area where    R  c e l l     is concentrated and    Q  t h , l o s s     represents the thermal losses. The recovery of thermal energy depends on its temperature and then    Q  t h , m o d     has been divided in



	-

	
low-temperature thermal power (LTQth) available at temperatures lower than 40 °C and then not utilizable;




	-

	
middle-temperature thermal power (MTQth) available at temperatures included between 40 °C and 80 °C that can be adopted for winter heating (WH) and to produce domestic hot water (DHW);




	-

	
high-temperature thermal power (HTQth) available at temperatures higher than 80 °C and usable in an Absorption Heat Pump (AHP) to obtain cooling power (Qcool).







So, once defined the Tenv and DNI values [28] for each city and defined the    C  o p t     value for the CPV system,    T  c e l l     (Equation (1)),    P  e l , m o d     (Equation (2)) and    Q  t h , m o d     (Equation (3)) can be calculated.



The electrical and thermal powers supplied by a CPV/T system can be respectively calculated in this way [31].


   P  e l , C P V / T   =  P  e l , m o d   ·  n  m o d   · f ·  η  i n v    



(4)






   Q  t h , C P V / T   =  Q  t h , m o d   ·  n  m o d   · f  



(5)




where Pel,mod and Qth,mod can be calculated by means of the Equations (2) and (3),    n  m o d     is the modules number,    η  i n v     is the inverter efficiency and, considering a non-ideal tracking system, factor f equal to 0.9 is considered.




3.2. Sizing and Economic Analysis


The modules number necessary to satisfy the user loads of each city chosen can be calculated, once evaluated the monthly electric, thermal and cooling loads of residential user. If the modules number increases, the electric and thermal production of the CPV/T system also increases. The production exceeds the user energy loads determining an oversized system, if the modules number is excessively high. The modules optimal number for each city can be calculated in order to maximize the investment profitability, expressed in terms of NPV (Net Present Value), obtained from the difference between the total discounted cash flow for the i-th year (  C  F i   ) and a current investment (   I 0   ). The initial investment is due to CPV/T system cost, calculated as a product between the single module cost (   c  m o d    ) and the modules number (   n  m o d    ). The cash flow of i-th year is equal to sum of cost savings for the purchase of the electrical and thermal energy required by user (  C  S i   ) and the gains obtainable by the electrical energy surplus sale (   G i   ). The cost savings   C  S i    for the i-th year can be so evaluated:


  C  S i  =   ∑   m = 1   12    c  e l   · min    E  e l , C P V /  T m    ;  E  e l ,  U m      +  c  t h   · min    E  t h , C P V /  T m    ;  E  t h ,  U m      +  c  c o o l   · min    E  c o o l , C P V /  T m    ;  E  c o o l ,  U m       



(6)




where  c  is the unit purchase cost of each energy vector, multiplied by respective monthly rates of the CPV/T energy (E) producibilities not exceeding the user monthly energy needs. In particular, the unit purchase cost of thermal energy (   c  t h    ) has been calculated assuming to produce thermal energy through a methane boiler:


   c  t h   =    c  M e t h a n e      η  B o i l e r   · L C  V  M e t h a n e      



(7)




where    c  M e t h a n e     represents the methane unitary cost,    η  B o i l e r     is the boiler efficiency and   L C  V  M e t h a n e     is the lower calorific value of Methane. The unit purchase cost of cooling energy (   c  c o o l    ) has been calculated assuming to produce cooling energy by means of an electrical heat pump with   C O  P f   :


   c  c o o l   =    c  e l     C O  P f     



(8)







As for the cooling energy obtainable by the CPV/T system (   E  c o o l , C P V / T    ), an AHP with a   C O  P  A H P     has been used:


   E  c o o l , C P V / T   = H T  E  t h   · C O  P  A H P    



(9)







The gains obtainable by the surplus electrical energy (   G i   ) sale have been determined as the product between the monthly energy surpluses obtained by CPV/T system and the relative selling price to energy network (   p e   ). The analysis conducted on the NPV allows also to evaluate the Discounted Pay-Back Period (DPBP) that represents the period of time over which the cash flows from an investment pay back the initial investment, factoring in the time value of money. Another index, useful in the investment evaluation, is the Profit Index (PI) defined as the ratio between NPV and    I 0   . The evaluation of this index will help to understand whether it is worthwhile to proceed with the project or not. The definitions of NPV, DPBP and    I 0    are [32]:


  N P V = −  I 0  +  ∑  i = 1   U L     C  F i        1 + r    i    ;     D P B P =    I 0     ∑  i = 1   U L     C  F i        1 + r    i      ;     P I =   N P V    I 0     



(10)




where    I 0    is the initial investment,   C  F i    is the cash flow for the i-th year,  r  is the discount rate and UL indicates the CPV system useful life.





4. Results and Discussion


The energy and economic performances of CPV/T system are linked to the weather conditions of its installation site. Its working has been studied in three different cities (Amsterdam, Marrakech and Salerno) to highlight the potential of these systems in different world areas. These cities present high differences in terms of environmental temperature, daily hours of sunlight and weather conditions that highly affect the DNI levels.



Marrakech (31°40′11″ N, 7°58′23″ W) is characterized by semi-desert subtropical climate, with mild winter and very hot summer. The rainfall is limited and is concentrated in the months from October to May. The amount of DNI in Marrakech is good all the year, but especially in summer with a clear sky. The higher temperatures of the summer season, which can exceed 40 °C, affect the TJ cell electrical performance allowing the recovery of high temperature thermal energy exploitable for different applications. Hence, Marrakech is a particularly suitable installation site for CPV/T system.



On the contrary, Amsterdam (52°22′26″ N, 4°53′22″ E) presents a sub-oceanic climate, humid and rainy, with cold winter and cool summer. Precipitation is relatively abundant, but it is frequent and distributed all the year. The DNI is rather low, above all in winter, due to the high levels of cloud cover. On the other hand, the lower environmental temperatures can guarantee higher TJ cell electrical efficiencies.



Salerno (40°39′51″ N, 14°48′16″56 E) presents intermediate climatic characteristics respect to the cities above described. Salerno is characterized by short, hot, humid and clear summer and by long, cold and cloudy winter. Hence, the amount of sunshine is very good in summer; on the contrary, in winter sunny periods alternate with periods of bad weather.



The climatic differences between the three above mentioned cities determine different CPV/T system working conditions, which depend on the values of Tenv and DNI available in [28]. The experimental tests have allowed to note that the increase of Tcell respect to the environmental temperature increases logarithmically with the concentrated radiation (Equation (1), Figure 2).



This trend refers to fixed value of mass flow of water circulating in the cooling system at speed of 0.2 m/s. Moreover, the relation between    P  e l , m o d    ,    T  c e l l     and    R  c e l l     has been analyzed (Equation (2)), as shown in Figure 3. The  A  and  B  coefficients values of Equation (1) and the  C  and  D  coefficients values of Equation (2) are reported in Table 2 together with the values of R2.



Hence, once known the Tenv and DNI values of each city [28] and once defined the value of    C  o p t     equal to 90 for the CPV/T system, the average hourly values of    T  c e l l     (Equation (1)),    P  e l , m o d     (Equation (2)) and    Q  t h , m o d     (Equation (3)) can be calculated for each city related to typical winter sunny (a) and summer sunny (b) days (Figure 4, Figure 5 and Figure 6).



The TJ cell temperature at Marrakech is almost always the highest, reaching a peak of about 75.0 °C in winter day and of 90.0 °C in summer day (Figure 4).



Even if the higher temperatures negatively influence the electrical efficiency, they allow the recovery of high-quality thermal energy exploitable for the production of residential hot water, winter heating and summer cooling by means of an AHP. A similar situation is verified in Salerno, with temperatures about 10 °C lower. On the other hand, at Amsterdam the values of the TJ cell temperature are lower, with a maximum of 60 °C in winter and 76 °C in summer. The daily trends of    P  e l , m o d     and    Q  t h , m o d     for the two above mentioned days are respectively shown in the Figure 5 and Figure 6. According to Equation (2), the electric power supplied by a CPV/T module depends on DNI and Tcell when other conditions are equal. As shown in Figure 5a, in a winter sunny day, despite the electrical efficiency decrease due to the higher temperature, the higher levels of DNI assure at Marrakech the highest electrical power, with a peak of 146 W. The lowest power is that of Amsterdam, because of the low levels of DNI, with a maximum of 120 W. On the contrary, it can be noted in Figure 5b the opposite trend between summer and winter in terms of electrical power.



In fact, the negative influence of the higher temperature on electrical efficiency is more marked, thus causing a notable decrease of the electrical power, especially at Marrakech where it assumes the lowest values. Amsterdam presents the highest values because of the lower temperatures and similar values of DNI, reaching a peak of about 134 W.



A similar analysis can be realized for the thermal energy which can be recovered from a single CPV/T module. The highest values can be registered at Marrakech in winter, with a maximum thermal power of 860 W, followed by Salerno and Amsterdam; there is a trend reversal in the summer day less marked than the previous case. However, the quality of the recovered thermal energy is dependent on its temperature. Hence, Marrakech is the city that guarantees the highest potential from the cogeneration point of view [33].



The daily electrical and thermal producibilities depend also on the daily hours of sunlight. The values of daily electrical energy produced by a single CPV/T module for each locality are shown in Table 3 for the winter and summer days.



It can be observed the opposite trend between summer and winter also in terms of electrical producibility. In a winter sunny day, the electrical producibility varies between about 800 Wh at Amsterdam and about 1200 Wh at Marrakech. In summer the maximum producibility, equal to about 1600 Wh, is related to Amsterdam thanks to the higher daily hours of sunlight, while at Marrakech the producibility is minimum, about 1400 Wh. Figure 7 shows for each city the thermal producibility for different temperature levels in winter and summer sunny days. The total thermal energy follows the same trend of the electrical energy. It is maximum at Marrakech on the winter day (about 7000 Wh) and at Amsterdam in the summer day (about 4000 Wh). In each city it is possible to produce in a sunny day MT thermal energy also in winter, while in summer at Salerno and Marrakech, a CPV/T system can also produce HT thermal energy.



This study has been realized to highlight the influence of climatic conditions on the electrical and thermal performance of CPV/T system. In this analysis, the cloudiness and the consequent reduction of DNI have not been considered to compare the three cities under same conditions. However, an accurate energy performance evaluation of CPV/T system requires the real annual hourly distribution of DNI and Tenv for each city [28]. Considering these data, the CPV system sizing for a residential user has been realized for each city. The parameters values necessary for this analysis are reported in Table 4 [3].



It can be noted that the thermal load also includes the thermal energy necessary to produce domestic hot water. These values are shown in Table 5 for Marrakech and Amsterdam which represent the two extreme conditions.



At Marrakech the thermal loads are much lower than in Amsterdam because of higher temperatures. Moreover, in the summer season, unlike in Amsterdam, cooling energy is necessary. The experimental CPV/T system described in Section 2, with an optical concentration factor equal to 90 and 60 cells, has been considered as single module. Once known the annual hourly values of Tenv and DNI, it is possible to calculate, by means of Equations (2) and (3), respectively the electrical (   P  e l , m o d    ) and thermal (   Q  t h , m o d    ) powers supplied by a single module and then the module monthly and annual production for each city. The power and energy producibility of the CPV/T system depend on the modules number according to Equations (4) and (5). It is interesting to study monthly the difference between necessary and produced energy varying the modules number in the two extreme cases: Marrakech and Amsterdam. As shown in Figure 8, at Marrakech 10 modules are enough to satisfy the electrical load only between April and August. If 20 modules are adopted, the CPV/T electrical producibility could exceed the load almost every month. A further increase of the modules number can determine an overproduction of energy not required by the user.



On the contrary, at Amsterdam the CPV/T system electrical producibility is highly variable during the year, with peaks in summer season and very low values in winter season. Therefore, the electrical load can’t match in each month but only between April and September. The electrical energy surplus of the CPV/T system is sold to the energy network.



Figure 9 shows the monthly difference between the CPV/T system thermal producibility and the thermal loads for a different number of modules.



In this evaluation it has been considered only the middle-temperature useful to supply residential hot water or winter heating. It can be noted that at Marrakech 10 modules could be enough to cover the thermal energy needs almost all the year. On the contrary, at Amsterdam the thermal load in winter is high and only partially is covered by a CPV/T system. The low values of DNI, due to high cloud cover, affects the thermal producibility; between May and September the CPV/T system thermal output exceeds the thermal load also with 10 modules.



The higher temperatures which can be reached by the cooling fluid in the summer season at Marrakech allow the production of cooling energy too. The thermal energy available at temperatures higher than 80 °C can be used to produce cooling energy by coupling the CPV/T system to an AHP. The difference between the CPV/T system cooling outputs and the cooling loads for a different number of modules at Marrakech is reported in Figure 10 on a monthly basis; in particular, 20 modules allow to cover the cooling needs.



The optimal modules number for each city has been determined to maximize the investment profitability in terms of NPV. The NPV values calculated at the 20th year, average useful life of CPV/T system, in terms of the modules number, are shown in Figure 11. For each city, the NPV value increases with the modules number until it reaches its maximum value. A further increase of the CPV system size determines an electric energy surplus that can be sold to the energy network at price lower than purchase price, thus decreasing the cash flows. An oversized system determines also a thermal and cooling energy surplus causing losses. The optimal modules number is different for the three cities and equal to 15 for Marrakech and 30 for Salerno and Amsterdam.



The NPV values are also different. NPV presents the maximum value, about 20.7 k€, for a CPV/T system installed at Marrakech where the annual climatic conditions are most suitable. On the contrary, at Amsterdam, despite the good conditions in terms of TJ cell temperature [30], the high cloudy days’ number decreases the DNI and then the electric and thermal production of a CPV/T system. For this reason, the values of NPV are low with a maximum of 8.50 k€ in correspondence of 30 modules. The NPV trend over the years corresponding to the optimal modules number is shown in Figure 12 for each city. Moreover, the DPBP is equal to about 6 years for Marrakech, 10 years for Salerno and 14 for Amsterdam. Finally, the Profit Index (PI) corresponding to the optimal modules number, has been calculated for each city. The results are shown in Figure 13 where it can be observed that the most profitable investment is obtainable to Marrakech where PI is equal to about 212%.



The investment is quite convenient also in Salerno, with a PI equal to 88%, but not at Amsterdam because its PI is equal to only 43%.




5. Conclusions


In this paper the main aim was to evaluate the energy performance of line-focus CPV/T system applied to the residential user when the installation site varies.



The installation site strongly influences the operation of CPV/T systems whose energy efficiency is strictly dependent on climatic conditions and therefore on parameters such as Tenv, DNI and daily sunlight hours. For this reason, the energy performance of these systems has been evaluated in three different cities characterized by very different climatic conditions, such as Amsterdam, Marrakech, and Salerno.



The proper evaluation of the energy performance of these systems has allowed, for each city considered, to optimize the solution from economic point of view. This optimization has been obtained by the determination of optimal sizing of the CPV/T system aimed at reducing its cost and payback time.



Hence, a model that links electrical power with TJ cell temperature and solar radiation concentrated on solar cells, has been experimentally determined to evaluate the CPV/T system energy performances, together with an equation that links    T  c e l l    ,    T  e n v     and    R  c e l l    . Once calculated    P  e l , m o d    , it has been possible to calculate also the recoverable thermal power by energy balance on CPV/T module.



First, a comparison between the three cities for typical winter and summer sunny days, has been presented. Results have shown that    T  c e l l     at Marrakech is almost always the highest, reaching a peak of about 92 °C in summer day. Because of the higher temperatures, the module electric power on hot summer days presents values lower than winter day with maximum values respectively equal to 134 W and 146 W. The recovered thermal power reaches its maximum value of 850 W in winter at Marrakech. Due to the highest values of    T  c e l l    , Marrakech presents the highest potential from the cogeneration point of view. Since the electrical and thermal producibilities depend also on the daily hours of sunlight, they are higher in summer with maximum values respectively of about 1600 Wh and 4000 Wh per module.



Successively, considering the actual annual hourly distribution of DNI and Tenv for each locality, a CPV/T system applied to a residential user of 120 m2 with 4 persons, has been sized. For each locality, the same monthly electrical, thermal and cooling loads considering the different climate conditions, have been considered. At Marrakech, the CPV/T system electrical producibility is not very variable during the year and 20 modules are sufficient to match the electrical load. In Amsterdam, the electric load can be satisfied only between April and September. From a thermal point of view, at Marrakech 10 modules are sufficient to cover the thermal energy needs almost all the year. Moreover, the temperatures reached by the cooling fluid in summer, higher than 80 °C, also allow the production of cooling energy by coupling the CPV/T system with an AHP. On the contrary, at Amsterdam, the thermal loads in the winter period are excessively high to be entirely covered with a CPV/T system.



Moreover, the modules’ optimal number has been determined for each city to maximize the investment profitability in terms of NPV at the 20th year, average useful life for a CPV system. The most profitable investment is at Marrakech where with 15 modules the NPV assumes its maximum value equal to 20.7 k€, with DPBP of 6 years and PI equal to 212%. The investment is quite convenient also in Salerno, with NPV of 17.1 k€, DPB of 10 years, and PI equal to 88%. Finally, the investment is not profitable in Amsterdam, with NPV and PI equal respectively to 43%.
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Nomenclature




	
A

	
Area (m2)




	
AHP

	
Absorption Heat Pump




	
CF

	
Cash Flow (€/year)




	
COP

	
Coefficient of Performance




	
CPV

	
Concentrating Photovoltaic system




	
CPV/T

	
Concentrating Photovoltaic and Thermal system




	
   CS   

	
Cost saving (€/year)




	
C

	
Concentration factor




	
Copt

	
Optical concentration ratio




	
    c  cool     

	
Unit purchase cost of cooling energy (€/kWh)




	
    c  el     

	
Unit purchase cost of electrical energy (€/kWh)




	
    c  th     

	
Unit purchase cost of thermal energy (€/kWh)




	
    c  mod     

	
Cost per module (€/mod)




	
DNI

	
Direct Normal irradiance (W/m2)




	
DPBP

	
Discount Pay-Back Period (year)




	
  E  

	
Energy (kWh)




	
  η  

	
Efficiency




	
f

	
Non-ideal tracking system factor




	
G

	
Gains from the sale of surplus energy (€/year)




	
   HT   

	
High Temperature




	
    I 0    

	
Initial investment (€)




	
   LCV   

	
Low Calorific Value (kWh/kg)




	
   LT   

	
Low Temperature




	
   MT   

	
Middle Temperature




	
  n  

	
Number




	
NPV

	
Net Present Value (€)




	
P

	
Electric power (W)




	
PV

	
Photovoltaic




	
    p e    

	
Electrical energy selling price to the energy network (€/kWh)




	
Q

	
Thermal power (W)




	
Rcell

	
Concentrated solar radiation incident on TJ cell (W/m2)




	
  r  

	
Discount rate




	
T

	
Temperature (°C)




	
TJ

	
Triple-Junction cell




	
   PI   

	
Profit Index




	
   UL   

	
CPV system Useful Life (year)




	
Subscripts




	
c

	
cell




	
el

	
electric




	
env

	
environmental




	
inv

	
inverter




	
loss

	
losses




	
  m  

	
monthly




	
mod

	
module




	
opt

	
optical




	
th

	
thermal




	
tube

	
coolant flow tube




	
  U  

	
user
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Figure 1. Photo of the line-focus experimental plant: Triple-Junction cell (a), cooling fluid circuit (b), experimental CPV/T system (c). 
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Figure 2. Increase of the TJ cell temperature due to solar concentration. 






Figure 2. Increase of the TJ cell temperature due to solar concentration.



[image: Energies 16 02115 g002]







[image: Energies 16 02115 g003 550] 





Figure 3. Electrical power supplied by the CPV/T module as function of Rcell and Tcell. 
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Figure 4. Average hourly values of Tcell for typical winter (a) and summer sunny days (b) for each city. 
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Figure 5. Average hourly values of Pel,mod for typical winter (a) and summer sunny days (b) for each city. 






Figure 5. Average hourly values of Pel,mod for typical winter (a) and summer sunny days (b) for each city.



[image: Energies 16 02115 g005]







[image: Energies 16 02115 g006 550] 





Figure 6. Average hourly values of Qth,mod for typical winter (a) and summer sunny days (b) for each city. 
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Figure 7. Daily thermal producibility for each city for winter day and summer day. 
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Figure 8. Difference between CPV/T system electrical producibility and electrical loads for different modules number at Marrakech and Amsterdam. 
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Figure 9. Difference between CPV/T system thermal producibility and thermal loads for different modules number at Marrakech and Amsterdam. 
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Figure 10. Difference between CPV/T system cooling producibility and cooling loads for different modules number at Marrakech. 
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Figure 11. 20th year NPV value varying the modules number. 
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Figure 12. NPV trends over the years corresponding to the optimal modules number for each city. 
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Figure 13. Values of Profit Index for each city. 
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Table 1. Parameters of the triple-junction cell.
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	Parameters
	Value





	Material
	InGaP/GaAs/Ge



	Dimensions
	10 mm × 10 mm



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



	Temperature coefficient (σt)
	−0.04%/K
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Table 2. Values of the coefficients of experimental equations describing the trends of Tcell and Pel,cell.
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	Equation
	   A   
	   B   
	   C   
	   D   
	R2





	Equation (2)
	12.481
	0.9794
	-
	-
	0.9552



	Equation (3)
	-
	-
	1.4193
	500.51
	0.9479
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Table 3. Daily electrical producibility Eel,mod (Wh) for each locality for winter and summer days.
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	January
	July





	Marrakech
	1199
	1336



	Salerno
	964
	1500



	Amsterdam
	755
	1644
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Table 4. Values of the parameters used in the sizing of CPV/T system.
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	Parameter
	Value





	Useful life for a CPV system:   U L  
	20 years



	Cost per module:    c  m o d    
	650 €/mod



	Purchase cost of electricity:    c  e l    
	0.20 €/kWh



	Electricity selling price:    p e   
	0.06 €/kWh



	LCV Methane:   L C  V  M e t h a n e    
	9.60 kWh/Sm3



	η Boiler:    η  B o i l e r    
	0.900



	Methan price:    c  M e t h a n e    
	0.800 €/Sm3



	Thermal energy cost:    c  t h    
	0.0926 €/kWh



	COPf
	3.00



	Cooling energy cost:    c  c o o l    
	0.0667 €/kWh



	COPf of AHP
	0.700



	discount index:  r 
	0.015
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Table 5. Monthly electrical, thermal, and cooling loads for the residential user at Marrakech and Amsterdam.
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Marrakech

	

	

	
Amsterdam

	




	
Month

	
Eel (kWh)

	
Eth (kWh)

	
Ecool (kWh)

	
Eel (kWh)

	
Eth (kWh)

	
Ecool (kWh)






	
January

	
400

	
2250

	
0

	
400

	
4850

	
0




	
February

	
280

	
1250

	
0

	
280

	
4850

	
0




	
March

	
320

	
250

	
0

	
320

	
4050

	
0




	
April

	
250

	
250

	
0

	
250

	
3750

	
0




	
May

	
250

	
250

	
300

	
250

	
250

	
0




	
June

	
250

	
250

	
600

	
250

	
250

	
0




	
July

	
250

	
250

	
2100

	
250

	
250

	
0




	
August

	
250

	
250

	
2100

	
250

	
250

	
0




	
September

	
250

	
250

	
1200

	
250

	
250

	
0




	
October

	
250

	
250

	
500

	
250

	
2250

	
0




	
November

	
350

	
250

	
0

	
350

	
3650

	
0




	
December

	
400

	
1550

	
0

	
400

	
4450

	
0
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