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Abstract 

A summary of several procedures previously used to evaluate the optical performance of the mirror surfaces 
in the solar concentrator parabolic dishes are analyzed in this paper. An innovative method is also described, 
and employed to achieve the geometrical characterization of a 10 kW parabolic Dish/Stirling engine system 
obtaining a set of three-dimensional coordinates in a certain number of points located all over the reflective 
surface through a very highly precise geodetical laser station with an accuracy of ± 3mm. The concentrator 
system of this analysis is one of the country reference units of the Enviro/EuroDish project and it is installed 
at the premises of the Seville Engineering School (SEI). 

Heat flux distribution (HFD) on the focal plane is theoretically determined through a ray trace algorithm 
based on the real surface deviations obtained with the used geometrical characterization method which allows 
calculating the surface slope error in every measured data point. This mathematical consideration is taken 
into account to generate an HFD computer simulation. To validate the simulation, the HFD is also 
experimentally obtained with an indirect measurement technique based on a camera with CCD sensor and a 
lambertian target validating the computer simulation results in a qualitative way with the experimental tests. 

Keywords: Parabolic dish, Stirling engine, Optical characterization, Slope error, Heat flux distribution, CCD 
camera. 

1. Introduction. 

The optical characterization of reflective surfaces in the solar concentrators based on parabolic dish structures 
involves determining the geometrical variations that generate angular deviations of the surface normal 
vectors with regard to an ideal paraboloid of revolution causing optical aberrations, one the most influential 
is the surface slope error. It is essential to take in account this information to foresee the performance of the 
concentrator due to the heat flux distribution (HFD) in the focal zone is a direct consequence of this 
parameter. The experimental determination of these deviations will provide a parameter which defines the 
physical properties of the concentrator reflective surface offering a particular reliability depending on the 
employed technique. Likewise a reliable geometrical evaluation of any shape or material solar concentrators 
make possible an appropriate prediction about the capacity of generation of any concentrator device or even a 
larger solar thermal plant as well as to specify the distribution of energy on the absorber or in the receiver, 
determining the losses of energy due to several causes, one of them is better known as spillage and detecting 
noticeable differences as lack of uniformity in the concentrated flux and therefore probable peaks of heat that 
may cause damages or excessive wear in such elements. 

2. Methods of optical characterization. 

Previous related works show that since first half of 1950s concentrated flux density on the focal zone has 
attempted to be evaluated through several procedures, a distinctive characteristic of the so called in those 
days solar furnaces.(1). In order to find an appropriate method to characterize the concentrator reflective 
surface of the EuroDish-SEI, some of more recent techniques developed for optical characterization applied 
to large parabolic solar concentrators as Dish/Stirling Systems (DSS) based on geometrical procedures are 
analyzed in this work. Some of the most outstanding optical characterization methods are described next. 



Wendelin and Grossman published in 1995 a comparative analysis between three different methods for 
optical characterization of point focus solar concentrators: SHOT, 2f and On Sun Testing. The first analyzed 
method is called SHOT, acronym of Scanning Hartmann Optical Test. Uses a laser beam placed from twice 
the concentrator focal length (2f). The laser is pointed toward the mirror surface at the concentrator optical 
axis level where it is reflected back to a white target screen. An electronic detector localizes the target point 
on the white target screen in approximately 2000 points calculating geometrically the slope on the origin of 
the reflected laser beam. The 2f method uses the technique of distant observer in which a camera located just 
like SHOT method from twice the focal length, takes a photograph of a circular code target with concentric 
black rings that is recognized by a software which digitalizes it and providing a number known as facet figure 
of merit (FFM) who is not considered a true slope error. It is only an evaluation system to assess the optical 
performance of point focus concentrators with relationship f/D (focal distance/diameter ratio) greater than 
3.0. On Sun Testing is carried out with the concentrator in operation in conjunction with the computer code 
CIRCE2 developed by Romero for modeling the optical performance of solar concentrators predicting 
theoretically the flux energy distribution and total power using a statistical method to evaluate geometry of 
the concentrator. It employs an adapted video-camera with protection filters, an image digitizer and software 
commercially available. The experimental and theoretical results are then compared. 

Jones published the method VSHOT (Video Scanning Hartmann Optical Test) based on and very similar to 
the method SHOT developed by Wendelin and Grossman. The main difference is the reflected laser beam 
which is recorded with a video-camera. It is used for parabolic dish concentrators with a diameter between 
2.0 to 15.0, and a relationship f/D of 0.5 – 3.0. Just like the method 2f this is not considered suitable for 
reflectors with a larger focal length as the heliostats in a central tower plant. 

Shortis and Johnson implemented the close range photogrammetry in 1996 to characterize any kind of 
surface including reflective surfaces as parabolic dishes. It is based on digital photographs with high 
resolution, image analyzer software and adequate scales of reference to provide 3D coordinates in a certain 
number of target-points with a high accuracy up to 1:50,000. Physical target points are placed all over the 
solar collector surface to be distinguished by the camera. Photographs are acquired form one or more points 
of view and they are measured then through photogrammetric comparators or stereo-plotters, which can 
convert the position of the target-points in a legible information for the computer.  

SCCAN (Solar Concentrator Characterization at Night) a simple optical characterization method developed 
by Arqueros et al and published in 2003. It was essentially used for characterizing heliostats in a solar central 
tower plant during the night. A star properly located in the sky is choice as a brilliant point with the purpose 
to verify the alignment of reflectors focusing their light toward a camera with sensor CCD (charge-coupled 
device) located high up in the tower. Several images are taken to measure the location of the brilliant points 
with the aim of the software determining the surface slope of the reflectors similarly to the method SHOT. 

More recently a very useful method known as Color Code Target was presented by Ulmer et al in 2006. It 
has been proved on the systems DISTAL II and EuroDish in the PSA (Plataforma Solar de Almería). It uses a 
square plate of 65 x 65 cm as target with 22 color code stripes and located on the focal plane perpendicular to 
the concentrator optical axis. Photographs of this color code target full reflected on the surface concentrator 
are taken with a digital camera and telephoto lenses that is placed at 250 m from the dish (approximately 
twice the focal length). The obtained images are evaluated with an algorithm which uses an image analyzer 
software by which can be calculate the angular deviation on the mirror surface and therefore the estimated 
concentrated flux. 

3. Methods of Heat flux distribution (HFD) assessment. 

Experimental determination of HFD involves obtaining the characteristics of the incident distribution of 
energy on the absorber. The employ of current techniques to calculate HFD in the focal plane entails the 
utilization of small size calorimeters on the receivers or a camera with CCD sensor that allows converting the 
value of every pixel of the photoelectric sensor in a digital value from the luminous charge incident on it. 
These procedures can be classified in two types: 



Direct Measurement, a certain number of calorimeters are placed in a metallic plate where the number of 
sensors depends on the size of the cavity receiver and the desired level of the measurement graphic 
resolution. The plate can be displaced in a calculated period of time upon the cavity receiver while 
concentrated solar radiation is incident avoiding excessive temperatures or damage in the calorimeters. The 
incident total power on the receiver is obtained from the punctual measurements of the calorimeters. This 
procedure exceeds the limitation of previous techniques regards to a short time of measure due to a kind of 
micro sensor known as Thermogauge or Heat Flux Microsensor commercialized by Vatell Corporation®.

Indirect Measurement is based on the use of three basic components, camera with CCD sensor, lambertian 
target and calorimeter. The lambertian target covers the receiver aperture during an instant with the solar 
concentrator in operation. It may have a cooling system to diminish the excess of temperature on its surface 
while the measurement is csrried out. The CCD camera is placed to an appropiate distance from which an 
image of the focal region is taken acquiring the brightness level to the corresponding receiver aperture. A 
calorimeter is used to be placed on the lambertian target for calibrating the CCD camera gray scale.  

One kind of method for HFD assessment based on the indirect measurement technique that does not require a 
cooling system is known as Full Moon technique, developed and published by Siangsukone et al in 2004. 
This procedure employs the same elements but is carried out in the night and uses the light of the full moon 
as source of radiation instead of the sun. 

4. Data acquisition experimental tests. 

There are several arguments at the moment to choice an appropriate method for characterizing a point focus 
and large reflective surface as the EnviroDish, where the precision and quality level of the procedure must be 
the main aspect to consider. With the aim to execute the optical characterization and the subsequent 
theoretical and experimental concentrated heat flux assessment on the focal region of the EnviroDish-SEI, 
two experimental tests based on the procedures described previously have been carried out. 

The method color code target was used in the first experimental since it is a very simple and fast method with 
a good quality of resolution-cost ratio. The second experimental test involves a technique that combines the 
attributes of the photogrammetry and the laser measurement systems as SHOT and VSHOT, since it consists 
on the use a reflectorless distance-meter laser device, a Leica® TPS700 series Geosystem station to obtain 
directly the three-dimensional coordinates in about 200 points of all over the reflective dish concentrator 
surface. The used system loads and gives automatically the values as spatial coordinates with a precision of ± 
0.003 m. 

In the first procedure based on the method of the color code target the original pattern has bee changed 
modifying the code and shape of the color target with the aim to simplify the process. The new proposed 
pattern is shown in figure 2: 

Fig. 1. Original target of the color code method. Fig. 2. Proposed circular plate with color points 
code.

The alternative circular plate is 0.85 m diameter and 0.07 m thick. Also, 22 color stripes have been replaced 
by horizontal lines of points with a code of three primary colors, green, red and blue, obtaining an array of 
595 small circular points of easy identification with a space of 3 cm between their centers. The number of 



data points in the algorithm was reduced making clearer the process of the geometrical calculation with 
regard to the original method. However the technique of the “distant observer” to obtain the photograph was 
not modified. The result of the experimental test 1 can be observed in the figure 3. The alternative pattern 
(figure 2) turned out visually distorting when is reflected on the curved surface of the concentrator. This fact 
avoids an appropriate interpretation of the reflected coordinate points. Not even an image analysis software 
can helped to clarify the position of every reflected colored point. 

Fig. 3. Image of the alternative circular color code plate reflected on the parabolic dish. 

In the second experimental test the topographical station is placed at about 12 m from the concentrator 
surface as can be observed in figure 4. Therefore the workstation consisted in laser measurement station (b1)
and two reference positions (b2, b3). The system used loads automatically these three reference positions 
including the values as three dimensional spatial coordinates. The process of the points election were not 
arbitrary, the joint lines of the mirror facets was considered the reference shape. The laser station does not 
require a specific alignment regard to the concentrator optical axis as SHOT method does. Therefore once the 
point to measure is selected the station is shooted saving the information at the moment. The process is 
repeated until to complete the definite number of points, 203 for this particular case.  

Fig. 4. Set up for acquiring the 3D coordinates of the mirror surface. 

The experimental test 2 generates a data base easily manageable by any computer program that allows to 
draw a three dimensional graphic. For this case the result is shown in figure 4. 
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Fig. 4. Three dimensional graphic of the EuroDish obtained coordinates. 

Using the values of the coordinates x and y experimentally obtained, the theoretical values of coordinate z can 
be calculated and compared with the values of z real. The mathematical expression used to calculate the 
coordinate z theoretical is equation (1): 

 (1) 
f is the focal length of the parabolic concentrator. The design value for EnviroDish is 4.5 m. It is possible to 
show the difference between the group of length values (z real –z theoretical) as a depth plane using Matlab to 
represent it graphically, obtaining a visual reference of the concentrator mirror surface. The resulting graphic 
can be observed in figure 5: 

Fig. 5. Difference (z real –z theoretical) showed as a depth graphic on x-y plane. 

5. Surface slope error and optical characterization. 

Surface normal vectors in every point can be calculated using the set of three dimensional coordinates 
obtained in the process of characterization and making a mathematical approximation from its actual surface 
to an ideal paraboloid by different procedures that allow representing it in a manageable mathematical 
expression. 

The real value of the experimental coordinates are not used directly to obtain the surface slope error en every 
data point –or angular variation between real normal vectors and ideal normal vector– but a set of the nearest 
real points are employed to create an approximated surface to an ideal paraboloid using the least squares 
mathematical method based on their real values. Therefore a definite number of small surfaces can be created 



in such a way that they will keep a certain connection with the ideal shape of a paraboloid without actually 
being this, varying the value of f, which would be bigger or smaller to nominal value but displacing it a 
minimal length on the reference axis z. For the purposes of this particular procedure the obtained value it is 
called f real (x, y). Once the surface has been obtained by the least squares method, the real normal vector in 
every data point can be calculated according the next expression (2): 
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The ideal normal vector is calculated using equation (2) but replacing the ideal values obtained in equation 
(1). A Matlab routine has been developed to carry out this procedure which calculates the real and ideal 
vectors for every data-point obtaining also the angular variation between both vectors through their dot 
product –equation (3) – which can be considered the surface slope error of the EnviroDish-SEI system. 

 (3) 
The graphic results of the slope error determination procedure are shown in figure 6(a): 

 (a) (b) 

Fig. 6. (a) Seville Engineering School-EnviroDish surface slope error (in milli-radians) 
(b) Statistical frequency distribution of surface slope error. 

Radial and tangential deviations can be also calculated from the surface slope error as shown Fig. 7: 

 (a) (b) 

Fig. 7. Radial (a) and tangential (b) slope error on SEI-EnviroDish (in milli-radians) 



6. Experimental Heat Flux Distribution (HFD) Assessment. 

A qualitative assessment of the concentrated flux distribution by a experimental test based on the Full Moon-
light technique was carried out on october 25th, 2007 at the premises of Seville Engineering School. This 
eliminated the cooling system necessary if the parabolic dish would be operating with solar radiation. A 
lambertian target was placed in the focal zone of the EuroDish parallel to the absorber´s plane. After the 
tracking system was prommaming to focus the full moonlight a set of CCD photographs were taken. Figures 
8 show the experimental procedure. The graphic results are shown and cmpared below. 

Fig. 8. Experimental procedure for Heat Flux Distribution assessment. 

7. Comparison between experimental and theoretical results. 

A second Matlab routine was developed for simulating the heat flux distribution on the focal zone from the 
data-points used in the optical characterization. The obtained graphics have been compared with the images 
provided by the Full Moon experimental test and they are shown in figure 9. 

Fig. 9. Comparison between experimental HFD (left) and a HFD obtained by a computer simulation 
(right). 



8. Conclusions. 

A summary of the most recent techniques used for optical characterization of point focus solar concentrator 
surfaces has been presented in this work. With a good quality-cost ratio as a requirement two methods based 
on these procedures were carried out on the optical characterization of the Seville Engineering School 10 kw 
EnviroDish System comparing the results. The method based on the distant observer technique known as 
color code target showed to be dependent on the image analysis software. On the other hand the procedure 
using a topographical laser station allowed obtaining experimentally the spatial coordinates in more than 200 
points all over the studied mirror surface. The measurement was performed before dawn during 45 minutes 
with the aim to avoid a possible thermal deformation due to a daytime warming. The analysis and data 
processing has taken just one day and a half, a period in agreement with other described works. This 
evaluation technique has proved to be a reliable, affordable and suitable respect to other analyzed procedures. 

A Matlab routine based on the angular deviation theory was developed to simulate the energetic distribution 
on the focal plane due to the concentrated heat flux using the same set of coordinates employed on the optical 
characterization process. Also an experimental heat flux distribution assessment was carried out using a CCD 
camera based on the Full moon technique, an indirect measurement system without cooling device. The test 
was performed at night on 25th October 2007 acquiring an image of light intensity that was used to validate 
the theoretical results. A comparison between experimental and simulation results was performed observing 
an appropriate similarity. This fact proves that only 200 data-points can be considered to make a 
comprehensive optical study. 
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