Volume 30 Number 1

A ray tracer model for analysis of solar
concentrating systems
Karidewa Nyeinga1,*, Denis Okello1, Ole Jorgen Nydal2
1. Department of Physics, Makerere University, P.O. Box 7062, Kampala, Uganda
2. Department of Energy and Process Engineering, Norwegian University of Science and Technology,
P.O. Box 7491, Trondheim, Norway

Abstract
This study describes a 3D ray tracer model for analysis of a small-scale solar concentrating system where
thermal heat is collected for cooking purposes. Emitted sun rays were traced from the source through all
reflections until they intercepted with the receiver or were lost. The algorithm of the ray tracer and its implementation in MATLAB is clearly described. The ray tracer was programmed to contribute to the development
of small-scale concentrating solar energy systems with integrated heat storage units. The ray tracer was
demonstrated for selected cases where continuous reflecting surfaces and flat mirror-tiled surfaces were compared. Off-focus sensitivity analysis was shown and this could provide guidelines for the required solar tracking accuracy. The flux distribution on the absorber was analysed and found to be concentrated on a small
area on the target for continuous reflecting surfaces and having high intensities. However, for reflectors with
mirror tiles, an elongated image was formed centred on the focal point with low intensities. Small misalignment of the reflector in the order 0.2° had minimal impact on the interception ratio, but any further increase
in the tracking errors caused a sudden drop in the interception ratio to zero. Results showed that there is
close agreement in flux distribution and the tracking error impact on interception ratio, when compared with
the literature. This model could be a useful tool when designing the reflection and absorption components of
solar concentrators for complex systems with several components in a non-symmetric 3D arrangement.
Highlights
• An algorithm for a ray tracer was developed
• Enlarged images centred on the focal point were formed for mirror-tiled reflectors
• Small misalignment of the reflector had minimum impact on the interception ratio
• The tracer model could be used as a design tool
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1. Introduction
The design of a solar thermal energy storage (TES)
system for rural cooking application has been published [1, 2, 3, 4]. The TES consists of rock pebbles
and local vegetable oils such as sunflower oil as the
heat storage media. Sunflower oil is also used as the
heat transfer fluid [5, 6]. The system was integrated
with a cooking application to facilitate cooking after
sunset [7]. Prototypes of the system are being tested.
The system is designed to use a parabolic dish (PD)
concentrator, but the application of these at low
temperatures to provide heat for cooking is at a low
stage of development. A PD reflector typically uses
curved reflective panels made of glass or laminated
films and usually requires a mechanism to track the
motion of the sun. Solar tracking is the act of making
a solar collector change its orientation with the
movement of the sun in the sky [8]. The incident solar energy on the PD collector is reflected onto an
absorber placed at the focal point; heat is produced
at the desired temperature. The thermal limits of the
receiver material must be considered [9, 10]. In the
case of TES designed for storing heat for rural cooking applications, the aim is to achieve a temperature
of about 200° C, which is suitable for cooking and
also below the smoke point of sunflower oil [11].
Direct solar radiation incident normal to the aperture of a PD collector is ideally reflected on the focal point [10]. However, since the sun’s disc has a
finite angular size of 0.53°, light rays reaching the
earth’s surface are not parallel. Therefore, instead of
the incident rays being reflected on the focal point,
the reflected rays form an image of finite size centred
about the focus [9, 10, 12]. The image formed or
the flux distribution on the absorber can be analysed
using a ray tracer. The tracer can also be used to
analyse the absorber size, tracking errors, or any
other parameter that is important in the design and
construction of a solar concentrating system.
Ray tracing is a technique of following the path
of an incident ray from the source to the final point
[13]. It involves tracing the individual paths of many
rays passing through the optical system to find out
their distribution pattern on the surface of interest.
For parabolic concentrators, ray tracing would start
with the assembly of rays incident on the aperture
and then determine their distribution and intensity
at the receiver [14, 15]. The advantage of using ray
tracing is its ability to handle any kind of geometry
and still provide complete visibility [14]. An accurate
beam distribution analysis aids in the design of reflectors and absorbers [15].
Yan et al. [16] reported on a flux distribution
model of the focal plane in a dish concentrator system based on ray tracing. The model was designed
to determine the influence of the mirror slope error,
solar direct normal irradiance, and tracking error of
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elevation-azimuth tracking device on the flux distribution and interception ratio. It was found that the
azimuth tracking error of the concentrator decreases
with the increase of the concentrator elevation angle. Ruelas et al. [17] investigated the geometric aspects of the focal image for a Scheffler-type solar
concentrator (STSC) using the ray tracing technique
to establish parameters that allow the designation of
the most suitable geometry for coupling the STSC to
a Stirling engine. It was observed that the solar image geometry has variations within an elliptical area.
Spencer and Murty [18] described a general procedure for treatment of the ray tracing method. Te-Tan
[19] presented a study based on ray tracing technique to examine the errors induced in a light ray’s
path as it is reflected or refracted at a paraboloidal
boundary surface. It was concluded that using the
ray tracing method, the effect of the light path in
each boundary surface within the optical system can
be systematically examined. Leutz and Annen [20]
presented a method using reverse ray tracing for stationary solar concentrators with the aim of estimating the performance of photovoltaic concentrators.
The study found that using ray tracing new concentrators may be optimised for location and tilt. Chena
et al. [21] investigated a solar concentrator combining primary paraboloidal and secondary hyperboloidal or ellipsoidal mirrors by using ray-tracing
method to obtain higher concentration ratio.
Madessa et al. [22] used the ray tracing technique to
study the transportation of concentrated solar rays
in a mirror guide channel. The effect of the channel
length, cross-sectional area, internal reflectors and
incident angles were analysed, the results showing
that the efficiency of the channel was low. Nydal and
Tesfay [23] used ray tracing to evaluate the SK14
solar concentrator to fry Ethiopian injera bread and
reported that the reflected rays spread more evenly
on the pan but also gave higher losses compared
with an ideally smooth reflector. Foong et al. [24]
experimentally investigated the charging of a phase
change material using a double reflector system. A
hole was cut in the primary reflector to allow reflected rays from the secondary reflector to reach the
storage unit just behind the primary one. Van
Rooyen et al. [25] employed ray tracing to retrieve
the optical characteristics of a single Scheffler reflector. The optical efficiency of the Scheffler reflector is
visualised in a 3D map for varying solar declination
and solar hour angle.
Ray tracing computations have been useful
when analysing double reflection systems, where a
secondary reflector is placed at the focus of a primary reflector and an absorber at the focus of the
secondary reflector. Secondary reflectors can be
used to increase the concentration ratio even further, which is necessary if the initial concentrating
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system has a low concentration ratio limiting the
temperatures achieved [9,10]. Nydal [26] used a ray
tracer to study a double reflector parabolic concentrator for direct illumination of heat storage. The results showed that a 0.1 m horizontal absorber dish
captures most of the incident rays if the secondary
reflector was slightly elevated above the point of
common focus of the primary and secondary reflectors. Groulx and Sponagle [27] conducted a ray
tracing analysis of a two-stage solar concentrator of
two parabolic mirrors. The focal length and the distance between the secondary mirror and the target
were analysed, as was the impact of tracking errors
on the concentration ratio. It was found that small
misalignments of about 0.2° would cause the concentration efficiency to drop to zero.
A ray tracer becomes an important tool in the
analysis of the tracking errors and the extent to
which the system can tolerate the misalignment.
Such systems become sensitive to the size and geometry of the absorbers. Madessa et al. [28] experimentally investigated the design and testing of a polar-aligned sun tracking system that could be integrated with a small-scale PD solar concentrator for
low-temperature cooking. The system comprised
two solar PV panels and a shading plate. The sun
tracker worked with approximately 0.1° accuracy.
To study solar radiation concentrating systems
requires a good model that can provide 3D simulations. The present study aimed to develop and
demonstrate a ray tracer tool to analyse small-scale
solar concentrating systems. A comprehensive description of the model and algorithms was provided,
followed by a detailed and precise implementation
of the algorithms. The work was done in 3D to provide better analysis of the system components and
results. Various absorber types and sizes were investigated.
2. The ray tracer model
2.1 Solar concentrating system
Figure 1 shows a schematic diagram of a solar concentrating system. It consists of rays emitted by the
sun, a parabolic dish as the reflector and a receiver
placed at the focal point of the reflector. Sun rays
hitting the aperture of the parabolic dish concentrator are reflected onto an absorber/receiver placed at
focus of the reflector. The rays are assumed to be
parallel to the parabola axis.
The main components in Figure 1 are:
• The sun: It is a vector of rays where a ray has a
starting point and a direction. The size of the
sun and its height above the horizon are defined. Each ray has a position, and direction
dependent on the given sun angle. The sun is
discretised into panels and each panel emits a
ray from its centre.
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•

•
•

The reflector: A parabolic dish is used as the
reflector. The surface of the parabola is made
of either flat mirror tiles or smooth continuous
mirrors. The reflectors are described by their
focus, aperture size, offset height and offset
centre. Mirror imperfections are ignored.
The receivers: The different types or shapes of
receivers considered are flat dish, box and
spherical shapes.
Box: A box (not shown in the figure) is placed
around the concentrating system to trace lost
rays.

Figure 1: A schematic of a solar concentrating
system.

2.2 Algorithm for a parabolic dish surface
made of flat mirror tiles
The interest is to find the intersection of a line and a
plane of a flat mirror tile. A plane having points 𝑃𝑃�⃗
�⃗ is described by Equation
and 𝑃𝑃�⃗3 on it with normal 𝑁𝑁
1.
�⃗�𝑃𝑃�⃗ − 𝑃𝑃�⃗3 � = 0
𝑁𝑁

(1)

𝑃𝑃�⃗ = 𝑃𝑃�⃗1 + 𝑢𝑢�𝑃𝑃�⃗2 − 𝑃𝑃�⃗1 �

(2)

�⃗. �𝑃𝑃�⃗1 + 𝑢𝑢�𝑃𝑃�⃗2 − 𝑃𝑃�⃗1 �� = 𝑁𝑁
�⃗. 𝑃𝑃�⃗3
𝑁𝑁

(3)

The line passing through the points 𝑃𝑃�⃗, 𝑃𝑃�⃗1 , 𝑃𝑃�⃗2 is expressed as Equation 2.

where u gives the length of the line between the
points.
The intersection of these two is described by
Equation 3.

Therefore u is determined using Equation 4.
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�⃗. �𝑃𝑃�⃗3 − 𝑃𝑃�⃗1 ��𝑁𝑁
�⃗. �𝑃𝑃�⃗2 − 𝑃𝑃�⃗1 �
𝑢𝑢 = 𝑁𝑁

(4)

The computational sequence is then to find the
normal vector to the plane.
2.3 Algorithm for a parabolic dish with
smooth continuous surface
The aim is to find the point of intersection of a ray
with a curved surface. Given a parabola with an aperture a, and a focal length f, on the z-axis; then the
surface is expressed by Equation 5.
𝑥𝑥 2 + 𝑦𝑦 2 = 4𝑓𝑓𝑓𝑓

(5)

Let 𝑃𝑃(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) be the point of intersection on the parabolic surface with a ray having direction 𝑑𝑑⃗, and
starting from a point 𝑆𝑆�𝑠𝑠𝑥𝑥 , 𝑠𝑠𝑦𝑦 , 𝑠𝑠𝑧𝑧 �, which is the sun.
The length of the path of the ray to the point of intersection is u. Equation 6 defines P.
𝑃𝑃�⃗ = 𝑆𝑆⃗ + 𝑢𝑢𝑑𝑑⃗

(6)

In component form, Equation 6 can be expressed as
Equation 7.
𝑥𝑥 = 𝑠𝑠𝑥𝑥 + 𝑢𝑢𝑢𝑢𝑥𝑥
𝑦𝑦 = 𝑠𝑠𝑦𝑦 + 𝑢𝑢𝑢𝑢𝑦𝑦 �
𝑧𝑧 = 𝑠𝑠𝑧𝑧 + 𝑢𝑢𝑑𝑑𝑧𝑧

(7)

It follows that the shape of the surface in Equation
5 can be written as in Equation 8.
𝑝𝑝 = 𝑝𝑝(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 0
�
𝑝𝑝 = 𝑥𝑥 2 + 𝑦𝑦 2 − 4𝑓𝑓𝑓𝑓 = 0

(8)

Inserting the components from Equation 7, the surface shape gives Equation 9 for u.
2

(𝑠𝑠𝑥𝑥 + 𝑢𝑢𝑢𝑢𝑥𝑥 )2 + �𝑠𝑠𝑦𝑦 + 𝑢𝑢𝑢𝑢𝑦𝑦 � − 4𝑓𝑓(𝑠𝑠𝑧𝑧 + 𝑢𝑢𝑑𝑑𝑧𝑧 ) = 0 (9)

Re-arranging Equation 9 gives Equation 10.

𝑢𝑢 2 �𝑑𝑑𝑥𝑥2 + 𝑑𝑑𝑦𝑦2 � + 𝑢𝑢�2𝑑𝑑𝑥𝑥 𝑠𝑠𝑥𝑥 + 2𝑑𝑑𝑦𝑦 𝑠𝑠𝑦𝑦 − 4𝑓𝑓𝑑𝑑𝑧𝑧 � +
�𝑠𝑠𝑥𝑥2 + 𝑠𝑠𝑦𝑦2 − 4𝑓𝑓𝑠𝑠𝑧𝑧 � = 0
(10)

Equation 10 is a second order equation of the form
given by Equation 11.
𝑎𝑎𝑢𝑢2 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐 = 0

(11)

where
𝑎𝑎 = 𝑑𝑑𝑥𝑥2 + 𝑑𝑑𝑦𝑦2 , 𝑏𝑏 = 2𝑑𝑑𝑥𝑥 𝑠𝑠𝑥𝑥 + 2𝑑𝑑𝑦𝑦 𝑠𝑠𝑦𝑦 − 4𝑓𝑓𝑑𝑑𝑧𝑧
and 𝑐𝑐 = 𝑠𝑠𝑥𝑥2 + 𝑠𝑠𝑦𝑦2 − 4𝑓𝑓𝑠𝑠𝑧𝑧

�

{−𝑐𝑐 ⁄𝑏𝑏} 𝑖𝑖𝑖𝑖

𝑏𝑏 ≠ 0 Λ 𝑎𝑎 = 0

−1⁄2 �𝑏𝑏 − √−4𝑎𝑎𝑎𝑎 + 𝑏𝑏2 �, −1⁄2 �𝑏𝑏 + √−4𝑎𝑎𝑎𝑎 + 𝑏𝑏2 � 𝑖𝑖𝑖𝑖

(12)

Equation 12 is solved in MATLAB tracer. There may
be real solutions and no solutions or complex numbers. Only positive numbers are extracted out of the
solution for u. The rest are lost rays. The computation does not fail as long as the nonphysical results
after the computations of u are removed.
The normal vector, 𝑛𝑛�⃗ at the point of intersection
is then used to compute the reflected ray, 𝑟𝑟⃗ as in
Equation 13.
𝑟𝑟⃗ = 𝑑𝑑⃗ + 2𝑛𝑛�⃗. 𝑑𝑑⃗

(13)

𝑛𝑛�⃗ = ∇p⁄|∇p|

(14)

The normal vector is the normalised gradient of the
surface and is expressed by Equation 14.

For a parabola, the gradient components at the
point 𝑃𝑃(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) are given by Equation 15.
�⃗
∇(𝑥𝑥 2 + 𝑦𝑦 2 − 4𝑓𝑓𝑓𝑓) = 2𝑥𝑥𝚤𝚤⃗ + 2𝑦𝑦𝚥𝚥⃗ − 4𝑓𝑓𝑘𝑘
�
2
2
2
|∇p| = 4x + 4y + (4f)

(15)

Therefore the procedure for each surface is as
follows:
• given a sun point, 𝑆𝑆⃗ and a direction of the
ray, 𝑑𝑑⃗, the second order equation for u is
solved;
• remove the nonphysical values of u, and
only the positive values are retained;
• the intersection point is computed from
Equation 6;
• compute the normal vector 𝑛𝑛�⃗, and the reflected vector using Equation 13;
• the point 𝑃𝑃�⃗ then becomes the new sun
point and 𝑟𝑟⃗, the new sun direction;
• after all the surfaces have been looped
over, retain only the first reflection point of
the ray in case of multiple reflections; and
• ray tracing is done until all rays hit the absorber or are lost into the surrounding.
Figure 2 illustrates the possible events that each
ray emitted by the sun may undergo. A ray that hits
a reflector may be reflected onto a receiver/absorber
or it may undergo numerous reflections. A ray from
the sun may be considered as a lost ray if it did not
intersect with a panel.

The solution is given by Equation 12.
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𝑎𝑎 ≠ 0 Λ 4𝑎𝑎𝑎𝑎 ≤ 𝑏𝑏2
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Figure 2: Possible events that each ray emitted by the sun may undergo.
Table 1: Sample input parameters for reflectors and receivers.

Aperture
(m)

Focus
(m)

No. of
rings

No. of
segments

Reflector-continuous surface

1.2

0.5

-

-

Reflector-flat tiled surface

1.2

0.5

12

24

Flat dish receiver

0.2

-

12

24

Spherical receiver

0.2

-

12

24

3. Results and discussions
Two types of parabolic dish reflectors were considered in the simulation: a PD reflector with smooth
continuous surface, and a PD reflector with mirror
tiles lined on the surface. Table 1 shows some of the
input parameters used in the ray tracer model. The
user can select the number of rays to be traced depending on the details required in the study.
3.1 Demonstration of the model-incident rays
Figure 3 illustrates rays emitted by the sun incident
normal to the aperture of a PD collector and reflected onto the receiver placed at the focus of the
PD concentrator. A spherical receiver was used. The
reflector was made of a smooth continuous mirror
surface. These basically demonstrated the model’s
capability to trace rays from the source past the reflector onto a receiver. In this case, the incident parallel rays (Figure 3a) were concentrated on the receiver placed at the focus (Figure 3b). Ideally for any
perfect parabola, all rays incident parallel to the axis
of a PD were reflected through the focal point. This
provided an opportunity for solar energy concentration when using a PD reflector.
3.2 Flux distribution on the absorber
A parabolic reflector produces an image of the sun
on the surface of the receiver. Figure 4 presents the

flux distribution on a flat dish absorber because of
reflections from a PD. The radiation is incident at an
angle of 0° on the aperture of the PD reflector. Figure 4a shows the flux distribution on the receiver by
a continuous reflecting surface. The image was concentrated on a small area on the target. High intensity was achieved. Figure 4b shows the flux distribution on the receiver by a mirror-tiled reflector. A rather large image centred on the focal point was
formed on the target compared with the case in Figure 4a. Low intensity was obtained. Similar results
were presented by Groulx and Sponagle [27], where
the simulations produced elongated images centred
on the focal point.
The shape of the images observed can be explained in theory by the fact that the sun’s disc has
a finite angular size of 0.53°, so that light rays reaching the earth’s surface are not parallel [9, 10, 12].
Hence, instead of the incident rays being reflected
on the focal point, the reflected rays form an image
of finite size centred about the focus. Duffie and
Beckman [10] explained that each element of a reflector forms an image on the receiver. The total image is the sum of all images from all the elements of
the reflector. A continuous reflecting surface can be
considered as a perfect reflector, as it forms an image which is perfectly aligned. On the other hand, a
mirror-tiled reflector can be considered as an imper12

fect reflector because of the contours. Imperfect reflectors would produce large images [10]. Non-uniform images are produced by each element of the
reflector. The total image appears to spread over the
target area. Duffie and Beckman [10] further
pointed out that if there were any flaws in the mirror

surface, additional spreading of the image occurred.
The sizes of the tiles strongly influence the flux distribution on the absorber. Therefore, sizes of the tiles
should be as small as possible to improve performance of the mirror-tiled collectors [9].

along z-axis (m)
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2
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along x-axis (m)
3a
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2
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along x-axis (m)
3b

Figure 3: A spherical receiver is placed at the focus of parabolic reflector. a) Rays emitted by the
sun incident normal to the aperture of the PD reflector; the yellow spots depict the sun. b) The rays
were reflected onto an absorber. The yellow spots here depict the new emission points i.e. the
reflections from the PD collector.
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4b
Figure 4: Flux distribution on a flat dish absorber. a) A PD with a continuous reflecting surface was
used; a small finite image was obtained at the centre of the absorber. High intensity was achieved.
b) A reflector made of flat mirror tiles was used. The image formed spread on the target area; the
intensity was reduced.

Figure 5 shows the flux distribution on a flat dish
absorber for radiation incident on the aperture of a
parabolic reflector at an angle of 5°. A continuous
reflecting surface was used in Figure 5a while a reflector made of flat mirror tiles was used in Figure
5b. The image formed on the receiver was enlarged
(Figure 5a); however, a further enlarged image is
seen in Figure 5b. In both figures, the image was
shifted from the centre. The intensity was reduced
with the mirror-tiled reflector showing a greater reduction.
The widening of the image and its shift away
from the centre is caused by the fact that as the incidence angle on the x - z plane increases 0° to 5° or
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beyond, the apparent half-angle subtended by the
sun on the x - y plane also increases [10]. The intensity is reduced because of the reduced incident radiation and the enlarged image size. The implication
of the spreading of the image is that, for a reflector
oriented in east-west axis, it will have an enlarged
flux distribution on the receiver in the morning and
in the late afternoon.
Figure 6 further illustrates the impact of the increase in incidence angle on the enlargement of the
image and its shift away from the centre. The images
were shifted to the edges of the receiver and the intensities were very low compared with the case discussed in Figure 5.
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Figure 5: Flux distribution on a flat dish receiver; radiation incident at 5°. The images formed were
enlarged and shifted from the centre. a) A PD reflector with smooth continuous mirror surface. b) A
PD reflector made of flat mirror tiles. Low intensity was achieved.
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6b
Figure 6: Flux distribution on a flat dish receiver; radiation incident at 10°. The images formed were
enlarged and shifted from the centre to the edge of the receiver. a) A PD reflector with smooth continuous mirror surface. b) A PD reflector made of flat mirror tiles. The intensity was very low.
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7d

Figure 7: Flux map on the different receivers/targets. a) Maximum local solar flux on the target, derived from Groulx and Sponagle [27]. b) Flux curve and flux contour map of the focal spot, adapted
from Yan et al. [16]. c) Flux map on the target plan of NREL furnace, adapted from Wendelin [29]. d)
Flux map from this study.
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3.3. Validation of images formed on the
absorber
Figure 7 presents images produced on the absorber
by various authors compared with the results from
this study. It is observed that for all the images
formed (Figure 7a–d); elongated images centred on
the focus were formed. There was an overall agreement that the flux distribution spread around the focal point, but there were observed discrepancies in
the intensities and image shapes/sizes. This was attributed to the fact that each study used different
number of rays and the tracer involved different geometries.

For a smooth reflecting surface, the interception ratio is 1° up to about 5°. For a reflecting surface with
flat mirror tiles, the interception ratio is only unity at
θ = 0°. The range of angles over which the interception ratio is 1 is referred to as the acceptance angle
[10]. At angles beyond the acceptance angle, less radiation reaches the receiver. Duffie and Beckman
[10] pointed out that for a perfect parabola, all incidence radiation within the acceptance angle is reflected on the absorber. However, for imperfect parabola, some of the radiations within the acceptance
angle do not reach the absorber; and there could be
reflections reaching the absorber even when incidence angle is beyond the acceptance angle.
The general trend of the interception ratio of this
tracer simulation agrees with the analytical work of
Duffie and Beckman [10], which reported an acceptance half-angle of about 12° for an ideal compound parabolic concentrator (CPC). The difference
in value of the acceptance angles can be associated
to difference in the concentrators used. Interception
ratios are affected by the geometry of optical systems
used [28]. Similar trends in the interception ration
were reported by Radu and Mattox [30], where the
optical efficiency was plotted as a function of incident angle for a CPC.

3.4 Interception ratio
The interception ratio is the ratio of the incident rays
hitting the reflector and reflecting on the receiver. It
is another way of expressing the performance of a
solar concentrator and is a useful parameter for determining optical losses and gives insight into the design of tracking systems. Figure 8 shows the interception ratio at various incidence angles θ in degrees
for two types of parabolic dish reflectors: a smooth
continuous mirror surface and flat mirror tiles. A flat
dish receiver of diameter 0.2 m was used. The interception ratio decreases with increasing incident angle
1

Smooth mirror surface
Flat mirror tiles

0.9

Interception ratio

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

2

4

6

8

10

12

Incidence angle (degrees)
Figure 8: Interception ratios for reflectors made of continuous surface and flat mirror tiles;
a flat dish receiver was placed at the focus.

3.5 Tracking errors
Figure 9 shows the impact of tracking errors on the
interception ratio for PD concentrators with smooth
continuous surface and mirror-tiled surface. A flat
dish absorber of diameter 0.2 m was used. For a
very small misalignment, for example at approximately 0.2°, the impact of the tracking error on the
interception ratio was minimal, but as the tracking

error increased there was a sudden decrease in the
interception ratio. At a tracking error of ±0.5 the interception ratio suddenly fell below 10%. On the
other hand, the reflector with mirror-tiled surface
was observed to tolerate the tracking errors up to
±0.1 although with very low percentage of rays
reaching the absorber. A similar observation has
been made by Nydal [26] and Madessa [28],
17

where parabolic dish reflectors with mirror-tiled surfaces are less sensitive to tracking errors.

reflected rays were intercepted. However, both studies show that, for θ > 0.2° and θ < 0.2°, the interception ratio suddenly dropped to about zero. The
observed discrepancy in the two figures may be attributed to the fact that the Groulx and Sponagle
study was based on using a secondary reflector in
addition to the primary reflector and the differences
in absorber sizes used.

100
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90
80

Interception ratio
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60
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40
30
20
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0
-3
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0
1
Tracking error (degrees)

2

3

Figure 9: Interception ratio at various tracking
errors for PD reflector made of a smooth continuous surface and mirror-tiled surface.

Figure 10 presents the impact of the tracking errors on the interception ratio. Results from this study
were compared with those from Groulx and Sponagle [27]. It was observed that for tracking error θ,
in the range of −0.2° < θ < +0.2°, Figure 10a
shows 100% of the reflected rays were intercepted.
Figure 10b shows that, for tracking errors in the
range of −0.1° < θ < +0.1°, more than 70% of the

4. Conclusions
A ray tracing tool to analyse a small-scale solar concentrating system was developed. A comprehensive
description of the algorithm and its implementation
in MATLAB was provided. The ray tracer was
demonstrated for selected cases where a comparison between continuous reflecting surfaces and flat
mirror-tiled surfaces was made. The flux distribution
on the absorber was analysed and found to be concentrated on a small area on the target for continuous reflecting surfaces and having high intensities.
However, for reflectors with mirror tiles, an enlarged
image centred on the focal point was formed; with
low intensity. A small misalignment of the reflector
in the order 0.2° had minimum impact on the interception ratio, but any further increase in the tracking
errors caused a sudden drop in the interception ratio
to zero. The results obtained suggest it is possible to
use the tracer model as a design tool in the construction of solar concentrating systems for low-temperature applications (200° C) suitable for rural cooking
applications.
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Figure 10: Impact of tracking errors on interception ratio. a) Concentration efficiency at various
misalignment angles in degrees [27]. b) Interception ratio from the present study.
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