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Figure 1-1. Typical Unified Heliostat Array (Artist's Concept).

Figure 1-2. Veda Industrial Heliostat.
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SECTION 1.0
EXECUTIVE SUMMARY

Title: Economic Analysis of the Unified Heliostat Array
Contract Number: DE-AC03-80-SF10802
Contract Price: $96,300

1.1 INTRODUCTION

The Unified Heliostat Array (UHA) is an arrangement of heliostats
located on the south facing wall of a terraced structure. Previous investiga-
tions of heliostat fields have been devoted to the horizontal field arrangement.
Whereas the horizontal field requires that the central receiver be located high
above the heliostat field, the UHA configuration permits locating the central
receiver at a lower height than most of the heliostats. Since locating an
industrial process at the top of a tower, or transporting power down the tower
to the process may not be feasible, the UHA concept extends central receiver
technology to processes not previously considered candidates for solar thermal
energy. The UHA concept is jllustrated in Figure 1-1.

In addition to the UHA, Veda has. introduced the concept of the Veda
Industrial Heliostat (VIH). The VIH combines a toroidal mirror and an equatorial
drive mechanism to minimize the daily and annual excursions of the tangential
and sagittal foci at the central receiver aperture plane. By proper choice of
radii of curvature and shape factor for the mirror, the same mirror configura-
tion is used for all heliostats on a UHA designed for a given power level.

The VIH provides a very uniform, relatively small, high intensity image at

the receiver throughout the day and year.. Use of the VIH further expands the .
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use of solar thermal technology to applications which require high temper-
ature (above 1000°K) and high flux densities (greater than 1 MW/mZ). An

artist's conception of the VIH is shown in Figure 1-2.

1.2 PROJECT DESCRIPTION
1.2.1 Purpose

The purpose of this project was to develop a first approximation
of the cost of energy delivered to the aperture of a receiver located at the
focal zone of the UHA. The cost of energy was evaluated in terms of a lev-
elized charge over the UHA lifetime. In order to provide a data base, the
costs were evaluated using a range'of economic parameters, a range of working
temperatures, three power levels and two types of heliostats.

1.2.2 Scope of Effort

This effort covered four major activities.

1. Development of a design specification for the UHA in-
cluding operational environment, survivability criteria,
size, heliostat loading and maximum defiection criteria.

2. Conceptual designs and capital cost for the UHA struc-
ture including engineering services, site preparation,
materials, labor, maintenance, and structure salvage
value.

3. Analysis of the optical performance of the heliostats
mounted on the UHA including selection of spillage
criteria and aperture size, distribution of the energy
across the aperture and flux density contours, and energy
collected for a nominal 330 day operational year.

4. Development of a levelized cost of energy and cost of
usable energy at several working temperatures.

1-3
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1.2.3 Limitations

Time and cost constraints of the project did not permit an analysis
of a complete system. Specifically, the characteristics of the receiver and
the plant or process were excluded from the analysis. The receiver was treated
as a two-dimensional aperture and thermal losses were restricted to black body
radiation losses from an area equivalent to that of the aperture at the assumed
working temperature. Losses due to convection and conduction, which are present
in any real receiver, were not considered.

The conceptual designs for the UHA structures were developed only for
heliostat support within the design specification. Designs which allow other
uses such as housing part of the process plant, warehouse space or office space,
were beyond the scope of this study. Similarly, time and cost constraints of
the project did not permit evaluation of more-than one structural type. It is
felt that less costly structural designs could be found to meet all of the

requirements of the specification.

1.3 TECHNICAL APPROACH

1.3.1 Design Specification

The design of the UHA conceptual structures required the development
of a design specification. In order to make maximum use of existing data, prior
Department of Energy (DOE) specifications for central power project horizontal
fields and heliostat characteristics were reviewed for applicability. Environ-
mental conditions, including insolation data for Barstow, California, and soil
characteristics prevalent at the solar facility in Albuquerque, New Mexico,
were used. Industrial standards and building codes were also reviewed for

their applicability.
1-4
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-~ The design specification related the location of heliostats, clear-
ances required for operation, environmental considerations, the loads imposed
by the heliostats on the UHA structural members, and the tolerances permissible
in order to remain within the central receiver system horizontal collector
field error budget.

1.3.2 Structural Design and Modeling

Bechtel National, Incorporated was charged with the design and cost
evaluation of the UHA structures that best met the specification. Since the
structures were not required to house any activity, but were solely for helio-
stat support, the choice of an open steel framework with concrete foundations
was made as being the approach promising least cost. Based on a preliminary
loads analysis, nine preconceptual designs for three power levels and three
aspect ratios were developed to the extent that a relative cost determination
could be made. Comparison with the performance calculations made by Veda
Incorporated resulted in the choice of an array aspect ratio of 1:5, i.e.,
the height is one-fifth of the east-west length of the structure.

Once the aspect ratio had been chosen, more detailed evaluations
were conducted. The simple design was modulated to evaluate cost effects of
different distributions and sizes of structural members. The Structural Design
Language (STRUDL) computer program was used for determining stresses and rotaQ
tions. As a result, the preconceptuaT designs were modified to reduce cost.
In three designs the.VIH, an equatorially mounted heliostat having a mirror
area of six square meters, was assumed. In the fourth design the 49 square
meter repowering heliostat was assumed. Due to the difference in heliostat

design, a different structural design plan was required.
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1.3.3 Heliostat Performance Modeling

The optical performance of the UHA configurations was calculated by
Veda Incorporated on a Data General Eclipse C/350 digital computer. The per-
formance code, previously developed in-house by Veda, is a set of programs
written in FORTRAN 5 which simulates the optical performance for any heliostat
type and field geometry. The theory and methodology for these programs are
detailed in Veda document 44112-80U/Q0401-3, "Methodology for Optical Perfor-

mance Ana]ysis;' which is contained for reference purposes in Appendix C. For
this study, the following assumptions were made: (1) the 1976 Barstow, California
insolation data base applied; (2) mirror reflectivity was 0.9; (3) atmospheric
transmittance was 0.99; (4) the receiver height was 8 meters; and (5) design

point was local noon of the winter solstice. Design point, in current DOE
practice, is the time of day and year when the highest efficiency of solar

energy collection occurs. For the UHA, highest efficiency for the low receiver
occurs at local noon of the winter solstice.

Preliminary computer runs were made to determine heliostat spacing
such that shading and blocking were reasonably minimized without excessive
enlargement of the structures. Based on this spacing, runs were made to
determine the number of heliostats required to meet the power levels for the
design point. The results of this analysis were used to size the UHA struc-
tures for the design specification. A second set of runs was then made to
determine the effect of UHA aspect ratio on the amount of energy collected.

The variation was only a few percent which, in conjunction with the precon-
ceptual design costing values, led to the selection of the 1:5 aspect ratio

for the detailed analysis.
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Using the geometry for the 1:5 aspect ratio, detailed optical perfor-
mance was calculated for each UHA. Cosine, shading, and blocking factors were
developed for each heliostat. The energy delivered to the aperture was deve-
lToped .using a normal distribution of heliostat tracking error based on the
maximum error of + 3.0 milliradians. Flux density across the receiver face
and flux contours were calculated each hour from 0700 to 1700 for equally
spaced days at approximately two week intervals. The annualized energy was
then developed assuming a nominal 330 day operational year.

1.3.4 Economic Analysis

The methodology of ERDA/JPL-1012 76/3 was used insofar as applicable.
The intent of this methodology is to develop a levelized charge for the energy
output over the system lifetime, including a return on investment to stockholders
and creditors. Escalation rates of 6%, 8%, and 10%, and cost of capital rates of
8%, 10%, and 15% were used to develop a cost of energy matrix. The annualized
energy charge divided by annualized energy entering the aperture is defined
as cost of energy. The term "usable energy" has been used to describe recov-
erable energy at temperatures of 1000°K and above. Only reradiation losses
were considered as these are essentially uncontrollable and dominate the losses
at these temperatures. Annualized energy charge divided by usable energy is
defined as cost of usable energy.

In this methodology a fixed charge rate to generate all expenses
is developed. Earning rate of retained capital, equal to the cost of cap-
ital rate, helps to provide the funds for the Operations and Maintenance (0&M)
expenditures over the system life. It is further provided that the fund
established by this fixed charge will pay the return on investment and also
recover the capital expended prior to first year of commerﬁia] operation.

1-7
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~Although this is a required methodology for public utilities, an
industrial energy user would probably not use this approach. Instead, oper-
ation and maintenance costs would be added into the cost of the product
during.the period in which they were incurred. The amortization and cost of
‘capital wouid be the same in either case. Where the utility charge would be
constant, the industrial user charge would be variable, lower than the level-
ized charge amount at the outset and higher than that after some point in
the system life.

The latter approach to analyzing the costs of usable energy was pro-

posed as an additional effort. However, budget constraints did not permit
this analysis under this contract. This type of analysis would be significant

for the envisioned applications of the UHA.

1.4 RESULTS
. 1.4.1 Structural

An open frame steel truss and beam structure was designed to hold the
heliostats. Concrete foundations were used. Mounting methods for the two
heliostats were different, requiring two different support methods. The level
of detail of the final conceptual designs included stairs, walkways, and wiring.
Analysis showed that wind load survival considerations placed a greater stiff-
ness requirement on the structure than that required to meet the heliostat de-
flection criteria when the VIH is used. Variations in internal bracing may
result in nearly equalizing the loads resulting a lower cost structure. The
repowering heliostat design may require additional structural material to meet

deflection criteria. The designs are such that steel is essentially pre-cut
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and fabricated at a factory and assembled on site. No unusual materials, pro-
cesses, or skills are expected to be required. The longer and lower structure
for a given power level is the least expensive of the designs investigated.

1.4.2 Optical Performance

Four UHA designs were analyzed. Three design point power levels of
1, 10, and 25 MWt were used with the Veda Industrial Heliostat (VIH) design.
Only the 10 MWt design point power was analyzed with the repowering he1ip;
stats.

The VIH provides a very small, very uniform image at the aperture
plane. Nearly half the power is supplied into a central zone where the flux
is at least 70% of peak and whose area is about 25% of the design point aper-
ture area. At the 10 MWt level, the largest image of the VIH system is smaller
than the smallest image using the repowering heliostat. This results in lower
reradiation losses and more usable energy at higher temperatures when the VIH
is used, since the receiver aperture may be much smaller than that required
in order to capture the same amount of energy when using the repowering helio-
stat. |

Selecting aperture dimensions to meet design point criteria with
minor spillage resulted in aperture sizes having about 2-3% annualized spill-
age for the VIH. Larger spillage, about 6%, was encountered with the aberture
chosen for use with the repowering heliostat. Because of the diffuse image
produced by the repowering heliostat, this large spillage was necessary in
order to achieve reasonable high temperature efficiency. In order to reduce
reradiation losses, apertures smaller than design point apertures were analyzed.

Although the smaller apertures resulted in increased spillage, the dramatic

1-9
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redﬁction in reradiation losses lowered the cost of usable energy in the high
temperature region (above 1000°K). Since the image of the sun produced by

the UHA is essentially circular and current receiver designs are often rect-
angular, both rectangular and circular apertures were investigated. While the
circular aperture leads to a slight increase in spillage in order to capture
only the high flux section of the image, it results in the minimum aperture
area and the least reradiation loss for a given temperature. A multiple aper-
ture receiver design, such as a receiver with concentric apertures which would
utilize the added spillage to provide process preheating or steam, is suggested
as an area for further investigation.

The high flux density achievable using the UHA and VIH, even in small
collector fields, makes a significant percentage of the collected energy usable
at temperatures above 1500°K. Even the 1 MWt UHA-VIH configuration produced
average flux densities in excess of 1 th/m2 within an aperture of 0.3 meters
radius for a significant part the year. If a pressurized optical window is
required on the receiver, this may be near the optimum module size. The 10 MWt
UHA-VIH configuration performed similarly for an aperture of 1.3 meters radius,
and the 25 MWt-VIH configuration provided the same performance within an aperture
radius of 2 meters. By comparison, the 10 MWt UHA using the repowering heliostat
was unable to achieve 1 MWt/mz, even at peak intensity at the design point.

1.4.3 Cost of Eneragy

At temperatures below 811°K (1000°F) selective coatings may be used to
reduce reradiation losses from receivers to a small percentage of that which

would occur without such a surface preparation. It is assumed that any receiver
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operating in this temperature range as a heat exchanger from radiant to ther-
mal energy would have such a coating and reradiation could be neglected. No
specific receiver was designed for this project and there is no large data
bank on conductive and convective loss factors that would be suitable for
estimating this type of loss for receivers suitable for use with the UHA.
Therefore, there was no requirement for evaluating these losses. "Cost of
Energy" thus refers to a lossless receiver operating at or below 811°K, and
having an aperture capturing about 95-98% of the available enerqy from the
heliostat arrays.

The cost of ehergy was determined by dividing the levelized annual
charge by annual energy collected. The ratio of 0&M costs to capital costs
varies with the UHA selected and the escalation and cost of money rates.

The extreme values of the cost of energy for each of the UHA designs is

shown below in dollars per million BTU.

UHA Heliostat Low Cost of Energy High Cost of Energy
1 MWt VIH 42.54 60.55
10 MWt VIH 28.81 48.15
10 MWt Repowering 26.78 44.89
25 MWt VIH 31.66 57.13

0 costs dominate the cost of energy for the 1 MWt system, and costs of the}
structure associated with increasing height dominate the cost of energy for
the 25 MWt design. The 10 MWt designs were the most cost effective. The
configuration with the repowering heliostat was the least expensive due to

a lower structural cost. However, this did not hold true at the higher

- temperatures.

1-11



| 'V@da‘ 43905-80U/P0069

1.4.4 Cost of Usable Energy

At temperatures where selective coatings are no longer effective,
the term "usable energy" is used to express the amount of energy available
for a process after considering reradiation losses. Since reradiation is a
linear function of area and a fourth power function of temperature, operation
at high temperatures implies large losses. To minimize losses, the size of
the aperture must be kept as small as possible consistent with energy capture
capability. For any particular working temperature there is a most cost
effective aperture size for the given collector field.

For this part of the cost analysis both working temperature and
aperture size were varied for each array. Because of the complex interactions
of these variables with the cost parameters, no simple summary of the results
is possible. In the body of the report there are graphs relating most cost
effective aperture size for a given working temperature of the receiver.
These graphs are derived by smoothing between the step wise changes in
aperture size investigated. The table below uses preferred aperture sizes
for the indicated temperature, and does not represent the performance of one
particular aperture. For details on particular apertures, it is suggested
that the reader use the data tables of Appendix E. Costs of usable energy

are given in terms of dollars per million BTU at the indicated temperature.

UHA Heliostat Temperature in Degrees Kelvin

1000 1250 1500 1750

1 MuWt VIH 50.07 66.87 131.97 212.82

10 MWt VIH 33.36  41.09 58.98 108.83
10 MWt  Repowering 32.22 46.72 75.12  258.35
25 Mut VIH 36.12 44.09 62.50 115.80

1-12
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The effect of {iffuse imaging by tne repowering heliostat is already apparent

2t 1000°K, although there is still a lower cost due to the lower initial capital
cost of its supporting structure. As the working temperature increases to
1250°K, even the initia] cost differential is overshadowed by the lower System
efficiency. It is emphasized that this efficiency shift is due to the difference

in heliostat characteristics.

1.5 CONCLUSIONS AND RECOMMENDATIONS

This study showed that the UHA concept can deliver solar thermal
energy to a receiver conveniently located for most practical processes. This
provides a potential expansion of central receiver technology to applications
not previously considered candidates. This is particularly true for processes
which involve large quantities of solid material, such as coal, where trans-
porting the material to the top of a tower may be neither cost-effective nor
even possible. In addition, supplying high power through a pressurized window
will be more easily handled with the VIH. Optimization of window, process
technology, and collector field will involve many tradeoffs to determine the
best approach.

The structural concepts developed were shown to be cost-sensitive
to site peculiar conditions, such as wind and soil, and heliostat type and
spacing. Therefore, accurate costing for a particular application must include
the specific environmental factors .at the application site and an optimized
spacing of the heliostats. |

The UHA, in combination with the VIH, produces a solar image which

is consistent in size, shape and flux distribution throughout the day and year.
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Most of the power is delivered at a nearly constant flux density within

a small central zone outside of which there ia a very rapid decay of flux
agensity. In contrast, the repowering heliostat/UHA combination produces

a distributed diffuse image which is highly variable in size and flux density
throughout the day and year.

Because of its superior image quality, the UHA-VIH combination makes
possible the utilization of a small aperture with high average flux for high
temperature processes. The small aperture size results in high efficiency in
the 1200°K to 2000°K temperature range. A substantial portion of the power
from an array as small as the 1 MWt is usable in this range. These character-
istics place the UHA concept in the power/temperature gap between the point
focus tracker and the surround field and offer the potential expansion of solar
thermal technology to applications previously not considered candidates. The
findings of this study support the following specific recommendations for
further study.

o Perform a heliostat spacing optimization study to determine

the improvements in optical performance and assess potential
cost reduction due to reduced land requirements and decrease
in structure size.

o Conduct a structural study to determine expected cost deltas
for upgrading structures, which are primarily designed for
other purposes, to include supports for heliostats.

o Perform a study of several candidate processes that could
benefit from central receiver technology and the type of high
quality energy provided by the UHA-VIH system. The study
would develop power/temperature/time profiles for the pro-

cesses to assess the applicability of so1ar thermal power and
potential fuel sav1ngs.
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0 Perform a detailed feasibility study to determine specific
cost tradeoffs between various solar collection technologies

for one of the industrial processes identified in the process
profile study.

o Develop and field test a prototype of the Veda Industrial

Heliostat to verify optical performance and production tech-
niques.
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SECTION 2.0

INTRODUCTION

2.1 BACKGROUND

It is well recognized that solar energy penetration of the market
for high temperature process heat is extremely difficult. In this market,
high temperatures generally go hand-in-hand with high heat rates. Although
the tracking parabolic solar energy collector is capable of providing the
highest temperatures, it is heat rate limited by the mechanical constraints
of the individual collectors. Use of the tracking parabolic concentrator also
requires the thermal load to move with the concentrator causing a constant
change in orientation which presents serious technical problems for many high
temperature processes. Additionally, for very high temperatures, piping
material and joint technology preclude the transfer of heat to a fixed process
location. These considerations place severe restrictions on the adaptation
of this technology to the current marketplace.

An alternative concept is a fixed central receiver located at the
focal zone of a heliostat array. A typical configuration is illustrated in
Figure 2-1. While the central receiver concept has a lower peak temperature
capability than the parabolic concentrator, it provides significantly higher
heat rates to a central load. The characteristics of a specific application
will dictate which concept is most efficient, but, in general, DOE studies
have shown that the central receiver is the best candidate for current indus-
trial applications in the 10 MWt region and higher. However, the central
receiver concept does have limitations that restrict its use for a number

of potential applications.
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Typical Horizontal Field Configuration.

Figure 2-1.
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Most of the limitations are related to the size of the heliostat
field, the height of the receiver, and uniformity of image size throughout
the day and year. Present central receiver designs require the dedication
of large land parcels for the heliostat field. The quantity of land required,
and its geometry with respect to the receiver location, pose severe obstacles
for incorporating the system into urban or suburban areas where the majority
of potential industrial users are currently located. In the current system,
the focal zone is located above the heliostat field. This requires that the
receiver be located at the top of a tower. It is difficult and expensive to
operate most industrial processes at such a location or to transport the heat
through an intermediate medium to ground level. It would be better to operate
the process at a convenient location and move the focal zone to that process.
To alleviate the problems of dedicated land usage, receiver height, and improved
quality of the solar image, Veda has introduced the concept of the Unified
Heliostat Array.

2.1.1 Unified Heliostat Array

The Unified Heliostat Array (UHA) is comprised of conventional two-
axis heliostats mounted on a terraced south facing wall of a single structure.
The terraces are aligned in an east-west direction and the heliostats are
affixed to the terraces by pedestal mounts. In the earth's north. latitudes,
the terrace steps are upward towards the north and the receiver is situated
south of the structure. The UHA concept is illustrated in Figure 2-2.

The arrangement of heliostats on the array is chosen to eliminate
or control the degree of inter-heliostat shading and blocking. Shading and

blocking, the width of the terrace step, the height of the terrace riser, and
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the spacing of heliostats along the terrace, are a function of heliostat size
and drive mechanism. The mounting pedestal may be either vertical or hori-
zontal. Precision alignment of the heliostat is done at each individual
nedestal. By allowing moderate early morning and late evening shading, a
heliostat density of about 0.6 will allow the UHA to collect 2 MWt power
for each acre of land used.

At latitude 35° the sun altitude angle is less than 15° for more
than one hour after sunrise-and for more than one hour prior to sunset.
At a sun altitude angle of 15° the horizontal field is still partially
shaded. Thus, the working day of the horizontal field at winter solstice
is limited to about six hours, but extends to about ten hours at the equinox
and to twelve hours at summer solstice. By comparison, ear]y'morning and
late afternoon shading of the UHA is worst between equinoxes and summer
solstice, but at winter solstice, shading and blocking losses are essentially
zero whenever the sun is above the horizon. At times of the year near winter
solstice, while the sun is still below 10° altitude, the power delivered to
the receiver aperture by the UHA is greater than 50% of the power delivered
to the aperture at local noon. Thus, the working day of the UHA, almost ten
hours in length at winter solstice, varies only a few tenths of an hour
between winter and summer solstices.

For an industrial process heat user the constant length day
is an advantage in the form of personnel and process scheduling. Since the
A can te designed to provide a nearly constant energy collection for any

¢lear day throughout the year, the industrial user can plan on a nearly

uniform process flow.
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For remote locations, the potential hazards posed by the UHA
would be no greater than those associated with the horizontal field. However,
constructing a UHA in an urban environment would require a safety analysis.
£ receiver at ground level will require shielding to protect structures and
activity in the near vicinity. Actual safety requirements would be very
site specific and would have to be addressed as part of a particular appli-
cations study.

The reflected energy may be directed to any location above, below,
or to either side of the UHA north-south centerline. Its versatility permits
a single UHA to provide energy to one or more receivers appropriately located
to meet the users needs. This array is readily adapted to a range of processes
and brings the benefits of central receiver technology to a wide variety of
industrial applications.

2.1.2 Veda Industrial Heliostat

While the UHA is capable of supporting any heliostat type, Veda has
introduced a new heliostat design to improve overall system efficiency. The
UHA naturally lends itself to a north facing receiver. The efficiency of such
receivers can be increased by reducing the area through which thermal losses
occur. Since most thermal losses occur at the aperture through which, or
onto which, the solar energy enters the receiver, efficiency is most readily
increased by minimizing the aperture size. The limiting factor in reducing
aperture size and maintaining an acceptable spillage level is related to
the optical concentration capability of the individual heliostats in the
collector field. Increasing the optical concentration of a heliostat requires

thet a focusing mirror unit be used.
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Heliostats for central receiver systems must track to large off-axis
angles of sun position. Under these conditions the formation of a solar image
at the normal focal distance of a spherical or parabolic mirror is a rarity,
rather than a normal occurrence. Instead of a circular spot, two elliptical
images are formed at foci which separate in opposite directions from the
on-axis focal distance as the off-axis tracking angle increases. These image
aberrations, due to the sagittal and tangential foci shifts, have been studied
experimentally (c.f. Ref. 1) and are illustrated in Figures 2-3 and 2-4.

In Figures 2-3 and 2-4, the "Chief Ray" is the central ray of a
bundle of parallel rays emanating from a point source. This ray forms an
angle "a" with the mirror normal. The angle a is the off-axis tracking angle.
In Figure 2-3, the sagittal focal line is perpendicular to the sagittal ray
fan and is formed at a distance from the mirror surface that is proportional
to F/cos a, where F is the on-axis focal distance. In Figure 2-4, the
tangential focal line is perpendicular to the tangential ray fan and is
formed at a distance from the mirror surface that is proportional to F cos a.
Thus, when a = 0°, the distance from the mirror surface at which these two
images are formed are the same. As a increases in magnitude the two images
diverge. This divergence can be controlled by changing the value of F for
mutually perpendicular directions on the mirror surface.

The shift in the two foci results in an image size and shape at
the aperture plane which fluctuates as a function of time of day and time
of year. To minimize this effect, and thus minimize the required aperture
size, it is necessary to cause the excursion of each focused solar image

to center around the receiver distance. Since the sagittal and tangential
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Figure 2-3. Sagittal Focus.
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Figure 2-4. Tangential Focus.
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1maées are formed at right angles to each other, it is possible to choose

two orthogonal radii of curvature for the mirror surface to achieve this
effect. The resultant surface is that of an outer segment of a toroid. This
surface is shown in Figure 2-5.

A secondary effect of off-axis tracking is that the two images rotate
about the reflected ray vector as a function of the space orientation of the
plane of the off-axis angle. In order to preserve the proper orientation
of the mirror surface to the plane formed by the incident and reflected
rays, and to minimize aberrations, an equatorial axis drive mechanism is used
in place of the azimuth-elevation system encountered in other heliostat designs.
As applied to a heliostat, the polar axis is inclined by the local latitude
angle from the horizontal in the meridian plane. The declination axis is
affixed to and rotates about the polar axial direction. The heliostat mirror
element is affixed to and rotates about the declination axis. Thus, the
mirror surface achieves two axis tracking while maintaining the proper orien-
tation. This configuration is shown in Figure 2-6.

Another element of the heliostat to be considered is mirror size.

The maximum image size, and hence aperture.size, for a properly figured toroidal
heliostat is controlied by two functions, solar angular diameter and heliostat
dimensions. The mirror surface dimensions may be adjusted to make the maximum
lengths of the tangential and sagittal images equal to the same value. This
results in the smallest image obtainable from a given heliostat which, in turn,
results in the smallest aperture.

These elements of heliostat design: toroidal segment, equatorial
mount, and optimized mirror dimension ratio have been combined by Veda to
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Figure 2-5. Toroidal Segment Mirror Surface.
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Figure 2-6. Veda Industrial Heliostat.
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form a unique heliostat design. This design is the Veda Industrial Heliostat
(VIH). The VIH produces an average flux density at the receiver aperture
that is greater than that produced by any other heliostat currently under
study for horizontal fields, and permits the use of the smallest aperture

for a given amount of energy collected.

2.2 PROJECT OVERVIEW

2.2.1 Purpose
The heliostat field described above as the Unified Heljostat Array

(UHA) is one of the class of heliostat fields applicable to central receiver
projects. There has been no prior cost analysis made of this type of field.
The purpose of this project is to develop a first approximation to the cost of
energy delivered to the aperture of a receiver located at the focal zone of
the UHA. The cost of energy will be evaluated in terms of a levelized charge
over the UHA lifetime. In order to provide a data base permitting meaningful
comparisons within a system context, the costs are evaluated in terms of both
quantity and quality of the energy at the central receiver aperture for three
power levels and two types of heliostats.

2.2.2 Scope of Effort

This effort covered four major activities:

1. Development of a design specification for the UHA in-
cluding operational environment, survivability criteria,
size, heliostat loading, and maximurn deflection criteria.

2. Conceptual designs and capital cost for the UHA structure,
including engineering services, site preparation, materials,
labor, maintenance, and structure salvage value.

3. Analysis of the optical performance of the heliostats
mounted on the UHA, including total energy delivered to
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an aperture, selection of spillage criteria and aperture
size, distribution of the energy across the aperture and
flux density contours, and energy collected for a nominal
330-day operational year.

4. Development of a levelized cost of energy and cost of

usable energy at several working temperatures, including

capital costs of the structure and heliostats, maintenance

cost, salvage value, and annualized energy collected.
2.2.3 Limitations

For electric utilities, it is desirable to evaluate the cost of
energy in terms of a levelized charge over the system lifetime. This approach
is used, but time and cost constraints of the project did not permit an analy-
sis of a complete system. Specifically, the characteristics of the receiver
and the plant or process that it drives are excluded from the analysis. The
industrial user will probably not use a levelized cost methodology. The re-
ceiver is treated as a two dimensional aperture. Thermal losses are restricted
to black body radiation losses from an area equivalent to that of the aperture
at the assumed working temperature. Losses due to convection and conduction,
which are present in any real receiver, are not considered.

The conceptual designs for the UHA structures were developed only
for heliostat support within the design specification. Designs which allow
other uses, such as housing part of the process plant, warehouse, or office
space, are beyond the scope of this study. Likewise, due to budget con-
straints, other structural designs, which would result in different quan-
Tities of material and labor, were not investigated. The resultant costs

¢f the system are, therefore, not minimized, nor is the optical performance

raximized, both of which would reduce the price of the solar energy delivered.
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SECTION ‘3.0
PROJECT DESCRIPTION

PROJECT ORGANIZATION

)
.
-

The project was divided into six technical tasks. This facilitated
the management of the overall project and the orderly progression from UHA
design specification, through several parametric designs, to the development
of cost of energy for the final designs. The optical analysis and cost of
energy tasks were performed by Veda Incorporated. The structure design tasks
were performed by Bechtel National, Incorporated. These tasks are described

in this section.

3.2 UHA DESIGN REQUIREMENTS

In order to develop structural concepts and preconceptual structure
designs for the UHA, the design requirements had to be developed. These
requirements were translated into a design specification which satisfied both
general and site specific criteria for the conceptual designs of the parametfic

UHA cases. The criteria included:

o

Geographic site, soil conditions, and Séismic zone

o Insolation

o Wind and wind rise rates for opération’and survivability
o Temperature

o Lightning

o Rain and hail

o Snow and ice loadings

o Structure dimensions
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0o Heliostat weight, dimensions and aerodynamic loading

0 A{lowable heliostat defléctions

The estimates included heliostat spacing and quantities required.
Appropriate materials and manufacturing standards and building codes were

included by reference to form the specification.

3.3 PRECONCEPTUAL DESIGNS

Using the design specification as a basis, UHA candidate designs
were developed. A variety of design concepts and materials were examined for
suitability and cost. A low cost approach using open steel beam and truss
construction was selected for the preconceptual UHA parametric designs. Can-
didate designs were developed for three power levels corresponding to peak
winter design point power levels at the aperture of the receiver of 1, 10,
and 25 MWt. For each power level three structures were designed with height
to length aspect ratios of 1:1, 1:3, and 1:5. This resulted in nine precon-
ceptua] UHA designs.

The nine structures were designed to support the VIH. Additionally,
for the 10 MWt structure, the designs were modified to support the 49 m?
repowering heliostat developed by McDonnell Douglas.

Relative cost estimates for the nine preconceptual designs were
developed for the purpose of establishing the effect of aspect ratio on
total structure cost. The elements considered at this level of design were
direct field and indirect field costs. The direct field cost encompassed
materials, excluding wiring and auxiliaries, fabrication and labor. The
indirect costs were composed of temporary construction facilities, construc-
tion equipment and service, and field office cost.
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3.4 PRELIMINARY OPTICAL PERFORMANCE

For each of the nine structuré] designs, the opticalyperformance of
*he UHA was rodeled. Calculations were made of the relative annual collected
energy. and of characteristics of the energy, in terms of spot size and flux
density, for all nine cases using the VIH. Additionally, the three aspect
ratios for the 10 MWt power level were calculated using the 49 m? repowering
heliostat design.

The primary purpose of this effort was to determine the effect of
aspect- ratio on total energy collected. Using the results of the prelim-
inary optical performance and the estimated structural capital costs, a single
aspect ratio, showing the highest performance to cost ratio, was selected

for more detailed analysis.

3.5 CONCEPTUAL DESIGNS

Using the preferred aspect ratio determined in the above analysis,
detailed conceptual designs were developed to a level of detail to include
site preparation, foundation, structure, heliostat support attachments, wiring,
and essential auxiliaries, such as stairways and platforms.

Conceptual capital cost estimates for two 10 MWt structures were
developed, one to support the VIH, the other to support the repowering heliostat.
Life cycle maintenance costs and structure salvage value were also estimated.
These results were then extrapolated to provide cost estimates for a 1 MWt
and a 25 MWt structure supporting the VIH. This effort resulted in designs

and cost estimates for a total of four UHAs.
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3.6 DETAILED OPTICAL PERFORMANCE

In this part of the project a detailed modeling of the UHA optical
performance for the final designs waS performed. The subjects investigated
included: cosine, shading, and blocking factors; detailed analysis of the
solar image at the aperture plane; sizing, shape, and efficiency of the
aperture; flux distribution, power, and energy delivered to the aperture
plane and through the selected apertures; and radiation loss levels at
temperatures of 1000°K and above. At temperatures of 1000°K and above the
residual power after reradiation losses will be usable at a process operating

temperature.

3.7 COST OF ENERGY

Cost of energy was divided into two categories. At receiver temp-
eratures below 1000°K radiation control methods are effective in reducing
losses. At temperatures above 1000°K radiation losses become large. On this
basis, at temperatures below 1000°K the annualized energy delivered through
the aperture was considered to be completely usable and the cost of energy
was computed by the standard levelized charge method for several escalation
and cost of capital rates. At temperatures of 1000°K and above the annual-
ized excess input power, above the black body radiation loss, was termed "usable
energy" at the chosen temperatures. The cost of this annualized usable energy

wes then computed by the same levelized charge methods.
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SECTION 4.0

TECHNICAL APPROACH

4.1 ~ SPECIFICATION DEVELOPMENT

The design of the UHA conceptual structures required the development
of a design specification. This specification addressed environmental factors,
uses of the structure, and loads and load combinations imposed on the structure.
The survivability of the structure and the allowable deflections of the indi-
vidual heliostats were of central importance in this study.

In order to make maximum use of existing data, the basic approach
for the specification development was a review of previous studies. Prior
DOE specifications for central power project horizontal fields and heliostat
characteristics were reviewed for applicability. Environmental conditions,
including insolation data, for Barstow, California, and soil characteristics
prevalent at the solar facility in Albuquerque, New Mexico, were used. Pre-
vious in-house studies conducted by Veda Incorporated on UHA design factors
were reviewed. Industrial standards and building codes were also reviewed

for their applicability.

4.2 STRUCTURAL DESIGN AND MODELING

The design specification relates the location of heliostats, the
clearances required for their operaticn, the environmental considerations
for the UHA, the loads imposed by the heliostats on the structural rembers,

and the rotational tolerances permissible in order to remain within the central

Scwer system collector field's error budget.
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-Bechtel National, Incorporated was charged with the design and evaluation
of the UHA structure to best meet this specification.

The initial work included a literature review of modern structures
neving similar configurations. In\génera], these are human habitable struc-
tures. For this study, the UHA is not considered to be a human habitable
structure, rather, it is only a common foundation for heliostats. The choice
of a steel framework with concrete foundations was made as being the approach
promising least cost. Based on a preliminary loads analysis, nine conceptual
designs for the three power levels and the three aspect ratios proposed were
developed to the extent that a relative cost determination could be made.
Comparison with the optical performance calculations made by Veda resulted
in the choice of an array aspect ratio of 1:5, j.e., the height is one-fifth
of the east-west length of the structure.

Once the aspect ratio had been chosen, more detailed evaluations
vere conducted. The simple design was varied to evaluate cost effects of
different distributions and sizes of structural members. The STRUDL computer
program was used for determining stresses and rotations. As a result, the
conceptual designs were modified to reduce _cost.

In three designs, the VIH, an equatorially mounted heliostat having
e mirror area of Sixfsquare meters and a predicted weight of 434 pounds,
was assumed. In the fourth design the 49 square meter repowering heliostat

with a predicted weight of 3,214 pounds was assumed.

4.3 OPTICAL PERFORMANCE MODELING AND SIMULATION
There are several factors that influence the actual energy inter-
cepted by a heliostat mirror and directed toward the aperture. Insolation
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is measured in power per unit area normal to the solar direction. The
effective area of a heliostat is less than the surface area of the mirror.

The ratio of effective-to-actual mirror area is called the cosine factor.

This is due to the fact that the normal to the mirror must be pointed to
cause reflection toward the fixed focal zo;e and has an angular displacement
relative to the sun's direction. The effective area is further reduced by
shading of-a given heliostat from neighboring mirrors; that is, the casting

of shadows on the faée of a heliostat by other heliostats. These two factors,
taken with the appropriate insolation data, adequately model the mechanics of
computing energy intercepted by a heliostat.

The factors affecting the reflected energy are the reflectance of
the heliostat mirror, the atomospheric transmittance, and the blocking of
mirrors by other mirrors. The model developed by Veda Incorporated, described
in Reference 4-1, implements mirror reflectivity and atmospheric transmittance
as constants. The blocking of a mirror from the receiver occurs when neighbor-
ing mirrors fall within the line of sight to the receiver, preventing some
portion of the blocked mirror's reflected energy from reaching the receiver.

To support future analysis, quick access to items of interest such
as heliostat positions, orientations, obscured areas, cosine factors, shad-
ing and blocking factors, and energy delivered to the aperture as a function
of time is important. Since this information could be required on several
array configurations simultaneously, the ana1ysis program builds a data base
containing this information.

Loading the data base.1n1t1a11y is accomplished by means of a dig-

ital simulation. Building a general model allows analysis of varied configu-
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raticns of heliostats with a minimum of software conversion. Vector equa-
tions were used as much as possible to reduce dependence on coordinate Sys-
tems and because of their inherent computational efficiency over trignometric
methods. The specific task for this project was to model the UHA configu-
rations and heliostat types as required in the design specification.

The basic variable included in the model was the apparent pos-
ition of the sun as seen from the site of the collector field. To allow
for a reasonable change of declination between samples, the number of sam-
ples taken during the year was chosen as 24, averaging about 15 days between
samples. Insolation values were taken from the 1976 Barstow data base.

If a selected day had either erratic or extended cloud cover, the nearest
reasonably clear day's insolation data was substituted.

The daily rotational motion of the earth was modeled by changing
the direction cosines of the sun by an amount equivalent to a 15° per hour
rotation. The model was exercised for each of the 24 selected days on an
hourly basis between 0700 and 1700 local sun time when the sun was far
enough above the horizon to deliver energy to the south side of the UHA.

Each heliostat element of the subject UHA was modeled by first
computing the spatial orientation required to reflect the sun's enerqy
from the center of the heliostat to the center of the aperture. Shading
and blocking of the heliostat by any neighboring heliostats was computed
geometrically, using the simplifying assumption that each mirror was a rect-

ergular flat plate. No contribution to shading or blocking from structural

meribers was considered since the UHA structure lies below and north of the

“irror plane when the sun has reached the required angular altitude.
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Once the area of the heliostat actua]iy reflecting sunlight was
known, its contribution to the energy incident on the receiver was computed.
The total energy for a given time was computed using:

n

Et= Z Ao FC.i'(FS1+FBi-1).FR'FT.It
i=1

Where Et is power on receiver at time t,
A is area of heliostat,
Ag is unshaded blocked area of heliostat
Ag is shaded area of heliostat
Fei is cosine factor of ith heliostat,
Fg; is shading factor of ith heliostat
LRES
A
Fr is the reflectivity of a heliostat
? 0.9 for this study,

Fpy is the blocking factor of the ith heliostat
a1

A
FT is the atmospheric transmittance
= 0.99 for this study,
I is the insolation for time t,

n is the number of heliostats in the array
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Annualized energy at the receiver was computed by summing Et over every
hour 0700 to 1700 for each of the 24 days over the year, dividing by 24

to get average daily energy, then multiplying by 330 productive days in the
average year. This allowed 35 days offline per year for whatever reason
(inclement weather, repairs and maintenance, etc.).

To allow an assessment of the distribution of energy across the
receiver, the model sums an image of the sun from each heliostat in the re-
ceiver plane. The sum was built by dividing each mirror into segments and
computing the energy contributed by each as if all of it were concentrated
into a solar image originating from the center of the segment. The normal
to each mirror segment was derived from the slope of the toroid at the center
of the segment.

The receiver was modeled as a grid of square "bins" with each bin
accumulating the small increment. of energy contributed by each solar image
that overlaps the bin. Since the receiver plane normal is not parallel to the
normal from each mirror segment, the model accounted for image distortion by
projecfion techniques. The energies collected by each bin after summing
over the heliostat array are stored for eaeh selected time of day and year
for further processing.

The receiver aperture is assumed to be a flat, perfectly conducting
plate, insulated except where it is exposed to the concentrated solar energy.
On the. exposed area, it is assumed to act as a black body. Actual receivers
in a@ real world environment will have a variety of loss factors. The only

loss factor considered in this analysis is the reradiation loss for such
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& flat plate, as this loss mechanism will predominate over convective heat
transfer to the air in the temperature rggions of interest for the envis-
joned applications. |

On the basis of the assumption that the receiver aperture is a
perfectly conducting plate, and considéring only radiation losses, the usable
energy at some temperature T is simply the difference between energy into

the aperture and reradiated energy at the temperature T.

4.4 ECONOMIC ANALYSIS

4.4,1 Levelized Charge Methodology

The starting point for this methodology is ERDA/JPL-1012-76/3 (Ref-
erence 4-2). The basic principle of the methodology is that if the system
were to produce exactly its expected output, and if that output were sold
at a fixed unit priée, the selling price must ‘be such that the resultant
revenue would exactly recover the full costs of the system over its 1ifetime.
- This includes a return on the investments of stockholders and creditors.

The required revenue per unit is found as the minimum energy price consistent
with recovering all costs and is the levelized charge for the energy produced
by that system.

This study is only concerned with an energy collection subsystem.
Hence, many of the considerations necessary for the full utility system are
inapplicable. The following assumptions are made in consonance with the re-
ferenced document.

o Capital acquisition for the entire project occurs at one time.

Unless expended, the net capital earns at the same rate as the
cost of money. Once expended, it can only earn in the form
of payback from the levelized charge during the operating lifetime

of the system.
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0 The referenced document uses an average inflation rate of
0+06 and a cost of capital equal to internal earnings of
0.08. In this analysis, escalation rates of 6%, 8%, and 10%
are used with cost of capital at 8%, 10%, and 15% to develop
a family of cost numbers.

o The capital outlays for the collector consist of land,

heliostats, the UHA structure and associated wiring, and
a central controller. Operation and maintenance costs
include routine cleaning, operations and maintenance
labor, general and administrative expenses, and elec-
trical power.

0 A construction start date is assumed for 1981 and a first
year of commercial operation for 1984. Capital equipment
(including installatjon, engineering, etc.) purchases
are spread over three years. Operating and maintenance
expenses start in 1983, one year prior to commercial
operation.

Once an expenditure is made prior to the end of 1983, it is no
longer a source of revenue until 1984, at which point it starts to receive
payback from the fixed charge on energy sold. In the meantime it accumulates
an additional burden at a rate equal to the cost of money and compounded
annually; e.g., $100,000 expended in 1981 at a cost of money = 8% would
require revenues of $8,000 for 1982 and $8,640 for 1983, thus making its
"present value" at the beginning of 1984 $116,640. Annual earnings at a
rate equal to the cost of money will be required on the present value amount
plus an amount to accumulate over the system life the present value of capital
less salvage value of the system.

The cost of heliostats is a function of heliostat design, cumulative
rrocuction quantity, and current production rate. The "repowering” heliostat
‘s norinally 49 m? in area, comprised of several mirror elements. 1In order to

cevine the image at the aperture plane of the UHA system a detailed description

N

Lirelr size and placenent was obtained by telcon from the cognizant engineers

-
~
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g+ Sandia Livermore (SNLL). The outer dimensions of the mirror assembly yield

49 mz. The actual available reflective surface is 46.18 mz. A11 calculations

2 usable mirror area. Sandia quoted $23O/m2 as

were performed using the 46.18 m
the cost that should be used. It is Veda's understanding that this is the expected
cost at a production level of 25,000 units per year having been achieved. Veda

applied this cost factor to the actual 46.18 me

of mirror area. If this gross
cost were translated to the nominal 49 m2, the effective cost per active mirror
area as used in this report would reduce to $216.76/m2.

In order to accurately portray similar costing, the costs for the
VIH, as developed by Reflective Modules, Incorporated, are for the same pro-
duction rate of 25,000 units per year. The derived cost of $100.50/‘m2 did not
include the local electronics package. On this basis, Veda added $25/m2, $150
per heliostat, to the cost, resulting in a cost of $125.50/m2 for use in the
cost analysis.

Operating and maintenance costs for labor, materials, and electrical
sower were estimated as an educated guess which included consideration of the
number of personnel required and the skill levels which they should possess.
General and Administrative (G&A) expenses were estimated at 50% of direct
labor, and contingencies at 5% of maintenance. These costs were assumed to
pe in effect for the last year of construction, just prior to the first year
of commercial operation, in order to provide on-the-job training as pert of
he installation and. checkout of the system. The total of these expenses for
the first year is then subjected to escalation, and a present value cf these
sxpenses determined. From this present value the 0& corponent -of the level-
izec charge will be determined. The rethodology of Reference 4-2 assumes that

2-9
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the cost of money is equal to the internal rate of return, and that retained
earnings earn at this rate. Thus, the excess of income from the levelized
charge, over expenses, incurred during the early years will earn at this rate
<o assist in payment of the expenses, in excess of income, during later years.
The salvage value of each of the larger sizes of the UHA was expected
to exceed the cost of recovery. This value was entered into the equation at
an appropriate point to determine its effect on levelized charge.
The annualized cost of energy is equal to the total cost divided
by system life. The levelized charge is equal to the annualized cost divided
by the annualized energy.

4.4.2 Cost of Usable Energy

At working temperatures below about 811°K (1000°F) reradiation,
reflection, and absorption can be controlled by selective coatings. Above that
temperature, conventional coatings generally become relatively ineffective, and
the basic material used as the energy absorber determines these characteristics.

To enable a practical designer to evaluate his application, the
performance of the receiver can be calculated by application of multipliers
relating the proposed receiver characteristics to the characteristics of a
black body. The receiver characteristics used in this study were those of a
black body (i.e., reflectance equals zero, absorptivity equals emissivity
equals one). The Stefan-Boltzmann Law then applies.

This idealized aperture assumes a constant temperature across a
flat plate, equal in size to the aperture size, absorbing and reradiating

gnergy from the side toward the heliostat field and perfectly insulated on
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the other side, Convection losses were neglected in this approach since
they rapidly become relatively small as the absolute temperature increases.
Convection losses increase approximately linearly with temperature; rera-
cdietion losses increase as the fourth power of absolute temperature.

Based on these assumptions, the power incoming from the heliostat
field is equal to the integral over the aperture of the product of radiant
flux and increment of aperture area. The power reradiated is equal to the
product of the black body reradiation flux and the aperture area. The in-
coming power must equal or exceed the reradiation power for the temperature
to remain constant. When these power levels are equal no useful work may
be done. The corresponding temperature is known as stagnation temperature.
When the incoming power exceeds the reradiation at the aperture temperature,
the temperature either increases or the difference, between incoming and rera-
diated power, must be withdrawn. It is this power that may be withdrawn that
is herein called usable power, or, as accumulated over the year, usable energy.
An example of a constant temperature withdrawal would be an endothermic chemical
process. The process proceeds, when the working temperature is attained, at
a rate dependent on the excess power inputs

Usable energy is thus related to temperature. In this analysis
several temperatures were chosen and the usable energy calculated. The
annualized charge was then divided by the annualized usable energy to obtain
tne levelized cost. At stagnation temperature, where reradiation losses
exactly equal input, there is no usable energy. Thus, as the temperature
goproaches stagnation temperature, the cost of usable energy approaches
infinity.

4-11
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SECTION 5.0
RESULTS

5.1 UHA SPECIFICATION
"Specification for the Unified Heliostat Array", Veda document
43342-80U/P0069, (Reference 5-1), was the basis for the analysis conducted
under this project. The document is included as Appendix A to this report.
The specification was developed as the result of a review of prior DOE spec-
ifications for central power praject collector fields and heliostat charac-
teristics, and extrapolation from prior UHA design studies performed by Veda
Incorporated. Key elements in those specifications were considered as
assumptions:
o The site location is at 35° North latitude.
o Soil conditions are equivalent to those specified
for Albuquerque, New Mexico.
o The reflectance of the mirror elements is 0.9.
0 Building codes are those applicable in the area of
Barstow, California.
o Seismic zone 3 applies.
o The atmospheric transmittance between mirrors and
receiver when averaged over the array of heliostats
is equal to 0.99.
The basic field arrangement of the UHA is such that the largest
ancle seen looking north from the receiver between westerly and easterly

heliostats is 60 degrees. The general arrangement is shown in Figure 5-1.
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Figure 5-1. Layout of a UHA Central Power System.
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The data for the repowering heliostat was obtained from Sandia Lab-
oratory documents distributed by J. C. Gibson's letter dated November 6, 1979,
Sandia document FSCM 14214, Issue C, and SAND-78-8180 (References 5-2 and 5-3).
The conceptual design for the equatorially mounted heliostat was developed
by Veda Incorporated. A preliminary design, costing, and loads analysis

for this heliostat was performed by Reflective Modules, Incorporated.

5.2 PRECONCEPTUAL DESIGN AND COST

The intent of this task was to review structural materials and
concepts applicable to the UHA and develop preconceptual designs which
appeared to offer low cost construction. Once these designs had been
developed to a sufficient level of detail, relative cost ratios were
to be determined to aid in the selection of an array aspect ratio which
offered the best tradeoff between performance and cost. The designs had
to meet the criteria established in the specification.

The specification document described the UHA operational envi-
ronment, the sizes of the required structures and the location and values
of heliostat loads to be imposed on each of the twelve structural configu-
rations. Bechtel National, Incorporated, using the specification as a
basis, selected the appropriate materials and developed the preconceptual
designs and relative costs. The results of this effort are contained
in Appendix B, Sections 2 through 4. Highlights of that effort are presented
here.

5.2.1 Review of Structural Concepts

The dimensions and spacings for the heliostats suggested that the

supporting structure must have a slanting, terraced frame similar to that of
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¢ stadium. The relative heights of the UHA structures ranged from that of a
six story office building (1 MWt, aspect ratio 1:5) to that of the Trans-
arerica Building in San Francisco (25 MWt, aspect ratio 1:1). The structure
rot only serves to support the heliostats against environmental forces, but
also provides the proper orientation to maximize solar power collection.

A literature search was performed to find existing designs or
structural concepts that served functions similar to the UHA concept and also
represented major structures. The search encompassed general technical and
trade literature such as proceedings papers, reports, govenment publications,
and trade magazines. Computer searches were also performed on two engineering
cata bases, the Computer Engineering Index and the National Technical Informa-
tion Service.

The literature search revealed one array structure identical to the
UHA in function. It is a terraced array for holding heliostats currently under
construction in Japan for a 1 MWe solar thermal pilot plant, (Reference 5-4).
Other structures were also found that exhibited the terrace concept. Examples
cf these are New York's Shea stadium, the Hartford Jai-Alai Fronton and Harvard
University's Gund Hall. A cross section of Gund Hall is illustrated in Fig-
ure 5-2.

No structures were found that directly compared with the UHA con-
cept with respect to size, so structural configurations for this study had
to be evolved from basic principles.

£.2.2 Structural Materials

Candidate materials considered in this study for the construction
c¢f the UHA included timber, concrete, and steel. Each was evaluated for its
e¢dvantages and disadvantages from both a structural and a cost standpoint.

5-4




G-g

(4

£
Q

Grade

Figure 5-2.

Cross Section of Gund Hall, Harvard University.

Tr7e?77277 7

(O8]
Lo

0

(82}

8-

—

62004/N




43905-80U/P0069

Timber was eliminated primarily for structural reasons. Concrete was elim-
inated primarily to minimize structural dead loads and to meet the required
earthquake resistance for structural members, but was used for the UHA foun-
datioris. Steel was selected as the candidate material.

In addition to its structural properties, steel has the added econ-
omic advantages of availability in required sizes, potential for shop fabrica-
tion of standard pieces and reduced erection times which lowers construction
costs.

5.2.3 Design Concept

After the reviews of structural concepts and materials, a steel beam
and girder framing system was chosen for the preconceptual design. Each frame
has a sloping main girder supported by equally spaced columns. The structure is
braced against side sway in the longitudinal direction by east-west beams and
the heliostat support beams. X-cable bracing is used to augment the overall
structural stability. A typical structural configuration is shown in Figure
5-3.

In order to meet the heliostat pedestal rotational requirement of
Tess than + 1.5 mrad under operational winds of 12 m/s, a double support beam
structure was used. Two parallel beams were used for each terrace of helio-
stats. The pedestal, as well as a removable handrail, clamps to the top flanges
of the beams by U bolts. A metal grating, attached to the lower flange, pro-
vices bracing as well as a walkway for maintenance. A partial elevation showing
the heliostats is given in Figure 5-4.

Poured concrete caissons were chosen for the foundation. This design

was selected because it provides sufficient weight to resist uplift forces and
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sl%ding, generally needs little or no forming and is rapidly installed in good
soil conditions. Both of the latter reasons lead to reduced cost.

The significant aspect of the preconceptual designs is their extreme
lichtness for their size. Since the consideration of the structure for any
purpose other than heliostat support was beyond the scope of this effort, very
light structures which would not meet building codes for human habitation were
conceived. Figure 5-5 compares the largest UHA, 25 MWt, to two large highrise
buildings in terms of the amount of steel per unit volume of structure. As
can be seen, the UHA is an order of magnitude lighter than the other structures.

5.2.4 Preconceptual Cost Ratios

The cost estimates for the preconceptual designs were an order-of-
magnitude evaluation of the constructed costs. Material estimates for the
designs are given in Tables 5-1 through 5-3. Table 5-4 presents the total
estimates. Included are site preparation, material, labor, and indirect field
costs. The material unit cost data and manhour data were based on Bechtel's
experience and current project information. A detailed discussion of this
information and the assumptions inherent in the estimates may be found in
Appendix B.

The significant factor in these preliminary estimates is the depen-
dence of cost on structure height. Greater height demands larger structural
members which means an increase in both material and labor. For a given power
level, an aspect ratio of 1:1 is approximately 1.7 times riore expensive to
corstruct than the 1:5 ratio. Taking the 1 MWt UHA with an aspect ratio of

1:5 as unity, the relative cost ratios for all the structures were calculated
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Table 5-4. Preconceptual Field Cost Estimates.

$ THOUSANDS -- SECOND QUARTER 1980

Confiquration No. 1 2 3 4 5 6 7 8 9
Power Level 25 MWt 25 MWt 25 MWt 10 MWt 10 MWt 10 MWt 1 Mut 1 Mwt 1 MWt
Aspect Ratio 1:1 1:3 1:5 1:1 1:3 1:5 1:1 1:3 1:5

Structure Height 794' 469' 361" 498' 29" 224' 159' 94' 72!

DIRECT FIELD COST

Excavation 20 10 10 5 5 5 1 1 1
Concrete 250 150 140 70 60 60 10 10 10

(8]
= Rebar 170 100 100 50 40 40 6 6 6
Formwork 510 320 300 150 120 120 20 20 20
Steel 64,500 38,900 33,800 18,100 12,300 10,350 670 540 370
DIRECT FIELD COST 65,450 39,480 34,350 18,375 12,525 10,575 707 577 407
INDIRECT FIELD COST* 13,550 8,520 7,650 3,925 2,675 2,225 153 123 93
FIELD COST 79,000 48,000 42,000 22,300 15,200 12,800 860 700 500
FIELD COST/MWt 3,160 1,920 1,680 2,230 1,520 1,280 860 700 500

*60% of Direct Labor Cost
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Table 5-5. Total Field Cost Per Mut.

] [] !
| POWER | ASPECT RATIO i
] ] }
i LEVEL | ! ! i
P MWt i 1:1 1 13} LS i
] ] ) 1 ]
] ! 1 1 b}
! 1 I I }
| 25 i 6.32 E 3.84 E 3.36 1
! ! i i !
E 10 P 4.46 1 3.04 | 2.56 |
i i ! ' i
! 1 b1zl 140 1 100
i i i I !
1 1 1 + i |

(Results normalized to lowest-unit cost ratio)

on a cost per megawatt basis. These results are summarized in Table 5-~5 and
were used in conjunction with the preliminary optical analysis to select the

preferred aspect ratio for conceptual design.

5.3 PRELIMINARY OPTICAL ANALYSIS

The in~house work performed by Veda Incorporated prior to this con-
tract formed the basis on which the location, size, and shape of the Veda helio-
stats were determined for the design specification. The preliminary optical
analysis was concerned primarily with verification that this design information
was adequate for a relative performance comparison assuming a uniform price per
square meter for heliostats.

Each UHA aspect ratio was analvzed on a heliostat hv heliostat basis
each hour for the time interval of Q707 <o 1700 for 24 evenly spaced days
throuchout the year. A circular earth orbit was assumed. Barstow 1976 insola-

ticn cate was used. Clock time was assurmed to be local sun time for deter-

mining insolation values to be used. Since a 330 day useful year was assumed
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to account for poor insolation days as well as equipment outages, when a calcu-
lated day was non-typical of the seasonal insolation data the nearest nearly
typical day insolation values were used. The annualized energy collection per
unit of heliostat area was then evaluated to determine relative value of helio-
stats in each of the UHA configurations.

In perfqrming the heliostat by heliostat analysis, cosine factor,
shading factor, blocking factor, reflectance, and a fixed value of atmo-
spheric transmittance were combined to develop an effectivity numbef for each
heliostat. The average value of this number across the UHA field multiplied
by the total heliostat area, multiplied by the insolation level, yielded the
power delivered to the aperture. Daily symmetry about noon and annual symmetry
about winter solstice were used in calculating the effectivity.

For the three UHA aspect ratios chosen for study under this contract,
the annualized energy per unit area of heliostat was found to be least for the
1:1 aspect ratio and greatest for the 1:5 aspect ratio. This was due to the
blocking of upper heliostats by the lower ones. As structure height increases,
the look down angle becomes more severe and introduces the increased blocking.

Normaljzed Performance

Aspect Ratio 1:5 1:3 1:1

Relative Energy 1.08593 1.06018 1

A cursory computer run was.made to study the performance of a 1:1
array in which the heliostats were staggered from one horizontal row to the
next. That is, they were moved to the midpoint space location of those on the

adjecent row. The shading and blocking improvement observed was normalized as
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ab;ve to 1.04730. The design specification did not include this field arrange-
ment. However, a staggered arrangement should be considered for future efforts.
The results of the preconceptual structural design study and perfor-
mance -analysis showed that, of the aspect ratios investigated, the preferred
array dimensioning in terms of cost per unit energy is the 1:5 aspect ratio.
Although a staggered heliostat placement yields better performance,
and the analysis indicated a possible performance improvement for total
collected energy for aspect ratios beyond 1:5, investigation of these vari-

ables was beyond the scope of this contract.

5.4 CONCEPTUAL STRUCTURES DESIGN AND COST

With the selection of the 1:5 aspect ratio, the first step in the
conceptual design process was a review of the preconceptual designs to iden-
tify areas where cost might be reduced. It was determined that reduction in
the amount of steel used in the UHA structure was the primary factor that
would lead to a cost reduction.

Table 5-6 gives the breakdown of the steel tonnages for the differ-
ent structural components with the preferred aspect ratio of 1:5. This list
of tonnages clearly indicated that the largest percentage of the total weight
of the structure came from the support beams for the heljostats. Two differ-
ent options were open to possibly reduce steel weights in the more detailed

conceptual designs:

0 Modify, by more detailed computer analyses, the existing
preconceptual designs to determine if they meet the design
criteria and then optimize the structure by varying the
design parameters such as column and girder spacings.
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0 Reduce the large percentage of steel in the support
beams by using an alternate, more efficient supporting
system for the heliostats and analyze the new system
to check against the design criteria.

Table 5-6. Structural Steel Tonnage and Percentage Comparison.

UHA Aspect Ratio 1:5.

: I
| STRUCTURAL i THERMAL POWER LEVEL
; 1
i ! {
l 1 Mt | 10 MWt | 25 MUt
COMPONENT | , i
I T . :
boToNs % ToNs % | TONS %
! ; '
: l :
Girders P 40.8 25 | 809 18 2,066 14
: ] [] ]
{ E-W Beams 1 18.1 11 | 351 8 ! 1,394 10
i ] ] 1
1
N-$ Beams i 12.7 8 I 346 8 1 1,462 10
1 | 8
Columns i 23.8 15 974 21 i 4,580 31
1 1 1
’ Support Beams ! 66 41 | 2,013 45 ! 5,165 35
" T/ I 1 - - [ - _
]
! Total Weight 1161 100 ! 4,493 100 | 14,667 100
i = :
I : |

After careful consideration the latter option was selected as a
means of possibly reducing the total steel in the UHA structures.

5.4.1 Description of Modified Structural Concepts

The modified structural concept developed for the arrays consists
of a series of frames, each of which are composed of a long sloping truss sys-

tem supported by large diameter pipe columns. To meet the stringent rotation
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| criteria of + 1.5 mrads, the heliostats are attached directly to each frame
instead of on beams spanning between them. Thus, in all cases considered,
the spacings of the sloping members for the different arrays are identical
to the heliostat spacinas. Similarly, the slope of the main trusses was
determined by the choice of heliostat spacings.
Shown in Figure 5-6 are structural details of a typical interior

frame of the arrays using the 6 m2

heliostats. The truss system of this array
has two W12x53 beams acting as the main chords with 5 inch (12.7 cm) square
tubes used for vertical web members. W10x49 sections were selected for the
horizontal web members of the truss and are located at the same elevations as
the heliostats.

The pedestal of the heliostat is a 10 inch (25.4 cm) square tube
shop welded to the exterior main chord of the truss. Gusset plates were used
to transfer forces into the main frame from the pedestal and the horizontal
web members. The heliostat units can be field bolted to the pedestals using
this approach. Twenty-four inch diameter pipe sections, 1/2 inch thick, were
selected for the columns. A Vierendeel truss, shown in Figure 5-7, is used
to tie the main frames together 1ongitudina]1y. The top of the rear column
is stiffened with plates to which the slanting truss and longitudinal tie
trusses are bolted.

For the structure of the 1 MWt array using the 6 me

heliostats, it
was found that only one column per frame was needed to meet the design criteria.

Two W12x22 beams were used as the main chords of the truss system with 5 inch

(12.7 cm) square tubes being used for the vertical web members and W10x22
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sections beingeselected for the horijzontal web members. Fourteen inch diameter
pipe sections, 3/8 inches thick, were chosen for the columns. The remaining
structural details of the 1 MWt array are similar to the 10 MWt array.

The steel tonnages and foundation quantities of the 25 MWt struc-
ture were extrapolated from data of the nine preconceptual designs of the
structures and the two modified detailed designs of the 1 and 10 MWt arrays.

For tall structures like the UHA, lateral forces due to wind might
cause the structure to rock or rotate about its base. This rotation can cause
uplift on the foundations and might be sufficiently large to overturn the
structure. Therefore, for all three power levels the foundation designs had
to provide sufficient mass to resist uplift. This fact, coupled with a need
to provide resistance to sliding, and given the close spacing of columns, led
to the decision to use a continuous strip footing with a caisson under each
column. Primarily because of the overturning or uplift forces on the foun-
dations, the amount of concrete and rebar used in the larger arrays increased
over that given in the preliminary conceptual development by a factor of
approximately three.

Shown in Figure 5-8 are structural details of a typical interior

2 heliostats. Two W12x87 beams were

frame of the 10 MWt array using the 49 m
selected as the main chords of the main sloping truss with 5 inch (12.7 cm)
scuare tubes as web members. The columns and horizontal struts in the main
freme censist of 18, 20, and 24 inch diameter pipe sections with varying

thicknesses ranging from 3/8 to 1/2 inch.
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For this structure, however, the heliostat mirrors had problems in
clearing the sianting truss system. For this reason, the heliostats were
spaced between the main frames instead of attaching directly to the sloping
truss.

To meet the rotation criteria of 1.5 mrads for the array using the
larger 49 m? heliostat, a triangular shaped space frame, shown in Figure 5-9,
was especially designed to span between the main frames. The space frame
has three 8 inch (20.3 cm) square tubes which form the chords of the main
Tongitudinal triangular shape. Each space frame has segments comprised of
four 6 inch (15.2 cm) square tubes shop welded to the lower longitudinal
member to form the vertex of an inverted tetrahedron. A rectangular flat
plate is welded to the side members of the inverted tetrahedron to which
the base of the vertical heliostat pedestal is attached.

The foundation design for this structural concept followed the same
approach as was performed for the arrays with the 6 m2 heliostats. Because
of heliostat clearance and the resulting spacing, this structure is taller

and steeper than the 6 m2

arrays and, consequently is exposed to higher

wind loads. However, the greater weight of steel supported by each individ-
ual column offsets the increased vertical component of the lateral wind loads.
The end result is that this concept is not subject to uplift forces for the
loading cases considered. Because of the increased distance between the main
sloping truss members and support columns, it was decided to use individual

augered caissons. The greater distance separating the main members and columns

was also a reason the caissons were not connected together.
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5.4.2 Computer Analysis Procedure

The modified structural concepts of the arrays were analyzed by
using the STRUDL computer program. STRUDL is an acronym for the Structural
Design Language Program and consists of a series of computer programs for
solving structural engineering problems. STRUDL can analyze continuous
mechanics problems and framed structures, which is the case of the UHA
concepts. Framed structures are defined as two or three-dimensional struc-
tures composed of slender, linear members, which can be represented by their
structural properties along a centroidal axis. Such a structure is composed
of many members connected together at joints or nodes.

A1l the structures analyzed by STRUDL for this study were run on
the Bechtel in-house UNIVAC 1180 computer system.

For the STRUDL computer analyses, a typical interior frame of the
UHA concept was modeled as a moment-resisting rigid frame. The large sloping
truss which supports the heliostats was modeled as a beam with an equivalent
bending stiffness. The columns and the struts were also modeled as line ele-
ments. Since the foundations are expected to be rather flexible, pinned sup-
ports were assumed.

Shown in Figure 5-10 is the idealized computer model of the 10 MWt

array using the 6 m2

heliostats. The slanting truss member of the array was
modeled as a series of beams to obtain an accurate profile of the rotations
along its length. The long columns and the hcrizontal struts of the array
were also modeled as beains.

Shown in Figure 5-11 is an idealized computer model of the 10 MWt

2

erray using the 49 m“ heliostats. Since this structure is higher and has a
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Ficure 5-10. ldealized Model for the 10 MWt Array with 6 m Heliostats.
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Figure 5-11. Idealized Model for the 10 MWt Array with 49 m2 Heliostats.
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steeper slope than the array using the 6 me

heliostats, more bracing members
were used. Numerous node points were defined along the members in this model
to obtain an accurate profile of the rotations of the slanting truss and to
check the lateral deflections of the columns.

Computer results were given in terms of member stresses and rota-
tions. Member stresses were checked against the allowable stresses but it
was clear that these are generally low stress systems. The computer anal-
ysis could not check stability of members and so the array columns were
manuatly checked against lateral buckling using the AISC interaction equa-
tion.

By checking the stresses of the 1 and 10 MWt arrays, for the 6 m2
VIH heliostats, by this equation, it was found that buckling criteria had the
most influence on the design of the structure’rotations. Rotation of a helio-
stat at the top of the structure was 0.43 mrads for the 10 MWt array and 0.44
mrads for the 1 MWt array. This is well below the rotation limit of 1.5 mrads.
This confirmed the efficiency of the design arrangement that was selected to
reduce rotations.

Total steel quantities for the 1.and 10 MWt arrays and those esti-
mated by extrapolation for the 25 MWt array are summarized in Table 5-7. By
using structural optimization procedures, those quantities might be reduced.
To account for bracing, access, walkways and ladders, an additional nominal
twenty percent was added to the steel quantities. Since the stresses in the
members for the VIH configurations are well within the allowable limits, and
roctational criteria were easily met, optimization of these structures could

reduce these quantities.
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] Table 5-7. Material Quantitiﬁs for the
1:5 Aspect Ratio Arrays with 6 m“ Heliostats.

] 1 ) O
! Material !} Units ' Power Level (MWt) |}
{ 1 ] {
| 3 i T )
\ | S S (R I
1 ] 1 ' : i
[} ] [ 1 [ '
\ i i ' i i
I Steel* I ton | 156 1 4380 i14255:
1 ] 1 i H 1
| Concrete | cubicyard 1102 | 2121 | 57541
i i i i : i
| Rebar i ton i3 ) 47 1 156
' 1 I 1 . '
i ] ] 1 H 1

* Includes 20% for bracing and acess
** Extrapolated quantities
It was determined from the analysis of the 10 MWt array having the

49 mé heliostats that stresses within the members were well within the allow-
able 1imits. Using the approximate method described earlier for finding the
torsional properties of the supporting space frame, the maximum rotation of a
heliostat at the top of the array was about 1.7 mrads. This exceeds the
criteria limit of 1.5 mrads. However, by increasing some member sizes in this
particular space truss, the maximum heliostat rotation could easily be
reduced to 1.5 mrads or less. A summary of material quantities for this
narticular design is given in Table 5-8.

£.4.3 Costs Estimates of Modified Concepts

The results of the cost estimates for the more refined and detailed
Y4 structures are presented in Tadble 5-9 fcr four designs:
o A - 1Myt array, 1:5 aspect ratio, 6 m¢ heliostat

o B - 10 MWt array, 1:5 aspect ratio, 6 i heliostat

(&;]
ro
(e0]
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o C - 10 MWt array, 1:5 aspect ratio, 49 m2 heliostat

2

o D - 25 MWt array, 1:5 aspect ratio, 6 m“ heliostat

Table 5-8. Material Quantitieﬁ for 10 MWt 1:5
Aspect Ratio Array with 49 m“ Heliostats.

1) [ | 1
] ! 1
E Materials ' Quantities i
1
i i :
) Steel* i 4036 tons ;
] 1 ]
i Concrete ! 516 cubic yards}
|} 1
1 ]
! Rebar E 8.3 tons !
1 ] 1

* Includes 20% for bracing and access

The field costs presented here considered the same work items as
were presented in the cost estimates for the preconceptual designs. However,
the direct field costs were examined in much more detail than those given in
the preconceptual designs and considered these additional work items:

o Heliostat installation

o Access, stairways

o MWiring
The indirect field costs were still taken as 60% of the direct field labor
costs.

The total capital cost estimates are presented in Table 5-10. The
total capital cost estimates include expenses for engineering services and an

allowance for uncertainty in addition to the field costs.

[8a]
]
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Maintenance costs were also considered and include:

o Heliostat mirror cleaning

0 Wiring system checking

o Replacement of heliostat control wiring

0 Routine maintenance and miscellaneous items
Table 5-9. Conceptual Field Cost Estimates.

$ Thousands -- Second Quarter 1980

Configuration No. A B C D
Power Level 1 MWt 10 MWt 10 MWt 25 MWt
Aspect Ratio 1:5 1:5 1:5 1:5
Structure Height 72é 2245 270'2 3GIé
Heliostat Size 6 m 6 m 49 m 6m
No. of Helijostats 210 2046 252 5250
DIRECT FIELD COST*
Heliostat Installation 100 940 150 2,420
Wiring 40 320 110 820
Access, Stairways 40 1,060 940 2,970
Foundation , . 40 690 150 1,890
Steel 290 7,690 6,650 23,900
~ DIRECT FIELD COST 510 10,700 8,000 32,000
INDIRECT FIELD COST** 160 2,780 1,760 8,100
FIELD COST €70 13,480 9,760 40,100
FIELT COST/Hut 670 1,348 976 1,604

*Secend Quarter, 1980 Price & Wage Level  **60% of Direct Labor Cost
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Table 5-10. Capital Cost Estimate Summary

$ Thousands -- Second Quarter 1980

Configduration No. A B C D
Power Level 1 MUt 10 MWt 10 MWt 25 MuWt
Aspect Ratio 1:5 1:5 1:5 1:5
Structure Height 72é 224é 270é 361é
Heliostat Size 6 m 6 m 49 n 6m
No. of Heliostats 210 2046 252 5250
Field Cost 670 13,480 9,760 40,100
Engineering Services 130 o 1,320 990 3,900
Subtotal 800 14,800 10,750 44,000

Allowance for

Uncertainity
@ 15% of Subtotal 120 2,200 1,750 6,500
TOTAL CAPITAL COST 920 17,000 12,500 50,500

CAPITAL COST/MWt 920 1,700 1,250 2,020

Since the proposed site is in a desert environment, it was assumed
that painting of the structure would rot be required.

Bechtel's previous studies for ground mounted arrays have found
annual maintenance costs of $0.90 per square meter of heliostat area. Due to
the height of the UHA structures, labcr rates for mazintenance personnel nust
reflect hazard pay. Thus, a maintenarce cost of $1.25 per square meter

was estimated. Based on this estimate and a 30-year plant 1ife, the life
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cycle maintenance costs for these four designs, expressed in 1980 dollars,

were estimated to be:

o A - $ 60,000
o B - $480,000
o C - $480,000
o D -

$1,200,000
The net salvage values of these four arrays, based on a 30-year plant

1ife and expressed in 1980 dollars, were determined to be:

o A- 30

o B - $140,000
o C - $120,000
o D - $435,000

The salvage values of these structures were considered and are depen-
dent upon the need of the steel market during that particular period. Salvage
values ranged from $0/ton to $50/ton of steel. Labor costs for design A, the

smallest array, were so high that it was not cost-effective to salvage it.

5.5 OPTICAL PERFORMANCE

The detailed optical performance analysis was performed on Veda's Data
General Eclipse C/350 digital computer. The Veda performance code is written
in FORTRAN V and is both modular and cperator interactive, thus permitting selec-
ticn of both system description inputs and output functions.

The design specification established the number of rows and columns
o nhelicstets to be used for structural design. The detailec opticel perfor-
imance modeling resulted in small increases to the number of columns of helio-
stets required in some designs. This was due to use of the 1976 Barstow
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1n§o1ation data rather than the estimeted data used during development of

the design specification. A greph showing the annual average value and range
of variation in the Barstow insolation as a function cf time of day is shown
in Figure 5-12.

Several intermediate outputs were developed in the performance anal-
ysis and recorded on magnetic tape for detailed post analysis. Among those
developed were cosine, shading, and blocking factors for each heliostat, field
cosine average, and cosine weighted averages for field shading and blocking
factors.

Another intermediate output was an image at the aperture plane for
each of 25 mirror segments on the Veda heliostat and for each of 64 segments
on the repowering heliostat. The aperture plane was described in terms of a
45 x 45 array of square "bins" totaling 2,025 bins. The image at the aperture
plane was evaluated for power delivered to each bin from each mirror segment.
The area of one bin for the 1 MWt array was set at 0.01m and for the larger
arrays at 0.1m%. The power accumulated in each bin over all the heliostats in
the array was then added to determine the total collected power for each
hour of each day investigated. The power distribution among the bins deter-
mines both radiant flux and accumulated power profiles. For visual analysis
these power-per-bin levels were mapped on the aperture plane as alphabetic
characters each representing a flux density increment of about 4%. A repre-
sentative map is shown in Figure 5-13.

Inspection of these maps shcwed a steep dropoff in power density
from a high intensity central image for arrays with the VIH. A typical flux

density profile of the VIH heliostat is shown as Figure 5-14. Significently,
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Figure 5-13. Example Map of Solar Image at Aperture Plane.
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Figure 5-14. Typical Flux Distribution Profile for VIH.
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the radius at which the dropoff occurs remains essentially constant through-
out the day aend throughout the year. By comparison, the repowering heliostat
image 1is far more diffuse and variable throughout the year. Because of the
strong radial dependence of flux density, both rectangular and circular aper-
tures were chosen to meet design point power for each array. In each case
the aperture dimensions were selected to provide the best compromise between
annualized energy collected and total aperture size. The aperture sizes and
resultant calculated annualized energy are shown in Table 5-11 for the four
final designs. The "Percent of Total Power" is the percentage of the power
delivered to the aperture plane that is actually collected by the aperture.
These values were used in the calculations for cost of energy.

In sizing the apertures for the repowering heliostat to meet design
point power, an effort was made to maintain an annual power level near that
of the 10 MWt UHA using the VIH. This resulted in the UHA with the repowering
heliostat having approximately 2% more net mirror ared. However, due to the
more diffuse image, the area of the aperture was still 14% to 21% larger than
that required for the VIH. This resulted in & lower overall collection
efficiency. As shown later, the diffuse image resulted in poorer high temp-
erature capability for the repowering heliostat.

The two 10 MWt UHA configurations, studied under this contract, per-
mitted a partial correlation of solar image characteristics, at the aperture
nlane, for the two different heliostats. Image size is related to heliostat
size, focal length, slant range, and off-axis tracking angle. Thé repowering
heliostat, due to the uniform radius of curvature usually employed, does not

have the capability of minimizing the aberrations resulting from the variations
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Table 5-11. UHA Apertures and Annualized Energy.

Annualized Energy (KWHT)

Design Point Total Rectangular Circular Aperturg Percent of
Power (MWt) Collected Aperture Aperture Area (m“) Total Power
Sl
(VEDA) 2 467 082 2 379 283 2.1 96.44
2 384 708 1.85 96.7
10
(VEDA) 24 209 839 23 741 744 18 98.1
23 812 229 16.9 98.4
P10
(Re-
Powering) 24 814 556 23 400 598 20.97 94.3
23 640 926 21.27 95.3
25
(VEDA) 60 198 778 59 517 621 42 98.9
59 429 218 38.5 98.7

in off-axis tracking angles encountered throughout the day and throughout the
year. The VIH, because of its dual radii of curvature and equatorial tracking
mechanism, provides much better control of these abberations. Figures 5-15
through 5-20 provide side-by-side comparison of the images at the aperture
plane for these two heliostats for early morning and noon at the winter
sclstice, equinox and summer solstice.

The range of flux density represented by each image description‘dia—
¢rem extends from the peak flux density, to zero. This range is divided into
¢6 equal increments, the letter A representing flux densities between the peak

fiux anc 25/26 of the peak flux, B the increment between 25/26 and 24/26, and
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Repowering Heliostat

Peak Flux Density 0.159 MWTm=2
Collected Power 2.148 MWT
Image Area 79. m2
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Veda Industrial Heliostat

Peak Flux Density 0.409 MWim-2
Collected Power  3.312 MHT
Image Area 35.35 mé
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Peak Flux Density 0.766 MWTm-2 Peak Flux Density 1.068 MWTm-2

Collected Power 8.466 MWT Collected Power 8.307 MWT )
Image Area 52.82 m2 Image Area 27.86 m
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so forth. Any bin containing zero flux is represented by a blank. Complete
page prints for the computer output for these days are included within Appendix
D. Additional data showing actual flux levels appears on these prints.

The radii of curvature‘were established to minimize image area for
each heliostat type throughout the year. This curvature optimization was sub-
ject to the constraint that all heliostats in each UHA have the same mirror
configuration. The optimization procedure is rather simple with the VIH design
since the sagittal and tangential foci are controlled by orthogonal direc-
tions on the mirror surface. The equatorial mount maintains the proper
orientation of the radii of curvature relative to the plane of the angle
between the sun, mirror, and receiver.

The repowering heliostat optimization 1s‘a more difficult problem.
Field experience has shown that minimizing image size throughout the year
is best accomplished by adjusting the heliostat mirror facets such.that the
entire heliostat surface approximates a spherical surface. Since the curva-
'ture is spherical and remains essentially constant regardless of surface
direction, controlling the sagittal and tangential foci can only be accom-
plished by changing this one radius of curvature. Variations in radius of
curvature to correct for one deviatioh also affect the other, genefa11y at
a different time of year. Therefore, repeated cross checking must be done.
Near the beét radius of curvature, a variation of only a few tenths of 1%
of the radius to improve one aberration seriously affects the other aberration
at‘a different time of year. - This is not a practical tolerance to impose
on a production heliostat. The largest off-axis angles occur at 0700 on the
summer solstice. The smallest off-axis angles occur at noon of the winter
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solstice. The principle used to establish the radii of curvature is that
the image should have the least area at each of these extremes consistent
with retaining the image within the same linear dimensions throughout the
year.

Referring to Figure 5-18, it can be seen that the image from the
repowering heliostat at this time is very large. Attempts to reduce the image
area for this particular day and hour resulted in an even more severe image
expansion at other times during the year. Even with the optimized radius of
curvature, the range of image area for the repowering heliostat was from 79.58 m2
to 35.65 m2, By comparison, the image from the Veda heliostat ranged in area
from 35.35 m2 to 27.86 m2. The various radii of curvature used in this study
are shown in Table 5-12.

Table 5-12. Radii of Curvature.

1MWt VIH 10MWt VIH 10MWt RP 25 MWt VIH
Parallel to '
Declination Axis 180m 500m 00 —e--- 800m
Perpendicular to
Declination Axis 275m 1200m  eeeee 1800m
Spherical e 850m e----

Image quality is further illustrated by the flux contours shown in
Figures 5-21 and 5-22. A1l the arrays produced a nearly circular image bdund-

ary at the 500 Kum=2 flux Tevel. However, only the arrays with the VIH were

capable of producing an image that exceeded 1 MWm=2 flux density. This illus-

trates that most of the energy delivered to the aperture plane by the arrays
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1 MW VIH
10 FAW VIH
10 MW RP
25 MW VIH

— |

4

SCALE IN METERS

Figure 5-21. 500 KWwm-2 Flux Contours at Design Point.

VIH 1, 10, 25 MWt
RP 10 MWt DID NOT
1 ACHIEVE 1 MW/m2

SCALE IN METERS

Figure 5-22. 1 MWm~¢ Flux Contours at Design Point.
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with the VIH was concentrated in the central part of the image. In contrast,
the diffuse image produced by the array with the repowering heliostat spread
the energy over a much larger area. These plots show flux density at design
point. Several salient features can be observed. The most important are:

(1) the repowering heliostat never achieved a flux density of 1 MWm'z-

(2) the relatively diffuse quality of the repowering heliostat results in a
larger aperture at the 500 KWm'2 boundary than is produced by the VIH; (3) the

"2 40 500 KHm~2 for the VIH plots, which is typical of

steep slope from 1 MWm
the central region boundary of the VIH image throughout the day and year.

In applications which are oriented towards heating a working fluid
for electrical power generation, the poorer imaging ability of the repowering
heliostat may be acceptable. However, for applications which are oriented
towards high temperatures or which depend on high flux densities, such as
coal gasification, the imaging ability of the VIH provides a distinct advan-
tage.

The image quality effects are most noticeable at aperture temper-
atures above 1200°K. The tables in Sections D-2 and D-3 of Appendix D
illustrate this effect dramatically. The repowering heliostat, using the
preferred round aperture, supplies usable power at 1500°K for between five
and eight hours per day. The VIH consistently supplies more usable power for
at least eight hours on each of the corresponding days.

Although it was not part of this contract, Veda investigated an
azimuth-elevation mounted heliostat, with spherical curvature, having the
same physical area as the VIH. The same effects were observed for this

case as with the 49 m® heliostat. That is, the image exhibited the same
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characteristics of diffuseness and variabi]ity of size. Even though it was
slightly smaller than the image formed by the 49 m? heliostat the VIH pro-
duced image was still smaller throughout most of the year.

In order to develop the cost of usable energy, several apertures,
smaller than the design point aperture, were selected for each array. Both
rectangular and circular apertures were selected for analysis to determine
which type of receiver geometry would be best suited to the beam charac-
teristics. For each aperture selected, spillage was a variable which ex-
ceeded 50% in some cases. For each aperture/array combination, a range of
working temperatures from 1000°K to 2000°K was used to calculate reradiation
losses. The total remaining energy was then calculated for each combination
as an annualized usable energy for a nominal 330 day operational year. These

results were used in the cost of usable energy calculations.

5.6 COST OF ENERGY/COST OF USABLE ENERGY

5.6.1 Derivation of Costs

Use of the levelized charge methodology of Reference 4-2 develops
a fixed price to be charged per-unit of output energy. When collected as
income over the system lifetime it will exactly provide for payment of all
expenses.

Expenses include: capital expenditures for the construction phase,
return on investment for the capital expended, recovery of capital at a
constant rate, operation and maintenance during the system 1ife, and General

and Administrative expenses (G&A).
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The mgjor capital expenditures occur at various times throughout
the construction phase. Prior to expenditure, capital earns at the cost of
money. After expenditure, but prior to the first year of commercial operation,
*he retufn 10 investors on the expended capital must be obtained from the
renaining capital. Once earnings begin, the year of first commercial operation,
all current expenses are paid from income, and retained earnings begin to
earn &t the cost of money. At the end of system life, all expenses, including
return on investment, have been paid. The capital on hand, including that re-
covered by salvage, is equal to the capital investment and is returned to the

investors. Major milestones of the project lifetime are shown in Figure 5-23,
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Figure 5-23. Milestones for Cost Analysis.
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Milestones 1, 2, and 3 are the initial capital accumulation, first
commercial operation and the end of the system life. Milestones 4,’5, and 6
are the major capital expenditures required during system construction.
Milestone 7 is the start of operational expenses. Milestones 8 énd 9 are the
start and end of the levelized earnings. Milestone 10 is the capital payback
at the end of the system life.

Bechtel National, Incorporated priced the construction éffort for
each of the four UHA designs based on the design specification, Reference 5-1.
The detailed optical performance analysis showed a requirement for a small
quantity of additional heliostats which could be added in such a manner as to
linearly increase the cost of the arrays to which they were added. The modified
heliostat count is included as the final table of Appendix C. The final field
layout is shown in Figure 5-24. Veda linearly extrapolated Bechtel's price
estimates of the structure to accommodate the added heliostats.

The total capital expenditures required for each UHA was composed
of four elements. The cost for land, taken at $10,000 per acre, included the
total rectangular area given as Area II in Figure 5-24. The second element
was the cost of the structure as extrapolated by Veda from Bechtel's basic
estimates. (It should be noted that these estimates include heliostat instal-
lation and wiring). The third cost element was the heliostats. The 6 m2 VIH
was estimated at $125/m2 and the 49 m? repowering heliostat at $230/m2. The
last cost element was the heliostat central controller. Its cost of S39;200
was based on current prices for Eclipse S/140 computer systems and the inter-
face drivers. ?hese elements were subject to the cost of money rates assunied,

but were not subject to the escalation rates.
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AREA II = ad 60
<——Receiver Location 0 A
UHA Field Layout 1:5 Aspect Ratio
Helio- Area
stat a b o d I IT
VIH 105M 20M 90.93M 110.93M 0.52A 2.88A
VIH 340M 62M 294.45M 356.45M 5.21A 29.95A
VIH 530M 100M 458.99M 558.99M 13.10A 73.21A
Rep. 425.36M 46.62M 368.38M 415M 4.91A 43.62A

Figure 5-24. UHA Field Layout.
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Escalatable costs for each UHA include: the cost of heliostat
maintenance, electrical power for operation and structural lighting, direct
labor for operation and maintenance, G&A expense, and an allowance for contin-
gencies. The basis for estimation of direct labor includes, for the 1 MWt
UHA, fourteen person days per week at a rate which would pay wages and
employer paid taxes, insurance, and other fringe benefits. For the 10 MWt UHA
it was assumed that the labor force would be double that required for the 1 MWt
design, and for the 25 MWt UHA the requirement would be three times that re-
quired for the 1 MWt design. G&A was estimated at 50% of direct labor, and
contingencies were estimated at 5% of heliostat maintenance cost.

The capital expenditures and the costs subject 1o escalation are
shown in the top half of Tables 5-13 through 5-16 for each UHA configuration.
The capital expenditure items are shown in the calendar year in which they
occur. The cost items subject to escalation are shown only in the first
year in which they occur.

This cost analysis assumed three costs of money, equal to the internal
rate of return, of 8%, 10%, and 15%. This leads to three different capital
investments for each UHA design to account for the accumulated interest for
the three year construction period. This results in three different capital
recovery factors and three different amounts for annual return on investment.
Three escalation rates were assumed of 6%, 8%, and 10%. Thus, escalatable
costs for system lifetime result in three different values of total 0&M costs
for each UHA. Since retained earnings earn at cost of money, each set of
0&M costs associated with its escalation factors, results in three different

requirements for annual earnings for each cost of money rate.
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Table 5-13. Cost Analysis Summary: 1 MWt - VIH.

(A1) values In 3000's of 1980 Dollars)

DIRECT CAPITAL EXPENDITURES

Year of Expenditure 1981 1982 1983 1964
Land At $10,000 Per Acre  28.8
Structure 130.0 600.0 180.0
Heilostats At $125.50 III?Z net area = 1260 m? 158.13
Central Controller ‘ ’ 39.2
Tota) Capita) Expenditures “ 158.8 758.13 . 229.2
COSTS SUBJECT TO ESCALATION ’
Heliostat Maintenance Cost At $1.25 m° 1.575
Electrical Power Costs At $0.06/KWH
0.1 KWH/Day/Heliostat 0.46
3.0 KiH/Day Central Controller 0.066
12.0 KiH/Day structural Lighting 0.263
ELECTRICAL POWER SUBTOTAL 0.789
Direct Labor At 3$100/Person/Day 73.0
Size Multiplier =} .
GAA At 50X .Of Direct Labor 36.5
Contingencies At 5% of lMaintenance 0.08
Total O8M Subject To Escalation 111.944
Cost Capital Capital Annual Annual Escalation 31 Year Levelized Total
of Investment To Be Capital Interest Rate OsM Annual Annual
Money Required Recovered | Recovery On Capital Costs Earnings Levelized
Total Less Salvage Factor Investment For OMM Charge
Per Ins KNt | Of -0-
6% ‘
1233.20 1233.20 11.862 98. 66 9433.04 236.16 346.68
8% T 8 13807.83 308.26 418.78
) 10% 20367.47 411.45 521.97
24 9493.04 223.00 356.9
1255.29 1255.29 8.446 125.53
102 82 13807.83 283.35 417,33
1.26 103 |20367.47 368.124 | 502.10
1311.06 1311.06 3.476 196.66 §% | 9493.04 | 200.47 400.57:
152 8% 13807.83 240.12 440.26
1.31 103 20367.47 293.281 493,42
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Table 5-14. Cost Analysis Summary: 10 MWt - VIH.
{A11 values in 1000's of 1980 Dollars) )
) DIRECT CAPITAL EXPENDITURES
Year of Expenditure 1981 1982 1983 1984
Land At $10,000 Per Acre 299 5
Structure 1000.0 11127.46 5357.58
Heilostats At $ 125.50 m° net area = 12648 mé 1587.13
Central Controller » 39.2
Total Capital Expenditures 1299.5 12714.59 5396.78
COSTS SUBJECT TO ESCALATION
helostat Maintenance Cost At $1.25 ™ 15.810
Electrical Power Costs At $0.06/KWH
0.1 KiH/Day/Heliostat 4481
3.0 KWH/Day Central Controller 0.066
16.0 ldt/Day structural Lighting 0.789
ELECTRICAL POWER SUBTOTAL. 5.336
Direct Labor At $100/Person/Day
Size Multiplier =2 146.0
G3A At 50% Of Direct Labor 73.0
tontingencies At 83 of Maintenance 0.791
Total O8N Subject To Escalation 240.937
Cost Capital Capital Annual Annual Escalation | 31 Year Levelized Total
of Investment To Be Capital Interest Rate 0&M Annual Annual
Money Required Recovered | Recovery On Capital Costs Earnings Levelized
Total Less Salvage| Factor Investment For O&N Charge
Per Ins KWt _ of 140.0 :
6%
20644.27 20504.27 | 197.232 1651.54 20431.86 308,28 2357.05
& —_— 8% 2971858 663.46 2512.23
2.06
103 43836.9 885.50 2138,27
6%
20431.86 479.92 2715.49
20955.22 20815.22 140.046 2095.52
103 8% 29718.58 609.82 284539
2.10 103 43836.9 792.32 3027.89
6% .
21737.15 21597.15 57.266 3260.57 20431.86 