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ABSTRACT 

The Sandia computer codes HELlOS and MIRVAL were developed to predict 
the optical performance' of reflecting solar concentrators and to model 
power collection by central-receiver solar-energy power plants. HELlOS is an 
analytic code, whereas MIRVAL uses Monte Carlo ray-tracing techniques. 
They have been used both internally and externally in many studies including 
evaluation of heliostat-receiver deSign, parameter studies and safety analyses. 
The objective of this study was to verify that HELlOS and MIRVAL give the 
same performance predictions. The sample problem for comparison consists of 
a rectangular target and alt-azimuth heliostats deployed in a north field. 
The results indicate that HELlOS and MIRVAL closely agree on predictions of 
field performance and of power density on the target plane. 

*This work supported by the U. S. Department of Energy. 
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COMPARISON BETWEEN RESULTS OF THE HELlOS AND MIRVAL COMPUTER CODES 
APPLIED TO CENTRAL RECEIVER SOLAR-ENERGY COLLECTION 

Introduction 

Harnessing solar power economically is a tremendous undertaking, with 
many possibilities for expensive waste. Computer codes have been developed 
to simulate various methods of collecting solar energy in order to avoid 
mistakes new technology can bring. The low cost of computer use compared 
with that of hardware development allows for many parametric studies prior 
to hardware decisions. 

Because of the expense associated with high-accuracy hardware, solar
energy development seeks a trade-off between accuracy and cost. One of the 
largest expenses is in the heliostats (mirror array). In the optimum design, 
the cost (and therefore accuracy) is minimized subject to the constraint that 
we receive the desired power and the desired distribution of power on the 
receiver. Since computer models aid in making decisions involving large 
hardware expenditures, it is important that the models be verified compara
tively and experimentally. 

MIRVAL and HELlOS are two computer codes that are used to assess the 
overall optical performance of systems proposed for central receiver solar
energy collection. Documentation of the theory and use of these codes 
appears elsewhere. 1-3 Briefly, the inputs are the geometry of the 
heliostat field, tower, and receiver, along with miscellaneous physical data 
such as mirror reflectivity, insolation tables, etc., and the outputs are the 
thermal power through the receiver and the thermal power density on the plane 
of the receiver opening. Phenomena whose effects are simulated are shadowing, 
blocking, mirror tracking, random errors in tracking and in the conformation 
of the reflective surface, optical shape of the reflective surface, insola
tion, angular distribution of incoming sun rays to account for limb darkening 
and scattering, attenuation of light between the mirrors and the receiver, 
reflectivity of the mirror surface, and mirror-aiming strategy. 

The methodologies of HELlOS and MIRVAL are quite different. MIRVAL is 
a Monte Carlo code. Rays of light are selected from the vicinity of the sun 
and are traced until they either enter the receiver or are lost in a prior 
absorption process or are deflected enough to miss the receiver. HELlOS, on 
the other hand, is an analytic code. The angular distribution of sunrays for 
the radiation incident on a concentrator is modified by convolution, using 
the fast Fourier transform, to incorporate the effects of other nondetermin
istic factors such as sun-tracking errors, surface slope errors, and reflect
ance properties. 
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MIRVAL has been used to compare sets of heliostat-field, tower-receiver, 
heliostat, and facet designs that have been proposed for the 10-MW electical 
power tower now planned for Barstow, California. HELlOS has been used in the 
evaluation of individual heliostats at the Central Receiver Test Facility 
(CRTF) now in operation at Sandia Laboratories, Albuquerque, New Mexico. 
We tested several designs which had been proposed for the Barstow plant. 
MIRVAL and HELlOS have also been used in many other types of studies: safety 
analysis, parameter studies, power-tower-performance calculations, and 
comparison with experimental data. 

Several previous checks of HELlOS were described in Chapter 9 of Refer
ence 2. All of the quantitative comparisons with experiment were either for 
one heliostat or for one facet. Such comparisons give no validation to code 
features such as shadowing and blocking. Other work4 examined consistency 
between prediction ~nd experiment for a small field of 23 heliostats. As 
indicated elsewhere detailed flux-density measurements are planned for 
the CRTF using large heliostat arrays and concurrent sunshape data. These 
data in turn will be used as experimental data for similar comparisons. 
This report examines the consistency of the two computer codes when applied 
to larger heliostat fields. We detail the basic input used to compare the 
codes, including the basic power-tower optical design. The code outputs 
described indicate that MIRVAL and HELlOS results are consistent. 

Because often-used computer codes associated with a rapidly evolving 
technology are revised frequently to meet new demands, comparison is con
strained to the versions of MIRVAL and HELlOS in use during July 1979. 
It is expected, however, that future versions of the codes will not alter 
the basic results or conclusions presented here. 

Code Input 

As a result of interaction with a group from the Empresa Nacional 
,de lngenieria Y Technologia (INITEC) in Madrid, both MIRVAL and HELlOS 
were used to aid in the design of the 1-MWe CESA-1 (Central Energia Solar 
Almeria) solar-central receiver plant being built in Almeria, Spain. The 
preliminary design of the CESA-1 system (but with a spherical facet-surface 
shape) provided the details for the code comparison between HEllOS and 
MIRVAL. 

The mirror array consists of 282 heliostats deployed in a north field, 
as shown in Figure 1. This figure was produced by HELlOS, as were all other 
computer graphics in this report. The coordinates of the heliostats are 
listed in the Appendix. 
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HELIOSTAT LAYOUT IN EAST - NORTH PLANE 
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Figure 1. Preliminary Heliostat Layout in East-North Plane for the 
CESA-1 Solar Central-Receiver Project 

All are aimed at the center of the target. Each heliostat consists of 10 
panels arranged in a 2 x 5 pattern (Figure 2). Individual facets are canted 
to give optimum energy collection at noon on solar equinox. The facet 
surfaces are spherical with a reflectivity of 0.85. The focal length of each 
facet is determined from the projection P of the heliostat to tower-center 
distance onto a horizontal plane. The f values are listed in Table I. 
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Figure 2. Heliostat Design 
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TABLE I 

FACET FOCAL LENGTHS 

Projection P{m) 0-69 69-122 122-170 170-205 205-232 232..co 

f{m) 85 118 160 202 226 255 

The target (Figure 3) is a 3.4 m square centered at 0 m east, 5 m north, 
and 60 m above the center of the tower base. The target is inclined 21.8° 
downward. The tower shadow is modeled as that cast by a cylinder 71 m tall 
with radius of 5.5 m. 

Figure 3. CESA-I Solar Receiver 
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The sun shape is taken as a uniform disk which subtends 9.29 mrad 
at the plant site. The calculation time is 10 A.M. on winter solstice. 
Insolation is 700 W/m2. The latitude of the CESA-1 solar receiver site is 
37.099°N. The atmospheric attenuation is modeled with Eq. (6.3~2)-and 
(6.3-3) in Reference 2. 

The dispersion in the error cone in HEllOS was set to 0~0033. In 
order to make the treatment of heliostat error sources consistent in the two 
codes, MIRVAL used 0.00165 rad for the standard deviation of the distribution 
function describing mirror-slope error and used no error in tracking angles. 
The users' guides1-3 contain further description of the treatment of 

, ' 

error sources. 
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Result Comparisons 

The field performance parameters calculated by HELlOS and MlRVAL for 
the power-tower system defined in the preceding section are listed below. 

Power collected in aperture: 

HELlOS 4.762 MW 

MlRVAL 4.786 MW 

Error est i mate 

0.013 MW (rough estimate - see 
section 7.1 of reference 2) 

0.018 MW (the probability is 
0.97 that the estimate differs 
from the true value by less than 
0.018 MW) 

Shadowing and blocking loss factor (area loss, not power loss at target): 

HEllOS 0.92408 

MlRVAL 0.92541 

(.91888 for power loss at target) 

(shadowing loss fraction 0.07149, 
blocking loss fraction 0.00334) 

Cosine loss factor (caused by angle of incidence at facets): 

HEllOS 0.94910 

MlRVAL 0.94913 

Spillage loss factor: 

HEllOS 0.92174 

MlRVAL 0.92142 

Atmospheric attenuation loss factor: 

HEllOS 0.97388 

MlRVAL 0.97329 

Flux density on target surface 

This comparison is less straightforward since HELlOS calculates the flux 
density at a mesh of pOints while MlRVAL gives the average flux density in an 
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array of bins. Integration over portions of the target mesh in HELlOS 
gives the power distribution on the target within a set of bins. By using 
the area of the bins the average flux density within each bin is calculated. 
This can then be compared with the MIRVAL output as shown in Table II. The 
target coordinates in the table have their origin at the target center with 
the x axis eastward and the y axis tilted from the vertical direction 21.8 0 

toward the north. Horizontal slices of data near the peak are compared in 
Figure 5. Comparison of vertical slices of data near the peak gives similar 
agreement. Consistency in the results remains when all heliostat error' 
sources are set to zero. Figures 6 and 7 are graphs of the flux density 
calculated by HELlOS. 

Y 

TABLE II 

FLUX DENSITY DISTRIBUTION ON APERTURE (MW/m2) 
FROM MIRVAL (HELlOS) 

Target coordinates (in meters) 
x 1.70 1.02 0.34 -0.34 -1.02 -1.70 

1.70----------------------------------------------------
.0721 .1685 .2163 .1668 .0717 

1.02 (.0746) (.1702) (.2353) (.1732) (.0761) 

.1918 .5852 .9176 .5795 .1998 
0.34 (.1953) (.5612) (.9165) (.5770) (.2016) 

.2841 .9666 1.6760 .9633 .2992 
(.2770) (.9124) (1.6302) (.9386) (.2872) 

-0.34--------~~~~~~~~~~~~~~~~--~~~----

.1826 .5474 .8650 .5612 .1960 
(.1901) (.5469) (.8862) (.5564) (.1955) 

-1.02--------~~~~~--~~~~~~~~~~--~~~----

.0664 .1531 .2118 .1582 .0694 
(.0712) (.1639) (.2247) (.1641) (.0724) 

-1.70--------~~~~~--~L-~~~~~~~~--~~~----
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Figure 5. Horizontal Slices of Data Near Peak 
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Figure 6. Isointensity contours of flux density on aperture at peak and 
(0.95 - 0.051) for I = 0, 1, ••• , 18. Greater density of 
data pOints is needed for good contour resolution near the 
peak 
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Figure 7. Flux Density Distribution on Aperture 

More Detailed Shadowing and Blocking Comparison 

The extent of shadowing and blocking in this calculation is illustrated 
in Figures 8-9. The blocking diagram is a projection of the outer edges of 
the heliostats onto a unit sphere centered at the target center. Overlap 
indicates that the closer heliostat blocks a portion of the light from the 
overlapped heliostat. The shadowing diagram is a projection of the outer 
edges of the heliostats and a projection of the receiver-tower model onto a 
plane orthogonal to the sun1s rays. The cross-hatched section represents the 
tower. Overlap here indicates that the closer heliostat or the tower shadows 
a portion of a heliostat farther from the tower. Figures 8 and 9 show little 
blocking or shadowing other than the tower shadowing. 

Early calculations indicated that the blocking results of MlRVAL and 
HELlOS were not consistent. A time shift to 4 P.M. (to emphasize the effect) 
and concentration upon heliostat number 136 (see Appendix) indicated this 
heliostat was being blocked by heliostat number 107. MlRVAL predicted the 
blocked fraction of the heliostat reflective area to be 0.0165. The corres
ponding HELlOS prediction was 0.042. Shortly before this discovery workers 
at lNlTEC5 indicated an inconsistency between a HELlOS prediction for 
blocking and a hand calculation for this heliostat-field layout. Review of 
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the code revealed the intent to locate the center of the unit sphere used for 
blocking at the center of the target. A programming error prevented these 
coordinates from being set, causing use of default CRTF parameters and thus 
the inconsistency. Code correction on July 5, 1979, made the MlRVAL, HELlOS 
and lNlTEC blocking results consistent. The shadowing and blocking diagrams 
for heliostats influencing number 136 at 4 P.M. are indicated in Figure 10. 

PROJECTION ORTHOGONAL TO SUN RAYS 

X-prime (m) 

Figure 8. The Blocking Diagram 

PROJECTION TO UNIT SPHERE (TARGET CENTER) 

~~~--~~~--+-~~~4--+~ 
~ u u ~ u u u U W M U 

Azimuth (radians) 

Figure 9. The Shadowing Diagram 
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Conclusions 

With a uniform disk (pillbox) sunshape, and the preliminary power-tower 
design for the CESA-l central receiver, the HELIOS-MIRVAL results are in good 
agreement. Descriptions of he1iostat error sources can be selected in a 
consistent manner. No differences are apparent in predictions of the two 
computer codes. Since the codes are based upon widely different approaches 
(cone-optics vs Monte Carlo) this consistency indicates a measure of validity 
in the two approaches. Comparison with experimental data for a large field 
remains. Nevertheless, we have greater confidence in the codes because of 
this exercise. 
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APPENDIX--HELIOSTAT LAYOUT 

COUROINATES UF HELIUSTAT MUUNTING STATIUNS (IN r~lnRS) 
System ori 91 n is at the center of the tower base 

Hel io- Helio- Hel io-
'stat stat stat 
nunber East North Vertical number East North Vertical number East North Vert i ca 1 

1 U.OO 45.UO 0.00 Yo 60.00 120.00 0.00 191 -13.01 1.92.00 U.UO 
2 -10.00 45.00 O.UO 97 -70.00 120.00 0.00 192 13.0U 192.00 O.OU 
3 10.UO 45.00 0.00 98 70.00 120.00 0.00 193 -26.08 192.00 U.UO 
4 -2U.00 45.00 O.OU 99 -80.00 120.00 0.00 194 26.08 1'92.00 0.00 
5 20.00 45.00 0.00 100 80.00 120.00 O.UO 195 -39.28 192.ou O.OU 
6 -30.00 45.00 0.00 101 -90.00 120.00 0.00 190 39.28 192.00 0.00 .. 
7 30 •. 00 45.00 0.00 102 90.00 120.00 0.00 197 -52.67 192.UU 0.00 
8 -5.00 57.00 0.00 103 -100.00 120.00 O.UO 198 52.67 192.0U O.UU 
9 5.00 . 57.00 0.00 104 100.00 135.00 0.00 199 -66.31 192.00 0.00 

10 -15.00 57.00 O.UO 105 -5.00 135.00 0.00 200 66.31 192.00 0.00 
11 15.00 57.00 0.00 106 5.00 135.00 0.00 201 -80.27 192.00 O.OU 
12 -25.00 57.00 0.00 107 -15.00 135.00 0.00 202 80.27 192.00 0.00 
13 25.00 57.UO 0.00 108 15.00 135.00 0.00 203 -94.62 192.00 0.00 
14 -35.00 57.00 0.00 109 -25.00 135.00 0.00 204 94.62 192.00 0.00 
15 35.00 57.00 0.00 110 25.00 135.00 O.UO 105 -109.42 192.00 0.00 
16 -45. UO 57.00 0.00 111 -35.00 135.00 0.00 206 109.42 192.00 0.00 
17 45.00 57.UO O.UO 112 35.00 135.00 0.00 207 -124.75 192.00 0.00 
18 U.UO 69.UO 0.00 113 -45.00 135.00 0.00 208 124.75 192.UO 0.00 
19 -10.00 69.00 0.00 114 45.00 135.00 0.00 209 -6.91 204. UO 0.00 
20 10.00 69.00 0.00 115 -55.UO 135.00 0.00 210 6.91 204.00 0.00 
21 -20.00 69.00 0.00 116 55.00 135.00 0.00 211 -20.81 204.00 0.00 
22 20.00 69.00 0.00 117 -65.00 135.00 0.00 212 20.81 204.00 0.00 
23 -30.00 69.00 0.00 118 65.00 135.00 0.00 213 -34.77 204.00 0.00 
24 30.00 69.UO 0.00 119 -75.00 135.00 0.00 214 34.77 204.00 0.00 
25 -40.00 69.00 0.00 120 75.UO 135.00 0.00 215 -48.92 204.00 0.00 
26 40.00 69.00 0.00 121 -85.00 135.00 0.00 216 48.92 204.00 0.00 
27 -50.00 69.00 0.00 122 85.00 135.00 0.00 217 -63.32 204.00 0.00 
28 50.00 69.00 0.00 123 -95.00 135.00 0.00 218 63.32 204.00 0.00 
29 -60.00 69.00 0.00 124 95.00 135.00 0.00 219 -77.99 204.00 0.00 
30 60.00 69.00 0.00 125 -105.00 135.00 0.00 220 77.99 204.00 0.00 
31 -5.00 81.00 0.00 126 105.00 135.00 0.00 221 -93.05 204.00 0.00 
32 5.00 81.00 0.00 127 -115.00 135.00 O.OU 222 93.05 204.00 0.00 
33 -15.00 81.00 0.00 128 115.00 135.00 0.00 223 -108.59 204.00 0.00 
34 15.00 81.00 0.00 129 -125.00 135.00 O.UO 224 108.59 204.00 O.OU 
35 -25.00 81.00 0.00 130 125.00 135.00 0.00 225 -124.59 204.00 0.00 
36 25.00 81.00 0.00 131 -135.00 135.00 0.00 226 124.59 216.00 0.00 
37 -35.00 81.00 0.00 132 135.00 135.00 0.00 227 0.00 216.00 0.00 
38 35.00 81.00 0.00 133 0.00 152.00 0.00 228 -14.68 216.00 0.00 
39 -45.00 81.00 0.00 134 -10.00 152.00 0.00 229 14.68 216.00 0.00 
40 45.00 81.00 0.00 135 10.00 152.00 0.00 230 -29.43 216.00 0.00 
41 -55.00 81.00 0.00 136 -20.00 152.00 0.00 231 29.43 216.00 0.00 
42 55.00 81.00 0.00 137 20.00 152.00 0.00 232 -44.31 216.00 0.00 
43 -65.00 81.00 0.00 138 -30.00 152.00 0.00 233 44.31 216.00 0.00 
44 65.00 81.00 0.00 139 30.00 152.00 0.00 234 -59.43 216.00 0.00 
45 -75.00 81.00 0.00 140 -40.00 152.00 0.00 235 59.43 216.00 0.00 
46 75.00 81.00 0.00 141 40.00 152.00 0.00 236 -74.80 216.00 0.00 
47 0.00 93.00 0.00 142 -50.00 152.00 0.00 237 74.80 216.00 0.00 
48 -10.00 93.00 0.00 143 50.00 152.00 0.00 238 -90.57 216.00 0.00 
49 10.00 93.00 0.00 144 -60.00 152.0U 0.00 239 90.57 216.00 0.00 
50 -20.00 93.00 0.00 145 60.00 152.00 0.00 240 -106.77 216.00 0.00 
51 20.00 93.00 0.00 146 -70.00 152.00 0.00 241 106.77 216.00 0.00 
52 -30.00 93.00 0.00 147 70.00 152.00 0.00 242 -123.45 216.00 0.00 
53 30.00 93.00 0.00 148 -80.00 152.00 0.00 243 123.45 230.00 0.00 
54 -40.00 93.00 0.00 149 SO.OO 152.00 0.00 244 -7.82 230.00 0.00 
55 40.00 93.00 0.00 150 -90.00 152.00 0.00 245 7.82 230.00 0.00 
56 -50.00 93.00 0.00 151 90.00 152.00 0.00 246 -23.53 230.00 0.00 
57 50.00 93.00 0.00 152 -100.00 152.00 0.00 247 23.53 230.00 0.00 
58 -60.00 93.00 0.00 153 100.00 152.00 0.00 248 -39.31 230.00 0.00 
59 60.00 93.00 0.00 154 -110.00 152.00 0.00 249 39.31 230.00 0.00 
60 -70.00 93.00 0.00 155 110.00 152.00 0.00 250 -55.31 230.00 0.00 
61 70.00 93.00 0.00 156 -120.00 152.00 0.00 251 55.31 230.00 0.00 
62 -80.00 93.00 0.00 157 120.00 152.00 0.00 252 -71.59 230.00 0.00 
63 80.00 93.00 0.00 158 -130.00 152.00 0.00 253 71.59 230.00 0.00 
64 -5.00 106.00 0.00 159 130.00 152.00 0.00 254 -88.18 230.00 0.00 
65 5.00 106.00 0.00 160 -140.00 152.00 0.00 255 88.18 230.00 0.00 
66 -15.00 106.00 0.00 161 140.00 152.00 0.00 256 -105.21 230.00 0.00 
67 15.00 106.00 0.00 162 -5.00 171.00 0.00 257 105.21 230.00 0.00 
68 -25.00 106.00 0.00 163 5.00 171.00 0.00 258 -122.78 230.00 0.00 
69 25.00 106.00 0.00 164 -15.00 171.00 0.00 259 122.78 230.00 0.00 
70 -35.00 106.00 0.00 165 15.00 171. 00 0.00 260 0.00 244.00 0.00 
71 35.00 106.00 0.00 166 -25.00 171.00 0.00 261 -16.63 244.00 0.00 
72 -45.00 106.00 U.OO 167 25.00 171.00 0.00 262 16.63 244.00 0.00 
73 45.00 106.00 0.00 168 -35.00 171.00 0.00 263 -33.33 244.00 0.00 
74 -55.00 106.00 0.00 169 35.00 171.UO 0.00 264 33.33 244.00 0.00 
75 55.00 100.00 O.UO 170 -45.00 171.00 0.00 265 -50.19 244.00 0.00 
76 -65.00 106.00 0.00 171 45.00 171.00 0.00 266 50.19 244.00 0.00 
77 65.00 106. UO 0.00 172 -55.00 171.00 0.00 267 -67.31 244.00 0.00 
78 -75.00 106.UO 0.00 173 55.00 171.00 0.00 268 67.31 244.00 0.00 
79 75.00 106.00 0.00 174 -65.00 171.00 0.00 269 -84.73 244.00 0.00 
80 -85.00 106.00 0.00 175 65.00 171.00 0.00 270 84.73 244.00 0.00 
81 85.00 106.00 0.00 176 -75.00 171.00 0.00 271 -102.58 244.00 0.00 
82 -95.00 106.00 0.00 177 75.00 171.00 0.00 272 102.58 244.00 0.00 
83 95.00 106.00 0.00 178 -85.00 171.00 0.00 273 -8.83 259.00 0.00 
84 0.00 120.00 0.00 179 85.00 171.00 0.00 274 8.83 259.00 0.00 
85 -10.00 120.00 0.00 180 -95.00 171.00 0.00 275 -26.56 259.00 0.00 
86 10.00 120.00 0.00 181 95.00 171.0U U.UO 276 26.56 259.00 0.00 
87 -20.00 120.00 0.00 182 -105.00 171.00 0.00 277 -44.38 259.UO 0.00 
88 20.00 120.00 0.00 183 105.00 171.00 0.00 278 44.38 259.0U 0.00 
89 -30.00 120.00 0.00 184 -115.00 171.00 0.00 279 -62.44 259.00 0.00 
90 30.00 120.00 0.00 185 115.00 171.00 0.00 280 62.44 259.00 0.00 
91 -40.00 120.00 0.00 186 -125.00 171.00 0.00 281 -SO.82 259.00 0.00 
92 40.00 120.00 0.00 187 125.00 171.00 0.00 282 8U.82 259.00 0.00 
93 -50.00 120.00 0.00 188 -135.00 171.00 0.00 
94 50.00 120.00 0.00 189 135.00 171.00 0.00 
95 -60.00 120.00 0.00 190 0.00 192.00 0.00 
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