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ABSTRACT

The optical performance of both focused and unfo-
cused stretched membrane heliostats was examined in the
context of the overall cost and performance of central
receiver systems. The sensitivity of optical perfor-
mance to variations in design parameters such as the
system size (capacity), delivery temperature, heliostat
size, and heliostat surface quality was also exam-
ined. The results support the conclusion that focused
stretched membrane systems provide an economically
attractive alternative to current glass/metal helio-
stats over essentially the entire range of design
parameters studied. In addition, unfocused stretched
membrane heliostats may be attractive for a somewhat
more limited range of applications, which would include
the larger plant sizes (e.g., 450 thh) and lower
delivery temperatures (e.g., 450°C), or situations in
which the heliostat size could economically be reduced.

INTRODUCTION

Heliostat costs have long been recognized as a
major factor in the cost of solar central receiver
plants. Research on stretched membrane heliostats has
been emphasized for some time because of their poten-
tial as a cost-effective alternative to the glass/metal
designs currently available. However, the cost and per-
formance potential of stretched membrane heliostats
from a system perspective has not been studied until
this time.

The purpose of this study is to examine both the
cost and the performance of stretched membrane helio-
stats relative to those of current generation glass/
metal heliostats in the context of the total system
cost and performance. The study examines the sensitiv-
ity of the relative performance and cost of fields of
heliostats to a number of parameter variations for both
focused and unfocused stretched membrane modules. The
parameters examined included the plant size (75 MW and
450 MW), delivery temperature (450°C to 1050°C), and

1Specularity refers to the degree ‘of spreading of the
reflected beam about the specular direction.

heliostat module size (25 mz, 50 mz, and 100 m2). In
addition, we varied a number of parameters related to
the quality of the reflective surface. These included
the specularity,” the hemispherical reflectance, and
the macroscopic surface normal errors.

Stretched membrane heliostats normally consist of
a thin, high-strength structural membrane, usually of
steel or aluminum, stretched over a circular supporting
ring. This structural membrane is covered by a reflec-
tive film, typically a metalized polymer material.
Both focused and unfocused heliostats are assumed to be
of double membrane construction, where two parallel
membranes are attached to the planar faces of the
ring. Focusing is achieved by drawing a partial vacuum
in the plenum between the two membranes to draw the
reflector surface into the desired shape.

GROUND RULES AND ASSUMPTIONS

The ground rules and assumptions used in this
study are listed below.
Heliostats

We used state-of-the-art, 100-m? glass/metal
heliostats as the baseline standard of comparison.

Each heliostat has 2-x-6-ft mirror panels arranged in a
twelve-panel array focused in two directions and canted
on-axis.

We studied focused and unfocused stretched mem-
brane heliostats using the double membrane construc-
tion, and sized them at 25 m“, 50 m°, and 100 m“. We
assumed that the focused stretched membrane heliostats
used the vacuum/pressure active control of the reflec-
tor surface proposed by Sandia National Laboratories,
Livermore (SNLL). All deformations in the unfocused
stretched membrane heliostats were measured relative to
a perfectly flat reference plane.

We have used standard, documented (2) approaches
in considering reflector surface error effects. Spe-
cifically, we assumed that specular reflectivity can be
represented as the product of two independent func-

tions: the total hemispherical reflectivity and a
statistical geometric function that describes the
broadening of the scattered reflective beam. We con-
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sidered independent variations in both of these param-
eters.

Both the specularity loss (which is a microscopic
surface effect) and the macroscopic surface slope
errors contribute to the broadening of che reflected
beam from a heliostat surface. The specularity losses
arise from the microscopic properties of the materials
used in constructing the reflector surface. The sur-
face slope errors are measured relative to the ideal
surface, and arise from a variety of sources including
manufacturing processes and environmental effects such
as wind and weight loading of the heliostat.

Each of the components of the overall surface
errors were assumed to be normally distributed and
independent, giving a cumulative optical error that is
also normally distributed with a standard deviation,

Topt? given by

Sopt” = (82 + (204)2
Here o, and o4 are the standard deviations of the spec-
ularity and surface normal errors, respectively. More
details of this description of the optical situation
can be found in Ref. 1.

The hemispherical reflectance of the stretched
membrane heliostats was assigned a nominal baseline
value of 0.89. Based on a structural analysis, and
existing reflector materials and heliostat technology,
we established nominal baseline values for ¢ of 2.0
mrad for the focused stretched membrane heliostats and
3.46 mrad for the unfocused heliostats. Variations
about these values were examined in the sensitivity
studies.

Balance of System

The study investigated industrial process heat
(IPH) systems with delivery temperatures of 450°C,
750°C, and 1050°C for plant sizes of 75 MW, and 450
MW, (figld sizes of approximately 100,000 m“ and
706,000 m®) Only single cavity, open aperture receiv-
ers coupled to north fields were considered. No stor-
age was considered for any of the cases.

Although the general characteristics of the plant
were the same from system to system, the details were
optimized (on the basis of their effect on performance)
for each combination of plant size, temperature, helio-
stat type, and heliostat surface quality. The param-
eters that were optimized included the tower height,
the field .size and layout, the receiver height and
depth, and the aperture dimensions. Cost sensitivities
were then based on assumed costs for these performance-

optimized systems. i
For the system cost tradeoffs a levelized energy

cost (LEC) methodology taken from the current Five Year
Research and Development Plan for the Solar Thermal
Program (3,4) is employed. The cost and economic
assumptions are listed in Table 1.

The DELSOL2 computer code (5) was the primary
field/receiver modeling tool used in this analysis.
DELSOL2 provides an analysis procedure for configuring
a central receiver design. It allows the optimization
of the system design parameters and permits the predic-
tion of annual system performance.

The receiver radiative losses were
using RADSOLVER (6) and SHAPEFACTOR (7). The calcula-
tions were performed for a greybody (single band)
radiosity model using the solar flux distribution pre-
dicted by DELSOL2. The convective losses were calcu-
lated using a correlation developed by Kraabel (8).
The aperture dimensions were optimized by trading off
the spillage (interception) against these thermal
losses.

One figure of merit used extensively in this paper

calculated
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Table 1. Levelized Energy Cost Assumptions

COSTS (all costs in 1984 $/m® of heliostat)

Heliostats $50 or $100
Receiver $45
Transport $25
Balance of plant $50
Annual 0&M . $5
Indirects and contingencie52 20%
FINANCIAL PARAMETERS

Discount rate (real) 0.10
Fixed charge rate 0.1334
Capital recovery factor 0.1175
Construction time adjustment factor 1.1033

“The total capital cost of the system was calculated by
summing the costs for the individual components and
increasing that value by 20% to account for indirect
costs and contingency factors (4).

to compare the various types of heliostats 1is the
amount of energy delivered by that heliostat. The pre-
dicted energy delivered is always reported on an annual
basis, per square meter of reflector surface. In many
of the figures in the following sections, we normalize
the energy delivered by the stretched membrane helio-
stat systems with the enet%? delivered by the corres-
ponding baseline, 100-m glass/metal heliostat
system. Since this is a common form of presentation in
this paper, the resulting ratio will be referred to
hereafter as the "normalized annual energy delivery."

RESULTS

Focused Stretched Membrane Heliostats

In this section we describe the system cost and
performance for the focused_ stretched membrane helio-
stats relative to the 100-m“, second-generation glass/
metal heliostats. For each heliostat parameter exam-
ined we first address performance issues and then
introduce the cost/performance sensitivities. Although
most of the results presented in this section are for
the 75-MW_, plant size, the trends shown are qualita-
tively the same for the 450-MW_, plant size.

A sense of the performance of the focused
stretched membrane heliostats relative to the glass/
metal heliostats is given in Figure 1, which shows the
normalized annual energy delivery per unit area of
heliostat as a function of delivery temperature for
both 75-MWth and 450-thh plant sizes. In each case,
the energy delivered by the stretched membrane helio-
stats has been normalized by the energy delivered by
the glass/metal heliostats at the same temperature and
plant size.

One of the early conclusions of this study is
demonstrated in Figure 1. Over the range of plant
sizes and delivery temperatures studied, there is no
significant size effect for the focused stretched mem-
brane heliostat. That is, the heliostats with smaller
diameters do not perform significantly better than
those with larger diameters. This finding was used to
simplify our subsequent analysis and comparisons, singe
it allowed us to consider only the largest (100 m“)
size of focused stretched membrane heliostats.

Figure 2 demonstrates the performance sensitivity
of the focused stretched membrane system as the stan-
dard deviation of the overall surface error, Ot ? ig
increased beyond the baseline levels. For the q%o-m
focused stretched membrane heliostats, Figure 2 shows
the normalized annual energy as a function of the
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stretched membrane heliostat surface error at several
values of the delivery temperature for a 15-MW,
plant. The performance shows a significant decrease as
the total surface error is increased from the nominal
baseline value of o 2.0 to the highest value of

= 4.80. Note ghat the high temperature systems
arg more sensitive to a decrease in the optical quality
than the lower temperature systems. Since higher tem-
perature systems have larger thermal losses out of the
aperture, the trade-off between thermal losses and
spillage tends to produce a smaller aperture than for
systems with lower temperatures. This trend to smaller
apertures with higher temperatures increases the impor-
tance of tighter focusing requirements for the helio-
stats, and leads to the increased sensitivity shown
here.

In Figure 3, the levelized energy cost (LEC) is
shown as a functlon of a ¢ for a 75- MW, plant at
750°C and 1050°C. Here twg valuef of stretched mem-
brane (SM) heliostat cost ($50/m* and $100/m2) are
used, and for comparison the LEC assuming the baseline
glass/metal (G/M) heliostats (at $100/m2 and 750°C) is
also shown. The overall surface error (as measured by

can be increased nearly 73% relative to the
g?gss/metal value (from 2.0 mrad to 3.414 mrad), and

stretched membrane heliostats costing $100/m2 would
still be cost-effective. Further, for stretched mem-
brane heliostats costing $50/m2, surface error

increases of 240% relative to the glass/metal values
(from 2.0 mrad to 4.8 mrad) would still result in lower
LEC values for the stretched membrane heliostats.

The relative sensitivicy of the annual energy
delivery and the LEC to changes in the surface normal,
specularity, and reflectivity parameters is shown in
Figures 4 and 5 for two delivery temperatures. The
abscissa in these plots is the ratio of the value of
the independent variable (e.g., a4 ) to its nominal
baseline value, while the ordinate shows the ratio of
the change in the dependent variable (e.g., LEC) to its
nominal value. Thus the slope of the line on the plot
indicates the degree of sensitivity of the dependent
variable to changes in the independent variable. Both
figurss show the results for a 75-MW system using
100-m“ focused stretched membrane heliostats.

Both figures indicate that the largest sensitivity
in the results 1is to variations in hemispherical
reflectivity, where, for example, a 10% reduction in
the hemispherical reflectivity can cause a 10% reduc-
tion in the performance. The next largest sensitivity
is to surface slope errors, and the lowest degree of
sensitivity 1is to the specularity errors. In fact,
rather dramatic changes in and 9 have only small
(<10%) changes in E/A and Lé& In addltlon to these
observations we can see that an increase in delivery
temperature produces an increase in the sensitivity to
the surface and the specularity errors.

Unfocused Stretched Membrane Heliostats

In this section we examine the cost/performance
tradeoffs of unfocused stretched membrane heliostats
for much the same range of system parameters as used
for the focused heliostats. In addition, the unfocused
stretched membrane heliostat size is varied from 25 to

100 m2, and the surface errors, , are varied from 2
to 3.46 mrad (measured relative to t e flat condition).
On first examination, it appears that unfocused
stretched membrane heliostats may have a significant
economic advantage relative to focused stretched mem-
brane heliostats because of their lower initial and
operating costs, particularly since no control mech-
anism or pumping power is required to maintain the
focus. However, they also have the disadvantage of
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Figure 1. Normalized Annual Energy Delivered as a Func-
tion of Focused Stretched Membrane Heliostat
Area. Normalized by the 100-m“ Glass/Metal
Focused Heliostat.
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Figure 4. A Comparison of the Relative Effects - of
Several Optical Parameters on the Annual
Energy Delivery for a 75-MW Plant Using
Focused Stretched Membrane Heliostats. The
ordinate shows the fractional change in the
energy delivered relative to the baseline,
while the abscissa represents the ratio of
the independent parameter to its baseline
value. The independent parameters are the
surface normal errors, a4 (assuming oy =
0.5 mrad), the specularity errors, o, (assum-
ing o4 = 0.968 mrad), and the hemispherical
reflectivity, p.

poorer optical performance relative to a focused module
of the same size. This lower performance is the result
of two factors. First, since there is no focusing, the
reflected image size will be a strong -function of the
reflector size. Second, since no control of the sur-
face is assumed, the wind and weight loads will cause
the surface to deform relative to its initial state
considerably more than the focused modules.

It is demonstrated in Ref. 1 that the value Sopt =
2.0 represents a lower bound on the optical sur?ace
error attainable with unfocused and uncontrolled
reflector surfaces. This level is most likely to be
approached by the small diameter designs. This 1is
because the major contributor to values above Sone =
2.0 results from axisymmetric deformation, whick' is
proportional to the radius of the design (assuming all
other variables are constant). On the other hand,
since we have taken no credit for gravity-induced
focusing, by careful design one may be able to do
noticeably better than the baseline value of ¢ =
3.46 assumed here, even for the large diameter helio-
stats.

Figure 6 shows the normalized annual  energy
delivery for unfocused stretched membrane heliostats in
both plant sizes as a function of the delivery tempera-
ture. The first thing that we can observe is that as
the temperature is increased the performance of unfo-
cused stretched membrane heliostats relative to the
glass/metal heliostats falls off (i.e., the normalize
annual energy decreases). At 450°C even the 100-m
unfocused stretched membrane heliostats in a 75_thh
plant can produce nearly 88% as much energy per unit
area as the glass/metal heliostats. However, the nor-
malized energy for both sizes of heliostat in the
75-MW systems - (the two bottom curves) decreases
matke&?y with increasing temperature. This decrease in
the relative performance occurs because the higher tem-
perature systems have larger thermal losses per unit
area of aperture, and thus relatively smaller optimized
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Figure 5. A Comparison of the Relative Effects of
Several Optical Parameters on the Levelizes
Energy Cost for a 75-MW Plant Using $50/m
Focused Stretched Membrane Heliostats and the
Same Optical Parameters as Figure 4.

11

1

0.8

08
/

Normalized Annual Energy Delivery
07
|

06

550 750 950 1160
Delive&y Temperature (°C) 2
o 75MW, Unf 26 m“Hel. > 75 MW, Unf 100 m" Hel.

_s_ 450 MW, Unf 25 m” Hel.

w
a
o

Figure 6. Annual Energy Delivery for Several Stretched
Membrane Heliostat Systems Normalized by the
Energy Delivered by a Glass/Metal Heliostat
System as a Function of the Delivery Tempera-
ture.

apertures. Therefore, as the temperature is increased,
not only is the required increase in the optimized
aperture area a larger fraction of the nominal aper-
ture, but the penalty (in increased thermal losses) for
enlarging the aperture size is also increased.

Another notable feature of Figure 6 is the effect
of heliostat size. Because of the (nominally) flat
nature of the reflector surface, the image size at the
receiver aperture is directly related to the diameter
of the heliostat. Thus, as the diameter of an unfo-
cused stretched membrane heliostat is reduced the
losses caused by lack of focusing are reduced.

The results in Figure 6 also show that smaller
system sizes and higher temperatures contribute to
increased sensitivity to the heliostat size and the
delivery temperature. In particular, we can see that
the difference between the two bottom gurves (for
75-MW,, plant size and 100-m“ and 25-m“ heliostat
sizess is much larger than the difference between the
corresponding curves for the 450-MW systems. Simi-
larly, the performance of the two 4 MWy, systems: is
much less sensitive to increasing temperature than the
performance of the 75-thh systems.
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The four curves in Figure 6 represent two dif-
ferent heliostat sizes, 25 and 100 m“, for plant sizes
of 75 and 450 MW, ,. Since they were all generated for
a constant value of o, , = 3.46, this is equivalent to
assuming that a decreage in the heliostat size affects
only the size error and not the surface errors. In
fact, the surface errors will also probably decrease
with decreasing heliostat size.

As mentioned above, a good upper bound estimate of
the smallest errors likely for a (small) unfocused
stretched membrane heliostat is about Yoot
2.00 mrad. In Figure 7 we can see the effects 3; the
performance of increasing the surface errors. The top
curve shows the effect on a focused stretched membrane
heliostat, while the three bottom curves are for unfo-
cused heliostats of three sizes. All of the values are
for a 75-thh plant at a 750°C delivery temperature.
Notice that although the performance of the unfocused
heliostat systems is poorer than the focused system,
the sensitivity of the performance to increasing sur-
face errors is nearly identical.

Figures 8 and 9 present a comparison of the rela-
tive economics of focused-versus-unfocused stretched
membrane heliostats. These plots answer the question
"How much more can one afford to pay for focused helio-
stats without increasing the levelized cost of deliv-
ered energy?" The unfocused heliostats were assumed to
cost $50/m“, and the economic assumptions were taken
from the current Solar Thermal Five Year Research and
Development Plan (3,4).

In essence, Figures 8 and 9 show that, for the
larger surface error cases, unfocused heliostats appear
to be advantageous if the cost of focuiing exceeds the
range from about $4/m“ to about $30/m“.
the surface errors on the unfocused heliostats can be
reduced to those of the focused module, the allowable
cost of focusing drops significantly, ranging from only
several cents per square meter to about $7/m®.

One assumption implicit in the analysis behind
Figures 8 and 9 is that heliostat cost per square meter
is independent of heliostat size. Clearly this assump-
tion ignores the increase in the number of supports,
tracking mechanisms, and controls that accompany a
decrease in the size of the heliostat. Nonetheless,
the results presented should be useful as guidelines as
long as the total installed cost per square meter is
used in the comparison.

CONCLUSIONS

Based on the ground rules and assumptions, the
major findings of this study are listed below.

Focused Stretched Membrane Heliostats

Overall, focused stretched membrane heliostats
appear to have the potential to perform at levels that
are quite close to glass/metal heliostats. However, to
achieve this parity in performance it is important that
the optical quality--in particular, the hemispherical
reflectivity and the macroscopic surface errors intro-
duced in manufacturing--be comparable to the glass/
metal heliostats.

The performance of focused stretched membrane
heliostats appears to have the same sensitivity to var-
iations in optical quality parameters as the perfor-
mance of glass/metal heliostats. In addition, the
performance of the focused stretched membrane helio-
stats is nearly independent of heliostat size for the
plant sizes studied.

However, if-
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Unfocused Stretched Membrane Heliostats

Heliostat diameter is a very important parameter
when considering unfocused stretched membrane helio-
stats because: the size of the image at the receiver
is strongly dependent on the heliostat size for the
unfocused modules. In addition,it appears that it will
be possible to achieve smaller surface normal errors
with smaller diameter heliostats.

In terms of their performance, unfocused helio-
stats become relatively more attractive at lower tem-
peratures, larger system sizes, and for smaller
heliostat module sizes.

Ceneral Considerations

In general, the sensitivity of the performance of
central receiver systems to poorer optical quality in
the heliostats tends to increase with higher tempera-
tures and smaller plant sizes.

Overall, the unfocused stretched membrane helio-
stats demonstrate a remarkable level of performance,
competing quite closely with both the focused stretched
membrane heliostats and the glass/metal heliostats over
an impressive range of system parameters. However,
focusing does seem quite desirable if a single helio-
stat design is to have the largest range of applica-

bility. Based on the performance analyses, focusing is
especially beneficial for small plant sizes and high
temperatures. However, as the plant size increases

and/or the temperature decreases the benefit of focus-
ing diminishes.

For the baseline assumptions we found that the
sensitivity of system performance to variations in
specularity errors was much less than that correspond-
ing to variations in either hemispherical reflectivity
or surface normal errors. For the range of systems
studied, the specularity half-cone angle that includes
90% of the reflected energy can be as large as about 6
mrad (from a baseline of 1 mrad) while producing a less
than 5% decrease in annual system performance.
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