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Abstract: Since there are not standard configurations of the Concentrating Photovoltaic (CPV)
systems, several types of optics are designed and analyzed. In this paper, the optical performances of
a spherical mirror and a commonly used Fresnel lens of the same diameter are compared, highlighting
their impact on the CPV system energy performance. First, the absolute and percentual variation
trends of optical concentration factor and optical efficiency as function of the distance between each
optical system and receiver are analyzed. The concentration levels obtained by means of the spherical
mirror are much higher than the Fresnel lens, with maximum values of optical efficiency equal to
72.8% and 24.1%, respectively. The analysis of the concentration reduction due to a solar-tracking
failure has also allowed the estimation of the acceptance angle, thus observing that the spherical
mirror requires a less accurate solar tracker with respect to the Fresnel lens, especially if a secondary
optics is adopted. As for the energy comparison, the spherical mirror allows increase of the Triple-
Junction (TJ) cell temperature up to about 65 °C higher than the environmental temperature and
to reach an electrical power of about 15 W in correspondence of a concentrated solar radiation of
470 kW /m?. Finally, the deviation between the cumulative electric energy produced by the TJ cell
in the cases of correct and incorrect solar tracking and for the configurations with and without
secondary optics has been also evaluated for both the optics. The equations experimentally obtained
in this paper represent a more accurate tool to describe the physical phenomenon in comparison with
the equations theoretically obtained for similar CPV systems. The results can be used to design a real
CPV system that adopts a Fresnel lens or a spherical mirror. The equations experimentally obtained
in this paper represent a more accurate tool to describe the physical phenomenon in comparison with
the equations theoretically obtained for similar CPV systems. The results can be used to design a real
CPV system that adopts a Fresnel lens or a spherical mirror.

Keywords: Concentrating Photovoltaic System; point-focus configuration; spherical mirror; Fresnel
lens; optical and energy comparison; experimental analysis

1. Introduction

Concentrating Photovoltaic (CPV) systems adopt optical components to concentrate
the direct sunlight decreasing the necessary solar cell area proportionally to the concentra-
tion factor [1]. This parameter indicates how many times the solar radiation [2] incident on
the primary optics is concentrated on the solar cells [3]. CPV systems use Multi-Junction
(M]J) solar cells [4], much more efficient than the silicon cells [5] used in the traditional
photovoltaic modules [6]. However, the CPV technology must overcome the technical
and economic challenges to achieve success in the energy market [7]. New configura-
tions, components and materials are still being created and tested [8] to decrease the CPV
system cost.

The optical systems are a key factor in the reduction of the overall CPV system cost.
In fact, the substitution of the expensive PV materials with more affordable mirrors and/or
lenses is proportional to the concentration levels achieved. Moreover, secondary optics can
improve acceptance angle and optical tolerance of a CPV system, thus allowing the use of
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more cost-effective solar trackers. Finally, optical systems have the greatest impact on the
CPV energy performance [9].

Hence, several typologies of optical systems are being developed and analyzed. There
is a wide improving opportunity for solar concentrator designs and technologies. Several
geometries, working principles, materials can be adopted with different advantages and
disadvantages. It is possible to classify the optical systems in several ways. A first clas-
sification that considers if the sunlight is conveyed on a small or larger area or along a
line, divides the optics in point-focus, dense array and line-focus systems [10]. According
to the concentration methodology, the optics can be reflective or refractive [11]. Another
classification, relevant for the performance analysis, takes into account the achievable con-
centration factor and the optical systems can be divided into concentration low, medium,
high and ultrahigh optical systems [12].

Considering the point-focus optics, most of them are of refractive type and above all
Fresnel lenses. For example, a high concentrator photovoltaic/thermal (HCPV/T) system
based on point-focus Fresnel lens has been studied in [9]. In [13] the electrical performance
of a point-focus CPV system adopting the Fresnel lens is experimentally investigated.
In [14] both electrical and thermal parameters are analyzed to evaluate the potential energy
production of a CPV system which adopts a Fresnel lens as primary optics. The different
methodologies for the optical performance evaluation of a Fresnel lens are discussed in [15].
On the contrary, applications of reflective point-focus optics are minor [16]. Some of them
are constituted by parabolic mirror as primary optics. A more complex design is reported
in [17] where a double reflection Cassegrain CPV [18] with parabolic dish and hyperbolic
mirror is analyzed. However, most of the applications of reflective optics are used in dense
array [19,20] or in line-focus systems [21,22] in different applications [23].

Despite their current less use, the point-focus reflective optics have good potentialities
to overcome the performance limits of the refractive optics, thus leading to more convenient
CPV systems. Hence, in this paper a comparison between a refractive and a reflective
point-focus optics, constituted by a Fresnel lens and a spherical mirror of the same area
respectively, is presented. First, the two optics are compared from an optical point of
view highlighting the levels of concentration achievable and the acceptance angles, also
in the presence of secondary optics. Moreover, the energy performance of a CPV system
equipped with each of such optics are experimentally measured and compared. In the
literature and technical practice there is not a standard configuration of a CPV system.
There are many configurations of this type of systems and then the equations obtained
experimentally in this paper, in prefixed operating conditions, can be used to size and
to study the performance of similar CPV systems and represent a more accurate tool to
describe the physical phenomenon in comparison with the equations theoretically obtained.

2. Experimental Point-Focus CPV System

The point-focus CPV system adopted in the experimental analysis is reported in
Figure 1. It has been realized at the Applied Thermodynamics Laboratory of University
of Salerno and presents two different types of primary optics (refractive and reflective).
The refractive optics is a Fresnel lens made of PMMA [24], with diameter and thickness
respectively equal to 0.3 m and 4-1073 m and focal distance of 0.239 m. The reflective optics
presents a spherical mirror with diameter of 0.3 m and focal distance of 0.215 m. He has
been subjected to an aluminizing treatment to reflect the solar radiation within the TJ cell
operation wavelength range
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Figure 1. Photo of the experimental CPV system: CPV system with Fresnel lens and spherical mirror (a), detail of the

spherical mirror (b).

Both the primary optics focus the solar radiation on a receiver constituted by TJ solar
cell and passive finned cooling system. The TJ cell is constituted by InGaP/GaAs/Ge
(Table 1). The reflection coefficient of the spherical mirror is equal to about 0.90, while
the transmission coefficient of the Fresnel lens is about 0.80. For each TJ cell, a pyramid-
shaped light-guide, characterized by major base and minor base areas respectively equal to
0.016 m x 0.016 m and 0.01 m x 0.01 m and by a height of 0.075 m, is used as secondary
optics. It allows to make uniform the concentrated solar radiation coming from spherical
mirror and Fresnel lens to avoid spherical and chromatic aberration problems respectively,
and to improve the optical efficiency.

Table 1. Parameters of the Triple-Junction cell.

Parameter Value
material InGaP/InGaAs/Ge
size 0.01m x 0.01 m
open circuit voltage (at 25 °C, 50 W/cm?) 294V
short circuit current (at 25 °C, 50 W/cm?) 449 A
, (at 25 °C, 50 W/cm?) 39.0%
temperature coefficient (o) —0.04%/K

A tracking system is adopted in the experimental CPV system to converge the max-
imum DNI on the receiver. The experimental plant presents three degrees of freedom
allowing both the solar tracking and the concentrating factor variation. The first two
allow the solar tracking by means of rotation in the horizontal plane to follow the sun in
the azimuth direction and rotation in the vertical plane to follow the sun in the zenithal
direction. Moreover, it is possible to vary the distance between primary optics, always
placed perpendicularly to the sunrays, and receiver, considering the focal length as further
degree of freedom in the experimental analysis. In particular, the experimental plant allows
movement on a vertical axis the receiver in the case of the reflective optics and the Fresnel
lens in the other case; hence, the incident solar radiation on the TJ cell can be varied varying
the concentration factor.

In the experimental system many sensors have been used (Figure 2). A pyrheliometer
(accuracy 2%) measures the Direct Normal Irradiance (DNI); PT100 thermo-resistances
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(accuracy £ 0.2 °C) measure the cells and outdoor temperatures. A variable electrical load
is linked to each TJ cell and an acquisition data system is used to measure voltage, current,
DNI, and temperatures. The optical concentration factor (Copt) has been experimentally
evaluated as ratio between solar radiation concentrated on the TJ cell (R;) and DNI that
is the incident power flow on the optics. Therefore, Copt depends only on the system
optical performance and is independent of the TJ cell electrical performance. R. has been
measured by a thermal power sensor (accuracy £ 3%) accurately selected. The thermal
sensor presents bimetallic junctions (thermopile). The heat flow determines in the sensor
a voltage proportional to the power absorbed. A calibration of the thermal power sensor
has been realized to make comparable the measurements obtained by two sensors above
mentioned. It is basic that solar radiation concentrated on TJ cell and power sensor are the
same during the measurement of Copt (Figure 2).
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Figure 2. Plant scheme with measurement instruments: TJ cell (a) and thermal power sensor (b).

3. Optical and Energy Performance

The main aim of this paper is to compare two different typologies of primary optics
of the same diameter in a point-focus CPV system: spherical mirror and Fresnel lens.
First, an optical analysis is necessary to know the energy performance that these optics
can guarantee in a point-focus CPV system. In fact, the CPV system energy producibility
depends on the amount of solar radiation concentrated on TJ cells; hence, the optical
performance has a direct impact on the energy ones.

For this purpose, several experimental tests have been opportunely realized. The first
step is focused on the optical performance analysis of the two above mentioned optics. The
trends of optical concentration factor (Copt) and optical efficiency (nopt) are experimentally
studied as function of the distance between optics and receiver to define the optimal
values. Moreover, the precision that each optical system requires for the CPV solar tracker,
expressed in terms of acceptance angle and power losses due to a solar-tracking failure, is
evaluated also in the presence of secondary optics.

The second step is focused on the electrical and thermal performance evaluation that
each optics can guarantee in a point-focus CPV system. The experimental tests have been
carried out at Fisciano (Italy) between January and February 2020; the sampling interval
for the data acquisition has been 15 s.
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3.1. Optical Analysis

The first parameter to consider is the geometrical concentration factor (Cgeo) which
represents the maximum level of concentration theoretically achievable by a given optical
system. It depends only on geometrical characteristics, and it is given by the ratio between
the solar concentrator area (Aconc) perpendicular to the sunrays and the TJ cell area (A.):

Aconc (1)

Cgeo = A

Cgeo is the same for both optics since the two concentrators present the same dimen-
sions. However, because each optical system is characterized by power losses, not all the
solar radiation incident on the optics is correctly conveyed on the TJ cell. Hence, a more
accurate measurement of the concentration effectively obtainable by an optical system is
given by Copt. Copt is defined as the ratio between R. and DNI that represents the power
flow incident on the optical system. A measurement of how effectively the power incident
on the concentrator is conveyed to the receiver is given by 1, equal to:

Copt

@

Topt Caeo

The distance between each optics and the receiver, said focal length, must be oppor-
tunely set to maximize the value of Copt and np¢. This has been made possible by the
structure of the CPV plant which has allowed variation of the distances hy;_c and h; _¢
of spherical mirror and Fresnel lens respectively from the T] cell during the experimental
analysis. Therefore, the trends of Copt as function of hy ¢ and hy_¢ can be analyzed for
both the optical configurations with light-guide and without light-guide.

In the presence of the light-guide, it has been observed that for both the optics Copt
increases with hy _c and hy_c respectively until it reaches its maximum value in corre-
spondence of the proper focal length of each optics (hy—c max and hyi—c max). This increase
can be described by an exponential trend in the case of the Fresnel lens and by a parabolic
trend as for the spherical mirror, respectively given by the following equations:

Copt = AcPL ¢ ()

Copt = Chy—c? + Dhy_c +E (4)

On the contrary, for values of hy _c and hy;_c higher than their respective optimal
values, Copt decreases in a parabolic way described by Equation (4) for the spherical mirror
and by the following equation for the Fresnel lens:

Copt = Chy_c*+Dhy_¢c +E (5)

The coefficients of Equations (3)—(5) have been experimentally determined.

In absence of light-guide, the trends are similar to the previous case, thus being
describable by Equations (3) and (4) respectively, but with different values of the coefficients.
On the contrary, in the range of h; _c and hy;_c higher than their respective optimal values,
the secondary optics absence leads to a more rapid decay of Copt, which become exponential
for both the optics. Such trends can be described by Equation (3) for the Fresnel lens and
for the spherical mirror by the following equation:

Copt = AePhvi-c (6)

The trends of ngp; and Copt are the same because they differ only by a multiplicative
factor according to Equation (2). The percentual decrease of Copt as function of the per-
centual deviation of hy _c and hy;_c respectively from their optimal value has been also
determined. This analysis has been performed both with and without the secondary optics.
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An accurate comparison between different optical systems must also consider the
accuracy evaluation that each optics requires for the CPV solar tracker to avoid significant
power losses. An important parameter used for this aim is the acceptance angle (6),
which represents the angle between sun direction and normal to the optical system of
the concentrator, for which the incident radiation is reduced to 90% in comparison with
its maximum value. Low values of this parameter indicate that a very accurate solar
tracker is essential to not determine a rapid decline of the optical performance. Hence, the
reduction of concentrated power as a function of the misalighment angle (6.,;s) between
sun direction and normal to each concentrator is studied. Moreover, the reduction over
time in concentrated power due to a solar-tracking failure for each optics is evaluated. This
analysis is performed for three different values of hy _c and hy;_c that are the optimal ones
and the two values, respectively higher and lower, for which Copt is halved with respect to
the maximum value.

3.2. Energy Analysis

The optical characteristics, and above all Copt, have a direct impact on the CPV system
energy performance. From a thermal point of view, the increase of the TJ cell temperature
(T¢) under concentration has been evaluated.

The optical analysis described in the previous paragraph has been a necessary step for
the energy performance evaluation. Because the electrical efficiency of a T] cell is affected
by its temperature T, first the T, increase under concentration has been evaluated. The
T values are fundamental to evaluate the possible cogeneration applications of the CPV
systems when an active cooling system is adopted [25]. Hence, the increase of T. compared
to the environmental temperature (Teny) when R. varies has been evaluated for each optical
system. Results have shown that the increase of T. with respect to the environmental
temperature raises logarithmically with Re:

Te — Tenv = - IOg(Rc) +B (7)

where the parameters « and 3 have been experimentally determined for each optics.
The same analysis has been conducted for the TJ cell electrical power (Pg; ). It has
been found that P . increases linearly with R, according to the following equation:

Pel,c = Y'RC +d (8)

where y and 6 have been experimentally determined for each optics.

Finally, the deviation between the cumulative electric energy produced by the TJ cell
in the case of correct and incorrect solar tracking has been also evaluated for each optical
system, both with and without the secondary optics.

4. Results and Discussion
4.1. Optical Comparison

The two optical systems to be compared are both characterized by a diameter of 30 cm
and convey the solar radiation on a 10 x 10 mm? TJ cell. For this they present the same
value of Cgeo equal to 707. Due to several losses, not all the solar radiation incident on the
concentrator reaches the TJ solar cell. The optical concentration factor and optical efficiency
values depend on the distance between primary optics and receiver and on the presence of
a secondary optics.

In Figure 3, the trends of Copt as a function of hy ¢ (a) and hy; ¢ (b) when a secondary
optics is used are reported. It can be observed that in the first range of distance, Copt
increases following an exponential trend in the case of the Fresnel lens and a parabolic
trend as for the spherical mirror. However, the values of Copt reached with the Fresnel lens
are much lower than the spherical mirror with maximum values equal respectively to 171
and 515. After reached its peak, Copt decreases with a parabolic trend in both cases.
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Figure 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 the presence of secondary optics.

The secondary optics absence does not significantly affect the trends of Copt in the
first range of distance. In fact, they remain the same as the previous case, even if the values
reached by Copt are slightly lower, with maximum values equal to 165 and 495 respectively.
On the contrary, for values of distance higher than the proper focal length, the secondary
optics absence leads to a more rapid decay in the optical performance which becomes
exponential both for Fresnel lens and spherical mirror (Figure 4).
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Figure 4. Trends of Cypt as a function of the distance between optics and receiver in the case of Fresnel lens (a) and spherical
mirror (b) in absence of secondary optics.

The coefficients values of the experimental equations describing the trends of Copt
are reported in Tables 2 and 3 respectively for Fresnel lens and spherical mirror with and
without secondary optics.

Table 2. Values of the coefficients of the experimental equations describing the trends of Copt for the Fresnel lens.

Case Secondary Optics A B C D E R?
hr ¢ < hr_Cmax yes 0.4143 0.1787 // // // 0.9794
hr ¢ < hp_Cmax no 0.3301 0.2460 // // // 0.9871
h—¢ > hp—¢max yes // // 0.5626 —57.25 1466 0.9876
hi—¢ > hi—Cmax no 1.735 -10° —0.2690 // // // 0.9694
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Table 3. Values of the coefficients of the experimental equations describing the trends of Copt for the spherical mirror.
Case Condary Optics A B C D E R?
hyv—c < hyv—Cmax yes // // 12.47 —626.5 7917 0.9774
hyv—c < hyv-Cmax no // // 7.902 —253.6 2043 0.9842
hy-c > hv-Cmax yes // // 12.22 —920.7 1.738-10% 0.9704
hyv_c > hyM-Cmax no 5.079-107 —0.4830 // // // 0.9777

From Equation (2) it is clear that n,,; and Copt present the same trends. In Figure 5
the maximum values of 1oy for each optical system, also in the presence of secondary
optics, are reported. It is possible to reach with the spherical mirror values of nop; of about
73% with a secondary optics, while the maximum value with the Fresnel lens is equal to
about 24%.

100%
| B with secondary optics ® without secondary optics
0,
_ 80% 728% 50 0%
=
%}
S 60%
b=
5]
S 40%
~—
O—’-"- 24.1%  23.4%
20%
0%
Fresnel lens Spherical mirror

Figure 5. Maximum values of n,,; with and without secondary optics for Fresnel lens and
spherical mirror.

The trends reported in Figures 3 and 4 have shown that it is necessary to accurately
set the distance between primary optics and receiver to maximize the optical performance.
This aspect is clearer in Figure 6, where the percentual reduction of Copt as function of the
percentual deviation of hy_c and hy_c respectively from their optimal value is shown
both for Fresnel lens (a) and spherical mirror (b). These trends refer to the optical systems
that present secondary optics. They have been plotted for values of hy _c and hy_c both
higher and lower than their respective optimal value. As shown, the decay in the optical
performance is much more marked for the spherical mirror (b), for which a deviation of
hy ¢ of 6.8% and 20% from hy;cmax cause a decrease of Copt of about 50% and 90%
respectively. On the other hand, in the case of the Fresnel lens (a), it is necessary a deviation
of hy ¢ of about 40% to reduce Cqpt of 90%.
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Figure 6. Percentual reduction of Copt as function of the percentual deviation of hy ¢ and hy;_¢ respectively from their

optimal value in the case of Fresnel lens (a) and spherical mirror (b) in the presence of secondary optics.
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It is also interesting to analyze the reduction over time of Copt in the case of solar-
tracking failure. The results of this analysis, performed for Fresnel lens (a) and spherical
mirror (b), are shown in Figures 7 and 8 respectively for the cases with and without the
secondary optics. This analysis has been performed for three different values of h;,_c and
hy—c: the optimal value and the two values, respectively higher and lower, for which Copt
is halved with respect to the maximum value. As shown in Figure 7, the three trends are
similar for the two optical systems, even if in the case of the mirror the time necessary for
the Copt zeroing is slightly longer. It should be noted that for values of the distance lower
than the optimal value, the spot of light incident on the receiver is larger than the other
two cases; so, it is necessary more time for Copt to reach zero.
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Figure 7. Reduction over time of Copt for different values of hy _c and hy;_c respectively in the case of Fresnel lens (a) and

spherical mirror (b) in the presence of secondary optics.

The presence of secondary optics is fundamental to homogenize the solar radiation
incident on the receiver. Hence, its absence (Figure 8) leads to shorter times necessary for
Copt to reach zero. In correspondence of the optimal value of distance, with the Fresnel
lens this time is equal to 870 s with the secondary optics and to only 750 s in absence of a
secondary optics. The same times are equal respectively to 1040 s and 600 s for the spherical
mirror. Hence, the influence of the secondary optics is more evident for the spherical mirror
since it leads to a much less rapid decay in concentration over time.

To make these trends more comparable, it should be useful to analyze the percentual
reduction over time of Copt for the different values of h; ¢ and hy; ¢ previously analyzed.
This analysis, for Fresnel lens (a) and spherical mirror (b), is shown in Figures 9 and 10 for
the cases with and without secondary optics respectively.
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Figure 8. Reduction over time of Copt for different values of hy, ¢ and hyy_c respectively in the case of Fresnel lens (a) and

spherical mirror (b) in absence of secondary optics.
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Figure 9. Percentual reduction over time of Copt for different values of hy_c and hyj_c respectively in the case of Fresnel
lens (a) and spherical mirror (b) in the presence of secondary optics.
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Figure 10. Percentual reduction over time of Copt for different values of hy _c and hy;_c respectively in the case of Fresnel

lens (a) and spherical mirror (b) in absence of secondary optics.

An important parameter for the evaluation of the accuracy that each optics requires
for the CPV solar tracker to avoid significant power losses is the acceptance angle (6). The
acceptance angle can be found studying the percentual reduction of Cypt as function of the
misalignment angle (6;5) between the sun direction and the normal to each concentrator.
The results of such analysis are shown in Figure 11 in the cases with (a) and without (b)
secondary optics. From the trends shown it is easy to determine the acceptance angle which,
with the secondary optics, is equal to 0.37° for the Fresnel lens and to 0.79° for the spherical
mirror. These values decrease to 0.27° and 0.75° respectively in absence of secondary
optics. In both the cases (a) and (b), the spherical mirror presents higher values of the
acceptance angle; this means that it requires a lower accurate solar tracker with respect to
the Fresnel lens. Moreover, it can be noted that for both the optics, in correspondence of
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a misalignment angle of about 3.4° in the case (a) and about 3.0° in the case (b), the solar
radiation concentrated on the receiver would be reduced of more than 90%.

100%

80%

A%C,y,

0%

150 200 250 300 3.50 0,00 050 1,00 1,5002,00 2,50 3,00 3,50
Ois (°) Onis (°)

(a) (b)

Figure 11. Percentual reduction of Copt as a function of the misalignment angle (0py;s) for Fresnel lens and spherical mirror

in the cases with (a) and without (b) secondary optics.

The comparative optical analysis between Fresnel lens and spherical mirror has been
performed to evidence the different values of Cypt achievable and the concentration levels
reduction in the case of a solar-tracking failure, also in absence of a secondary optics.
Moreover, the acceptance angle of each optical system has been determined to estimate the
accuracy that each optics requires for the CPV solar tracker to avoid high power losses.

4.2. Energy Comparison

In this section, the two optical systems analyzed are compared from an energy point of
view. As for the thermal aspects, the T] cell temperature (T.) increase under concentration
has been evaluated. In Figure 12, the increase of T, compared to the environmental
temperature (Teny), when the concentrated radiation (R.) incident on the TJ cell varies, is
shown in correspondence of the two optical systems analyzed. It can be observed that
this increase is logarithmical for both the optical systems. Up to a value of R, of about
160 kW /m?2, which is the maximum achievable by means of the Fresnel lens, the two trends
are very similar and T, can reach a value of about 40.0 °C higher than Teny. The spherical
mirror allows the reaching of higher values of concentration, and then T, values up to
65.0 °C higher than Teny for a R¢ equal to about 470 kW / m?.

70
60 Fresnel lens e o L
® Spherical... .
o0 ® .. o v = 19.046ln(x) - 53.943
9—;40 ------- L R =0.9606
2 .
F 30 e
=20 ..-"0 y = 14.753In(x) - 35.049
R*=09716
10 &
0
0 100 200 300 400 500
Rc (KW/m?)

Figure 12. Increase of the TJ cell temperature as a function of the concentrated solar radiation (R.)
for the two optics.

These relationships are useful to evaluate the electrical and thermal performance of
a CPV system. In fact, T highly affects the TJ cell electrical efficiency and then the CPV
system electrical producibility [26]. Moreover, if an active cooling system is adopted, it is
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possible to also evaluate the cogeneration opportunities of these systems (CPV /T system)
that are strictly dependent on the temperature of the recovered thermal energy.

From an electrical point of view, the increase of the T] cell electrical power (P .) with
R¢ has been analyzed for both the optics. As shown in Figure 13, P, . increases almost
linearly with R.. In the range of R. common to the two optics, the trends of P, are
almost coincident, with a maximum value of P . for the Fresnel lens equal to 5.1 W in
correspondence of a concentrated radiation of about 160 kW/m?. On the contrary, the
spherical mirror allows the reaching of a concentrated solar radiation of about 470 kW / m?2
on the TJ cell, with a maximum electrical power of about 15 W. It can be noted that these
data refer to thermal regime conditions, so the registered value of P . keeps into account
the decrease of the electrical efficiency due to the temperature. The coefficients values of
the experimental equations describing the trends of T. and Py . are reported in Table 4 for
Fresnel lens and spherical mirror.

15.0
12.5 ® Spherical ,
' mirror e
[ I
10.0
§ < |y=0.0326x - 0.1528
=73 y=00324x+0.0111] . R? = 0.9891
< R>=0.9755 e
5.0 pe
Y
2.5 &
3 e
L 2
0.0
0 100 200 300 400 500
Rc (KW/m?)

Figure 13. Increase of the T] cell electrical power as a function of the concentrated solar radiation (Rc)
for the two optics.

Table 4. Values of the coefficients of the experimental equations describing the trends of Tc and Py . for the two optics.

Equation o B 2% 8 R?
(7) Fresnel L. 14.75 —35.05 // // 0.9716
(7) Spherical M. 19.05 —53.94 // // 0.9606
(8) Fresnel L. // // 0.0324 0.0326 0.9755
(8) Spherical M. // // 0.0111 —0.1528 0.9891

Finally, the deviation between the cumulative electric energy produced by the TJ cell
in the case of correct and incorrect solar tracking has been also evaluated in correspondence
of each optical system. The results are shown in Figure 14, where the cumulative electric
energy produced by the TJ cell in a time range of 1200 s, in correspondence of correct and
incorrect solar tracking for both the optics and the configurations with (a) and without (b)
secondary optics, is shown. In this analysis, the distance between each optical system and
the TJ cell has been set to its optimal value with a DNI value equal to about 900 W/m?. As
shown in Figure 14, there is a high discrepancy between the T] cell electrical producibility
in the two cases of correct and incorrect solar tracking, especially in absence of a secondary
optics. As for the Fresnel lens, a solar-tracking failure leads to a decrease of the electrical
producibility of 65.1% if a secondary optics is adopted (a) and of 75.4% in the opposite case
(b). For the spherical mirror, the reduction is lower and equal to 58.6% in the case (a) and
to 68.7% in the case (b).
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Figure 14. Cumulative electrical energy produced in the cases of correct and incorrect solar tracking
for the two optics in the cases with (a) and without (b) secondary optics.
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5. Conclusions

The main aim of this paper has been to compare, from an optical and energy point of
view, a spherical mirror and a commonly used Fresnel lens of the same diameter adopted
as point-focus primary optics in a CPV system. From an optical point of view, the absolute
and percentual variation trends of Copt and 1 as a function of the distance between each
optical system and the receiver have been experimentally analyzed. Even if with different
trends, Cypt increases with the primary optics-receiver distance and, after reached its peak
equal to 515 and 171 for the spherical mirror and the Fresnel lens respectively, decreases
in parabolic way when a secondary optics is adopted and in an exponential way in the
opposite case. The trend of 1, are the same of Copt, with maximum values of 73% and
24% for mirror and lens respectively. As for the spherical mirror, a deviation from the
optimal distance of 20% can cause a reduction of Copt of 90%. The absolute and percentual
reduction over time of Copt in the case of a solar-tracking failure has been also analyzed for
different values of the primary optics-receiver distance. In the case of the mirror the time
necessary for the Copt zeroing is slightly longer, especially in the presence of a secondary
optics. The spherical mirror also presents the advantage of a higher acceptance angle (0)
with respect to the lens, equal to 0.79° and 0.37° respectively, in the presence of a secondary
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optics and to 0.27° and 0.75° respectively without it. Hence, it requires a lower accurate
solar tracker with respect to the Fresnel lens. The energy comparison has been made
from an electrical a thermal point of view, by analyzing the trends of TJ cell temperature
and electrical power, logarithm, and linear respectively, as function of the concentrated
radiation incident on it. The different values of R. achievable with each optical system,
of about 470 kW/m? and 160 kW /m? with the mirror and the lens respectively, allow the
reaching of values of P . of 15 W and 5.1 W and to increase T¢ up to 65.0 °C and 40.0 °C
higher than Tepy, respectively. Finally, the deviation between the cumulative electric energy
produced by the TJ cell in the case of correct and incorrect solar tracking has been also
evaluated for both the optics in correspondence of the optimal distance between each
optical system and TJ cell. Results have shown a high discrepancy between the TJ cell
electrical producibility in the two cases of correct and incorrect solar tracking, especially
in absence of secondary optics. As for the Fresnel lens, a solar-tracking failure leads to an
electrical producibility decrease of 65.1%, if a secondary optics is used, and 75.4% in the
opposite case. For the spherical optics, the reduction is slightly lower and equal to 58.6%
and 68.7% respectively. The results can be used to design a point-focus CPV system which
uses a spherical mirror or a Fresnel lens in similar operation conditions.
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Abbreviation:
area (m?2)
Cgeo geometrical concentration factor
Copt optical concentration factor
CPV Concentrating Photovoltaic system
CPV/T Concentrating Photovoltaic and Thermal system
DNI Direct Normal Irradiance (W /m?)
hi ¢ Fresnel lens-TJ cell distance (m)
hyvie spherical mirror—TJ cell distance (m)
P electric power (W)
Rc concentrated solar radiation (kW /m?)
T temperature (°C)
TJ Triple-Junction cell
n efficiency
0 angle (°)
Subscripts
C cell
conc concentrator
el electric
env environmental
mis misalignment
opt optical
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