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Abstract

:

In this study, the maximum work extraction from the incident solar energy on solar thermal collectors is investigated by coupling solar collectors with a Carnot machine. A simplified thermal model for the solar collector performance is developed in which the radiation losses play a significant role. In every examined case, the optimum operating temperature that leads to maximum work extraction is calculated. The final results are presented parametrically, covering a great variety of real solar collectors. Moreover, the validation procedure of the developed model proves high accuracy. The results show that non-concentrating collectors should operate up to 400 K while concentrating collectors in higher temperature levels. More specifically, a parabolic trough collector can operate efficiently in temperature levels up to 850 K, while solar dish collectors can operate efficiently in temperature levels up to 1100 K. The results of this study can be exploited for the preliminary design and optimization of solar thermal systems. Moreover, a clear and realistic upper limit concerning the exergy production of solar irradiation with solar thermal collectors is given.
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1. Introduction


Solar energy is a promising renewable energy source that is able to substitute the use of fossil fuel to a large degree [1,2]. Recently, more and more studies have been carried out in order to optimize the operation of solar thermal systems, and especially the concentrating solar power plants [3,4,5]. The most important parameter in the solar Plants is the operating temperature, because this parameter influences the collector efficiency and the thermodynamic cycle efficiency. Higher temperature levels make the solar collector have greater thermal losses, but the efficiency of the coupled thermodynamic cycle is greater. Moreover, the selection of the solar collector kind is dependent on the operating temperature levels. Flat plate collectors are used in low-temperature applications (up to 90 °C) for domestic hot water production, space heating, etc. [6]. Evacuated tube collectors are usually selected for applications as solar coolers, with industrial heat in the low-medium temperature range up to 150 °C [7]. At higher temperature levels, concentrating collectors are the only possible choice. The parabolic trough collector is the most mature technology for the temperature range from 200 °C to 400 °C [8,9,10], while for higher temperature levels concentrating collectors with dishes are preferred [11]. Fresnel collectors [12] and solar towers are also promising concentrating technologies for medium (up to 400 °C) and high temperatures (up to 600–700 °C), respectively.



The objective of this study is to present a model for the prediction of the maximum work production from a solar thermal collector by taking into account the main thermal and optical losses that cannot be neglected in real systems. In every case, the optimum operating temperature of the collector is determined, and then the thermal efficiency of the collector is calculated. This temperature level is the one that maximizes the work production of the coupled Carnot engine. In the literature, this quantity is generally expressed by using the exergy parameter, but this parameter does not take into account the thermal and optical losses of the solar collector. The present model takes into consideration parameters such as the collector optical efficiency and the receiver emittance in a way that corresponds to the real systems. The results of this work can be used for the accurate design of the solar thermal systems and for the determination of the realistic optimum operating temperature levels for every kind of solar collector using its basic design parameters.




2. Review up Today


2.1. Maximum Work Extraction from Solar Energy


The first way to express the maximum possible work extraction from solar irradiation uses the exergy analysis. Many researchers have investigated the exergy efficiency of the solar irradiation, and various literature equations about solar exergy have been suggested. Below, a brief literature review about the exergy flow of the solar irradiation (ηex) is given. The ambient (reference) temperature (Tamb) can be taken at 298 K (for instance) and the sun temperature (Tsun) at 5770 K.



The simplest formula is the Jeter assumption, which practically assumes the Sun to be a heat reservoir. In this case, the maximum possible extracted work is calculated according to Equation (1), which is similar to the Carnot efficiency [13]:


    η  e x   = 1 −    T  a m b      T  s u n       



(1)







The next model was suggested by Spanner. This model assumes the Sun as a radiation reservoir, but it does not take into consideration the impact of the ambient in the final work production, and thus there is the term of “4/3” in this equation. Equation (2) gives the exergy efficiency of the solar irradiation, according to Spanner [13]:


    η  e x   = 1 −  4 3  ·    T  a m b      T  s u n       



(2)







Petela [13] developed a model that assumes the Sun as a radiation reservoir, and, simultaneously, it takes into consideration the environmental situation.


    η  e x   = 1 −  4 3  ·    T  a m b      T  s u n     +  1 3  ·    (     T  a m b      T  s u n      )   4    



(3)







Parrot [14] suggested that the exergy of the solar irradiation has to include the half angle of the cone of the irradiation (δ):


    η  e x   = 1 −  4 3  ·    T  a m b      T  s u n     ·    (  1 − cos ( δ )  )     1 4    +  1 3  ·    (     T  a m b      T  s u n      )   4    



(4)







Badescu [15] suggested a model for the exergy of the solar irradiation by taking into account the sun-shape, using a geometric factor (f):


    η  e x   = 1 −  4 3  ·    T  a m b      T  s u n     +  1  3 · f   ·    (     T  a m b      T  s u n      )   4    



(5)








2.2. Maximum Work Extraction Using Solar Collectors


The next part of the literature studies takes into account the characteristics of the solar collectors, which are closer to the real determination of the work extraction. The work extraction is dependent on the operating temperature of the system, which can be calculated with different models as they presented below.



The optimum operating temperature (Tr) of the solar collector has been suggested to be calculated by solving the Equation (6) [13,16].


   4 ·    (     T r     T  a m      )   5  − 3 ·    (     T r     T  a m      )   4  =    (     T  s u n      T  a m      )   4    



(6)







Torres-Reyes et al. [17] proposed an approach closer to real solar collectors by taking into consideration the heat losses by using a constant thermal loss coefficient (UL). The optimum temperature, in this case, was calculated according to Equation (7):


    T  r , o p t   =  T  a m b   ·   1 +   C · G ·  η  o p t      U L  ·  T  a m b         



(7)







This equation is a good approximation for flat plate collectors, in which the heat loss coefficient is approximately constant in low-temperature levels, but for greater temperature levels this assumption is not adequate.





3. Suggested Model


3.1. General Description


In this study, a modified model about the maximum work production from the solar energy is suggested. The suggested model does not calculate the exergy efficiency of the solar irradiation, but it gives a possible maximum limit of the work production of a coupled thermal engine to the solar collector. This model takes into consideration some important limitations of the solar thermal collectors as the optical and the thermal losses. These losses have been investigated theoretically, and the minimum possible values of these losses are investigated in order to give a possible upper limit. This model is mainly focused on solar concentrating technologies (parabolic trough collector for instance), and it includes the following parameters:




	-

	
The optical efficiency of the collector (ηopt), which is the product of the receiver absorbance, the cover transmittance, the concentrator reflectance; it also includes the impact of the incident angle.




	-

	
The radiation thermal losses of the receiver are taken into account using the emittance of the receiver (εr). This parameter usually takes low values (close to 0.05~0.10) for high-quality collectors. It has been assumed the collector exchanges irradiation with the ambient and not with the sky.




	-

	
The solar irradiation is considered as heat and not irradiation in the model, something that is not performed in similar studies [13].




	-

	
The convection losses are neglected because by using vacuum between glass cover and absorber (in parabolic trough collectors, for instance), these thermal losses become negligible. This assumption is reasonable because the present work aims to determine the maximum work extraction using a real concentrating solar collector. So, this assumption corresponds to a high quality concentrating collector. In any case, an increase in the emittance (about 0.1) can be performed in order to take into account the convection thermal losses.









Figure 1 illustrates the energy flow between the used components of the suggested model. The solar energy amount delivered to the receiver is partially absorbed due to optical losses. The receiver loses energy to the environment due to its high temperature. The useful energy obtained by the receiver is the input energy in a thermal engine, which produces useful work. This engine is assumed as a Carnot cycle in order to determine the maximum possible work extraction.



Moreover, the heat losses of the receiver are assumed to be only from radiation. The heat convection losses have been neglected, an assumption that is more common in concentrating collectors investigation in which the radiation losses play a significant role. As it has been stated above, in case the convection losses are important, an increase in the emittance can be inserted in order to simulate the real situation. It can be assumed that the receiver is inside a huge vacuum dome. This idea is close to the evacuated tubes in which the heat convection losses are close to zero. The cover of the collector, which is a huge dome, has a temperature close to the environment, and for this reason we can assume that the receiver exchanges radiation with the environment. However, the optical losses due to the cover are taken into account in the optical loss efficiency (ηopt).




3.2. Mathematical Description


The mathematical part of the analysis includes the energy balances in the receiver, in the thermal engine, and in the total system. After these steps, the system optimization is presented.



3.2.1. Energy Balance in the Receiver


The available solar energy delivered to the collector is given by Equation (8). The symbol (G) is the solar intensity that is able to be utilized by the collector. For a flat plate collector, it includes the diffuse radiation, while for an imaging concentrating collector it includes only the beam radiation. Moreover, it is essential to say that this solar intensity is assumed to be vertical to the collector aperture, so the incident angle has to be taken into consideration.


    Q  s o l a r   =  A a  · G   



(8)







The energy balance in the receiver is presented in Equation (9), while the radiation heat losses are given by Equation (10).


    Q  s o l a r   ·  η  o p t   =  Q u  +  Q  l o s s   ,   



(9)






    Q  l o s s   =  A r  ·  ε r  · σ ·  (   T r 4  −  T  a m b  4   )    



(10)







At this point, it is important to state that an assumption of the present model is that the collector exchanges irradiation with the ambient temperature and not the sky temperature. This assumption is totally valid for some collectors (for instance the linear Fresnel reflector and the solar dish) or partially for others (for instance the low part of the parabolic trough collector absorber).



Equation (11) gives a general equation for optical efficiency calculation. More specifically, all the possible reasons for the optical loss are taken into consideration. The reflector reflectivity (r), the intercept factor (γ), the cover transmittance (τ), and the absorber absorbance (α) are the four products of the optical efficiency. The impact of the incident angle can be included in the intercept factor. So, the incident angle modifier impact can be modeled in the intercept factor.


    η  o p t   = ρ · γ · τ · α   



(11)







The collector thermal efficiency is calculated as the ratio of the useful energy to the available solar energy to the collector aperture. Equation (12) shows this determination and simultaneously includes extra calculation steps.


    η  c o l l   =    Q u     Q  s o l a r     =  η  o p t   −    Q  l o s s      Q  s o l a r     =  η  o p t   ·  {  1 −    ε r  · σ ·  T  a m b  4    C · G ·  η  o p t     ·  [     (     T r     T  a m b      )   4  − 1  ]   }    



(12)







The concentration ratio (C) is calculated according to Equation (13):


   C =    A a     A r      



(13)








3.2.2. Energy Balance in the Thermal Engine


The energy balance in the thermal engine proves that the heat input is transformed to useful work and to heat losses to the environment, as Equation (14) shows:


    Q u  = W +  Q  o u t     



(14)







The thermal efficiency of this thermal engine is equal to the respective Carnot engine efficiency as Equation (15) presents. The useful heat production of the solar collector is the heat input in the thermal engine, and thus this quantity is used in Equation (15).


    η  t h   =  η  c a r n o t   =  W   Q u    = 1 −    T  a m b      T r      



(15)








3.2.3. Total System Energy Balance


The system efficiency is the ratio of the produced work to the available solar irradiation. It is easily proved that this parameter is the product of thermal engine efficiency and collector efficiency. By using the proper symbols, Equation (16) is the final version of the system efficiency. Parameter (X) is the ratio of the receiver temperature to the ambient temperature, according to Equation (17).


    η  s y s   =  W   Q  s o l a r     =  η  t h   ·  η  c o l l   =  η  o p t   ·  (  1 −  1 X   )  ·  [  1 − p ·  (   X 4  − 1  )   ]    



(16)






   X =    T r     T  a m b       



(17)







Parameter (p) is a characteristic of the collector that is dependent on its quality and the ambient conditions. Parameter (z) shows its quality; high values of this collector lead quality collector, while low values mean low quality. These quantities are determined below by Equations (18) and (19). These equations have been defined properly in order to simplify the present analysis and to present the results (and the methodology) in a brief way.


   p =    ε r  · σ ·  T  a m b  4    C · G ·  η  o p t     =  1 z  ·   σ ·  T  a m b  4   G    



(18)






   z =   C ·  η  o p t      ε r      



(19)







An important result of this analysis is that the optimum performance of the system is dependent on only one parameter (p). This parameter expresses the losses to the environment to the energy delivered by the sun. Small values of this parameter mean low performance due to operating conditions and design configuration.




3.2.4. Optimum Operation Temperature


In order to determine the optimum operation of the system, the first derivative of the system efficiency is calculated. This derivative is set equal to zero, according to Equation (20), the fact that means optimum operation.


     d  η  s y s     d X   = 0   



(20)







The result of Equation (20) is a non-linear equation, which is given below. The optimum value for the parameter (X) is obtained by solving arithmetically the Equation (21). The Equation (21) is a result of the combination of Equations (16) and (20).


   4 ·  X  o p t     5  − 3 ·  X  o p t     4  = q   



(21)







In Equation (21), there is the parameter (q), which is fully dependent on the parameter (p), according to Equation (22). The parameter (q) can be found by combing the Equations (16) and (20).


   q =   p + 1  p  =    ε r  · σ ·  T  a m b  4  + C · G ·  η  o p t      ε r  · σ ·  T  a m b  4      



(22)







By solving Equation (21), the optimum value for the parameter (X) is determined, and the respective optimum value for the receiver temperature (Tr,opt) is calculated. By substituting the value (Xopt) in Equation (16), the maximum possible system efficiency is calculated. By knowing this parameter, the maximum work (Wmax) is calculated easily, as the product of maximum system efficiency to the available solar energy (Qsolar).






4. Results—Discussion


4.1. Solution of the Optimization Polynomial


The first step in the analysis of the suggested model is the presentation of the solution of Equation (21) as a function of parameter (q). Figure 2 shows the correlation between (Xopt) and (q), for a great range of (q) values. This great range practically covers all the possible solar collectors.



By making an approximation with the least square method, Equation (23) was proved to match excellently with the curve of Figure 2.


    X  o p t   = 0.9255 ·  q  0.1771     



(23)







The next step is to present the system efficiency for various values of parameter q. Figure 3 displays this relationship between these quantities. Moreover, according to Equation (16), the optical efficiency is engaged in the total system efficiency. For this reason, more curves are given, each for different value of optical efficiency. Figure 3 depicts the system efficiency for a range of values of parameter q and for optical efficiency 60%, 80%, and 100%.




4.2. Impact of Design Parameters in the System Performance


After presenting the general solution of the method, the next step is to present the impact of the collector parameters in the system performance. Specifically, the optical efficiency, the concentration ratio, and the absorber emittance were investigated. In order to make a general analysis, the rest of the parameters were kept constant. More specifically, the ambient temperature (Tamb) was selected to be 298 K, and the solar irradiation (G) was kept constant at 1000 W/m2, which are typical values for the evaluation of solar collectors. This solar irradiation corresponds to the possible irradiation utilized from every collector in every case. More specifically, in flat technologies, the examined irradiation includes both beam and diffuse parts, while in concentrating only the beam part. At this point, it is important to state that the solar irradiation value of 100 W/m2 is a high value that can be obtained close to solar noon in the summer period (for instance June or July). However, this is a typical value for the theoretical investigation of the solar thermal systems.



Figure 4 shows the system efficiency for various collectors. Each collector is characterized by the concentration ration (C), the optical efficiency (ηopt), and the absorber emittance (εr). Figure 4a–c illustrates the system efficiency, while Figure 4d–f gives the optimum receiver temperature. It is obvious that higher concentration ratio increases the system efficiency and the optimum operating temperature. Moreover, lower emittance leads to higher system efficiency and simultaneously to greater optimum temperature. The optical efficiency influences the system efficiency in a direct way, while it has the lower impact on the optimum temperature level. More specifically, lower optical efficiency causes the optimum temperature to decrease slightly, while the decrease in system efficiency is extremely great.



The next step in this analysis is the determination of the optimum operating temperature for usual collectors. Table 1 includes the basic solar collector types and their optimum receiver temperature levels, according to the presented model. It is important to state that the emittance of the flat plate collector has selected to be greater in order to take into consideration the relative high convection losses. The optical efficiency of the compound parabolic collector was selected to be lower due to lack of tracking system. On the other hand, the optical efficiency of the flat plate collector is higher than others, because there are no reflection losses. The data of Table 1 have assumed the ambient temperature equal to 298 K and the solar irradiation equal to 1000 W/m2. It is important to state that the emittance in the flat plate case is increased in order to include the heat convection losses.



It is obvious that the higher concentration ratio makes the system efficiency and the optimum operating temperature greater. For no concentrating collectors, the temperature levels of the receiver should be in the range from 400 K to 450 K, while those for concentrating collectors should be much higher. Especially for the parabolic collector, the results proved that the optimum temperature was 884 K, and for the solar dish collectors it was 1110 K. In order to achieve these high temperatures, alternative working fluids as gas working fluids (air, nitrogen, and carbon dioxide), molten salts, or liquid sodium can be used. For the no concentrating technologies, the obtained temperature levels can be achieved by using thermal oils as working fluids and high-quality collectors. Some usual thermal oils are Therminol VP-1, Dowtherm A, Sandotherm, and Syltherm 800. Moreover, it is important to state that the high-quality collectors correspond to solar collectors with low thermal losses, high optical efficiency, well-insulated structure, and generally optimized design.




4.3. The Application of the Model in a Real Solar Collector


The more mature technology in concentrating solar collectors is the parabolic trough collectors. A well-established solar collector, the IST-PTC (Industrial Solar Technology Corporation product), is the examined example (Figure 5). Equation (24) gives its measured efficiency by SANDIA Reports [18,20]. This analysis is a simple validation of the developed model (Equations (16) and (23)).


    η  c o l l   = 0.762 − 0.2125 ·  (     T r  −  T  a m b    G   )  − 0.001672 · G ·    (     T r  −  T  a m b    G   )   2    



(24)







It has assumed that the receiver temperature is equal to the fluid temperature in order to achieve ideal conditions, without exergy losses between the receiver and working medium. By multiplying the Equation (24) to the respective Carnot efficiency, the system efficiency can be calculated. Equation (25) presents the system efficiency using the thermal efficiency curve by SANDIA Reports. This efficiency will be called the “real system efficiency”, while the system efficiency of the suggested model will be called the “model system efficiency”.


    η  s y s , r e a l   =  [  1 −    T  a m b      T r     ]  ·  [  0.762 − 0.2125 ·  (     T r  −  T  a m b    G   )  − 0.001672 · G ·    (     T r  −  T  a m b    G   )   2   ]    



(25)







Table 2 includes the basic data of this collector as it is given in literature [16,18].



Figure 6 gives the system efficiency as a function of the receiver temperature or the operational temperature. The curve of “real system” is calculated according to Equation (25), while the “model’’ curves according to the developed model of Equation (16). These quantities regard the system efficiency (thermal collector and thermal engine), and so they can be compared directly in Figure 6. The curves are close to each other. The model results give a greater efficiency of about 3%, in high-temperature levels. The first reason for these results is the negligence of convection heat losses in the developed model. The other reason is dependent on the temperature range that the real collector curve has been developed. More specifically, this curve can be adopted to temperature levels up to 300 °C.



The optimum temperature according to the developed model is 595 K, while according to the real system approximation the optimum temperature is about 563 K. This difference can be explained by the assumption of no convection losses in the developed model. This obstacle can be addressed by increasing the emittance by 0.1, an empirical rule. The new curve, green curve, is closer to the “real system curve” and is maximized at the same temperature (563 K). In this way, it is proved that the increase in the emittance can lead to accurate results.



Another useful comparison that can be made is between the previous optimum temperature values and the optimum temperature from Torres-Reyes model [17], according to Equation (7). The problem in this model is the need for knowledge of heat loss coefficient UL. In this case, this parameter was calculated from Equation (24), as Equation (26) shows:


    U L  = 0.2125 − 1.672 ·  (     T r  −  T  a m    G   )    



(26)







The results gave optimum temperature equal to 630 K, a value that is greater enough than the real optimum. Comparing all the presented optimum temperature levels, it is obvious that this developed model leads to a better approximation of the real situation than Torres-Reyes model. It is important to state that the Reyes methodology has been found in the literature with similar other ways.




4.4. Discussion


The developed model is a new way to estimate the optimum operating temperature of a solar collector and, consequently, the maximum work extraction, based on Carnot cycle. A literature review showed that many researchers have investigated solar exergy or maximum work produced by solar energy theoretically (Petela, Jeters, Spanner, Parrot, Badescu). Other researchers, such as Torres-Reyes, performed a more realistic study that includes more parameters of the solar collectors.



The suggested model of this study takes into account the concentration ratio, the optical efficiency, the receiver emittance, and the operation conditions (ambient temperature and solar irradiation). The heat convection losses are negligible in this model, because the receiver is assumed to be inside a huge dome. However, a small increase in the emittance can be applied in order to take into consideration the convection losses, something that leads to accurate results. Moreover, in concentrating collector the convection losses have a minor influence of the thermal losses, something that enforces the main assumption of this study. Furthermore, this model takes into account the exact ambient temperature and the exact solar irradiation available in any case. A simple validation of the model and a comparison with Torres-Reyes model [17] is given in Section 4.3. The proposed increase in the emittance leads to correct optimum operating temperature determination. Moreover, the developed model is compared with the results about the IST PTC from SANDIA Reports [18,20], and the obtained results prove that the developed model is valid.



Furthermore, it can be said that the present model gives results close to the real performance of the system, while the traditional equations of (Petela, Jeters, Spanner, etc.) give extremely high values that do not correspond to the use of solar collectors. The results of Table 1 proved maximum performance up to 50% with solar dishes, while the Petela model gives 93.11%, for example. So, it is proved that the use of a model that takes into consideration the collector characteristic is important in order to perform accurate calculations.





5. Conclusions


This study presents a model for the optimum operating temperature of a solar collector in order to maximize the work produced by a coupled thermal engine. The suggested model is novel, because many collector parameters are taken into consideration and the analysis is realistic. The Carnot cycle is assumed to be the thermodynamic cycle of the thermal engine in order to take the maximum possible work output from the heat input. In every case, the optimum operating temperature is calculated in order for the maximum possible work to be achieved.



The developed model was validated for a typical parabolic collector, and the final results gave an optimum temperature close to the real one, based on literature data. An extra comparison with another literature model is given, and, finally, it is proved that the suggested model is close to the literature experimental results. Moreover, another advantage of this model is that it is able to cover a great variety of solar collectors. Concentrating and not concentrating collectors, with and without selective coating, as well as glazed and unglazed collectors, in all possible operating conditions, are included in this model. The only drawback is the negligence of the heat convection losses, something that is faced by increasing the emittance of the absorber; an assumption that is presented and analyzed also in this study. As a final conclusion, the suggested model is able to determine the optimum operating temperature of the system by taking into account the primary solar collector characteristics.
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Nomenclature




	
A

	
Area, m2




	
C

	
Concentration ratio, -




	
f

	
Geometric factor, -




	
G

	
Solar irradiation, W/m2




	
p

	
Efficiency parameter, -




	
q

	
Polynomial parameter, -




	
Q

	
Heat or radiant energy, W




	
T

	
Temperature, K




	
UL

	
Thermal loss coefficient, W/m2 K




	
W

	
Work, W




	
X

	
Ratio of receiver temperature to ambient temperature, -




	
Z

	
Collector quality parameter, -




	
Greek symbols




	
α

	
Absorbance, -




	
γ

	
Intercept factor, -




	
δ

	
Cone half-angle, °




	
ε

	
Emittance, -




	
η

	
Efficiency, -




	
θ

	
Incident angle, °




	
ρ

	
Reflectance, -




	
σ

	
Stefan–Boltzmann constant, [=5.67 × 10−8 W/m2 K4]




	
τ

	
Transmittance, -




	
Subscripts and Superscripts




	
a

	
Aperture




	
amb

	
Ambient




	
carnot

	
Carnot cycle




	
coll

	
Collector




	
ex

	
exergy




	
loss

	
Thermal losses




	
max

	
Maximum




	
opt

	
Optimum




	
out

	
Output heat




	
r

	
Receiver




	
r,opt

	
Optimum receiver




	
solar

	
Solar energy




	
sun

	
Sun




	
sys

	
System




	
th

	
Thermal




	
u

	
Useful
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Figure 1. Description of the suggested model. 
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Figure 2. Optimum values of parameter X for a great range of parameter q. 
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Figure 3. Maximum system efficiency as a function of parameter (p) for various optical efficiency values. 
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Figure 4. Maximum system efficiency (a,b,c) and optimum receiver temperature (d,e,f) for various values of the collector parameters. 
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Figure 5. Depiction of a parabolic trough collector. 
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Figure 6. Comparison between real system performance and model results. 






Figure 6. Comparison between real system performance and model results.



[image: Asi 01 00006 g006]







[image: Table] 





Table 1. Optimum operation for typical solar collectors [9,10,18,19].
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	Collector
	C
	ηopt
	εr
	Tr,opt (K)
	ηsys





	Flat plate collector
	1
	0.8
	0.25
	401
	0.1449



	Evacuated tube collector
	1
	0.7
	0.10
	451
	0.1777



	Compound parabolic collector
	3
	0.6
	0.10
	527
	0.2079



	Parabolic trough collector
	30
	0.75
	0.10
	884
	0.4400



	Solar dish collector
	100
	0.75
	0.10
	1110
	0.5011
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Table 2. Literature data for IST-PTC and analysis parameters [16,18].
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	C
	ηopt
	εr
	Tamb (K)
	G (W/m2)





	14.36
	0.79
	0.3
	298
	1000
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