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Abstract: The demand for more sustainable and low-carbon energy sources and a greater efficiency of energy conversion
processes has been increasing due to the depletion of fossil fuels, the increase in energy consumption, the need to reduce
environmental pollution, and curb climate change. Solar energy is an alternative source with potential for growth. Due
to its low density, means of concentrating energy are used to achieve higher temperatures, which expands the application
fields of solar energy. In this paper, a 2 m? Scheffler concentrator at the equinox was studied, whose geometry corresponds
to the side section of a paraboloid bounded by an elliptical frame. Scheffler concentrators are equipped with two tracking
axes (daily and seasonal) and a flexible surface, which allow focus to remain in a fixed region as the solar declination and
azimuth vary. The seasonal adjustment modifies the rim angles that interfere with the concentrator’s aperture area and the
focal image’s size. The characteristics of this concentrator enable the solar beams to concentrate outside the projection of
its frame, which prevents shadow formation on the reflecting surface. It belongs to the category of image-forming reflectors
that collect and concentrate solar radiation on a fixed receiver for conversion to heat. To assist receiver designs that seek
to avoid thermal losses and increase efficiency, the behavior of the interception factor was evaluated according to the
variation of the receiver aperture area. The results also showed the seasonal variation of the concentrator aperture and
focus geometry associated with optical deviations inherent to the construction process. The analysis was performed using
the EES and MATLAB programs based on the numerical model and processing of data obtained from monthly experiments
conducted from June to December 2021 with a target with a Lambertian property and a CMOS (complementary metal-
oxide semiconductor) sensor camera, that transforms the incoming light energy from each image point into a proportional
electrical signal. The diffuse surface allows the photograph of the image produced by the radiation on the target to
accurately represent the reflected flux converted from the pixel readout. The camera image records gray-scale intensity
levels, which represents the way in which the beams reach the receiver. The correlation between the grayscale and the
corresponding irradiance at the Lambertian target is linear, thus it is possible to characterize the distribution and identify
the interception factor for a given area of the measurement plane.
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1. INTRODUCTION

The depletion of fossil fuels, increasing energy consumption and the need to reduce environmental pollution have
made it necessary to use more sustainable energy sources with lower carbon emissions (Mellalou et al., 2019). The
efficient use of energy and the development of technologies for the use of renewable sources are important to diversify the
energy matrix and make the supply base more secure (Vieira et al., 2019). The use of solar energy is a challenge due to
its low density (Mellalou et al., 2019). However, it is possible to increase it by concentrating the energy in a smaller area,
and thus obtain a sufficient amount of heat to be used in practical applications (Bajaj et al., 2016). Solar concentrators are
composed of reflectors or some other optical means of concentration that conduct the incident solar energy from a large
collecting area to a small absorbing area (Panchal ef al., 2018).

Scheffler concentrators have the particularity of having a flexible reflecting surface, whose shape is changed accord-
ing to seasonality to keep the focus in the same place all year round. This mechanism changes the dimensions of the
focal image. For this reason, this work evaluates the seasonal variation of a 2 m? Scheffler concentrator image and its
relationship with the interception factor in the receiver aperture positioned in the focal plane. The Scheffler concentrator
was developed by the Austrian physicist Wolfgang Scheffer with the aim of achieving a quality focus through simple
structures and a reduced tracking system, so that it can be built, maintained and operated without major complications and
at low cost (Iodice ef al., 2021). This reflector is part of the image-forming concentrator set that collects and concentrates
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solar radiation on a fixed receiver for conversion to heat (Mellalou et al., 2019).

The reflector tracks the movement of the sun and concentrates the sun’s rays on a focus that heats a receiver, from
where the heat is transferred to a working fluid that can be used for a variety of purposes (Kumar et al., 2017). The concen-
tration of the radiation allows higher temperatures to be reached, which makes it possible to use Scheffler concentrators
in solar cookers, for electricity generation when associated with a turbine or a Stirling engine, desalination, cremation and
different fields of industrial applications (Panchal et al., 2018).

The geometry of the Scheffler reflector is defined by the intersection of an inclined plane and a paraboloid, which gives
rise to an elliptical frame (Mellalou et al., 2019). The projection of the frame onto the horizontal plane is a circle, which
corresponds to the concentrator aperture area and whose radius equals the semi-minor axis of the ellipse (Fig. 1) (Munir
et al., 2010). The sun’s rays fall on the reflector surface perpendicular to the Earth’s polar axis at the equinox and are
concentrated on a focus outside the frame projection, which prevents shadow formation on the concentrator. Although the
reflector must be positioned under the sun, the image can be formed in shadow, such as inside a building. The inclination
of the major axis of the elliptical frame is 43.23° at the equinox and is represented by the letter o (Dib, 2021).
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Figure 1: Scheffler concentrator at the equinox position.

The Scheffler concentrator has a flexible surface and two tracking axes, which allow the focus to remain in a fixed
region as the solar declination as long as the azimuth change (Dib and Fiorelli, 2015). The reflecting surface follows the
sun’s movement throughout the day by rotating about the daily tracking axis, which has the same direction and is parallel
to the Earth’s polar axis. This axis passes through the focus of the paraboloid and near the center of the reflector holder,
and its slope is the same as the local latitude (Shashidhar Reddy et al., 2018). To annul the motion of the Earth around the
sun during the day, Scheffler’s dish rotates in a direction opposite to that of the Earth’s rotation with a speed of 15° per
hour (Indora and Kandpal, 2018).

2. SEASONAL ADJUSTMENT

The variation in the incident angle of sunlight on the Earth’s surface causes the sun to be seen near the horizon line
in winter and near the top of the sky in summer (Scheffler, 2006). The reflector is designed to change its slope and the
shape of its surface in order to adapt to different sunlight angles and keep the focus fixed. This mechanism ensures that
the focus and the concentrator remain in the same place all year round (Oelher and Scheffler, 1994).

The Scheffler concentrator can only be directed towards the north or south poles, because the orientation of the daily
tracking axis is the same as the Earth polar axis. The nomenclature used in this paper was determined according to the
location of the concentrator relative to the focus and is the same as that adopted by Dib (2021). A North Scheffler (NS)
is positioned north of the focus and a South Scheffler (SS) south of the focus. The slope of the parabola for a given day
of the year was defined by Eq. (1), where d,, corresponds to the solar declination and ¢ to the local latitude. The positive
sign refers to SS and the negative sign to NS, independent of the hemisphere in which they are located.

o, — 43.23° & %" _ o (1)

Figure 2 represents an SS at the positions of positive and negative solar declination. The axis of the paraboloid should
always be parallel to the radiation beams. Adjusting the reflector inclination according to seasonality keeps the daily
tracking axis and the focal plane static. The central pivot (point P) is always fixed with respect to the ground and is
located near the center of the reflector. This point coincides with the seasonal tracking axis, which is perpendicular to the
picture plane. The distance between P and the nominal focus (point F) is always constant (Dib and Fiorelli, 2015).
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Figure 2: Variation of the aperture area of a South Scheffler according to solar declination.

To ensure parallelism of the paraboloid axis with the radiation beams, the paraboloid axis follows the sun’s movement
by rotating at an angle equal to the solar declination with respect to its position at the equinox (y-axis). The adjustment
is made by tilting the major axis of the elliptical border at an angle equal to half the solar declination around P using two
telescopic clamps positioned at the ends of the major axis of the reflector. The parabola’s curvature closes when the major
axis of the elliptical frame is stretched. As a consequence, the minor axis is contracted and the aperture area is reduced.
This adjustment generates in an SS a larger aperture area at positive solar declinations than at negative solar declinations.
The opposite occurs in a NS (Shashidhar Reddy and Khan, 2019).

Equation (2) expresses the solar declination with an error of less than 0.035°, where B (Eq. (3)) is a function of the
day of the year (1 < n < 365) (Duffie and Beckman, 2013). The aperture area as a function of n is calculated by Eq. (4),
where as ;, is the semi-minor axis of the elliptic frame (Eq. (5)) and b, ,, the semi-major axis (Eq. (6)) (Dib, 2021).

dn, = 0.006918 — 0.399912 cos (B) + 0.070257 sin (B) — 0.006758 cos (2B) + 0.000907 sin (2B)

—0.002679 cos (3B) + 0.00148 sin (3B) (2)
360
B=(n-1)2 .
= 1) 365 3)
Agpn =T X Qg X bs . X cos(au,) @
as’n = M (5)
T
a’S n
bs n=—~ 6
’ cos(au,) (©6)

3. IMAGE FORMATION

The process of image formation in Scheffler concentrators was based on the optical cone model demonstrated in
Duffie and Beckman (2013) and the equations developed in Dib (2021) presented below. The sun was considered as a
disk that projects the radiation beams onto the Earth’s surface as a cone of angle 26, (6, ~ 4.65 mrad ~ 0.27°). In
an ideal concentrator, an infinitesimal area reflects the solar beams as a cone of the same opening angle. However, real
concentrators have imperfections in their surface and structure, which result in an increase of 26, in the angle of the
reflected cone. Figure 3 shows the schematic of the reflection of beams incident at points A and B viewed in the xy plane.
The cone opening angle caused by the imperfections can be divided into two components (Eq. (7), one representing the
deviations caused by mirrors (26,,,) and other the concentrator structure (26).

20. = 20,, + 20, )

The projection of the sun onto the focal plane yz has an elliptical geometry. The beams emanating from the center of
the solar disk are reflected by the entire reflecting surface and fall on F. The focal image plane has a I}, and F), coordinate
system with the origin at F. The length of a central beam is calculated by Eq. (8) according to the coordinates x s, ¥ e
and zy. of the reflection point, where f is the distance between F and the origin of the coordinate system at the equinox.
] 1 /2‘

fe=|[a%e + (re = 12+ (®)
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Figure 3: Image formation of a Scheffler concentrator at the equinox.

The image of each reflection point has four semi-axes, whose lengths are determined from Egs. (9) to (11) according
to the angles formed between the beam and the semi-axis of the image (Eqgs. (12) and (13)).

_ (0,40,
Wy = fesms(zzuyiecfes), if duy < 90°
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4. METHODOLOGY
4.1 Indirect method

The optical characterization of a focus system is important in determining the physical characteristics of receivers
(Cisneros-Cardenas et al., 2020). The solar flux distribution in the focal region was verified by the indirect measurement
method. This method is widely used due to its high spatial resolution (Xia et al., 2012) and is less complex than a direct
measurement system that uses moving parts (Li ef al., 2021). The indirect method consists of capturing the irradiance
distribution on a Lambertian target positioned in the focal plane with a high-resolution digital camera. The Lambertian
surface reflects the same luminance in all directions within an angular range. This feature is important when the camera
is positioned with an angular influence. This finish ensures that all solar radiation intercepted by the Lambertian target is
detected by the camera and that the photograph accurately represents the measured flux (Ballestrin et al., 2019).

The diffuse surface is obtained by a sandblasting process (Cisneros-Cérdenas et al., 2020). The result of the photo-
graph taken by the camera of the Lambertian target is a grayscale distribution of intensity levels, which represents the
way in which the beams reach the receiver. However, the intensity does not correspond to the value of the incident solar
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energy in physical properties. The calibration procedure is based on the possibility of relating the grayscale value of the
image pixel to the corresponding irradiance value (Ballestrin ez al., 2019). The grayscale pixel intensity of the Lambertian
surface photograph is proportional and linear to the flux at the same position (Li et al., 2021).

In Ballestrin et al. (2019) a calibration method using a radiometer, a Lambertian target and a digital camera was
presented. Validation was done by comparison with the direct measurement method that uses the radiometer on a moving
plate in the measurement plane. The irradiance distributions showed a variation of 2%. The flux map of a Lambertian
surface was obtained in Li ef al. (2021) by the indirect method with a Gardon sensor. This system presented an advantage
over the direct method because it is not necessary to capture several points and presents a higher spatial resolution.

Roosendaal er al. (2020) considered that the total power incident on the target surface is equal to the total power
reflected by the reflector. Thus, the sum of the pixel intensities corresponds to the power incident on the image and can
be obtained by multiplication of the effective aperture area of the reflector (A, ) by the reflectivity of the mirrors (p,,)
and the Direct Normal Irradiance (DNI), according to Eq.(14). This method was the same as Dib (2021), where the solar
irradiance was measured by a pyrheliometer and used to define the gray scale (I}, ) and calculate the total radiation flux
at the focus (Eq. (15)), where E is the pixel intensity. This procedure had an advantage because of its ease of use and
generates a good estimate.

Gy =Arefn X pm X DNT (14)
Gy = Fyray Y _ Ei (15)
ij

The interception factor was defined as the ratio between the sums of the intensities of the pixels in the receiver aperture
area and the pixels in the target surface image as shown in Eq. (16), where the indices n and N are the total number of
pixels respectively in the receiver aperture area and the target surface image.

n Areceiver
YN E E(y,z)dydz

CXVE [ By, <) dy d

gl (16)

This definition considers only the portion of the concentrated energy that intercepts the receiver aperture area and does
not address aspects related to heat losses. An analysis of concentrator efficiency and sizing must consider heat exchanges
of the system. Xia et al. (2012) verified the radiation flux distribution using an infrared camera. Solar radiation power was
determined as a function of the sensor temperature response. The results showed that the interception factor increased
sharply with increasing radius, until it reached a plateau when the factor approached 1 in areas of high apertures.

The analysis of the interception factor in the receiver aperture area in this paper does not require the conversion step
from grayscale to power values, since it can be done by summing the pixels in each region according to Eq. (16). The
pixel intensity values in each region of the focal plane are linear to its irradiance.

4.2 Experimental procedure and data processing

The experiments were conducted once a month from June to December 2021 under normal operating conditions (i.e.,
not controllable), at times close to solar noon and during clear skies. A CANON Rebel T6i camera with a CMOS (comple-
mentary metal-oxide semiconductor) sensor and a resolution of 6000 x 4000 pixels was used. This sensor is composed of
photosensitive cells (pixels) that transform the incoming light energy from each image point into a proportional electrical
signal (Ballestrin et al., 2019).

The camera was positioned under the seasonal tracking axis at the height of the center pivot. A lens set at a focal
length of 18 mm, three 0.9 OD neutral density filters and one 0.6 OD to 2.6 OD variable density filter were used. The
filters were necessary to preserve the pixel information by avoiding its saturation due to the intensity of the luminosity
reflected by the Lambertian target. The SS concentrator has a 2 m? aperture area at the equinox and is installed at the
University of Sao Paulo (Fig. 4). The Lambertian target was made of carbon steel with dimensions of 1 m x 0.6 m and
covered with a steel shot blasting coating and an alumina (Al2O) thermal spray coating.

The photographs were taken with varying exposure times, of which one for each month of the experiment was selected
for analysis. Each photograph has a particular gray scale level that is influenced by factors such as exposure time, variable
density filter setting and solar irradiance at the time of the photo. The photographs were converted to grayscale and
expressed in matrix form in MATLAB to allow manipulation of the data. The columns and rows of the matrix correspond
to the pixel position, and the value of the elements to the intensity of the corresponding pixel.

The first step to obtain the interception factor was to isolate the energy concentration area of the photograph, which
was defined as the entire region on the target where there is energy concentrated by the reflector. The sum of the pixel
values contained in this region represents the total solar energy concentrated by the Scheffler reflector. Figure 5(a) is the
original grayscale photograph of the Lambertian target, and Fig. 5(b) in black and white is the energy concentration area
extracted from the pixel value of the photograph. It is not possible to visually observe all pixels of the concentration area
in the original photograph. However, this region can be easily isolated by treating the photo as a matrix.

Figure 5(b) was represented in matrix form by assigning the value of 1 to the solar energy concentration area (white)
and O to the rest of the matrix (black). When the matrices of the original grayscale photograph and the energy concentration
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Figure 4: Experimental set up at the University of Sao Paulo (23.55 S, 46.73 W).
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Figure 5: (a) Original grayscale photograph of the Lambertian target. (b) Energy concentration region in white.

area are multiplied, the result is a matrix with non-zero values only in the focal image region. The nominal focus was
considered to be the centroid of the area bounded in Fig. 5(b). Circumferences with the center at the nominal focus
representing the different receiver aperture area sizes were inserted for summing the pixel intensities of the region and
calculating the intercept factor. Although the theoretical focus has an elliptical geometry, a circular aperture was adopted
due to ease and cost of manufacturing, similarly to what was considered in Dib (2021).

5. RESULTS AND DISCUSSION
5.1 Seasonal variation of the aperture area and image axes of a 2 m? South Scheffler

The first stage of the simulation consisted of evaluating the theoretical values of the concentrator aperture area and
the nucleus and boundary axes for the experiment dates using the EES (Engineering Equation Solver). The nucleus was
defined in this work as the smallest projection of the image generated by an infinitesimal area of the reflecting surface,
while the boundary corresponds to the largest. The nucleus is the region that has the highest amount of energy per unit
area, since the entire reflector contributes the flux in this region. The SS studied is composed of a reflector surface with
mirrors of the MIRO-SUN® Weather-Proof Reflective 90 type, manufactured by Alanod® with anodized aluminum sheets,
which generate a half-optical cone opening (6,,,) of 12.5 mrad, as reported by the manufacturer.

Figure 6(a) shows the behavior of the aperture area of an SS. The aperture area is smaller when close to the Capricorn
solstice and larger when close to the Cancer solstice. In the latter case, an SS has a higher potential for capturing the
incident solar irradiation because its energy catchment area is larger. Figure 6(b) shows the variations of the ellipse axes
that make up the nucleus and boundary of the image when 6, is 30 mrad. The nucleus area has a similar behavior as the
aperture area (Fig. 6(c)). Its shape is more elongated on the y-axis, and the variation in z is less pronounced than in y. The
variation in the dimensions of the boundary follows a different behavior. There is an interval between the Cancer solstice
and the equinox, in the months of July to September, when its length in z is greater. The variation of the curve referring
to the z-axis of the boundary is less pronounced on most days than the variation of the curve of its y-axis. The area of
the image boundary showed a decrease between the first and second experiment and then an increasing tendency until the
seventh experiment. As shown in the works of Dib and Fiorelli (2015) and Dib (2021), the behavior of the concentrator
aperture area and image dimensions is cyclic and symmetric at solstices.

Equations from (9) to (11) represent the theoretical values of the image axes as a function of the deviations from
the concentrator. This relation was verified by simulation in EES. The half of the reflecting surface divided by the zy-
symmetry plane was arranged in a 153 x 76 matrix. Each element corresponds to a reflection point of the solar beams,
at which the dimensions of the focus on the day of each experiment were calculated. The result of the matrix mirroring
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Figure 6: (a) Aperture area of a 2 m? SS concentrator. (b) Variation of the seasonal image axes of an SS with
0, = 30 mrad. (c) Seasonal variation of the nucleus and boundary image area of an SS with 6, = 30 mrad. The
indices indicate the dates on which the experiments were performed.
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generated data for 23,256 reflection points. In cases of real concentrators, increasing the angle of reflection raises the
dimensions of the image as can be seen in the graphs in Fig. 7. For a given value of 6y, the relationship between the
image axis magnitudes for the evaluated dates is the same as in the curves of Fig. 6. The axes with the greatest variations
according to seasonality show an even greater difference between each other as the angle of the optical cone increases.

The variation of the image over the months for the same 6, is due to the change in the shape of the reflecting surface
characteristic of Scheffler concentrators.
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Figure 7: Theoretical seasonal variation of the image axes with the 6, variation.

5.2 0y effect on intercept factor

The pixel value has a linear relation to the incident energy at the same location in the photograph. Figure 8(a) shows
that the pixel intensity distribution has a peak at its center and a sharp drop as one moves away from it. The intercept
factor analysis consisted of introducing circles of diameters up to 600 mm with their center under the centroid of the
concentration area to represent the receiver aperture. The interception factor represents the proportion of the concentrated
energy incident on the receiver aperture. A small concentration area tends to increase this factor for the same aperture,
since all of the incident irradiation is distributed in a smaller region, i.e. it becomes more concentrated. As the receiver
aperture increases, the intercept factor rises until it approaches 1 when a plateau forms, as shown in Fig. 8(b). An intercept
factor equal to 1 means that all concentrated energy intercepts the receiver aperture.

For the same incident energy on the target, the increased concentration area results from more dispersed beams that
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Figure 8: (a) Distribution of pixel value in the focal zone at n = 354. The photo resolution is 6000 x 4000 pixels. (b)
Interception factor for different receiver apertures.

generate a more uniform pixel distribution with reduced peak intensity. The increase in the concentration area is influenced
by the increase in the angle of the reflection cone. The region defined as the nucleus contains the pixels of highest
intensities. When its area is larger, the distribution follows the same trend of being more uniform and its peak less sharp.
The growth of the intercept factor curves has been shown to be related to the area of the nucleus on each experiment date.
The dates when the nuclei have larger sizes (curves E, F and G) showed a less pronounced growth of the intercept factor
than the dates when the nuclei have smaller dimensions (curves A, B and C). This behavior is an indication that there is a
relationship between the nucleus area and the energy flux distribution.

However, curve D does not follow this tendency, since its slope is higher than those of curves with smaller nucleus
sizes. This divergence may be the result of the construction process of the concentrator. The studied concentrator was
designed and built based on its position at the equinox (near the date of the curve D). When the structure of the reflector
is adjusted for the equinox, the stresses and strains on the surface are smaller, which may induce smaller distortions in
the geometry of the focus compared to an ideal model. The way a curve behaves can be related to the stresses originating
from the manufacturing process.

The curves with less accentuated growth coincide with the periods of the year when the aperture areas of the concen-
trator are larger and consequently the energy capture potentials are higher. In cases of fixed aperture receivers, although
the interception factors have high variations in the diameter range from 50 mm to 450 mm, it is important to verify the
incident irradiations in the different periods of the year to quantify the real variations of the energy incident on the receiver
apertures. Similarly, this analysis is important for receivers with variable apertures. In this case, if a single interception
factor is desired, a smaller receiver aperture is required in the periods when a smaller concentrator aperture area is avail-
able. Depending on the hemisphere in which the concentrator is located, the period of greatest or smallest concentrator
aperture may occur in summer or winter.

Another analysis performed consisted of evaluating the behavior of the intercept factor curve when the receiver aper-
ture was determined from the theoretical results of the image dimensions presented in Fig. 7. In this case, the receiver
aperture was considered to be circular with diameter of the same value as each of the elliptical focus axes obtained by
simulation for 6, ranging from 0 to 100 mrad. The different circumferences were inserted into the photographs of the
experiments and the curves of the intercept factors were plotted as shown in Fig. 9.

It is important to emphasize that the interception factor analysis does not address processes such as heat transfers. The
aperture of cavity-type receivers, for example, seeks to maximize the captured irradiance and minimize the reradiation
lost within its cavity. Increasing the aperture raises both the captured and lost radiation. Therefore, both effects should be
considered in more efficient receiver designs (Abuseada and Ozalp, 2020).

Since each angle is responsible for a distinct aperture diameter on each date, the curves showed a different relationship
than that observed in Fig. 8(b). For a given value of 6, the intercept factor is compared with different aperture areas on
each curve. The receiver aperture was determined according to the theoretical focus dimensions obtained from the 6,
values. The lower the opening angle of the reflected optical cone, the smaller the receiver aperture area considered in the
energy interception calculation. Care should be taken when analyzing the graphs in Fig. 9, since a larger cone opening
angle in the theoretical equations generates a larger aperture area considered for the pixel summation. The interpretation
of these graphs cannot be confused with the idea that a higher real optical deviation generates a larger intercept factor
for the same receiver aperture, since real optical deviations are associated with greater focus dispersion and reduced peak
intensity. The tendency is for the interception factor to grow less sharply as the real optical deviations of the concentrator
increase.

However, the graphs in Fig. 9 present the behavior of the intercept factor with respect to receiver apertures with
diameters equivalent to the theoretical image axes obtained by varying the opening angle of the reflection optical cone.
In the case of receiver aperture designs based on this consideration, it is interesting to see that different deflection angles
should be used at each time of year to obtain an interception factor with fewer variations. Projects that use the same 6,
can generate variations greater than 30% in this factor for the case of Scheffler concentrators, which can cause high losses
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Figure 9: Correlation between the interception factor and the theoretical dimensions obtained by varying 6,.

in energy capture.
6. CONCLUSIONS

Scheffler concentrators have a flexible reflective surface that changes its shape to adapt to different angles of sunlight,
resulting in variations in the dimensions of its image. This paper evaluated a South Scheffler for the months of June
through December 2021. The simulations showed that the concentrator’s aperture area is smaller when near the Capricorn
solstice and larger when near the Cancer solstice. The image was divided into the nucleus and boundary regions, both of
which have elliptical geometry. The nucleus corresponds to the region where the entire reflector area contributes to the
flux. Therefore, it has the highest amount of energy per unit area. The simulation showed that the nucleus is larger when
near the Cancer solstice and smaller when near the Capricorn solstice. Regarding the boundary, there was a drop in area
between June and July and an increasing trend until December.

A real concentrator has imperfections that raise the opening angle of the reflected optical cone by . The result is
increased dimensions of the nucleus and boundary. From the experiments, a peak energy flux was observed at the center
of the image and a sharp drop as it moves away from this region. Two intercept factor analyses were performed. In the
first, circles from 0 to 600 mm in diameter were inserted with the center under the centroid of the energy concentration
area to represent the receiver aperture. A less pronounced growth of the intercept factor was observed on the dates when
the nucleus area was larger, except for the curve D near the equinox. This behavior indicates that larger nuclei have
greater dispersion of the energy beams, which produces a more uniform distribution and smaller peaks. The divergence
observed in curve D may come from the design and construction guidelines of the concentrator based on its position at
the equinox when surface stresses and strains are lower. The curve’s behavior can be related to the stresses originating
from the manufacturing process. Adjustment at the equinox may induce lower distortions in the focus geometry relative
to the ideal model.

The curves with lower growth coincide with the periods when the aperture area is larger and consequently there is
a greater potential for energy capture. It is important to consider the incident irradiation in the different periods of the
year to quantify the real variation of the energy that reaches the receiver aperture, whether fixed or variable. The second
analysis of the interception factor considered that the receiver aperture diameter corresponds to the axes of the image
nucleus and boundary obtained by simulation when varying 6, from 0 to 100 mrad. Receiver designs that are based on 6,
should consider different values at each time of year if little variation in interception factor is desired. A design based on
a fixed 6, can result in variations of more than 30% in this factor, which can cause losses in energy capture. It is important
to emphasize that heat transfer and solar irradiation were not considered. Both are relevant in the sizing of more efficient
receivers since they are used to quantify the incident and absorbed energy by the receiver at different times of year.
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