

  sustainability-13-04606




sustainability-13-04606







Sustainability 2021, 13(9), 4606; doi:10.3390/su13094606




Article



A New Approach for Design Optimization and Parametric Analysis of Symmetric Compound Parabolic Concentrator for Photovoltaic Applications



Faisal Masood 1,2,*[image: Orcid], Perumal Nallagownden 1[image: Orcid], Irraivan Elamvazuthi 1[image: Orcid], Javed Akhter 3 and Mohammad Azad Alam 4[image: Orcid]





1



Department of Electrical and Electronics Engineering, Universiti Teknologi PETRONAS, Bandar Seri Iskandar 32610, Perak, Malaysia






2



Department of Electrical Engineering, University of Engineering and Technology Taxila, Rawalpindi 47080, Pakistan






3



Department of Mechanical Engineering, University of Engineering and Technology Taxila, Rawalpindi 47080, Pakistan






4



Department of Mechanical Engineering, Universiti Teknologi PETRONAS, Bandar Seri Iskandar 32610, Perak, Malaysia









*



Correspondence: fslmsd@gmail.com







Academic Editor: Konstantin Volkov



Received: 13 February 2021 / Accepted: 10 March 2021 / Published: 21 April 2021



Abstract

:

A compound parabolic concentrator (CPC) is a non-imaging device generally used in PV, thermal, or PV/thermal hybrid systems for the concentration of solar radiation on the target surface. This paper presents the geometric design, statistical modeling, parametric analysis, and geometric optimization of a two-dimensional low concentration symmetric compound parabolic concentrator for potential use in building-integrated and rooftop photovoltaic applications. The CPC was initially designed for a concentration ratio of “2×” and an acceptance half-angle of 30°. A MATLAB code was developed in-house to provoke the CPC reflector’s profile. The height, aperture width, and concentration ratios were computed for different acceptance half-angles and receiver widths. The interdependence of optical concentration ratio and acceptance half-angle was demonstrated for a wide span of acceptance half-angles. The impact of the truncation ratio on the geometric parameters was investigated to identify the optimum truncation position. The profile of truncated CPC for different truncation positions was compared with full CPC. A detailed statistical analysis was performed to analyze the synergistic effects of independent design parameters on the responses using the response surface modeling approach. A set of optimized design parameters was obtained by establishing specified optimization criteria. A 50% truncated CPC with an acceptance half-angle of 21.58° and receiver width of 193.98 mm resulted in optimum geometric dimensions.
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1. Introduction


The rapid growth in global electric energy demand exhorts the development of sustainable and renewable energy resources [1]. Solar energy is the most promising resource among all the available options of renewable energy resources due to its abundance, cleanliness, and free availability [2]. To harvest solar energy, photovoltaic (PV) systems and solar thermal collectors are currently being used [3]. Solar PV systems have many distinct advantages, such as low maintenance costs due to the absence of any moving parts, quiet operation, no harmful greenhouse gas emissions into the atmosphere, and support for sustainable development. Solar PV technology plays a vital role in sustainable development by reducing the dependence on fast depleting fossil-fueled power plants [4]. However, the conversion efficiencies of conventional solar cells are inherently lower that further decline at higher cell temperatures [5]. Integration of optical concentrators and suitable heat dissipation mechanism with such solar cells have great potential to improve their energy conversion performance [6]. The resulting concentrated PV system produces more output with lesser solar cell material and thus provides the opportunity of net saving in the material and manufacturing cost of solar cells.



The concentrated photovoltaic systems can be subdivided into low, medium, and high concentration systems depending upon their concentration ratios [7]. Low concentration photovoltaic systems are relatively simple systems that usually employ CPC reflectors, belonging to the family of non-imaging optical concentrators, and can be employed as stationary installations [8]. On the other hand, medium and high concentrating collectors, categorized as line focusing and point focusing types, utilize imaging type concentrators, which essentially require complex tracking mechanisms for continuous and effective operation [9].



The compound parabolic concentrators (CPC) were first introduced by Roland Winston [10] as optical concentrators for thermal as well as PV applications. Later, some other research groups investigated the plausibility of the deployment of these concentrators to solar PV generators for improving their performances. The CPCs have emerged as the best static low concentrating systems for PV applications in the last two decades [11]. The benefits of the compound parabolic concentrator over other concentrating collectors include higher optical efficiency and the ability to collect both direct and diffuse solar rays [12]. They do not require active tracking mechanisms, and lesser space is needed for their installation [13]. Due to these advantages, CPC collectors combined with PV modules are found to be suitable for supplying electricity to domestic as well as small scale industrial/commercial consumers.



Over the last few decades, many researchers have proposed diverse geometries of CPC collectors [14] for improved optical and electrical performances. Garg and Adhikari [15] made optical design calculations for a 3× CPC intended for PV/thermal applications. The authors observed the variation of height to aperture as well as the reflector area to aperture area ratios against the concentration ratio of CPC. The CPC height was found to be 1.89 times its aperture width. Some recent research studies about the design of 2D CPC for PV applications are available in the literature [16,17]. Khalid et al. [18] investigated two unique CPC designs having a concentration ratio of 2×, the lowest truncated CPC and the highest truncated CPC, by comparing their optical performances with full CPC using ray-tracing simulations. The authors concluded that the lowest truncated CPC design exhibited better performance in terms of uniform flux distribution and the lowest material consumption. Hadavinia and Singh [19] used ray-tracing simulations for modeling two geometrically equivalent concentrators viz., V-trough and CPC. The authors demonstrated that truncated CPC had better acceptance of solar radiation beyond its acceptance angle range with a minor reduction in concentration ratio compared to full CPC. Both concentrators were designed for a geometric concentration ratio of “4×”. When compared with an equivalent V-trough, CPC generated 2.4% more power. Lee and Rao [20] used the fuzzy set theory for performing uncertainty analysis of a CPC-PV collector system located in Miami, USA. The authors performed single objective optimization-based simulations for three different objectives, and the corresponding optimal values of design parameters were obtained using fuzzy analysis technique for each objective. The objective functions included maximization of annual solar energy reaching the receiver surface (f1) and the lowest monthly incident solar energy (f2), as well as minimization of total cost of system (f3), including the cost of reflectors and land. The authors determined the deviations of all three objective functions from their crisp values in the lower and upper bounds and concluded that the width of PV receiver and acceptance angle were the most critical factors that control the deviations in upper bounds as compared to lower bounds.



Some researchers investigated the benefits of integrating CPC collectors with PV modules for amplifying their output power [21]. Mallick et al. [22] performed an experiment to compare the performance of an asymmetric CPC having a concentration ratio of 2× with a flat PV module. The results of their research showed that the CPC caused an increment in the ceiling of extreme yield by an amount of 1.61 as compared to that of an analogous module without concentration. Hossain et al. [23,24] carried out similar research with the purpose of expanding the productivity of a photovoltaic panel by utilizing CPC. A photovoltaic panel capable of following the sun in the absence of CPC and an analogous panel using CPC and following the sun were examined together under the outside environment in the Malaysian atmosphere. The researchers inferred from the experiment that the productivity of panel using CPC and the sun following arrangement was 1.5 times more than that of its counterpart operating in the absence of concentration and tracking. The application of the sun following mechanism with CPC was found to be a suitable approach for improving the yield of photovoltaic systems. However, the integration of tracking arrangement caused complexity and additional cost of concentrating PV modules. Yang et al. [25] conducted a comparative analysis to evaluate the energy production of a photovoltaic panel once employing CPC and then in its absence under the climatic conditions of China. The authors concluded that the production of power from a PV panel using CPC was almost double that of its fellow panel without concentration.



To solve the problem of non-uniform flux distribution on the PV module surface due to parabolic reflectors, Paul [26] presented the design of multi-sectioned CPC consisting of flat reflector sections instead of parabolas. The author designed a total number of eight concentrators having the same concentration ratios but a different number of flat reflectors, starting from one to eight. The comparative analysis revealed that standard CPC exhibited better optical performance within the acceptance angle range. Regarding the uniform flux distribution, the multi-sectioned CPC consisting of seven flat reflectors manifested better performance. However, the comparative cost analysis among various designs was not conducted by the author. To appraise the influence of collector alignment in a CPC-based photovoltaic/thermal system, Lee et al. [27] employed thin-film solar cells made up of gallium arsenide (GaAs) in a relatively cheaper symmetric mini-CPC made up of plastic. The results thus obtained were compared with those of a flat photovoltaic panel for east–west axis and north–south axis collector orientation. The experiment was performed in natural conditions, and it was shown that the above-mentioned solar cells, when used with CPC oriented in a north–south direction, gathered 68% and 50% more radiation than flat PV panel inclined at a specific angle for hot and cold atmosphere, respectively. This was apparently because of a smaller acceptance angle since the concentrator was oriented opposite to the sun track. On the contrary, the authors inferred that such type of solar cells, when used with CPC oriented in an east–west direction, produced almost double additional power than a flat solar panel for hot and cold weather conditions, respectively. This enhancement resulted mainly due to the orientation of CPC in the same direction as the sun track. The authors also concluded that employing the sun following system augmented the intensification of solar radiation by approximately three times as compared to a flat solar panel having the same area for hot and cold weather.



The optimization of design, and sizing of solar collectors, is inevitable for rendering them a cost-competitive and reliable renewable energy resource [28]. Many researchers have used response surface methodology for experimental design, modeling, and optimization of different solar energy systems. In a recent study, Rejeb et al. [29] used the RSM technique for optimizing the design parameters of a hybrid concentrated photovoltaic/thermoelectric generator for maximizing its electrical efficiency. The results generated from the numerical model were further analyzed using RSM. The authors used four parameters as independent factors, namely the product of solar radiation and optical concentration, ambient temperature, electrical load, and leg height of thermoelectric generator, whereas the hybrid system’s efficiency was selected as the response. The authors concluded that response surface modeling is the best tool for studying the combined interactions between input factors and the desired response variable. In another study, Rejeb et al. [30] evaluated the electrical and thermal performances of a hybrid nanofluid-based photovoltaic/thermal collector using RSM. The authors determined the extent of the significance of input factors by studying the combined effect of input factors on responses. Luo et al. [31] used an improved algorithm combining successive RSM and simulated annealing for design optimization of a solar power tower consisting of 2650 heliostats located in Spain.



Despite the availability of numerous designs of CPCs for PV applications, little attention has been paid to design optimization and sensitivity analysis involving all design parameters. The present research article presents the design optimization, parametric study, and statistical modeling of CPC concentrator intended for photovoltaic applications leading to its geometric optimization, using response surface modeling technique. The initial focus during the design phase was to achieve desired concentration while still maintaining a stationary installation. The best aperture width and truncation position of CPC were identified. The effect of different truncation positions on the geometric concentration ratio was estimated. Moreover, the acceptance half-angle and receiver width were varied to observe their impact on total CPC height, entry aperture width, and concentration ratio. The synergistic influences of design factors on responses were analyzed using three-dimensional surface plots. The corresponding optimum values of the design parameters of CPC were obtained by using the statistical approach, and the results are presented in this article.




2. Materials and Methods


2.1. Design of Compound Parabolic Concentrator for PV Applications


The compound parabolic concentrator belongs to the family of reflective non-imaging concentrators. These concentrators work on the edge ray principle, which states that light rays coming from the edges of the source are focused on the edges of the receiving surface. Consequently, the intensity of solar radiation on the receiving surface is increased. The amount of solar cell material required for a given electrical output, therefore, decreases [32]. Another advantage of using a concentrated photovoltaic system is that the output electrical power increases by a factor equal to the concentration ratio of the given concentrator [33]. The CPC is generally used in solar thermal, PV, or hybrid PV/thermal systems. For solar PV applications, a CPC with a flat receiver is always used. This section focusses on the design of CPC having a flat receiver to house commercially available silicon solar cells. The proposed low-concentration photovoltaic (LCPV) concentrator is shown in Figure 1. The proposed concentrator has been designed for LCPV systems. An LCPV system, like a conventional PV module, utilizes the most sustainable energy resource on the earth surface, i.e., solar energy and converts it into electrical energy.



A compound parabolic concentrator usually consists of two separate reflectors having a parabolic shape, which direct the sun rays arriving at the opening facet to the outlet aperture. The right and left sides of the CPC comprise two distinct parabolic curves, with the corners of the PV module placed between the focal points of the two counterparts. The axes of the constituent parabolas are aligned away from the axis of the CPC by an angle known as acceptance half-angle (θa), which defines the angular range through which all radiations arriving at the entrance are received by CPC without maneuvering its position. In the ideal reflector, any ray entering the aperture at angles between ±θa (acceptance half-angle) will be reflected on the PV cells placed at the focus plane of the concentrators. CPCs can be classified as two dimensional or three dimensional. Another classification results due to symmetry, i.e., symmetric and asymmetric CPCs. However, all CPCs originate from symmetric 2D CPC [10]. The geometrical profile of a symmetric 2D CPC is shown in Figure 2.



The concept of geometric concentration ratio was introduced to compare the eminence of concentrating solar collectors. The geometrical concentration ratio (CR) of a CPC can be described as the ratio of the span of the opening aperture (Wapr) to that of exit aperture (Wrec), as given in Equation (1).


  C R =    W  a p r      W  r e c      



(1)







The optical concentration ratio of an ideal compound parabolic concentrator is defined by the acceptance half-angle as given in Equation (2). It depends upon the quality of reflector surfaces forming the concentrating system. The geometric and optical concentration ratios become equal when the solar flux incident on the aperture and the receiver surface is uniform.


   C i  =  1  sin  θ a     



(2)




where θa is acceptance half-angle, ideally, any ray falling on the entry aperture within the limits of acceptance half-angle will reach the receiver either directly or after reflecting from the concentrators. However, it is not possible for any real solar concentrator to reach the theoretical boundary of concentration, as some solar radiation is lost when it falls on the reflectors. The CR for a concentrating solar collector is dependent on its geometrical characteristics and cannot be altered after the system is manufactured.



The design of the CPC concentrator involves solving the equations describing its aperture width, height, focal length, and cartesian coordinates of its reflectors [34]. To start the design process, two parameters are needed to specify the complete geometry of 2D CPC, (i) the width (Wrec) of flat receiver AB and the acceptance half-angle (θa). The entry aperture (Wapr), height (H), and focal length (F) of CPC are given by Equations (3)–(5).


   W  a p r   =    W  r e c     sin  θ a     



(3)






  H =    W  r e c     1 + 1 / sin  θ a      2 tan  θ a     



(4)






  F =    W  r e c    2    1 + sin  θ a     



(5)







The coordinates (x′, y′) of the right parabola are first determined such that the y-axis is identical with the parabola axis, and the origin lies on its focus point A. A set of (x, y) coordinates is determined in the desired coordinate system [34]. The apex of the parabola defining the right branch lies at the points given by Equations (6) and (7).


   x 0  = −  W  r e c   / 2 + F sin  θ a   



(6)






   y 0  =  W  r e c   / 2   1 + sin  θ a    cos  θ a   



(7)







The shape of reflectors plays a consequential role in the concentration of solar radiation on the receiver surface and must be carefully selected. The set of coordinates for the right parabolic reflector are generated, starting from point B by using the Equations (8) and (9).


   x 1 ′  =  W  r e c   ( cos  θ a  )  



(8)






   y 1 ′  =  W  r e c   / 2   1 − sin  θ a     



(9)







The coordinates of supplementary points lying on the same reflector surface are calculated by incrementing the values of x′1 and y′1 through a small variable δx as given below:


   x  n + 1  ′  =  x n ′  + δ x  



(10)






   y  n + 1  ′  =      x  n + 1  ′     2  / 4 F  



(11)







The value of the small incremental variable δx has to be guessed by the designer depending upon his choice of the smaller or more extensive set of data points for the reflector’s geometry and calculated using Equation (12).


  δ x =    W  a p r    N   



(12)




where Wapr is the width of the entry aperture and N > 100, the (x, y) coordinates of the right branch of the CPC profile are finally determined by using Equations (13) and (14).


   x n  =  x n ′    cos  θ a    −  y n ′    sin  θ a    +  x 0   



(13)






   y n  =  x n ′    sin  θ a    +  y n ′    cos  θ a    +  y 0   



(14)







The solution of Equations (13) and (14) renders the data points required to generate the complete geometry of the right reflector. The left branch is a mirror image of the right unit with the coordinates given by Equation (15).


   y n    −  x n    =  y n     x n     



(15)







A MATLAB code was written to iteratively solve the design equations, starting from Equation (1) to (15), for generating the coordinates of the right and left reflectors of CPC. The resulting data set was used to plot the CPC profile. The CPC outline sketched through MATLAB software is shown in Figure 3.




2.2. Truncation of CPC Reflectors


The height of CPC and the corresponding mirror area increases by increasing its concentration ratio. The ultimate consequences are increased material consumption and manufacturing expenditures. The portions of CPC that become parallel to its optical axis are contributing a small amount to the size of the entrance aperture width and CR. Hence, the geometric concentration ratio is minutely affected if we cut off or truncate these portions. The resulting truncated CPC thus requires less material while still maintaining a reasonably good concentration ratio, very close to its original or untruncated value. The decrement in geometric concentration ratio depends upon the amount of truncation, i.e., what percentage of full height has been removed. As a general rule, truncation to about 50% of fully developed height results in a good compromise between concentration ratio and mirror area [35].



In this study, an analysis was performed to investigate the relationship between the percentage of original height to be truncated, the resulting height left after truncation, reduction in aperture width, and geometric concentration ratio with truncation. It was observed that the 40–60% upper portion of the full height of CPC could be truncated without much decrement in the aperture width and concentration ratio. The concentrator designed during the present study was truncated to 50% of its original height, as shown in Figure 4. The design parameters of the CPC, before and after truncation, are summarized in Table 1.




2.3. Design Optimization Using RSM


Multi-objective design optimization is an eminent step in the design process of various physical systems due to its noticeable impact on their performance and lifecycle cost. The design optimization method, in general, aims to search the available design space to determine the magnitude of design parameters that optimize the physical dimensions of the system subject to specific constraints. In design optimization problems, it is usually not feasible to perform experiments for evaluating the interactions between multiple factors and the desired responses of the given system [36]. On the other hand, numerical simulations-based design optimization procedure becomes time-consuming due to the possibility of having a large number of possible combinations of design factors. To reduce the number of simulations’ runs during the design optimization loop, response surface modeling-based optimization techniques have drawn the attention of researchers working in this field [37]. RSM utilizes a group of sampling points, obtained either through simulations or experiments, to approximate the system’s response within the design space. A total number of four steps are involved during the process of modeling and optimization using RSM [38]. These steps include (i) identifying the independent variables, (ii) conducting statistically designed experiments/simulations for building an approximate model, (iii) predicting the response, and (iv) performing the optimization procedure using pre-defined optimization criteria.



RSM is a blend of mathematical and statistical approaches used to explore the interrelationship amongst various independent variables and response variable(s) [39]. The applications of RSM are found in different research areas for experimental design, modeling, and optimization of multi-variate systems [40,41,42]. Originally RSM was developed to model experimental responses, but later it was also used for modeling simulation-based systems [43,44]. It is also used in design optimization problems due to its simplicity, accuracy, and improved convergence characteristics [45]. In optimization problems, the main goal of RSM is to optimize the response variables by evaluating different combinations of independent variables based on a chain of experimental designs. In RSM, the correlation between factors and responses of the given system may be expressed by linear or quadratic regression models, depending upon the nature of experimental/simulation data. A three-level fractional factorial design approach, known as face-centered central composite design (FCCCD), was employed to establish the functional correlation between design factors and responses for the geometric optimization of CPC. Equation (16) describes the model used for optimization of design parameters.


  y =  β 0  +   ∑   i = 1  3   β i   X i  +   ∑   i = 1  3   β  i i    X i 2  +   ∑   i = 1  3    ∑   j = i + 1  3   β  i j    X i   X j   



(16)







In the above Equation, y represents the response to be predicted; Xi and Xj represent independent parameters; and β0, βi, and βii are the constant, linear, and interactive coefficients, respectively, whereas βij is the quadratic coefficient. The flow chart of the procedure carried out is shown in Figure 5.



In the present study, RSM was used for model building and subsequent geometric optimization of CPC, intended for PV applications. The receiver width and acceptance half-angle were selected as the independent design parameters, whereas concentration ratio, aperture width, and height of CPC were adopted as the response variables. The lower and upper levels for both input parameters were specified. The lower and upper levels for half acceptance angle were bound to be 20° and 40°, whereas the receiver width was altered in the range of 78 to 312 mm. During the optimization process, the independent factors were set to vary within the specified range. The optimization criteria for two responses viz. concentration ratio and aperture width were selected to be maximum, whereas CPC height was set to be minimal while carrying out the optimization. The optimization criteria, as well as lower and upper limits of design parameters, are specified in Table 2.



The software, Design Expert 12, was used to generate the corresponding design matrix, considering two design factors and three responses. The CPC design equations were solved to insert the data in the relevant slots of the design matrix for each response. Based on the statistical evaluation, the quadratic model was found to be significant, with the value of the coefficient of determination approaching 0.92. After the model selection, 3D surface plots illustrating the correlation between design factors and responses were analyzed. These plots were used to comprehend the behavior of all the responses. Eventually, the optimization criteria for each design parameter were specified with the desired degree of importance. The subsequent surface plots indicated the optimum values of design parameters.





3. Results


3.1. Parametric Analysis


This section explores the influence of input design parameters on the geometry of the CPC collector. A parametric study was performed by varying the magnitudes of acceptance half-angle and receiver width to analyze their impact on the CR, aperture width, and height of CPC. Figure 6 exhibits the variation of height, aperture width, and concentration ratio against half acceptance angle. To accomplish this, the half acceptance angle was varied over a broad range of values starting from 10° to a maximum value of 90°. It is evident from Figure 6 that the concentration ratio and half acceptance angle have an inverse relationship between them. Having a larger half acceptance angle thus means a lower concentration ratio and vice-versa. Figure 6 also indicates that the height of CPC decreases with an increasing half acceptance angle, and so does the aperture width.



For lower acceptance half-angles, the value of concentration ratio is large, while the height also follows a similar trend and acquires a significantly larger value. In contrast, for larger acceptance half-angles, concentration ratio and height both have miniature values. It can be concluded that the value of acceptance half-angle for CPC in the range of 20–40° is best suited for photovoltaic applications.



The variation of CPC full height and aperture width with receiver width for a fixed acceptance half-angle of 30° is shown in Figure 7. The value of the receiver width was altered from 78 to 780 mm to accommodate a larger receiver having more than one solar cell. As the receiver width is increased, the corresponding values of CPC full height and aperture width also increase, but the effect is more profound in the case of CPC height. Figure 7 shows that the height rises to a peak value of 3242 mm for the corresponding receiver width of 780 mm. The increased height means a larger concentrator size with more material consumption, which in turn increases the cost of the LCPV system. A lower value should, therefore, be preferred for the receiver width. As portrayed in Figure 7, the aperture and receiver widths of CPC are linearly associated with each other, for a given geometric CR or acceptance half-angle. For a larger size receiver, the entering aperture of CPC will become proportionately wider for collecting more solar radiation, which is desirable. However, the height parameter acts as a constraint while choosing the receiver width for a particular PV receiver. The receiver width lying in the range of 78–312 mm is expected to optimize both responses.




3.2. Effect of Truncation on CPC Height and the Corresponding CR


The variation of geometric CR and CPC height with increasing truncation level percentage is shown in Figure 8. Increasing truncation level results in reduced CPC height, thus achieving desirable material conservation. As a result, the cost to be incurred upon CPC manufacturing can be reduced significantly without sacrificing the geometric CR substantially. As depicted in Figure 8 the CR remains the same until the 30% truncation level, which means that 30% of top reflector portions can be removed without causing a reduction in the CR of the concentrator. There is a slight decrease in CR up to a truncation level of 50%. As the truncation level increases beyond 50%, the corresponding value of CR starts decreasing at a faster rate while still maintaining its value above 1.5 at 80% truncation level. Finally, beyond 90% truncation level, CR drops steeply to zero value. Similar results were reported in the literature [13] for 2D CPC with the thermal absorber.



It is evident from Figure 8 that the truncation level in the range of 40–50% would only cause a slight curtailment in the magnitude of the geometric concentration ratio of CPC. In contrast, the total height would be reduced to approximately half of its original untruncated value. Consequently, the total mirror area would be reduced, causing a decrement in the cost and installation space required for CPC. The current design strategy resulted in the abatement of merely 8.5% in the geometric concentration ratio, corresponding to a truncation level of 50%.




3.3. Statistical Modeling and Analysis


The significance of both independent design factors and their interaction with each other was determined using analysis of variance. In this study, a quadratic regression model was selected for all three responses. The appropriateness of the chosen regression models was validated through the regular coefficient of determination (R2), adjusted coefficient of determination (adjusted R2), and predicted coefficient of determination (predicted R2). The fit statistics for Wapr are enlisted in Table 3. The significance of the model is evident from the values of R2 (0.98), adjusted R2 (0.95), predicted R2 (0.93), and adequate precision (60.87). Moreover, the values of adjusted R2 and predicted R2 are in proximity to each other. Adequate precision compares the predicted values, called signal, and the average prediction error called noise. The value of the signal-to-noise ratio for the proposed model is >> 4, which indicates that it is suitable for searching the design space.



Besides fit statistics, the diagnostic plots offer an alternate option for validating the models by graphically depicting the adequacy and normal distribution of the model statistical data. Figure 9 shows graphically the actual and predicted values for response 1 (Wapr). The predicted and actual values for the concerned response, as depicted by the graph, are in close agreement with each other.



Figure 10 shows the graph of run order versus externally studentized residuals. The distribution of data points along the run order suggests that there is no significant increase or decrease in the values predicted by the model. Only a single point lies outside of the lower critical value line, which has no noticeable effect on the performance of the selected model.



The fit statistical data for the second response, i.e., height (H), is given in Table 4. The values of R2, adjusted R2, and predicted R2 and adequate precision are 0.99, 0.98, 0.91, and 48.84, respectively, which indicates that the selected model for predicting the values of the height parameter is significant. The minute difference between predicted R2 and actual R2 confirms the adequacy of the chosen model. The higher value of adequate precision ensures that the model has a signal sufficient to be used in optimization.



The actual and predicted values for response 2 viz. height (H) are shown graphically in Figure 11. As indicated by the graph, the predicted and actual values for the concerned response are in close agreement with each other. Likewise, the actual and predicted values are very close to the fitted line, which implies that the goodness-of-fit is appreciably high for the given model.



Figure 12 shows the residuals versus run order plot for CPC height (H) and examines the goodness-of-fit of the selected regression model. The distribution of data points along the run order indicates the random scattering of data around the central line. This means that there is no apparent drift in the data collected by the model. Additionally, the test sequence of data collection has no significant effect on the data collected during the process.



The fit statistical data for the third response, i.e., concentration ratio (CR), is given in Table 5. The values of R2, adjusted R2, predicted R2, and adequate precision are 0.99, 0.99, 0.98, and 90.94, respectively, which indicated that the selected model for CR is significant. The values of adjusted R2 and predicted R2 have a negligibly small difference from each other, which confirms the adequacy of the model for predicting the relevant parameter. Adequate precision is exceptionally high in this case. The model possesses a high enough signal for optimization, which is an eminently desirable feature.



Figure 13 shows the plot of actual and predicted values for response 3 viz. concentration ratio (CR). This graph aims to expose the values that are not easily predicted by the selected model, but no such values are found in this case. As shown in Figure 13, the predicted and actual values for CR are closely related, thus validating the model.



The run order plot for response 3 (CR) is displayed in Figure 14. The distribution of data points along the run order suggests that there is no significant increase or decrease in the values predicted by the model. Most of the values are in close proximity to the central line with random scattering. No specific pattern of residuals above and below the central line is observable, in this case, which leads to the conclusion that the run order of the design process has no significant influence on the data.




3.4. Geometric Design Optimization


As already concluded in Section 3.1 from parametric analysis, the acceptance half-angle and receiver width lying in the range 20–40° and 78–312 mm are expected to produce optimized CPC geometry. A further investigation is therefore required to locate the exact values of input design parameters for the optimum solution of the design process. The goal of determining the set of optimum design parameters was accomplished using a statistical technique, RSM. The simulations were performed using the software Design Expert 12. The lower and upper limits for independent parameters were specified to be 20° and 40° and 78 and 312 mm, respectively. The objectives of optimization were set to maximize CR and aperture width and to minimize the total height of CPC. The constraints imposed on the design parameters to optimize the response are listed in Table 2.



The interrelationship between the factors and the responses in RSM is best described by surface plots. A three-dimensional surface plot shows the functional relationship between the designated dependent variable and the corresponding two independent variables. The response surface plot showing the combined effects of variation of acceptance half-angle and receiver width on the height of CPC is shown in Figure 15.



It depicts the combined effect of variation of acceptance angle and receiver width on the resulting CPC height. As the acceptance half-angle increases, the height decreases to lower values. On the other side, as the aperture width increases, the height of CPC increases too. A trade-off between two conflicting outcomes of the response parameter can be found using the response surface modeling approach. As demonstrated in Figure 6, the optimum value of CPC height turns out to be 943.54 mm.



The synergistic effect of acceptance half-angle and receiver width on the aperture width is shown in Figure 16. The aperture width decreases with increasing acceptance half-angle. However, the amount of decrement is lesser as compared to that of height. When the receiver width increases, the aperture width follows the same pattern. According to specified optimization conditions, the optimum value of the aperture width is evaluated to be 534.218 mm.



Figure 17 demonstrates the collaborative effect of acceptance half-angle and receiver width on the CR of CPC. There exists an inverse relationship between the CR and acceptance half-angle of CPC, as demonstrated by Figure 17. Conversely, the receiver width has no significant impact on the CR of the concentrator. The optimum value of CR comes out to be 2.74, which implies a reasonable trade-off between the conflicting constraints.



The optimization ramps for design parameters are shown in Figure 18. The criteria defined for optimizing the responses are depicted by each ramp. The value of one of the independent variables was bound to vary within the specified range while the other was set to be maximized. The red pointer indicates the optimum value for each factor, while the blue one disseminates the same information about the responses.




3.5. Discrete Effects of Factors on the Responses


The isolated impact of each design factor on the responses, i.e., aperture width, height, and CR of CPC, is given by the perturbation diagrams as demonstrated in Figure 19, Figure 20 and Figure 21 for aperture width (Wapr), height (H), and CR, respectively.



Figure 19 demonstrates the variation of aperture width as each design factor changes from its reference position while the remaining factors are kept fixed at their corresponding reference values. The sensitivity of each response to a specific factor is depicted by the slope of the relevant factor line.



The slope of the design factor “A” indicates the direct relationship between factor “A” and its corresponding response. The design factor “B” has a negative gradient, as shown in Figure 20, which confirms its inverse relationship with the relevant factor. The design factor “B” has a profound effect on the height compared to the design factor “A”.



As shown in Figure 21, the design factor line “A” has zero slopes, which confirms that it has no significant impact on the corresponding response. Contrarily, the steeper slope of design factor “B” demonstrates its conspicuous influence on the response.



After performing the detailed statistical analysis, the optimization studies were conducted based on the defined criteria for different design parameters. The optimized design parameters are enlisted in Table 6. When compared with Table 1, the optimal values of design parameters are different than initial design values. The lower value of acceptance half-angle indicates that more adjustments will be required in the CPC position for quasi-stationary applications of the concentrator. Contrarily, the designed concentrator possesses a higher concentration ratio as compared to the initial design. The optimum truncated height has almost doubled, yet this accruement is justified due to the comparatively larger size of the receiver. The optimum values of dependent design parameters were validated through simulations.





4. Conclusions


The non-imaging compound parabolic concentrators are suitable for low concentrating photovoltaic applications as they can collect both direct and diffuse radiations and do not require continuous tracking. Such collectors are also useful in thermal as well as hybrid PV/thermal applications, whereby they can supply both electricity and process heat for low to medium temperature applications. In this paper, a two-dimensional symmetric CPC with a flat receiver has been designed for PV applications. The reflector profiles were generated by developing a code in the MATLAB program that solves the mathematical equations describing the relationship between design parameters of the CPC. The concentrator was initially designed for an acceptance half-angle of 30° and receiver width of 156 mm to accommodate a single crystalline silicon solar cell. The optical concentration ratio of the resulting CPC was found to be “2×”. The effect of changes in acceptance half-angle on height and aperture width of the CPC was determined. Subsequently, the receiver width was increased to house more solar cells, and its impact on the height and aperture width of the concentrator was observed. The CPC was then truncated for different percentages of full height. The effect of truncation on the aperture width and geometric concentration ratio was evaluated to determine the optimum truncation level.



Detailed statistical analysis and successive geometric optimization were performed using the response surface modeling approach. The resulting 3D surface plots were analyzed to comprehend the combined effect of design factors on the relevant responses. It was concluded that a symmetric 2D CPC with an acceptance half-angle of 21.59° and receiver width of 193.98 mm yielded the optimum geometric dimensions for stationary low concentrating photovoltaic applications. Based on RSM analysis, a truncation level of 50% was selected, which caused only an 8.5% decrease in the geometric concentration ratio. At the same time, half of the reflector material and manufacturing cost were saved. The corresponding optimum values of concentrator height, aperture width, and CR are 471.77 mm, 509.24 mm, and 2.61, respectively, after 50% truncation. The resulting optimized geometrical profile is thereby pertinent for static concentrating solar photovoltaic collectors. Such collectors can reduce the expensive silicon solar cell area for a given electrical yield by employing comparatively low-cost optical concentrators.
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Nomenclature




	
Wrec

	
Width of receiver (mm)




	
Wapr

	
Width of aperture (mm)




	
H

	
Original CPC height (mm)




	
Ht

	
Truncated CPC height (mm)




	
Ci

	
Optical concentration ratio




	
F

	
Focal length




	
N

	
No. of aperture segments




	
(x0, y0)

	
Apex of parabola




	
(x, y)

	
x and y coordinated of parabola.




	
(x′, y′)

	
New x and y coordinates of parabola




	
Greek Symbols




	
θc

	
Acceptance-half angle (°)




	
β0

	
Constant coefficient




	
βi

	
Linear coefficient




	
βii

	
Interactive coefficient




	
βij

	
Quadratic coefficient




	
Abbreviations




	
2D

	
Two-dimensional




	
CPC

	
Compound parabolic concentrator




	
CR

	
Concentration ratio




	
LCPV

	
Low-concentration photovoltaic




	
RSM

	
Response surface modeling




	
FCCCD

	
Face-centered central composite design




	
DOE

	
Design of experiments
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Figure 1. The proposed low concentration PV system. 
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Figure 2. Geometric profile of a 2D compound parabolic concentrator. 
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Figure 3. MATLAB generated profile of a 2D symmetric CPC. 
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Figure 4. Truncation of the CPC top portions. 
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Figure 5. Flow chart of the design optimization process. 






Figure 5. Flow chart of the design optimization process.



[image: Sustainability 13 04606 g005]







[image: Sustainability 13 04606 g006 550] 





Figure 6. Height, aperture width and CR versus acceptance half-angle of CPC. 
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Figure 7. CPC full height and aperture width vs. receiver width for fixed acceptance half-angle. 
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Figure 8. Concentration ratio (CR) and height (H) vs. truncation level. 
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Figure 9. Predicted versus actual values for the aperture width (Wapr). 
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Figure 10. Run order versus residuals plot for the aperture width (Wapr). 
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Figure 11. Predicted versus actual values for CPC height (H). 
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Figure 12. Run number versus residuals plot for CPC height (H). 






Figure 12. Run number versus residuals plot for CPC height (H).



[image: Sustainability 13 04606 g012]







[image: Sustainability 13 04606 g013 550] 





Figure 13. Predicted versus actual values for CR. 
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Figure 14. Run number versus residuals plot for CR. 
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Figure 15. The combined effect of design factors on CPC height (H). 
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Figure 16. The combined effect of design factors on the aperture width (Wapr). 
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Figure 17. Collaborative effect of factors on CR. 
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Figure 18. Optimization criteria for factors and responses. 
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Figure 19. Perturbation plot for the aperture width (Wapr). 
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Figure 20. Perturbation plot for CPC height (H). 
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Figure 21. Perturbation plot for the CR. 
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Table 1. Design parameters of CPC.






Table 1. Design parameters of CPC.





	Parameter
	Before Truncation
	After Truncation
	Unit





	Acceptance half-angle
	30
	33
	(°)



	Concentration Ratio
	2.00
	1.82
	-



	Width of Receiver
	156
	156
	mm



	Width of Aperture
	312
	284.14
	mm



	Height of CPC
	406
	204.5
	mm



	Apex
	(−19.5, 101.32)
	(−11.6, 100.98)
	mm
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Table 2. Criteria for design optimization.






Table 2. Criteria for design optimization.





	Parameter
	Goal
	Lower Limit
	Upper Limit
	Lower Weight
	Upper Weight
	Importance





	Wrec
	Maximize
	78
	312
	1
	1
	3



	θa
	Within range
	20
	40
	1
	1
	3



	CR
	Maximize
	2.5
	2.9238
	0.158
	1
	5



	Wapr
	Maximize
	121.347
	912.227
	1
	1
	2



	H
	Minimize
	118.786
	1681.77
	1
	1
	2
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Table 3. Fit statistics for Wapr.
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Statistical Parameters

	
Value

	
Remarks






	
R2

	
0.98

	
The quadratic model is significant to search the design space.




	
Adjusted R2

	
0.95




	
Predicted R2

	
0.93




	
Adequate Precision

	
60.87
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Table 4. Fit statistics for height (H).
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Statistical Parameters

	
Value

	
Remarks






	
R2

	
0.99

	
The quadratic model is significant to search the design space.




	
Adjusted R2

	
0.98




	
Predicted R2

	
0.91




	
Adequate Precision

	
48.84











[image: Table] 





Table 5. Fit statistics for CR.
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Statistical Parameters

	
Value

	
Remarks






	
R2

	
0.99

	
The quadratic model is significant to search the design space.




	
Adjusted R2

	
0.99




	
Predicted R2

	
0.98




	
Adequate Precision

	
90.94
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Table 6. Optimized design parameters of CPC.
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	Parameter
	Before Truncation
	After Truncation
	Unit





	Acceptance half-angle
	21.5891
	24.142
	(°)



	Width of Receiver
	193.982
	193.982
	mm



	Concentration Ratio
	2.74495
	2.612
	-



	Width of Aperture
	534.218
	509.242
	mm



	Height of CPC
	943.541
	471.77
	mm



	Apex
	(−48.17, 123.37)
	(−41.1, 124.7)
	mm
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