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1.0 INTRODUCTION 

Researchers at Colorado State University (CSU) have recently 

completed an experimental and analytical study to identify possible 

strategies for reducing the wind loads on heliostats (Reference: SERI/ 
e 

STR-253-2859, P-terka et al, Wind Load Reduction for Heliostats). The 

study shows that wind loads on heliostats within a field can be reduced 

significantly, perhaps to below 30% of the load on isolated heliostats, 

by appropriate design of the field and external fences or berms. 

The purpose of this task (Ref. SOW, Appendix A) was to evaluate 

the potential for cost effectiveness of wind load reduction concepts 

proposed by CSU, when combined with appropriate reductions in heliostat 

structural requirements. This was accomplished by analytically deter

mining the effect of reduced wind loads on the heliostat structure and 

upon the cost of the heliostat. 

The design baseline selected for the anlysis is the ARCO/Advanced 

Thermal Systems (ATS) 150 m2 glass/metal heliostat recently installed 

at the Central Receiver Test Facility (CRTF) of Sandia National 

Laboratories, Albuquerque, New Mexico. A drawing of the heliostat 

configuration is included as Figure 1. 
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2.0 STUDY APPROACH 

The results of the CSU study for reduction of wind loads on helio

stats are summarized on the load reduction curves shown in Figure 2. 

These curves describe the load reduction as a function of the upwind 

obstacles interfering with the wind. The load reduction (ordinate). 

is expressed as a fraction of the force and moment coefficients that 

would exist on an isolated heliostat. The upwind obstacles interfering 

with the wind (abscissa) are expressed as the term "generalized blockage", 

which is the ratio of the wind blockage area due to heliostats, fences, 

or berms, to the field area containing the blockage. 

The primary conclusion of the CSU study and resulting curves is that 

wind loads on heliostats can be reduced to less than 30% of those imposed 

on isolated heliostats. These curves were used as a guide in establish

ing the approach for determining the savings on the heliostat structure. 

Two points on the load reduction scale were selected for analysis to 

establish a cost saving trend due to load reduction. The two points 

selected are: 

a) 50% wind load 

b) 30% wind load 

Implicit in this approach is the assumption that loads in all 

directions are reduced by the same percentage simultaneously, as is 

indicated by the curves. 

Two approaches to reducing heliostat cost were evaluated and costed 

separately. 

a) The first approach was to relax or reduce the structural 

loads on the heliostat and determine the reduced structural sizes 

and accompanying reduced cost. 

b) The second approach was to increase the reflective array area 

in the reduced wind load environment to the point where gear box 

moments are equal to those experienced by an isolated heliostat with 

the baseline array size in an unreduced wind environment. The 

3 
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increased array size for a reduced wind load of 50% was computed to 

be approximately a 50' x 50' array. The array size for a reduced 

wind load of 30% is approximately 60' x 60'. The calculations in 

which these sizes were derived are given in Appendix C, page C-3. 
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3. 0 STRUCTURAL BASELINE 

2 
The baseline heliostat for this analysis is the 150 m ARCO/ATS 

unit currently installed at the CRTF. It was designed as a modification 

to the 40' x 40' Photovoltaic Tracker currently in operation at the 

ARCO Carrisa Plains Photovoltaic Site in California. It is the same as 

the Carrisa Tracker except for small changes in the rack assembly to 

accommodate twenty (20) 4' x 20' mirror modules in place of the ten (10) 

8' x 20 1 Carrisa PV panels. 

A unique set of design analysis was not developed for the heliostat. 

Due to its similarity to the tracker in shape, size, stiffness, and 

weight, the wind load design conditions for the heliostat are assumed 

to be the same as for the tracker. The wind loads for the tracker were 

developed by performing scaled wind tunnel tests to obtain forcing 

functions, then analytically predicting the dynamic response of the 

structure. The wind environment used for the load predictions is that 

unique to the Carrisa Plains site. 

Using dynamic response loads from site specific winds resulted in 

considerably higher loads on the heliostat than those estimated by using 

static wind coefficients. Dynamic response moments at the drive are 
0 

compared below to static moments computed for 10 angle of attack, 

90 mph wind, and coefficients from ASCE paper 3269. 

Elevation 

Cross-elevation 

Azimuth (30 mph) 

Static Moment 
(ft kips) 

126.5 

124.4 

20.7 

Dynamic Response Moment 
(ft kips) 

241.6 

308.7 

181.5 

The majority of the tracker (and heliostat) structural components 

is critical for the stow condition, in which the array is positioned 

3° from horizontal. This includes the panels (mirror modules), trusses, 

torque tubes, gear drive for elevation and cross elevation loading 

directions, and the top of the pedestal. The parts designed by the 

operational condition are the base of the pedestal and the gear drive 
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for the torsional (azimuth) loading direction. The array bracing is 

designed by seismic loading. 

A control setting is used to allow the unit to operate in a normal 

mode, including vertical, up to a wind velocity of about 25 mph at drive 

centerline elevation. Velocities in excess of this will cause it to 

stow into a horizontal position. 

The tracker was designed to comply with allowable stresses in 

accordance with UBC-82, AISC - 8th edition, and AISI-80, whichever governs. 

Member allowable stresses were increased by 33% for load combinations 

which included the effects of wind or earthquake. 

The current structural design, unmodified, is used in this study 

as the baseline for a heliostat in an unreduced wind environment 

(isolated heliostat). The study further assumes that the structural 

design is optimum for the unreduced wind loading. This assumption is 

appropriate in that a survey of the major structural elements which 

would be influenced by load reduction shows that they are within 6% 

of optimum. This was determined by reviewing the list of unity checks(l) 

computed for the pedestal, torque tube, truss chord, truss diagonals, 

and drive. The critical checks ranged from .94 to 1.02. 

(l) Unity check is the ratio of actual stress to allowable stress. 

7 



4.0 STRUCTURAL MODIFICATIONS 

Both approaches to reducing heliostat cost, as identified in 

Section 2, required structural analysis of the heliostat structural 

components to determine what modifications are appropriate when wind 

loads are reduced. This analysis was performed and is included as 

Appendix Band Appendix C. 

The analysis is based on strength considerations only. No analysis 

was made to evaluate the consequences of reducing stiffness, or increasing 

the mass moments of inertia of the array. These effects would cause the 

natural frequency of the heliostat to decrease, which is believed to have 

the effect of increasing dynamic response loading, which would tend to 

offset the advantage gained from reducing wind velocities. The increase 

could result from increased turbulence due to the blockage, and the 

increasing power spectral density of wind as frequency is reduced, as 

presented by some sources. An analysis of this type is not considered 

to be within the scope of this study, nor is all the necessary information 

readily available to conduct such an analysis. However, it is recommended 

that such an analysis be accomplished in the course of establishing an 

operational design. 

Modifications to the structure were determined primarily by a method 

of ratioing to obtain new internal member loads from the loads which 

design the baseline. Scaling formulas were written which accounted for 

changes in wind pressure, array area or side dimension, moment arms, etc. 

Some analyses required separation of gravity loads and dead loads in 

order to ratio the partial load due to wind. 

Certain members were found to have limitations on how thin they 

could be fabricated. This effect was accounted for. The truss chord 

and diagonals are limited by the manufacturing process which involves 

automatic machinery. The pedestal is limited by the UBC and AISC codes 

to a minimum diameter-to-thickness ratio to avoid buckling and reduced 

allowable stress. 
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The baseline loads and allowable stresses were taken mostly from 

the detailed stress analysis for the Carrisa tracker performed by 

Fluor Engineers for ARCO. 

Additional assumptions made during the course of analyzing struc-

tural modifications due to reduced loads are: 

The heliostat array will remain square in shape. 

Secondary effects on loads due to structural member weight 

reduction or increase are insignificant. 

Structural member thicknesses can be tailored to the exact 

requirement for a large project. 

Truss configuration will not be changed except for material 

thickness and the length of truss. 

The mirror glass is not affected by load changes as it is 

designed by hail resistance. Module support members will 

remain unchanged by pressure changes in order to retain 

stiffness and accuracy. 

9 



5.0 COSTING METHOD 

The ultimate goal of this study is to determine the cost effective

ness of reducing wind loads on heliostats due to blockage. To accomplish 

this, it was necessary to establish a baseline cost for the heliostat 

and for each of its major components. Since cost forecasts vary widely, 

it was necessary to settle on a value which would be appropriate for this 

study. A cost of $150/m2 was selected, which is consistent with Department 

of Energy estimates, and is believed to be applicable to large fields or 

procurement lots, probably 5000 units or more. A small procurement in 

todays marketplace would cost considerably more than $150/m2 • A repre

sentative budget for partial costs - major components and installation 

of the heliostat is as follows: 

Mirror Modules 

Drive 

Structure 

Pedestal 

Electronics & Motors 

Assembly, Installation, 
Fee, etc. 

TOTAL 

$45/m2 

40 

20 

12 

8 

25 

150 

These partial costs were then used to compute ~costs due to identified 

changes in components from reduced wind loads. Only the first four items 

in the above list would be affected. 

For the main structural parts, Pedestal, Torque Tube, and Trusses, 

weight change for each part was computed. A costs were then computed 

from the /!;. weight by using a cost per pound of fabricated steel. Cost 

per pound values were derived from supplier recommendations and somewhat 

verified by past experience. This method was used for both cost reducing 

approaches defined in Section 2. 

For the pedestal and torque tube, the following considerations were 

made to adjust thickness and length: 

Fabricated steel of this type will cost 45¢/lb to 60¢/lb 

in general. 
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• Avalue of 50¢/lb was used for tube thickness changes, which 

also affects the flange weld • 

• A value of 40¢/lb was used to change length of tube only. 
J~ 

A value of 45¢/lb was used if both thickness and length :i:-s-

changed. 

To adjust thickness and length of truss members, the following considera

tions were used: 

Cost per pound will be from 90¢ to $1.00 • 

• A value of 95¢/lb was selected for this study. 

The mirror modules and bracing were increased in area for the second 

approach in which the array area was increased but the drive moment held 
2 constant. Costing the increase was based on dollars perm, assuming 

that the bending stiffness, and the weight and cost per unit area will 

remain constant, regardless of array size. Mirror module cost is $40/m2 

and bracing is $4.50/m2 for this purpose. 

Accurate costing of the drive unit is difficult as considerable 

disparity exists in the available information. Estimates were solicited 

from capable suppliers for large production runs. The estimates were higher 

than can reasonably be budgeted within the $150/m2 heliostat cost. They 

are also higher than believed to be necessary for large production in 

which automation and dedicated facilities are employed. After reviewing 

all the available information, the following values were selected for 

drive costs for this study: 

Baseline 

50% capacity 

30% capacity 

$40/m2 

X .67 

X .5 

A tolerance range on this estimate is approximately +25%, -0%. 

The detail costing calculations are included in Appendices Band C. 
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6.0 RESULTS AND CONCLUSIONS 

Both approaches described in Section 2.0, "Relaxation of Structural 

Requirements" and "Increased Reflective Arean, have been assessed to 

determine the cost saving potential as a function of wind load reduction. 

The decreases in partial costs were totalled and subtracted from the 

baseline cost in the first approach, and increases were added to the 

baseline in th~ second approach to obtain new heliostat costs. New larger 

array area was computed in the second approach. Cost saving in dollars 
2 perm was then computed. The net result is that, by reducing the wind 

load acting on a heliostat to 30% of the initial load, as much as 19% 
2 

cost saving perm can be achieved by reducing the structure and keeping 

the array area the same size. Likewise, for the same reduction, but by 

increasing the array size to keep the drive design moment constant, as 
2 

much as 31% cost saving perm can be achieved. A cost summary of these 

two approaches is presented in Table 1 and Table 2. A set of curves 

shows the results graphically in Figure 3. 

By investigating the elements of Table 1 and Table 2 closely, it 

is apparent that the largest contributor to cost savings is by far the 

drive in both cases. The overall conclusion, given the assumptions 

of this study, is that if heliostat structural loads are reduced by 

generalized blockage techniques, substantial savings in cost will be 

realized. 
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TABLE 1 

COST SUMMARY - RELAXATION OF LOADS, CONSTANT ARRAY SIZE (40' x 40') 

Baseline 50% Load 30% Load 

6 Cost - ~ 
Mirror Modules 

Drive -2000 -3000 

Structure 

Torque Tubes - 402 - 549 
Trusses - 103 - 103 
Bracing 

Pedestal - 495 - 495 

TOTAL -3000 -4147 

Cost per Helie $22,290 19,290 18,143 
2 per Helie 148.6 148.6 148.6 m 

Unit Cost $/m2 150 129.80 122.10 

Unit Cost Saving $/m2 20.20 27.90 

13 



TABLE 2 

COST SUMMARY - INCREASED ARRAY, CONSTANT DRIVE MOMENT 

6- Cost - $ 
Mirror Modules 

Drive 

Structure 

Torque Tubes 
Trusses 
Bracing 

Pedestal 

TOTAL 

Cost per Helio 
2 m per Helio 

Unit Cost $/m2 

Unit Cost Saving $/m2 

Baseline 
(40 1 X 40') 

$22,290 

148.6 

150 

14 

50% Load 
(SO' x SO') 

3933 

490 
335 
390 

189 

5337 

27,627 

236.0 

117.10 

32.90 

30% Load 
(60 1 X 60 1

) 

8240 

1498 
1058 

817 

378 

11991 

34,281 

331.7 

103.30 

46.70 
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7.0 RECOMMENDATIONS 

The following paragraphs identify a few key recommendations and 

cautions associated with the use of the information in this study. 

(a) The information presented in the previous section, setting 

forth the cost savings as a function of reduced loads, should be 

relatively useable in a system study provided an accurate assessment of 

load reduction is made. However, a gap exists in the completeness of 

information available from the CSU study to analyze and obtain the actual 

load reduction of structural components. The needed information is the 

fluctuating nature of the wind in a sheltered field environment, including 

frequency content, and subsequently, its effect on the dynamic response 

of the heliostat. It is recommended that fluctuating wind time histories 

be extracted from future or past wind tunnel tests and applied to a 

dynamic response analysis of the heliostat to obtain loads.in major 

structural components. A decision as to a preferred method of imple

menting an analysis of this type is probably premature and requires some 

discussion. 

(b) If the cost saving method of "increasing the reflective array 

area" were to be implemented, taller heliostats would result. If fences 

or berms were employed, they would probably be taller. Increased wind 

velocities at the slightly higher elevation would not be a large penalty 

but should be accounted for. Using the .15 power velocity profile, 

this effect would increase the velocity by about 3.3% for the 50% load 

case (50' x 50' array), and about 6.1% for the 30% load case (60' x 60' 

array). Assuming load is proportional to velocity squared, the net re

sult would be that the 50% load case is actually a 53.4% case, and 30% 

load case is actually a 33.8% case. 

If shading and blocking were to remain constant, respacing the 

field would be required. However, if respaced to give the same shading 

and blocking, the reflective area per acre of ground would remain 

constant. 
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Backgr·ound 

APPENDIX A 
Statement of Work 

Ar,alysis of Heliostat Desi.gr, ar,,i Cost 
Witl', Reduced Wir,d Loa,is 

Tr,e DOE Solar T'het·rnal Progr·am cor,tir,,ies to str·ive for low-cost, 
efficier,t r,eliostat systems. Wind loa,is ar-e the ma,jor- ,ieter·minant for· 

tl'te str,ictTir·al desigr, of the t,eliostat system ,m,ier· botr, ot•er-atior,al an,i 

survival cor,,iitior,s. Besear·chers at Color·a•io State University (CSU) 
have recer,tly corni•leted ar, e,:t•er-imental and ,;malytical study to ideri.tify 

i:•ossible strategies for· redricing tl',e vin•i loads for heliostats 
(Reference: SEBI/STB-253-2859, Petei:·ka et. al., Wind Load Red,Jctior, for· 

Helios tats). Tl-,e majoi:- cor,cl,Jsior,s fr-om this strJ,iy ar·e: 

o Mear, vir,d loa,is on 'heliostats within the field car, be re,itJce,i to 

belov 30% of those on isolated heliostats by appr-opriate design of 
field and extei:-nal fences or berms. 

o A simi:,le design-or-iimted preiiictior, rnet'hod (ger,ei:-alized 1:,lod~age 
at•Pt·oach) for mean 'heliostat vind loads in a field vas develo3;,ed. 

o Peak ,iynamic loads ai:-e sigriificantly lowet· witl'iir, a field U,ar, at 
the edge for- heliostats ir, 03;,ei:·ational 3;,ositior,s. 

o Limited ar,alysis of ,iyr,amic loa,is 'has r,ot ider,tifie•i a loa,ii1-i°g 
me-cl',ardsm ir,dicatir,g U,at or,-heliostat s:poiler·s •,10,Jld ·t,e 
beneficial ir, •iecreasing meai·, ar,,i dyr,amic wir,d loa,is. 

o n,e sti:·er,gtl'r of tl',e 'heliost.at sr,o,Jld be base,i or, tbe :i;.ea}; loa,:i 

r·ather· tr,ar, a mear, load m,Jltii:,lied by ar, ass,Jrned gust factor. 

o FtJll-scale vir1d loa,is wer·e not a•,ail.able for- corn:parison with wind
tur,r,el ,iata. 

o Design forces perpendicular to the mirror plane for an isolated 
heliostat ar-e controlled by operational winds (50 mph) vhile 
desigr, 1ir·ive rnom~mts ar·e contr·olled t,y sr.u:·vival vinds (9(1 m:i;,h). 

A-1 



Usir,g U1is strJdy as a base, tr,e cor,tractor sr,all :i;,er-form tr,e folloving 
tasks to evaluate the poter,tial for· cost effectiveness of ttie vin•i load 
r·eoitJctior1 cor,cepts proposed by CSU wben comt,ined wiU, ap:i;,ropr-iate 
re1im:tior1s in r,eliostat str,Jctural requirements. 

1. Str·,Jctural Design Impact. 

T'his task is to ider,tify tr,e impacts of re,irJce-i wind loa,is or, 
beliostat design ar1d cqst. The baseline for the ar,alysis is the 
state-of-Ure-art 150 m'" glass/metal heliostat. Given tl',e 
potential for reduced wind loads identified in the <::SU study, an 
ar1alysis of the optior,s for imi;•t-oving tl',e cost effectiveness of 
heliostat systems vill be i:•erformed. 

o Initial efforts vill be to identify currer1t costs, l:,y 
com:i;,onent, of the state-of-the-art r,eliostat. n,e potential 
for cost reduction in each of the heliostat com:i;~nents will 
ther, be identified ass,Jming a redrJced wir1d load envir·oriment. 

o Alter-native a:i;,proacl',es to reducing the overall cost will be 
assessed. Design options to be included, but not 
necessarily limited to, are tr,.a relaxation of structural 
·requii:·ements for t'he ,irive mecr,anism and/or su:i;,:i;o0rt 
structure and tr,e increasir,g of reflective ai:·ea so that tl',e 
vind loads are equivilent to those of an isolated heliostat. 

o Also included in this task vill be an identification of the 
i:,otential im:i;,acts (e.g. sl',ading, spacing, etc.) on tl',e 
overall system of implemer,tir,g the vir,d load re,irJction 
strategies suggested by CSU. 

Milestones/Deliverables 

n,e cor,tr·actor vill :provide veekly, verl:,al i:•t·ogr·ess r-ei:,orts to tr,e SEBI 
Technical Monitor. 

A final teclmical r·epor-t detailirig the contr·act effor·t vill 'be submitted 
3 weeks i:•rior· to the contract end ,iate. 
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APPENDIX B 

STRUCTURAL AND COST CALCULATIONS 
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