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Abstract

:

Energy needs have increased with global advancements and industrial revolutions. Electrical energy utilization shares a huge amount of energy with residential and industrial loads. Traditional energy resources are expensive and polluting, producing greenhouse gasses, which is a major environmental concern. Solar energy utilization is a cost-effective, sustainable, and green solution to meet the ongoing energy demand. Concentrator photovoltaic (CPV) systems are developed for energy conversion by providing high efficiency using multi-junction solar cells. This paper provides an overview of the recent optical developments in CPV systems and emerging technologies that are likely to shape the future of CPV systems. The objective of this article is to provide an overview of the issues that need to be resolved to improve the geometrical concentration, acceptance angle, uniformity, and optical efficiency of CPV systems. A comprehensive comparison is also presented on different types of solar concentrators. In addition, future research directions are presented to facilitate the continued growth and success of CPV systems. Furthermore, this review article gives an up-to-date and widespread overview of CPV technology, assesses its potential for various applications, and distinguishes the challenges and opportunities for future research and development.
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1. Introduction


Fossil fuels, such as oil, coal, and natural gas, are widely used as a primary source of energy to fulfil the energy needs of various countries worldwide. Fossil fuels are considered as the largest source of CO2 emissions that affect climate change, the atmosphere, temperature, and air quality, posing a serious threat to the ecosystem and environment. The fluctuating prices of primary fuels make these sources unviable energy solutions in the long run and hence lead to destabilized regions and an economic burden. To achieve the Sustainable Development Goals and reduce environmental impact, clean and green energy solutions need to be prioritized to make this planet more sustainable.



Sustainable and green energy solutions are a recent method of making this planet cleaner and safer. Electrical energy share has been gradually enlarged and currently stands at 20% [1]. RERs have attracted a market, and various RER-based models have been developed [2]. There have been varying behavioral trends and levels of social acceptance of RERs [3,4,5]. RERs mainly consist of solar, wind, biomass, and hydro energy, which are freely available primary sources, in contrast with traditional fossil fuels. Their different combinations have also been adopted as hybrid energy solutions [6,7]. They are free from toxic or hazardous flow gases, making them more viable and green. Wind energy has been utilized to meet energy needs, but has limitations of cut-in, rated, and furling wind speed, which vary depending on the location [8,9]. Earth receives an amount of solar energy which is 6000 times greater than human energy needs [10]. Solar energy has dominated the energy sector as a long-lasting technology compared to other resources. A 450 GW target has been set for PVs by 2030 [1]. It is also projected that we will achieve zero CO2 emissions by 2050 [1].



1.1. Cell Technologies for PVs and CPVs


1.1.1. Photovoltaic Cells


The conversion of sunlight into electricity is carried out using PV cells. A simple PV cell is designed using a p-n junction to harvest the sunlight (photons), and the movement of charges in a closed circuit provides the electrical energy, as shown in Figure 1 [10]. The electronic current flows from n-type contact to p-type contact, passing through the load, whereas the flow of conventional current is represented with I. Different topologies (e.g., series, parallel, and cross-tied) have been implemented to test the performance of PV technology [11]. The electrical efficiency of a PV module is based on various parameters, such as energy band gap limitations, black body radiation, solar tracking, dust, and aging factor [8,12]. A single-junction PV cell has a maximum theoretical efficiency of around 33% according to Shockley’s limitations. The record efficiency of a silicon solar cell was noted as 26.7% in 2017 [13]. The efficiency of a GaAs solar cell was enhanced by up to 28.4% through an amendment of the tunneling connection and tested using the ultra-high concentration of 1500 suns [14]. Solar tracking provided an extra edge to increase the overall efficiency [15].



A PV system was tested in Ghardaia that produced 12.91% and 20.89% more energy using single- and dual-axis solar tracking, respectively [16]. In [17], a novel approach was suggested to track the sun, which achieved an energy gain in clear sky and partially cloudy environments. A mathematical model [18] of a dual-axis solar tracking system was tested for the partial CPV technology that achieved satisfactory performance in comparison with a nontracking system. In Fez, Morocco, a solar-tracking-based case study was conducted and achieved an accuracy of 0.5° using mathematical equations and Python code [19]. Furthermore, two-sided solar cells were also used to harvest the solar energy from both sides of the solar cells [20] and amorphous silicon cells were used to test the performance of the solar cells.




1.1.2. Multi-Junction (MJ) Cells


The construction of a multi-junction solar cell involves the fabrication of multiple layers of semiconductor materials with varying band gaps, stacked on top of each other to form a single device, as shown in Figure 2 [21]. The layers are arranged in such a way that the highest energy band gap material is placed at the top, while the lowest band gap material is placed at the bottom [10]. MJ junction solar cells have a higher efficiency compared to single-junction cells. In [22], a five-junction cell achieved efficiency of up to 40%. It is also noted that MJ cells achieved efficiency of 47.1% [23]. Furthermore, a triple-junction cell was used to achieve efficiency of 41% [24]. A triple-junction solar cell (10 × 10 mm2) made of GaInP/GaInAs/Ge material had electrical efficiency of 40–42% and a fill factor of 83–89% [25]. MJ solar cells have also been used in combination with solar concentrators. The solar cell material is reduced through concentration, which ultimately provides a cost-effective and efficient solution. An experiment was conducted in which a four-junction cell achieved efficiency of 46% [26]. A six-junction solar cell was evaluated and achieved efficiency of 50% [27].
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Figure 1. A generic PV cell with electron flow and conventional current (I) [10]. 






Figure 1. A generic PV cell with electron flow and conventional current (I) [10].
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1.2. Types of Solar Concentrators


In the CPV system, the light is concentrated through a solar concentrator, such as a Fresnel lens [28,29], parabolic concentrator [30], parabolic trough [31], and CPC [32]. Concentrated solar energy is divided into two categories: CPV and CSP. The heat energy produced through the concentration mechanism is used for heating purposes and electrical energy conversion. The heat energy can be used for steam generation, industrial heating processes, and space heating, making CPV/T systems highly adaptable and efficient energy solutions. Trough-based solar power plants, solar tower, and dish Stirling have been experimented on in [33]. A clear sky beam is required for the concentrator system to achieve higher efficiency. In the CSP system, a high temperature is provided to the working fluid to produce steam for further power generation process. CPV/T systems are of great interest due to their dual benefit of electricity and heating applications. In cold areas, CPV/T systems are used for domestic and commercial heating to reduce the energy cost. Furthermore, hybrid energy solutions also utilize CSP or CPV/T systems to fulfill the energy need as long-lasting and sustainable solar technologies. CPV technology has an advantage over CSP technology in terms of requiring less temperature than CSP. For solar cell energy conversion, the physical properties of the cell are used instead of transferring heat for a steam turbine.



Optical losses occurred due to misalignment between the solar cell and concentrators in both CPV and CSP systems [34,35,36]. The block diagram of solar concentrator systems is shown in Figure 3. In [31], a novel CPV system was developed to achieve better optical efficiency. In this study, the optical parameters that affected the efficiency of the system, such as geometrical concentration, acceptance angle, and optical efficiency, have also been discussed. A wide range of solar concentrators is presented in Figure 4 [37].



1.2.1. Imaging Concentrators


Spherical lenses, aspherical lenses, and reflectors are used in cameras, telescopes, microscopes, medical devices, lithography machines, etc. [38,39]. Since imaging elements make an exact focal point by which a high concentration is achieved, these optical elements (e.g., convex lens and parabolic reflector) have been used in CPV systems [30,40]. Furthermore, imaging lenses and reflectors (e.g., plano-concave lenses and convex parabolic reflectors) have also been added to CPV systems to provide uniform irradiance [41].




1.2.2. Nonimaging Concentrators


Nonimaging concentrators do not form an image of the source and have an inexact focal point, unlike imaging optics [42]. Conventional lenses and mirrors have been used in imaging devices. The CPC has been widely used as a nonimaging optical element in CPV systems [43,44]. Nonimaging optics mainly emphasize the concentration of light and irradiance distribution. Solar concentrators have been widely adopted in CPVs and CSP to reduce the area of the receiver using low-cost optical elements.



Nonuniform distribution increased the cell temperature, produced hotspots, and degraded the efficiency [45]. The issues were addressed in [41] to improve the uniformity and efficiency of the system. Furthermore, development was carried out in [30,31] by designing the concentrators using the edge-ray principle. In the simulation, the authors analyzed the optical efficiency, concentration, and irradiance uniformity.



A CPV system includes three main components: focusing optics, a tracking module, and a solar cell. A tracking device needs to be installed to receive direct sunlight for high efficiency. To design a system without tracking, the acceptance angle needs to be increased to capture the light at maximum daylight hours. The CPC, a nonimaging concentrator, is used for both CPV and CPV/T systems with and without sun-tracking [32,46]. An eight-fold Fresnel-lens-based concentrator was designed to achieve uniform irradiance [28]. A few mirror-based CPV systems were shadowed because of SOE, which was resolved using lens-based systems [31]. Fresnel-lens-based designs have been widely used in concentrator systems because of their ease of availability and fast manufacturing [47]. A nonimaging 3-D cross-compound parabolic concentrator (CCPC) was designed for the BIPV system [34]. Three rows were assembled in a parallel way; where each row consisted of three cells in the series, to test the performance. The BIPV system achieved a geometric concentration of 3.6× and optical efficiency of 73.4%. Solar concentrators used in BIPV technology have added value to the energy sector. Recent findings [48] showed that the CPV system achieved a higher efficiency of 60%. It was also noticed that the area of the optical elements to be covered with the PV cells was cost-effective.



The CPV system is categorized as on-grid and off-grid, where both categories consist of a converter. A DC-DC converter is used to increase or decrease the voltage level for energy storage and utilization [49]. An inverter is also required to convert the DC to AC for the further utilization of electrical energy [50].



The CPV system has design complexity and a lack of technological standardization. The CPV/T system has achieved a low payback year of 3.45 [48]. Irrespective of the design complexity, a novel CPV system has achieved a payback time of 10–16 months [51]. Ageing and degradation over time also affect the performance of the CPV system. Ageing factors include degradation in solar concentrators (e.g., lenses, mirrors, and free-form optics). Environmental factors, such as humidity, exposure to sunlight, temperature, and climate conditions degrade the geometrical concentration and optical efficiency of the CPV system. Secondly, MJ cells also experience degradation in their performance due to the ageing factor. Direct interactions with sunlight and exposure to climate distractions degrade the performance, which results in lower electrical output power and electrical efficiency. The above-mentioned parameters also lead to a higher payback year. It was also noted that polysiloxane material was used to enhance the life of PV modules up to 50 years [20]. Furthermore, the cost of energy generation was also reduced.






2. Raytracing


To efficiently design an optical system, sequential and nonsequential raytracing are performed. In sequential raytracing, the ray path is predefined from the source to the receiver, while in nonsequential raytracing, rays travel after multiple reflections or refractions from source to target. The nonsequential raytracing of a two-stage HCPV system is illustrated in Figure 5 [52].



The reflected ray, irrespective of the surface’s limitations, can be defined as in [42].


r^″ = r − 2(n.r) × n



(1)







The law of refraction, also known as Snell’s law, deals with light rays as they pass from one medium to another, each having different refractive indices. If light travels from a high refractive index to a lower refractive index, it bends away from the normal, and on the other hand, light bends toward the normal if it travels from a low to a high refractive index medium [53]. TIR is another phenomenon which traps light within the waveguide to achieve high geometrical concentration and efficiency [54].




3. Geometrical Concentration


Geometrical concentration is the ratio of the aperture area of the concentrator over the area of the receiver, which can be calculated as in [55,56].


Geometrical Concentration = Cg = (Aperture area of the concentrator)/(area of the receiver)



(2)







The maximum achievable concentration (Cmax) has a limit for a rotational concentrator, and it is expressed by that in [57].


Cmax = 1/sin2(θ)



(3)







The maximum achievable concentration for the linear concentrator is defined by that in [42].


Cmax = 1/sin(θ)



(4)







Nontracking CPV systems are highly dependent on the acceptance angle [58]. There is a tradeoff between the concentration and acceptance angle. Based on geometric concentration, CPV systems are classified into different categories: LCPV, MCPV, HCPV, and UHCPV [49,59]. Different solar concentrators have been developed to achieve low concentrations of 2.2×, 3.6×, 4×, 7×, and 9.93× [34,60,61,62,63], medium concentrations of 23×, 31.31×, and 40× [64,65,66], high concentrations of 128×, 310×, 610×, 622×, 707×, and 738× [30,67,68,69,70,71], and ultra-high concentrations of 2300×, 2304×, 5800×, and 6057× [72,73,74,75], respectively. Point-focused CPV systems have a high concentration, but they provide a nonuniform irradiance distribution. The system efficiency and acceptance angle decreased as the concentration increased [76]. Furthermore, SOE-based CPV systems are designed to overcome the aforementioned issue of increasing the efficiency. In [75], TOEs were used to achieve an ultra-high concentration and uniform irradiance. Moreover, cooling methods need to be installed with HCPV systems to increase the efficiency. Many cooling methods have been developed to overcome temperature issues for MJ cells [77,78,79,80]. A novel cooling method was developed using Al2O3 which improved the thermal and electrical efficiencies to 35.79% and 10.24%, respectively [81]. Furthermore, the output power increased to 40.86% using Al2O3 [82].




4. Acceptance Angle


The acceptance angle is defined as the angle at which the concentrator achieves a minimum efficiency of 90% at normal incidence [42]. The acceptance angle is one of the important parameters to be considered when designing a CPV system [83,84]. The optical performance of the CPV system is degraded as the incident angle exceeds the acceptance angle [31]. In the case of a high acceptance angle, the margin of tracking and misalignment error increases [85]; hence, the performance and efficiency of the system increase. In [58], an acceptance angle of 32° was achieved to reduce the mechanical structure and cost of the system. Moreover, a Fresnel-lens-based CPV system achieved a wider acceptance angle of 60° [64]. This novel research unlocked a path for the tracking-less CPV system. A nontracking CPV system was designed to achieve a wider acceptance angle of ±44.7° using the CPC [61]. A nontracking CPV system was developed to provide a compact and maintenance-free system in [24].




5. Irradiance Uniformity


The performance of a CPV system is dependent on irradiance uniformity, which is improved by designing various optical elements. Nonuniform irradiance distribution produces hotspots on the solar cell, which increases the temperature of the cell and hence decreases the efficiency. In [65], a linear Fresnel reflector was preferred over the parabolic trough to achieve a uniform irradiance distribution pattern, as shown in Figure 6. The feasibility report of the CPV system was presented based on the energy conversion mechanism, efficiency, and cost of the system [86]. Optical and electrical efficiencies were the essential components in calculating the performance of the system [87,88]. Optical efficiency is the ratio of light output power on the receiver to the light input power on the concentrator, which is measured according to AM 1.5: G173-03 [89],


Optical Efficiency =ηopt = (Output light power on the receiver)/(Input light power on the concentrator)



(5)







The electrical output power is mainly dependent on the voltage and current of the solar cell [90], where V-I characteristics are dependent upon series and parallel combinations, standard testing conditions, and direct and diffused radiations.




6. Optical Developments for CPV Systems


The first solar concentrator was developed in 1976 and had a power generation capacity of one kilowatt peak [66]. Until today, various solar concentrators have been developed and modified to improve the performance of a system.



6.1. Fresnel Lens


A Fresnel lens is widely used as a POE and SOE due to its groove-based geometry, lightweight construction, and easy availability in different sizes and shapes. Fresnel-lens-based CPV systems achieved a geometrical concentration of 40× using a dual-axis solar tracking system [66]. A cylindrical Fresnel lens was used in a CPV system, which achieved a geometrical concentration of 23× and optical efficiency of 70%. Moreover, an acceptance angle of 60° was a striking merit of this unique design [64]. Another Fresnel-lens-based CPV system [91] was tested in Shanghai, which achieved electrical and thermal efficiencies of 16.2% and 46.6%, respectively. The HCPV system consisted of a Fresnel lens, as a primary concentrator, and the CPC as a secondary concentrator to achieve optical efficiency of 83.6% and an acceptance angle of ±1.1°. Four different SOEs (trumpet, CPC, SILO-Pyramid, and refractive truncated pyramid) were tested and achieved optical efficiencies of 81%, 83.6%, 83.4%, and 81.8, respectively [92]. The hybrid Fresnel-lens-based CPV system saved 152.54 kg/m2/year CO2 emissions [93]. In the windy areas of Japan and Korea, a 30 kilowatt Fresnel-lens-based CPV system was tested to achieve satisfactory performance [94]. In 2016, the Fresnel-lens-based two-stage concentration was preferred over single-stage concentration for better uniform irradiance [41]. In Figure 7a [68], one can see a two-stage concentrator that was designed that achieved a geometrical concentration of 310× and an acceptance angle of ±0.46°. The CPV system in [28] was designed using an eight-fold Fresnel-lens-based POE and SOE, as shown in Figure 7b. In the second stage of concentration, different solar concentrators, such as Fresnel RTP, XTP, SILO, FK, and eight-fold, were used to analyze the geometrical concentration, uniform irradiance, and acceptance angle. In [95], a hybrid CPV system was designed using a Fresnel lens, pyramid, MJ solar cell, and silicon solar cell. This system achieved optical efficiencies of 94% and 85% for the direct and diffused radiations, respectively. The schematic of the HCPV system is shown in Figure 8 [95]. Table 1 presents a detailed review of various single-stage and double-stage CPV systems using the Fresnel lens, which achieved a geometrical concentration of up to 1000× and optical efficiency of 88%. It also showed that a lower acceptance angle of up to ± 1.2° could be achieved.




6.2. Parabolic Trough


The parabolic trough [104] has been used in CPV and CSP systems as the primary and secondary concentrator, as shown in Figure 9 [37]. The trough provides a linear focus while a paraboloidal concentrator provides a point focus. Uniform irradiance utilizes the full area of the MJ solar cell to avoid hotspots. It is difficult to achieve uniformity in traditional single-stage parabolic concentrators. The uniform irradiance of a two-stage CPV system was achieved in [28]. A study showed that the trough-based CPV system was tested to achieve a concentration of 125× and the theoretical ratio of 220× [67]. The CPV/T system [105] achieved thermal and electrical efficiencies of 19.4% and 30.3%, respectively, providing high uniform irradiance. In a recent study [106], the system achieved thermal and electrical efficiencies of 46.16% and 4.83%, respectively. It was compared with the nonconcentrated system, and attained 30.3% more output. A two-stage concentrator was also used in CPV systems to achieve a geometrical concentration of 50× using the trough and SOE. A line to point focus was achieved where the MJ solar cells were placed in the center to obtain an acceptance angle of ±1.1° and optical efficiency of 72% [107]. A high concentration of 600× was achieved using a trough with electrical efficiency of 25% [108]. A novel CPV design [69] was simulated using the trough as the POE and micro-reflected grooves as the SOE. This CPV system achieved a geometrical concentration of 622× and optical efficiency of 79%. In [109], a three-stage CPV system was designed using the parabolic trough, micro-lens, and CPC to achieve a geometric concentration of up to 1500×. Table 2 provides a summary of the parabolic trough concentrators used in CPV systems, and their optical parameters are also mentioned. Parabolic-trough-based CPV systems are designed to achieve a low geometrical concentration of 2.2× and a high geometrical concentration of up to 1500×, as summarized in Table 2. Furthermore, it is shown that trough-based systems are designed to achieve electrical efficiency of up to 26.8%.




6.3. Compound Parabolic Concentrator (CPC)


The CPC is a nonimaging solar concentrator consisting of two parabolic curved surfaces [42]. It redirects all of the incident rays toward the receiver, as shown in Figure 10a [116]. A design using two parabolic curves, A and B, was developed to redirect the sunlight toward the flat receiver using the edge ray principle, as shown in Figure 10b [117]. An LCPV system was designed and achieved a geometrical concentration of 3.6× using the CPC [34]. An integrated CPC-based CPV/T system was developed with and without glazed material, where the unglazed CPC achieved better results [118]. The CPC was also used as a secondary concentrator along with the parabolic dish concentrator to achieve optical efficiency of 68% [119]. In [107], a concentrating system using the CPC achieved a geometrical concentration of 285×, optical efficiency of 72%, and an acceptance angle of ±1.1°. A novel CPV system for an electric vehicle was tested to be considered for different optical parameters [61]. The system achieved a geometrical concentration of 4×, optical efficiency of 80%, and electrical efficiency of 35%. Si-based PV cells were also used to retrieve energy from the light. A detailed comparison of CPC-based systems is presented in Table 3, which shows that a wider acceptance angle of ±44.7° was achieved in comparison with other solar concentrators. Furthermore, Table 3 depicts that the CPC has a low geometrical concentration while managing to achieve optical efficiency of 80%.




6.4. Optical Waveguide


An optical waveguide is made of a transparent material to transmit light toward the receiver. In most CPV systems, a waveguide is used in the second stage of concentration. As shown in Figure 11, light was trapped inside the waveguide following TIR, in which the incident angle of a ray was greater than the critical angle. The system achieved a geometrical concentration of 300× and optical efficiency of 81.9%. The waveguide was used to reduce the number of cells and cost of the system [121]. In the system, a primary reflector concentrated the incident light toward the waveguide, having a length of 100 mm, where the CPC increased the geometric concentration to 500× [122]. In [123], a simulation of a micro-lens array with a waveguide was performed to achieve a geometrical concentration of 112.5× and an acceptance angle of ±1°.



In Table 4, different optical-waveguide-based CPV systems have been analyzed, showing high optical efficiency of 91.5% in comparison with the Fresnel lens, parabolic trough, and CPC. Furthermore, Table 4 illustrates that an acceptance angle of ±15° was achieved using an optical waveguide. A recent study [124] was conducted to analyze different waveguide-based planar solar concentrators that consisted of luminescent solar concentrators. These concentrators performed well because of their light transmission using the TIR principle. A planar solar concentrator achieved a geometrical concentration of 738× and optical efficiency of 87.5% using the POE (arc segments), light coupler, CPC, and waveguide [71]. The waveguide and the coupler were made of NBK7 glass, and the CPC was made of PMMA. Uniform irradiance was achieved in the second stage using the CPC, and an arc segment structure was used to increase the acceptance angle.




6.5. Spherical Concentrators


Spherical and aspherical concentrators are used in CPV systems. In [70,126,127,128], spherical and aspherical lenses and reflectors were developed. Spherical lenses have issues like spherical aberration, and due to which, multiple focal points are made, while aspherical lenses and reflectors make a single focal point. A recent study [68] was conducted to compare the performance of a spherical mirror and a Fresnel lens, in which the mirror gave three times higher optical efficiency. In [129], a solar concentrator was designed using a Fresnel lens and a modified parabolic mirror for solar laser pumping. TracePro software was used to optimize the optical components. In this novel design, the parabolic mirror was hollow in the middle, redirecting the sunlight toward the targeted surface, as shown in Figure 12. A single-stage solar concentrator achieved a flux value ranging from 4.5 to 10 MW/m2 [130]. In this research, a point-focused parabolic dish concentrator was used for the hardware testing, as shown in Figure 13. Overall, both spherical and aspherical concentrators offer unique advantages in solar energy applications and can be tailored to meet specific performance requirements. An in-depth optical summary and performance evaluation of spherical and aspherical solar concentrators are presented in Table 5, which depicts higher optical efficiency of 98% in comparison with other solar concentrators. Furthermore, it shows that spherical concentrators achieved an acceptance angle of ±30° and a geometrical concentration of 1333×.




6.6. Micro-Level Concentrators


Micro-level CPV systems are used for small-scale applications to generate electricity. These concentrators need to be designed to overcome optical and manufacturing complexity and optical losses due to misalignment. Small-scale concentrators are designed using lenses instead of traditional metallic reflectors [125]. A light waveguide is used with the micro-concentrators by optimizing different parameters. Furthermore, geometrical concentration, total optical concentration factor, and acceptance angle are provided for rectangular and tapered systems, where the rectangular design has a geometrical concentration of 100× and an acceptance angle of ±15°, while the tapered design has a geometrical concentration of 237× and an acceptance angle of ±9°. It can be noticed that the optical concentration increases at the expense of the acceptance angle. A single-stage CPV system [135] achieves a geometrical concentration of 1000× and optical efficiency of 81%. In [136], a two-stage micro-CPV system was designed using a plano-convex lens as a primary concentrator, which achieved a geometrical concentration up to 500× with an acceptance angle of ±1.76°. A three-stage ultra-high CPV system was designed to achieve a geometrical concentration of 938×, as shown in Figure 14 [75]. This ultra-high CPV system was tested for hardware and software simulations and achieved an acceptance angle of ±0.30° and ±0.41°, respectively. Table 6 illustrates different CPV design configurations and optical performance parameters for small concentrators. It shows that a geometrical concentration of <1000× was achieved. Furthermore, Table 6 depicts that an acceptance angle of ±15° and optical efficiency of up to 84% were achieved.





7. Discussion of Challenges and Limitations of Concentrator Photovoltaics


CPV systems have the potential to achieve higher efficiencies than traditional PV systems. There are some challenges and limitations that need to be addressed for the acceptability of CPV technology. The cost of a CPV system is generally higher than that of traditional solar panels [23,24]. The concentrators and tracking systems for concentrating sunlight over the small cells need to be cost-effective for small-scale and large-scale systems [18,19,46]. Most CPV systems require direct sunlight to operate at their maximum efficiency [95]. Thus, new optical designs should be proposed to resolve this limitation for such areas where direct sunlight is not available for a few hours of the day. CPV systems concentrate heat, which is available in the IR spectrum, which results in reducing the efficiency and lifespan if not properly cooled [77,78,79,80]. The cooling methods increased the overall cost and the complexity of CPV systems [78]. Since highly concentrated sunlight is focused on the solar cell, the surrounding area has high illumination and heat.



Table 7 presents a list of industries and institutes conducting research on improving the performance of CPV systems. The Optoelectronics Research Centre, Finland, experimented with the optical performance of multi-layer antireflective coatings used in three and five MJ solar cells to be utilized for CPV systems [140]. The Fraunhofer Institute for Solar Energy Systems ISE, Germany, manufactured triple-junction solar cells with high-power conversion efficiency of 35.9% [141]. Laboratoire Nanotechnologies Nanosystèmes (LN2)—CNRS, Canada, discusses the miniaturization of InGaP/InGaAs/Ge solar cells with optical efficiency of 33.8% for micro-CPV systems [142]. The authors from Italy experimented with the performance of a point-focused CPV system using MJ solar cells [143].



Sharp Co., Japan, announced the development of an MJ CPV module with a record-breaking conversion efficiency of 37.9% [144]. In 2023, a researcher from York University, Canada, designed a system to obtain a geometrical concentration of 7.695× [145]. A recent study [146] was conducted by the National Technical University of Athens to enhance optical efficiency by 15.44%. The authors from Poland experimented with the performance of a CSP system which achieved optical efficiency of 75% and a power gain of 0.27% [147]. In [148], a CPV/T system was designed to experience an increase in the heat transfer coefficient up to 60%. The authors from Mouloud MAMMERI University of Tizi Ouzou designed a CPV system [149] that achieved a power gain of 10–13%. A Swedish company, MG Sustainable Engineering AB, experimented with a CPV/T system that achieved output power of 1140 W per collector [150].




8. Conclusions and Future Recommendations


Researchers have developed various CPV systems to improve optical efficiency by increasing concentration, irradiance uniformity, and acceptance angle. In this article, various CPV systems were studied and compared to find out deficiencies and provide recommendations for the improvement. This review study mainly focused on recent developments in concentrator technology. Improving the efficiency of solar cells is a critical step in enhancing the overall performance of the CPV system. This can be achieved by using higher-quality materials, optimizing the cell design, or incorporating novel manufacturing techniques. Manufacturing advancement in MJ solar cells made it possible to add more layers to increase the efficiency—four-junction and six-junction solar cells achieved optical efficiencies of 46% and 50%, respectively. One of the issues in MJ solar cells is the nonuniformity, which has been resolved by researchers using nonimaging optical concentrators.



The design of the concentrator can have a significant impact on the system’s performance. Various parameters, such as the concentrator’s shape, size, and materials, can be optimized to achieve better concentration levels and reduce losses due to reflection or scattering. Most systems use the parabolic reflector and Fresnel lens as the main concentrators because of their advantages over the other concentrators. The parabolic trough concentrator is the most promising solar concentrator, which has been widely used in CPV and CSP systems. The trough is a reflector that has higher optical efficiency and minimum losses in comparison with the Fresnel lens. Most of the single-stage systems had nonuniformity issues that were resolved by introducing multiple optical elements. A high concentration should be achieved to increase the output power of the solar cell. Since a high concentration increases the cell temperature, efficient cooling methods should be developed. Different wavelengths in the solar spectrum should be mixed up to distribute the uniform spectrum over the solar cell to increase the efficiency of the system.



Researchers have developed nontracking CPV systems to reduce mechanical hardware components. Since the roof-top of a building has limited space, CPV systems should be developed for the envelope of multi-floor buildings. Similarly, for vehicle-based CPV systems, nontracking small concentrators with a high acceptance angle should be developed.



The optical parameters of various CPV systems were compared. It was found that few systems achieved an acceptance angle of <2°, while nontracking systems achieved an acceptance angle of <60°. Advanced tracking systems can help to maintain the alignment between the concentrator and the sun, improving the system’s overall performance. The acceptance angle increases at the cost of efficiency. Most of the single-stage trough and linear Fresnel-lens-based systems achieved a concentration of <50×. However, other concentrators, such as the paraboloidal reflector, Fresnel lens, and CPC, gave a higher concentration of up to 1500×. To further increase the concentration, novel designs of concentrating modules should be designed using widely used concentrators, which will eventually increase the performance of CPV systems. In most of the concentrators, hardware and manufacturing complexity was noticed. Different CPV designs are under development to overcome the aforesaid issues. At present, CPV systems achieve maximum optical efficiency of 70%.



For the potential commercialization of CPV systems, devices should be compact, simple in design, and cost-effective. Despite their great promise, CPV systems suffer from different issues: cleaning, aging degradation, deficiency of technology standardization, and social acceptance. The performance of a CPV system can be affected by environmental factors, such as temperature, humidity, and dust. By considering these factors during the system design and operation, it is possible to improve the system’s overall performance and reliability. Cost-effective MJ cells should be developed to be used in CPV technology for enhancing efficiency. Additionally, novel optical elements need to be developed to be integrated with MJ cells.



Future developments should aim to expand the applicability of CPV systems to a wider range of geographical locations, including regions with a lower DNI. This can be achieved through advancements in concentrator optics, tracking systems, and system integration with other renewable energy technologies, such as energy storage and hybrid systems. Future research should concentrate on enhancing CPV systems’ dependability and toughness through the use of premium components, sturdy construction, and efficient thermal management strategies.
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Nomenclature




	PV
	Photovoltaic



	RER
	Renewable energy resource



	CPV
	Concentrator photovoltaic



	LCPV
	Low concentrator photovoltaic



	MCPV
	Medium concentrator photovoltaic



	HCPV
	High concentrator photovoltaic



	UHCPV
	Ultra-high concentrator photovoltaic



	CPV/T
	Concentrator photovoltaic thermal



	BIPV
	Building-integrated photovoltaic



	CSP
	Concentrator solar power



	CPC
	Compound parabolic concentrator



	SILO
	Single-lens optical element



	FK
	Fresnel–Köhler



	RTP
	Refractive truncated pyramid



	MJ
	Multi-junction



	Cmax
	Maximum achievable concentration



	θ
	Acceptance angle



	Cg
	Geometrical concentration ratio



	TIR
	Total internal reflection



	POE
	Primary optical element



	SOE
	Secondary optical element



	TOE
	Tertiary optical element



	ηopt
	Optical efficiency



	PMMA
	Polymethyl methacrylate



	ηe
	Electrical efficiency



	r
	Unit vectors along incident rays



	r′′
	Unit vectors along reflected rays



	n
	Unit vector along the normal pointing into the reflecting surface
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Figure 2. A multi-junction solar cell used for harvesting solar energy with different wavelengths [21]. The color bar represents different wavelengths in the solar spectrum. 
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Figure 3. Block diagram of the concentrating systems. 
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Figure 4. Different solar concentrators for CPV and CPV/T applications [37]. 
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Figure 5. (a) Nonsequential raytracing diagram of an HCPV system with an acceptance angle of 1° and (b) detailed raytracing in the second stage of the system [52]. 
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Figure 6. Comparison of the Fresnel reflector and parabolic trough: (a) schematic diagram of the linear Fresnel reflector, (b) simulation results of both systems, (c) irradiance distribution over the solar cell using linear Fresnel reflector, and (d) nonuniform irradiance distribution using parabolic trough concentrator [65]. 
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Figure 7. (a) Hardware design using a two-stage solar concentrator [68] and (b) comparison of SOEs (eight-fold, FK, RTP, SILO, spherical dome, and XTP) used for CPV systems [28]. 
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Figure 8. A schematic of hybrid CPV system, harvesting direct and diffused radiations where direct radiations are focused over the MJ solar cells using pyramid (SOE), and diffused radiations are received by Si solar cells [95]. 
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Figure 9. Parabolic trough concentrator with a focal length of 0.8 m used for CPV/T solar park located in Austria along with single-axis solar tracking system [37]. 
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Figure 10. (a) CPC solar concentrator focusing rays on the tube receiver [116] and (b) schematic diagram of the flat receiver-based CPC [117]. 
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Figure 11. An optical waveguide in which TIR is used for light transmission. (A) and (B) Coupling prism is placed for redirecting the light toward the receiver to improve the efficiency of the system [54]. 
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Figure 12. The lens- and mirror-based solar concentrator for solar laser pumping and nonsequential raytracing. The modified design uniformly redirects light toward the solar laser head [129]. 
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Figure 13. Hardware design using a single-stage parabolic dish concentrator [130]. 
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Figure 14. Showing a 3D design of a three-stage ultra-high CPV system [75]. 
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Table 1. Comparison of single-stage and two-stage Fresnel-lens-based CPV systems representing different parameters for evaluating their performance.
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	Year
	SOE
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	Irradiance Uniformity
	ηe (%)
	ηopt (%)





	2011 [47]
	✔
	CPV
	MJ
	-
	-
	-
	31.5 ± 1.7
	-



	2012 [96]
	✔
	CPV
	MJ
	710×
	-
	✔
	32.7
	-



	2012 [97]
	✔
	CPV
	MJ
	1000×
	±1.1
	-
	-
	-



	2013 [72]
	✔
	CPV
	MJ
	104×
	± 1
	✔
	-
	82.5



	2014 [28]
	✔
	CPV
	MJ
	-
	-
	✔
	-
	-



	2014 [98]
	✔
	CPV
	MJ
	1000×
	±1.2
	
	
	83.9



	2014 [99]
	✔
	CPV
	
	500–1000×
	-
	✔
	28.6
	75–82



	2014 [100]
	🗴
	CPV
	Si
	210×
	-
	-
	-
	-



	2016 [101]
	🗴
	CPV
	MJ
	260×
	-
	-
	-
	88



	2017 [91]
	-
	CPV
	-
	-
	-
	-
	16.2
	-



	2017 [92]
	✔
	CPV
	MJ
	
	±1.03
	-
	-
	83.6



	2018 [102]
	✔
	CPV
	MJ
	625×
	0.73
	-
	30.1
	-



	2019 [103]
	🗴
	CPV
	MJ
	226×
	-
	🗴
	-
	-



	2020 [66]
	-
	CPV
	Si
	40×
	-
	-
	-
	-



	2020 [66]
	-
	CPV
	-
	20×
	-
	-
	-
	-



	2020 [66]
	-
	CPV
	GaAs
	1000×
	-
	-
	26
	-



	2020 [95]
	✔
	CPV
	MJ
	-
	-
	-
	-
	94



	2021 [68]
	✔
	CPV
	MJ
	310×
	±0.46
	✔
	-
	-



	2022 [64]
	-
	CPV
	-
	23×
	60
	-
	-
	70



	2022 [70]
	-
	CPV
	MJ
	710×
	0.37
	-
	-
	24
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Table 2. Optical characteristics of trough-based CPV systems.
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	Year
	SOE
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	Irradiance Uniformity
	ηe (%)
	ηopt (%)





	2013 [110]
	✔
	CPV
	
	500–1500×
	-
	-
	-
	-



	2014 [108]
	✔
	CPV
	MJ
	600×
	-
	✔
	25
	78



	2015 [111]
	✔
	CPV
	MJ
	68×
	0.6
	✔
	-
	-



	2016 [112]
	✔
	CPV
	MJ
	364×
	3.2
	🗴
	20.2
	-



	2016 [60]
	🗴
	CPV
	Si
	2.2×
	-
	🗴
	18.5
	-



	2017 [106]
	-
	CPV/T
	-
	-
	-
	-
	4.83
	-



	2018 [63]
	🗴
	CPV/T
	-
	9.93×
	-
	🗴
	-
	46–62



	2020 [113]
	🗴
	CPV/T
	Si
	20–100×
	-
	🗴
	-
	53



	2020 [65]
	🗴
	CPV
	-
	31.31×
	-
	🗴
	-
	-



	2020 [114]
	✔
	CPV
	MJ
	285×
	±1.1
	✔
	-
	42



	2021 [46]
	🗴
	CPV
	MJ
	107×
	0.27
	🗴
	-
	66.65



	2021 [46]
	✔
	CPV
	MJ
	-
	0.27
	🗴
	-
	73



	2021 [115]
	🗴
	CPV
	MJ
	150×
	-
	🗴
	26.8
	-



	2021 [31]
	✔
	CPV
	MJ
	285×
	±2
	✔
	-
	60



	2022 [67]
	-
	CPV/T
	MJ
	128×
	-
	-
	-
	-



	2023 [69]
	✔
	CPV
	MJ
	622×
	±0.4
	✔
	-
	79
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Table 3. Parametric results attained using various CPC solar concentrators.
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	Year
	POE
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	Irradiance Uniformity
	ηe (%)
	ηopt (%)





	2013 [120]
	CPC
	CPV/T
	Si
	-
	±30
	🗴
	-
	80



	2014 [34]
	CPC
	CPV
	Si
	3.6×
	-
	-
	
	73.4



	2017 [43]
	CPC
	T
	-
	-
	±11.5
	-
	-
	-



	2021 [46]
	Hybrid CPC
	CPV
	MJ
	-
	0.27
	🗴
	-
	73



	2022 [118]
	CPC
	CPV/T
	Si
	-
	-
	-
	17.61
	66–95



	2022 [61]
	CPC
	CPV
	MJ
	4×
	±44.7
	-
	35
	78
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Table 4. Comparison of optical-waveguide-based CPV systems.
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	Year
	Length
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	ηopt (%)





	2010 [121]
	-
	CPV
	MJ
	300×
	-
	81.9



	2010 [123]
	-
	CPV
	-
	112.5×
	±1
	-



	2014 [54]
	-
	CPV
	MJ
	50×
	±7.5
	70



	2014 [122]
	100 mm
	CPV
	-
	1200×
	±0.6
	91.5



	2014 [122]
	1000 mm
	CPV
	-
	500×
	±0.6
	75



	2014 [122]
	2000 mm
	CPV
	-
	1000×
	±0.6
	52–64.5



	2014 [125]
	-
	CPV
	-
	100×
	±15
	39



	2014 [125]
	-
	CPV
	-
	237×
	±9
	81



	2020 [71]
	-
	CPV
	PV
	738×
	-
	87.5
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Table 5. A detailed summary of spherical and aspherical solar concentrators.
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	Year
	POE
	SOE
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	Irradiance Uniformity
	ηe (%)
	ηopt (%)





	2000 [127]
	Aspheric lens
	✔
	CPV
	-
	250×
	±2.6
	-
	-
	-



	2012 [62]
	Parabolic mirror
	🗴
	CPV
	Si
	7×
	-
	🗴
	-
	-



	2012 [131]
	Lens
	✔
	CPV
	MJ
	380×
	-
	-
	36.5
	-



	2013 [132]
	Flyeye mirror
	✔
	CPV
	MJ
	1333×
	±1.3
	🗴
	-
	90



	2014 [133]
	Mirror
	✔
	CPV
	MJ
	500×
	±0.5
	✔
	28.6
	-



	2014 [58]
	Lens array
	✔
	CPV
	MJ
	280×
	±16
	-
	-
	-



	2016 [134]
	Parabolic mirror
	🗴
	CPV/T
	c-Si
	20×
	-
	🗴
	10.2
	-



	2019 [126]
	Spherical lens
	✔
	CPV
	Si
	-
	-
	-
	-
	80



	2020 [119]
	Parabolic dish
	✔
	CPV
	MJ
	1000×
	±30
	
	
	68.3



	2021 [30]
	Parabolic dish
	✔
	CPV
	MJ
	610×
	-
	🗴
	-
	98



	2022 [128]
	Parabolic mirror
	✔
	CPV
	Si
	10×
	-
	-
	-
	-



	2022 [70]
	Spherical mirror
	-
	CPV
	MJ
	707×
	0.79
	-
	-
	73
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Table 6. Different CPV design configurations and optical performance parameters of small concentrators.
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	Year
	POE
	SOE
	Technology
	Cell Type
	Concentration
	Acceptance Angle (°)
	Irradiance Uniformity
	ηe (%)
	ηopt (%)





	1995 [137]
	Microgroove
	🗴
	CPV
	Si
	20×
	-
	-
	21
	-



	2014 [125]
	Micro-lens
	✔
	CPV
	Rectangular
	100×
	±15
	-
	-
	39



	2014 [125]
	Micro-lens
	✔
	CPV
	Tapered
	237×
	±9
	-
	-
	81



	2014 [138]
	Micro-lens
	✔
	CPV
	-
	100×
	±2.5
	-
	-
	84



	2019 [135]
	Micro-lens
	🗴
	CPV
	MJ
	1000×
	1
	🗴
	-
	81



	2019 [136]
	Plano-convex lens
	✔
	CPV
	-
	500×
	±1.76
	-
	-
	-



	2020 [75]
	Cassegrain–Koehler
	✔
	CPV
	MJ
	938×
	±0.30
	✔
	-
	31



	2020 [139]
	Micro-prism
	✔
	CPV
	MJ
	-
	-
	-
	-
	80
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Table 7. Recent research on CPV in various countries.
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	Year
	Company/Institute
	Country
	Type
	Remarks





	2022 [140]
	Optoelectronics Research Centre
	Finland
	CPV 3 MJ
	Average reflectance: 5.5%



	2022 [141]
	Fraunhofer Institute for Solar Energy Systems ISE
	Germany
	CPV 3J
	ηe (%): 35.9



	2021 [142]
	Laboratoire Nanotechnologies Nanosystèmes (LN2)—CNRS
	Canada
	CPV 3J
	ηe (%): 33.8



	2022 [143]
	University of Salerno
	Italy
	CPV 3J
	10W higher power by spherical optics



	2022 [144]
	Sharp
	Japan
	CPV 3
	ηe (%): 37.9



	2023 [145]
	York University
	Canada
	CPV/T
	Cg: 7.695×, peak flux: 30×



	2023 [146]
	National Technical University of Athens
	Greece
	CPV/T
	Enhancement in ηopt (%): 15.44



	2023 [147]
	Silesian University of Technology
	Poland
	CSP
	ηopt (%): 75, power gain: 0.27%



	2023 [148]
	Universitat Politècnica de Catalunya (UPC)
	Spain
	CPV/T
	Increase in heat transfer coefficient: 60%



	2023 [149]
	Mouloud MAMMERI University of Tizi Ouzou
	Algeria
	CPV
	Power gain: 10–13%, ηopt (%) of receiver: 100



	2023 [150]
	MG Sustainable Engineering AB
	Sweden
	CPV/T
	Output power per collector: 1140 W
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