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The optical system is the component that more affects the performances of a 

Concentrating Photovoltaic (CPV) system. In this paper, a commonly used 

Fresnel lens and a less adopted spherical optics of the same diameter, are 

experimentally compared in a point-focus CPV system from an optical and an 

energy point of view. The spherical optics allows to reach the optical 

concentration factor and optical efficiency values equal respectively to 515 and 

73%. These values are about three times higher with respect to the Fresnel lens, 

thus reducing the area of a CPV system with the same power output. Moreover, 

the spherical optics requires a lower accurate solar tracker with respect to the 

Fresnel lens, being the acceptance angle values equal respectively to 0.79° and 

0.37°. The power and energy losses due to a solar tracking failure are also 

evaluated for both the optics. The concentration reached by the spherical optics 

allows also to increase the TJ cell temperature up to 65°C higher than the 

environmental temperature, and to obtain a cell electrical power equal about to 

15 W. As for the Fresnel lens these values are much lower and equal respectively 

to about 40°C and 5 W. Moreover, the spherical mirror allows the electrical 

energy production for a longer time in case of a solar tracking failure. 
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 1. INTRODUCTION 

The sun delivers to the Earth much more energy than 

humanity consumes [1]. However, an efficient and 

economic use of the solar energy is still a challenge [2]. 

The Concentrating Photovoltaic (CPV) systems allow to 

increase the solar energy use [3]. In a CPV system the 

solar radiation direct component [4] is concentrated by 

means of optical devices on highly efficient Multi-

Junction (MJ) cells [5]. Hence, the use of expensive 

photovoltaic (PV) materials is proportionally reduced 

with the concentration factor and replaced with more 

convenient mirrors or lenses, thus reducing the overall 

cost of the system. Moreover, CPV systems are more 

environmentally friendly than traditional PV systems 

since they use less semiconductor components 

constituted by mined and rare metals [6]. However, CPV 

systems are still in a stage of development where new 

configurations, components and materials are tested to 

decrease the cost of energy obtainable [6]. More 

efficient optics and less expensive tracking and cooling 

systems need to be designed. In particular, the optical 

system has the greatest impact on the CPV system 

energy and economic performances [7]. In fact, a well-

designed optical system can significatively improve the 
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achievable concentration factor, thus reducing the 

necessary semiconductor components and then the costs 

with the same power output. Moreover, the secondary 

optics can improve the acceptance angle and optical 

tolerance of a CPV system, thus allowing the use of 

cheaper solar trackers. Several types of optical systems 

have been developed and differ according to geometry, 

levels of concentration, etc.; each optics presents 

advantages and disadvantages. According to their 

principle of operation, the optical systems can be 

refractive and reflective [8]. Another classification is 

related to the achievable level of concentration: low 

(<10 suns), medium (10–100 suns), high (100–2000 

suns) and ultrahigh (2000-42000 suns) [9]. Depending 

on the sunlight is conveyed on a small or larger area or 

along a line, the optical systems can be classified in 

point-focus, dense array and line-focus [10]. As for the 

point-focus optical systems, most applications use 

refractive optics and above all the Fresnel lens [3]. An 

interesting analysis of the experimental methods used to 

evaluate the optical performances of a Fresnel lens, is 

reported in [11]. In [12] a Fresnel lens focuses the 

sunlight on a plano-concave lens that works as 

secondary optics to uniform the concentrated solar 

radiation on the surface of a Multi-Junction (MJ) solar 

cell. Electrical and thermal parameters are analyzed in 

[13] to evaluate the potential energy production of a 

CPV system which uses a Fresnel lens as primary optics. 

On the contrary, point-focus reflective optics are not 

much diffused. An interesting configuration, made up of 

a double reflection Cassegrain CPV system [14] with 

parabolic dish and hyperbolic mirror, is studied in [15]. 
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A point-focus CPV system that adopts a parabolic 

mirror as primary optics, has been analyzed in [16]. 

However, reflective optics are above all used in dense-

array [17]-[18] or line-focus [19]-[20] configurations. 

Although the reflective point-focus optics are not very 

diffused [21], they present a good potentiality to 

increase the performances of a CPV system [22]. Hence, 

the novelty of this paper is to compare two different 

typologies of point-focus optics [23] with the same 

diameter: a less used spherical mirror and a commonly 

adopted Fresnel lens. From a study commissioned by the 

authors it has been evidenced that, considering the small 

size of TJ solar cell, a spherical mirror is to be preferred 

to a parabolic one from a technical-economic point of 

view. In fact, even if it requires a secondary optics to 

overcome the spherical aberration, the total cost of such 

optical system is about 60% lower with respect to a 

parabolic mirror of the same dimensions because it is 

easier to produce. After the analysis of the optical 

performances of Fresnel lens and mirror, the energy 

performances that these systems would guarantee in a 

point-focus CPV system [24], are investigated and 

compared in this paper. 

 

 

 

Fig. 1. Photo of the experimental CPV system. 

 

 

Table 1. Parameters of the Triple-Junction cell. 

parameter value 

material InGaP/InGaAs/Ge 

dimensions 10.0 mm x 10.0 mm 

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

Temperature coefficient (σt) -0.04%/K 

𝑉𝑜𝑐  (at 25°C, 50 W/cm2 – 1000 suns) 2.94 V 

𝐼𝑠𝑐  (at 25°C, 50 W/cm2 – 1000 suns) 4.49 A 

 
2. EXPERIMENTAL POINT-FOCUS CPV 

SYSTEM 

The experimental CPV plant (Figure 1) has been 

realized at the Applied Thermodynamics Laboratory of 

University of Salerno (Italy). It is a point-focus CPV 

system that presents primary optics both reflective and 

refractive. The refractive optics is a Fresnel lens in 

PMMA, with thickness and diameter equal respectively 

to 0.4 cm and 30 cm. The reflective optics consists of a 

spherical mirror of diameter 30 cm. It has been 

subjected to a protected aluminizing treatment to reflect 

the solar radiation within the Triple-Junction (TJ) cell 

operating wavelength range. Both the primary optics 

http://www.rericjournal.ait.ac.th/
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convey the solar radiation on a receiver consisting of a 

TJ solar cell and a passive cooling system. The TJ cell, 

constituted by InGaP/GaAs/Ge, is the same for each 

receiver and presents an area equal to 10.0×10.0 mm2 

(Table 1). A pyramid-shaped light-guide, with areas 

respectively equal to 16.0×16.0 mm2 and 10.0×10.0 

mm2 and height of 75 mm, is adopted as secondary 

optics for each TJ cell. It allows to uniform the 

concentrated solar radiation coming from spherical 

mirror and Fresnel lens to avoid problems respectively 

of spherical aberration and chromatic aberration, and to 

improve the optical efficiency. A tracking system is used 

in the experimental CPV system to converge the 

maximum Direct Normal Irradiance (DNI) on the 

receiver.  

 The experimental plant presents three freedom 

degrees allowing both the solar tracking and the 

concentration factor variation. The first two allow the 

solar tracking in the horizontal plane to follow the sun in 

the azimuth direction and in the vertical plane to follow 

the sun in the zenithal direction. Moreover, it is possible 

to vary the distance between primary optics, placed 

perpendicularly to the sunrays, and receiver; so, the 

focal length is considered as further freedom degree in 

the experimental tests. The experimental plant allows to 

move on a vertical axis the receiver in the case of 

reflective optics and the Fresnel lens in the refractive 

case. Hence, the solar radiation incident on the TJ cell 

can be varied modifying the optical concentration factor. 

The experimental plant presents PT100 thermo-

resistances (accuracy of ±0.2°C) used to measure the TJ 

cells and outdoor temperatures and a pyrheliometer 

(accuracy of 2%) to measure the DNI (Figure 2).  

 

 

Fig. 2. Plant scheme with the measurement instruments of the energy performances (a) and of the optical performances 

(b). 

 

 A variable electrical load is linked to each TJ cell 

and an acquisition data system is used for the 

experimental measurements of voltage, current, DNI and 

temperatures. The optical concentration factor has been 

experimentally calculated as ratio between solar 

radiation concentrated on the TJ cell and DNI that 

represents the incident power flow on the optical system. 

So, the optical concentration factor depends only on the 

system optical performances and is independent from 

the TJ cell electrical performance. The solar radiation 

concentrated has been measured by means of a thermal 

power sensor (accuracy of ±3%) that presents a series of 

bimetallic junctions (thermopile), and the thermal flow 

through the sensor determines a voltage proportional to 

the power absorbed when it flows into the thermopile. A 

calibration of the thermal power sensor has been 

realized to compare the measurements coming from the 

two sensors. It is necessary that the solar radiation 

concentrated on TJ cell and power sensor, are the same 

(Figure 2) during the measurement of the optical 

concentration factor.  

 

3. OPTICAL AND ENERGY PERFORMANCES 

The main aim of this paper is to compare two different 

typologies of primary optics with the same diameter, 

spherical mirror and Fresnel lens, adopting the 

experimental point-focus CPV system above presented. 

The energy producibility of a CPV system depends on 

the amount of solar radiation concentrated on the TJ 

cells; so, the optical performances have a direct impact 

on the energy ones [25]. Hence, first an accurate 

analysis of the optical performances of each system is 

performed and, successively, the energy performances, 

that both optical systems have to guarantee in a point-

focus CPV system, are experimentally compared.  

First, the maximum optical performances obtained 

by two optical systems have been measured and 

compared. Successively, the precision required to the 

solar tracking system in terms of acceptance angle and 

losses due to a solar tracking failure, has been 

experimentally evaluated for both the optical systems 

also considering the influence of a secondary optics. 

Finally, the electrical and thermal performances that 

each optical system allows to obtain in a point-focus 

http://www.rericjournal.ait.ac.th/
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CPV system, have been evaluated. The experimental 

measurements have been carried out in January and 

February 2020 at Fisciano (Italy) considering a sampling 

interval of 15 s during the data acquisition. 

3.1 Optical Performances Comparison 

The main parameter that characterizes an optical system 

is its optical concentration factor (Copt), defined as ratio 

between the solar radiation concentrated on the TJ cell 

(Rc) and the DNI that represents the power flow incident 

on the optical system. The upper limit of Copt is the 

geometrical concentration ratio (Cgeo), defined as ratio 

between the solar concentrator area ( Aconc ) 

perpendicular to the sunrays and the TJ cell area (Ac). 

Because the two optical systems considered present the 

same dimensions, Cgeo is the same for both. The optical 

efficiency ( ηopt ), that considers the actual power 

incident on the concentrator that reaches the receiver, is 

equal to: 

ηopt =
Copt

Cgeo
 (1) 

 In order to obtain the maximum value of Copt and 

ηopt, the distance between each optics and the receiver, 

and then the focal length, has been opportunely set 

during the experimental analysis. Hence, the trend of 

Copt  as function of hM−C  (distance between spherical 

mirror and TJ cell) and hL−C (distance between Fresnel 

lens and TJ cell) has been analyzed for both optics with 

light-guide. 

 In presence of the light-guide, it has been noted 

that for both optics Copt increases respectively with hL−C 

and hM−C  until it reaches its maximum value 

corresponding to the proper focal length of each optics 

(hL−C,max and hM−C,max). This increase can be described 

for the Fresnel lens by an exponential trend and for the 

spherical mirror by a parabolic trend, respectively given 

by the Equations 2 and 3: 

Copt = AeBhL−C (2) 

 

Copt = ChM−C
2 + DhM−C + E (3) 

 On the contrary, for values of hL−C  and hM−C 

higher than their respective optimal values, Copt 

decreases in a parabolic way that can be described by 

the Equation 3 for the spherical mirror and by the 

following equation for the Fresnel lens: 

Copt = ChL−C
2 + DhL−C + E (4) 

 The coefficients of the Equations 2, 3 and 4 have 

been experimentally determined. Without light-guide, 

the growing trends would be similar to the previous case 

(Equations 2 and 3) but with different coefficients 

values. On the contrary, in the range of hL−C and hM−C 

higher than their respective optimal values, the 

secondary optics absence leads to a faster decay of 

Coptthat results exponential for both optics. The trends 

of ηopt and Copt are the same because differ only by a 

multiplicative factor. 

 An accurate comparison between different optical 

systems cannot be based only on the Copt value, but a 

more detailed analysis is necessary. An important 

parameter is the accuracy that each optics requires to the 

solar tracker to avoid high power losses. For this 

purpose, an important parameter is the acceptance angle 

(θ) that represents the angle between sun direction and 

normal to the optical system, for which the incident 

radiation is reduced to 90% in comparison with its 

maximum value. In fact, the optical systems with low 

values of θ require very accurate tracking systems to 

avoid a fast reduction of the optical performances. 

Hence, the concentrated power reduction in terms of the 

misalignment angle (θmis ) between sun direction and 

normal to each concentrator, has been experimentally 

analyzed. Moreover, the concentrated power decrease 

due to a solar tracking failure has been evaluated for 

both optics. 

3.2 Energy Performances Comparison 

The optical characteristics, and above all Copt , affect 

directly the CPV system energy performances. In 

particular, the TJ cell temperature (Tc) increase when it 

is submitted to solar concentration, has been evaluated. 

The Tc evaluation is fundamental because it affects the 

TJ cell electrical efficiency and then the CPV system 

electrical producibility. Moreover, it affects the quality 

of the recovered thermal energy when an active cooling 

system is used in the CPV/T systems. 

Once fixed the maximum value of Copt  for each 

optics, the Tc  increase compared to the environmental 

temperature (Tenv) when the DNI varies, has been 

evaluated; hence, the Tc increase has been determined 

when the TJ cell is submitted to solar concentration and 

Tenv varies. The experimental results have shown that the 

Tc  increase with respect to Tenv raises logarithmically 

with DNI: 

Tc − Tenv = F ∙ log(Rc) + G (5) 

where the parameters F and G have been experimentally 

determined for each optics.  

A similar analysis has been realized for the TJ cell 

electrical power ( Pel,c ). It has been experimentally 

evidenced that Pel,c  increases linearly with DNI 

according to the following equation: 

Pel,c = α ∙ Rc + β (6) 

where α and β have been experimentally determined for 

each optics. 

 Finally, the total electric energy produced by the TJ 

cell has been also evaluated for each optical system in 

cases of correct and incorrect solar tracking. 

4. RESULTS AND DISCUSSION 

The energy and optical performances of a CPV system 

are strictly connected to each other and depend on the 

optical system chosen. Hence, the experimental results 

obtained for the two different optics analyzed in this 

paper, are compared and discussed in the following 

sections. 

http://www.rericjournal.ait.ac.th/
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4.1 Results of the Optical Comparison 

The main parameter that characterizes an optical system 

is Copt. The trends of Copt experimentally measured for 

Fresnel lens and spherical optics are reported in Figure 3 

in terms of the distance between receiver and 

concentrator. It can be observed that the maximum 

values of Copt are respectively equal to 171 and 515 for 

Fresnel lens and spherical mirror. So, corresponding to 

the same size, the Fresnel lens is characterized by 

greater power losses resulting in a Copt which is about 

67% lower than the spherical optics.  

 

 
(a) 

 

 
(b) 

Fig. 3. Trends of Copt as function of the distance between optics and receiver in the case of Fresnel lens (a) and spherical 

mirror (b) in presence of secondary optics. 

 

 

Table 2. Coefficients values of the experimental equations describing the trends of Copt. 

Case A B C D E R² 

(a): ℎ𝐿−𝐶 < ℎ𝐿−𝐶,𝑚𝑎𝑥 0.41 0.18 - - - 0.9794 

(a): ℎ𝐿−𝐶 > ℎ𝐿−𝐶,𝑚𝑎𝑥 - - 0.562 -57.3 1466 0.988 

(b): ℎ𝑀−𝐶 < ℎ𝑀−𝐶,𝑚𝑎𝑥 - - 12.5 -627 7917 0.977 

(b): ℎ𝑀−𝐶 > ℎ𝑀−𝐶,𝑚𝑎𝑥 - - 12.2 -921 1.738∙ 104 0.970 

 

The coefficients values of the experimental 

equations describing the trend of Copt  are reported in 

Table 2 for the Fresnel lens (a) and the spherical mirror 

(b). In particular, hL−C,max  is equal to 33.5 cm in the 

case (a) and to 25.5 cm in the case (b) for the Fresnel 
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lens; referring to the spherical mirror, hM−C,max is equal 

to 31.4 cm in the case (a) and to 23.9 cm in the case (b). 

Considering that both optics have the same diameter 

equal to 30 cm and convey the solar radiation on a TJ 

cell of 10x10 mm2, they present the same Cgeo equal to 

707. Hence, the comparison between the Cgeo and Copt 

values of each optical system is reported in Figure 4. 

Moreover, in Figure 5 it can be noted that the optical 

efficiency of the spherical mirror, equal to 73%, is 

significantly higher than ηopt of the Fresnel lens equal to 

24%. This is due to the high difference between the 

values of the optical concentration factors. 

 

 

Fig. 4. Comparison between the optical and geometrical concentration factor for the two optics. 

 

 

Fig. 5. Comparison between the optical efficiencies of the two optics. 

 

 

Fig. 6. Reduction of the normalized concentrated power as function of the misalignment angle for both the optics. 

 

 In order to evaluate the accuracy that each optical 

system requires to the solar tracker, the acceptance angle 

(θ) has been determined. For this purpose, the measured 

values of concentrated power normalized with respect to 

the maximum value, are reported for both optics in 
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Figure 6 in terms of the misalignment angle (θmis). In 

Figure 6, the acceptance angle can be determined as the 

value of the misalignment angle (θmis) for which the 

concentrated power reaches the 90% of its initial value. 

Hence, as shown in Figure 6, the spherical optics is 

characterized by a higher value of the acceptance angle, 

equal to 0.79°, while for the Fresnel lens it is equal to 

only 0.37°. This means that a spherical optics requires a 

lower accurate solar tracker with respect to the Fresnel 

lens. Moreover, in Figure 6 it can be also noted for both 

optics that, for a misalignment angle of about 3.40°, the 

solar radiation concentrated on the receiver is near to 

zero. 

It is also interesting to evaluate the reduction over 

time of Copt when there is a solar tracking failure; the 

results of this analysis are shown in Figure 7 for both 

optics. The concentration level decrease is almost linear 

for both the optics. It can be noted that the optical 

concentration factor is halved after about 435 s and 510 

s, and it is near to zero after about 885 s and 1040 s for 

the Fresnel lens and the spherical optics respectively. 

 

 

Fig. 7. Reduction over time of the optical concentration factor due to a solar tracking failure for both the optics. 

 

 

Fig. 8. Percentual reduction over time of the optical concentration factor for the two optics 

 

The two trends reported refer to different initial 

values of Copt . Hence, in order to make them 

comparable, it would be more interesting to analyze the 

percentual reduction over time of the optical 

concentration factor. As shown in Figure 8, the two 

trends are similar but the percentual reduction of Copt is 

more marked in the case of the Fresnel lens. In fact, as 

seen also in Figure 6, a misalignment between sun 

direction and normal to the optical system determines 

greater power losses in the case of the Fresnel lens. 

4.2 Results of the Energy Comparison 

First, from the thermal energy point of view, the TJ cell 

temperature increase under concentration has been 
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correspondence of the maximum value of Copt of each 

optics, is shown. It can be noted that the increase of Tc 
with respect to Tenv increases logarithmically with DNI 

for both cases. The higher level of concentration 

obtained by the spherical optics allows to reach higher 

values of Tc, up to about 65°C higher than Tenv  for a 

DNI equal to about 900 W/m2. As for the Fresnel lens 

the maximum increase of Tc is about 40°C higher than 

Tenv. The equations experimentally determined allow to 

evaluate the temperatures that can be reached by the TJ 

cell in correspondence of the two optical systems 

analyzed in each locality, once known the values of DNI 

and Tenv. Hence, if an active cooling system [26] is used 

it is possible to recover thermal energy whose quality is 

strictly dependent on the TJ cells temperature. 

Moreover, Tc highly affects the TJ cell electrical 

efficiency, and then its evaluation is necessary to 

evaluate the CPV system electrical producibility.  

 

 

Fig. 9. Increase of the TJ cell temperature as function of DNI for the two optics. 

 

 

Fig. 10. Increase of the TJ cell electrical power as function of DNI for the two optics 

 

 
Table 3. Coefficients values of the experimental equations describing the trends of Tc and Pel,c. 

Equation 𝐹 𝐺 𝛼 𝛽 R² 
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(5) Spherical Mirror 19.03 -66.52 - - 0.961 

(6) Fresnel Lens - - 0.0055 0.0111 0.976 

(6) Spherical Mirror - - 0.0168 -0.1528 0.989 
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the spherical mirror and the Fresnel lens respectively in 

correspondence of DNI equal to 900 W/m2. 

It can be noted that these data refer to thermal 

regime conditions, so the registered value of Pel,c takes 

into account the electrical efficiency reduction due to the 

cell temperature. The coefficients values of the 

experimental equations related to the trends of Tc and 

Pel,c, are reported in Table 3 for the Fresnel lens and the 

spherical mirror. 

Moreover, in order to underline the influence that 

the optical performances have on the electrical 

producibility, it should be useful to analyze the trend of 

the cumulative electric energy produced by the TJ cell in 

a time interval of 1200 s in correspondence of correct 

and incorrect solar tracking for both optics (Figure 11). 

These trends refer to a DNI of about 900 W/m2 and Copt 

equal to its maximum value for each optics. It can be 

noted that the decay of Copt  (Figure 7) due to a solar 

tracking failure, leads to a high decrease of the TJ cell 

electrical producibility. After about 990 s in the case of 

the spherical optics and 780 s in the case of the Fresnel 

lens, the TJ cell does not produce more electrical energy. 

After the interval time of 1200 s, there is a decrease of 

the cumulative electrical energy equal to about 59% and 

65% respectively for mirror and lens.  

Finally, considering the maximum values of the TJ 

cell electrical power shown in Figure 10, it is possible to 

calculate, as first approximation, the number of optics 

(Nopt) and the relative necessary area (Aopt) for a CPV 

plant with a peak electrical power of 3.5 kW that could 

match the electrical requirements of a residential user 

(Figure 12). It can be noted that, despite the optics have 

the same dimensions, a higher optical efficiency allows 

to reduce the number of optical systems necessary and 

then their area at the same electrical output.  

 

 

Fig. 11. Cumulative electrical energy produced in the cases of a correct solar tracking and of a failed solar tracking for the 

two optics. 

 

 

Fig. 12. Number of optics and the relative necessary area of a CPV system adopted for a residential user. 
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5. CONCLUSION 

The main novelty of this paper has been to compare, 

from an optical and an energy point of view, two 

different types of primary optics with the same diameter, 

adopted in a point-focus CPV system: the less used 

spherical optics and the more used Fresnel lens. 

 As for the optical comparison, the results have 

shown that the spherical mirror allows to obtain values 

of Copt  and ηopt  equal respectively to 515 and 73%. 

These values are about three times higher with respect to 

the Fresnel lens. Moreover, a spherical mirror requires a 

less accurate solar tracker with respect to the Fresnel 

lens, with values of the acceptance angle equal 

respectively to 0.79° and 0.37°. The absolute and 

percentual reduction over time of Copt in case of a solar 

tracking failure, has been also investigated for both 

optics. Despite similar trends, in the case of the Fresnel 

lens Copt is near to zero about 155 s before than the 

spherical mirror. 

 As for the energy comparison, the higher levels of 

concentration achievable by the spherical mirror allow 

to increase Tc up to about 65°C higher than Tenv for a 

DNI equal to about 900 W/m2. This increase is lower for 

the Fresnel lens and equal to about 40°C. In both cases 

the increase of Tc with DNI follows a parabolic trend. 

Referring to the electrical aspects, the increase of Pel,c 

with DNI is approximately linear, with a maximum 

value of about 15 W and 5 W for spherical mirror and 

Fresnel lens respectively. The trends of the cumulative 

electric energy produced by the TJ cell with both the 

optical systems, have been evaluated also in case of a 

solar tracking failure, with a production decrease of 

58.9% and 65.1%, respectively for the spherical mirror 

and the Fresnel lens. Finally, because of its higher 

optical efficiency, the use of spherical optics allows to 

reduce the number of optical systems and the relative 

necessary area with respect to the Fresnel lens in 

correspondence with the same electrical output. 

NOMENCLATURE 

A area (m2) 

Cgeo geometrical concentration factor 

Copt optical concentration factor 

CPV Concentrating Photovoltaic system 

CPV/T Concentrating Photovoltaic and Thermal 

system 

DNI Direct Normal Irradiance (W/m2) 

hM-C spherical mirror-TJ cell distance (m) 

hL-C Fresnel lens-TJ cell distance (m) 

Isc short circuit current (A) 

N number 

P electric power (W) 

Rc concentrated solar radiation (kW/m2) 

T temperature (°C) 

TJ Triple-Junction 

Voc open circuit voltage (V) 

η efficiency 

Θ angle (°) 

Subscripts  

c cell 

conc concentrator 

el electrical 

env environmental 

opt optical, optics 

mis misalignment 
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