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1 Introduction

It has been a long tradition since the beginning of application ?P
heliostats that heliostat mirror alignment approximates spherlc
curvature, and sun tracking is performed with azimuth- elevath
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Comparison of Two Sun Tracking
Methods in the Application of a
Heliostat Field

The basic mathematics and structure of heliostat have remained unchanged for many
decades. Following the challenge first made by Ries et al., the non-imaging focusing
heliostat recently proposed by Chen et al. provides an alternative in the field of concen-
trated solar energy. This paper investigates the performance of a heliostat field composed
of the newly proposed heliostats. In contrast to the dynamic curvature adjustment pro-
posed in our previous work for a solar furnace, a fixed asymmetric curvature is used here
with the spinning-elevation tracking method. This restriction is intended to equalize the
manufacture cost of the new heliostat with that of traditional heliostats with azimuth-
elevation tracking and spherical curvature. Fixing the curvature results in only partial
aberration correction, compared to full correction using the dynamic adjustment of cur-
vature. Nevertheless, the case studies presented in this paper show that the new heliostat
design can reduce the receiver spillage loss by-3@xb, and provide a much more
uniform performance without large variations with time of day.

[DOI: 10.1115/1.1634583

axes. The conventional heliostat suffers from strong astigmatic
erration whenever the reflection is off-axis, which is most of the
ime in practical situations. The aberration increases the sun’s im-
age size on the target considerably relative to the on-axis situation,
eading to a significant spillage loss, a reduction in the average
flux on the receiver, and a reduction in receiver efficiency. Several
authors attempted to tackle this problem. In their detailed theoret-
3|cal study on the traditional heliostat, Igel and HughEkrealized
that the amount of aberration depends on the incidence angle as
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measured in the tangential plane, defined by the sun, the center of 1.8 — Spinning-Elevation
the heliostat, and the target. They pointed out that the image size 1¢ = Azimuth-Elevation
could be reduced if the heliostat can be constructed with asym-
metric curvature, but this requires that the heliostat be aligned 14 \
with the tangential plane rather than just pointing at the tathet < 1.2 \
distinction between alignment and pointing is explained ). o 1

[
They proposed to rotate the heliostat frame about the normal of & 08 \\
the center facet, in addition to the azimuth and elevation motions, § ™ \
to achieve this alignment. This is mechanically cumbersome and ® 08 \\
too expensive to be practical. 0.4 T T
Ries[3] and Zaibel et al[4] made another proposal to use a 0.2 V/‘)\
target aligned mount method for sun tracking. In this method, the '
sagittal and tangential directions are fixed with respect to the he- 0 ’ ' '
900 1100 1300 1500 1700

liostat frame. The aberration can then be corrected by using a
non-symmetric heliostat with two different radii of curvature. Time
They noted that the correction is different for each time, and corpr, 4 Spot size comparison between the spinning-elevation
puted the fixed asymmt_etrlc curvature that V‘_’OU|d provide the b d azimuth-elevation tracking methods for June 21st. The tar-
annual average correction. Chen et[816] derived the sun track- get angle is 41.8 deg, facing angle is 10 deg to the south and
ing formula for the spinning-elevation tracking mount, where thge latitude is North 43 deg. Heliostat area is 25 m 2 and the
spinning axis points towards the target and keeps the heliost&int range is 30 m.
normal within the tangential plane, and the elevation axis rotates
the heliostat normal within the tangential plane. They proposed a
heliostat with a dynamically adjusted geometry that has the ability
to make a full aberration correction. Unlike the conventional imspot”) as a criterion to compare the performance of traditional
aging heliostat design where a fixed geometry approximatingaad aberration corrected heliostats. This type of comparison is
spherical surface is used, the new heliostat has no specific gegiiown in Fig. 1. However, the comparison of the spot area is not
etry. It is composed of a number of smaller movable facet mirrorsyfficient for practical design. This comparison does not reflect
which can be maneuvered to make the first-order aberration ctite effect of spot's shape, which in many cases is the dominant
rection. The new design was therefore named “non-imaging féactor in determining the receiver spillage loss and intercept effi-
cusing heliostat”. ciency. For traditional heliostats, the spot shape is distorted into an
The shape of the non-imaging focusing heliostat is similar @pproximately elliptical shape with non-uniform flux most of the
the shape of non-symmetric geometry proposed by Ries et tmne. The spillage loss can therefore be larger than the value that
[3,4], having two different radii of curvature along the row andvould be estimated based on spot area alone. An aberration cor-
column directions. However, this is only true when the distandected heliostat, on the other hand, will produce a nearly circular
between the target and heliostat is large relative to the dimensigpot shape most of the time. Therefore, an appropriate comparison
of the heliostat. In the case of small distance, the required cunf-the performance of the two types of heliostats requires account-
ture of the heliostat surface varies along the tangential directidng for the spot shape.
The orientation of the facets in different rows is therefore asym- The size and shape of the spot on the receiver’s plane are de-
metric with respect to the center of the heliostat. In the solé&@rmined by two main factors: the disc effesipreading of the
furnace demonstratidi], two separate driving units were used tgadiation within the solid angle subtended by the)swmd the
control the movements of the facets in the lower and upper pa@stigmatic aberration. The calculation methods are all well known
of the heliostat, due to this asymmetry. [1]. The disc effect depends on the slant range but not on heliostat
Even a conventional heliostat using azimuth-elevation trackirgtgsign, and is therefore the same for all types of heliostats. The
could make a full aberration correction, if its facets were permigstigmatic aberration can be divided into two components: aber-
ted to move during the tracking. However, this is not feasibleation of individual facets, and the residual aberration spread due
since each individual facet requires a specific motion with twi® imperfect cantingd7]. The facet-level aberration is relatively
degrees of freedom, leading to complex control and prohibitigmall in practical cases where the heliostat facets are small rela-
cost. The spinning-elevation tracking method, on the other haritye to the slant range. The residual aberration can be small if the
provides the only mode to link the movements of all the facefgcets are continuously adjusted to provide a dynamic astigmatic
using a small number of motors, and thus reduce the numberasfrection[5] that follows the variations in incidence angle. When
controls to the minimum. the facets are preset, i.e., given a fixed orientation, then this aber-
The application of non-imaging focusing heliostats in a heation is zero at one particular incidence angle matching the pre-
liostat field, e.g., in a solar power plant, requires a significaset, and larger at other anglgd. Therefore, the residual aberra-
emphasis on cost reduction since the heliostat cost is a majien is the main source of differences in the performance of the
factor in the overall plant cost-effectiveness. A fixed geometry dlifferent heliostats.
the heliostat is therefore preferred relative to the dynamic facetTwo methods are employed in this study to present the com-
alignment. In this paper, we will discuss the comparison of twparison between heliostat types. The image-spread methpd
heliostat field systems, both employing heliostats with a fixed gprovides a qualitative presentation of the residual astigmatic aber-
ometry. The facets in the conventional heliostat field are alignéation. The intercept points on the target plane for central rays
according to the traditional spherical curvature to achieve the féom each heliostat facet are plotted; with ideal canting, they
quired focal distance. The facets in the non-imaging heliostat fiedthould all intersect at the center of the target. The spread of the
have an additional degree of freedom, and provide both ti#ercept points is a measure of the deviation from perfect canting,
needed focal distance and a partial aberration correction. This a&d is correlated with spillage losses for an aperture of a given
ditional degree of freedom will be used to optimize the flux dissize. The characteristic curve methi@] provides a more quanti-

tribution on the target. tative and comprehensive information for comparison. The inter-
cept efficiency is plotted vs. the average flux concentration, with
2 Comparison Method the aperture radius serving as the parameter that changes along the

curve. This characteristic curve shows the two performance indi-
2.1 Comparison Criterion. Zaibel et al.[4] used the area cators, efficiency and concentration, simultaneously for any re-
of the illuminated region on the target plaiieften called the ceiver size.
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The flux distribution on the target and the spillage losses cor- ~ Table 1 Parameters for comparison of heliostats

responding to the two heliostat designs were computed using—= -

computer simulation program. The intercept at the target planeE '('eogtfaftai'ezf f g? o
the central ray from each facgt was computed using ray tracin@wer height 20m
The program calculated the size and shape of the spot for edelting angle 135°
individual facet in the heliostat. The flux within the spot createélat(':teutdf%cusing distance 43° ygfé?
by an individual facet was assumed to be uniform. The overel{_lgrget distance 28.6 m

flux distribution created by the heliostat is a superposition of thgjant range
distributions of the individual mirrors. The intercepted power is
then given by an integration of the flux distribution within a given
aperture on the target plane.

Due to the high degree of complexity and the large number f|iostat relative to the tower is illustrated in Fig. 3.

geometric parameters, it is difficult to generalize the comparisonFor azimuth-elevation tracking, the heliostat azimuth argle
results. Therefore, we have studied some specific cases as illusfigd the heliostat elevation angig are as follows:

tion. The design shown here for the heliostat geometry and field

layout is one choice, and readers may apply the method descri- A, = ArcSin Cos\ Sin¢+ Cosa SinA )
bed here to other geometric designs according to their own AT 2 Cosh Cosf,
application. . .
[ —Sin\+Sina
2.2 Sun Tracking Algorithms. The mathematical expres- 0= ArcSin > Cosi )

sions for the two sun tracking methods were previously published
[5], and are presented here briefly for completeness. The relevanfor spinning-elevation tracking, the heliostat spin angjend
tracking angles and the distinct characteristics of the two htie heliostat elevation angle; are as follows:

liostats are schematically shown in Fig. 2, and the geometry of the

—Co0sé Cosw Sing Sin® + Cosé Sinw Cos¢g+ Sin§ Sin ¢ Cosd

ps=ArcSin

0s=10 (4)
In the aboveg is the incidence angle:
0=0.5 ArcCos — Sin\ Sina+ Cos\ Sin¢ Cosa SinA
+Cos\ Cos¢ Cosa CosA) (5)
«a is the solar altitude angle:
a=ArcSin(Sin 6 Sin® + Cosé Cosw Cosd) (6)
A is the solar azimuth angléf Sin ©>0 thenA=27—A):

Siné Cos® — Cosé Cosw Sind
Cosa

A= ArcCos( (7)

\ is the target angleg is the facing angleg is the declination

angle;d is the latitude; andv is the hour angle.

To Target
7
Ps‘ 6 s
|
/77777 /1777777
(a) (b)

Fig. 2 The schematic diagram shows the difference between
the two kinds of sun tracking methods: (a) azimuth-elevation;
(b) spinning-elevation.
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3 Comparison for a Single Heliostat

The parameters used for the comparison of the performance of
single heliostats are given in Table 1. The conventional heliostat
facet alignment is assumed to approximate a fixed spherical ge-
ometry (on-axis cantingy while the spinning-elevation heliostat
used a fixed facet geometry according to the non-imaging align-
ment procedurg5]. The presetting incidence angles are 0 degree
for conventional heliostat and 31.4 degree for spinning-elevation
heliostat. The location of the heliostat relative to the tower corre-
sponds to position 7 in the field shown in Fig. 4.

The disc effect and aberration effect for individual mirrors are
insensitive to the choice of tracking axes and the canting of the
heliostat, and are therefore the same for the two heliostats. There-
fore, the performance difference between the two heliostats is
mainly due to the residual aberration. This effect is clearly seen by
comparing the residual image spread. The image spread distribu-
tions at different times are shown in Fig. 5. The results show two
important distinctions. First, if we compare the results at a given

-\

Height of
Tower

¢

To
» North

Je

Fig. 3 The definitions of geometric parameters used in the
comparison of heliostats
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North

43.00

Fig. 4 The layout shows the heliostat field used for compari-
son between the two types of heliostat design. The dimensions
shown are in meters. The tower height is 20 m. The specifica-
tions for each heliostat are given in Table 1.

time, we find that the space distribution of the spread in the tra-
ditional heliostat is uneven, while in the non-imaging heliostat it
is nearly uniform. This flux non-uniformity created by the tradi-
tional heliostat could be related to “hot spots” that often occur in
existing solar tower plants, causing damage to receivers. A solar
plant with the new non-imaging focusing heliostats should pro-
vide a more uniform flux distribution and alleviate this problem. A
second observation is that the time variation of the spread of the
traditional heliostat is much larger than that of non-imaging fo-
cusing heliostat.

To quantify the effect of these differences on the performance
of a receiver, the intercept efficiency and the average concentra-
tion at the receiver aperture, for a wide range of receiver radii,
were computed for the flux distributions created by the two he-
liostats using the data obtained in Fig. 5. The results for several
times during the day of June 21 are shown in Fig. 6. The temporal
variability is clearly observed in these results. For example, if we
keep the receiver intercept efficiency fixed at 90%, the variation in
concentration at the receiver during the day is larger for the tra-
ditional heliostat by a factor of 2.5.

Figure 7 shows the maximum spillage loss for the two types of
heliostat as a function of receiver aperture radius. The maximum
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Fig. 5 The comparison of image spread for heliostat 7 at different times on June 21. The dimensions shown are in centimeters.
Each point represents the intersection on the target plane of a central ray from an individual facet. Left side: traditional heliostat;
right side: non-imaging focusing heliostat. (a) 7 am. (b) 9 am. (c¢) 11 am. (d) 1 pm. (e) 3 pm.
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Fig. 6 The characteristic curves for heliostat 7 at different

o

times during June 21. (a) Traditional heliostat. (b) Non-imaging

focusing heliostat.

Set simulation parameters such as latitude, tower
height, receiver size, facet focusing distance,
specifications of heliostats, total heliostats number,
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=1

A
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Find maximum incidence angle
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l
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Bp from Bmin to Omax

A

Calculate spillage loss at Omin

Increment
y Bp by AD
Calculate spillage loss at Bmax ¥
No

y
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A%loss
{‘ Yes

l Yes
A

| Return . End
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spillage is significantly higher for the traditional heliostat. For an
aperture size in the range of 1-2 m, the new heliostat may provide
about 30% reduction in spillage loss relative to the traditional

Fig. 8 The flow chart of smoothing process

heliostat.

4 Comparison for a Group of Heliostats

4.1 “Smoothing” Procedure Using Different off-Axis Pre-

focusing heliostat is much more stable than that created by a con-
ventional heliostat, showing smaller variations during the day. The
time variation of the received solar flux during the daily operation

setting for a Group of Heliostats. In the previous section We f 5 heliostat field can be improved even further by utilizing an
have shown that flux distribution created by a single non-imaging,nortant feature of the non-imaging focusing heliostat. The tra-

80
70
80
50
40
30
20

Maximum Spillage Loss (%)

1 1.5 2 25 3 35 4
Receiver Diameter(m)
Fig. 7 The yearly maximum spillage loss is shown as a func-

tion of the receiver diameter. Upper curve: traditional heliostat.
Lower curve: new heliostat.
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ditional heliostat can only use on-axis presettiognting, which

is only suitable for reflection at normal incidence. The new he-
liostat may use off-axis presetting, which can refer to any inci-
dence angle. This provides an additional degree of freedom that
enables optimization of the field performance. Figure 1 shows that
the spot area for a non-imaging focusing heliostat with fixed facet
geometry varies with incidence angle, and reaches a minimum
when the incidence angle is equal to the preset incidence angle
used in fixing the facet orientation. We can choose to preset each
heliostat within the group such that its minimum spot area will
occur at a different timéincidence angle is a function of time
relative to other members of the group. This choice will average
out the received solar flux for a daily operation. A proper selection
of the individual preset times can then lead to a flux distribution
that does not vary much during the day.

Figure 8 gives the procedures of the smoothing process. By
providing a receiver size, scanning process is executed to find the
optimum presetting angled) where the spillage loss at maxi-
mum incidence anglef,,,) is equal to that of minimum inci-
dence angled,;, for the particular heliostat. After the presetting

Transactions of the ASME
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Fig. 9 The smoothing procedure is demonstrated for he-
liostats 3, 4, 5 and 6 during Nov. 21  (a) Presetting time for all
four heliostats are the same i.e. 2 pm, 21st Jan.
ting time for each heliostat is optimized to produce a relatively
uniform distribution during daily operation.

(b) The preset-
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angle for the first heliostat is found, the process is repeated for the
other heliostats, i.e., 2nd, 3rd, 4th . Mth. According the flow
chart, the process can be done manually or by a computer pro-

o
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/

gram. In the present case study, because the involved number of 10 \
the heliostat is not that manfa total of 24, the process was 5
carried out manually. 0 M
Figure 9 compares the time variation of the spot area between 700 900 1100 1300 1500 1700
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Fig. 10 The best and worst characteristic curves for both sun-
tracking methods are plotted. The characteristic curves for all
other times are within the two limits.
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Fig. 11 The time variation of spillage loss for the entire field
diameter is plotted for both sun-tracking methods during June

21. (a) Receiver aperture diameteris 1 m.  (b) Aperture diameter
1.2 m. (c) Aperture diameter 1.4 m.

the cases of a single preset and an optimized set of individual
presets. Only four heliostats are shown for clarity. In the case of a
single preset time for all heliostats which was preset on 2PM of 21
January, the variation of solar flux with time is high. In the second
case with individual preset incidence angles, the off-axis preset
was done at 2PM of 21 January for heliostat 3, at 9AM of 21
January for heliostat 4, at 9:50 AM of 21 January for heliostat 5,
and at 10:30 AM of 21 January for heliostat respectively, the time
variations of each heliostat is seen to compensate for the varia-
tions of the others, resulting in a much smaller overall variation.
This unique degree of freedom provides a new way to smooth the
daily variation of received solar power. Other methods employed

FEBRUARY 2004, Vol. 126 / 643



today to compensate for daily flux variations are quite complex The test case studied here includes a small North field. In larger
and require active control of variable aim points for individuasurround fields with a significant number of heliostats in the other
heliostatd9,10!. sides of the tower, the advantage of the new design can be even
. . ) larger. Heliostats located East, West and South of the tower oper-
4.2 Performance of a Heliostat Field. A small field of 24 540" a1y at higher incidence angles relative to Northern he-

heliostats, as shown in Fig. 4, serves to demonstrate the differefjgg s The performance of conventional heliostats is poor under
between the traditional and new heliostat designs. An overview gf . conditions, but the new heliostat design can be optimized

the annual variability in field performance is shown in Fig. 1Ousing a preset suitable for its range of incidence angles.

The characteristic curves, intercept efficiency vs. concentration,-l-he most impressive feature of the new heliostat design is that
gre_ sh(:xvn for th_?h“"é't'n? c%ses Oft ?_eSt afnd )[/P/]or?_t I%erforman higher performance is achieved possibly without extra cost.
uring the year. The best and worst imes for the Tieid COMPOSefle geometric design of the heliostat is different, but contains

of traditional heliostat are 1 PM on December 21 and 7 AM Oprecisely the same elements. The required manufacturing, assem-

June 21, respectively. The best and worst times for the field wi | : o :

Lo ; and alignment procedures are therefore similar. Even if

t2h1e new he!losltathleId aré 11|AM 0? .June 21 a?fq .7 AM OI:I ‘]u@%tching from manufacturing of conventional heliostats, the only
, respectively. For most values of intercept efficiency, the NeWqjeq jnvestment is the initial mechanical redesign and some

method brl_ngs only half of th'? variation in concentration th"?‘F‘ th"f‘rtlodification of the tracking software. This combination of better
of the traditional method. It is true that the using of trad't'onaﬂlerformance and the same cost. achieved with aberration-

heliostat sometimes can reach high concentration, but tis d§.ected heliostats, can lead to a more effective and attractive use
achieved at the expense of low concentration at the other t'msf'solar energy.
3 .

This high variability is undesirable in the design and operation
solar power plants, and a stable and uniform level of concentra-
tion is preferable.

The spillage loss during June 21 for three specific receivers
with aperture diameters of 1 m, 1.2 m and 1.4 m is shown in FiBefel‘enCeS
11. The field Using the new heliostat the receiving efﬁciency Can[1] Igel, E. A., and Hughes, R. L., 1979, “Optical Analysis of Solar Facility
remain at a low loss level for most of the day. Even at other times, Heliostat,” Sol. Energy22, pp. 283-295.

—3009 i i i i H [2] Kribus, A., and Ries, H., “LIMONAED: a Limited Motion, Non-Shading,
10-30% reduction in Splllage loss is achievable. Asymmetric, Ecliptic-Tracking Dish,” Sol. Energy3, pp. 337—344.

lusi [3] Ries, H., and Schubnell, M., 1990, “The Optics of a Two-Stage Solar Fur-
5 Conclusions nace,” Solar Energy Material21, pp. 213-217.

. 4| Zaibel, R., Dagan, E., Karni, J., and Ries, H., 1995, “An Astigmatic Corrected
We have compared the performance of two traCkmg methods a[t Target-Aligned Heliostat for High Concentration,” Solar Energy Materials and

the level of a single heliostat and a heliostat field. The two types  solar cells 37, pp. 191-202.
of heliostat designs are the new non-imaging focusing heliostats] Chen, Y. T., Chong, K. K., Bligh, T. P., Chen, L. C., Jasmy, Y., Kannan, K. S.,
using off-axis preset geometry, and the traditional spherical he- Lim B.H. Lim, C.S., Alias, M. A., Noriah, B., Omar, A., Sahar, S., Shk. Abd.
liostat with on-axis presefcanting. The comparison of a single Ezﬁggtats go:"ErT:gyfl "\J"F',' ig‘éjfg;lK' K., 2001, “Non Imaging Focusing
heliostat showed that the new design offers much less variation i) chen, v. T., Chong, K. K. Lim, C. S., Lim, B. H., Tan, K. K., Omar, A., Bligh,
the image spread, leading to a more uniform flux both in space T. P, Tan, B. K., and Ghazally, I., 2002, “Report of the First Prototype of
and in time. The comparison of a heliostat field showed again a l'\‘Of::"magiﬂg golcuéiﬂg H%OStatsagld ';Zﬁpp”caﬁon in High Temperature So-
SN ; [ ahili A ar Furnace,” Sol. Energy72, pp. —544,

significant reduction in time variability of the incident flux, and a J71 Chen, Y. T, Chong, K. K, Lim, B. H., and Lim, C. S., 2003, "Study of
S'gmﬂcam advantage of the new heliostat design in reduction of * residual Aberration for Non-Imaging Focusing Heliostat,” Solar Energy Ma-
spillage loss. terials and Solar Cells, In Press.

The increased uniformity of the incidence flux, both in spatial [8] Spirkl, W., Timinger, A., Ries, H., Kribus, A., and Muschaweck, J., 1998,
distribution and in temporal variations, is beneficial for receiver  \on-Axisymmetric Reflectors Concentrating Radiation From an Asymmetric
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