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ABSTRACT 

This study develops the conceptual design for a commercial-scale 

(nominal 100 MWe). central receiver solar hybrid power system with 

combined cycle energy conversion. .A near-term, metallic heat 

pipe receiver and an advanced ceramic tube recei~er hybrid system 

are d~fined through parametric and market potential. analyses. 

Comparative evaluations of the cost of power generation, the fuel 

displacement potential·, and the technological readiness of these 

two systems i~d{cate that ~he n~ar-term hybrid system has better 

potential fo~ commercialization by 1990. Based on the assessment 

of the conceptual design, major cost and performance improvements 

are projected for the near-term system. Constraints preventing 

wide-spread use were not identified. Energy storage is not 

required for this system and analyses show no economic advantages 

with energy storage provisions. 

It is c6hcluded that the solar hybrid system is a cosi effective 

alternative to conventional gao turbinec and combined cycle 

generating plants, and has potential for intermediate-load market 

penetration at 15 percent annual fuel escalation rate. Due to 

their flexibility, simple solar/nonsolar interfacing; and short 

startup cycles, these hybrid plants have significant operating 

advantages. Utility company comments suggest that hy~rid power 

systems will precede stand-alone solar plants. 
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•· p 

·:: 
I ·:: 

I 

THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



'· 

· .. ,.. :, 

. ,. 

section 

1 

2 

INTRODQCTI<;)N 1-1 

1-2 

1~2 

1-3 

1. 1 

1. 2 

·I 
. . 
Project Qb jecti ve .· 
Technical.A~proach . 
1. 2. 1 Technical ReQuirements 
1.2.2 -~he· Preconceptual-Reference ~alar 

Hybrid Pqwer .. svstem·s · · 
1.-2. 3 
1.2 .. 4 
1. 2. 5 
1.2.6 

Market Analysis 
·Parametric· Analysis.· 
Selection of Preferred System 
Conceptual tesiqn of Commercial-· 
scale Hyl:rid Plant ·· '': 

1.2.7 Assessment of Commercial-Scale 
.· .. Hybrid Plant '. ' 

1~3 

1-1.0 
1-12 
1-13 

1-14 

1:-15 

1.3 Project ~earn 

MARKET ANALY ~s_· 
1-16 

2-1 

2. 1 Introduction· 2-1 

2.2 Baseline Cost/Performance Data and 

2. 3 

2.4 

2.5 

Economic Assumptions 2-2 . 
2.2.1 Baseline Data fer. solar Hyl:rid systems 2-2 
2.2.2 Baseline Cata for Conventional. 

Technoloqies . 2-5 
2.2.3 Reqional Variation at Data 2-5 
2.2.4 Economic Assum~tions 2-8 

Economic Comparisons . 
2.3.1 Leveiized Eusl:ar ·Elec~ricity Cost 

·calculations 
2.3.2 Economic Comparisons 
2.3.3 sensitivity Analysis 
2.3.4 Optimistic Scenario 

Market Assessment 
2.4.1 Methodoloqy 
2. 4. 2 Market Assess~ent Result·s 

Conclu.sions 

v 

2-10 

2-10 
2-13 
'2-19 
2-23 

2-27 
2-27 
2-36 

2-47 



section 

· 3 PARAMETRIC ANALYSES 

3.1 Introduction 

3.2 Collector subsystem 
3.2~1 Field oesiqp and Int:ut Data 
3.~.2 Fi~ld Analysis 

3. 3 Receiver SUbsyste.m · 
3. 3. 1 
3.3.2 
3. 3. 3 
.3.3.4 
3.3.5 
3. 3. 6 
3.3.1 
3. 3 •. 8 . 
3.3.9 
3. 3. 10 
3.3.11 
3.3.12 

Receiver Concey:ts 
Receiyer size 
Receiver Materials. 
Receiver ~hermal Performance Analy~is 
Ab&orber Fan~l St:rP.!Hi (I,.ife) Analysis 
Receiver Structural su~~ort Analysis 
~ower Analysis 
Riser/Downccarer Analys.is 
Pumps, Pi~inq, and Valve Analysis 
Heat Exchanger An~lysis 
Receiver o·utlet 'Iemperat\,lre Analysis 
Receiver Pressure Drop Analysis 

. ,. 
3.4 Energy storaqe sul:systerr · 

3.5 Nonsolar SUbsystem 
3.5.1 
3. 5. 2 
3~5.3 
:l.S.IJ 
3. 5·. 5 

Nonsolar sul:system Concepts 
Nonsolar.subsystem Size · 
Nonsolar .sul:system Materials 
Fuel~ $P.lf"~.~icn 
~onsolar ~hermal Performanc~ Analysis 

3.6 Electrical Power Generation subsyatem 
3. 6. 1 Combined Cycle Cvervielli · 
3.6.2 EPGS Size 
3.6.·3 EPGS Cycle Selection 

3.7 Master Control 

3. 8 

3.7.1 Master Control Concepts 
3.7.2 Master Cont~:ol Analy8i8 

System 
3.8.1 
3.8.2 

.3.8.3 
3. 8.4 

Analyses 
Plant Size 
Solar Multi~le and Field/Receiver· Power 
Ratio 
Storaqe Capacity 
solar Fracticn~ 

. I 

vi 

Fage 

3-1 e 
3-1 

3-3 
3-5 
3-10 

3-24 
3-24 
3-38 
3-41 
3-46 
3-66 
3-68 
3-69 
3-70 
3-75 
3-77 
3-77 
3-77 

3-80 

3-83 
3-83 
3-91 
3-94 
3-94 
3-102 

3-103 
3-103 
3-109 
3-110 

3-132 
3-133 
3-1 '11 

3-157 
3-157 

3-158 
3- fse 
3-173 



section 

4. 

5 

SELECTION OF PREFERRED SYSTEM 

4. 1 

4.2 

selection Process 

selection ·criteria 

System Selection 
4.3.1 Modifications· tc Preconceptual 

Reference Cesiqn~ . 
4. 3. 2 Comparispn · c.f Str'awman and 

Advanced· strawman: systems. 
4. 3. 3 se.lected ~iant_ surnrt:.ary 

coNCEPTUAL DEsiGN AND ·cosT/PERFoRMANCE EsTIMATEs 

5.1 

5.2 

5.3 

Performance· .. ·' · · · _ System 
5. 1. 1 De.siqn. Point Performance, Hybrid 

Operation · · · · . . 
·5 .1. 2 
5. 1. 3 

Fossil-Only Ferformance 
_Aniniiq Averaqe · Pe~formance 

collector · sutsvstem 
5.2.1 Requirements 
5. 2. 2 conceptual 'oesiqn · 
5.2.3 Performance · 

Receiver subsystem 
5-. 3. 1 Requirements·· 

..... 

5.3.2· ·-- Receiver· Conce~;:tual Design 
5. 3. 3 Tower ConceJ:tua1 Desi'gn 

.. 

5. 3 • 4 · · Riser· an·d · Down comer Coriceptua 1 Design 

5. 4 Storage. Subs ystein : 

5.5 Nonsolar Subsysterr. 

5.6 Electric Power Generation_ Subsystem 

5.7 

5.6.1 · Performance · · · 
5. 6. 2 Gas Turbine-Generator 
5.6.3 Steam·Turbine-Generator. 
5.6.4 Heat Recovery steam Generator 
5.6.5 Gas Turbine Auxiliary Systems 
5.6.6 .steam Cycle Auxiliary Systems 

· 5.6. 7 'slte Power Distribution 

Master 
5.7.1 
5. 7. 2 
5.7.3 
5·. 1. 4 
5. 7. 5 
5. 7. 6 

control stibsystem 
Requirements 
Collector Sutsystem Controls· 
Receiver subsystem .Controls 
EPGS Controls 
Fuel Supply Controls 
Master Control 

:vii 

4-1 

4-1 

4-1 

4-2 

4-3 

4-4 
4-11 

5-1 

5-2 

5-2 
5-5 
5-5 

5-8 
5-8 
5-8 
5-14 

5-20 
5-20 
5-20 
5-47 
5-58 

5-66 

5-66 

5-66 
5-66 
5-76 
5-84 
5-87 
5-88 
5-93 
5-96 

5-101 
5-101 
5-102 
5-106 
5-108 
5-111 
5-111 



section 

5.8 

5. 9 

Plant 
5. 8. 1 
5.8.2 
5. 8. 3 

System 
5.9.1 
5.9.2 
5. 9. 3 

Arrangement 
Plot Plan 
Major Equipment 
Architectural Considerations 

Operation 
Daily Operating Cycle 
startup and Shutdown Sequence 
System Transients 

5.10 Cost Estimates 
5.10.1 Introduction 
5. 10. 2 Cost:ing Geographical Boundaries 
5.10.3 Capital Costs 
5.10.4 Operating and Maintenance Costs 
5.10.5 Project Schedule 

5-119 
5-119 
5-120 
5~120 

5-125 
5-125 
5-127 
5-129 

5-131 
5-131 
5-133 
5--138 
5-138 
5-150 

6 ASSESSMENT OF COMMERCIAL-SCALE SOLAR CENTRAL RECEIVER 

7 

BVP.RID POwEF SYSTEM 6-1 

6.1 Potential Imp~vements 
6.1.1 Performance 
b.1.2 Fossil Fu~l Dis~lacement Potential 
6.1.3 Cost Reduction 
6.1.4 Economies of Scale 

6-1 
6-1 
6-6 
6-20 
6-22 

6.2 Potential Limitaticns 6-26 

6.3 

6.2.1 Environmental Effects 6-26 
~.2.2 Land Use Ccnstraints 6-30 
6.2.3 Natural Resources Constraints 6-32 
6.2.4 Status of Materials Technology 6-35 
6.2.5 Power Conversicn Equi~m~nt Availatility 6-36 
6.2.6 Manufacturinq and Market Capacity · 

Cono~rainte 6-37 
6.2.7 Legal~ Requlatory, Fiscal, and Institu- 6-39 

tional Constraints 
6.2.8 Safety Considerations 6-44 

Market Analysis Update 
6.3.1 Busbar Costs and Market Potential 
~.3.2 Utility Survey 

Summary 
6. 4.1 
6.4.2 
6.4.3 

6. 4. 4 

Assessment and Conclusions 
'!he Concert.u nl Cesign 
Potential Irr~rovements 
Potential Constraints to Widespread 
Ay::plication 
Conclusions 

b-'15 
6-46 
6-53 

6-58 
6-58 
6-59 

6-59 
6-60 

REFERENCES 7-1 

viii 



ILLUS'IFJ\TIONS 

• !· 

Figure 

1-1 Reference System Schematic 1-7 

2-1 Sample Bustar Cost Functions .•. 2-12 

2-2 Screening Curves, 1990, 12 Percent Fuel Escalation 
Rate 2-15 

2-3 Screening Curves, '1990, .15 Percent Fuel Escalation 
Rate 2-16 

2-4 Screening Curves, 2000, 12 Fercent Fuel Escalation 
Rate 2-17 

2-5 screening Curves, 1990, Variatle Fuel Escalation 
Rates 

2-6 Sensitivity of Modified Strawman Levelized Eusbar. 
Cost to ·+ 1 Percent Variation in Cost/Performance 
Components Specific to Hybrid Systems 2-21 

2-7 Sensitivity of· Modified Strawman Levelized Eusbar 
Cost to +1 Percent Variation in Cost Components 
Common to All Technologies 2-22 

2-8 Screening Curves, Optimistic Scenario 2-26 

2-9 1990 Incremental Load D~ration Curve for the Pacific 
Southern Region 2-29 

2-10 Capacity Allocation Process 2-30 

2-11 Allocation Process Under Constrained Coal/Nuclear 
scenarios 2-35 

2-12 Simulated Market Penetration of ~odl.fied Strawman 
in Pacific southern Region, 15 Percent Fuel 
Escalation Rate 2-38 

2-13 Simulated Market Penetration of Modified Strawman 
in Pacific Southern Region, 15 Percent Fuel 
Escalation Rate 2-39 

2-14 Simulated Market Penetration of Modified Strawman in 
South Mountain Region, 15 Fercent Fuel Escalation 
Rate 2-40 

2-15 simulated Market Penetration of Modified Strawman in 
South Central Region, 15 Fercent.Fuel E~calation Rate 2-41 

ix 



Figure 

2-16 Simulated Market Penetration of Modified Strawman in 
Middle Atlantic·Region. 15 Percent Fuel Escalation 
Rate 2-42 

2-17 Simulated Market Penetratien of Modified Strawman 
in Pacific southern Region.. 12, Percent Fuel 

' Escalation Rate · .. 

3-1 Layout of Collector Field. 11A11 

3-2 I.ayout of Collector Field "G" 

3-3 Normalized Field Cost with Heliostats at $50/m2 

3-4· Normalized Field Cost with Heliostats· at $100/m2 

3-5 Normalized Field Cost· with Eeliostats··at $150/mZ 

3-6 Normalized Field Coat with Heliostats ~t $7.00/mZ 

3-7 

3-8 

3-9 

3-10 

3-11 

3-12 

3-13 

3-14 

3-15 

.. 
Focal Plane Flux Map for Nerth ~eeeiver of "G" Field 
for Equinox Noon at Barstow •. CA · 

Focal Plane Flux Profile fer North Receiver of "G" 
Field for Equinox Noon at Earstew. CA 

Cavity Flux Map for North Receiver of "G' Field for 
Equinox Noori at Barstow. CA 

cavity Flux Profile for fijorth Recel11er cf "G" Field 
for Equinox Noon at Bars'to~ •. CA. · 

Focal Plane Flux May: for ~est ~eceiver of "G" Field 
for 10:00 a .. m •• Eqtlinox ·at Barstow; CA 

Cavity Flux Profile for· West •I<eceiver of 11G11 Field 
for 10:00 at.m •• Equinox a Barstow. CA 

·. ' 

Receiver Plan Arran_gement 

Heat Pipe Receiver .schematic for Strawman systerr 
(East .. West. and: South. ~eceivers)· ·. . 

-: .• ... 
PanP.l Configuration for Stra~uan System (East •. West. 
and South Receivers)-

,...·, : J ~~ ~ ,f w • •• 

3-16 schematic of Heat Pipe for st·rawman System 
' ,, ' 

3-17 Typical ~eat Pipe Layout fer Stra~man System 

3-18 Schematic of Heat PiJ)e Installatio'n 

3-19 Ceramic Receiver Schematic for Advanced Stra~man 
System 

X 

2-43 

3-7 

3-9 

3-12 

3-13 

: 3-111 

3-15 

3-18 

3-19 

3-20 

3-21 

3-22 

3-23 

3-28 

3-29 

3-31 

3-32 

3-33 

3-311 

3-36 



Figure Fage 

3-20 North Receiyei Air Flow Distribution. strawman System 3-52 

3-21 Panel Depth vs Pressure Crop. Strawman Receiver 3-55 

3-22 Effect of Receiver Pressure Drop and Pressure Ratio 
on Ceramic Receiver Size. Advanced Strawman System'.· .. 3-59 

3-23 Effects of Air Outlet Tem1=erature on.ceramic Receiver 
Size. Advanced strawman System 3-60 

3-24 Typical Aperture Sizing Parameters 3-63 

3-25 Receiver Efficiency vs ~em~erature at Constant Air 
Flow ·3-65 

3-26 Receiver Efficiency vs Rated Fewer· at Constant 
outlet Temperature 3-67 

3-27 Riser Piping Layout Concept 

3-28 Cost Effect of Strawman Fit:ing Pressure Loss 

3-29 Cost Effect of Strawman Receiver Outiet Tem1=erature 

3-30 Cost Effect of Advanced Stra"man Receiver outlet 
Temperature 

.. 
3-31 Cost Effect of Strawman Receiver Pressure Loss 

3-32 Cost Effect of Advanced Strawman Receiver P.ressu:te 
I. ass 

3-33 Conventional Gas Turbine Ccrrtustor 

3-34 Combustion system Temperature History 

3-35 I.ow NO Emission Com~ustor Concepts 

3-36 Strawman Daily Heat Rate variaticn 

3-37 Simple Open-Cycle Gas·TUrb~e Net Efficiency vs 
Compressor Pressure Ratio for Various Turbine 
Inlet Temperatures 

3-38 Simple Open-Cycle Gas Turtine Specific Power vs 
Compressor Pressure Ratio for Various Turbi_ne. 
Inlet Temperatures 

.·· 
3-39 Gas and Water/Steam Temperature Frofiles in Heat 

Recovery Boilers 

xi 

~-71 

3-73 

3-78 

3-79 

3-81 

3-82 

3-84 

3-87 

3-89 

3-93 

3-105 

3-106 

3-108 



Figure 

3-40 

3-41 

3-42 

3-43 

3-45 

3-46 

3-47 

3-48 

3-49 

3-50 

Cost Effect of strawman Compressor Pressure Ratio 

Cost Effect of Advanced Strawman·Compressor Pressure 
Ratio ·.' 

Cost Eftect of strawmari Main steam 
Pressur~f'Iemperature .. · 

Cost Effect·of Advanced Strawman Main steam 
Pressure/Temperature 

Cost Effect of Strawman Compressor Intercooling 

COst Effect·. bf Advanced Stra.w~r.an Comt:ressor 
Intercool in.q 

Dual-Pres·sure HRSG 'Iemperatur.e Profile· · 
' . ' . 

Typical Dual-Pressure stearr Cycle Diagram 

Master Con~rol Elock Diagram 

Collect9r sutsystem Control· Sctematic 

Receiver and EPGS Subsyste~ Ccntrcl.Block Diagram 

3-51 · Heliostat Positions us~d'to.Analyze '!'racking 
Singularity Rates 

3-52 Heliostat Axes·Tracking Anqle Pattern for Sample 1 
(53N,15W) 

3-53. · Heliostat. Axes Tracking Angle Pattern for ~ample 2 
(37N-, 41W) , · · --

3-54 Helio~at Axes Tracking Angle Pattern for sa~r.ple 3 
(17N, 46W) 

3-55 · Heliostat Axes Tracki~g Anqle Pattern for Sample 4 
(4S, 45W) 

3-56 Heliostat Axes Tracking Angle Pattern for sample 5 
(21S, 35W) 

3-57 Heliostat Axes Tracking Angle Pattern for sawple 6 
(12S, 20W) 

3-58 Heliostat Axes Tracking Angle Pattern for Sample 7 
(6S, 7W) ' 

3-59 Heliostat Axes Tracking Angle Pattern for Sample 8 
(7N, 1W) 

~ xii 
· .. ·. 

c ',,.. • ,· •••• •'' 

3-115 

3-117 

3-121 

3-122 

3-125 

3-126 

3-128 

3-130 

3-134 

3-147 

3-142 

3-146 

3-1 ''7 

3-148 

3-149 

3-150 

3-151 

3-152 

3-153 

3-154 



Figure Page:-. . . . : 

3=-:60 ' Heliostat Axes Trackinq Anqle Pa:ttern. fo~. sample· 9: . .... 
(22N, 1W) . . , . 3-155 

' :. :- . ..· . . ·. t,.':. 

3~61 · Heliostat Axes Tracking Anqle Fattern for Sample .10. 
(37N, 1W) . 3-156 

3:-62 : Effects of Energy Stor~~e a~:- 'oif;f~~~:~~-... T_iines:; ~~-, ~ay ; 3- '1:6o1 

3-63 

3-64 

3-65 

3-65 

Energy savings- From :.stqr~q.e v~ S9l~-r Mul~iple • • • J>, ~-. . 3-162. 

Increased Solar System Cost vs Sclar· Multi pi~;' '1·9·9(> 
Plant .... : _,_,. --.. '· ... , ... ,,. , ~, :··::" .. ,. ~. .. . , . . ·. 3-1.~4 

Value of storage_ v.s sol,ar, _Multi-ple, ... 1990 Plant, 
100 Percent Turnaround Efficiency 3-165 

Value of Storage v-s- So-lar _M~l:tiple, :19_90 .Pl~nt, 
60 Percent Turnaround Efficiency 3-166 

• ... • ' .:. • :· • ~ •• • ! : • ; . 

3-66 Value of Storage vs Fuel Escalation Rate, 1990 .. Fiant, 

3-68 

3-69 

4-1 

4-2 

4-3 

solar Multiple 2. 0 , .. , ., , 3~ 168 

Hours of storage vs. S9l.~_r, ~Qltipl,e,::Peak _:In_sola.tio~-, 
Day 

' l • '· 

Typical schematic IncorJ.:orating' Energy storage irl' 
solar Hybrid. Plant 

screening Curve Cost Comparison, 1990, 12 Percent 
Fuel Esc.~lati:on Rate , !· .• 

screening Curve Cost Compariscn, 1990, 15 Percent 
Fuel Escal~tion Rate- ·- . 

screening CUrve Cost Comparison, 2000, 12 Percent 
Fuel Escalation Rate-.-~._, . .:- ~- :: . 

., 
. , . . 

. 4-5· 

4-7 

4-:8 

4-4 screening· Curve Cost Comparison, 2000, 15 Perc-ent .... '-: 

5-1 

5-2 

5-3 

5-4 

5-5 

5-6 

5-7 

Fuel Escalatj,on Ra-t.e . . , :· , ..- _; .. :: 4"7'9 

Stair-step Diagram, Desiqn Pcint Hytrid Cperaticn 
. ........ , . '·· . ., ? : .J •J,. ; • 

stair-Step Diagram, Fossil Operation 

stair-step .~Diagram; Annual.J\verage. 

1 H1 Field Radial _staqqer 1ayout 
·t ~·; o I • ~ . . •' ' ". · .. 

Normaliz-ed Field Cost, Heliostats at $160/m2 , ... 

Normalized __ Field Cos~, ;Heliosta-t;f;! a_t $69.5/m2 .... 

Back View of Heliostat (~orthrup II) 

.. 
I~ 

xiii 

I , '. 

,. 
5-4 

s.:.6 

5~7 

5-10 

. 5~11 

5~11-

5-12 



Figure 

5-8 Front View of Heliostat (Ncrthrup It) 

5-9 North Focal Plane Flux Map (Wind at 0 m/sec) 

5-10 North Focal Plane Flux Ma.~ (Wind at 16 m/sec) 

5-11 Receiver Plan Arrangement 

5-12 Cavity Design 

5-13 Panel Design 

5-14 North Cavitv. Airflo~ Distritution 

5~15· Aperture Sizing 

5-16 Receiver Losses at Rated Power Operation 

5-17 Receiver Power Output at Equinox 

5-18 Receiver Power Tbrouqhout Year 

5-19 Tower Geometry 

5-20 Typical Floor Diaphragm Framing Plan 

5-21 Receiver Cavity Arrangement Plan 

5-22 Tower Foundation Plan 

5-23 OBE Horizontal ~esponse s~ectra, Elevaticn 
190 Meters (639 Feet) 

5-24 OBE Vertical Response S~ectra, Elevation 
190 Meters (630 Feet) 

5-25 Artist's Concept of Riser(C) and Downcomer (H) 
Piping Arrangement 

5-26 Selected Downcomer Desiqn Ccncept 

5-27 Air Piping Between Gas ~urbine and Solar ~eceiver 

5-28 Heat Ealance Diagram, Hytrid Mode 

5-29 Heat Ealance Diagram, Lonq-~erm Fcssil Mode 

5-30 Heat Balance Diagram, Solar-Only. Mode 

5-31 Variable-Pressure Operatinq Characteristics 

5-32 Variation of Heat Rate as a Function of Plant Load 

xiv 

• ' ' 

5-12 

5-19 

5-19 

5-23 

5-25 

5-27 

5-34 

5-40 

5-43 

5-46 

5-46 

5-50 

5-52 

5-54 

5-56 

5-57 

5-60 

5-61 

5-69 

5-71 

5-73 

5-75 

5-77 



Figure 

5-33 Effect of Altitude on Net Plant Performance 

5 34 Gas Turbine (Westinqhouse ~-501) 

5-35 Catalytic Combustor schematic 

5-36 Typical steam Turbine Cutallliay,. Draw'i.ng: · 

5-37 Perspective Drawing of HRSG 

5-38 Fuel storage and Supply System 

5-39 Circulating water, Chemi~al ~reatment, and Cooling 
Tower Blowdown System 

5-40 Single-Line Diagram 

5-41 Collector Subsystem Contrcl. Ccnfiguration 

5-4.2 Conceptual Master Control ~vstel!l 

5-43 Typical 10-I.oop Master Control 

5-44 Control System Overview with Fedundant Control . . . ~ 

Processors 

5-45 Partial Site Plan 

5-46 Elevations 

' 5-47. Solar Power to' Receivers During Startup (Equinox 

5-48 

5-49 

5-50 

6-1 

6-2 

Morning) 

Power Split Amonq cavities During startup (Equinox 
Morning) 

Cost Account Bouriclaries 

solar Hybrid Plant Constructicn Schedule . . •. ·, ... 

"I" Field Radial ~taqger I.ayo-ut 
. r . • . -· ., " 

Enerqy Storage SUbsystem Sch,ematic 

6-3 . Increased Solar Ener9y Co11tri:t:utions Due to Energy, 
storage 

6-4 

6-5 

Potential for Increased ·Solar 'Fra·ction through 
Increased Field/Receiver ·pcwer Ratio . ,., . . . . ~ 

Percent of Increme11tal Energy Collection Used as 
a Function :of Field/Receiver Fower Ratio 

XV 

5-78 

5-79 

5-82 

5-85 

5-89 

5-90 

5-97 

5-99 

5-104 

5-113 

5-116 

5-117 

5-121 

5-123 

5-128 

5-128 

5-135 

5-151 

6-4 

6-9 

6-10 

6-14 

6-15 

r 



6-6 

6-7 

6-8 

6-9 

Reduction in Levelized Cost Due to Field/Receiver 
Power Ratios Exceeding 1.0 

Cap~tal Cost Effects of Economies of scale 

Levelized Bus~ar Costs fer Sclar Hytrid Plants 

Simulated Market Penetration for Pacific Southern 
Region 

(' .. -·. 

.. . ~. ~··· 

. : . -~· 

>-" ' 
.~ ._ -.. 

xvi 

6-16 

6-25 

6-50 

6-52 



··, 

. ' 
'IAEl:ES 

1-1 Preconceptual Design Data 1-5 

1-2 Preconceptual.Systeoi Perfcrmance 1-6 · 

2-1 Capital Cost Estimate for Feference Solar Hybrid 
Systems 2-3 

2-2 Operating and Maintenance Cost Estimate for 
Reference Solar·Hybrid Systems 2-6 

2-3 Baseline Performance Data fer Reference Solar 
Hybrid Systems 2-6 

2-4 Baseline Performance Data and Cost·Estimates for 
Conventional Technologies 2-7 

2-5 Economic Assumptions 2-9 

2-6 Optimistic scenario·Assu~J:tions 2-25 

2-7 Key Market Potential Deter•inants 2-46 

3-1 Collector Field Descriptions 3-6 

3-2 Geometric Performance Efficiency, "G" Field 3-17 

3-3 Geometric Data summary for Ceramic Receiver, 
.Advanced Strawman · · 3-39 

·3-4 Weight Data Summary for Ceramic ~~ceiver, 
Advanced strawman · · 3-40 

3-5 Heat Pipe Receiver Materials Data 3-42 

3-6 Heat Pipe Receiver Materials composition 3-43 

3-7 Heat Pipe Receiver Materials Evalu.ation · 3-45 

3-8 Receiver Performance Parametric Values 3-47 

3-9 Net Heat Fiux Into Panels, North Receiver~ Stra~man 
system ~-49 

3-10 Net Power to Air, North Receiver, strawman System 3-50 

3-11 Power Transported by Individual Heat Pipes, North 
Receiver, strawman System 3-51 

_xvii 



3-12 .... Peak He'at Pipe Metal T~mp~·~ature, Evaporation 
Section, North Receiver, Strawman system 

3-13 Strawman Heat Pipe Receiver Parametric Cases 
..... ~ 

3~14 Advanced Strawman·Receiver Operatin9 Conditions 

3-15 Advanced strawman Receiver Farametric Cases 
~ i .... t 

3-16 Receiver.Thermai Losses 

3~17 Constant Air Flow vs Constant Receiver outlet 
Temperature 

3~18 Fuel Characteristics ' . . . 

3-19 Al teJ;native Fuels Analysi.s 

3-20 EPGS Parametric Values 

3-21 Economic Evaluation of str~~man Parametric cases 

3-22 Economic Evaluation of Advanced Strawman Parametric 
cases 

3-23 Exhaust Temperature vs Pressure Rati~ 

3-24 High-~emperature E~erqy Storaqe Systems 

4-1 Modified Stra~man Capital·Cost Summary 

4-2 Modified Strawman System Perfcrmance 

5-1 System Performance·. 

5-2 Heliostat Error Tolerances 

5-3 Mean and standard Deviaticn wind-Induced Error 

5-4 North Receiver Wind Effect Summary 

s-s west Receiver Wind Effect summary 

5-6 Receiver Subsystem Requireuents 

5-7 Incident Heat Flux, Panel Zones 

5-8 Receiver Weight Breakdo~n 

5-9 Powe·r Transported .bv' Individual Heat Pipes 

5-10 Allowable Membrane stresses in.Inconel 617 

xviii 

.f 

3-54 

3-56 

3-57 

3-61 

3-64 

3~76 

3-100 

3~101 

3-111 

3-112 

3-113 

3-119 

3-169 

4-12 

4-13 

s-.3 

5-17 

5-17 

5-18 

5-18 

5-21 

5-30 

5-31 

5-33 

5-36 



Tatle 

5-11 Desiqn Temperatures for Components of the Panel 
Shell ·· · 

5~12 North Cavity Performance 

5-13 Power vs Day of Year at Noon 

5-14 Power vs Time of Day at Equinox 

5-15 Subsystem Status for Varicus Plar1t Op:rating Modes 

5-16 EPGS Controls 

5-17 Constructicn Cost Summary 

5-18 Construction Cost Estimate 

6-1 Conceptual Desiqn Enerqy Storage Subsystem sizing 
Data 

6-2 Potential Legal and Regulatcry Constraints 

6-3 Capital Cost Comparison 

·6-4 Operating and Maintenance Cost Comparison 

6-5 Revised Performance Data 

6-6 Typical Utility Economic ~eeumptjons 

xix 

~ ------

5-38 

5-42 

5-44 

5-45 

5-103 

'5-109 

5-139 

5-140 

6-11 

6-47 

6-49 

6-54 



Section 1 

IN'IFODtlCTION 

This report was J:repared by Eechtel·National, Inc. to present the 

technical results of the Combined Cycle Solar Hybrid Power System 

Study Project. This project i~ part of the Department of 

Enerqy's solar Central Receiver Eybrid Power System program. 

T~e report has peen orqanized to treat the work of each technical 

task in separate sections, qener~lly followinq the outline 

instructions provided by·sandia laboratories, Livermore, 
~ ~. . . 

Technical·Manaqer of the. p~oject. A.data list and appendices ~re 

also included. · 'The tas~s .. pres~nted are: 

• Task 2 - Market Analysis 

• Task 3- Pa~ametric.Analysis 

• Task 4·- Selection of Preferred System Confiquration 

• Task 5 ._ Commercial Plant· Concey::tual Design 
Cost/Performance Est·imates · · · · · ,· · 

• Task 6 .:.. Assessment of Commercial-Sacle Solar Central 
Peceiver Hybrid Power System 

Task 1, Review and Analysis of P~eliminary Specifications, has 

been completed. Comments resultinq frqm this review have already . . 

been sent to DOE and are therefo:te not covered in this report .. 
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1 • 1 PFOJFC~ OEJECTIVE 

.The overall orie.ctive of this· project is to select and assess a 

commercial-scale hyrrid power system conce~t with the maximum 

potential wor~h to ~ utility. Ttis worth is to include minimum 
• '! •• 

cost of enerqy in terms of mills ~er kilowatt-~our and maximum 

savinqs in capit.c;:~,l and operatinq costs of displaced conventional 

po~cr qeneration. 

1. 2 'TECHNICAL A.PPROACH 

The overall technical aporoac~ to .this study project was as 

follows: 

• Technical requirements ~ere established by tbe u.s. 
Department of Enerqy. san Francisco Operations Office 

• Based on theEe r~uirei•it:ntH, ll~d.r..-Le.Lm and advnnccd 
reference desiqns and cost estimates were preoared for a 
solar hvrri·d concept · · · ·· ·. 

• A market analysis of the two ·desiqns was undertaken, 
based on tte utility screeninq/load duration curve 
method 

• Parametric. analyses and econo~ic ~valuations were done 
on tte hybrid systems and sutsvstems . ·, . . ., 

• The near-teriT' an·d advanced systems ~ere comparatively 
evalnated, bas.€9 on lq~-cost en~rqy.production, market 
potential, acceptable ~o~ar fr~ctioQ. and low 
deyelopmeht risk· · 

• From the evalua.tioh:,.\one (,f the _systems was selected for 
conceptual desiqn · a.nd assessment . •. ,: . ~ . . . . \ . 

• A commercial system'' conceptual desiqn. was developed and 
a ·6ost estimat~ w~~ ~~e~a~~d 

• The technical and economic aspects, and marketability of 
the commercial svstem were assessed 
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1·. 2. 1 Technical Pgguire~nt§ 

The technical requirements for the pro;ect, which were spe~ified 

by the u.s. D~partment of Enerqy, san·Franc.i.sco operations· office 
. . 

(DOE/SAN) I are complied .in a document' titled: "Solar Central 

Receiver Hybrid Power System; Requirement Definition" (Ref 1-1). 

1.2.2 T.he Preconceptual Reference Solar Hybrid Power systems 

In the solar hybrid power system concept selected for the study, 

solar enerqy supplies a portion cf the enerqy requirements· of a 

combined cycle· power plant. Th.e comtined cycle technology, 

alt~ouqh already in commercial use, is open· to further 

impr~vements. ~herefore, two levels of system conditions were 

selected for study i_n the initial tasks, reflect inq different 

levels of tecl:noloqical·readiness. These two levels, designated 

"St rawman" and "Advanced strawman, 11 form the· preconcet:t ual 

reference solar power systems fer studies in Tasks 2, 3, and 4: 

• §i~ID@ll· Thi~ system uses,near-term technology and is 
based on a metallic solar r€ceiver and a qas turbine 
that is typical of the current level of technology. The 
air-cooled receiver uses metallic heat pipes to 
transport solar-qenerated thermal enerqy into the air 
stream~ Th~ receiver outlet temperature is 816C (1500F) 
and the qas turbine inlet temperature is' 1093C (2000F). 

• l\dvanced Strawman. · This svst~m, representinq a further 
level of tecrnoloqical advancement, is based bn a 
ceramic tul:e receiver and on a qas turbine that is still 
under· development.. 'Ihe receiver outlet temperature is 
1093C (2000F) and the qas turbine inlet temperature is 
131€C (2400F}. 
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Desiqn an<,l performance data and a sc~e-matic for these systems are 

presented in Tables 1-1 and 1-2 and Fiqcire
1 

1-1. (A more detailed 

list of characteristics is. c~ntained. in App~ndix A.} 

·Preconceptual features of the twc systems were defined in order 

to: 

• Establish the base cases and ranqes of variation for 
parametric studies 

• Pre~ared cost estimate£ for market stuQi~s 

• Calculate econom1c sensitivity fdl:lOLS Lo be used in 
parametric studies 

i, 

~Q11§CtQ~_§gQ§Y§!§~· The. collector fields of both the Stra~man 

and Advanced strawman systems are elliptical. In each case the 

receiver tower is offset to the scut~ of the qeometric center of 

the field. Each heliostat has a -~eflective area of 38.6 m2 

(!J 15 ft3}. 'fhe Gtrawman and Advanced Strawman systems have 5682 

and 7095 heliostats, respectively. 

~~£giver __ $g~sys~§m· This subsystem consists of a tower, a solar 

receiver, and riser/downcomer piJ:inq in the tower. The receivers 

for each reference system have four cavitie~, facinq north, 

south, east, and west. Air is delivered to the cavities from the 

discharqe of the qas turbine compressor via the riser pipe. The 

air at the receiver inlet is 378C (712Fl for both baseline 
I 

desiqns, due to the heat of· compression at a pressure ratio of 

12:1. 
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TABLE 1-1 

PRECONCEPTUAL DESIGN DATA 

Parameter 

2 Reflective Area per Heliostat, m 

Number of Heliostats · 

Field Arrangement 

Receiver Type 

Absorber Type 

Height of Aperture Above Ground Level, m (ft) 

Riser Pipe Diameter, m (in) 

Downcomer Pipe Diameter, m (in) 

Compressor Pressure Ratio 

Net Power Hybrid Mode, MWe 

Gas Turbine. 

Steam Turbine 

t ·- .· 

.; . 
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Strawman 
Design 

38.6 

5496 

Advanced Strawman 
Design 

38.6 

7071 

Elliptical, South Offset Tower 

Mult icavity 

Heat Pipe 

175(574) 

1. 52 (60) 

1.83(72) 

12:1 

68.4 

31.6 

· Ceramic Tube 

196(643) 

1. 22 (48) 

1.83(72)" 

12:1 

64.7 

35.3 



:TABLE· 1-2 

PRECONCEPTUAL SYSTEM PERFORMANCE 

P.arameter Strawman Advanced Strawman 
Design Design 

Solar Receiver Outlet Temperature, 0 c (°F) 816 (1500) 1093 (2000)" 

G T bi I 1 T oC (oF) as ur ne n et emperature, 1093 (2000) 1316 (2400) 

Fpssil Fuel Distillate No. 2 

EPGS ThP-rmal .to Net Ele~tric Conversion 
Effic,iency, % 

Design Point Solar Capacity. Fraction, .% 

Annual Average Daytime Solar Fraction, % 

Assumed Average Nighttime Operation un 
Fossil Fuel, Hrs 

Annual Average Solar Fraction., % 

Plant Capacity ·Factor, % 

Solar .Capacit)l' Factor, % 

,, 1-6 

43.5 47.7 

5·6. 3 11.~ 

'31. 2 40.8 

2.0 2.0 

26.4 34.5 

48.0 48.0 

12. 7. 16.6 
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The strawman receiver ~esiqn uses metallic h~~t. pipes to transmit· 

the solar heat to·t~e ~ir ducts, call~d·panels, .located at the 

rear ~all of each receiver cavitv~ · Heat·is transferred to the 
' . ~ : 

air which flows over the finned condensinq·section of the heat 

pipes inside the receiver panel_!:;. 'Ine air fl~w is controlled to 

achieve a uniform 816C (1500F) outlet temperature from each of 
. ·' . . . 

the panels at the desiqn point; 'Ine heated air is delivered back· 

to the combustor via the .d9wnc9mer pipe. A pressure loss of 

27.6 kPa' (Q psil is allowed in the receiver and a total of 

27.6 kPa (Q psi) pre~sure loss is taken in the riser/downcomer. 

'!'he Advanced Straw'(llan receiver desiqn uses vertical· ceramic· 

u-tubes alonq the rear-·wall o.f each cavitv to absord. the solar. 

radiant fluY.. The air flowinq inside the tutes is heated to an 

outlet temperature of '1093c; (2000F). Allowable pressure losses 

are 69.0 kPa (10 psi) for the receiver and 34.5 kPa (5 psi) for 

the riser/downcomer pipinq. 

~1§£!~i£_£Q~§~_g€n§~~!~QD~ytsystem. 'Ihe electric.power 

q~neration subsvstem consists. o·f the qas_ turbine cycle and the 

steam cycle. 'l'he front eud. of the '~uS turtin'li cycll.!'. i~· +he 

compressor, wtich feed~ the air to thereceiver. After the air 

is heated in the ·solar receive~ .. its: temperature is further 

boosted in the combustor, us i'nq fossil fueL. Both preconceptual 

baseline 'desiqns have the comt:ustor in series ·with the·. receiver. 

The air with combustion otoducts is then expanded tnrou~h the gas 

turbine-qenerator to· produce approximately two-thirds of the· 

olant•s electrical output. 
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Th€ ·exhaust from the .. qas t_urbine,. 'hhich still. cont.ains 
. j 

siqnificant enerqy, .is ducte;-d .. into a· hea.t .r.ecov.ery steam 

qenerator (HRSG) where this resiqual enerqy is extracted from -the 

air. ··This enerqY""is·~·then used -t9 .p~:n~er. the .steam~Rankine 

bottominq cycle •. 

A ·s·imple, .sinqle-pressure,. nonreheat steam cycle is -used .for both -

preconceptual baseline desiqns with· 10.1 MPa/510C 

(1450 psiq/950F) main steam _ .. conditions. Water is pumped from the 

condenser.hotwell:throuqh the ~ccn9mizer, evaporator, and 
' . 

superheater sections of the HRSG. ~he superheated steam is then 

expanded'throuqh· a non-extrac~ion.steam turbi~e to.qenerate about-

one-third of .the total pl~nt Ol1tJ:ut. · Heat is rejected .from the 

condenser throuqh a· wet coolinq t.owe:r located outside the 

heliostat field. •· 

At the desiqn point- (equinox noon), the $Olar heat input is. 56-.3 

percent for the Strawman desiqn and 71.9 percent for the Advanced 

Strawman desiqn •. · T'hese values. reflect the ratios of the 

temperature rise in the solar re~eiver comp~red to the total 

temperature rise.from tte, 9omr::Fes~or outl~t to the turbine inlet. 

The hiqh enerav conversion efficiepcie~ of 43.5 percent and 47.7 

perce.~t, net-, for· the $:tr·a~man: and Advanced .. Strawman, 

respectively, are indicative ,cf .. the adv~ntaqes of comt:ined cycle 

plants.- A 48 percent capacity fac.tor· was used to represent 

conventional co~bined cycle plants in intermediate-load service. 
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However, the plants can be operated up to 24 hours a day at tte 

rated output of 100 MWe net. 

Energy_StQrag§. The reference systems do not have energy storage 

provisions, since the gas turbines can respond rapidly t.o load 

c\1anges and this obviates the need fer tuffer storage. In 

addition, accordinq to preliminary estimates, lonq-term energy 

storaqe. is, at test, marginally economic. Further evaluations 

durin·g the pro;ect confirmeu thest! initial findinqs. 

~~~~£!~g-~ru~~~D· As th~ preli~in~rv system selection process 

progressed, it.became apparent that certain technical and 

economic advantages could be gained tv modifyinq the reference 

Strawman. system. These modifications included ·reduced receiver 

and rise/downcomer pressure drOJ::S, a dual-pressure heat recovery 

steam generator, an increased receiver outlet temperature, and. 

larger heliostats. A modified Strawman system incorpcrating the 

first. two of these JTlOditications was used as the basis of the 

market analysis work and in economic evaluations. 

1. 2. 3 

When selectinq the tvpe of technology for any addition of 

generatinq capacity, utilities must consider many ~conomic, 

technical, and institutional factors. ~hese might include: 

• Existinq and proiected qrowth of system load 

• Timinq and duration of the load (existing and projected 
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• The mix of the existing genera:ting capacity'' 

• The projected cost of ~ower ,generation and distribution 

• Confidence in the technical reliabilit.y of the 
t.echnoloqy 

,'tt· 

• The availability and cost of enerqy sources 
. " 

• Institutional f~ctors con~training the choi~es 

~. 

some of the factors lend themselves to rigorous quantitative 

analyses.. Assessment: of others can only be qualitative. The 
·,·. 

weight of each factor and the overall decision-making process 

varies from one utili~y to ancther. 

The method frequently used by utility planners in ihe early 

planning stages to identify the' economically viable alternatives 
. . 

for any part of the system load is the screening/load duration 

curve method. This .was used in the market a·nalysis to \est the 

economic viability of the reference systems • In the screen.inq 
. • . . 

curves produced, the solar hybrid plant is compared w.fth 

comoeting conventional technologies. 

The Bechtel computer program ~tiOCA~E was used to calculate the 

screeninq curves and to estimate the market share where solar 

hybrid power systems could compete successfully. ~he two inputs 

to the proqram were: 

·. ;~.· .. 
• Leveli7ed dnriual plant costs 

• Plant operating characteristics 

: . 
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The levelizen annual cost components were calculated by Bechtel's 

computer proqram RESOURCE. based on economic guidelines and data 

from EPRI and DOE. and on specific plant costs and operating 
. . I. 

craracteristics from published and Eechtel in-house materials. 

Durinq the market studies. utility companies were contacted to 

verify the analytical approach and the validity of the input 

data. 

A la.rqe data base was required to allow rational selection of the 

preferred system for ~Pe subseouent conceptual desiqn ~nd 

assessment tasks •. 'Io es~ablish this data base •. paramet.ric 

analyses· ~..rere Performed to .evaluate the cost impact of maior 

desiqn, performance. and cost variables of the solar hybrid power 

systems. 

'The approach used in these parametric studies was to establish a 

reference value or point based on a preconceptual system desiqn 

(see Subsection 1.2.2) and then to choose two additional points. 

one above and Qne below.t~e ref~rence. to establish the trend of 

chanqe •. The fiqure of merit selected to qauge the effects of the 

variations was tl'lc equivalent cat:it.al cost. This included the 

estimated ... capi~al cost. and the capitalized value of the operating .. . . . . . . 

' '· 
and maintenance costs. including the ~ost of fuel • 
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The analyses included evaluation of the following design . -

variables: 

• Collector field confiquration 

• Receiver desiqn concept and configuration 

• Power cycle desiqn and cperating conditions 

Althouqh variations are alsq_conceivable in the master control 
~ .... ,., 

sut-system and in the site elect.ric _power distribution, it is not 

expected that these will.siqnificantly affect the economics of 

the solar hybrid pO\~:er systems. Consequent! y no s~parate 

analyses were conducted for these portions of the plant. 

However, the cost impacts on them l::y changes in other _design 

variables were considered. 

10 2. 5 Selection of Preferred System 

.. ~ ~~~f..:.· .~·· ... 

~he preferred commercial power system evolved from the 

preconceptual reference desiqns throuqh parametric analyses, 

economic evaluations, and svstem-level studies. 'Ihe major 

criteria durinq the evaluations were: cost of energy production, 

market. potential, fossil fuel displacement potential (solar 

fraction)-, and development risk. 

Maior system-level studi~s- included sel~cting the reference fuel, 

assessinq the economic value of enerqv storage, and selecting the 

solar fraction. Other system-level considerations included plant 

siz_e and solar multiple and field/receiver power ratio. 
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The reference st.rawman and Ad.vanc~ .Strawman desiqns were modified 

as a result of the parametric analyses and system-level studies, 

and the final economic evaluation of :the two systems :took into 

consideration the cost impact of ·these chanqes. 

1 .. 2 .. 6 Conceptual D§siqn of Commercial-Scale Hy£~id Plan! 

The conceptual d~siqn of the p~~ferred comme~cial pow~r system. 

was developed around a commercially available.qas turbine . . . . . r 

produced by Westinghouse (Model w- 501 ). , and a. sinqle-casing, 

nonreheat steam turtine, also produced by 'Westinqho~se. The 

comtined net output of these units in the .. hybrid mode is 

,,2 .. 6 ~e. which is sliqhtlv l:iqher than the DOE-specified 

100 MWe nominal output for the. commercial solar hybrid power 

system. However, t}"lere is an extensive te.chnica 1 and. economic 

data base available for these turbines, and due to the 

comparatively small capacity difference, any. extrapolation to a 

100 MWe power level can be made withcut introducing significant 

scali~q errors. 

The overall conceptual desiqn was developed ~o provide system 

data and component functional SJ:ecifications to .assess system .. 

performance; estimc:'te capital, operatinq~ and .maintenance costs; 

and prepare an accurate constr1.1ction sc)'ledule.. Th~ nyr.t-.~m ,war.. 

also consistent witl: the technical requirements in Reference 1-1 

and with the selected qas and steam turbines •. 
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r. 2.1 Asse~sm§nt of Commercial-Scale Hytrid Plant 

Assessment of the preferred' commercial "hybrid· power sy-stem 

included identifyinq potential future improvements, identifying 

potential constraints to wide-sp'read use, and updating the rr.arket 

analysis. 

It was recoqnized at the t:eqinninq of the project that the 

performance of the combined cycle solar hytrid concept could be 

improved siqnificantlv and that costs ~ould be reduced as a 

result. Costs will also be reduced as the central receiver 

technoloqy matures and as economies of scale are introduced. 

The potential for performance improvements and cost savings were 

analyzed for the system as a whole and for the subsystems. 

Potential technical and socioecono~ic constraints were also 

identified and assessed in terms of their ·impact on successful 

introduction and wide-spread use of the solar hytrid concept. 

Amonq the major technical issues examined were t.he environmental 

effect~, safety, materials technolcqy, and manufactuiing and 

market.inq capacity. 'T'he rna ;or socioeconomic constraints examined 

were land used,· natural resources, legal/regulatory, and 

institutional constraints. 

The earlier market analyses were updated usinq the busbar cost of 

. electricity calculated for the conceptual desiqn. In addition, 

several utility companies were contacted to confirm the market 
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analy$iS methodoloqy and. comment on the prospective use of solar 
~:, ~ ~ • ·; •'• ~·.: ', :~ ·.: :' l': '. • , ' ._, • :: • ,· J. <.o• ': i' • , • • ~ •' ' I , ,• • , ' ,• , ,: I : '• ,• ·' 

hvbrid nlants. T\"le utilities .represented each of the four 
·: ~~: . r ·.' . . · .. · . . . ·:· .· .. ; ·~ . z:; . :· . :.!! .•• c• ; • t •• 

reqions con$i.dered ,in the market· analysis effo~t • 
• ~·. z •• •. • . •• • ·.- • .. • .. .. • • "' • '. " . 

•, ·~. . . _.. ,'\ . . .. 

1.3 PPOJECT 'TEAM . . .. : .. ·. 
~ ·. . i ~ . 

• ••• 1',• • 

Bechtel National,.: .,rn.c. (~NI) was t,he J?,r.ime contractor f~r the 

oroiect. In addition to the responsitility for overall 
·., ; . .. . . - . . '•·, . . . .. . . ' . . . . . .. \ \. ~ . . .. 

manaqement, P~; ;w~s .al~o re.s~9.nsibl~ ~o~ t;he .~ollowi,n1g specific 

technical efforts: 

• Syste:m inteqration 

• Market analvais 

• Parametric studies and conceptual desiqn of the electric 
power qeneration sutsystem and the.master control · 
sutsystem 

• Conceptual desiqn of site electric power distribution, 
s1 te arranoement, site structures, and ut11 i ties 

• Conc~ptual desiqn of the receiver tower structure 

• Preparation of a develo~ment plan 

• Technical and economic assessment of the preferred 
system 

Northrup, Inc., as a subcontractor, ~as responsible for the 

conceptual desiqn and parametric analysis of the collector 

sutsystem. In addition, Northru~ ~as responsi~le for defining 

the collector field-related portions of the master control 

subsystem. Foster Wheeler Development Corporation, also a 

subcontractor, was responsible for the conceptual desiqn and 

parametric analysis of the receiver. The Combustion Turbine 
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System Division of Westinghouse was a consultant on the combfne.d 

cycle power conversion. system ~nd equipment techn~logy. . The 
. . ! ·. 

Public Service Co. of New Mexico served·as a htillty·advisor. 

Inf9rmal discussions were also·held with the Pacific Gas and 

Electric Co. on power qeneration planning.: The Solar Energy 

Research Institute, Electric. Power ·Re~earch, Institute, and 

several utilities from representative· region~ of the u.s. 

participated by respondina ·to a questionna.ire .on 'utility 

economics and on potential use of solar hybrid plants. 
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2. 1 INTRODUCTION 

section 2 

MARKET ANALYSES 

This section describes tte analyses performed to assess the 

economic viability of roth the Modified Strawman-and Advanced 

Strawman systems in four r~qions of the country. In these 

analyses first-qeneration solar hybrid plants are compared to 

conventional power technoloqies. 

First. baseline capital and operatinq costs were estimated, based 

on the preconceptual ~eference desiqns for the hybrid ~lants, 

assuminq that they were first-of-a-kind, and on published data 

for the C:lnventional technoloqies.,.· From these estimates, 

annualized busbar electricity cost~ were qenerated, us1ng 

Bechtel's comruter program RESOURCE. ·These busbar costs, along 

with plant operatinq characteristics, were used as input to the 

program ALLOCATE, which produced. the utility screening curves and 

load duration curves used for analyzing market penetration. 

Market penetration of the solar hybrid systems was estimated 

under nine economic scenarios. in four reqions. in the 1990 to 

2020 t.ime framt:>. 
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2. 2 BASELINE COST/PERFORMANCE DATA AND ECONOMIC 
ASSUMPTIONS 

The baseline cost estimates for both hybrid and conventional 

technoloqies assume a Western plant location (Pacific Southern 

reqion). Capital and operatinq cost estimates for the 

conventional technoloqies are adapted from the EPRI Technical 

Assessment Guide (Ref. 2-1). For the reqional market 

assessments, baseline estimates were adjusted to account for 

variations in labor and material costs and for some variations in 

performance characteristics. 

The financial and economic data, such as discount rates, fixed 

charqe rates, and escalation rates, were derived from the 

Requirements Definition Document. A set of typical utility 

financial/economic data was also developed and used for 

compari!:>on pu.qJu:::;e:::;. 

2. 2. 1 ~~.lin~_pata for Sclar Hybrid Systems 

Table ~-1 shows the taseline capital cost estimates for the first 

100 i1We Strawman and Advanced Strawman hybrid systems. The 

estimates, expressed in 1978 dollars, include: 

• Direct field construction cost 

• Indirect fi€ld cost and enqineerinq services 

• Continqency 

• Allowance for funds durinq construction (AFDC) 
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TABLE 2-1 

CAPITAL COST ESTIMATE FOR REFERENCE SOLAR HYBRID SYSTEMS 
(1000's, End of Year 1978 Dollars) 

Account/Description 

DIRECT FIELD CONSTRUCTION COST 

4100 Site, Structures and 
Miscellaneous Equipment 

4200 Turbine Plant Equipment 
Gas Turbine 
Heat Recovery Steam Generator 
Steam/Turbine/Miscellaneous 

4300 Electric Plant Equipment 

4400 Collector Equipment 
HeJ ios t;-~ ts >'<·i· 

Computer* 
Cable* 

4500 Receiver Equipment 
Receiver* 
Tower* 
Riser/Downcomer 

4700 Nonsolar Energy Subsy:;t("ll E4ui]Jment 

Total Direct Field 
Construction Cost 

INDIRECT FIELD COST AND ENGINEERING SERVICES 

4800 Distrihutables and Indirect Costs 
Indirect Field Cost 
Engineering Services 

Total Construction Cost Excluding 
Contingency nnd AFDC 

CONTIN(;F.NC:Y 

AFDC** 

Total Construction Cost 

Modifications (Strawman only) 

Total Construction Cost 

t:Subt:.•'nl rae ted i t('m. 

Strawman 

Non­
Solar 

Portion 

2,200 

7,800 
7,700 
9,300 

2,500 

500 

30,000 

6;800 
4,400 

Solar 
Portion 

100 

200 

21,300 
2,000 
1,000 

15,300 
3,200 
2,800 

45,900 

1,600 
4,800 

93,500 

14,000 

21,500 

129,000 

(1' 100) 

127,900 

Advanced 
Strawman 

Non­
Solar 

Portion 

2,200 

6,600 
5,600 

10,000 

2,500 

500 

27,400 

·5,6oo 
4,000 

Solar 
Portion 

100 

200 

28,600 
2,000 
1,000 

20,700 
4,000 
3,100 

59,700 

2,200 
6,200 

10.5,100 

15,800 

24,200 

145,100 

-

145' 100 

**Allowance for funds during construction. 
·;·Assumes heliostats@ $93.42/m2 per Northrup preconceptual estimate. 
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Capital costs for 1990 were estimated using a nominal capital 

cost escalation rate of 10 percent per year. The estimate for 

the Strawman plant was reduced by 1.1 million dollars to reflect 

modifications to the reference system decided upon during 

preliminary system seiection. Specifically, the receiver and 

riser/downcomer pressure drop was reduced to 41.4 kPa (6 psi) and 

a dual-pressure steam rottominq cycle was incorporated. This 

Modified Strawman was then used in the estimate of operating 

costs and in all economic comparisons. It is emphasized that the 

capital costs of Table 2-1 are for a first-of-a-kind plant only; 

th . . 
since real cost reductions are expected for "n plants," th1s 

estimate is conservative. 

Annual operatinq and maintenance cost estimates for the Modified 

and Advanced ~trawman systems are shown in Table 2-2. 

The estimates are based on the DOE quideline of 1 pe~cent of 

total capital cost. Fixed operatinq and maintenance costs do not 

vary with capacity factor, but va~iable operatinq and maintenance 

costs-are assumed to be directly proportional _to capacity factor. 

(For this study, ~apacity factor is defined as the fraction of 

the yea~ the ~lartt·operates at rated Cdpdclty. Part-load 

operatio!l is not considered.) The C&M costs for 1990 are based 

on an operatinq and maintenance escalation rate of a percent per 

year. 'The O&M_ cost_s do·.- not include fuel ·costs, which are 

calculated sepa~ately. 
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Table 2-3 summarizes the maior performan~e:data used .i~ 

calculating electricity production costs for the solar hybrid 

plants. 

2. 2. 2 ;~aseline Data for.Conventional Technologies 

.' . 

Baseline cost estimates and perfor~ance d~ta were compiled for 

four conventional power technologies: 

• Combustion·. turbine .<di~til,l~te oil-fired) . 

• Combined cycle (distillate,oi~~fired) 

• Coal with flue gas desulfurization 

• Light water reactor 

To ensure compatibility with commonlv accepted utility industrv 

practice, the baseline data in Table 2-4 were adapted from the 

EPRI Technical, Assessment Guide (Ref. 2-1). 

2.2.3 Regional Variation of Data 

Four regions representing a range of capital costs, .fuel costs, 

and insolation levels were selected for.the market assessments: 

• ·Middle Atlantic: Region: Pennsylvania, New York, and 'New 
Jersey 

• ~9uth Central Region: Texas, Oklahoma, Arkansas, and 
Louisiana 

• _South Mountain Peg:?-on: Nevada, Utal,'l, Colo:r;ado, Arizona, 
and New Mexico 
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TABLE 2-2 

OPERATING AND MAINTENANCE COST ESTIMATE 
FOR REFERENCE SOLAR HYBRID SYSTEMS 

Modified Strawman Advar :ed Strawman 
Account 1978 1990 1978 1990 

Nonsolar system 

Fixed ($1000/yr) 109 274 92 232 

Variable (mill/kWh) 1.04 2.62 0.88 2.22 

Solar system 

Fixed ($1000/yr) 671 1690 940 2367 

Table 2-3 

BASELINE PERFORMANCE DATA FOR REFERENCE SOLAR HYBRID SYSTEMS 

System. Characteristics, Modified Strawman Advanced Strawman 

Capacity, MW .. .. 100 100 

Life, yr 30 30 

Heat rate, daytime average, 
kJ/kWh· (Btu/kWh) 8101 (7679) 7760(7355) 

Heat rate, nighttime average, 
kJ/kWh (Btu/kWh) 8169 (7743) 7831 (7423) 

Average annual solar fraction, % 31.2 40.8 
., 

Breakpoint solar capacity 
factor, % 48 48 

. ·-·-· .. 

. ' 

~ ···-' 
.. . -·- . ~ . ~---- ... : 

..... , ........ _:::. 
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tABLE 2-4 
;. 

BASELINE PERFORMANCE DATA AND COST ,-ESTIMAJES FOR CON,VENTIONA,L TECHNOLOGIES*­
(South Mountain and Pa~ific Southern 'Regions)' 

' 
Plant 

' Characteristics 

Technology 
Capacity Life Heat Rate 

· (MWe) (Yrs) (Btu/kWh) 
' 

: Combustion ; 

Turbine ... 75 .. 30' 14,000. 
' 

Corr .. bined 
·• 

Cycle 250 30 8, 700 

Coa1'with 
Flue Gas 
Desulfurization 1,000 ,30 10,400 . 
Light Water ·-
Reactor 1,000 .. 30 10,400 

*Source: EPRI Technical Assessment Guide. 

.. 

Capital Cost 
. ($/kW) 

•. 

197.8 I 1990 

' .. 
-

157 493 

.. 
295 926 

745 2,338 

825 2,589 ' 

.. 
. Fixed. O&M Cost 

($/kW-yr) 

1978 

0.49 
' .. .... b •••• 

1.18 

2. 58--· 

-2.84 
.' 

'•' 

.. 

1990 

l. 23 
•. 

.. . ~- ... 

2. 97 

6.50 

' 

7.1-5 

Variahie 
: O&M.Cost 

. (Mills./kWh) 

1978 19~0 

. .. ·-
2.92 ·s. o9 

.. 
~-- ·-· ; 

l. 25 .. .3. 15 

.. 

1.64 4.13 

0.72 l. 81 



• Pacific southern R~gio~: California 

The Middle Atlantic and South Central reqions are u.s. census 

reqions, while the South Mountain and Pacific Southern regions 

are the southern parts of the Mountain and Pacific census 

reqions, respectively. 

The baseline cost and performance data for both the hybrid and 

conventional poweL· pldnls correspond to the racif ic Southern 

reqion. For the South Mountain reqion, the only variation is in 

the averaqe annual solar fraction of the hybrid systems. Costs 

remain the same. 

For the South Central and Middle Atlantic reqions, however, all 

cost and performance data were adiusted from the baseline values 

to reflect variations in material and labor cost and in 

performance characteristics. The costs are lower in the South 

Central reqion and hiqher in the Middle Atlantic region, and Lhe 

solar fraction is less in both reqions. The adjustments ar~ 

based on the recommendations of the EPRI Technical Assessment 

Guide. 

2.2.4 

The financial and economic data, such as discount rates and fixed 

.charqe. rates, used in calculatinq electricity production costs 

are presP.nted in Table 2-5. The DOE fina.ncial/economic data 
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TABLE 2-5 

ECON_OMIC" ASSUMfTIONS· 

Parametric Description 

Financial Institutional Assumptions 

Discount rate (%) 

Economic ljfe (yrs). 

F~xed charge rate (%) 

Projected relative price behavior 

Expected inflation rate (%) 

Capital escalation rate (%) 

O&M esclation rate (%) 

Fuel escalation rate (%) 

Coal 

Distillate oil 

U308 
Fuel price (1978 $/MBtu) 

Coal 

Base price 

Pacific Southern 

South Mountain 

South Central 

Middle. Atlantic 

No. 2 diiitillate 

Base price 

Pacific Southern 

South Mountain 

South Central 

Hiddle Atlantic 

TJ3°8 

_i 

?.- 9 

DOE 

10 

30 

18 

6 

10 

8 

6,8,10,12,15 

6,8,10,12,15 

6,8, 10, 12,15 

1. 00 

2.35 

.. 

Typical 
Utility 

9 

30 

15 

6 

6 

6 

6.4 

7.6 

8.0 

1. 02 

1.02 

. 48 

1.01 

2.49 

2.69. 

2.49 

2.59 

.53 

f 



shown in the first column are used in all systemS studies. 

baseline economic comparisons• and market assessments. They 

refle.ct quidelines set forth in the DOE Requirements Definition 

Document. The ty.pical utility data • which are similar to 

financial/economic data presented in the EPRI Technical 

Assessment Guide. are used in one scenario of the economic 

comparisons and market assessments. 

2. 3 ECONOMIC ·coMPARISONS 

The lcvclizcd buabar electricity cost. a commonly accepted · 

economic criterion in the electric utility sector. was used to 

compare the :-1odified and Advanced· Strawman syste·ms with each 

other and with the four selected conventional power technologies. 

Since levelized costs are hiqhly dep~ndent on capacity factor. 

all comparisons are'presented for a ranqe of capacity factors. 

The sensi.tivity of the Modified and Advanced Strawman busbar 

costs to variations in co~t/performance and economic parameters 

was also examinedr 

2. 3. 1 Le::velizell Bu!ii~~!:~~lec~cicity Cost Calculationa 

Levelized busbar el~ctricitv costs are compu~~d in current 

dollars usinq DOE (inancial/economic data and bustar costing 

methodoloqy. For conventional technoloqies. levelized tusbar 
.. ' ~. . 

costs are expressed in dollars per kilowatt per year as a linear 

function. f 1 • of capacity factor (CF}: 
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where: 
F = 

v = 

CF = 

f 1 (CF) = F . + (V • 8 7. 6 • ,CF) . 

levclized fixed cost (levelized capital charges 
plus levei"ized fixed operating and maintenance 
costs in ~/kW-yr) .. 
levelized variable cost (levelized fuel cost 
plus levelized.variable operating and 
maintenance cost in $/kW-hr) 
capacity factor (%) 

The upper curve in Pigur€ 2-1, designated f 1 (CF), illustrates a 

conventional technology levelized busba.r cost function. ~he 

linear levelized cost functions im~ly several simplifying 

assumptions: 

• Levelized variable O&M and fuel costs are strictly 
proportional to capacity factor 

• Utility syste~ interfaces and dispatching need not te 
.explicitly considered. 

• Reliability and availability need not be explicitly 
considered 

The levelized bustar cost functions for the hybrid systems are 

complicated by the intermittent solar energy contritution. The 

shaded region of Figure 2-1 illustrates the feasible ranqe of 

levelized busbar electric.itv cost' functions for a hypothetical 

solar hybrid plant~ .. If the plant is never·operated during 

periods of useful insolation, the levelized- cost function 

corresponds to f~(CF). (This represents the levelized cost 

function of a conventional combined cycle plant burdened with the 

cost of idle solar equipment.) If the plant is operated during 

all periods of useful insolation, the cost function is f.(CF) • 

. 2:-11. 
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If an intermediate dispatching strategy is adopted, a typical 

cost function is f 3 (CF). The varying slopes of f 3 (CF) and f 4 (CF) 

reflect the variation in receiver power o~er.:the year~ the 

flattest portions corresponding to periods of qreatest fuel 

savinqs. 

Comparison of f 4 (CF) to f 3 (CF) shows tl'·'.t dispatching the plant .. 

less durinq periods of useful insolation shifts the cost curve 

upward and moves the solar/nonsolar breakpoint to the left (from 

CF~ to CF 1 ). The capacity factor corresponding to th~ knee of 

the hybrid cost function (e.q. CF 1 or CF 2 ), is hereafteF/referred 

to as the breakpoint capacity factor. For the economic­

comparisons that follow, levelized cost functions corresponding 

to f 4 (CF) are used. Tlris strategy maximizes the average annual 

solar fraction and minimizes the fossil fuel consumption. 

A linear approximation, represented by the dashed seqment in 

Figure 2-1, has been assumed for the curved portion of f 4 (CF). 

In addition:, the earlier stated assumptions in the linear 

conventional technology cost functions aoply equally to the 

piecewise linear solar hybrid cost functions. 

2. 3. 2 F.conomic ComE?.ri~gns 

Economic comparisons between the solar hybrid svstems.and the 

selected conventional technoloqies were carried out by computing 

. the parameters of t.he li-near levelized ·cost. f.unctions for each 
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and superimposing the resultinq set of cost curves, usually 

called screening curves by the utility industry. The lower 

envelope of each set of screeninq CUfves indicates the technology 
... 

with the minimum levelized busbar cost. at each capacity factor • 
. :: 

The results of the analyses are shown in Fiqures 2-2 throuqh 2-5. 

Specifically, Fiqure 2-2 reflects the baseline cost/performance 

data, a 12 percent fuel escalation. rate .for all fuels, and a 

plant startup of 1990. With these conditions Lhe Auvant:eu 

~trawman exhl.bits a sliqht cost advantaqe over the Modified 

Strawman at capacity factors exceedinq 35 percent, while t-.hP. 

converse is true below 35 percent. 

Fiqure 2-3 shows the same screeninq curves with a 15 percent fuel 

escalation rate. ~he cost advantaqe of the·Advanced Strawman 

over the Modified Strawman is increased slightly, ~hile there is 

a larqe decrease in cost relative to the combined cycle system 

for both hybrid systems. In t~~s scenario, however, the hybrid 

system costs increase relative ·to ·.coal and nuclear· system cost.s. 

Fiqure 2-4 reflects' plant startut· in ~he. year 2000 and a fuel 

. escalation rate of 12 perecent: · It shows that· -the effects of a 
., ..... 

later startup date are s,imilar ·to .those of a .hiqper escalation 

rate. 1\.qain'r' the· hybrid systems· look tetter 'relative to the 

combined cycle and combustion turl::ine systems, and worse relative 

t'o the· coal and nuclear systems. 
·~. . . : 
r ..• •• 
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Fiqure 2-5 shows the effects on the' levelized cost functions of 

the typical utilitv financial/economic data outlined .in the 

second column of Table 2-5. It was found that their effects were 

qenerally consistent with those o·f· the DOE financial/economic 

data. The qenerally lower escalation rates for all fuels in the 

typical utility data tend to: 

• Increase costs for the. Advanced strawman relative to the 
Modified Strawman 

• Increase costs for the hybrid ·systems relative to 
combined cycle and combustion turbine systems 

• Decrease costs relative to coal and liqht water reactor 
systems 

2. 3. 3 

Sensitivity analyses were performed to quanti-fy the relative 

importance of selected life cycle cost parameters. The 

percentaqe chanqe in. Modified Strawman and Advanced Strawman 

levelized busbar costs for a +1 oercent chanqe in a selected 

cost/performance or financial/econo~ic parameter was used as an 

index of sensitivity.~ Specifically, percentaqe ch~nqes in 

levelized busbar cost are computed for changes in: 

• C~pit~l cost 

• Fixed operating ~~a mairi~enance cost 

• Variable.operatinq and maintenance cost 

-• Daytime aveiaqe heat rate 

• Solar fraction 
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• Fuel cost 

• Discount rate 

• Fixed chanqe rate 

• Escalation rate (capital, operating and maintenance, and 
fuel) 

Fiqure 2-6 shows t;he sensitivity analysis resul.ts for some of 

these parameters specific to the Moqified Strawman system. 

sensitivities to chanqes in capl.tal cos.t, fix;ed and variable O&M 

cost, daytime average heatrate, and solar f.raction are graphed 

as functions of capacity factors. 

As seen from the qraphs, when the. ca~acitv. factor increases, 

percentaqe chanqes in leveli-z:ed cost for a +l percent change in 

capital and fixed operatinq costs decreas·~s, while 'the percentage 

chanqe in leveli-zed·cost foi a +1 p~rcent'~hanqe in variable O&M 

cost increases. Percentaqe ~hanqes in daytime average heat rate 

and solar fraction (which affect only the·slope.of the flat 

·seqment of f 4 (CF) in Fiqure 2-1) reach a maximum a·t the 

breakpoint capacity factor of.!I0.8 percent. The discontinuity in 

these last two curves reflects the piecewise linear ,levelized 

cost function used for the hybrid plants. As a whole, the graphs 

do not indicate stronq sensitivity to any of these parameters. 

Fiqure 2-7 shows· the sensitivity of hybrid leveli-z:eu busbar co~ts 

to variations in cost components common to several of the 

technoloqi~s under corisideration (fuel cost for distillate oil-
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fired plants, discount rate, fixed .. charqe rate, and escalation 

rates) • 

As cefore, the impact of the capacity factor on the results is 

the most siqnificant. -Levelized costs are more sensitive to 

variations in fixed-cost-related items at lower capacity factors 

and variable-cost-relatE·d items at hiqher capacity factors. The 

distillate oil escalation rate is the most siqnificant levelized 

cost· component. 

It is also important to examine the relative sensitivity of 

hybrid and conventional technoloqy level.i.zed busbar cos·ts to 

chanqes in cost/performance and financial/economic parameters. 

Thus, if a 1 percent increase ·in the fuel-oil escalation rate 

raises hybrid.leV~lized cost hy $1/kW-vr but raises the.leveli?ed· 

costs of oil-fired conventional technoloqies hy $10/kW-:-yr, the 

hybrid systems are more competitive at hiqher fuel oil escalation 
.... ,, ' .. 

rates. Details of co~parative sensitivity analyses for the 

Modified Strawman, Advanced Strawman, combined cycle, and coal 
. . 

power systems are contained in Volume III. The results are 

similar to those ·implied by the screeninq curves of sutsection 

2.3.2. 

2. 3. 4 
·.• 

.After identifyinq the key variables from the sensitivity 

analyses, optimistic, but olausible, scenarios were constructed 
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which enhance hybrid economic viability relative to coal and 

nuclear technologies. One such set of optimistic parameters is 

shown in Table 2-6. Basically this set of parameters reflects: 

• Higher discount rate 

• Lower fixed charge rate (reflecting favoracle tax 
treatment) 

• Lower 1978 oil price and escalation rate 

• Lower helios•~~ ~ost ($68/m2) 

• Hiqher plct~ll. capacity (3!:lU MWe) 

The screening curves resulting from this set of parameters are 

shown in Figure 2-8. 

Increasing the plant capacitv rating to 350 MWe was assumed to 

reduce' the capital cost for the nonsolar parts of the hybrid_ 

plant according to a 0.7 exoonential scaling factor. Figure 2 8 

shows that tllt:! hvbrid/coal lcvelized cost:- ni.fferent::.ial at the 

breakpoint capacity fctt:lui: (at rr10.~imufll eol.ii.r con~rihtttion) is 

reduceo by at least 50 percent compared with the screening curves 

of Fiqures 2-2 to 2-5. In fact, if oessimistic ~arameters were 

also assu~ed for coal and nuclear plants, the differential can be 

reduced even ITlore. 
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TABLE 2-6 . 

OPTiMISTIC SCENARIO ASSUMPTIONS' 

.Parameter Des.cription 

Plant Capacity (MWe) 

Economic 

Discount Rate, (%) 

Fixed Charge Rate (%) 

Capital Escalation Rate 

O&M Escalation Rate (%) 

Fuel Escalation Rate (%) 

Plant Cost 

(%) 

: ~-

Capital Including AFDC>~ ($/kW) 

Fixed Operating Cost ($/kW-yr) 

Variable Operating Cost (mills/kWh) 

Fuel Cost ($/MBtu) 

*Allowance for funds during construction. 
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350 

10 

15 

6 

6 

7.6 

'" 
1038 

7.80 

0.88 

2.35 
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Advanc~d S.traWI!lan 

350 

lO 

15 
~-··-6 

: :",i :·6 ·~ 

7.6 

: ... 

1190 
.. 

'· 10.32 

1.04 
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2.q MARKET ASSESSMENT 

Screeninq curve analyses are used in the earlv stages of c~pacity 

expansion studies to narrow the selection to a small group of 

promisinq candidates. These then become the subject of a more 

detailed analysis,, often involving a generation expansion 

planninq model. These models are used to determine preferred 

qeneratinq ·capacity mixes qi:Ven the utility's qeneration 

requirements. 

Since this s~~dy does not address a particular utility, it was 

decided that extendinq the screeninq curve analy~is was more 

appropriate than usinq a production planninq model. Regional 

screeninq curves, in. conjunction with reqional demand forecasts, 

can he used to project least-cost ,qerieration mixes over the 1990 
• ··•• : :; '. t 

to 2020 time frame. In the analysis that follows, this technique 

is used to simulate req~on~l.market penetration.for the ~edified 

Strawman concept under three eqonom~c scenarios. 

2. 4. 1 

One of the most important utility investment objectives is to 

minimize the levelized rusbar electricity cost. Under the 

assumption that utilities tend to allocate investment capital to 

minimize revenue requirements, the screening curves can be used 

to project the rate of market penetration for an emerginq 
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technoloqy. Bechtel's market potential computer simulation 

modelu ALLOCATE, incorporates this approach. 

f.~:eacity Allocation Proces~. The first step of the· simulation 

process was development of incremental load duration curves for 

the years 1990, 2000, 2010, and 2020. ~hese curves plot 

incremental qeneratinq capacity relative to annual hours of 

operation (i.e., the capacitv factors)~. The area under the 

duration curve represents the total incremental demand. 

The 1990 curve for the Pacific southern region is shown in 

Fiqure 2-9. Since the reqional analyses do not focu~ ori a 

specific utility, the ALLOCATE model uses a deterministic 

function for the duration curve in lieu of a curve fit to actual 

utility data points. 

For this study, reqional demand forecasts were adapted from 

forecasts used by the MITRE Corporation of McLean, Virqinia in 

recent R&D benetit/cost studies for DCE (Ref. 2-2). 

Levelized busbar electricity costs were incorporated throuqh 
' . . 

reqional utility screeninq curves similar to those depicted in 

Fiqures 2-2 to 2-5. These show tusbar cost vs. capacity factor 

and they establish an envelope of the least cost technology at 

each capacity factor. The·ALLOCA~E proqram apportions the 

incremental demand to the least-cost technoloqies, as shown in 

Fiqure 2-10. Point estimates for capacity mixes, electricity 
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production,- lo"ad ranqesw. capacity factors, and power generation 

costs are simultaneously determined. 
' .. : 

For this study,· !l"'arke.t ~enetra tion pro;ections. we~e expressed in 

terms of meqawatts per yeai of in~tailed ~odified Strawman 

capacity, for each of the years 1~90,. 2000, 2010, and 2020. A 

linear approximation was _made to. the penetration rate l:etween 

these points, and the resultinq penetrati_on rate f.\.mption was 

inteqrated to show cumulative.market penetration in megawatts 

over the 1990 to 2020 time frame. 

Since the hybrid system coSt/performance data .are b.a·sed on a 

preconceptual desiqn, thev reflect more unc~rtainty than the 
.· ., 

conventional technoloqv data.· AlLOCA'tE ·incorporates this 

uncertaintv throuqh :the ~se of :-1onte-Carlo· simulation techniques. ·- ,. ' " . . . 

In the version of ALLOCATE used for this studyw values. for ·hybrid 

fuel cost, capital co~ts, .fi~ed ·op_er~tinq . .costs, and heat rate 

were selected from probability. dis~ributions.;.. Fuel··cost is 

corr.mon to several" te~hnoloqi.~s,· so fu~i costs for conventional 

oil- fired technoioqies were ~'~sumP.rt ·t:c) follow the same 

distribution. A~ each of ~he se~~cted decision years (f9qo, · 
I ~ • • 

2000, 2010, and 2020)", the alloc.ation. process was performed many 
~-. . 

times, qivinq a frequency. distribution o~ penetration rates. '!'he 

sample mean of these distr~butions was used to construct the 
. ~. 

penetration rate functions descrited above. 
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The penetration profiles are·merely mathematical transformations 

of the screeninq curve data and ~re therefore oased on the same 

assumptions as the economic.comparisons: 

• Levelized variable O&M and fuel costs are strictly 
proportional to capacity factor 

• Utility system.interfaces and dispatchinq need not be 
explicitly considered 

• Reliability and availability need not be explicitly 
considered 

In addition, it wa·s assumed that: 

• Only conventional. technoloqies were considered, 
excluding advanced concepts such as fusiuf1 and fuel 
cells · · 

• Minimization of revenue requirements is the utility's 
sole inves~ment obiective 

• . No capital, eq\lipmemt ~vailability, or statutory 
constraints (Market·imperfections) are imposed 

• Load followinq, capacity faCtor downqradinq, and other 
utility systell" interface and op.;;>r.at.ional c::onsic'ierations 
are not included 

In fact, under scenarios ~epresented by the screeninq curves in 

Section 2.3 (Fiqures 2-2 to_ 2~5), ~hese assumptions completely 

exclude both the hybrid svstems and coal-fired svstems from the 

power qcneration market. 'rhis i_nterpretation~ howP.ver, does not 

completely conform to utilitv ex.i:>e~tations. For example, 

di~cussions with Pacific Gas and Electric Company revealed that . . . . . . . 

utilities expect coal and nuclea~ technoloqies to dominate the 
. . .... · I 

lonq-term taseload market, since the statutory limitations of the 
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National F.nerqy Act . .of:, 1.9._7~8 ,.pr~c.lqqe .pe_w pi 1-Jired ~n~.~s fr9_m 

ba.se-load and hiqh-~1'1t:~rmediat;e-::-.loag qut:,.y :i-1} mo,st ~as,es .. 

{Ref. 2-3). But it is expe~~e~;tha~ o~l7f~red ~lants s~ould be 

viable for some time to come in low-intermediate and peaking 

applications. 
"i 

t' ·:. .... ~ 

. ,. . .. 
A recent study of the uti litv industry }:)y Arthur D. Little, Inc. 

also states: '. .t., 

" ••• we expect more oil and qas fired capacity 
to be in service in 1990 and that capacity to 
be used mo:r:e intensi vei y 'than· qovernm~nt · · ·· 
policy pronouncements miqht suqqest. In fact, 
we expect sliqhtlv more oil and gas fired 
capacity. to be .. in service., in 199Q than. today; 
but that'· it will_. IJe . l,lSed "less intensively;­
i.e., more in peakinq and'· inl.ermediate-load 
service." (Fef. 2-4) 

. . ~ 
... ?."'" '"""··· .'- :: •• 

These industry expectati?~s. forrn~d t~e basis for. a constrained 

penetration analysis address.inq ortl y. th~ iow_; intermediate and 
. . .. ·. 

peakinq markets. 

~Qr:!§~!:~!~~9_?en~~ration ~nalysiE• 'Io te able to make utility 

choices based on other than economic' r:easons, it is necessary to 
. ,· ~ -

incorporate what the economists'' refer to as "int·angihles and 

market imperfectionsi•· into~'tl-1'~·. ~rialy-;·i.s~ For example·, the 

screening curves of Flqureo;;. 2-2 imol y that nuclear plants alone 

will account for all new bas~.:..i~~d ~aoacity. in 1990. They do not 

re fleet restrictions impos~d, ~- 'f~r · exam.ple, bv the nuclear 

requlatory process (a ·~arket' :lmperfectionr or the· qovernment 
.. .. 
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maadate to rely more heavily on coal. ~he constrained 

penetration analysis is a means of incorporatinq market 

imperfections in a "pure economic choice" technique. 

Briefly, the base load of the coal and nuclear plants is 

estimated with exoqenous capacity forecasts that include the 

effects of intanqibles and market imperfections. This base-load 

market is allocated to a surroqate coal/nuclear technology. Then 

the remaininq pcakinq and low-intermediati'O' mar.kf?r iR t-.n r.P. 

satisfied ry a least cost mix of combined cycle, combustion 

turbines, and solar hybrid technoloqies on the basis of pure 

economic choice. The effect of constraints on coal/nuclear 

capacity anditions can be examined throuqh parametric variation 

of the exoqenous coal/nuclear capacity forecast. 

The analytical tools used to implement this approach are shown in 

Fiqure 2-11. The incremental peakinq and low-intermediate demand 

corresponds to the unsnaded area under the incremental load 

duration curve. 'l'he st:aded coal/nucledr put:tlun wd:::; t'SL.imdL~d 

based on a reqional capacity expansion forecast by the United 

states ~epartment of Co~merce (Ref. 2-5) for 2000, 2010, and 2020 

for each of the four reqions studied. The ratio of coal/nuclear 

capacity addition to the total capacity addition· is called the 

"forecaatcd incremental coal/nuclear capacity fr;;t_t::r.inn." 'T'he 

point, CF*, on the qraph corresponds_to the lower bound of 

coal/nuclear capacity factors limited by operational 

considerations. 
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Incremental demand fi·lH:!d. bv':the capacity~ OA, is ·excluded from 

allocation to other technologies throuqh'the introduction of a 

surroqate·coal/nuclear·t:echrtoloqy represented by the flat cost 

curve in F-iqure 2-11·. 'The varial::le cost of the surrogate 

coal/nuclea·r tedhnoloqv is ·fi~ed a:t zero while its fixed 

cost, F*, · is set e·quar·· ·to ·the ·minimum of the combustion. turbine, 

combined cycle,: or Modifiedistrawman levelized costs at CF*o 

This quarantees that all demand ·'in th'e shaded region of the load 

duration curve is ·allocated to' the ··coill/nuclear surrogate while 

competition on a least-cost basis for the remaining demand (the 

unshaded area) is \inaffehted~· As· the' ·simulation proceeds, F* is 

continuously ad:justed to ·e.xcl·u:d~·~ the s·ame coal/nuclear· demand 

fraction.·· 

.~ 

Market ~ss.essrnEmt :Results~ 

Constrained market pertetrat.ion simu.lations were performed for a 

matrix of cost/performance data sets and co~l/nuclear incremental 

capacity fractions for each reqion. ~he cost/performance data 

sets were drawn from '·the' EPRI '· ieqion'al: :data and are summarized as 

follows: 

• EPRI r·eqional" co.st/performance data, DOE/SAN 
financial/economic data, ,, pPr~~nt fu~l escalation rate 

' . 

• EPRI reqional cos.t/per!ormance data~ DoE>sAN 
firtancial/econo~ic.'data~ 'lS percent fuel escalation rate 

. . 

• E.PRI ·reqiona'l ~ cost/oer'formance dat.a:, typical utility 
finahdial/economie data 
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In the Pacific so~theril and sout.ll, Mountain regions, where the 

forecasted incremental coal/nuclear ~ap~city,f~action is less 

than 1 (this aqrees with. P~&E), the.· simulation was performeq for 

the forecasted fractions and a :t:_10. ·,P~rce~t .varia:tion f,ropt the 

forecasted fractions. , In tbe. South ,Cer:t~r~l and Middle f\tlantic 

regions, where the forecasted coal/~uelear inc,remental capacity 

fraction is 1_, the simulation '-las performed for coal/nuclear . 

fractions of 0.9, 0.8, and 0.7. '!he. Modified Strawman is used in 

the penetration analyses to represent both hybrid technologies. 

The lower curve in Figure 2-12. shows simulated market penetration 

in the Pacific southern reqion over the 1990 to 2020 time frame 

for the forecasted coal/nuclear fractions, DOE financial/economic 

data, and 15 percent fuel escalation rate. It represents the 

simulation results usinq raw d~~an~ data unadjusted f?r 

incremental reserve requirements an~-retire.d capacitv. The other 

curves show _the effec.t of annual retirement of 1.. 5 and 3 percent 

of the installed ~apacity. 

Since a detailed treatment of retirements is bevond the scope of 

thio o~udv, the remainirtq ~netration results are presented for 

the raw demand dat~ only. The reader may use the results shown 

in Fiqure 2-11 to judge the impact of different retirement rates. 

Fiqures 2-.13 to 2-17 show the market penetrati9n simulation 

results for all cases ~here. pe~etration ·.exceeds so· MWe. prior to 
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t,he· year' .2020. · The' f.r:action of forecas-ted incremental 

coal/nuclear capacity correspondinq to each curve -is indicated. 

•'I I q' ,'!r 

Siqn·ific=mt· penetration (over: 50 MWe) is observed for all reqions 

under the DOE financial/economic data and a 15 percent escalation 

rate for all fuels. Inter-reqional comparisons for this economic 

scenaYio stow that market penetration is qre~test in th~ Pacifi~· 

Southern rf"qion; followed by the South Mountain, South Central, 

and ~iddle· ~tlantic:reqions. The Pacific Southe£n reqion is the 

only one sr.owinq. siqni fic~nt penetration for ·al t values of the. 

coa~/n~clear -incre~ental capacitY· fr~ction. 

In liqht of tre sensitivity analyses, however, the results for 

the ·15· percent fuel; escalation. rate scenario" must be presented in 

the proper oeTspective. Althouqh the hiqher rate· enhances hytrid 

economic feasibility relativ·e to combustion turbines and ·comtined 

cycles, the opposite is true relative to coal and nuclear plants:. 

Thus, the constrained penetration analysis (which excludes coal 

and nuclear: plants) probably qives ~ore· reasonable results for 

lower fuel escalation rates. . ; 

. : ·,, 

Usinq the:DOE- financial/economic data and 12 percent fuel 

escalation r~te~ solar.hybrid penettation is r~duced for all 

reqions; the Pacific Southern reqion exhibits the only 

siqnificant·market·penetration and even· there, the coal/nuclear 

additions are constrained to 90 percent of the forecasted level. 

Smaller penetration is observed, prior to 2020, in the South 
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Mountain and south Central regions under constrained coal/nuclear 

scenarios. Under typical utility financial/economic data 

(7.6 percent fuel oil escalation), penetration is further 

inhibited, exceedinq zero by the year 2020 only in the Pacific 

Southern reqion. 

Table 2-:7 ranks the reqions in terms of key market.potentia:l 

determinants with the reqions listed in order of decreasing 

market potential. Since all technoloqies in the constrained 

penetration analysis were oil fired, oil price levels are only 

siqnificant under the typical utility finan.cial/economic data, 

which recoqnizes reqional differences in fuel prices. 

Althouqh tt.e scope of the study does not allow a formal analysis 

of the sensitivity of penetration rate to these parameters, 

limited conclusions can be inferred from the market penetration 

curves and Table 2-7: 

• Since Table 2-7 lists t.he reqions in order of-decreasing­
market penetration, a stronq correlation is implied 
between market potential and the incremental 
coal/nucle~r capacity ~ractio~~ 

• Solar fraction and relative prices_ are less important 
than incremental coal/nuclear capacity fraction. 

• Total incremental demand (total market size) is 
-relatively unimportant. 

• Reqions ot hiqhest market potential do not necessarily 
corresp9nd to those- of highest average annual 
insolation. 
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TABLE 2-7 

KEY MARKET POTENTIAL DETERMINANTS* 

Determinant 

Equipment ·price and wage 

Oil price level 

·Incremental demand 

Incremental coal/nuclear 
capacity factor 

Solar fracU on 

·~~l=='Best 

4 Worst 

Pacific 
Southern 

level 2 
~· 

1 

3 ... 

1 
.. 

I '. '2 ; 

,. 
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.. 
Region 

South South 
Mountain Central 

2 1 .. 
3 .:t 

ll 1 .. 
' 

2 4 

1 3 

'· 

·Middle 
Atlantic 

3 
'· 

2 

2 

3 
! 

4 



2.5 CONCL USION.S 

From the market analyses conducted on the Modified Strawman and 

Advanced Strawman systems in four reqions of the country, the 
.. 

followinq conclusions can be drawn on the economic viability ·of : 

hybrid power systems: 

• If only economic factors are considered, at a 12 percent 
fuel.escalation rate, solar hybrid plants do not appear 
economically competitive. Coal and nuclear plants will 
share the base-load and intermediate-load markets, and 
oil- and qas-fired combustion turbines and combined 
cycles will capture the peaking market. 

e At fuel escalation rates hiqher than 12 percent, hyb~id 
plant economics improve relative to combustion turbine 
and combined cycle plants but do not improve. relative to 
coal and nuclear plants. This relationship holds true 
over time .. 

• Economic parameters can be' varied to reflect 
"optimistic" scenarios where hybrid plant economics 
improve relative to conventional plants. 

• At a 15' percent fuel escalation ·rate and· with a 
preassiqned coal/nuclear capacity fraction, all regions 
experience significant market penetration by hybrid 
plants for the peakinq and low-intermediate-load 
markets. It is qreatest iri the Pacific Southern region, 
followed by the south Mountain, South Central, and 
Middle Atlantic reqions. 

• At a 15 percent fuel escalation rate and with an 
unconstrained coai/nuclear capacity fraction, the 
Pacific Southern :r:eqion is the only one showing 
siqnificant market penetration. · . . 

• At a 12 percent fuel escalation rate,·the Pacific 
southern region exhibits the only significant market 
penetration, and even then requires a 10 percent 
reduction l.n the preassiqned coal/nuclear capacity 
fraction. 



It is clear, from these observa.tions, that the market for· the . . " :. 

solar hybrid power plant .~s .hiqhly pependent on the anticipated 

fuel escalation rates and the external constraints placed on coal 

and nuclear plants. These analyses do not consider the effects. 

of competition from other advanced technologies currently under 

development. It must also be emphasized that the market anaiysis 

is conservative. Fo.r example, the cost estima,tes wez::e based on·a 
·" f 

first-of-a-kind installation:-~.A~though difficult to quantify, 

the construction of subseque.nt plants. should .. reaiize cost savings 

from e~perience and from ma~s pr~duction of_key components, such 

il.:J the hclioGtat. In addition, the ace:umption of .. zero retirement 

rate of existinq installed capacity in the utility svstems is 

conocrvativc.. There wi.~~ obviously be some deqree of ret~rement, 

and this should favoraoly affect the market penetration. These 

purely economic conclusions may also be influenced.by provisions 
' ' ·,.. . 

of the National Enerqy Act· of 1978, which is expected to 

accelerate the commercialization of solar power • 

.. t. 



section 3 

PARAMETRIC ANALYSES 

3. 1 INTRODUCTION· 

Parametric analyses were conducted for the collector subsystem, 
' 

receiver subsystem, and ~lectric power generation subsystem 

(EPGS). The collector subsvs~em studies, for the selection of 

field layout and tower heiqht, 'were conducted relatively 

independently. The receiver subsv·st~m studies and EPGS studies 
: . . ., . . 

were inteqrated because of the siqrtifieant interdependence of 
. . ·' '· . 

these two subsystems. Analysis of th"i/-~nergy storage sul:system 

was not undertaken, since prelimin~ry.studies showed that this 

subsystem was neither technically necessary nor economically 

iustified. Preliminary analysis was conducted on 1) the nonsolar 

subsystem, primarily related to the Erayton cycle comtustor and 

the type of fuel, and 2) the master control subsystem, primarily 

related to the collector subsystem. ~hese subsystems were 

further evaluated during the subsequent conceptual desiqn. 

System-level studies were alsq undertake;,-·-i·ncludinq plant size, 

storaqe capacity, and solar fraction~ These studies are also 
.,._ 

summarized in this sectiotr~-

• •• - ;! ··--:' 

·.. ::r ......... · .··-·.·· . .-·. -~:,.'.~~---:"_::r,:.~ 

The parametric analysis· o-f' the. combirie'd: cycle solar hybrid power 

system was the l~rg~~t::~.i~~:}e~i i:~~f~·i~;:~.~~:~.\he 12-month study. 

The purpose. was to. quantify/~ bot:b~:~~d,~ic;~ly~ ·and. economically, 
.. . . ·.. ~-"'~.:- _.... .:.•- ._.· ...... ~ ;·.:·-.-·:--:::-· .· ~. _-_: -. .. 

-; ,' ', .. 
>.. . ...:-... , .•• 

.. .. .. 



the relationships between plant cost and performance for those 

parameters that siqnificantly impact the selection of the 

preferred system concept. Parameters that have a lesser impact 

on the system were evaluated during the conceptual desiqn. 

Baseline desiqns and cost estimates for the two preconceptual 

reference systems formed the reference points around ~hich the 

sensitivity to chanqes in key parameters were measured. The 

systems. representinq two levels of technology in the use of an 

air-cooled receiver with a combined cycle, are the Strawman and 

the Advanced Strawman systems. ('l'hese are defined in Section 1.) 

After defining the two preconceptual baseline designs, the 

significant parameters to be evaluated and the ranges for 

evaluation were selected. In most cases, three values were 

selected tor analySis, bracketin4 tl!t! LdSt!l.ine value l:oth iltovc 

and below. 

The next step in the analysis was the development of point 

desiqns for the cases to be analyzed~ For ·the receiver, Foster 

Wheeler·developed the point.desiqns sufficiently to eslimate the 

cost and weight of each desiqn. For the EPGSw the Bechtel 

computer proqram ME670A was used to define data for this 

subsystem and also at the system level. 

·Each parametric case was evaluated to ascertain its effect on 

system costs. The economic evaluations were based on equivalent 
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capital costs in 1990 dollars. ~hese cost~ included direct field 

construction cost, indirect field cost and engineering services, 

contingency, and allowance for funds during construction. They 

.also included the cost of fuel consumed over an assumed 30-year 

operating life and other operating costs. 

Based on systems analysis and market potential discussions ~ith 

various ·utilities, a 12 percent taseline fuel escalation rate was 

chosen for the economic evaluations. A 15 percent fuel 

escalation rate was also calculated to check system sensitivity 

to changes in fuel escalation rate. The evaluations are based on 

the preconceptual heliostat cost of $93.42/m2 (installed, 1978) 

and an average daily operation of 12.875 hours, which corresponds 

to a 48 percent capacity factor at a 90 percent availatility. 

3.2 COLLECTOR SUBSYSTEM 

The obiective of the collector parametric stud{es was to identify 

the subsystem of lea'st cost, considering the land, heliostats, 

and field wirinq. Although the receiver tower is not part of the 

collP.r.tor subsystem, 'it~ cost variation·was logically included in 

these parametrics, since the tower height and collector field 

performance are closely ~nterrelated. In additio~, the 

sensitivity of the subsystem costs to.variations in field 

configuration. field pe~formance, and unit costs of the 

components .was also analyzed .• 



Durinq the parametric studies~· two basic colle~tor f.iel.d layouts 
.. 

were .·considered: 

•· An elliptical field with a south offset receiver to~er 

• A north field 

Initially. the study of a circular field with south offset 

receiver tower was also planned, l:ut this study ~as al:andoned .in 

fnvor of a comparative evaluation of two different heliostat 

sizes. 

The preconceptual reference plants of· 100 MWe capacity require a 

solar contril.ution of 56. 3. and 71.9 MWe for the Strawman and 

Advanced Strawman systems, respect.ively. With nominal field and 

EPGS performance efficiencies, this. requires collector fields· 

c<~.pahl.e of intet"ceptinq about 200 to 250 MWt of insolation, 

respectively. seven versions of the basic field confiqurations 

were laid out and tt.eir ctP.ometric ·performances were calc1.1lat.~d 

for th~ solar anqles at Barstow, Calit~rnia. With these fi~ld 

and performance data, normalized costs ·were calculated for a 

ranqe of points in: 

• Field layout 

• Tower heiqht . 

• Heliostat unit cost ::( 

• Land co:::;t 
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The study ·effort· was· ·concluded by determining solar flux data. 

for selected configurations. at the receiver aperture and at the 

absorber surfaces. In addition. the annual enerqy collected was 

also determined from the avai·lable Earstow information. 

3 .. 2. 1 Field Design and Input Oata 

The collector· field desiqns studied in the project evolved from 

reviews of previous OdE-sponsored studies of· central receiver 

solar thermal power systems. Since the elliptical field offered 

a better year-round performance. it was studied extensively. 

although a north field was included for comparison. '!'able 3-1 

defines the seven fields selected for study. 

The six elliptical field designs evolved throuqh the followinq 

path: 

• The "A" fie'fd (Fiqure 3-1) represents the first cut 
approach prepared for the project proposal. The solar­
enerqy-collectinq capacity of 6125 h~liostats. each with 
38.6 m2 reflective area. approximates the requirements 
of the Strawman de'siqn option (nominal 50 percent of the 
plant desiqn power) at noon of the best solar day. The 
field is based on 22 percent packinq factor with a 
rectangular layout. The blockinq and shadinq at the 
desiqn point was assumed to be 1 percent. 

• The "B" and "C" fields represent optimizations of the 
"A" field to reduce the blo.ckinq and shading l:elow 
1 percent durinq the central 6 hours·of any day. 

• The "D" field uses the l:enefits of low blocking and 
shading of the "C" field and was laid out with 6500 
heliostats of 38.6 m2 size. 7he total reflective area 
from these heliostats is at about the midpoint of the 
reflective areas required for the Strawman and Advanced 
Strawman concepts. 7he "C" field was characterized to 
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TABLE 3-1 

COLLECTOR FIELD DESCRIPTIONS 

Field Generic He1iostat Number of Tower Heights Field Size Designator ... Type . (m2) . ' .. Heliostats (m) 

A Elliptical ·Small (38.6) 6125 174, 204 .. 
B Ellipt:tcal Small (38. 6) 6125 * ' . c 

c Elliptical Small (38. 6) 6125 •'180, 226 

D Elliptical Small (3~. 6) 6500 .140, 187, 235 

E Elliptical Large (4.,9) 5121 128, 170, 215 

F North· Lar.g.e (49) . 5121 125, 2iO, 285, 
3~0 

G Elliptical 
(with south· 
sec tor· removed) Large (49) 5121 190 

*Not evaluated. 
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Figure 3-1 LAYOUT OF COLLECTOR FIELD "A" 
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provide all the necessary input for the parametric 
studies with the 38.6 m2 heliostats. 

• The "E" field has 5121 heliostats of 49 m2 which gives 
the same total reflective area as the 11 011 field. This 
configuration was used in the comparison of the 38.6 and 
49 m2.heliostats and for comparison with the north 
field. 

• Finally, the "G" field (Figure 3-2) evolved as a result 
of determining the radiant fluxes for the "E" field,. 
where it became evident that the contribution of the 
south quadrant of the field was so small that .an 
additional receiver configuration.would be required. 
The "G" fl.eld arrangement permits a three-cavity 
receiver, with one common desiqm hP.ing adequate for all 
three cavities. 

AS shown in TdLle 3-1, three receiver tower hei~h~s ~ere 

typically selected for parametric optimization cases. The 

tallest tower has a 73.35° rim angle~ which was found to give the 

optimum .. optical performance. 'Ihe intermediate tower height was 

selected at approxi~ately 5 percent blocking. The shortest tower 

was chosen to be shorter than the intermediate tower ty the 

amount the intermediate tower was shorter than the tallest tower. 

The collector field performance for each tower.height. was 

evaluated by computer, which required the determination of the 

coordinates of the heliostats aml the sun. position as inputs .. 

The code calculates the cosine factors, shading, and tlocking fuL 

each heliostat in the collector· field. 'Ihes~ values are averugcd 

over a vear for 36 sun· positions and, with the inclusion of the 

tower shadow, yield the overall geometric performance efficiency. 

since the atmospheric attenuation does not vary significantly 
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. •. . 
over the ranqe of field dimensions, it was only considered in 

calculations of the annual energy collected. 

3. 2. 2 Field Analysis 

To compare the cost of various solar subsystem configurations, it 

is necessary to normalize the costs for performance variation. 

The collector subsystem and tower costs ~ere analyzed ty use of 

the algorithm: 

= 

where: 
CCN - the normalized collector subsystem cost 

CH = installed cost of heliostats 

CT = tower cost 

CL = land cost 

~ = field wiring. cost 

n = tield efficiency 

The inputs and variations of the terms of the algoritluit we.re 

defined as follows: 

• The heliostat costs (Cn) wP.r,P. derived by calc~latt.ng the 
total reflective area and·multiplyinq the resulting 
.total area by the specific cost of heliostats ($/m2). 
The specific cost was varied over a range of $50 to $200 
per m2. 

• The tower cost (CT) wascalculated from the sandia 
algorithm (Ref. 3-1) for tower cost, modified to include 
the cost of riser and downcomer piping. The receiver 
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weiqht and seismic accelerations.were·held constant for 
all tower heights •. Separate tower cost values were 
determined for each ·assumed tower height.· · . .. . . 

' 
· • The .land cost (CL) was ·initially varied tetween $3000 

and $5000 per acre. but found to have only marginal 
effect on the normalized cost and was·later set at a 
conservative $5000 per acre. 

• The cost of wirinq (Cw) was extrapolated from a previous 
preliminary desiqn study of a 10 MWe central receiver 
pilot plant . (Ref. 3-2). 

• · The fi¢td efficiency (ra) is the· integrated average of 
the qeometric efficiency taken hourly from 6 a.m. to 
6 p.m. for the vear 1976 at Barstow. for times when the 
insolation was above 500 W/m2. 

Figures 3-3 throuqh 3-6.show the results of the parametric 

analyses for heliostat costs of $50 to $200 per m2. ~ese graphs 

indicate that. considerinq the collector subsystem alone, the "E" 

field is ·the most cost-effective. 'Ihe curves also show the 

expected trend that the more expensive the. heliost-ats are, the 

hiqher the receiver tower optimum heiqht. It is also evident 

that the cost of the "G" field is not significantlyhigher than 

the 11 E11 field. This indicates that potential ben~fit:s to the 

overall.system •. suc"J;1 as simplified receiver design attendant to 

the "G" field. could be achieved with minimal cost penalty to the 

collector subsystem. 

Flux profiles were calculated for the 11 E11 field at the following 

time points: 

North quadrant: noon w~nter and summer solstice, 8 and 
10 a.m •• noon. 2 and· ·4 p.m. at equinox 
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West quadrant: 

East quadrant: 

South quadrant: 

noon winter and summer solstice. 8 and 
10 a.m •• noon. 2 and 4 p.m. at equinox 

same as west quadrant at noon of 
solstices. mirror image of ~est receiver 
at equinox.·' · 

noon winter and summer solstices. noon 
equinox 

. :, ... 

The maximum enerqy collected in the south qu~drant at noon. 

summer solstice. is about 32 MWt. which is about 30 percent telow 

the maxima of the east and west quadrants. With s:uch 

differences. it is clear that the south receiver cavity would . . . 

have to have a different design from the east. ~no west quadrants. 

which would mean three separate cavity desiqns in the receiver. 

Attempts to eliminate this undesirable complexity le~ to the 

development of the 11G11 field configuration. which de];·etes the 

south receiver quadrant and redistributes the ineffective south 

field heliostats from a 120° seqment south of the tower. The 

resulting field can achieve an i~prov~d.fiel~ performance 

efficiency. In addition. by orienting the eas~ and west cavities 

22° north of the east-west axis. the maximum fluxes and cavity 
., 

power in the remaining three cavities can be made nearly equal 

and thus they can be of a sinqle desiqn. 

Considerinq these siqni£ icant advantages. the iiGtt field was 

recommended for continuation into the conceptual design task. 

Significant performance characteristics of this field are shown 

in Table 3-2 and Figures 3-7 through 3-12. 
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·TABLE 3-2 ... '' 
;f. I ... 

GEOMETRIC;PERFORMANCE :EFFICIENCY, "G" FIELD 
Tower Height: 190 m (623.4 ft) 

: " l ". '· 
... 

Solar Azimuth Angle, Degrees 
0 +30 +60 +75 +90 +110 

~l .. 
89.5 .8004 .8000 .7997 .7995 .7993 • 7991 

. '·· .. 
Q) 
~- 65 .8309 .a24o .8057 • 7941 .7819 • 7667 ~ 
~ 
< 
~ ... 

. ~ ~ 45 .8346 .8224 .7882 .7661 .7428 . 7137 
+J Q) 
CIS 1-< : ?t :> bO 
Q) Q) 

~0 25 • 707 5 .8010 .7541 .6983 .6392 .6381 
~ 

1-< 
CIS 
~ 
0 15 .4561 .7458 .6993 .6226 .4812 .5630 C/) 

-.:; -'-: 

5 .1584 .,6695 • 5508. .5250 .2192 .5199 
·. ' 

'• ( .. 

~ ..... ' 

' ' 
.. , ; •; 
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3.3 RECEIVER SUBSYSTEM 

'l'he objective of the receiver sutsvstem parametric studies ~as. to 

define the most cost effective and technically suitable sub,system 

for the Strawman and Advanced St~a~lTlan desiqns. The rece~v.~r 

subsystem includes all components nec.essary to abso:rt ,the .. 

incident enerqy from the heliostat field and to i~tro~uce the 

enerqy into the po:wer system... . 'Ihe components include, .,the tower. 

the receiver, and the connecting pipinq. 

The receiver parametric analysis addresoed questions uf cost, 

weiqht, size, surface requirements, materials, thermal efficiency 

(heat losses), air p~~$sure drop, dcoign compltxity, operation 

and control, thermal transients. maintenan.ce, and installation. 

This section summarizes the receiver concepts considered and 

discusses the parametric studies of receiver components. Work on 

the.tower was confined to the economic aspects. 

3. 3. 1 Receiver Concepts 

Receivers selected for the corr.bi~ed cycle hyhrto. power systems 

must be able to operette at hiqh temperatures to maximize the .. ·. : 

solar fraction and to take advantage of the exc~llent. cycle 

efficiencies at eleva·t:ed temperatures. 'the cycle workinq fluid, 

air, has low volumetric heat capacity, and has comparatively low 

heat transfer coefficients. 
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The capabilities of the receiver have a strong imp·act on the 

performance of the solar hybrid power system. In the chosen 

concept, where the receiver arid·the Erayton _cycle ooml:ustor are 

in series, the solar fraction is determined by the ratio of the 

temperature rise across the receiver to the temperature rise ·from 

the compressor outlet to the qas turbine inlet. Thus, ·the ·clo.ser 

the receiver outlet temperature is·to the gas turbine inlet 

.temperature, the higher the achievabie solar· fraction.· 

The peak·receiver outlet temperature is constrained by material 

limitations: 

• Metallic receivers: material properties and 
manufacturing process are tetter understood,. but the 
upper limit of useful metal temperatures is ·about 871C 
(1600F). 

• Ce~amic receivers: much less is known about the 
material properties and manufacturing processes·, but the 
upper limit of useful temperatures is above 1093C 
(2000F). 

A metallic receiver was selected for the Strawman system, since 

metallic receivers should be ready for application in the 

1985-1990 time frame. A ce·ramic receiver was selected for the 

1\dvanced Strawman system, althouqh this· receivei- is l~ss 

developed and would involve ·more R&D; the improved system 

·performance qained at hiqher temperatures make this concept worth 

pursu inq. 
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The metallic receiver concepts considered are: 

• Nickel alloy tube-type receiver advanced by.the Boeing 
Co. (Ref. 3-3) 

• -Heat pipe-receiver,:using nickel-alloy advanced by 
Foster Wheeler Corp./Dynatherm Corp. (Ref. 3-4) 

The ceramic receiver concepts considered are~ 

• GiC tube concept under development for EPRI by Black and 
Veatc·h, Consulting Engineers ·(Ref •. 3~5) ··. · . · : · 

• Bottom-opening ceramic·matrix receiver under development 
bY sanders Associates (Fef. 3-6) 

• Ceramic dome receiver under development by Lincoln 
Laboratories of MIT (Ref. 3-7). 

In addition, an innovative conce~t. using a small particle heat· 

exchanger, is being advanced by the Lawrence Berkeley-Lacoratory 

(Ref. 3-8). This concept is in the early laboratory testing 

staqe and will require extensive development to prove its 

practicality. 

Of the available receiver types, the heat pipe concept-was 

selected for the Strawman system and the tube-type ceramic 

receiver concept was selected. for the Advanced Strawman. system. 

The heat.Pipe receiver was selected tecause: 

• It can accept hiqh solar fluxes of 1 MWt/m2 of projected 
absorber surface resulting in compact, light weiqht 
receivers 
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• It can achieve high heat transfer rates·with low airside 
pressure loss 

• It·has a· small difference between the·peak receiving 
surface and the average air stream temperatures . ~ ' . 

• ·It can be of a modular design. which enhances 
reliability. maintainability. and operating flexibility 

e It is expected to have a low capital cost 

The tube-type ceramic· receiver concept was selected for the 

Advanced Strawman primarily because it is a more conventional 

ceram~c configuration, suitable for the Erayton cycle pressure 

conditions. The .bottom-opening ceramic matrix receiver is not 

suitable for hiqh~pressure air operation and will require an . 

optical ~indow with. high transmissivity and adeq.uate structural 

strength~for direct power cycle air flow. The experimental-scale 

ceramic dome receiver holds promise, but will require further , . ·- . : --~~ . ' 

•u.~..:~'•''·i .;., .. ,· .. •. ~'-'·· .• 

evaluation and development to make it suitable for commercial 

application. 

Each receiver used in the parametric studies has four receiver 

cavities. It is shown in plan view in Figure 3-13. ~he north 
. . 

cavity in the fiqure is larger than the others because.the north 

sector of the collector field delivers a·larger proportion of the 

enerqy. 

Strawman Receiver Concept. A tvJ:ical arrangement of a Stra'\oijman 

heat pip~ receiver cavi tv is sho'-n in Figure 3-14. ·The incident 

solar radiation from the heliostat field enters the. cavity 

throuqh the aperture and impinqes on the heat-absorbing surface 

i. 
~ 
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Figure 3-13 RECEfVER PlAN ARRANGEMENT 
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alonq the back wall of the cavity. ~he back wall is made u~ of a 

number of panels, each confiqured as shown in "Figure 3-15. The 

panels consist of rectanqular air duct~ fitted·with sodium-filled 
' 

heat pipes, inlet. and. outlet plenums.· insulation, and support 

structure. Compresse? air is introduced at the bottom of the 

panels and is qradually heated by thermal cdntact with the heat 

pipe fins as it passes upward to. the outlet .plenum. ·<The 

compressed:air also receives some heat from contact with the 

insulated front wall of the panel. • 1 

.. 
A 0~66 m (26.0 in.) diameter inlet manifold d~~tri~utes the air 

to each pan·el via butterflv contro~: valves located at the bottom 
l ~ :-

inlet: of each panel.. A 0.76 m (30.~0 in.) 'diameter outlet 
. . 

manifold collects the hot-air .leaving the panels. 

A simplified schematic of a typical ·heat 'pipe, i-ndica-ting the 

main functional fea~ures, is shown in Figure 3-16. The heat 

pipes are installed in a trianqular-pitch grid, as shown in 

Figure 3-17. The heat pipes are attach~!] tu Lhe panel walla in 
;.. 

such a wav that they can be removed from the back ot the panel 

for serv.f:cinq or replacement, as shown in Figure 3-18. 
. . ·~ 

·, 

The evaporator surfaces of the heat ti~es protrude from the front 
.. 

panel plate. The purposes o~ this protr..uding section are to: 
.. , 

• Provide enough area to.keep the.radiant flux in the 
evaporator section below desiqn limits 

.. ..... . '· . 
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Figure 3-16 SCHEMATIC OF HEAT PIPE FOR S.TRAWMAN SYSTEM 
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l 1 
AIR FLOW 

Figure 3-17 TYPICAL HEAT PIPE LAYOUT FOR STRAWMAN SYSTEM 
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• Shade t~e front-panel wall area between heat ~ipes from· 
direct exposure to the high solar radiant. flux 

As an additional protection. the panel area between heat pi~s is 

covered wi:th Fiberfrax. a ceramic fiber insulation. toprevent 

overheating of the panel walls. The Fiberfrax is a light, fluffy 

refractorv. fiber made by Carborundum Company and is c·apable' of 

withstanding continuous temperatures up to 1427C (2600F) •. 

Advanced strawman Receiver ConceEt. A schematic view of the 

Advanced Strawman ceramic tube cavity is given in ·Fig.ure 3-19~ · 

The receiver is desiqned to provide: 

• High receiver efficiency by minimizing both conduction 
and reradiation losses 

• Acceptable pressure drat: 

• Maximum tube operating tem~erature of 1316C (2400F) 

• Minimized tensile tube stresses. along with adequate 
means of accommodating differential thermal expansion 

• Air flow proportional to the anticipated ~nergy received 
by each panel. thus reducing the possibility of hot 
spots and subsequent tube failure 

In this·design, the.active heat atsorbing surface is located in 

front of the curved rear wall of the cavities. opposite the· 

cavity aperture. · This surface consists of a single ~ow of 'evenly 

spaced vertical U-tubes through which the compressed air flows as 

it i~ being heated·. Air enters the tul:es via a carton steel 

header beneath the cavity floor •. "Ihe return leg passes through 

the cavity floor and discharges into a common collecting header. 
•., 
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Figure 3-19 CERAMIC RECEIVER SCHEMATIC FOR ADVANCED 
STRAWMAN SYSTEM 
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The headers are located so as to reduce the effects of thermal 

differential-expansion. The vertical tubes are also spaced and 

positioned to minimize the effects of thermal differenti~ls in 

producinq undesirable stresses. 

Adequate selection of two, dimensionless parameters can ensure 

acceptable circumferential thermal tube stresses. The first of 

these parameters, a pitch-to-diameter ratio (S/D), yields optimum 

results at a value of about 3. At values substantially smaller 

than this (i.e. • _tubes closer together) • insufficient flux passes 

between the tubes·. and leaves the rear portions of the tubes 

relatively cold •. thus producinq significant thermal stresses .. 

Sides of the tubes remain colder for values of S/D much greater 

than·3, thereby producinq significant tensile stresses in the 

tubes •. 

The second dimensionless parameter is the ratio of the tube­

center-to-wall distance to the tube outside diameter (0/D). For 

very larqe and small values of this parameter, inadequate heating 

of the rear and side walls of the tubes will occur and high 

stresses result. 

Based on analytical results, S/D and 0/D value~ of 2.66 and 2, 

respectively, .were adopted for the: baseline design. Air flow to 

the u-tubes is proportioned by means of inlet orifices. 
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'· 

The entire cavity interior surface. is lined.with high-temperature 

Fiberfrax insulation. so that h.eat iosses du~ to conduction may 

be kept at or below 2 percen~ of th~ thermal input to ·the air. . . . 

Basic qeometric qata describing the·north and south cavities are 

presented in Table 3-3. The cavity wei9~~·are summarized in 

Table 3-4. 
' ·.· 

_. 

. ' 
3. 3. 2 Receiver Size 

The Strawman and Advanced Strawman receivers add 100.67 MWt and 

150.78 Mwt. respectively •· ·to the air stream.. ot the·. four 

cavities. the north cavitv· receives a'pproximat~ly 34. percent of 

the total power delivered bv the collector .field. The south. 

east. and west cavities 'receive apprpximately 22 ·.percent each. 

Heat ~lux patterns for t;he desiqn-point conditions of equinox · 

noon were used, with appropriate scaling factors. for sizing and 

performance analysis of the receivers. 

strawman Receiver. Because of. the ex.cellent heat~transfer 

performance of the beat ~ioes. this ·r~ceiver is-~apable of 

accommqdating hiqh radiant fluxe.s. '. 'Ihe peak radiant fluxes 
·. 

absorbed by the he~t_pipes were limited to a·conservative 1.0 

MWt/m2 (317.000 Btu/hr-ft2) which resulted in a depth of 7.0 lTI 

(23. 0 ft) for the north cavity and 5.·5 m (18.0 ft) depth for the 

south.·east. and west cavities. 'Ihe north cavity has eleven 

panels. each 1.0 m (3.3 ft) wide by 11.0 m (36.0 ft). high. The 
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. TABLE 3-3 . 

· GEOMETRIC DATA SUMMARY FOR CERAMI:C RECEIVER, ADVANCED STRAWMAN 

Cavity 
Data Item 

North South ~ 

Height (overall), m (ft). 28.1 (92.2) 24.2 (79. 4) 
....... 

Width (overall), m (ft) 25.1 (82.5) 21_.0 (69.0) 

Radius, til (ft) 15.80 (51.8) 12.77 (41. 9) 
. ·~ . 

Aperture -Area, 2 (ft~) 38.6 (415.5) 28.3 (304 .4) m .. 

Working· Area, 2 (ft 2) 64'4 ~ 8 . (6940) 
.. 

·457. 6 (4925) m ,. .. 
: '• 

" 

Tube 0 .D., mm (in.) 110.1 (4.375) 91.4 (3. 6) .. 
' . 

' 
Tube I.D., mm (in • .> 98.5 (3.875) '' 78.7 (3.-1) 

Active- U.,..Tube Length, in (ft) 49.6 .(162.8) 41;8 (137.2) 

' . ' .. . .. 
" 

No. of Panels !i 9 
'' .. 

U-Tubes/Pane1 .4 5 

U-Tube Material SiC SiC .. ·' . -

.-' l •• j 

. ' 
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TABLE 3-4 

WEIGHT DATA SUMMARY FOR CERAMIC RECEIVER, ADVANCED STRAWMAN 
kg (lb) 

Cavity 
Data Item 

North South .. 

SiC Tubes 15,954 (35,172) 10,411 (22,952) 

Fiberfrax Insula.tion 143,461 (316,278) 74,896 (165,117) 

1/4 in. cs Casing 87,678 (193, 297) 60,034 (132, 352) 

Total Mass per Cavity 163,874 (544,747) 145,341 (320, 421) 

Mass per Panel 9,137 (20,143) 6,841 (15, 082) 

Header Weight 

Hot 10,378 (22, 880) . 6,552 (14,445) 

Cold 4,756 (10, 486) 4,007 (8,834) 
I 

Structural Weight 84,921 (187, 218) 47,854 ( 1 05, 500) 

Total Dry Wei~ht 
(4 Cavities) 347,148 (765, 331) 611,261 (1 , 34 7, 600) 
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other cavities have nine panels •. each 1 •.. 0 m .(3.3 ft). wide by 9.0 

m (29.5 ft) hiqh. 

Advanced strawman Receiver. Because of the relative sensitivity 

of the SiC tubes to thermally induced t'ensile stresses. the peak 

tube heat fluxes were limited to 0.2 MWt/m2 (63.500 Btu/hr-ft2) 

in the north cavity and to 0 •. 19 MWt/m2 (58.900 Btu/hr-ft2) in' the 

south. east. and west cavities. These limitations. coupled with 

the maximum tube temperature of'1316C (2400F) and pressure drop 

of 0.1 MPa (15 psi) resulted in a cavity depth of 15.8 m (51. 8 

ft): for the north cavity. and 12.8 m (42.0 ft) for the south. 

east. and west cavities. 

The flux maps of the heat pipe receiver were used as bases for 

the advanced receiver as well. except the values were .ratiod to 

achieve the peak fluxes. This resulted in a north cavity with 11 

panels •. each 2.36 m (7.75 ft) wide and 24.8 m (~1.~ ft) high. 

The south. east. and west cavities have 9 panels. each 2.43 m 

(8.0 ft) wide and 20.9 m (68.6 ft) hiqh. 

. 3. 3. 3 Receiver Materials 

Strawman Receiver. Eight alloys were identified for evaluation 

as potential materials for the heat pipe receivers. Factors 

considered in the evaluation process were cost. welding and 

fabrication characteristics. and availability. Tatles 3-5 and 

3-6 show the characteristics of the candidate alloys. A 
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TABLE 3-5 

EEAT PIPE RECEIVER MA~ERIALS DATA 

Material $/kg Welding* F(lbrication 

Incoloy 800H. 5 .. 48 ; ?air to Goc·c Fair to Good 

I.nconel 600 8. 80 · Good Good· 

Inconel 6Col 8.05, ?air to G-ocd** Fair :to Good 

Inconel 617 14.87 Fair to G-:>od** Fair to Good 

Inconel· 625 11.75 Good ·Fair 

-. 
Haynes 25 

Raynes 188 

Hastelloy X 

51.24 Poor 

43.80 Poor 

13.6 Fair 

Poor; considerable 
wo:rk; hard 

Sa:ne as Haynes :25 

Fair 

Comments 

. 
Us~d for Inconel welding. 

For use in severely- corrosive 
en•1:.ronments. 

Improved over 600; better high temper­
ature proper~ies. 

Improved ove~ 625; very good high-tem­
perature mechanical properties; not 
presently coded at high temperatures; 
high Co .. content. 

Ag:.ng (brittle) at high temperature; 
unacceptable for high-temperatu~e 
cyclic service. • 

High Co content; not available._ in large 
quanti~ies. _ 

Same as Haynes _25 but has less Ca. 

Mo~e expensive and not as good mechan­
ical properties as Inconel 601. 

* 'velding. costs for lncoloy and Inconels are similar; three times higher for Haynes. 
** Caut~on dl!le tc a].uminum con::ent; use proper filler welding product: 
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Material 

Incoloy 800H 

Inconel 600 

Inconel 601 

Inccnei 617 

Inconel 625 

Haynes 25 

Haynes 188 

Hastelloy X 

u.s. Imports 
1972 

-· 

(%) 

TABLE 3-6 

HEAT PIPE RECEIVER MATERIALS COMPOSITION 

'• 

Nickel Chromium Cobalt Molybdenum Aluminum 
(%) (%) (%) (%) (%) 

' .. 
30.0-35.0 19.0-23.0 --- '. --- 0.15-0.60 

. 
' "" 72.0-76.0 14.0-17.0 --- --- ---

58.0-63.0 21.0-25.0, --- --- 1.00-l. 7 

54.0 .. 22.0 12.5. 9.0 1.0 
~ 

61.0 ..• 20.0-23.0 1.0 max 8.0-10.0 .0.40 
. 

10.0 20.0 . 51.0 --- ---
22.0 22.0 63.0 --- ---

52.0 22.0 0.5-2.5 . 9.0 ---
. . 

92 100 98 5.0 95 
.. 

.. •.:. 



preliminary screening eliminated five candidate alloys for the 

following reasons: 

Haynes 25 and 188 have ~oar fabrication and welding 
characteristics, and hiqh costs. Their high cota~t , 
content makes them undesirable because of the current 
shortage of'cobalt, which limits their availability in 
larqe quantities. 

~ Hastelloy X and Inconel 600 are more expensive and their 
mechanical properties are not as good as Inconel 601. 

o Inconel 625 age-hardens and becomes brittle at high 
temperatures. Therefore, it is unacceptable for high­
temperature cvclinq service. 

To assist in further analysis of the remaining alloys, the 

maximum allowable stresses were assessed and preliminary panel 

cost and weiqhts estimated (see ~able 3-7). Finally, total panel 

costs (labor and materiai) and tower cost differentials.were 

estimated for Incoloy 800H and Inconel 617. The results show 

that the additional material cost of Inconel 617 was more than 

balanced by lower labor costs. Considering all aspects, Inconel 

6~7 was selected as the material for the panel. 

Costs miqht be red~ced by.usinq Inconel 617 only in the high­

temperat~re portion of the panel and a less expensive material in 

the lower-temperature portions of the panel. 

Advanced Strawman Receiver. Silicon carbide (SiC) was selected 

as the tube mat:erial in the Advanced Strawman receiver. A survey 

of candidate materials indicated that this material could provid~ 
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TABLE 3-7 

HEAT.PIPE RECEIVER MATERIALS EV~LUATION 

Item Incoloy 800H In~onel 601 Inconel 617 

Allowable Stress, MPa (psi)* 

At 760C (1400F) 24.8 (3600) 19.3 (2800) 48.3 (7000) 

At 816C. (1500F) 17.2 (2500) 13.1 (1900) 37.2 . (5400) 

At 871C (1600F) 11.0 (1600) 8.3 (1200) 18.6 (2700) 

Material Required, kg (lb) 3500 (7700) 3818 (8400) 2045 (4500) 

$/Panel 22,250 30,800 30,300 

Properties Documentation Very Good Good Fair to Poor 

ASME Code Sections III Section VIII None 
and VIII 

Potential for Higher Design 
Temperatures Poor Poor Fair to Good 

* At temperatures in the creep range, the maximum allowable stress is 
the lowest of the following: 

100 percent of the average stress· for ·a creep rate of 0.-1 per·cent 
per 1000 hours. 

67 percent of the average stress for rupture at the end of 100,000 hours. 

80 percent of the minimum stress for rupture at the end of 100,000 hours. 
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adequate service life at ·the desired high-temperature operation. 

Limitations of this material typical for ceramics include: 

i 

• susceptability ·to brittle fracture 

• Inability ·-to s'ustain hiqh tensfie stresses 

• .. Availability. in shbrt tul:e lengths only, ne-cessitating 
numerous tube-to-tube j9ints 

• Relatively ·un:kno'wn resistance· to a ther-mally_cycling 
environment 

The most serious of the above limitations is the necessity for 
. , ., 

exposing numerous. ·tube-to-tube joints to solar racUat-. i em (h.u·inry 
. . . ' 

receiver operation. The tube joint integrity has yet to be 

proven experimentally for cyclic operation. And the cost of 

makinq these tube joints could approach 20 percent of the total 

receiver costs. Due to the virtual absence of data concerning 

the specific procedure to be followed in constructing these 

joints, the estimated receiver costs are subject to significant 

variation. 

3. 3. q Receiver Thermal Perfcrmance Analysis 

The thermal and hydraulic performance of the Strawman and 

Advanced Strawman receivers was analyzed to permit a ratio~al 

assessment of sizes, weiqhts. and costs for parametric analysis. 

Table 3-8 shows the parametric cases studied for the receiver 

subsystem. The receiver parametrics were incorporated into the 

EPGS parametrics, becauseof their strong interdependence. Solar 
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TABLE 3-8 

RECEIVER PERFORMANCE PARAMETRIC VALUES 

Re.ceiver Receiver System Pressure· Outlet Receiver Type Drop Temperature Pressure 

kPa (ps~) oc (OF) Ratio 

Strawman Receiver (Heat Pipe) 13.8 {2) 760 (1400) 8 

27.6 (4)* 816 (1500)* 12* 

41.4 (6) 871 (1600) 16 

Advanced Receiver (Ceramic) 69·. 0 (10) 982 (1800) . 8 

103 (15) * :· 1093 (2000)* . 12* 

155 (20) 1204 (2200) 16 
•. 

*Baseline case. 



flux dat·a. inlet air temperature •. and power handling requirements 

were· the basic· input data used in the thermal/hy'draulic studies. 

Strawman Receiver. As the first·step in the analysis of the 

Strawman receiver. the.net heat input into.each receiver panel 

was calculated at heiqht increments of 1m (3.3 ft). tased on the 

solar flux data. Separate matrices ~ere prepared for the north 

and the south cavitie~. (The south cavity also represents the 

east and west cavities.) Table 3-9'sho~s the data matrix for the 

north cavity and is typical of the results obtained. 

From these matrices the net enerqv input into the air along the 

1Pnqth of each panel wac det;ermined. 'Ih.is wd~ the basis for 

determininq the heat transfer duty per heat pipe. Tatles 3-10 

and 3-11 show the matrices of enerqy to air-and-heat-pipe duties 

in the north cavity for the above described grid. 

The air flows in the receiver panels are a.djusted so. that the 

outlet temperature at each panel is 816C (1500F). The resulting 

air flow distribution in the same cavity is shown in Figure 3-20. 
. ' 

The n~arly equal outlet .temperature is d.esirable to keep the 

metal temperature safely below the maximum service temperature of 

the alloy •.. In practice. a coarse flow control ia exercised t:v·. 

s~lectinq appropriate panel depths. Fine control is achieved 

with butterfly valves at the panel inlets. 
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... 
TABLE 3-9 

NET HEAT FLUX INTO PANELS, NORTH RECEIVER, STRAWMAN SYSTEM 

.. : ~·· 

< . ' ~~:::-2£~~ 

11. 0 

10. 0 

9. 0 

8. 0 

·~· 
7. 0 

6. 0 

5. ( 

4. r 

3. ( 

2. ( 

1. ( 

. ( 
TOTALS/ 
PANELS 

PERCENT 

.----
... - ·-

6 5 and 7 

0,1260 0~1209 
IIOSbll, 38 311. 

' 

0,2291 0. 22,12 
72b1'5, 70111.-

·' 
0,"3"713 0 •'3t~t"8 

117&8&. 1111682. 

0,51151 0,5325 
172173. 1&8767. 

·o.7387 0,7189' 
2311120, 2278&1. .. 

0. 8595· 0,8319 
2721131. 2&3&&7~ 

0,88118 0,8&11 
280111111, 272932. 

0,821i5 0,8003 
2&291&. '25 36 51. 

0,&383 o·. b 12~ 
202320. 1911057, 

0,31&8 0,362b 
11911H, :1111932. 

·o.1722· 0,1&59 
51158& • ·52583, 

-
&,01158 5,8531 

. 1 9 I &2&6. 1855170 • 

13.58 13 .I 5 

... Panel No . 

4 and 8 J and 9 

0,110b 0,08b9 
35055. 275111l, ,, 

0,20511 .. 0 ,1b75 
b510"3. '530811, 

.. 
0,3334 0,2702 

105&b7, 85b35. 

0,11803 .0~38117 
··is22111, 1219113·. 

0,&1111& 0~50b4' 
2011323. 1&05011, 

0,7489 0,5728 
·23737·&. 181537. 

0 ;77112 0~59119: 
2115388, 1885118, 

0,7213 O,Sb09 
228&12, ··-177781. 

• 
0,553'8;: ()·,113 53 

175528. 1379&8. 

0,311&0 0,280~ 
109b7.11,·. '88891, 

0,1580 o(t'll22 
50079, 45071. .. 

.. -
5,31b2 II, I 9 I 0 

lb'811992, 1328360, 

I i' ; ~II q. q't 

~---

2 and 10 1 and 11 

0,011711 ·0,0158 
150211. 5008. 

·--

b.1185 0,0529 
37559, 1b777. 

0,189& 0,09&11 
b0095. 305118, 

0,21173 0~1.185 
783711, 37559, 

0,2970 0,11122 
941119, 115071. 

0.3~112 0,1&12 
105918.· 5108·t. 

.. 
o·. 3117 & 0,170& 

110174. 51108&, 

0. 3358 0,1&27 
. !0&1118. 51582, 

,. 

0,2805 0,13113 
88891. 1125&7. 

·O,i!UIS 0.0~118 
&3851. 300118, 

' 0,1074 0,011711 
340511. 150211, .. ..;_ 

2.&250 1.2533 411,5229 
632007. ]q'7255, 111111850, 

5,90 2,82 100,00 
-



TABLE 3-10 

NET POWER TO AIR, NORTH RECEIVER, STRA~1AN SYSTEM 

(Bt~hr) 
Panel No. 

11.0 
6 5 and 7 4 and 8 3 and 9 2 and 10 1 and 11 

0.13110 0,12&& 0,1158 O,Oil10 0,0119& 0,0165 
ll2117 q. 110119. 3& 710. 288llll, 15733, 52111J, 

10.0 

0.2399 0,!316 O,i!!51 0, 1 ·r ~II 0,12111 0,0~5Q 
7b0Q2, 731120, b817b, 559Cl0, 39332, 175&11, 

9.0 

0,3888 0,3789 0,311Ql 0,282Cl 0,11l85 o.tooq 
1232llt, 1200911, 110655, 89&77, &2932. 31Clll0, 

8.0 0 -·~·.• 0 ~V •" A o ''"'~ T~•o' ... .............. =-<-- . -·· 

0,5708 0,557b 0,5030 0,1102Cl 0,258Cl 0,12111 
~ 

-!:. 7.0 
180Cl28. 176733, 15Cl1127, 127f>Cjlj, 82073, H332, 

... _...,._ 

....l w 
~ 
p.. 

0,7735 0,7528 0,6751 0,5303 0,3111 0.1118Cl 
2115171, 23861b, 21H67, 168080, Cl85Cl3, 1171Cllj, 

I>. 6.0 
0 

~ 
0 
f-< 
f-< 
0 

"" 5.0 

o,qoot 0,8711 0,78113 O,SClCl8 · O,JII'Iq 0,1!>88 
2652Cl0, 276113. 2118580, 1Cl0101,, 11 oq 1 1, 5311Cl2, 

--
~ 
0 ..; n,q?llh O,Cl017 0,6107 0,622'1 0,36110 0,1767 
I>. 2q3f,81, 2858111, 25bCl71, 1Cl711QI\, 115375. 5bb38, 
w 
u 4.0 z ;:: 
~ 
0::. 

O,tl6!ll 0,8.580 0,7553 0,SB7ll 0,3516 0,17011 
275321,, ~b5b211. 2HII02, 18b173, 111 u 4 I , ':>11016, 

),Q . ·-----
0,668Q O,bll11 0,57ClCl O,ll558 O,;?Cl37 0,1110!> 

211870, 203217, 183813, 111111180, Cl306&, 11115 7, 7. 
2.0 

0,3911!> 0,3791 0,3&211 0,2Cl37 0,2110 O,oqqJ 
12S077 • 1~0357. 1 \IIA':iO, Cl30tl&. bb it&\). .H ~~~~ • 

1.0 

0,1603 0,1737 0,1&55 0,1118q 0,1125 O,OIIIl& 
57163, 550!>5, 5211113. 1171Cl9, J5b&1, 157 33, 

o.o --·--

TOTALS/ 
PANEL 

&,UII~Il 5,8531 S,llll2 II, 1 q I 0 2,&250 1,253.5 1111,522Cl 
1q1&2&~. 1855170, 1b611ClCl2, 1328360, 632007, JCj72~5. I 111 1 1 8 so, 

rERCENT 13,58 I 3. 15 ' 1 1 , q II Cl,lll S,ClO 2,82 100,00 
·-
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TABLE 3-11 

PO\.JER TBANS'PORTED BY J;NPIVIDUAL HEAT PIPES, 
NORTH RECEIVER, STRAWMAN SYSTEM 

(kW) 

Panel No. 

6 5 and 7 4 and 8 3 and 9 2 and 10 

t,CJ loB t • 'Y l • 4 O,CJ 

3.2 3. 1 2,9 2.3 l • 6 

llo9 q .• 8 11,11 3o5 2,3 

6,9 6,7 b,O 4,8 2,9 

8,5 8,3 7,5 5.8 3,4 

9,3 9. l 8. l 6,2 3,6 

·CJ,e 6,9 8o0 6,2 3o7 

7.8 7 ~·& &,8 5,3 3o3 

5.11 5o2 "·8 3,8 2.b 

2,CJ 2,8 2,7 2,3 l. 7 

O,CJ O,Q Oo8 O,A Oo6 
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As seen in Table 3-12, peak metal temperatures occur in the 

center panel (6) at about two-thirds panel height. The metal 

temperature appears to vary relatively little (about 19C or 33F) 

in the upper half of the panel. It is noted that the variation 

of panel depth is limited by the minimum heat pipe condenser 

section lenqth needed to transfer the collected solar heat. to the 

air stream. This limiting depth is. indicated by a troken line on 

Fiqure 3-21. This fiq~re also indicates the relati~nship between 

the panel depth. and the air pres·sure drop. 

The heat pipe receiver was analyzed for. the parametric cases 

shown in Table 3-13. The weiqht and cost data shown was used as 

input to the tower and EPGS parametric ·analyses. :' (Economic 

parametric results are qiven in lable 3-21 in Subsection 3.6, 

Electric Power Generation Subsystem.) 

Advanced strawman Receiver. For ~erformance analyses, the 

ceramic receiver cavities were divided into panels and zones 

similar to those used ·in the .. desiqn of the heat pipe receiver. 

The heat fluxes in the c~ramic receiver were obtained by 

multiplying the heat pipe·receiver flux values by 0.197 and 

0.185, respectively. This· was necessary to compensate for the 

qreater depth of the ceramic receiver. Asummary of the baseline 

operatinq conditions resulting from these fluxes for·toth the 

north and south cavities is qiven"in latle 3-14 • 
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TABLE 3-12 

PEAK HEAT PIPE METAL TEMPERATURE, EVAJ>ORATION SECTION 
NORTH RECEIVER, STRAWMAN SYSTEM 

(~~) 
Panel No. 

6 5 and 7 4 and 8 3 and 9 2 and 10 1 and 11 

840.8 838.9 838.6 853.3 830.0 822.9 
1545.4 1543.9 1541.6 1535.5 1526.0 1513.2 . 

848.3 647.6 645.4 840.0 834".2 825.1 
1558.9 1557.8 1551.3 1544.1 1535.5 1518.2 

853.5 852.7 848.0 838.8 825.0 813.5 
1568.2 1566.9 1558.4 1541.9 1517.0 1496.3 

··-- -·-·.-
, 

852.0 850.6 842.8 828.4 802.0 783.6 
1565.6 . 1563.0 1549.0 1523.1 1475.6 1442.5 

.. ··-··-···- -· 

834.9 832.2 822.9 802.6 767.7 745.6 
1534.8 1529.9 1.513.2 1.476.R 1413.9 13711.2 

792.8 789.6 780.1 757.0 722.2 697.8 
1459.0 1453.2 1430.2 1394.5 1331.9 1288.1 

7)0,1 n~.7 7l7.6 ' 696.8 fififi. ~. 640,4 
1346.1 1340.0 1323.7 1286.2 1231.1 1184.7 

G49.1 644.9 637.9 621.9 t)O.l.4 .)/.),1 
1200. (~ 1192.8 1180.2 1151.4 1114.!; 1067.3 

.,/· 
··~ ... 

554.0 ·.550. 7 548.2 538.7 531.4 508.5 
1029.2 1023.3 '1018. 7 1001.6 988.5 947.3 

t.F.R,? t./)6.6 1,67. 6 '•6S .tl '•65. 6 448.9 
871,,8 871.9 •. 873.7- 869.7 870.1 040.0 

.. 

406.7 . 406.2 406.5 407.8 408.8 401.7 
764.1 763.2 '763'. 7 . 766.0 767.8 755.1 
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w 
I 

V1 
0'1 

oc 
I 

Outlet Temp .. , : 
: 

OF' 

System Pressure Ratio 

Receiver Pressure D~op, MPa 
psi 

South Receiver Weight* 

North Receiver Weight* 

Total Rec::!iver Weight* 

Cost in Million 
Dollars** 

TABLE 3-13 

STRAWMAN HEAT PIPE RECEI\'ER 
PARAMET~IC CASES 

816 816 316 816 

1500 1500 1500 1500 

8 12 12 

I 
12 

0.028 0.014 o.o=-.4 0. 042 
... 2 4 6 

107.4 138 114.2 l 94.5 

1·58.5 217.5 182.2 I 150.6 

~30.7 631.4 524.8 434.1 

. 
t3.3 16.9 14.0 11.9 

*Weight in tons (2JC•O lb/ton or 907 kg/ton). 
**Delivered but uni~etalled cost~ 

8'16 760 854 

1500 1400 1570 

16 12 12 

0.028 0.028 0.028 
4 4 4 

128.2 87.5 425.1 

204.4 134.5 228.7 

589. o· 397,0 653.8 

15.4 11.0 17.0 



TABLE 3-14 

ADVANCED STRAWMAN RECEIVER OPERATING CONDITIONS 

Parameter 

I 1 T OC (OF) n et emperature, 

Outlet Temperature, 0 c (°F) 

Pressure Ratio 

Inlet Pressure, MPa (psia) 

Outlet Pressure, MPa (psia) 

Air Flow Rate, kg/h (lb/h) 

Max. Air Velocity, m/s (ft/s) 

Cavity 

North 

378 (712) 

1093 (2000) 

12.0 

1.11 (161) 

1. 01 (146) 

233183 (514080) 

79 (259) 

3-57 

South 

378 (712) 

1093 (2000) 

12.0 

1.11 (161) 

1.01 (146) 

150883 (332640) 

80 (262) 



Paramet~ic analyses were perforwed to establish the effects of 

various operating variables on the cost and weight of the 

baseline Advanced Strawman design. ~he variables examined ~ere 

system pressure ratio, ··air outlet temperature, and receiver 

pressure drop. Thei~ effects on the·cavity radius, and thus the 

cavity enclosure surface area, are shown in Figures 3-22 and 

3-23. Throughout .these calculations, the ·maximum allowable tube 

temperature was maintained at 1316C (i400F), regardless of the 

other operatinq conditions. ~h~s assumption was larg~lV· 

responsible for the sharp increase in cavity si~e for the 1204C 

(2200F) .air· outlet .case resulting in substantial weight and cost 

penalties. A summary of the parametric cases is given in 

Table 3-15. 

Aperture Size. The size and configuration of the cavity aperture 

must be selected through an optimization process which balances 

the "spillover" against the radiant and convection losses through 

the aperture. The optimum aperture size i$ that which re$\llt$ in 

the maximum power delivered to the air stream. 

The spillover energy was calculated by integrating that part of 

the focal plane flux which falls outside a given aperture size. 

The· larger the aperture, . the less. ·~nergy will be lost to . . . ·, . ' ..... , 

spillaqe. Conversely, the radiation and convection losses t:ecome 

larger with increasing aperture size. 

~he radia~ion losses have.two cornpon~nts: 
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TABLE 3-15 

ADVANCED STRAWMAN RECEIVER PARAMETRIC CASES 

Outlet Temp., oc 1093 1093 1093 
OF 2000 2000 2000 

Pressure Ratio 8 12 12 
,· 

Pressure Drop, MF'a · .103 .069 .103 
pEi 15 10 15 

Receiver Weight,* 1247.8 1 1341.5 1055.7 

Cost in Million 
Dollars** 19.554 19.513 18.065 

*Weight in tons (2000 lb/ton-or 907 kg/ton). 
**Delivered but uninstalled cost. 

1093 1093 

2000 2000 

12 16 

.138 .103 
20 15 

942.1 953.9 

17.064 17.152 

982 1204 

1800 2200 

12 12 

.103 .103 
15 15 

617.0 1576.4 

12.819 31.021 



• Reflection Losses: These depend on the cavity geometry 
and interior surface reflectivities. For first-cut 
analysis, the reflective losses were assumed to be 
1 percent of the incident energy. 

• Infrared Reradiation:· 'Ihis was calcula·ted for the 
aperture area using the well-known relationship of 
radiant heat transfer. 'Ihe radiating surface effective 
temperature was ass~m~d to be t~e root-m~an-temperature 
of the radiating areas. 'Ihe receiving surfaces were 
assumed to 'i>e at ambient temperature •.. 

' . . -• " " 

The convection losses were calculated from the equa~ion: ,, 

= 
where: 

qc ~ the convection heat lace 
A = the aperture a~ea 
Tw = the average temperature of the cavity· 
TA = the ambient temperature. ~ 
h ~ the ~ffective heat trancfcr coefficient, 

which was correlated from experimental results 
as h = 21.43 + 0.97V, where V denotes the 
wind velocity (dimensions in metric units) 

Finaiiy there is a comparat~VelV minor conductiuu lu::.s Lhrouqh 

the walls of the cavity. This represents less than 10 percent of 

the tot~l losse5a ~ 

Spillage and heat loss calculations were conducted for aperture 
·, .... ~ ' 

diameters up to 15 IT' (39 •. 4 ft) .• · 'Ihe (Uameters were for the 
~ f, "c ·,,. 

circle inscribed within the octagonal aperture configuration. 

FiqnrP. 3-2lJ shows the optimization process, and indicates that 

the optimum is between 6.5 and 7 m (21.4 and 23.1 ft). The 

receiver losses calculated for the design point are tatulated in 

Table 3-16 •. Figure .. 3-25-shows-the .. v~riation of the receiver 
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TABLE 3--16 

.RECEIVER THERMAL LOSSES 

Losses/Assumptions Strawman Advanced 
Receiver Receiver 

Losses, % 

Conduction 0.70 1.83 

Convection 1. 72 2.63 

Radiation 6.10 . 14.94 I 

Total 8.52 19.40 . 
Receiver Efficiency, % 91.50 80.60 

Assumptions 

Wind Velocity, m/s (mph) 6.7 (15) 

Ambient Temperature, oc (oF) 15.5" (60) 

Inlet Air Temperature, oc ·o 
( F) 378 (712.1) 

Outlet Air Temperature, oc (oF) 816 (1500) I 1093 (2000) 
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efficiencies as a function of· the o~eratinq temperature for 

constant airflow operation. Fiqure 3-26 shows the efficiency 

variation as a· function of the percentage of·r~ted po~er 

operations. assuminq constant outlet temperature. 

3. 3. 5 Absorter Panel stress (Life) Analysis 

The receiver panels are subjected to the following ty~es of 

·loadinq conditions: 

• Pressure loads 

• Thermal loads durinq normal operation 

• Pressure and thermal cyclic loads resultinq from diurnal 
startups and stutdowns and from cloud covers 

• Dynamic loads (earthquake, flow-induced vibrations) 

• Dead loads (weiqht, su~~ort reactions, etc.) 

.. 
Initial stress calculations were ~erformed mainly to define wall 

thicknesses for weight estimating and to identify feasibi1ity 

issues. The particular receiver cum!Junents con:Jidcrcd to date in 

the analysis of major loads were: 

• Panel Shell. Only internal ~ressure loads were 
considerea in the deaiqn of the receiver panel walls and 
the two hr.i1rlc. 

• Heat Pipes. · The ends of the heat pipes protrude through 
the receiver shell and are directly.exposed to the solar 
radiation. Therefore, a cyclic thermal analysis of the 
heat pipe::.; was done to deter.mine the allowable radiant 
fluxes. ·only the cyclic :thermal loads were considered 
in the-analysis. A total of 13,000 ~vcles.were used, 
corresponding to a 30-vear life. The·effects of cloud 
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covers and pressure loadinq on fatigue life were not 
considered .. 

• Headers. Onlv internal pressure loads ~ere considered. 
Reade-r-thicknesses were ·based on primary hoop stress . 
resultinq from internal pressure •. Stress concentration 
effec-ts at the connection of the piping to the shell · 
were not considered in the design. 

The various panel components have been evaluated accordinq to 

Section VIII-Division 2 of the ~SME Boiler and Pressure Vessel 

Code. The ideas of Code Case 1592, as. modified for soli:t.r 

applications, were used tor hiqh-t:emperature t;e.tvice. 

3. 3. 6 Receiver Structura~ Supfort Analysis 

The receiver will be supported tv a platform on top of the tower. 

The walls of the cavity will te supported by the platform and 

will carrv the roof periphery load. ~he wall structure ~ill te 

truss work, covered with steel plate and insulated internally.-

The roof of the cavity will be supported by the receiver wall 

support structtit'Q'. The roof dlt;u cuu5isLs of tru3::J wor1t, covered 

with internally insulated steel plates. 

Onlv the dead loads were considered in the desiqn of the receiver 

structure for the parametric. st:.udies. Dynamic loads (wind and 

earthauake lodd~) will b~ considered in th~ later design phasQS. 
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3.3.7 Tower Analysi~ 

During the parametric studies. the tower· analysis was confined to 

cost evaluations. To make maximum use of available information. 

the tower costs were estimated from the equation provided by 

Sandia. based on the work of Stearns-Roqer on solar tower design 

(Ref. 3-7). The equation in condensed form is: 

$TOTAL = $TOWER + ~FOUNDA~ION + $ACCESSORIES 
· + $ENG & FEE 

= 1 • 2 5 [ ( 0 . 9 6 9 ) + ( 0 . 0 0 0 2 HT ) + ( l. 4 · 1 0- 6 ) MMAX 

+ ( 0 • 6 6 9 • l 0- 6 ) ( HT ) ( HT · MMAX) . O • 4 ] 

The costs·are in millions of 1978 dollars. The tower height, HT, 

is measured in feet and is exclusive of the receiver height. The 

maximum moment, MMAX' due to wind or earthquake, was found to be 

dominated by earthquake. The ·equation for MMAX due to 

earthquake is: 

~AX 

where: 

= [(5.71 • 10-3 ) (}{g)l. 5 (HT)] [wR(536- HT) + 

( 5 . 3 4) ( HT) ( HT - 16 0 >] 

WR = receiver weight in kips 

Xg =peak acceleration, g's 

Calculations of tower heiqht for a qiven receiver power and 

number of heliostats was based on the assumptions of constant rim 

anqle for the heliostat field and scalinq relationships descrited 

in.Appendix c. 
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3. 3. 8 Riser/Downcomer Analvsis 

Piping_gon£_epts.. The compressed air piJ:ing to and from the 

receiver requires careful ·desiqn. 'Ibis is because excessive 
' 

pipinq pressure drop of small pipinq reduces the efficiency of 

the EPGS, and. larqe~diameter .pipinq·associated with low-pressure 

losses increases the complexity of the ~ipinq and receiver tower 

desiqn~ In addition, the receiver outlet temperatures in the 
. . 

8.16-1093C (1500-2000F) ranqe require:attention to insulation and 

pipinq flexiDilitv. 

Tqermal expansion flexibilitv.in the strawman riser was 

accomplisl:ed by l,lsinq a concept similar:to a helical coil spring. 

Hor~zOI1tal expansion loops· absorb the exoansion, as shown in 

Fiqure 3-27 ~or the riser. This arrangement has the advantage·of 

maximizing the number of bendirtq leqs per I:Jii:Jin.q elbow. The 

loops were sized to be supported.from the inside of the main 

structural columns of t,he tower~ 

.. 
The riser pipe preconceptual desiqn was bas~d on a·temperature 

rise from ambient to 427C (800F) and a ben'dinq stress limit of 

69 ~Pa {10, 000 psi). A 50 '<perd=nt· cold sprinq. was assumed. The 

rolled and welrlP.d ca~bon steel riser pipe is externally insulated 

wi tp 12. 1 em (5 in. l of cal.c.i:um siiicate ·with lag~ing. 
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The Strawman riser has a 1.52 m (60 in.) diameter. The Advanced 

Strawman riser, with a taller to~er but lo~er mass flow, has a 

1.22 m (48.0 in.) diameter. 

The downcomer has a carbon steel pipe as the pressure boundary 

with internal insulation and metal liner. The internal 

insulation with a more flexible thin liner results in less 

thermal expansion of the pressure boundary, since it is at a much 

lower temperature. The allowable stresses are higher, so thinner 

walls can be used and local hot spots can be easily detected on 

the bare pipe surface in the event of insulation breakdown. 

The downcomer steel pipe of the Stra~man design has a diameter of 

1. 83 m (72 in) • · The diameter of the flow channel in this design 

is approximately 1.44 m (57 in.). ~he Advanced Strawman baseline 

desiqn also has the same steel pipe diameter, but the flow 

channel diameter is 1.35 m (53 in.). 

Economic Evaluation of Piping Pressure Drop. The parametric 

evaluation of the economics of piping pressure drop included the 

considerations of losses in plant performance due to h1creased 

compressor horsepower, req~ired by higher losses, and the savings 

accrued from reduced pipe sizes. 

In the Strawman concept, as shown in Figure 3-28, the capital 

cost is lowest at a pressure drop of approximdtely 48.3 kPa 

(7 psi). But the additional cost of fuel consumed with 
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increasing pressure losses causes the total cost to be lowest at 

41.4 kPa (6 psi). 

Altpough a similar detailed analysis was -not done for the 

Advanced St~awman, conclusions drawn from the trends evident-in 

the Strawman analysis indicate that a pressure drop of tetween 

13.8 kPa (2 psi) and 34. 5 kPa (5 psi) yields the lowest total 

cost. This is consistent with the higher ratio of receiver cost 

to riser/downcomer cost compare~ to the Strawman. · 

Receiver Bypass Analysis. The primary modes of operation 

investigated for the recejver were constant air flow and constant 

receiver outlet temperature. 

At off-design conditions, the constant air flowmode·results in 

receiver outlet temperatures· below th~,· de~iqn point outlet 

temperature, and hence lower receiver thermal losses. The 
• receiver loop pressure drop, however, remains constant for this 

mode. The constant ·receiver outlet temperature mode utilizes a 

bypass control valve at the base of the rec.eiver tower to bypass 

air directly to the combustor inlet to maintain constant receiver 

outlet temperature. This results in a lower overall pressure . 
drop and a co~respondinq cvcle heat rate reduction. However, for 

this mode, ·the receiver losses remain high throughout the day. 

Computer runs were made to determine cycle efficiencies over a 

range of solar input levels throuqhout the·. day for both· the 
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constant air flow and.constant temperature modes. The results of 

these runs together with the recei~er efficiency.curves were used 

to determine. the.change in fuel consmnption as ~ fW'lction of 

solar power to the receiver. Table 3-17 shows that the constant 

temperature case requires more fuel over at least 80 percent of 

the operating day~ .The bypass control valve and. the associated 

instrumentation for the constant temperature represents 

additional capital expenditure. The constant air flow case is 

also beneficial for thermal cycling. T~e receiver temperature 

would increase and decrease daily at a relatively slow rate 

compared to constant outlet temperature operation, which would 

involve a rapid temperature increase in the morning and a similar 

rapid temperature decline in the evening. 

In view of the above considerations, the constant air flow case 

was selected as the most cost effective mode of operation for the 

receiver. 

3. 3. 9 Pumps, Piping, and Valve Analysis 

The riser and downcomer pipinq, described in Subsection 3.3~8, 

are the major pipinq items in the conce~t. The only pump 

associated with the receiver is the Erayton cycle compressor. It 

is treated as part of the EPGS in Section 3.6. 
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Mode 

Constant Air 
Flow 

Constant 
Temperature 

TABLE 3-17 

CONSTANT AIR FLOW VERSUS 
.CONSTANT RECEIVER OUTLET TEMPERATURE. 

Percent 
Rated Solar Power Receiver Heat 

to Receiver Efficiency Rate 
(%) {%) (Btu/kWh) . 

' ' 

100 91.5 7853 

80 91.5 7920 

60 91.5 7977 

40 90.0 8040 

20 83.5 8105 

100 91.5. 7853 

80 90.0 7868 

60 87 .. 'i 7890 

40 82.9 7930 

20 68.5 7982 

Rated Fossil 
Fuel Flow 

(%) 

100.00 

127.7 2 

155.15 

183.60 

212.52 

100.00 

127.89 

155.57 

183.77 

212.88 

>~Diffe·rential expressed as percentage of rated fossil fuel flows. 
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Change in 
Fossil 

Fuel Flow* 
(%) 

Base 

Base 

Base 

Ba~l:! 

Base 

6 
+0.17 

+0.42 

+0.17 

+0.36 



3.3.10 Heat Exchanger Analysis 

The heat recovery steam geile'rator and cooling towers are 

discussed in Section 3.6 with the EPGS. There are no other heat .. . 

exchangers in the combined cycle hytrid system. 

3. 3. 11 Receiver Outlet Temperature Analysis 

The receiver outlet temperature and the solar fraction are 

closely interrelated. The results of economic analyses show an 

advantage with lower receiver outlet temperature, and hence, 

lower solar fraction. This is true for both the Strawman and 

Advanced Strawman systems at a 12 percent fuel escalation rate, 

~s shown in Figures 3-29 and 3-30. However, this conclusion is 

very sensitive to economic parameters. In the Strawman system 

with a 15 percent fuel escalation rate, there is an economic 

advantage with a higher receiver outlet temperature, keeping 

within technical limits. Subsequent evaluations with low cost 

heliostats confirmed this conclusion. In the Advanced Strawman 

system, the 15 percent fuel escalation rate did not reverse the 

conclusions. 

3. 3. 12 Receiver Pressure DroF Analysis 

Based on the parametric case input from the receiver designer on 

ehe coat effects of receiver ~ressure drop, a tradeoff study was 
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... {. .. 

done to determine the optimum ~ressure drop, consistent with the 

overall system. 

For the Strawman, receiver pressure drops of 13.8 kPa (2 psi) and 

41.4 kPa (6 psi) were evaluated; ·and compared to.the taseline. 

As shown in Fiqure 3-31, no· economic. optimum occurs in the range 

examined. However, the upper limit for reasons of heat transfer 

requirements is 41.4 kPa (6 psi). 

For the Advanced Strawman, the same'approach was used and at a 

pressure ratio of 12:1, ah optimum pressure drop was found tote 

75.0 kPa (11 psi). This can te seen in.Fiqure 3-32. For the 
. . ~ ·~ ' . ,. 

:•, •:,. ,,• ..,r{.'· I•" 

hiqher pressure ratios, which are more economical for the 

Advanced Strawman, an optimum pressure drop of 103.4 kPa (1!:i psi) 

was determined, based on analoqous trends in the Stra~man 

parametrics. 

3. 4 ENERGY STORAGE SUBSYS~EM 

Based on system-level studies of storaqe capacity (descrited in 

Subsection 4.3.3), it was concluded that enerqy storage for the 

combined cycle solar hybrid plant is technically not required and 

econbmically not iustified. Consequently, there were no 

parametric studies conducted to support ~ny energy storage 
• * 

sutsystem choices. 
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3.5 NONSOLAR SUBSYSTEM 

In the combined cycle enerqy conversion system concept, the main 

component of the nonsolar subsystem is the Brayton cycle 

combustor, which is an inteqral component of the EPGS. The other 

major components for the liquid or qas fuels are the fuel storage 

and transfer equipment, which do not warrant separate treatment 

as a plant subsystem. 

The combustor, which converts the chemical energy in the fuel to 

thermal enerqv, is closely coupled to the gas turbine casing and 

is qenerally supplied with the qas turl:inea The coml:ustor~ in 

this solar hybrid application, is subjected to service conditions 

that are siqnficantly different from conventional gas turbine 

installations. Consequently, they require special treatment. 

This section presents the required background material on gas 

turbine combustor technoloqy as a basis for discussinq 

alternatives for combustor arranqement and fuel types. 

3. 5. 1 Nonsolar Subsystem Concepts 

Conventional Gas Turbine Combustcr Design. 'Ihe combustor is a 

direct-fired air heater that operates in the range of 200 to 250 

percent excess air for conventional fuels. A schematic diagram 

of a typical conventional combustor is shown in Figure 3-33. 

Typically, the combustor is a cylindrical can with a perforated 

metal liner within which the chemical reaction takes place. 
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In the primary zone, fuel is wixed and burned with a ~ortion of 

the air. Film air coolinq protects the liner from overheating. 

The remainder of the air is added in· the dilution zone to bring 

the temperature down to turbine inlet conditions. Additional 

coolinq air is directed throuqh small holes to cool the turtine 

nozzles and rotor for hiqh-temperatur~ ~esiqns. To meet lower 

power requirements the fuel flow r.ate is controlled to lower the 

turbine inlet temt:erature, while the; ~ir flow .. remains· essentially 
' . 

constant. 

Combustor Design. Alternatives. 'Iwo significant issues'must be 

considered when usinq a conventional gas turbine combustor for a 

solar hvbrid plant, ·with its series·· arrang~ment o~ solar. receiver 

and combustor. Both issues relate to the higher-than-

conventional air inlet temperatures to the combustor. 

First is the coolinq of the corntustor liner, which is critical to 

the operating life of the combustor. In conventional, close-

coupled qas turbines, the air entering the comtustor is at low 

enouqh temperatures to accomplish the necessary cooling •. 

However, in the hybrid systems with receiver outlet ·temperatures 

of 816 to 1093C (1500 to 2000F), special provisions, such as 

bypass coolinq, are required to cool the metallic combustor 

liner. Alternatively, an uncooled ceramic liner would have to be 

used. It is probable that current development work on ceramic 

liners could be accomplished bv 1990. 
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The second issue is the therm~l.generation of nitrogen oxides 

(NOy) resulting from the increased combustor inlet-temperature. 

In conventional combus.tors, · wate_r and steam are injected along 

with the fuel to control thermal NCy. ~his method is not 

expected to be sufficient to meet the requirements of the hytrid 

desiqn or to meet future, more stringent, emission standards. 

Two alternative methods are under development to reduce the NOx · 

emissions: 

• Lean premixed. combusti.on 

• 'T'hP.r.m~l.ly supported catalvtic combustion 

Both of these have the potential for redueinq ,emissions below the 
-· 

proposed EPA requirements by· controlling the peak comtustor 

temperature, which is the.kev variable in'thermal NOx production. 

Fiqure 3-34 illustrates NCy emission.using these methods in place 

of conventional combustion. 

Lean premixed combustion controls the peak reaction. temperature 

by assurinq that a lean (hlqher than stoichiometric air-to-fuel 

ratio) mixture is introduced into.the combustion chamber. This 

results in a lower peak temperature than with conventional 

combustion, but premixiriq the fuel ~ith hot· air·introduces the 

potential tor·autoiqnition durinq the mixing process. This 

aspect needs further development to meet the 'operational 

requirement of commercial qas turtines. 

3-86 



·: ,: 

..... 

LEAN PREMIX COMBU.STION, . 

~ 
< w 
a:_ 
1-u. 

·CI) 0 

z-

2204 
(4000) 

!:!~ 
t;w 
~ ~ 1093 
-~ ~ . ' (200,0) 
Oa: 
t.lw 

. ~ ~ 538 . < w (1000) 
a:l-
w 
> < 0 

COMBUSTOR 
INLET 

,· 

'' 

:. :.;. 

. ·.· . ; 
. ... 

SIGNIFICANT NOx FORMATION 
. ' ' . 

CONVENTIONAL COMBUSTION 

CATALYTICALLY SUPPORTED COMBUSTION 

AXIAL DISTANCE ---+-

. . :~ 

f. 

. . 

COMBUSTOR 
OUTLET 

Figure 3-34 COMBUSTION SYSTEM TEMPERATURE HISTORY 
0 • 

. . 

. ~ . ... .. . . , . 

.. 

.• '!~' ~· • ~ ' 

' • .~ ., r •' 

3.-87 . 

.. 

1 



Hybrid desiqns that combine the conventional and premixed 

processes. as shown schematically in Figure 3-35. are teinq 

evaluated as a compromise bet~een emission control and 

operability. 

The catalytic combustor could minimize thermal NOx emissions. 

This method. which uses a noble metal catalyst on a ceramic 

honeycomb substrate. accomplishes the combustion at temperatures 

below the threshold for NCy formation. ~he process is 

characterized by the lack of flame and a very even exhaust 

temperature. It also may be suitable for a ~ide range of fuclo, 

although the effects of ash deposition on the catalyst have not 

vet been evaluated. Elevated inlet temperatures pose no protlem 

for the catalytic combustor; in fact. a minimum inlet temperature 

is ~ecessary to achieve hiqh comtustion efficiency. 

westinqhouse, in conjunction with Englehard Industries, has been 

worldnq on the development of a catalytic combustor for 

approximately seven years. Test results are very promising tut. 

further development work is necessary in mechanic.al desiqn and 

operational characteristics. In westinghouse's opinion, this 

tvpe of unit can be available in the 1990 time frame. 

Series vs. Parallel Combustion Arrangement. The choice tet~een a 

parallel and series combustor arranqement has a potential impact 

on the solar fraction achievable in the combined cycle lJyb: iu 

system. The preconceptual designs ~ere based on a series 
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arrangement of the solar. receiver and combustor. During 

parametric analvsis. this was further evaluated. Factors which 

influence the choice of arrangement·· are: 

• The relative temperatures of receiver outlet and turbine 
inlet 

• Combustor development requirements 

• Achievable solar fractions 

The peak outlet temperature possitle with mPt~llic receivcrc io 

approximately 843C (1550F). Combined cycles with such a lo~ gas 

turbine inlet temperature have cycle efficiencies below that for 

modern steam Rankine cycles. ~o be competitive it is desiratle 

to use qas turbine inlet temperatures approaching 1093C (2000F). 

Until the ceramic receivers become available. the only way to 

achieve such temperatures is throuqh raising the temperature of 

Llle Lt!celver ou1:let a.1.r in combustors. placed in series with the 

receiver. 

Analysis shows that with metallic receiv~rs in a ~arallel 

arrangement. even using an optimistic value of 1649C (1000F) as 

the maximum combustor outlet temperature. a significant portion 

of the Brayton cycle air flow must bypass the solar receiver. 

With the reduced receiver air flow. thi.s would actually rr.~ult in 

a lower solar fraction for the same receiver outlet temperature 

and turbine inlet temperature. 
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. . 
The assumption that the parallel arrangement would permit·the use 

of a conventional ··combustor is not justifiable,- since the· 

present-day-commercial combustors themselves are not expected to 

meet the emissions regulations in '1990. Thus, development is 

required for either the paral~el or series arrangement. And it 

'· 
seems appropriate to focus on· the series arrangement, since it 

gives a better utilization of·solar energy for the same type of 

solar receiver. It is also appropriate to focus on the catalytic 

combustor, as recommended by Westinghouse, because it is the most 

compatible with a series arrangement and shows a potential for 

the lowest emissions of the improved comt:ustor concepts currently 

under development. 

3. 5. 2 Nonsolar Subsystem Size 

The sizing of the nonsolar (fossil-fired) generating capacity is 

straightforward. It does,.ho~ever, require an understanding of 

the daily operational characteristics of the combined cycle solar 

hybrid system. 

Daily Operational Characteristics. ~he design point for the 

solar system is 950 W/m2 insolation at noon of the best day for 
-

the heliostat geometric efficiency. This sets the maximum 

(design point) so~ar fraction for the Stra~an plant at O. 563. 

The three operational modes necessary to describe the normal 

daily operation of this plant are: 
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• Hvbr.id mod.e (desiqn point) 

• Short-term fossil mode 

• Lonq-term fossil mode 

Fiqure 3-36 shows the daily variation of heat rate and solar 

fraction for the Strawman system durinq these operating mo.des. 

The hybrid mode represents the max~mum solar input and has the 

best heat rate due.to a minimum of combustion losses. In the 

short-term fossil mode. when the solar. input is lost temporarily. 

all the air continues to flow throuqh the solar receiver. but 

there is no solar heat input. 1he long~term fossil mode is 

similar to short-term fossil mode •. e~6ept the solar.receiver and 

the tower pipinq are bypassed to reduce the pressure loss tetween 

the compressor and the turbine to a nominal 3.45 kPa (0.5 psi). 

If the load demand for the plant is reduced l::>v the utili tv system 

dispatcher. operation at part load is achieved tv reducing the 

fossil fuel input and lowerinq the turbine inlet temperature. 

The resultinq decrease i~ the turtine exhaust temperature 

decreases both pressure and temperature in the steam cycle. This 

part-load opera~inq mode can minimize the fossil enerqy input 

while increasing the solar fraction to a value greater than the 

desiqn point at reduced plant output. ~he allowatle turndo~n 

ratio on the fuel system is the only major limit on the reduction 

of fossil input at part load. ~his ~ill be studied further in 

conceptual desiqn. 
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Design Point For Nonsolar· Subsystem Sizing. Due to the 

op~rational charcteristid; discus.sed abov~;. the nonsolar 

subsystem must. be capable of· supplying ·100 p·ercent rated po-.,ver in 
; ' 

the short-term fossil operatinq mode, since this represents the ~ 

maximum demand. The nonsolar qeneratinq capacity decision 

affects mainly the combustor and fuel storaqe provisions. 

3. 5. 3 Nonsolar 'Subsystem· Materials 

'·. 

No significant materials-related problems have been identified· 

that are unique· to the hybrid system. 'Ihe. qas turbine materials 

technology used for this study is consistent· with the present ... 

state-of-the-art for commercial qas turbines. The type of· fuel' 

can influence the selection of the combustor liner and ·hot ·gas 

path components. But no evaluation of mate.rials ~as ·attempted'· 

durinq the parametric analysis, since they play no major role in 

selectinq t'he preferred system. 

3. 5. 4 Fuels Selection 

1'he gas turbines·· considered for th~ hybrid system concept are the 

same as in conventional c·6mbined cycle ·plants and generally use 

the same type~ of fuel. 

identifying suitable candidates and ··selecting' the reference fuel, 
~ < •• 

after evaluating technical and ecoriomic factors •. Although the 

evalautions described in this section show that the No. 2 

distillate fuel oil is 'the preferred' choice~ the National Energy 
'· -
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... 

Act of 1978 may ~equire -that ~Qml:ip~d cycle hybrid_pl~nts be 

fueled with coal-derived qases·: or .·oil~, o~ tbat ·I?OE approval l:e 

obtained to burn natural qas or petroleum d~stillates. The 
·' ·'\ .... . 

impact of 'the act wil_l be further evaluat~d' in·. light of the 
·~ .. . 

implementiriq requlations, which are.cur~entlv being formulated. 
' . 

. t ' . 
Fuels Suital:le for Gas Turbines. Gas turbine combustors directly 

mix fuel a~d air.in the combustion process,·and the hot 
-. 

combustion products are then expanded through the turl:ine. This 

makes it necessary to turn relatively clean fuels to meet . 

emission requirements and to prevent erosion and corrosion of the . .,, . 

turbine blade~. In addition, require~ents for. fuel handling, 
. • i 

injection, and rapid mix'inq al~o imp~ct. the use of .certain fuels 
' . 

for qas turbines. The candidate fuels ~onsidered and their 

relevant characteristics are: · ·'· 

• Natural Gas. This- is an ideal fuel for gas turl:ine 
power plants. -It is delivered ·to the plant by pipeline 
from an offsite ·source. In the-continental u.s. it is 
qenerally clean, ·so.no special treatment is required. 
It is easily• injected and turn.e~ in a combustor, since 
it· readily ll)ixes wit.h air to pr.ovide an ignitable 
mixture with 'rapid ftani'e ·pr~paqation and high 
tempe 'fa ture. . ' · 

• Hydrogen.~· 1'his '.fuel has' simi~ar desirable attributes., 
but its'·availabilitv~ cost, tra,nsportation., "'large-volume 
storaqe, and s~fetv aspects need further development. 

• Distillate . (No. 2)'· Oils. ~hese ·are very com~;:~til:le with 
qas turbine operation· and include 'naphtha, k'erosene, and 
diesel fuel. on-site storage. is·normally required., l:ut 
no preheatinq.is needed. in temperate climates due to 
relatively low viscosity. Distillat-es are essentially 
ash free as refined and conta~n ·iess :than 1 percent 
sulfur, so usually no fuel treatment is required,. 
p:r;ovided adequate care is tak~n· to pr~vent contamination 
during storage and handlinq; ~Atomization and mi~ing 
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wit::hin the combustor is re·latively simple for this type 
of fuel.· 

• Residual and Crude-Oils. ~hese are also readily stored 
on site in tanks and ~um~ed to the turbine combustor. 
Residual and crude oils are very viscous at amtient 
temperatures ·and require heating systems in the tanks 
and on piping to facilitate pumping. Residual and crude 
oils may also need cleaning to reduce alkali metal 
compounds or ash content. ··Alkali compounds can be 
removed by water washinq followed by centrifuging. Ash 
can be removed by electrostatic precipitation, but more 
frequent inspection and cleaning.to remove deposits in 
the hot gas path are needed for ash-bearing fuels. 
Residual and crude oils, even though heated to reduce 
viscosity, require more complex high-pressure, air­
auqmented injectors to ~roperly atomize for comtustion. 
A less viscous, lighter fuel is also required for 
startup. 

• Coal-Derived Gas Fuels. 'these fuels are from conver~ion 
processes, using existing or advanced technologies, and 
are expected to be among the significant turtine fuels 
of the future. 'l'hc qasifioation processes can .te 
designed to use air and steam to produce low-Etu gas at 
about 5600 kJ'/m3 (150 :etu/ft3) heating value, or to unc 
oxygen and steam to ~roduce medium-Btu gas at atout 
11,200 kJ/m3 (300 Btu/ft3). ~hese gases are expected to 
be relativelv clean fuels, suitable for easy injection 
and burning. They would be comparable to natural gas 
fuels from the turbine industry viewpoint. Gas turtines 
can be easily adapted to use either medium- or low-Btu 
qases. Medium-Btu qases can te pipe supplied from 
remote sites. Economics appear to dictate on-site or 
nearby production of the low-Etu gases. 

• Coal-Derived Liquid Fuels. ~hese have characteristics 
similar to residual or crude oils. Their properties are 
a function of the feedstock coal and the conversion 
process. These conversion processe·s are still in 
development and the ~roduct properties are not 
completely established as vet. However, in general 
these liquids tend to have high densities and 
viscosities, wi~h ~he liquids often being near solids at 
ambient temperatures. !hey must be heated and stirred 
during storage. Further heating is required for pumping 
to the turbine combustor. Handling, injection, and 
combustion of coal-derived liquids are expected to 
require system complexities comparable to·· those no~ used 
for petroleum crude oil. 

• Alcohols. These include methanol and ethanol, 
relatively clean-burninq fuels, which are excellent gas 
turbine fuels. Whether derived from coal, biomass, or 
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other sources, alcohols have the potential for low 
emission and low maintenance. Existing gas turtines 
would require minor modifications. However, provisions 
for removal of any alkali metal contaminants will te 
req\Jired. 

• Coal. This will not be feasible for hybrid plants in 
the 1990 time·, frame· for direct combustion in gas turl:ine 

. systems. : Indirect heatinq of compressor discharqe air 
by submerging pipes in a fluidized-bed coal comtustor 
has been the· -fiiubiect ·of several studies. This type of 
coal combus~ion system may p~ovide low emissions, l:ut 

. nonmetallic air 'pipinq development would be necessary 
-··for· a·pplication to turbine iniet temperatures between 

2000 ~nd 2400F.· · · · 
~: .. .. 

. ·._ . '. 

Fuels Chosen for'Evaluation. To-reduce the number of different 

fuels evaluated durinq the parametric analysis, the following 

criteria' were·.appiied _to the ranqe·'of fuels discussed above: 

. ' 

· - • sufficient resource availability (1990-2000) for utility 
applications·, after· impact of the National Energy Act of 
1978 . . . 

• Commercial development status by 1990 

Althouqh natural qas is an ideal fuel for gas turbines, it 
• . .'r 

appears unlikely that it will st~~l. be available for new utility 

applications after '1990 for· a plan·t. ~ith a 30-year life. 

Quantity· production of·hydroqen to fue~ a· number of hybrid plants 

is unlikely by 1990. It is pro.bable, ho~ever, that commercial 

product·ion· of hydroqen will ·'beqin some time during the 30-year 

desiqn life ·of_ a plant' coristructE:!d in 1990. 
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Distillate oils and residual oils are expected to be available 
. . . 

throuqhout the required time frame. However, if there is a 

shortage of petroleum oils, synthetic oils· with approximately the 

same physical characteristics will probatly.be developed. 

Development of coal-derived qas fuels, medium- and low-Btu, is 

well under way. Ease of transportation and greater purity makes 

the medium-Btu qas more desireable as a turbine fuel. ·It is 

expected that the commercial development.of medium-Btu qas will . . . 

precede commercialization of the low-Etu gases -and is likely to 

be available in the 1990 time frame. 

Development of coal-derived liquid fuels, such as solven.·t-refined 

coal and H coal, is currently under way. Commercial quantities 

are expected to be available during the operational life of a 

solar hybrid plant constructed in 1990. 

Alcohol fuels should be available, since alcohol fuels from coal 

or biomass are now beinq_introduced to displace gasoline for 

automotive use. 

Fluidized ped combus-tion of coal for utility builer applications 

may be developed by 1~90, but oucccssful development. in the samP 

time. frame. of tubing to indirectly heat the air to 1093 to 1316C 

(2000 to 2400F) for the qas turbine is doubtful. 
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It is recoqnized that candidate fuels still in the developmental 

phase complicate the evaluation process, since there is no 

reliable data available to support rigorous economic evaluations. 

These considerations -led to the selection of two petroleum-based 

and two coal-based fuels for further evaluation: 

• No. 2 distilla~e oii 

• No. 6 residual oil 

• Coal-derived li'quid (solv.ent-refined coal) 

• Medium-Btu gas ·(Texaco process) 

Evaluation Results. The characteristics· of the four selected 

fuels are qiven in Table 3-18. A summary of the key input 

parameters and the results of the economic evaluations are given 

in Table 3-19. 

Capital cost variations include toth the diff~rences in equipment 

requirements and differences in heat rates characteristic for 

different fuels. The residual ofl and solvent-refined coal 

capital costs are hiqher, primarily tecause of more siqnificant 

fuel handlinq equipmen~·.requirements and costs. The medium-Btu 
. . . 

qas capitpl costs are less thari those for the case case 

distillate oil, primarily because of a reduction in the solar 

system size d.ue to a credit for the pressure energy in the 

medium-Btu qas. 
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TABLE 3-18 
I 

FUEL CHARACTERISTICS 

Parameter Distillate Residual Coal-Derived Medium-Btu 
Oil. (No. 2) Oil (No. 6) Liquid (SRC) Gas (Texaco) 

Fuel Analysis ' ' ,.: .. ; ~-
(wt % for liquid) 
(mole % for gas) 25.52 co2 

c 86.5 85.6 88.41 37.14 co . 
H 12.5 9.7 5.15 32.87 Hz 

N 0.2 1.58 1.84 0. 95 N2 

s 0.8 2.3 0. 78 0.30 H2S 
•) 

0 - 0.42 3. 72 0.01 cos 
f 

Ash - 0.12 o·.1 3.14 CH4 .. ' . 
H20 - 0.28 - 0.09 H2o 

Heating Value (kJ/kg) 8353 7868 6742 1823 
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TABLE ·3-19 

ALTERNATIVE FUELS ANALYSIS 

' 
" 

Distillate Residual Solvent-
Medium-Item Oil on Refined 

(No. 2) (No. 6) Coal 
Btu Gas 

1978 Fuel Price ($/ 106 Btu) 2.35 2.00 3.00 3.50 

Real Esealat i.on Rate (%) 11.61 12.03 10.5 10.5 

Annual O&M Rate (%) 1.0 1.4 1.4 0.7 

Strawman Daytime Average 
Heat Rate (kJ/kW) 8441 8362· 8272 8367 

Strawman Net . Long-Term 
Fossil Heat Rate. (kJ' /kW) 8515 8403. 8269 8417 

Change in Equivalent Base· +. 74 +1.1 +2.5 
Capital Cost (%) 
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.. .. 
Operatinq and maintenance costs we_re \Ja~e~· 9n the dis'tillate oil 

. ... . 

case usinq an annual rate of 1 percent of initial capital cost, 

~scalated at an 8 pei:cerit.annual rate iJ1 accordance with DOE 

quidelines. The O&M. rates for the other fuels were estimates 

usinq maintenance.cost factqrs from a i:ecent.EPRI report 

(Ref. 3~9) and the assumption,.that maint~nance constitutes 

60 percent .of totai O&M c~sts, tased on the Enerqv Conversion 

Alternatives Study. (Ref~ 3~10). 

Fuel prices for distil~ate 'o~l, residual oil, and coal-derived 
. . 

liquid fuel was obtained from.'the DCE Require~e.nts Definition 

document •. The meaiuin:-~tu' qas price estimate is:based on r~cent 
Bechtel studies. The fuel escalation rates are derived from the 

EPRI Technical Assessment Guide· (Fef. 2-1) • 

,. 
The results indicat~ that the.tas~iine-fuel selection of No.2 

distillate oil is the- most.ec<?nomic~l:choic~ at this time. 

3. 5. 5 Nonsolar :·Thermal Pe.rfcr.mance .Analysis. 

The miscellaneous equipment·'associated ~ith the nonsolar 
' • -. '. • }" I, .~ 

subsystem does not diffe~ siqni~icantly from_a conventional 
. . 

combined cycle plarit, .with the. possitle· exception of the daily 
" ' ., 

cyclinq operation. Nonsolar equipment'performance has no 
·. . .. 

significant impact ?n selection of the ~r~ferred system. 
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3. 6 ELECT~IC POWER GENERA'IION SUBSYSTEM ' ~ ' ~ . ' . ,. . . . .. ' 

The el~ctric po~~-r _generation sutsyf?tem· (EPGS) .is used to convert 

thermal enerqy .i,.nput, either foss'il or s'oiar, to electric energy. . •' . {, . '.' .; . .,' . . . . . . 

The nominal EPGS p~oduction c~pacity i.s 100: MWe net. This . . 

production capacity must be at~ainable under both'hybtid and .. : . ' ' 

fossil~only ope~~tinq .modes. 
f. 

3. 6. 1 Combined Cycle overview 

The EP,GS, in a hybrid power system can operate on any of several 

the.rmodynamic p<;>wer cycles. However, the combined cycle concept 
·: ~ ·. .., .. 

has been iqentified. in DOE- an·<:I' ~~RI .... sponsored studies (Refs. 3-4 

and 3-8) as one of the· mo.st· pr.omi~i.ng fossil cycles for this· 

solar application. It, has. a .hiqh thiermal·efficiency and has been 
• I 

shown .'j..n these studies to p~omise a lot~~! busbar cost of 

electricity.. It was therefore .sele~ted .to be. the- EPGS for this 

study. (The basic.combined cycle concept~ as adopteq for Qytrid 

operation, is described in subsect.i,.on· 1.2.2 and. is shown 
:.:.',.:.· ... • .. 

schematically in Fiqure 1.-1.) · 

The.ef~iciencv ~f the combinf7d.cycle is a function of the gas 

tur~ine and the steam ~urbine cycle. effic~encies and the HRSG 

effectiveness. On an ideal basis, it.m~y be expressed as 

follows: 
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E = Et + (Ee) (1 - Et) (Es) c 

where:· 

E = Combined cycle efficiency c 

Et = Topping Brayton (gas turbine) cycle efficiency 

E = HRSG. effectiveness 
e 

Es Bottoming steam turbine cycle efficiency 

For the qas turbine cycle efficiency. Et' the two parameters of 
. . 

significance are the compressor pressure ratio and turtine inlet 

temperature. The sensitivity of the simple. gas tu.r:·bine cycle to 

variations of these parameters is shown in Figure 3-37. The 

curves indicate th~t the efficiency is higher at higher inlet 

temperature, but the incremental qain is declining with 

increasing temperature to a point where negligible gain in 

efficiency results for inlet temperatures above 1316C (2400F). 

Efficiencv is also higher with t.iqher compressor pressure ratios. 

to pt:';:~ks that' nr.r.ur at proqressively higher pressure ratios as 

the qas turbine temperatures increase. 

The equipment size, and hence the cost, is a function of the 

specific power parameter; the hiqher the specific power. the 

lower the cust. Figure 3~38 shows the specific puw~L parameter 

as a function of compi,"essor JJressure ratio and t-.urbine inlet 

temperature. The points of optimum specific power of various 

turbine inlet t·emperatures are also indicated un the graphti. The 

compressor pressure ratio for maximum specific power is shol!Vn to 
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be less than that for maximum efficienGy at a qiven turbine inlet 

temperature. 

For a qiven inlet temperature. t~e gas turbine exhaust 

temperature decreases.with increased pressure ratios. As a 

result. the peak steam turbine cvcle temperature also decreases 

with increasing compressor pressure ratio. with a resultant 

decrease in steam cycle efficiency. E • s Thus the optimum 

efficiencv of the combined cycle is achieved at conditions other 

than the optimum for either the qas or the steam turbine cycle. 

The HRSG is desiqned to recov.er the residual thermal energy from 

the qas turbine exhaust qases and use it to heat and evaporate 
' .,• 

the feedwater and to superheat the steam. The energy recovery 

effectiveness of the HRSG is denoted by the index E • 
e 

The 
·.·. 

practical limit of the effectiveness is set by the minimum 

practical air temperature at the stack. which is between 135 and 

150C (270-300F). 

Another potential limitation to full enerqy recovery is the 

minimum practical approach temperature at the beginning of the 

boilinq process. qenerallv known as the "pinch point temperature 

difference." The effects of this limitation can be seen in · 

Fiqure 3-39. which is the temperature profile of the steam cycle 

alonq with the qas turbine cycle temperature profiles of the 

Strawman and Advanced Strawman concepts. In the case of the 

Advanced Strawman concept. the energy requirements of the. 
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feedwater heating match the energy available from the air stream. 

Thus, the air can be cooled to the optimum l~vel. For the 

Strawman, however,.the enerqv from the air cannot ~e fully 

recovered by feedwater heatinq, due to the pinch point 

temperature difference limits. ~his results in higher cold end 

losses, and consequently a lower HRSG effectiveness~ 

3.·6. 2 EPGS Size 

In combined cycle power systems, the size of the EPGS is governed 

by the size and number of gas tur~ines used. This is ~ecause the 

steam turbine output for an unfired HRSG is directly related to 

the Brayton cycle exhaust enerqy and represents 30 to 40 percent 

of the total plant output. 

Depending on the manufacturer, large industrial single-shaft gas 

turbines are produced in typical sizes of 50 MWe, 75 MWe, and 

100 MWe. For larqer plants, multiple gas turbines are used, 

generally with one HRSG per qas turbine, feedinq a single steam 

turbine. The use of a single larqe steam turbine offers the 

advantages of higher efficiency and the possible use of steam 

reheat. The heat rate of larqer combined cycle plants is 

expected to be lower than that for a 100 MWe plant, and the part­

load heat rate would also be better. For these reasons, the 

optimum plant size is expected to te larger than 100 MWe. for 

conventional combined cycle plants, the optimum ap.pears· to l::e 

approximately 300 to 400 MWe. 
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Nevertheless. in the parametric studies the reference EPGS 

subsystem was assumed to have a net generating capacity of 

100 MWe. which is in accordance ~ith current DOE technical 

guidance. 

. 3. 6. 3 EPGS Cycle Selection 

The parameters chosen for the EPGS subsystem and the selected 

ranges are shown in Table 3:-20. '!he selection of the EPGS cycle 

conditions is the result of a series of individual tradeoff 

studies. 

Results of these analyses are given in 'fables 3-21-and 3-2i. The 

evaluations were based on the prec.onceptua.l heliostat cost of 

$93. 421m2· "(installed. 1978}. and ·an ·average dail'v operation· of 

12.875 hours. which corresponds to a 48 percent capacity factor 

at a 90 percent availability. It should be noted that the cost 

values represent cost increments from the baseline cases due to 

the parametric changes in design and/or operating conditions. 

Compressor Pressure Ratio. Com~ressor ~ressure ratio. which 

determines the peak air pzessure and the power atsorted tv the 

compressor. is a key var~able in qas turbine performance. As it 

was discussed in Subsection 3.6.1. this parameter is alsq closP.ly 

related to qas turbine inl~t temperature. The net power output 

of the qas turbine-generator is determined by the size of the 

equipment and the practical efficiencies that can te achieved for 
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TABLE 3-20 

EPGS PARAMETRIC.VALUES 

Advanced 
Parameter Strawrnan ' Strawrnan 

\ 

' ,' 

Pressure Ratios 8, 12, .16 8, 12, 16 
; 

' > 

Main Stearn Conditions, MPa/C 5~86/454 to 8.62/482 to 
(Psia/F) .12'.4/510 12~4/510 

(850/825 to (1250/900 to 
1'800/950) .. 1800/950) 

Receiver Outlet Temperature, c 760, 815, 870' 982, 1093, 1204 
(F)' .• (1400, 1500, 1600) (1800, 2000, 2200) 

Air SysternbP, kPa 27.6,· 55.2, 82.7 68.9, 103, 138 
(Psi) 

I 
(l{, 8~· 12) (10, 15, 20) 

No. of Fossil Fuel Types . (Liquid & Gas) 4 4 
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TABLE 3-21 

ECONOMIC EVALUATION OF STRAWMAN FARAMETRIC CASES 

I Operating Ccnditions 

j Compressor I Air Systec So.ar Rec't Design 
I Press1. re 1 Pressure Pr~ssure Point Soler 

Ra:io I Drop ,PSI Dr•>p,PSI Fraction 

I t.PTotal* 6~ 

i Total• 

'----

I i 
:•R = 8 8 4 . 593 ! ! 

I 
j ' 8 4 . 593 
' i 
i 8 4 . 59.3 

' I I i 
PR = 12 8 I 4 . 563 

I ! 8 I 4 . 563 

i i 8 I 4 . 563 

~ 
I 

I : PR = 16 8 ! 4 . 530 
' 

I 8 I 
4 • 530 i 

i ' 
PR = 12 ' 4 2 . 563 i 

I 4 3 .563 

! 12 4 . 563 

I ' 12 6 . 563 
I 16 6 . 563 

! 
: 8 2 . 563 
' 

i 8 i 6 . 563 
I 

I ' i 
PR = 12 l 8 ! 4 . 520. 

I i 8 i 4 .!t83 I 
I i I 
i PR = 12 i 8 i 4 .506 
i 

' 8 I ' . ~69 
: I 

I 

i 
8 4 .50-3 

I ' 8 4 . ~65 
' i 

! ' 8 4 PR • 16 • 44t. 
i PR = 8 8 4 . 540 I 
I PR = L! 8 4 . 529 I 
I PR = 16 8 4 . 520 
I 

i PR ·= 12 8 

I 
4 .·551 

; 

I 
8 4 .J83 

I i 

I 
I I 

8 4 .~63 

I I 
8 4 .563 

*To co•vert to k.P.a multipl~ psi values by 6. 8.9 
tTro .. Receiver Outlet ~m~er:tture 

Stear.~ Conditions 
Pressure, Temperature 

PSIG F 

;aoo 950 

;•so 950 

i250 900 

1450 950 

1250 900 

850 825 

I 
1250 885 

850 885 

!450 950 

1450 950 

1450 9•50 

1450 950 

1450 950 

lu5o 
I 

950 

11450 950 

1450 950 

1450 9SO 

lo50 950 

<450 950/950 

;8oo 950 

1800 950/95J 

1800 950 

1450 950 

1450 950 

850 825 

1450 950 

)G50 950 

1'50 950 

1450 950 

I Cost Effect 

Ot\\J'.L _ _j! 1:;. Ca?ital 
Differential 

Equivalent· Capital 
Cost• (1990 Cost Due to Fuel 
$ xl)O) Escalat·ion, 1990$x106 

12% I 15% 

I - 26. 7' -12 .I -26.7 

- 12.7 -R.9 -19.6 

- 7.4 -0.4 -0.9 ; 

- BA'SE BASE BASE 

- -4.9 1.3 2.8 

- -3.6o 3.9 8.6 

' - 1.3. 16.3 ! 35.8 

- -7.5 15.4 33.9 i 

- 15.5 -2.6 ! 5.6 

i - 12.6 -2.5 -5.4 
! - -().9 1.5 3. 3 
! - -11.~ 1.6 3:5 

- -10>. 7 4.3 9.5 

- 1().4 -0.2 -0.3 

- - 7. 2 0.2 : 0.3 

+Tro "" 1570 F 31.5 -18.1 ,. 
-39.7 

Tro -= 1'400 F -43:.E 24. 7' 54.2 
' ' 

E'ired 1-:RSG -So.~ II. 7 25.8 

Jl'ired 1-:RSG -9.5 27.5 ' 60.4 
Reheat 

: 
Firej liRSG 1().4 7. 3 16.0 
Fired IIRSG 6.4 26.7 58.8 

Re'teat 

Ured IIRSG -2.9 30.9 67.8 
lntercooled 42.4 9.1 19.9 
lntercaoled 34.6 15.4 33.9 
Jntercooled 35.5 ·25. 1 : 56.4 ; 

i 
I 

After C:>oled 139.8 -10.6 i ~23.4 
3aO F ! 

F.arallel -67.7 50.6 111.1 
Combust.:>= i 

(2000 .F) I 

I:u.al Press 4.() -19.9 I -43.7 
il~~G 

I 
Cual Pr:ss 7.1 

HRSG Reheat 
-25.6 . ·I -56.2 

Total Differential 
Equivalent Capital 
Costs, 1990Sxlo6 

12% 15% 

14.6 0 

3.8 -6.9 

7.0 6. 5 

BASE BASE ·J 
-3.6 -2 .I 

-4.7 0 

17.6 37 .I 

7. 9 26.4 

12.9 ! 9.9 
: 

10.1 7. 2 

0.6 ! 2.4 

-10.0 ' -8.1 

-6.4 i -1.2 
' 

10.2 10.1 

-7.0 i -6.9 

! 
13.8 -7.8 

-19.1 10.4 
: 

6.4 20.5 

18.0 50.9 

.17. 7 26.4 

33.1 65.2 

28.0 64.9 

51.5 62.3 

50.0 78.5 

61.2 91.9 

129.2 11 L4 

-17.1 43.4 

1-15.9 -39.7 

l-18.5 -49.1 J 
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TABLE 3-22 

ECONOMIC EVALUATION OF ADVANCED STRA\~1AN PARAMETRIC CASES 

,I Operating Conditions 

! I 

!Compressor Air Syste'U Solar ~ec'r Design 
:jPressure Presstlre Pr~ssure Point Solar 

~Ratio Drop,PSI Dnp, PSI Fraction 

'j 
1::>. P Total* ~PTotal*· 

PR=8 15 10 .737 
' ! 15 10 .737 
i 
I 15 10 • 737 

I 
! PR=12 15 10 .719 
; 
! 15 10 .719 i 
i 

! 15 10 .719 

I PR=16 15 10 . 704 
! 

15 10 . 704 

15 10 .704 

PR=12 10 5 .719 

; 10 6 .719 

i 20 10 .719 
: 20 15 .719 
! 

i 
15 5 :?19 
15 13 .719 

! 
I 25 20 .719 

I 
i 'PR=12 15 10 .85.6 
I 
i 15 10 .590 
j 

i 

I PR=8 15 10 I . 737 

i I ' PR"!'12 15 10 .719 
' : 

i PR= 8 ., 15 10 .759 i i 
.. 

j PR=l2 I 15 10 .753 
i 
i 'PR=16 I 15 10 .748 
I i 

PR=I2 I 15 10 .433 
i i 
1 I 

i I 
*To convert to kPa multiply ?Si values by 6.89 
tTro = .Receiver Outlet Temperature 

Steam Conditions 
Pressure, ·Temperature. 

PSIG F 

1800 950 

1450 950 

1250 900 

~BOO 950 

1450 950 

1250 900 

1800 950 

1450 950 

1250 900 

1450 950 

1450 950 

1450 950 

. 1450 950 
; 

1450 950 

. 1450 950 .. , 
1450 950 

~ 

1450 .. 950 

1450 9~0 .. 

1800 950/950 

1450 950/950 

1450 950 

1450 950 

1450 950 

1450 950 

Cost Effect 

Other .C. Capital Difierenpat Equiva ent ap tal 
Cost~1990 
$x10 ) 

Cost Due to Fuel 6 Escalation, 1990 $x10 

12% 15% 

- 51.4 18.2 40.0 

- 38.5 21.2 46.6 

- 38.9 27.8 61.1 

- 12.7 -2.5 -5.5 

- BASE BASE BAS£ 

- -0.7 5.0 10.9 

- 3.7 -11.4 -25.1 

- . -7 .9· -9.0 -19.3 

- -12.5 -4.3 -9.4 

- 11.6 -3.0 -6.6 

- 9.2 -2.9 -6.4 

- -1.6 2.9 6.5 

- -7.9 3.2 7.1 
·~ - 10.0 -0.3 -0.6 

- 1.2 0.3 0.6 

- -10.7 5.8 

ftTro=2200F 116.5 -36.5 -80.2 

Tro=1800F -89.3 34.7 76.4 

Reheat 67.5 12.3 27 .o 

Reheat 11.2 -5.4 -11.4 

~ntercooled 67.6 37.5 82.6 

ntercooled 24.6 16.1 35.4 

• .ntercoolec 11.1 7.9 17.5 

Parallel -109.3 88.4 194.4 
Combustor 

(2400F) 

Total Differential l 
Equivalent Capital 
Costs, 1990$x106 

; 

p~ 
~~ 15% 

69.6 91.4 

I 59.7 85.1 

66.7 100.0 
I 

i 
I 

10.2 7.2 I BASE BASE 

4.3 10.2 

-7.7 -21.4 

-16.9 . -27.7 

-16.8 -21.9 

8.6 5.0 

6·.3 2.8 

1.3 4.9 

-4.7 :.o.8 

9.7 9.4 

1.5 1.8 

-4.9 .• 

.80.0· ·36.3 

-54.6 -12.9 

79.8 94.5 

5.8 -0.2 

105.1 150.2 ' 
40.7 60.0 

19.0 28.6 

-20.9 85.1 



the cycle components. Representative values selected for this 

analysis are: 

• Compressor efficiency = 0.85 

• Combustion efficiency = 0.98 

• Turbine efficiency = o. 90 

• Mechanical efficiency = 0.975 

• Generator efficiency = 0.975 

• Combustor pressure loss fraction = 0.05 

For parametric analysis a base pressure ratio of 12 was selected 

for both .plants. Parametric cases ~ere evaluated for t::ressure 

ratios of 8 and 16. To simplify the analysis of pressure ratio 

as a separate parameter. the same main steam conditions of 

10.1 MPa (1450 psia) and 510C (950F.) ~ere assumed throughout. 

For the Strawman design. the economie optimum pressuL~ Ldliu is 

approximately 12, as shown in Figure 3-40. One would expect that 

the hiqh cost of solar energy_c~llection equipment would drive 

the pressure ratios higher to achieve lower heat rates. Ho~ever. 

tne design complexity and cost penalties of the higher pressures 

in the heat pipe receivers·tend to favor the lower-than-

. thermodynamically-optimum pressure ratio. The solar fraction 

nlso increases with ~ecreasing pressure ratios, because the 

compressor discharge temperature also decreases, allo~ing a 

greater temperature rise in the receiver. 
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The Advanced Strawman favors a ~ressure ratio above 16. as shown 
.. 

in Fiqure 3-41. In addition to tetter performance. the higher 

pressure in the receiver allows hiqher heat transfer rates to the 

air in the receiver tUbes. which lowers both the cost and weiqht 

of the receiver. Although the opti~um appears to te atove the 

ranqe examined •. thE~ totai'cost curve 'in this range is quite flat. 
J 

indicating that little additional-economic gain can be expected 

with pressure ratios above 16:1. '!here are greater uncertainties 

associated with ceramic ·receivers designed for higher pressures •. 

In liqht of these uncertainties. the pressure ratio of 16:1 was ,_ 

SP.lP.r:ted. 

. ' 

Main Steam Pressure and Temperature. The press.ure level at the 

steam turbine throttle is one of the most· sicinifieant parameters .. 

for determining the performance of the s~eam bottoming cycle. 
··. 

Temperature was not studied as an independent parameter. but 

pressure/tem-perature comb.inations 11Were selected for analysi_s that 

are typical of standard ·s.team turbine ~esiqns in the 25 to 50 MWe 

ranqe. 

The pressure ratio is also a siqnificant factor in the selection 

of the.steam conditions. because the qas turbine exhaust (HFSG 

inlet) temperature (T ) is related to the turbine pressure EXH _ 
,:; 

ratio bv the adiabatic expansion equation: 

... · .. 
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where: 
TIN 
PEXH 

PIN 

k , 

= 

= gas turbine .inlet te~perature . 

= reciprocal.of the turbine pressure ratio 

= specific·heat ratio 

Calculated values for the qas turtine exhaust temperatures, based 

on the Strawman and Advanced Strawman gas turbine inlet 

temJ:eratures,· are sf.own in Table 3-23. · 

To extract the· maximum .. heat ,from the qas turbine exhaust, it is 

desirable to minimize the ~RSG qas outlet temperature. The 

technical limit is the acid dewpoint temperature at the end of 

the qas path in the HRSG on t'he metal tube surface. '!his metal 

temperature should be maintained atove 121C (250F) to minimize 

cold end corrosion. A minimum HFSG exhaust temperature of 149C 

(300F) was selected for paramet~ic analysis. 

The pinch point temperature difference is alsq a significant 

factor. (This is discussed in Subsection 3.6.1.) For practical 

desiqns, the minimum pinch point temperatUre difference should 

not be less than 16.7C (30F). '!his consideration was of 

particular significance in the Strawman desiqn~ 

The optimum steam pressure and temJ:erature combination for the 

Strawman with a pressure ratio of 12 is approximately 
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TABLE 3-23 

EXHAUST TEMPERATURE VS. PRESSURE RATIO 

' 

Compressor Exhaust Temperature, C(F) 

Pressure Ratio ,;~_. ' .. 
Strawman Advanced Strawman 

8 614 (1137)· 781 (1438) 
~ . :'I .. ... . ' I '·~ • ~ ' . ·: 

- 1 _ .. 

12 538 (1001) 688 (1270) 
., . ' ·:.-

, . 
.. : ~ .: . 

16 491 (915) 629 (1165) 
" .. 

. ~ . . ~ -

' . 

.... : .. 

• " ... .! . ' ., 

.J 

,; .· 
'3.2119 



6.0 MPa/441C (850 psia/8~5F), as shown in Figure 3-42. This case 

is pinch point limited with an evaporator temperature of 287C 

(549F) and a HRSG qas outlet temperature of 172C (342F). Methods 

for reducinq the qas outlet temperature have been investigated 

and are presented in the followinq discussions on "Supplemental 

Firinq of HRSG" and "Dual-Pressure Steam Cycle". 

For the Advanced Strawman, with the optimum pressure ratio of 16, 

the best combination of pressure and temperature is 

between 10.1 MPa/510C (1450 psia/950F) and 8.7 MPa/482C 

(1250 psia/900F), as shown in Fiqure 3-43. These cases are not 

pinch point limited, since the calculated pinch points are 

between 22 and 28C (40 and 50F). 

S~l~~ntal Firinq of HRSG. A turner system can be added to the 

HRSG to effectively increase the HFSG gas inlet temperature and 

to increase the power output of the steam turbine. The 

advantaqes of supplemental firinq are: 

• It can increase the total power output for the same gas 
turbine 5i7e. 

• The operational flexibility can be increased, especially 
for part-load operation. 

• It can overcome the pinch point limitation in t:hP. HRSG 
with a small amount of supplP.mP.ntai firing. 

The primary disadvantaqe is that. the supplemental heat input is 

utilized at the efficiencv of the tottominq cycle, typically less 
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than 30 percent. Thus, both ·the net heat rate of the overall 

plant and its capital cost are hiqher. 

A ranqe of cases of supplemental firing ~re evaluat.ed for the 

Strawman design including several combinations of steam 

pressure/temperature and the use of a reheat turbine. For the 
. . 

baseline 12 percent fuel escalation rate, none of the cases 

showed any economic advantage. Some economic advantage was 

observed in analyses usinq low~cost heliostats ($68 per m2). It 

should also be noted that this firing of the HRSG also decreases 

the solar fraction. No fired HRSG cases were evaluated for the 

Advanced Strawman (since these cases were not pinch point 

·limited) , . but the above reasoning for the Strawman is generally 

valid for the Advanced Strawman as ~ell. 

Jntercoolinq and Aftercoolinq. Intereoolinq and aftercooling of 

th~ air durinq'the compression process can have advantages in 

some Brayton cycles. Intercoolinq involves cooling the 

com~ressor air at an intermediate compressor stage. With 

intercoolinq the·size of the compressor and the'power consumption 

can be reduced,.yieldinq a larqe qain in specific power. 

Conversely, aftercoolinq is used to reduce the temperature of the 

compressor outlet air. Both of these methods result. in lower 

receiver inlet temperature,. an~ the solar fraction is increased 

for a hybrid plant in relation to the amount by which the 

compressor discharqe·temperature is,reduced. A-higher pressure· 

ratio is generally more favorable to.intercooling. The 
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disadvantage is that, because of the low temperature, the 

extracted energy cannot be practically used in the power cycle. 

The intercoo1.inq cases evaluated use an 'intercooler qas outlet 

temperature of 66C (150F) and a single stage of intercooling. As 

evident from the results shown in Figures 3-44 and 3-45 for the 

Strawman and the Advanced Strawman, intercooling does not offer 

economic advantages in the hybrid plant. (The relative 

~quivalent capital costs are all positive,. indicating that they 

are more expensive than the base case~J 

.. 
Aftercooling of the compressor· discharge does' not impact the 

compressor specific power but does J;roduce heat that is useful to 

· the steam cycle. The Strawman desiqn was evaluated with an 

aftercooler air outlet tempera'ture of 149C (300F) • The heat 

rejected to the aftercooler was used to generate additional 

intermediate-pressure steam for a dual-pressure steam cycle. The 
.. 

aftercooler significantly increased the solar fraction and 

increased the relative output of the steam turbine. Eowever, 

there was a loss in plant performance, since the rejected heat 

was utilized at the bottominq cycle efficiency. 

·SteamTurbine Reheat. Steam turl::ine reheat can improve the 

efficiency of the steam bottoming cvcle and has an economic 

advantage ·in most.steam power plants. However, a survey of 

turbine manufacturers concluded that efficient steam turl::ines 

with reheat are not qenerallv available below about 75 MWe. 
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Several manufacturers stated that they could supply such units, 

but that it would not be a ·standa.rd de~ign. There has been 

little incentive for developinq small reheat turbines, bu't a few 

units of 50 Mwe capacity or less have cbeen built,. and. are · 

operatinq successfully. 

Reheat was evaluated for both the Strawman and the Advanced 

Strawman. For the baseline Strawman, with 1043C (200F) turt:ine 

inlet temperature and unfired HRSG, not enough high~temperature 
. . 

heat is available in'the qas turbine exh~ust for reheat to t:e 

effective. Reheat can be successful!~ applied to the Advanced 

Strawman, since the pinch point does·not interfere. A sliqht 

eco~omic advantaqe was also found ·for· ~he reheat cases evaluated. 

For the purposes of this study, it was concluded that steam 

turbine reheat should be -considered an·.improventent with overall 

plant ratinqs a~ove 200 ~We. 

Dual-Pressure Steam Cycle. A steam cycle which uses two 

evaporators and produces steam.at.two differ~nt pressures for use 

in the steam turbine is one way to extract more energy from ~he· 
,· ' 
·' 

strawman H~SG tl:'· ·circumvent the i1nch· point limitation. This 

cycle arranqenierit has been use.d in' studies involving integrated 

combined cycle/coal qasi.fication plants, which require 

intermediate-pre~sure (IP) process ·steam~ In the approach snown 

in Fiqure 3~46 a small amount of. superheat. is. added to. t_he IP ·. 

steam to match the temperature of the turbine expansion ·line· at 

the IP induction port. The result is· a. double pinch ~oint and a 
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better·match between the gas and water/steam temperature 

profiles. A diagram of this cycle is shown in Figure 3-47. 

Westinghouse studies of combined cycles with dual pressure 

indicated that. in qeneral. the optimum main steam pressure for 

cycles like the Strawman .desiqn was·approximately 6.9 MPa 

(1000 psia); the maximum' attainatle temperature is 

approximately 510C (950F) for a pressure ratio of 12 and using 

a 28C (50F) approach temperature at the HRSG qas inlet. 

subsequent analysis of hiqher·and lower pressures-confirmed that 

this is approximately optimum when ~he net outp.ut for a given 

heat input was used as the'fiqure of m~rit. The optimum IP steam 

pressure is usually betweeri 20 and 25. percent of the main steam 

pressure. accordinq ·to west'inqhouse ·studfes • 

.. -
Preliminary,estimates show that the optimum dual-pressure cycle 

~ .~ . 

will result in a 13 percent increase in steam turtine output over 

the baseline with no increase in the heat input. The calculated 
.. 

net heat rate for the cycle is approximately 7948 kJ/kWh 

(7534 ~u/kWh). correspondinq to a net cycle efficiency of 

approximately 45.3 percent. 

A reheat version of the same dual-~ressure cycle was also 

examined. The discharge from the hiqh-pressure turbine section 

is combined with saturated steam from the IP drum and the mixture 

is"routed throuqh the reheater. A small qain in overall cycle 
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performance was found for this case, with a calculated heat rate 

of 7859 kJ/kWh (7449 Btu/kWh). 

An additional advantaqe of the dual-~ressure steam cycle is the 

ability to r~n at reduced qas turtine inlet temperatures. A 

calculation was made for a turbine inlet temperature of 871C 

(1600F) using a constant HRSG surface area and configuration, and 

decreasinq the main steam temperature and pressure to match the 

steam flows at wide open turbine throttle valves. Under these 

conditions, the net· power output would be 56.5 MWe with a heat 

rate of 9850 kJ/kWh (9340 Btu/kWh). 7he solar fraction with a 

receiver outlet temperature of 816C (1500F) would be 0.89. The 

capability to operate the hybrid plant to run at reduced output 

with hiqh solar fraction siqnificantly adds to the value of solar 

hybrid systems for utility companies. The economic advantage 

achievable for this cycle is sho~n in ~able· 3-21. 

~onclusions. The results of the·~arametric analyses indicate 

that the preferred EPGS arranqement for the 100 MWe Strawman 

plant should have; 

• A pressure ratio of· 12 

• A dual~pressure steam cycle with 6.9 MPa (1000 psia) and 
1.7 MPa (250 psia) with 510C (950F) main steam· 
temperature 

• A total pressure drop of riser/downcomer and receiver 
of 82.7 kPa (12 psi), equally split between receiver and 
pipinq 

• A qas turbine inlet temperature of 1093C (2000F) 
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The preferred EPGS arrangement for the 100 MWe Advanced Strawman 

plant should have: 

• 
• 

• 

• 

3.7 

A pressure ratio of 16 

A single-pressure steam cycle with 8.7 MPa (1450 psig) 
and 510C (950F) main steam 

A total press~re drop of.riser/downcomer and receiver 
of 137.9 kPa (20 psi), of·which 103.4 kPa (15 psi) is 
for the receiver 

A qas turbine inlet temperature of 1316C (2400F) 

MASTER CONTROL 

The purpose of this subsvstem.is to coordinate the operation of 

the other subsystems and to allo~ the plant to respond as a whole 

to external signals such as load demand. The master control 

subsystem is also used for data loqqing and performance trending 

of system parameters. 

Most of the work on the master control subsystem is concerned 

with collector subsystem control, which is identiGal in ~oth the 

Strawman and the Advanced Strawman systems. Due to the 

conceptual level of the desiqns, only general control concepts 

have been evaluated for the receiver sutsystem. 
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3. 7. 1 Master Control Concepts. 

The ma;or considerations for desiqn of the master ·control 

subsystem are: 

• Co~patibility with other subsystem ·controls 

• · Transient· response time requirements 

• Operational flexibility 

• simplicity and reliability 

• Maximum stability 

• Cost effectiveness 

' 
The block diaqram of the baseline preconceptual master control 

subsystem, applicable to both the Stra~man and Advanced Stra~man 

concepts, is shown in Fiqure 3~48. It consists of a hybrid 
' . 

control system, which has an analoq control for the receiver and 

combined cycle portions of the plant. '!his is .consistent with 

current power plant practice and easily compaticle with the 

analoq control circuitry~of the qas turcine. steam turcine, and 

HRSG. A central computer is provided for the collector subsystem 

since it has a d'iqit.al control profile. An interface device is 

needed for analoq-to:.;;diqitai. conversion and an operator's control 

panel is provided. 

Two alternative concepts have been· proposed. The first is a 

larqe computerized centralized processinq unit (CPU) ~hich has 

overall control of the plant and is capable of such functions as 
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automatic startup and load follcwinq. A centralized computer 

system has been proposed by Westinqhous~ on their PACE combined 

cycle plants but utility acceplance 11Vas limited. 

The other approach is to use an cverall digital philosophy tut t~ 

use microprocesso~s dedicated to important control loops ra~her 

than a larqe CPU. This has the advantage of easy coordination• . . . 

maximum reliability, a~d low cost •. westinqho~se•s Instrument 

svstems Division has recently proposed this approach for comtined 

cycle control. An evaluation of.these proposed concepts for use 

in the solar hybrid system was conducted during the conceptual 

desiqn task •. 

Collector Subsystem Control Ccncepts. Concepts for collector 

subsystem. control range from master computer control of all 

heliostat. positions, to master computer controls providing only 

triqqer siqnals to heliostat positional control by "smart" 

he.liostat controllers at each heliostat. Intermediate concepts 

between these extremes feature heliostat group control by 

heliostat field controllers. Master computer control of all 

heliostat positions, which would have to perform 5000 to 6000 

mirror steering algorithms per .second, 11iiould represent a-massive 

computinq and communication load. 

The.basic tradeoffs for the collector subsystem segment of the 

master control subsystem center on the degree of decentral­

ization of the computation of the heliostat steering algorithm. 
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The two basic candidate configurations of collector subsystem 

control. intermediate and decentralized. are shown in 

Figure 3-49. 

Both systems meet the control requirements for the collector 

subsystem and are different primarily in the state-of-the-art of 

their development. They can be considered as sequ~ntial 

evolutionary steps of the same basic system. The intermediate 

svstem uses components and soft~are currently in production for 

technically similar equipment at most points and only slightly 

modified production components for the remainder. The 

decentralized system combines the "heliostat-essential" elements 

of the field and heliostat controllers into a unitized, so-called 

"smart heliostat controller" for low-cost hiqh-volume production. 

In the intermediate heliostat control approach, an array of about 

200 .heliostats is controlled throuqh a heliostat field controller 

(HFC). This consists of a minioomputer-multiprogrammer net~ork 

interfaced at the minicomputer to the hGliootat array controller 

(HAC) and at the multiproqrammers ~ith the individual heliostat 

controllers. · The HAC calculates and transmits to the HFC: 

• Solar vector direction cosine data 

• Ooeratinq mode specification data 

• Tarqet coordinate data 
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The HFC (nominally an HP 9825S rroinicomputer) then performs the 

steerinq algorithms for each heliostat in its qroup and 

communicates the individual requirements·· to the multiproqrammer 

for communication. execution. and verification interaction ,_;ith 

the HAC~ Both the minicomputer and ·multiproqrammer are widely 

used in process control and data acquisition applications. The 

200 heliostat field groupinq permits mode control and flux 

control' for subsystem seqnients' a·s smafl as 4 percent of the 

heliostats. This is weil within the 10 percent specified .1.11 the 

Requirement Definition. The size of the HFC minicomputer is 

approximately one-tenth of the H~C computer - 23.000 tyte storage 
' 

vs. 256.000 byte storage. Both computers are equipped with 

217.000 byte ·maqnetic ta-oe atoraqe which will likely tv accessen 

only as mode changes are made. 

The HAC (a 256.000 byte memory versicn of the HP9835A 

minicomputer) interfaces with the master contr·ol and a time 

siqnal qene.rator at its input~·and 1 ,.;ith the approximately 25 

field controller computers at its -output. · It performs an ongoing 

update of the solar vector calculation and transmits the updated 

direction cosines approximately once a second to the field 

controllers. The HAC program routines also establish the 

required ta~get x. Y. z coordinates· for· the field for the 

applicable operational rnode. 'Ihe target coordinates vary with 

the operational mode and are acted uport by the steering algorithm 

to achieve the desired reflected beam e~nd axis positioning. 
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In the decentralized heliostat central approach, the controllers 

employ the technology currently used in so called "X-Y plotters". 

In both the. heliostat control and plotter applications, the 

required positions of two independently powered axes are 

calculated externally-and communicated to an internal 

microprocessor control at the heliostat, which executes the 

required positional drive response. The microprocessor .control 

electronics of the plotters serve as foundation for the design of 

the heliostat control. In addition to providinq fast and 

accurate response to calculated position commands, the plotter 

control has an override mode, which is tasically similar to the 

acquisition and stow modes of a teliostat. 

Similar to the plotter technoloqy, the heliostat drives use 

stepper motors and calculated positions based on step count 

rather than either AC or DC motors with.encoder position 

monitorinq. Baseline position knowledqe derived from limit 

switches at the ends of travel in the plotter would be used with 

the heliostats. 

Collector subsystem Control system Selection. Tht:: intermediate 

collector control system has the advantages of: 

• Low capital cost 

• Low operation and maintenance cost 

• Hiqh reliability 

• System flexibility 
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By usinq proven methods and equiJ:ment for technically similar 

applications, 'the collector central can take off from a l::ase of 

curient.inaustrial prac~ice arid technical maturity with a minimum 

of'development. 

For near-term minimum cost, equiJ:ment already widely produced was 

selected. For hiqh reliability and flexil::ility, the same 

manufacturer's proven equipment was chosen for all three 

controller leveis. The intermediate system is availatle for 

immediate.application w1tb prototype heliostats, the hvtrid 

critical experiment, . and/or the ·first full hybrid plant. 

Operational experience.with the'intermediate system in.one or 

more of the early solar installations is desirable l::efore 

establi~hinq the detailed confiquration of the decentralized 

controL 

The evolutionary step to the decentralized control involves: 1) 

simplifvinq the desiqn to narrow the electronics_to only those 

required by the heliostats and 2) combining the computational and 

response functions at the heliostat controller. 

Receiv~f'-~ontrol Concepts. As discussed in Subsection 3. 3. 9, the 

best approac.h to the. operation of the receiver is to use constant 

air flow, whic.h simplifies the necessary controls. The flo,_ to 

the panels of a receiver cavity can l::e set by fixed dampers at 

the inlet to each panel. The required daily adjustments in the 

distribution of flows to individual cavities can be accomplished 
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with butter.flv valves .in the riser t,ranch ~ipes. The outlet 

temperature fr~m eac.h panel.,is monito;-ed and if. th~ maximum 

al-lowable temperatur~- i.s e.xceeded, a siqnal i~ qiven. to defocus 

the heliostats. The receiver bypass is conceptually a series of 

block valves. Figure 3-50 shows the relationship tetween the 

receiver _control blocks and mast_er _control subsystem. 

EPGS Control Concepts •. The contrcl concept for.the EPGS is very 

similaF.to.th?tt for a. conventional comt:ined cycl~ plant. The 

cont,rols for the HRSG, t~he steam cycle, tpe electrical equipment, 

and the balance. of plant equipm~nt is identical _to the 

conventional _plant.. The qas _turtine, especially the comtus.tor, 

presents some conditions unique to this type of plant, although 
' ' 

not real_lv new in concept. Figure. 3-50 sh~ws the relat;ionship 

between the EPGS control blocks and the master control subsystem. 

3. 1. 2 Master Control Analysis. 

. Collector Sub~stem Control. Primary control requirements for 

the collector subsystem are stated in the Requirement'Definition 

as follow: 
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• Performance 

Maximum pointinq error for each axis must be 0.75 mrad 
(2.58.arc-min) at solar ~ositions above 0.26 rad (14.9°) 
solar elevation anqle. 

• Q.Qeratiof'! · 

• ~fe!Y 

Flux must be variable tetween zero and maximum 
with step chanqes.no larqer than 10 percent of 
collector enerqv. 

Positions to st9w, clean.inq, or maintenance 
orientation must te ~chieved from operational 
positions within 15 minutes. 

Field control sinqularity (i.e., over-the-shoulder 
limits or qimbal lock) mtist,be resolved within 10 
minutes. · 

Orientation must te available to master control at 
all ti~es. Calculated angles acceptable. 

the collector field must te defocusable to less than 3 
perce~t flux in 1~0 seconds. 

.. . ,. . . . ~ 

Achievinq_ the.specified-performance, operational, and ·safety 

requirements has been-accomplished in the collector sutsystem ty 

incorporatinq key sUpportive features in the heliostat drive 
; . . ... , •, . 

r 

mechanical equipment, drive motot¢w and controls: 

.,he pointing ac;:c':lr;:;tcv l:mdqet of 0. 75 mrad y:::er axis is split 

' between mechani9~l backlash (0.38· mrad in the elevation drive and 

0.45 mrad.in the azimuth drive)' and the control dead tand 

(0·. 3 mrad). One ~tep of the stepper ·motor results in the minimum 

potential coritrol' increment of 0.0075 mrad for the·eievation axis 

and 0.0089 mrad for the azimuth axis. Control pulses as large as 

...... 
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30,steps· are. possible within.the s.,:an of the c~ntrol dead band 

and ~i.ll be typic=al while opera~ing .in the trac~in9 mode. 

Control of flux.variations wit,11 .. steJ:S no larger than 10 percent 

is accomplished .by sizing ,the _collector segment serviced by _each 

HFC. The conceptual desiqn selection of 200 heliostat groups for 

un.it HFC control resul.ts in.,fl~x ste:ps of 4 percent of full 

pow.er, .well :w-ithin the specified. ,limit. 

~: • ' <J : 

Positioninq to sto~,, cleaninq,_or maintenanc~ ori~ntations ~1t~1fi 

15 ,minutes. is ac.~omplishec;i wi,tl?.-m?rgin. by the stepper motor speed 

of 1 0 0 0 : s,teps per se~ond se 1 ~ct~d .. for s ~ew ope~ atio~. This 

results .in time for. full ·travel of .. 3.14 rad (1800) in elevation 

of 6.9 minutes .and of 4.71.rad (2700) in· azimuth of 10.4 minutes. 

For the Superior--Model M112-FJ.326 stepper motor of the 

Northrup II heliostat, rated· toy;q.ue is maintained over the range 

of 1 to 1500 steps per second. ~his heliostat is of the same 

qeneric design as .. the MOAC. 49 m2; heliostats (~cDonnell Douglas 

Astronautics Companv).and offers ready access to more detailed 

desiqn data. This spans the ~lanned motor speed range of the 

heliostat: trackinq speed (250 steps per second) to slew speed 

(1000 steps·per sec-ond). · 

' '·: . ~ . ' .. 

To. ensure:- that· the· collector .. r~sol.:ves, any field singularities 

within 10 minutes, a study was made of the heliostat tracking 

anqles and tracking _anqle rates for summer, equinox, and winter 

for. the heliostat· positions. ar.ou:nd the field periphery and those 



near the north-south centerline. Sample positions are shown on 

Fiqure 3-51 overlaid on the layout of the "G" field. Samples are 

identified from 1 to 10 taken counterclockwise around the western 

half of the layout. Results of the tracking anqles and their 

seasonal variations are shown in Fiqures 3-52 through 3-61. 

The first evident singularity is in the summer curve for Sample 3 

and occurs at 17.5 hours. The heliostat does not lose tracking 

because the required azimuth rate of 3320/hr is within the 

azimuth tracking speed of 460°/hr. samples 4, 5, 6, and 7 

encounter both positive and neqative singularities, but not of 

sufficient maqnitude to lose tracking. Samples 8, 9, and 10 

follow the beniqn pattern of samples 1 and 2, typical of 

heliostats qenerally north of the tower. iVith the "G" field, the 

singularity specification is met and exceeded, since heliostats 

continue trackinq through periods of singularity. 

Defocusing within 120 seconds is accomplished with a large 

marqin, due to the slew speed needed to meet the "stow, cleaning, 

maintenance" requirement. 

Receiver and EPGS Control. The analysis of control for these 

subsystems was limited to the identi.fication of significant 

control issues for consideration in the conceptual design. These 

issues are: 

• The reaction of the receiver and the combustor control 
systems to the rapid cloud passaqe transient 
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3.8 

• The reaction of the system to a iarge leak, especially 
involving sodium from the heat ~ipes 

• The reaction of the receiver and gas turbine to the loss·· 
of electrical load on the generators 

SYSTEM ANALYSES 

System-level studies performed include <"ilergy storage ca~acity 

and the solar fraction. System considerations analyzed in the 

parametric analysis phase and dealt ~ith in more detail in the 

conceptual design phase include plant size and the solar multiple 

and field/receiver power ratio. 

3. 8. 1 Plant Size 

The solar hybrid power plant selected for study in the 

preconceptual design studies was a 100 MWe plant, according to 

~roject specifications. Recognizing that this may not be the 

optimum size. key cost and performance sensitivities to plant 

size were identified durinq parametric analyses. 

Usinq the single-receiver tower a~~roach, scaling studies sho~ 

that solar system energy costs and performance have relatively 

minor sensitivity to size. until atmospheric attenuation effects 

become significant at plant sizes around several hundred 

megawatts. Conversely. the combined cycle costs (in dollars per 

installed kilowatt) and cycle efficiencies improve significantly 

in the 100 MWe to 300 MWe ranqe. Therefore, the optimum plant 
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size is expected to be larqe·r than 100 Mwe. (See also 
·: 

Subsection 3.6.2 on EPGS size.) 
" 

3. 8. 2 Solar Multiple 
" 

and: Field/Receiver Power Ratio 
. ' 

. 
Since enerqy storaqe is not recommended, large increases in the 

solar multiple are not required. 
( 't I i ' 0 / )..• 

l:Jo11Wever, small. increases in the 
I \ ·:.. • 

solar multiple correspondinq to ·field/receiver power ratios of 
. ' ' . 

greater than one could improve both the soiar fraction and the 
. ~ 

: .. 
plant economics. Ttis concept w~s"further-investigated during 

:· " , 
conceptual desiqn. '·· 

·I 
• ,., f '• .,. 

' .. , 

. '· 
3. 8. 3 Storage Capacity 

:., 

~· , I • ~ ' 

The solar/fossil co~bined·cycle hybrid system that Bechtel .. : ;'t ,. 
oriqinally proposed. for this. studv··-~n June, 1978 did not· include 

·, 

an enerqy storaqe subsyst~m. ~his iS because the excellent 
'· 

response time of fossil ·fuel ~niec~·ion ·· ~nto the combined cycle 

plant obviates the need for buffer storage. 

A systems study was conducted to·investiqate the economic 
- . . 

feasibility. of long-term energy.storage. '!he primary thrust of 
. . . 

this investiqation was directed' ~t determining the "value" of 

enerqy storage, rather than the·technical details and costs of a 

·specific enerqy storage svstem'~ · This'· value ·is defined as the . . ·. 

equivalent capital-cost of the·· fuel· sayings· associated with the 

incorporation of. storaqe, less the. a~soc~ate4·' increased capital 

'. 
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cost of the solar system, not includi~g the energy storage system 
' cost itself. The increased cost to the solar system inciudes a 

larqer collector field, receiver, tower, and additional 

riser/downcomer piping. . This value is therefore also the 

breakeven cost of the energy storage system itself. 

; . ~ 

Energy savings. Th~ _e~fects. ?,f add:i:ng ener_qy storage to the 

hybrid plant are shown .schematically in Figure 3-62. For the 
·: . )' 

Strawman plant, the maximum electrical megawatts generated ty the 
. ,. . : : ! ~ . 

solar system directly is 53 MWe due. to the 53 percent solar 

fraction at the design point with maximum receiver outlet 

temperature. As the solar system size is increased, surplus 

enerqy is diverted to enerqv storaqe. Fossil fuel energy savings 

result from displacement of fossil energy during the qay.and 

eveninq bv the Tnergy from storaqe~ 

A computer proqram STORSIM was developed to compute the annual 

fossil energy savinqs.. Hour-by:- hour "ener_qy delivered to the 
... 

receiver" data, prepared for an ·E!lliptical field with a '180 m i. ~ . t... ' . . 

(591 ft) tower, was used as input to the program. The program 

assumes constant system efficiencies for the receiver and 

electric power generation subsystems and also assumes that direct . ..,. 

solar insolation levels of qreater than 950 W/m2 results in . ·. ' . ~ . 
enerqy spillaqe. The ho_urlv da_t,a is based on a reference Barstow 

weather tape for the entire vear of 1976, ~ith actual inso.lation 

levels and cloudy periods.included. 
. ... .: ': 

·· .. 

3-159 



Q) 

:: 
:!! . 
c 
w 
1-
<( 
a: 
w 
z 
w 
(.!' 

> 
!::: 
2 
a: 
1-
(.) 
w 
...I 
I.!J 

'~-

.\., 

53 

FROM SOLAR 
WITHOUT STORAGE 

ENERGY FROM 

FOSSIL FUEL 

ENERGY SAVINGS 
DUE TO STORAGE 

5 6 7 8 9 10 11 12 1 2 3 4 6 6 7 8 9 

AM NOON 

Figure 3-62 EFFECTS OF ENERGY STORAGE AT DIFFERENT TIMES OF DAY 



Results of the STORSIM program runs are summarized in Figure 3-63 

Eor solar multiples up to 2.5. Sincethe fossil fuel energy 

savings depend upon the s~orage system turnaround efficiency, a 

ranqe of efficiencies of 40 percent to 100 percent is included to 

cover the maiority of currently proposed energy storage concepts. 

As a first approximation, the enerqy savings shown assume a 

100 percent plant availability. 

value of_~tora~. A second computer ~rogram VALSTOR ~as written 

to compute the value of storage. ~his program computes the 

equivalent capital cost of the plant lifetime fossil fuel sav~ngs 

for a plant starting operation in. 1990 for a· range of solar 

multiples .up to 2.5. It also computes the increased solar system 

cost for·the same ranqe of solar· multiples and subtracts this 

cost from the equivalent capital cost fuel savings to determine 

the· value of storage.· The proqram uses the preconceptual 

baseline Strawman plant performance and costs. Solar system cost 

variations are computed using the following assumptions: 

1. Tower cost: Sandia tower equation (Ref. 3-11) 

2. Receiver·cost: 

KRW (:~) l.l 
KRC (:!) O. g 

= 

= 

3. Collector field cost: 

= (::) 1. 05 
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4. Riser/downcomer cost: 

= (:~r· 7 

where: 
WR. = Receiver weight 

1· 

p, Parametric power 
1 

PR = Reference power 

CRi = Receiver cost 

CCi = Collector field cost 

CDi = Riser/downcomer cost 

= Proportionally constants 
: ~- : 

A plot of increased solar system cost and marginal solar system 

cost versus solar multiple is given in Figure 3-64 in 1990 

dollars. It can be seen that over the solar multiple range .of 

interest, the solar system cost is essentially linear with power 

delivered to the receiver. 

The value of energy storage for a range of fossil fuel escalation 

rates is shown in Figures 3-65 and 3-66. In Figure 3-65, which 

shows a 100 percent energy storage system turnaround efficiency, 

a fuel escalation rate of 12.5 to 13 percent is necessary before 

a positive value of storage can te realized. In Figure 3-66, 

which shows a 60 percent turnaround efficiency, a fuel escalation 

rate of 13 to 14 percent is necessary. ~he actual turnaround 

efficiency of energy storage subsystems is expected to te 

somewhere between 60 and 100 percent. Hence, a fuel escalation 

rate of between 12.5 and 14 percent would be necessary to realize 
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Figu~e 3-66 VALUE OF STORAGE VS. SOLAR MULTIPLE, 
1990 PLANT, 60 PERCENT TURNAROUND EFFICIENCY 

~ 
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a positive value of storaqe. :'Ibis is.illustrated further in 

Fiqure 3-67, where information from Figures 3-65 and 3-66 has 

been replotted for a solar multiple of 2• 

\ . .' ... 
·, 

Since the escalation rate of .distillate oil expected ty utility 

companies is 12 percent o~ 'l~~s• .it i,s ·.apparent that the addition 

of enerqy storaqe·~otilQ not'~e economical for a 1990 plant, even 

if the capital cost, of the enerqy::'.storage system itself were 

zero. 

Economic Evaluation.· Typi~al_' cpst and performance values 

(Ref. 3-3) for three differ~nt .h.iqh-temperature energy storage 

systems are shown.in 'rab~e 3~24 •. Using.~he values for the 

lowest-cost storaqe system .·in: conjunct;i.6ri·with Figures 3-65, 

3-66, and 3-67, it can be deduc~d. th4t the cost of ·energy storage 
. . . 

itself would increase the.bre~keven" fuel .. escalation rate by p.5 
. . .• ... . . . . 

to 1 percent. This results.in.o~erall.treakeven rates tetween 13 
.• ' 

and 15 percent. 

For reference purposes,· Fiqure 3-68 was generated using the 

STORSIM proqram for the peak ins.olation day. "!'his f iqure relates 

the hours of storaqe nece~sary to accommodate any solar multiple 

on the peak insolation day for a.range of. storaqe system 

turnaround efficiencies. · ~ach hour of storage is defined as 

beinq capable of de.liverinq,100 fo!~h of electric. energy to the 

power qrid. 
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TABLE 3-24 

HIGH-TEMPERATURE ENERGY STORAGE SYSTEMS* 
100 MWe PLANT 

Storage 

Item Thermal, Thermal 
Phase Sensible 

Change Heat 

Turnaround efficiency (%) 62 72 
·, 

Cost in $1975' 
.. 

Stored energy cost ($/kWh) 16.3 48.7 

Discharge rate cost ($/kW) 66 44 

Cost of 6 hour-s Storage ($/kW) 164 336 

Cost in $1990 (millions) 68.5 140.3 

System 

Thermochemical .. 

; 

57 

\ 

'5 

441 

472 

197.2 

*Source: "Closed-Cycle·, High-Temperature Central Receiver Concept for 
Solar Electric Power;i• EPRI ER629, Boeing Engineering and 
Construction, January 1~78~ 
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Although energy storaqe does not a~pear to be economical for a 

1990 plant based on the above assumptions, the hybrid plant can 

accommodate energy storaqe at a later date and/or if the ca~ital 

cost and escalation rate assumptions change. . 

Fiqure 3-69 shows a typical schematic of how energy storage would 

probably be incorporated into the solar hytrid plant. The 

combined cycle plant compressor air flow is maintained to the 

receiver from sunrise until the. receiver air outlet temperature 

reaches the desiqn value of 816C (1500F) at the 53 MWe level. 

Then the variable-speed storaqe system compressor is activated to 

maintain the maximum 816C (1500F) receiver outlet temperature. 

The receiver air flow increases, reaching a peak at noon and then 

decreases until the storage svstem compressor reaches zero flow 

at the 53 MWe level. At this point, enerqy can be extracted from 

storaqe by diverting flow from the receiver through energy 

storage in the reverse direction. 

Conclusions. The tollowinq statements summarize the study 

results regarding energy storage in the hybrid plant: 

• In view of the excellent response time of the hybrid 
combined cycle concept, buffer storage is not required 
for any operational reason. 

• Considering typical energy storage system costs, the 
value of energy storage would te positive only with fuel 
escalation rates exceeding 13.to 15 percent for a 1990 
plant.. This compares to present proje.ctions of long­
range fuel escalation rates of 12 percent or less. 

• Hiqh temperature enerqy storage technology is in the 
early stages of development. Although cost and 
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performance estimates are available from some studies, 
many technical and economic uncertainties exist. R&D, 
as well as desiqn and evaluation of hiqh temperature 
storage systems, should te pursued. 

Considering the above, it was recommended that.energy storage not 

be incorporated into the plant at this time. 

3. 8. 4 Solar Fraction 

The solar fraction is an important selection criterion, .... since it 

is directly related to the potential for fossil fuel 

displacement. It is determined l::y the temperat.ure rise across 
. \ 

the receiver relative to the total temperature. r·ise from the 

receiver inlet to the qas turtine inlet. f'he·;·.upper limit of 

solar fraction is then set by the maximum temperature achieval::le 

at the receiver outlet. 

If the Strawman desiqn is modified l::y raising the. receiver outlet 

temperature from 816C (1500F) to 84~C (1550F), the de$iqn point 

solar fraction can be raised from 56.3 percent .. to 60. 4 percent. 

This represents the maximum achievable solar fraction:with this 

svstemat a solar multiple of 1.0, since it is based on the 

highest attainable receiver outlet temperature. 

: . ~ ~ ~. t. • 

At a 12 percent fuel escalation rate,..the 6o.4 percent solar 

fraction is obtained at a sliqht overall cost penalty for the 

1990 plant. At a 15 percent fuel escalation rate, there would be 

a sliqht overall cost advantaqe. 
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In the Advanced strawman plant, with a.receiver outlet 

temperature of 1093C·: ·(2000F) • a de·sign point solar fraction of 

71.9 can be reached, but this system involves considerably more 

development risk. . ......... .' 

Hiqher solar fractions could· be achieved·, by increasing .the .number 

of heliostats beyond those needed fo~ peak ·operation, and .. 

spillinq energy when the receiver outlet temperature ~ould 

otherwise exceed '843C. (1550F) •.. ·Considering the results of energy 
. ' 

storaqe studies,: a 1arqe, increase:.:·in. tfie solar. M~ltipH~ .. does not 

appear to be economical forr a·. 1990 plant ... , Hpwever •. a study TNas 

performed durinq conceptual design to determine whether a small 
. •. 

solar multiple would be an economical way to achieve a higher 

solar fraction. The results are discuss.ed ·in. Section .5 • 

/ .. ·,, -. 

. .,. .. ·''. 
'~ .: ~ l : . . ' 



section 4 · 

· SELECTION OF PFEFERRED SYSTEM 

4.1 SELECTION PRCCFss· 

.. 
To select the most economical arid tech~ically feasible solar 

hybrid system, the·evaluation prccess"~a~ as follo~s: 

·~ .· 

• Establish preconceptual reference designs and cost 
estimates for a near-term (Strawman) and a longer-term 
(Advanced Strawmim) syst~m . (see .section 1) · 

• Undertake parametric analysis and economic evaluation of . 
the various subsystems that'make up these reference 
systems and modify the r.eference systems as ai=propriate 
(see Section 3) · · 

• Do a market analvsis for the two reference systems as 
modified (see Section 2) 

• Do economic evaluations at the system level 

• Select. the preferred system based J.:rimarily on the 
criterion of lonq-term lo~-cos~ enerqy production, as 
well as other selection·criteria and the results of the 

. parametric analysis 

This section discusses the selection criteria, the economic 

evaluations, and selection of the preferred hybrid system. 

4.2 SELECTION CRITERIA 

The economic evaluation and ·ultin:ate systein selection of the 

solar hybrid desiqns were based on the following criteria: 

• Enerqy ~reduction cost 

4-1 

·; 



• Market potent~al. 

• Fossil fuel displacement potential (solar fraction) 

• Development r.isk .. ·' ',. . ; . 

The primary selection criterion was low-cost energy production, 

which considered capital costs, life cycle costs for fuel, and 

operati.~g_. a~d. mainten~.ce. costs.. ':fhe. solar fraction,. which 

determines the· amount. of fossil 'fuel displaced, is determined by 
. .. . . ') . . . : . . 

the tempe;ratur·e .ri,~e .a:~~o$:$ 'the receiver relative ~.o t-hP. total 
I ' • • . \' ~ 

temperature rise from' th'e receiver' inlet to the gas turbine 

inlet., · The qoal 6£ a.· hl.qh: solar .. frac;:t j.'?n. must be. weighed aqainst 

the associated devel9pment risk. 

other items;:- such 'as envimhmental impact~ resource requirements, 

u~ility operational requirements, reliability, maintenance 

requirement~, and poten~ial .. safetv hazards, were considered 

implicitly in the .. _evaluation effort. 

After parametric ana~v~es the reference hyhrin ~v~tPm~ w~rP. 
"· ' . ' .. 

modified to: incorporate"resuits of the studies. In a cost 

comparison during final system selection, cost impacts of these 

modificatio~s were tak,~n into ccnsideratinnv Finally, the 

preferred;, 's'vstem ,was select~'d;_,-tas~<i. ~n ... the established criteria. 

'+ 
. ' 
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4. 3. 1 

As a result of system-level studies and parametric analyses, the 

following conclusions were reached· on the design' of the Strawman 
.> 

and Advanced Strawman systems: 

• Enerqy storaqe is. neither economically nor technically 
desirable, and~~- not-recommended in the-selected. plant. 

. . 
• The No. · 2 distillat.e oil us~d in the ref~rence designs 

is the most economical fuel when compared.to solvent­
refined co~l, medium:-Et.u gas, and residua-l oil. 

l . 

• Constant air flow is a more efficient mode of operation 
than constant receiver outlet· temperature, allowing 
lower receiver outlet t~perature at o!f-design . 
conditions. 

• A small increase in field/re~eiver pQwer ratio from the 
baseline value of 1.0 mpy result in a small overall cost 
improvement. , ... ,,- ~-·. 

< •• 

..... -~ 

The following modifications to the.strawman design were 

recommended as a result ·of the· J;ararnetric analyses: 
~ . . .· 

• Coll.§£~or: A larger helicstat ··'of 49 m2 (527 ft2) was 
recommended over the taseline size of 38.6 m2 and a 
modified elliptica·l field with" tt;te south sectoJ; removed. 

• · EP~2: A dual-pressure steam tottoming cycle was 
incorporated instead of the taseline . single~pressure 
cycle to achieve a thermal cycle'. efficienCy of . 
44.95 percent. 

. .. 
'" . 

• Re_g.§i.Y.§.!': The riser/downcomer and receiver pre.ssure 
drops were modified to 41~1 kPa (6 ·psit each over the 
baseline values of. 13.8 kPa and 27.6 kPa, respectively. 
The receiver outlet temperature···was raised to S43C 
(1550F) over the baseline value of 816C, with a·minor 
cost penalty. · Thi·s raises· the design point solar 
fraction to 60.4 percent·from 56~~ ~ercent. 
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The following modifications to the ·Advanced Strawman design were 

recommended as a resutt of the y:arametric analyses: 

• 

• 

• 

4. 3. 2 

Co}les!or: A larger heliostat of 49 m2 (527 ft2) was 
recommended over the taseline size of 38.6 m2 and a 
modified elliptical field with the south sector rereoved. 

Becei~g~: The riser/downcomer pressure drop was modified 
to 34.5 kPa (5 psi) from the baseline value of 17.2 kPa. 
(The baseline value of 103.5 kPa (15 psi) for receiver 
pressure drop was found to be optimum.) 

~fGS: The compressor pressure ratio was raised from 12 
to 16. 

~Q~p~ri§9n_9! strawman and Advanced Strawman_Sys~ 

The Strawman and Advanced Strawman systems were compared on the 

basis of cost, market potential, solar fraction, and develo~ment 

risk. 

Cost and Market RQigntial. During the market analysis work, 

screening curves were prepared tc compare costs of the Modified 

strawman and Advanced Strawman systems with those of conventional 

technoloqies. (The Modified Strawman in those evaluations 

incorporated a dual-pressure heat recovery steam generator and 

reduced riser/downcomer and receiver pressure drops.) During 

system-level evaluations, these hytrid data were compared to the 

performance of a conventional combined cycle system at the same 

state of technological development as the Advanced strawman 

concept. Fiqure 4-1 shows the results of this evaluation, 

indicatinq that for 1990 operation and a 12 percent fuel 
.• 
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escalation rate, there is essentially no cost difference between 

the Modified Stra\t;mari ~nd the ·Advanced Strawman in the 
' . 

intermediate-load ranqe. · · · · 
. i 

When all th~ modifications recommended for these systems were 

then considered, the costs of the Modified Strawman plant 

increased sliqhtly andthe costs of the Advanced Strawman 

decreased sliqhtly. In the 48 percent capacity range, the 

Modified stiawman costs 'increased ·by 0 to 1 percent, and the 

Advanced strawman costs deereased by 2 to 3 percent. ~his 

results in costs tor the two ~lants that are within approximately 

4 percent of each other, which is.considered to l:::e within the 

marqin of errot for cost estimates~ Therefore,· the two plant 

costs may be considered to be equal at a· 12 t:ercent fuel 

escalation rate and·with ~!ant startup· in 1990. 

The levelized busbar electricity-costs for the two plants are 

also close to tl)9se· of the advanced com~ined eycle plant, 

although ·the. ACC plant· is slightly· cheaper. It is ext:ected that 

the market would be shared, rather than c,aptured entirely by the 

ACC plant.~; ·Fiqures 4-2~ .·· 4~3~ and 4:-.4. show hybrid system costs. 

with hiqher fuel escalation' rates and/or a first operation year 

of 2000. ·under those conditions the solar plants l:::ecome cheaper 

than the ACC plant, and the·Advanced Strawman becomes more 

economical t}"lan the Modified strawman. · 
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Solar Fr2£!ion. The two hybrid systems incorporating all 
. ! 

recommended modifications have the following design point and 
' I 

annual average solar fractions.: 

• · Desiqn point .. : 

• Annual·. average.: 

Modified strawman 

60.4 

28.3 

Modified 
Advanced Strawman 

70.4 

33.0 

These values are all."ab~ve the _anticipated National Energy Act 

requirement of 25 percent solar energy input to obtain an . 

exemption· for turning distillate oil. 

Develo~ment Risk. The development risk associated with the 

Modified Advanced Strawman design is mucb greater than with the 

Modified Strawman design. With the former there are several 

prol::lems to be resolved with regard to the high-temperature 
I 

ceramic receiver, the high-ten:perature industrial turtine, and 

the combustor. These problems may be resolved by 1990, but this 

is uncertain. The Modified Strawman plant, ~ith its lower 

temperature levels, presents rr.uch less cf a risk. 

~QnclusiQn§· The two hybrid designs have essentially equal 

economics, comparable market potential, and acceptable solar 

fractions. Ho~ver, the development risks associated with the 

Modified Advanced Strawman are much greater. It w~s therefore 

decided to proceed with the Modified Strawman for concept.ual 

desiqn of the 1990 plant. It was also recommended that the high-
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temperature ceramic receiver for the Advanced strawman design be 

developed in parallel to provide a second-generation ~lant that 

may be more economical under hiqher fuel escalation rates. 

4.3.4 Sej~gteg Plant Summar~ 

The costs and perform~nce of the· selected Modified Strawman plant 

are summarized in Tables 4-1 a'nd 4-2. 'I·bese data reflect 

incorporation of all chanqes resulting from the system- and 

subsystem-level studies. The selected.~lant design was further 

developed during the conceptual design to· reflect actual 

equipment size, performance, arid cost data, and minor systeffi- and 

subsystem-level studies. 
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TABLE 4-1 

MODIFIED STRAWMAN SYSTEM PERFORMANCE 

Parameter 

Solar Receiver Outlet 
Temperature, °C (°F) 

Gas Turbine Inlet Temperature, °C (°F) 

FU!;!;ll Ji'UI::!l 

EPGS Thermal to Net Electric 
Conversion Efficiency, I. 

Design Point Solar Capacity 
Fraction, % 

Annual Average Daytime Solar Fraction 

Assumed Average Nighttime Operation. 
on Fossil Fuel, Hrs 

Annual Average Solar Fraction, % 

Plant Capacity Factor, % 

Solar Capacity Factor, % 

4-12 

Value 

843 (1550) 

1093(2000) 

uist::lllate Uil 

44.95 

60.4 

33.5 

2.0 

28.3 

48.0 

13.6 



TABLE 4-2 

MODIFIED STRAWMAN CAPITAL COST SUMMARY 
($1000) 

Nonsolar 
Combined Solar Cost Item 

Cycle Portion 

Site, Structures, Miscellaneous 

Turbine Plant 

Electric Plant 

Collector Equipment 

Receiver, Tower, Riser/Downcomer 

Nonsolar Equipment 

Indirect Field Cost 

Engineering, Home Office, and Fee 

Subtotal 

Contingency @ 15% 

Total 

4-13 

Portion 

2,200 .. ~.00 

27,000 

2,500 200 

25,200 

21;600 

500 

7,300 1~800 

4,700 4,900 

44,200 53,800 

14,700 

112,700 

.. 
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Section 5 

CONCEPTUAL DESIGN AND COST/PERFOID-11\NCE ESTH-11\TES 

This section describes the conceptual design of the commercial­

scale solar hybrid power plant. including the collector 

subsystem. receiver subsystem. electric power qeneration 

subsystem. and master control subsystE-~··. It presents performance 

estimates for the conceptual desiqn. describes the plant 

arranqement. and outlines daily system operation. · Estimates of 

capital and operatinq costs were qenerated based on this 

conceptual desiqn.·and a top level project construction schedule 

was established. 

System requirements for the conceptual design were specified in 

the Requirement Definition document (~ef. 5-1) and are.summarized 

below: 

• Nominal plant capacity 100 M·we net 

• Availability 90 percent 

• Plant life 30 ·years 

• Reference si·te Barstow • CA. 

• First year of operation 1990 

• Solar systPm desiqn point Best solar angle 

In addition to these requirements. a plant capacity factor of 48 

percent was established. placinq the hybrid plant in th~ 

intermediate-load ranqe. 

5-, . 
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Conceptual desiqn was based on a Westinghou~e commercial gas 

turbine unit., since desiqn and perf~~mance data are available on 

this unit. ·For this reason, the nominal net plant capacity wa·s 

increased f·rom 100 r1we to 112. 6 MWe. Collector design was based 

on a Northrup II 50.54 m2 heliostat instead of the generic 49m2 

desiqn, also due to availability of data. 

SYSTEM PERFORMANCE 

System performance for hybrid, fossil-only, and annual average 

operation is summarized in Table 5-1. The solar fraction and net 

cycle efficiency of the conceptual desiqn are both lower thari 

those of the selected system in preconceptual design. This is 

primarily because the airflow requirement for turbine cooling is 

significantly hiqher than·was initially estimated and the cool1ng 

air bypase:ec the· receiver.·· ,' .' 

!}.1.1 Design J?oint ·:Pe!:formance; Hybrid.operation 

The performance of the solai hybrid power system conceptual 

ue~iqn at the desiqn point is shown in the stair-step diagram in 

Fiqure 5-1. It is based on solar energy fnput at the test sun 

anqle, which is 45 deqrees elevation, 0 deqree azimuth and it is 
' . 

calculated for the "Hrl helio~tat field (~ radial stagger 

arrangement) with 145 m (475 ft) aper'ture centerline elevation. 

The solar anqles correspond to equinox noon at. Barstow, CA. 
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TABLE 5-l 

SYSTEM PERFORMANCE 

.. 

Performance Characteristic Design Point Fossil Annual 
Hybrid Operation Operation Average 

Solar fraction 0.536 0.282 

Electrical output, ~fi-Je 

Gross 115.9 116.3 116.1 

Net . 112.6 113.6 112 .. 9 . 

Heat rate, kJ/k~-Jh (Btu/kWh) 

Gross 7987 (7'570) 8363(7926) 8184(7757) 

Net 8423(7794) '8562(8116) 84•10(7971) 

Thermal efficiency, % 
" 

Gross ' 45.1 43.) 44 

Net 43.8 ·42.1 42.8 
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The pipinq loss shown in Figure 5-1 represents the solar input 

lo~t due to heat ·leak in the downcomer pipi.n,g. The loss in the 

riser pipinq is included with the cycle losses, since it 

represents the loss from the heat of compression. 

5.1. 2 Fossil-Only Performance 

The stair-step diagram for fossil-only operation for the same 

ambient conditions is ·shown in Fiqure. 5-2. The output and heat 

rate are sliqhtlv hiqher than for hybrid operation. 

5.1. 3 Annual Ave.rage • Performance 

The stair-step diagram for annual average performance is shown in 

Fiqure 5-3. For this calculation, the solar compOnent of the 

power plant.was assumed to be operating only when the insolation 

level is in excess of 500 W/m2_. The 3.5 percent excess heliostat 

area at the desiqn point was found to result in approximately 0.5 

percent of excess annual solar enerqy, due to heliostat turndown 

when the receiver focal plane thermal power limit is exceeded. 

The annual aver~ge ·geometric efficiency of the field was 

developed using the 1976 Barstow data and the geometry of the "H" 

field (see section 5'~ 2) •. The design point values for· 

reflectivity, atmospheric attentuation, and receiver efficiency 

were used in calculating the annual performance~ Spillage was 

estimated from effi~iencv variation calculated for the equinox 
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day. The piping losses are adjusted for the lower average air 

temperature at the receiver outlet. 

An annual capacity factor of 48 percent was used to calculate the 

electric output. With 90 percent availability, this represents 

an·average of approximately 2 hours per day operation in the 

fossil-only mode. 

5.2 COLLECTOR SUBSYSTEM 

The collector subsystem consists of heliostats deployed in the 

collector field, supporting power and control elements, a.· 

heliostat alignment system, and.field·lightning·protection. The 

collector design requirements, conceptual design, and performan-ce 

characteristics are described in this section. 

· Requirements 

The subsystem requirements are stated in the'Requirement 

Definition document (Ref. 5-1)·. In addition to these general· 

requirements, the total solar power collected and reflected to 

the aperture plane at desiqn ~oint must be 147 MWt. 

5. 2. 2 Conceptual Design 

Field Layout. The preferred collector field selected in 

preconceptual design ("G" field) w~s lai.d out in.· a rectangular· 

grid pattern, as described in Section 3. From this layout, the 
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radial staqqer "H" field (Fiqure 5-4), was developed from the 

spacinq relationshi~s used by the University of Houston and 

Sandia, Livermore. For a three-cavity receiver, the "H" field 

performs about 6 percent better than the "G" field at the lower 

tower heiqhts. Costs for the "H" field are compared to those of 

several other fields in Fiqures 5-5 and 5-6 at two specific 

heliostat costs, correspondinq to the 1990 first and eightieth 

plants. Since the radial-staqqered field is expected to have 

lower costs and hiqher performance, the "H" field was selected as 

the reference layout in the conceptual desiqn. 

Col~ector. Design of the collector itself was outside the scope 

of this study. As a result, no novel collector designs are 

offered to reduce manufacturinq cost or increase performance. 

The best projected performance was assumed for all collector 

components reqardless of source. This approach endeavored to 

eliminate any penaltv on the system performance resulting from 

any sinqle desiqn inadequacy. 

Studies performed durinq the parametric analyses indicated that 

larqer heliostats will result in a less expensive collector 

subsystem. Heliostat dimensions and characteristics selected for 

the conceptual desiqn were those of the 50.54 m2 Northrup II 

unit. (See Fiqures 5-7 and 5-8.) ~his was used mainly because 

of the availability of extensive data related to design details 

and performance projections. It is comparable in reflector area 

with other designs underqoinq evaluation in the current heliostat 

development effort. 
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The heliostat desiqn uses a sinqle support from the foundation to 

the·drive unit. The drive unit ~ositions the mirror support rack 

and the mirror modules in a precise position. The pedestal 

supports the drive and gf.mbaled components, limiting deflections 

to 0.66 mrad under normal operatinq conditions. The pedestal is 

capable of unyieldinq supoort in winds up to 40 m/sec (90 mph) 

with the rack stowed, and 22 m/sec (50 mph) with the rack in any 

orientation. 

The.trackinq drive unit contains the drive motor, gears, and 

controls. The drive desiqn uses a two-stage worm-qear drive 

system which is capable of larqe qear reductions with the minimum 

number of components. 

The mirror modules use 1.21 m by 1.21 m (4ft by 4ft) facets of 

silvered qlass, which allows procurement in the most common glass 

size. The qlass is 94 mm (3/32 in.) thick with the lowest iron 

content available at production time. The estimated reflectivity 

used in the system studv was .67, which is conservative in the 

1990 time frame. The facet support is still in development. 

Most.current designs use either a qlass-qlass or a glass-foam­

steel sandwich. 
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5. 2. 3 Performance 

To achieve economic f)erformance of the collector subsystem, 95 

percent of the reflected solar radiation must be collected at an 

incident angle of less than 60 degrees on the receiver. 

Table 5-2 shows collector error tolerances required to meet these 

goals and manufacturer test results indicating the capability of 

current heliostat designs to meet these tolerance limits. 

Heliostat manufacturers suqqest that their products will be 

capable of 30-vear life under the following environmental 

conditions: 

Ambient temperature 

Wind speed 

stowage initiation 

~-lind rise rate during stowaqe 

Wind' profile 

32 to 120F 

26 mph at a 1.3 gust factor 

36 mph 

1.3 mph/min, heliostat to 
withstand a maximum wind of 50 mph 
wi.t.hont catastrophic f a.tlure 

v z 

z 
v 
vz 

0 

= 

-
= 
= 

v (_!_\ .15 
0 \to1 

hei~ht above ground, m 
wind velocity at height z 
wind velocity at 10 m above 
ground 

The heliostat components '3.re designed so that stt"esses resulting 

from dynamic forces will not exceed structural capabilities. The 

maximum pressure exerted by the base of the pedestal foundation 

footing upon the soil is less than 71.8 kPa (1500 psf) at .6 m 

(2 ft) and 239 kPa (5000 psf) at 1.5 m (5 ft) below the surface. 
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The heliostats can satisfy operational requirements in a 

sustained surface wind up to 8.9 m/sec (20 mph) and gusts up to 

11.6 m/sec (26 mph) at all elevation angles and can remain 

operational with gusts up to 16m/sec· (36 mph). In a 

nonoperational mode, the heliostats can survive 22.4 m/sec 

(50 mph) wind at worst azimuth and elevation angles. It can te 

moved to stowed position in 15 minutes and thereafter can survive 

wind gusts up to 40.2 m/sec (90 mph). Mirror samples have 

survived impacts from 19 and 25 mm (.75 and 1.0 in) 'diameter hail 

stones at measured velocities of 20 m/sec· (65 fps) and is m/sec 

(75 fps) , respectiveli. (Survival means that the specimen 

withstood six impacts with no damage.) 

Using the wind load methodology of ASCE Paper 3269 (Ref. 5-2), a 

facet-by-facet analysis was performed to determine the aiming 

error as a function of wind speed and elevation angle. Northrup 

computer codes "BEAMSUM" and "BEAMRAD" were used in the. 

computations. Both frontside and backside wind impacts were 

evaluated. Wind speeds from 0 to 16 m/sec (0 to 36 mph) were 

· considered. 

The ·~nalysis considered the combined effects of the following: 

• Beam bending, which varies with 1) facet position from 
top·to bottom of the heliostat, 2) elevation arigle, 3) 
wind speed, and 4) ·wi,nd direction (front vs. back) 

• Differential beam bending tetween adjacent teams to 
which a given mirror is attached 

• Support column bending due to both the drag force and 
elevation moment (With a frontside wind, these two 
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effects tend to be compensatory, and with a backside 
wind they are additive.) 

• Support column bending (For facets below th~ elevation 
axis, the combined effects of beam bending and column 
bending are compensatory, and for facets above the 
elevation axis they are additive.) 

The wind-induced mean error and standard deviation for the entire 

field of heliostats are given in Table 5-3. 

The error indicated at 0 m/sec wind speed is due to the gt:avi·ty 

loads of the mirror modules and teams, which were also included 

in thic ilnalysis. Torsional deflections of th~? h~?liost:~t t-nrqnP 

tube were also examined, but were found to be small relative to 

the column and beam bending, so were not further considered. 

The calcula.ted errors due to the wind were then combined with the 

other potential errors (mirror waviness, backlash,.tracking 

error, etc.) to yield a total system error for five wind speeds. 

Northrup's "Flux" computer code was used to eva·luate the effects 

of these errors on spillage, target plane distribution, and the 

receiver flux distribution for the "H'' field at equinox noon. 

The results are presented in Tables 5-4 and 5-5. 

Even with the conservative assumptions used in the analysis, 

increases in spillage due to wind were relatively modest. As 

evident from Figures 5-9 and 5-10, the flux profiles are rather 

dramaticallY changed by the wind. However, this effect is 

generally beneficial and results in reduced tube temperatures, 

thermal stresses, and receiver heat.losses. 
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TABLE 5-2 

HELIOSTAT ERROR TOLERANCES 

Tolerance Item 
Tolerance Tested Heliostat 

Target Accuracy 

Reflectivity - .91 

Beam pointing error, mrad 1.5 2.5 

Reflective surface deflection, mrad 1.7 1.7 

Optical spreading, mrad - 1.4 

Foundation settling, mrad .05 -

Plastic structural deformation, mrad . 5 -

TABLE 5-3 

MEAN AND STANDARD DEVIATION WIND_.INDUCED ERROR 

Wind Speed Mean Error Standard Deviation 
(m/sec) (mrad) (mrad) 

0 0.091 0.076 

3 0.098 0.088 

7 0. 172 0.136 

11 0.375 0. 371 

16 0.789 0.844 



TABLE 5-4 

NORTH RECEIVER WIND EFFECT SUMMARY 

Wind Peak Target Peak Receiver Energy 
Speed Plane Flux Plane Flux Spillage 

(m/sec) (kW/m2) (kW/m2) (%) 

0 4,132 1,081 1. 99 

3 4,077 1,07 5 2.00 

7 3, 717 1,037 2.08 

11 2,840 937 2.44 

16 1 '871 816 3.35 

TABLE 5-5 

WEST RECEIVER WIND EFFECT SUMMARY 

Wind Peak 'target Peak R~~~iver Energy 
Speed Plane Flux Panel Flux · Spilla~e 

(m/sec) (kW/m2) (kW/m2) (%) 
-

0 2' 748 1,100 3.11 

3 2,653 1,082 3. 14 

7 2,518 1,056 3. 18 

11 2,015 951 3.47 

16 1,425 796 4 .1~ 
\41. 1,';_.,._~ • 
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5.3 RECEIVER SUBSYSTEM 

The receiver subsystem consists of the receiver proper, the 

receiver tower, and·the riser/downcomer piping. The latter 

connects the receiver with the qas turbine. Valves and controls 

for the safe and efficient operation of the solar hybrid power 

system are also included. The requirements, conceptual design, 

and performance for this subsystem are described in this section. 

5. 3. 1 Requirement_~ 

The receiver subsystem requirements listed in Table 5-6 are 

r.onsistent with those in the Requirement Definition document 

(Ref. 5-l). In addition to these specific requirements, the 

receiver must satisfy t~e followinq: 

• 

• 

• 

• 

• 

5. 3. 2 

Hiqh efficiency by minimizinq heat losses caused by 
reradiation, reflection, convection, and conduction 

Maximum use of existinq ha~dware and manufacturing 
techniques 

Low capital cost 

Suitable cyclic service 

~inimum development requirement 

Receiver ConcepLL!al Design 

The function of the receiver is to transform the incident solar 

enerqy from the heliostat field into thermal enerqy and transport 

the thermal enerqy to the air stream. The receiver desiqn 
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TABLE 5-6 

RECEIVER SUBSYSTEM REQUIREHENTS 

Characteristic Value 

Receiver configuration Hulticavity, heat pipe panels 

Design point Equinox noon 
-

Number of cavities 3 

Total power to cavity focal plane, tn-Jt 152.2 

Total power to receiver air, lfWt 138.0 

Average air temperature, C(F) 

At receiver inlet 363.9 (687) 
At receiver outlet 843.3 (1550) 

Air pressure at receiver inlet, MPa(psig) 1.055 (153) 

Receiv~r pressure drop, kPa(psi) 43.37 (6) 

Air flmv rate, kg/sec (lb/sec) 257.6 (568) 

Design life, years 30 

Plant cycles 13,000 

Plant availability, % 90 
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considered factors such as cost, weight, size, surface 

requirements, materials, thermal efficiency (heat losses), air 

pressure drop, desiqn complexity, operation and control, thermal 

transients, maintenance, and installation. The receiver design 

work involved: 

• Thermal hydraulic analyses to establish panel size, flow 
path, pressure drop, heat-transfer coefficients, and 
metal temperatures 

• Receiver performance analyses to calculate receiver 
losses (reflection, reradiation, convection, and 
conduction losses) and receiver power output throughout 
the year ' 

• Receivei· thermal stress analyses to determine wall 
thickness of components 

• Mechanical desiqn analyses to establish panel 
configuration, method of panel support, cavity enclosure 
configuration, and support structure 

Q~~crip~~o~. The receiver consists of three cavities mounted on 

top of the receiver tower, and oriented as shown in plan view in 

Figure 5-11. The configuration of the cavity is shown in 

Figure 5-12. Each cavity consists of absorber panels, enclosure, 

inlet and outlet manifolds, insulation, and support structure. 

·~he cavity back walls each have 11 factory-assembled panels, 

which are shown in Figure 5-13. Because of stress, seismic, and 

thermal expansion considerations, the panels are hung fro~ the 

cavity structure and are welded together on site. 'l'his 

eliminates the need for verv thick side panel walls and 

eliminates the previously required gaps between panels to 

accommodate thermal expansion. Materials savings of about 20 

percent resulted from this change. Simplicity of panel design 
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Figure 5-11 RECEIVER PLAN ARRANGEMENT 
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and elimination of ·high stresses at the corners of the panels are 

additional advantaqes. 

Each panel is a rectanqular air duct fitted with 1,147 heat 

pipes, installed in an 11.1 mm (4.375 in.) triangular-pitch 

pattern. The heat pipes are attached to the front and back 

plates of each panel. This permits removal for servicing or 

replacement from the back of the panel and eliminates the need 

for separately replaceable panels. ~he heat pipe design and 

operating principles are described in Section 3. 

A 0.66 ·m (26-in.) diameter inlet manifold distributes the air to 

each panel via butterfly control valves at the bottom inlet of 

each panel. A 0.76 m (30 in.) diameter outlet manifold collects 

the hot air leaving the panels. The manifolds are outside the 

cavity. Welded piping connections are used. 

The interior surfaces of the cavity are lined with insulation 

(Fiberfrax in high-temperature zones) to keep the conductive heat 

losses low. This insulation also protects the cavity enclosure 

and structural support steel memters from excessive temperatures. 

The outer surfaces are covered with weatherproofed insulation and 

corrugated aluminum she~ting. 
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Size. The receiver must provide 138 MW to the system air at the 

desiqn point of equinox noon. The maximum power delivered ty the 

mirror field to the cavity aperture plane is 61.90 MW at the 

north cavity (equinox noon), and 60.13 MW at the west and east 

cavities (equinox 10 a.m. and 2 }:.m., respectively). The 

difference between these peak values is small enough for all 

cavities to be of the same desiqn, which minimizes design, 

fabrication, and installation costs. 

The selected receiver material, Inconel 617, has an upper useful 

temperature limit of about 871C (1600F). This limits the peak 

radiant heat fluxes absorted by the receiver to 1.26 MW/m2. 

(400,000 Btu/hr-ft2) which resulted in a cavity depth of 7.0 m 

(23 ft). Table 5-7 qives the matrix of direct solar heat flux 

incident on the panels of the north cavity at equinox noon. 

Reflected radiation from the inner cavity walls was not included 

in the calculations, since it will have little effect on the high 

heat flux areas near the middle. Eleven panels 1.0 m (3.3 ft) 

wide by 13.0 m (42.5 ft) hiqh are required to absorb incident 

solar enerqy. 

Weiqh~. The receiver weiqht estimate includes the weight of 

panels, heat pipes, insulation, structural members, manifolds, 

ann other receiver compon~nts. ~he weiqht breakdown is shown in 

Table S-8. 
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TABLE 5-7 

INCIDENT HEAT FLUX, PANEL ZONES 
. . (11W/m2) 
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;o.o1:~o o.orto 0 0 I) b q () o.o~3o ll.U«lO 0.02AV 
0 0 ' 

.. 
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TABLE 5-8 

RECEIVER WEIGHT BREAKDOWN 

\veight 
Component 

kg lb ., 

Structural ste.el 176,691 388,720 

Carbon steel plate 48,427 106,540 
-

Stainless steel plate 8,132 17,890 

I nco loy 800H plate 44,905 98,790 
" 

Inconel 617 bar 1,055 2,320 

Inconel 617 plate 114,245 251 ,34_0 
.. 

Heat pipes 288,182 634,000. 

Valves 2,550 5,610' 

Durablanket-H insulation 2,345 5,160 

Duraback insulation 24, 136 53, 100· 

Mineral fiber insulation 1,090 "2 ,400 

Lagging 450 990 

Total 712,209 1, 566; 860, 
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Thermal Hydraulic Analysis. For purposes of thermal hydraulic 

analysis, each panel was divided into nine axial zones. Then, 

using the solar flux data matrix .of 'Iable 5-7, .the. net power into 

the air alonq the length of the panels, and the heat pipe duties 

were calcula~ed. As seen in 'Iable 5-9, the maximum heat pipe 

energy transport requirement ·is 11.7 kW, which is well within the 

'measured heat transport capabilities of'the type of heat pipes 

propo~ed for the receiver. The total mass flow of air to the : 
\ 

·receiver, 257.6 kq/sec. (568 lb/sec),.is:~ist~ibut¢d to the three 
I 

cavities in proportion to the heat input to each cavity. Thus. 

at equinox noon, 36.22_percent qoes to the north cavity and 31.89 

_percent.each to .the we.st and the. ea~t..c;av~ties~. 

-
The airflow to each panel is adjusted in proportion to the 

collected energy, so that_the 9utl~~ ~emperature a~ each panel is 

·a43C (1550F). The airflow distritution in·the north cavity at 

·equinox noon; is shown in Fiqure 5-14 ... -:The· calculated peak metal 

temperature of 888C (16~1Y) occurs in the heat pipe toilinq 
' . . .. "' 'J. . • . 

·sections in'the center·panel, about two-thirds from the bottom of 

the paneL. Thi~ tempe~ature is atove· the· nomin-~tl limi·t of 871C 

(l600F).· But·the -boilinq .reqion has no pressur~ f.orces, so the 

elevated temperatures are acceptatle • 

.§.tr_£cturalL-Thermal stress, and Mechanical Design Analysis. 

Structural analysis of the receiver subsystem includes both 

thermal stress analysis and mechanical desiqn analysis. 
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The followinq loads were Used in the anaiyses of particular 

receiver components: 

• Panel Shell. An internal ~ressure load of 0.954 MPa 
(138.3 psiq) was considered in the d~sign of the panel 
shell walls and the two nozzle heads. The design 
temperature varies·from 364C· (687F) at the inlet to 843C 
(1550F) at· the: outlet. The pan·el shell compon~nts are 
also subjected to thermal stresses. 

• Heat Pipes. The loadings relevant to heat pipes include 
the external pressure, internal pressure, and axial load 
resultinq from load transfer from the front and back 
walls. The heat pipes are also subjected.to thermal 
stresses. 

• ·Piping and Headers,. An internal pressure load of 
0.954 MPa (138.3 psiq) was considered. Design 
temperatures of 364C ·(687F) and 843C (1550F) were used· 
for inlet and outlet pip.es, respectively. 

• support Frame. The panel shell is supported by hangers 
and by the support frameo 'Ihe loading for the support 
frame consists of the dead loads and the seismic loads. 

The allowable stresses--for Inconel 617, based on supplier data 

and the requirements of the ASME .Bo~ler and Pressure Vessel Code, 

are shown·in Table 5-10. The design stress intensities 

(difference between·, the maximum_ and· minimum principal stresses) 

due to membrane forces were limited to the tabulated values. The 

stress intensity due to the combined membrane forces and bending 

moments was limited to 1~5 times the tabulated values. The 

maximum allowable thermal qradients.were determined so that the ' . . . 
r • ; ~f 

stress intensity due to the combined.·m~ml::rime,--_bendinq, and 

thermal gradient loads did not exceed·'three times the allowable 

stresses in Table 5-10. 

. •'7!. . ~ 
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• 

TABLE 5-:-10 

* ALLOWABLE MEMBRANE STRESSES IN INCONEL 617 

Design Temperature Allowable Stress 
C(F) MPa (ksi) 

316 (600), 165.5 (24.0) 

427 (800) 151.7 (22.0) 

' 538' ( 1000) 144.8 (21.0) 

649 (1200) 1.31.0 (19.0) 

760 (1400) 48.3 (7. 0) 

816 ( 1500) 37.2 (5.4) 

871 (1600) 18.6 (2.7) 

*Based on supplier data and ASME Boiler and Pressure 
Vessel Code, Section VIII, Division 1· (Appendix P). 

' ' 
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The panel shell (Figure 5-13) consists of a front plate, a rear 

plate, and side panels made of cylindrical shells. The heat 

pipes act as supports for the front and·rear plates. The front 

plate is protected f~om direct solar radiation by a .25 mm (1 in.) 

refractory wall. Since the panel shell temperature varies along 

its length, it was divided ·into three axial regions for 

analytical purposes. The design temperatures in these regions 

are shown in Table 5-11. The thickness of each of the components 

of the panel shell was computed at these temperatures. 

The inlet and outlet nozzles consist of pyramidal shelLs 

supported at three intermediate locations by stiffeners. The 

pressure loads on the nozzles are the same as those on the panel 

shell. Design temperatures are 364C (687F) for the inlet·nozzle 

and 843C (1550F) for the outlet .nozzle. The inlet nozzle is made 

of carbon steel (SA-515, GR.70) and the outlet nozzle is made of 

Inconel 617. At the design temperature, the allowable membrane 

stresses for the carbon steel is 114 MPa (16.6 ksi). An estimate 

over the expected temperature distritutions during a cloud cover 

passage showed that the thermal gradients are within allowatle 

limits for the panel shell and nozzles. 

The heat pipes, made of Inconel 617, are the only major receiver 

components exposed to direct solar radiation. The heat pipes 

also support the front and back walls aqainst the internal panel 

pressure. Their outer diameter is 60.325 mm (2.375 in.). ~he 

wall thickness, 3.81 mm (0.15 in.), was computed by limiting the. 

primary memhrane st~ess intensity, due to internal and external 

5-37 



TABLE 5-11 

DESIGN TEMPERATURES FOR COMPONENTS OF THE PANEL SHELL 

Design Temperature, C(F) 
Component 

Lower ~eg~on Mid Region Upper Region 
' .. 

Front wall 677 843 871 
(1250) (1550) (1600) .. 

Rear wall 649 816 843 
. : 

(1200) (1500) (1550) 
.. 

Side panels 649 ' 816 843 . (1200) (1500)' ·. ' ( 1·550) 

: .. ~ 

't·. 



-----------

pressures and the support reaction forces from the front and tack 

walls, to 18.6 MPa (2.7 ksi). 

The piping and header arran·qement is Shown in· Fiqure 5-12. ·· The 

pipe wall thicknesses are based on.primary hoop stresses 

resulting from internal pressure ~ithout stress concentration 

effects at the· nozzle connect·ions·. . ; .~ 

•. "·. 

' 
The support frame for the panel shell shown in Figure 5-12 was 

designed in accordance with the ]\ISC Ma.n~al (Ref. 5-3):. The · 
....... -

loading consists of the dead loads from the panel shell and 

earthquake loads. The earthquake loads are included as an 

equivalent static load of 2.15g acting in the vertical direction, 

corresponding to the operation base earthquake at 2 percent 

damping. The horizontal forces due to earthquake and wind are 

transferred to the tower bv ties connecting the panel shell to 

points on the tower top, or dissipated by horizontal seismic 

dampers so that their effect is not felt by the support frame. 

Re~iver Performance Analvsi~. Receiver heat losses are 

proportional to the ,aperture area. ~hus, selecting the aperture 

size and configuration i.nvolves a trade-off between the spillover 

and the amoimt of energy lost due to reradiation, reflection, and 

convection lo~ses.. The optimum aperture wa~ defined as .that 

which can collect the highest net power. Figure 5-15 shows the 

process used to optimize ·the aperture size fo~ the north facing 

cavity, based on an octaqonal aperture. 
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In principle the best aperture would be circular. However, it is 

sowewhat more expensive to fabricate. ~hus, only square and 

octaqonal apertures were considered during· the aperture 
; ,, ' 

optimization process. Aperture diameters up to 12 m (39.4 ft) 

were considered. (Diameter is the size of the circle inscrited 

withih th·e aperture.) Table 5-12 shows the performance of'=the 

north ,:cavity with square and octaqonal apertures. The table, 

shows.that an octaq6na1~aperture of 83m2 (892 ft2) is more . 

efficient and, therefore, ii was selected for all three cavities. 

Usinq the same size aperture for the north, east, and west 

cavities, the receiver heat losses we're calculated as a function 

of wind speed and ambient temperatures. The results are plotted 

in Fiqure 5-16 .• 

The performance ·of the north, east, and west cavities was 

calculated for noon on winter and summer solstices and ~quinox. 

The results ·are s_hown in Table 5-13 and Fiqure 5-17. The cavity 

performances as functions of the time of day, calculated at 

equinox, are shown in Table 5-14. and in. ~iqure 5-1.8~. As seen 

from these tables, the receiver delivers 141.18 MW to the system 

air at the ·d!=siqn P.oint:·of_,,equinq~· ·n?on •. · T}1is represents a 

marqin of 2. 3 percent ·over the 138· :MW required at equinox noone 

'·· .. .... : 
•••• <I•. 
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TABLE 5-12 

NORTH CAVITY PERFORMANCE 

Characteristic 
Square Octagonal 

Aperture Aperture 

Area, m2 92.16 82.84 

Power at aperture plane, MW 61.90 61.90 

Spillover, MW 1.92 2.40 

Power into cavity 1 . MW 59.97 59.49 

*Aperture efficiency, % 96.89 96.12 

Losses: Conuw.: L:iun, MW 0.31 U.J1 

Convection, MW 1.77 1. 59 
; 

Radiation, MW 5.52 5.04 
,, Refiection, MW 0.99 0.88 

Total cavity loss~s. MW ~.58 7.83 

Net power to air, MW 51.39 51.66 

*1<Cavity efficiency, % 85.69 86.84 

***Overall efficiency, % 83.00 83.50 

Al:;l:;Umptions 

Wind velocity, m/sec (mph) 

Ambient temperature, C(F) 

Inlet air temperature, C(F) 

Outlet air temperature, C(F) 

6.7 (15.0) 

15.5 (60.0) 

363.9 (687.0) 

843. 3 (1550. 0) 

Power through aperture 

.. 

*Aperture efficiency, nA Power that reachQs aperture plane 

*~Cavity efficiency, 
Net power to air 

Power through aperture 

***Overall efficiency 
N_et power to air 

Power at aperture plane 
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TABLE 5-13 

POWER VS. DAY OF YEAR AT NOON 

Season of Receiver Power From Power Into Net Power 
Year Mirror Field Aperture To Air 

Megawatts Megawatts Megawatts 

North 56.43 51.41 44.85 
Summer West 55.17 50.05 43.67 
Day 1.73 East 55.17 50.0~ 43.67 

Total 166.77 151.51 132.19 

North 61. 90. 59.49 51.66 
Equinox West 54.50 51.31 44./6 
Day 80 East 54.50 51.31 44.76 

Total 170.90 162.11 141.18 

North 56.10 53.87 46.95 
Winter West 48.13 43.99 38.40 
Day 355 East 48.13 43.99 38.40 

Total 152.36 141.85 123.75 
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TABLE 5-14 

POWER VS. TIME OF DAY AT EQUINOX 

Time of Cavity Power From Pmver Into Net Power 
Day Mirror Field Aperture To Air 

Negawatts Nega\vatts Hcgmvat ts 

8 a.m. North 51.18 46.02 40.18 
\.Jest 59.67 %.92 49.52 
East 32.97 26.91 23.23 

Total 143.82 129.85 112.93 

10 a.m. North 58.32 54.38 47.38 
West 60.13 57.18 49.74 
East 45.72 39.95 34.85 

Total 164.17 151.51 131.97 

12 Noon .North 61.90 59.49 51.66 
\.Jest 54.50 51.31 44.76 
East 54.50 51.31 4! •. 76 

Total 170.90 162.11 141.18 

2 p.m. North 58.32 54.38 47.-38 
West 45,72 39.95 34.85 
East 60.13 57.18 49.74 

Total 164.17 151.51 131.97 

- ~- ··~ . 

4 p.m. North 51.18 46.02 40.18 
West 32.97 26.91 23.23 
East 59.67 56.92 49.52 

Total 143.82 129.85 112.93 
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5. 3. 3 Tower Conceptual Desigri 

~D:~-~Qq~.<=.~A~:m. The main funct.icn~ of the re<;eiver tower are to: 

• Support the receiver weight estimated to t::e 726,000 kg 
(800 tons) 

• Hold the position of the apert.ure within acceptable 
limits of the heliostat aimin~ point 

• Provide support for the riser and downcomer. piping 

• Allow access to the receiver and piping for maintenance 

The design was based on a tower height of 190 m (623 ft) required 

for the "G" field. To meet the requirement of the "H" field, the 

tower height \<~las reduced to 145 m (475 ft) by eliminating the 

bottom 45 m (148 ft) of the original design. Lack of time · 

prevented an optimization of the shorter tower, so the design is 

quite conservative. 

The tower design meets·the requirements of the Uniform Building· 

Code and national industry codes for steel and concrete 

structures. 

De~Ag_Il_Load~. The following loads were used for the conceptual 

design of the tower and its foundations: 

• Dead Loads. These include weiqhts of framirig and 
permanent equipment such as receivers, piping, and 
controls. 

• Live Loads. These are superimposed loads due to use and 
occupancy not including wind, earthquake, or dead loads. 
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• Wind Loads. These are l:::ased on wind speeds of 14,m/sec 
(32 mph) under operational conditions and 40 m/sec 
(90 mph) under survival wind conditions ~t a height o.f 

-10m (30ft) above ground. The calculated wind · 
pressures were adj~sted for round members in the 
structure. 

• Seismic Loads. A peak qround.acceleration of .15g under 
operating conditions and 0.25g under survival conditions 
were used. ·The tower was assumed tobe located in UBC 
Zone 3. This peak ground acceleration was combined with 
the response spectrum given by NRC Re·q. Guide 1.6 and 
damping values given for the operating basis earthquake 
in NRC Req. Guide. 1. 6 t. . 

• Temperature. The· proiect design· criteria require that 
the plant has to ~emain operatipnal in the aml:::ient air 
temperature range from -30 to +SOC ·c-2 to +120F). 

Selected Tower Design •. Fol~owinq. a review of recent comparative 

studies on receiver towe~ designs (Refs. 5-4 and 5-5), a square 

profile steel tower was selected for the hYbria plant. While 

most designs for steel receiver to~ers use rolled structural 

steel shapes, these are more efficient in building construction 

with close floor spacing and moderate team spans. For tall 'solar 

towers, custom built-up sections. would .l::e· requl.rea • 
.. . 

. . 

Offshore platform tower·s have similar requirements to those for a 

solar central receiver tower. The all-welded offshore structures 

are made of larqe-dia~eter welded or seamless piping. successful 

tests have been made· of the three-dimensional structural pipe 

ioints at the University of california at Berkeley. The de~iqn 

of these structures is covered l:::y an American Petroleum Institute 

code (API-RP2A) (Ref. 5-6) • several ·such towers have l::een tuilt 
. · 

in the last few years~ The main advantages of usinq 

larqe-diameter steel pipinq for the tower design include: 



• A hiqher ~ength-t~radius-of-qyration ratio fo~ the same 
weiqht per unit l~nqth, permittinq a higher allowatle 
stre~s f.or the same effective member lenqth 

• A reducti~n in win~ pressure.loads~ permitted by 
ANSI A58. 1 . for·. round cross sections 

• Possibility of wider spacing between intermediate floor 
diaphraqms 

• A siqnificant. reduction in the number of memters and 
connections 

• An inherently qreater rigidity due to welded 
construction~ resultinq in smaller deflections under 
wind and. seismic load~nq 

• Lower transporta~ion costs with nested pipinq 

c Potential ·for reduced fatricatidn costs due to automatic 
weldinq 

• Less field fabricati·ori a·fter shop welding of the· 
three-d~~e~sional:ioints 

The tower desiqn employinq this offshore platform technology is 

shown in Fiqure 5-19. K-bracinq, effective in both tension and 

~ompression, is used to cut the span of .the beams by half. 

Horizontal floo~ diaphraqms are spaced-at 15m (50ft) intervals 

for column bracinq and to support pipinq, stairs, and the 

elevator quide rails. A typical floor. diaphraqm, which uses both 

p~pe ano rolled section~, ;s sho~n in Fiqure 5-20. 

The column center lines are spaced at 18.3 m (60 ft) at the top 

to best support the combined receiver weiqht. The cavities were 

arranqed as shown in F;qure 5-21 to place the combined center of 

qra~ity at the center of the tower plan. Pipe diameters vary 

from a minimu~ of .41 m (16.in.) to a maximum of 2 •. 13 m (84 in.) 
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Figure 5-19 TOWER GEOMETRY 
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and thicknesses vary .from a minimum of 9.5 mm (0.375 in.) to a 

maximum of 32 mm (1.25 in.) for the larger diameter pipe. 

All three-dimensional pipe-to-pi~e connections can be 

prefabricated and shipped to the site. Straight pipes can te 

shipped to the site and welded to the prefabricated joints, thus 

reducinq field labor ·and ensuring the proper taper. 

The tower will have adequate aircraft obstruction lights, 

lightninq protection, ac.cess platform stairs, ladders, piping 

supports, and lightinq in accordance with the regulations of FAA 

and OSHA. 

Foundation Design. The foundation consists of four 3 m (10 ft) 

thick concrete footings with 4.6 m by 4.6 m by 3 m (15 ft by 

15 ft by 10 ft) deep concrete pilasters. The footings are tied 

together by a 3 m by 3 m (10 ft tv 10 ft) concrete tie-beam, as 

shown in Fiqure 5-22. In addition to resistance to downward 

loads, the foundations also provide resistance against uplift 

(overturning) caused by winds. ~he uplift forces are transmitted 

to the foundations by·embeddinq the lower columns in the 

pilasters, and are ·transmitted from the steel to the concrete ty. 

welded studs. The footinqs are emtedded approximately 6 m 

(20 ft) below the qround. The pilaster and tie-beams can be cast 

one at time, thus allowinq reuse of the forms to reduce costs. 

The reinforced concrete desiqn is in accordance with the 

requirements of ACI Standard 318-71, Buildinq Code Requirements 

for Reinforced Concrete. 
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Analysis of Tower Design~ A three-dimensional model of the tower 

was analyzed statically and dynamically using the NAS~RAN 

computer proqram (Ref. 5-7). Top-of-tower-horizontal 

displacements under operatinq and survival wind conditions were 

found to be 38 mm (1.5 in.) and .36 m (14 in.), respectively. 

Preliminary response spectra,- shown in Fiqures 5-23 and 5-24, 
. . 

represent typical smoothed curves provided for equipment design. 

As seen from these curves, the tower resonance frequency is 

approximately 6 cycles/sec for the horizontal and 2 cycles/sec 

for the vertical excitation. The peak accelerations are quite 
~ 

low. The maximum lateral displacement at the tower top due to 

the operating basis earthquake (CBE) is .25m (10 in.). At this 

condition the maximum acceleration is .22q. 

The 2 and 4 percent dampinq values used for the response spectra 

correspond to recommendations for welded or hunq equipment· 

connection and bolted equipment connection, respectively. A 

2 percent structural damping has teen assumed for the welded 

steel tower. 

The operaLinq seisrnic event was analvzeu, with a 0. 15g qcuuud 

acceleration, since in actual practice this otten qoverns the 

desiqn. The smaller factors of safety allowable for survival 

conditions results in a less strinqent design criteria. 
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5. 3. 4 Riser and Downcomer Conceptual Design 

The·riser and downcomer, which convey the air to and from the 

receiver~ form the interfaces between the receiver sutsyste~ and 

the EPGS. They connect the receiver on top of the tower with the 

qas turbine at the tow~r base. 

The total pressure drop allmved in the J:ipinq, based on 

parametric analysis, is 41.4 kPa (6 psi). Heat leak through the 

insulation results in a 4.4C (8F) temperature loss in toth the 

riser and downcomer. This is approximately 1 percent of the 

desiqn point tempe_r.ature rise in the receiver. . '• .. 

Ris~~~ The riser-~ipinq, operating with compressor discharge air 

at approximately 368C (695F) and 1.09 MPa (160 psia), is made of 

rolled and welded carbon steel piping with 5 em (2 in.) of 

external insulation (Durablanket made by Carborundum). The pipe 

. diamet~r is 1.3 m (51 in.) and the wall thickness is 1.6 em 

. (0.625 in.), in accordance with the. Cqde for Power Pipinq 

(ANSI B31.1). · In place of the expansion loops assumed in the 

parametric analysis, expansion ioints are used to allow for 

thermal growth. This minimizes the lenqth and weiqht of p~pinq~ 

The riser will either operate at about 368C (695Ft.·in the hybrid 

mode or will be near ambient temperature when the receiver is 

bypassed in the fossil-only mode. Based on conceptual-level 

analyses, the pipinq is not exP,ected to need any slower warmup 

period than the receiver. 
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Two connections are provided at the ·comJ:ressor .discharge of the . 

~as turbine. These join into a sinqle pipe near the turbine and 

run horizontal! y above the qround to the tower. In the tower th'e 

riser runs parallel to one of the main tower columns to cl' p'oint 

just b.elow the receiver platfor'ni. where the pipe branches· into 

six flow paths. two to each, receiver cavity. Fi'gure 5-25 is ari 

artist's concept of the pipinq arrangement around the receiver. 

showinq both riser and downcomer. 'Ihe diameter of the br·a·ncn 

pipinq is· specified to give nearly the same air velocity as the 

main riser pipe. which has a desiqn veloc'itv of approximately 

33 m/sec (108 ft/sec)·. 

Downcomer. The downcomer pipinq. which handles air at the 

receiver outlet of 843C (1550F). is exposed to more severe 

service conditions. which include siqnificant thermal transients. 

several desiqn alternatives were evaluated' covering the range 

from hiqh-temperature alloys. such as Incone1 617. to refractory 

lined steel ·pipe. often' used ·for furnace transfer pipinq i'n a 
similar temperature' environment. 

The selected desiqn. shown in Fiqure 5-26~'bonsi~ti of· an 

internal!~ insulated steel pipe'~ith a metallic inner 'lin~r. made 

of rolled and welded Inconel 617 plate with a diameter of 1.45 m 

(57 in.) and a thickness of 6 mm (0.25 in.). The actual pressure 

boundary on the outside is formed by a 1.67 m (66 in.) diameter. 

19 mm (.75 in.) wall carbon steel·pipe. which operates at a 

maximum temperature of about 120C (250F).. Between the liner' and 

·:he pipe there is an 89 mm (3. 5 in.) thick Durablanket ceramic 
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Figure 5-25 ARTIST'S CONCEPT OF RISER (C) AND 
DOWNCOMER (H) PIPING ARRANGEMENT 

l . 
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fiber insulationr .10 kq/m3 (8 lr/ft3), manufactured by 

Carborundum. 

The layout of the downcomer pipe is nearly parallel to the .riser. 

Six pipes connect to the top of the receiver cavities, as shown 

in Fiqure 5-25, and join to a sinqle l~rqe pipe. At the qas 

turbine, the downcomer is branched into two pipes .for connection 

to the combustor plenum chamber. The design point air velocity 

is nearly constant at 49 m/sec (160ft/sec), through all the 

pipes. 

Design and development work is required before this internally 

insulated pipinq concept can be used with confidence in a 

commercial power plant. Connections to the receiver and the gas 

turbine, anchorinq of the liner and the insulation without 

producinq hot spots, and details of the expansion provisions of 

the liner need further development work. However, this concept 

appears to be the most cost effective and is similar in principal 

to those proposed for other conceptual desiqns (Refs. 5-8, 5-9, 

and 5-10). 

The constant receiver airflow operational philosophy results in 

slow thermal transients durinq the diurnal solar variation. 

However, durinq cloud transients, the downcomer air temperature 

is expected to drop from a maximum of aq3c (1550F) to 

approximately 370C (700F) in as li~T.lP. as S minutes. If 

necessaryr the severity of these transients can be reduced 

5-62 



throuqh bypassing the solar receiver or using early warning or 

cloud approach to moderate the effects. 

Valves. Valves, shown in Fiqure 5-27, are required in the riser 

and downcomer piping to handle the operational requirements of 

the solar/nonsolar interface. 

The valves in the riser pipinq are of conventional design. The 

riser isolation valve (V1) is closed only during long-term fossil 

operation. The cavity distribution valves (V3 through V9) are 

used to adjust the air. flow with the diurnal variation in the 

solar input to the three cavities. ~hermal relief valves (not 

shown) will be necessary on the inlet side of each panel for 

equipment protection. 

Service conditions of the valves ex~osed to the downcomer air are 

more severe. The downcomer isolation valve (V2) must te able to 

withstand the 843C (1550F) air for several hours each day, tut 

will not be operated at temperatures much above compressor 

discharge to isolate the receiver. ~he typass valve (V3) is 

exposed to a larqe temperature differential when closed, and some 

coolinq air flow will probably te required. The atmospheric dump 

valves (V10 throuqh V15) are used to prevent compressor surge ry 

dumpinq a portion of the totdl airflow when valves V2 and V3 

restrict the airflow throuqh the LuJ::l:ine durinq loss of load 

trips of the qas turbine. Further study durinq preliminary 

desiqn may allow these valves to te moved to the cold side of the 

receiver. 
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Inquiries to valve vendors yielded a few examples of valves tuilt 

to withstand the temperature conditions in the downcomer. The 

Clew Corporation recommended their Tricentric valve which has 

been used for other high-temperature air applications. The 

downcomer isolation valve (V3) included an internally insulated 

steel body and a hydraulic operator. 

Valves for the 843C (1550F) air are not in the commercial 

equipment category as yet, althouqh in the opinion of Clew 

Corporation, valves can be built to withstand the solar hybrid 

service requirements. 

Expansion Joint~- Expansion joints serve to compensate for 

thermal expansion of the steel pipe resulting from temperature 

changes of approximately 390C (700F) for the riser and 95C (170F) 

for the downcomer. using expansion joints instead of piping 

loops to absorb the thermal qrowth of the riser and downcomer 

piping was found to be the economic choice over the preconceptual 

design. These joints are relatively inexpensive, and with good 

design practice, can provide reliatle service. An estimate of 

the required number of joints and tudgetary quotes were obtained 

from Pathway Corp. 
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5.4 STORAGE SUBSYSTEM 

The conceptual design hybrid system has no energy storage 

provisions. As discussed in Subsection 4.3.3, the value of 

storage is negative under the economic parameters used in this 

study project. 

5.5 NONSOLAR SUBSYSTEM 

The nonsolar subsystem, consisting of the combustor and the fuel 

storage and supply provisions, is treated under the EPGS, because 

it is an integral part of the gas turbine and its auxiliaries. 

5.6 ELECTRIC POWER GENERA~ION SUBSYSTEM (EPGS) 

Primary functions of the EPGS include thermal to electric energy 
I . 

conversion, fossil fuel handling and combustion, waste.heat 

reiection, and site power distribution. The energy conversion 

function is served by three maior components: the gas turbine-

generator, the heat recovery steam generator (HRSG), and the 

steam turbine-generator. 

5. 6. 1 P~rformanc~ 

The three basic operating modes of the EPGS are: 

• Hybrid mode (fossil and solar heat inputs) 

• Fossil-only ·mode (long term or short term) 
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• Solar-only mode 

The nominal capacity in the hvtrid mode is 112.6 MWe net. 'Ihe 

plant output in the fossil-only mode is slightly above 113 Mwe 

net. Heat balance diagrams prepared for each mode provide 

detailed cycle characteristics. Additional information on these 

three modes is given in the EPGS data list in Volume III. 

-~Y12..~!d Mod~. Figure 5-2 8 is the heat talance diagram for the 

hybrid operating mode showing the flow parameters at design 

point. Total steam production is approximately 43 kg/sec 

(340,000 lb/hr). The t.igh- and low-pressure steam represent 

approximately 84 and 16 percent of the total, respectively. 

Gross electrical output of the comtined cycle is 115,940 kW, with 

the gas turbine-generator acccuntinq for about 64 percent of the 

output. Net plant heat rate is approximately 8229 kJ/kWh 

(7794 Btu/kWh) and reflects the auxiliary power demand of atout 

3340 kW. 

LOI)_g-T~-~-l!!.__Fossil Mode. This mode represents plant operation 

without solar enerqy input and with the receiver bypassed. As 

shown in Fiqure 5-29, the major differences between this mode and 

the hybrid mode are the increased fuel requirement, slightly 

higher qas turbine exhaust temperature, and a slight decrease in 

total steam production. The relative proportions of high- and 

low-pressure steam remain the same as in the hybrid mode. Gross 

electrical output in this mode is slightly higher (116,340 kW). 

but the relative contributions of the gas and steam turtine-
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generators remain unchanged. ~he net plant heat rate is about 

8562 kJ/kWh (8116 .Btu/kWh), which is about 4 percent higher than 

that of the hybrid mode. The long-term fossil mode is part of 

the daily startup and shutdown sequences and will be used, in 

addition, to supply electric energy on cloudy days. 

Solar-On~y Mode. In this mode the hybrid plant can only produce 

, a fraction of its rated output. It was analyzed to define the 

lower limit ofhybrid operation ~ith minimum fossil fuel input. 

As indicated in Figure 5-JOF steam ~reduction in this mode 

decreases to about 21 kg/sec (166,000 lb/hr), and steam pressures 

and temperatures at the turbine inlet are lo~er. High-pressure 

steam production is 74 percent of the total. Gross electric 

output is about 43.1 MW, with the gas turbine accounting for 

68 percent of the output. 

_ShQEt:-J'~~m Fossil Mode. ·This mode dit ters from the long-term 

fossil mode, since the compressor discharge air continues to te 

routed through the receiver. It is used, for example, wh~n 

insolation is only temporarily interrupted due to cloud passage. 

In this mode the fuel requirement increases by al.luut 1 1-'eLCtftL 

and the plant gross output decreases ty about 0.2 percent. ~hese 

changes are due to losses in the receiver and associated piping. 

R~rf~~~~~e Varia~io~. Part-load o~eration of the hytrid power 

system is achieved tv reducing the fossil fuel input to the gas 

turbine combustion chamber. Figure 5-31 shows the variation of 

steam cycle pressures at less than full power operation. The 

5-68 



fl'!! !!J!J!!J! 1!1! IJIJIJ IJ IJ IJ IJ IJ IJ IJIJ IJ IJI!IJIJI 

.--------1 
I I 
I I 
I . SW&CEHTRAL I 
I REC£1VER I 
I I 
I I 
I I 
Lf \' 

I I 
I I 
I I 

I I 
I I 

I I 
I I 

I I 
I I 

..L _l_ 

!il 

! .. 

g 

CAS TURBIN[ 

8 1 

fl''~!!! J 1 J! ,I! W!Ullll!lJ ! .! l .! ! 
,. 
;- fl"'"'"'"! I.- .. -

I 
I 

I 
2.451,075f 
Jo27&5F 

~~ ;:.:t __ _j~~----~~~m~'----------~"'~~~·~------------------~----------~ 
\ ~-- ISh 

' I 
( 

lP EVAPORATOR 
.oH·Mi.4 BTUILB 

IP ECONOMIZER 
bH·I69.75STUILB 

IPEVAPOitATOR 
c..H•812 BTUILB 

HPECCINCMIZER 
6H·In.CSTUILB 

HP EVAPORATOR • 
.oH•6lQ.) BTUILB 

\ I 

~ I 
I I 

- _ _j 

"" "'-'" 

~.825F 
2SOf 

'--...., ....... ,..---' liS. 59 h 

1,160P 

"" 

..,..-------------------------- ~,,;:;.------ _; 

\ 
\ 

\ 
2.Cillf)t 

6 

,...---------------------- -- - - - - - - - -- -- - - ,-- -~···-"".!.- - - ~ 

P SUPERHEAITR 

LP SUP£RHtATE 

I 
I 

~ ~~~~ ~ ~~ ~~~~~ ~~~~-- ---- -·~·--. 
" I 
~ I 
~ I 

I 
I I HEAT RECOVllrf )I lAM l>t.NtKATOR 

I 
I 

5 

J 
I 

( GROSS HEAT RATE•lf.tl.ifl&tliit•rlfl.1570 BTUIKvt-HR 
N£TH£A1RATE·\i'llb!l~~lg6 ·119< BTUIKW·HR 

4 

STEAM TURBINE 

GLAHD SEAl 
COHOENSER 

2 

l!GEND: 
H· STEAM~EHIHALPY-8TUILB 
h WATER EHTHALPY-BTUflB 
P· PRESSURE-PSIA 
F· TIMPiRATUR£-OEGR££5 f 
I • FLOW RA 1t-lBI HR 

.. ---=-c::: 

BECHTEL 
SAN FRANCISCO 

SOLAR-COIIIINED CYCLE HYBRID PLANT 

K[AT9lllNC[OIAr.RAM 

KYiP.ICI~ 

Figure 5-28 HEAT BALANCE DIAGRAM, 
HYBRID MODE 

s~6·9 

H 

G 

D 

c 

A 





fi'!! !!!!JJJ!! Ill! IJ Ill! Ill! 1!1!1!1!1! I! l!lllllllll 

,--------1 
I I 
I I 
I SOlAR CENTRAl. I 
I RECEIVER I 
I I 
I I 
I I 
Lf \' 

I I 
I I 
I I 

I I 
I I 

I I 
I I 

I I, 
I I 

'.L _L 

t0401Xl. 

GAS TURB!hl 

7 

fj'''! ! J J J J J ,I ! ! ! .! ll.! .! ! llllll !.! .! .! ! ,. 
' 

( 

I 
I 

I 

l 
2.Q7,178f 
T·~lSF 

lP EVAPORATOR 
oH·MUBTU/lB 

IP ECONOMIZER 
llH·l69.758TUILB 

IP EVAPORATOR 
o H·812BTUILB 

HP ECOOI:MIZER 
l!.H•tn,438TUILB 

HP EVAPORATOR 
H-620.3BTIJILB 

"'-""' ''"' \ ~-- l8h 

\ I 
2C1.825P 

250f 
\ I 21&59h 

~ I 
I I 

~-_j 
I 

"'' 22a. 62 h FEED WATER BOOSTER PUMP 
4l4F oh·2 OBTUfl8 

"""" 
.--------,-------, ,--- --., 

"" ''"'" 

""' 41H 

1160P 

"" 

I I 

28(CO)f 

I 

I 
I 
I 
I 
I 
I 

' I 

Jll,O'llf 

! 
.I 
I 
I 

I' 
1'1 
II 
II 
I' 
I 
I' 
I 
I 
I' 
I' 
I 
I 

'1,, 
If 

... -------------,~~"------- _; 

j, 

I 
I 

\ 
\ 

2,417:-,81 

6 

I' 

.-------------------------- --,--~~~---..1' 
I 
I 

·-~-~JI? ~~·~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~-----"''----
~ I 
• I 

I 
I 
) 

/HEAT RECOVERY ST£AM GENERATOR 

I 
I 

GROSS HEAT RATE • ::-~~ ·7926 BTUI KW·HR 

N£T HfAT RATE • 1:m.Jb~~~~O ·8162 BTUIKW-~ 

5 4 

STEAM TURBiht 

'fl"l"l"l"! 

CIRCULATING WATER 

GlAND SEAL 
CONDENSER 

2 

r 

~ 
H· STrAM I GAS ENTHALPY....eTUILB 
h· WATIR EHlHALPY-BTUILB 
P·PRESSU~IA 

F- TEMPERATURE-CGREES F 
I· A.OW RAT'E-i.BIHR 

SlZEE 

.. ---=-c:r 

BECHTEL 
~AN F RA Nt:ISt:n 

SOLAR "CClli I NED CYCLE HYBRID PLANT 

HEAT BALANCE DIAGRAM 
LONG TERM FOSS ll MOO£ 

Figure 5-29 HEAT BALANCE DIAGRAM, 
LONG-TERM FOS$1L MODE 

5-71 

H 

G 

D 

c 

A 

--





......,..., fi'!!!!!!J!JJ!IJIJIJIJIJIJiliJIJIJIJiliJIJiliJI!Ill 

8 

,- ·------ -, 

Ll 
I 

I 
I 

I 
I 
I 

I 
I 
I 

..L 

SOlAR CENTRAL 

RECEIVER 

•• 

GAS TURBINE 

I 
I 
I 
I 
I 
I 
I ,. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
..L 

7 

fl'''! ! ! ! J ! !. ! ! ! ! .! ! ! ! l! l ! ! ! ! ! !.! !.! ! 
,. 
i" 

( 

I 
I 

I 

I 
I 
I 
I 
I 
I 

l 
z.m.cm• 

T·338F 

lP lVAPORATOR 
oH-9ei.4BTUfLB 

IP ECONI::MIZER 
t.H•ll».7 BTUILB 

IP EVAPORATOR 
oH·It'IS,9BTUILD 

HPECONmiZER 
oH•lli.7BTUILB 

HP EVAPORATOR 
oH-74l.IBTUILB 

""" 219.0h ... , 
ll1.7h 

r-----.------, 

116P 
l55.7f 

,, .. 
416.9f 

I 

FIIDWATIR BOOSTER PUMP 
llh-4l4Bll.ULB 

r--- --"1 
I I 

,..., 
I I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

.,-------------- ~~~------- -* 
I' 
1. 
I 
I 
I 

.--------------------------,-~~·----- ..J 
I 
I 

r ! 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I ~:!._F _____ -------- j 

i-ru r?'~~·---------------'"'------- -• 
~ LP SUPERHEAT£ ;i I 

I 
I 
I 

~~~------l'_\_~~~~ 
l19.62H 

: I 
• I 

I 
II [AT R[COVERV STrAM G£NERATOR 

I 
I 

5 

I 

GROSS HEAT RATE ·=Jl«< ·l~lBTUIKW·HR 
NET HEAT RATE·I2938J • f::l9ij ·11431 BTIJIKW·HR 

4 

STEAM TURBit.E 

t:.IArlO'\fAI. 
CONDENSER 

2 

l!GEH~ 

H· STEAM I GAS EHTHAlPY-BTUILB 
h• WAT[R EHTHAl.PY-BTU'LB 
1'- PIU!;URI:·~IA 

F- TEMPERATURE.....OEGREES F 
I· R.OW RATI-lBIHR 

BECHTEL 
SAN FAA NCISCU 

SIZE E 

OOLlll·OOIIIIIIED CYCLE HYBA ID PWIT 

H£AT BALANCE DIAGRAM 
SOLAR ONLY Wlnf: 

Figure 5-30 HEAT BALANCE DIAGRAM, 
SOLAR-ONLY MODE 

5-73 

H 

F 

E 

D 

c 

A 





7.0 1000 .. ,:I 
I 

6.0 I 
800 I 

I 
5.0 I - I - <( 

~ 
0.. Cl) 
~ c.. 

600 I 
w 4.0 w I a: a: 
:::.> :::.> 
Cl) ~ Cl) 
w w 
a: a: 
c.. 

3.0 
c.. ' 

~ ~ GAS TURBINE ONLY .. I...- HYBRID COMBINED CYCLE 
<( <( 400 
w w I 1- 1-
Cl) Cl) ,o, 

2.0 

I 
200 I 

1.0 I 

0~--------,-------L-T---------T---------~--------

0 20 40 60 80 100 

GUARANTEED LOAD PERCENT 

Figure 5-31 VARIABLE-PRESSURE OPERATING CHARACTERISTICS 

5-75 



lower operating limit is dictated by steam turbine design and 

represents the point t.elow which operation of the steam turbine 

would be impractical. Below 35 percent of rated output. only the 

qas turbine would be operated; condensate-feedwater would be 

recirculated to the HRSG evaporators. maintaining the steam cycle 

in a hot standby condition. ready for startup should an increase 

in power demand occur. 

Fiqure 5-32 shows the variation in net heat Lale as a function of 

plant load. ~s the fiqure shows. the heat rate increases in all 

morlPA ~~ part load. indicatinq poorer performan~e. The fiqure 

also shows the maximum plant output variation due to changes in 

wet and dry bulL tecnperaturea. r:lant output variation oue to 

chanqes in relative humidity can also be derived from this 

fiqure. Fiqure 5-33 shows the effects of altitude above mean sea 

level on plant output and heat rate. 

5. 6. 2 

The qas turbine is a Westinghouse W-501 combustion turbine and 

consi st.s of three basic elements: the axial flow CUini:JLt!SSur • a 

comtustion svstem. and a power turbine. These are comtined into 

a sinqle assembly. shown in Fiqure 5-34. that can be shipped 

complete with rotor in place. ~he turbine rating is 86 MWe. 

The hvdroqen-cooled generator and exciter are equi~ped with 

inteqral lube oil a.nd cooler pipinq and necessary 

instrumentation. The generator and combustion turbine are solid 
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coupled. Shaft-mounted axial tlowers circulate hydrogen cooling 

through the generator. 

The qas turbine-generator nameplate rating is 96 MVA at: 

• 13.8 kV at 0.9 power factor 

• Air inlet pressure of 93.8 kPa (13.6 psia), 
corresponding to 678 m (2225 ft) elevation atove sea 
level 

• Compressor airflow of 333 kf'J/!3Pr. (2,640,,000 lts/hr) 

• Ambient temperature of 4.4C (40F) 

The compres~or pressure ratio is 11.8:1, turbine inlet. 

templ?rat:.nre is gbout 1085C (1985F), and the exhaust flow 

temperature is about 537C (999F) ·~hen operating in the hybrid 

mode. The turbine exhaust is ducted to the heat recovery steam 

generator (HRSG) inlet. 

The majority of the auxilidry equipment for the gas turbine is 

installed in two factory-assem~led enclo8ures~ making the gas 

turbine-generator a nearly self-contained unit. water-cooled 

heat exchangers are used to cool the qas turbine-generator 

auxiliaries. 

Due to the hlqh inlet temperatur:t:!s, the convent:.i.onal gas· turbine 

combustor must be modified to prevent the combustion liner from 

overheating and to minimize the generation of thermal NOx. The 

turndown requirements, when operating on reduced fossil input at 

part load, also exceed the range normally encountered in 
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conventional gas tutbine operaticn. These factors suqgest a 

catalytically-enhanced mode of comtustion for the conceptual 

deSign. Laboratory investigations demonstrated that typical gas 

turbine fuels can be turned with minimal production of ther~al 

NOx at high combustion efficiencies (Refs. 5-11 through 5-16). 

The catalytic element is composed· of a cyLindrical ceramit 

honeycomb structure on which a proprietary noble metal catalyst 

is deposited. As the mixture of fuel. and air passes through the 

catalytic element, the fuel is oxidized below the threshhold 
. . 

· ·femperature 1650C (3000F) for· significant thermal NOx generation, 

and only the fuel-~ound nitrogen is converted to NOx. 

Catalytic combustion systems are currently being developed to 

replace combustors in existing conventional stationary qas 

turbines. Since these combustors operate with constant air inlet 

temperature. a conventional precomtustiori section is needed to 

meet the special solar requirement of varying inlet temperatures. 

The resulting hybrid combustor conceptual qesign is shown in 

Figure 5-35. Sixteen such combustor cans are arranged 

circumferentially around the W-501 gas turbine. 

All of the airflow from the receiver ·is passed through both 

sections of the combustors. The precomhustor is designed to 

control the inlet temperature to the catalyst within a range of· 

about 700 to 850C (1300 to 1550F). This maintains the best 

efficiency of the catalytic el~ment'while minimizing the pressure 

loss. The precombustor efficiency is not critical,.since any 
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unburned fuel will be oxidized in the catalytic element. ·.This 

qreatly eases the fuel nozzle design for a varying temperature 

requirement and. allows qreater turndow~ capability for the 

precombustor. 

The combination of the precomtustor and the catalytic.element can 

meet all the operational requirements. for the solar combined 

cycle hybrid plant. Sta.rtup is initiated with the prec9mbustor. 

The turbine is accelerated and loaded to the precombustor limit 

before the catalytic combustor fuel is turned o·n to bring the 

turbine inlet temperature to the desiqn value. The ~r~comtustor 

fuel flow is varied to adiust to the available solar input for 

relatively constant inlet temperature operation of the. catalyst 

durinq full load. For reduced fossil operation, the fuel flow to 

the catalyst is reduced, thereby lowering the turbine inlet 

temperature. 

The NOy generated by the precomtustor ~arallels that of a 

conventional combustor, but since it burns only about one-half of 

the total fuel, the·NOy emissions are much less than a 

conventional combustor. During .solar hybrid operation with high 

combustor inlet temperatures,.less fuel is burned in the 

precombustor and less NOy will te generated. 

Standard auxiliary equipment and accessories supplied with the 

gas turbine include: 

Starting package· 
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- 1500 hp electric motor. 5 KV-1800 rpm 
- Turning gear· module 

• Electrical control package 

• Mechanical package 

- Lube oil pumps. reservoir. and acc~ssories 
- Generator seal oil system 
- No. 2 distillate fuel system 

• Inlet air duct and silencer 

• Exhaust gas silencer 

~ Turhi.ne enclosure 

• Cooling air cooler 

• Lube oil cooler 

• Hydrogen cooler 

• Fire protection systems 

'5. 6. 3 Steam Turbine-Generator 

The steam turbine is a sinqle-casinq. s.ingle-flow, nonreheat-., 

3600 rpm condensing turbine with 59.69 em (23.5 in.) last-stage 

l:lades. desiqnt!u by ~e:J~inqhous~. Tt- nas an -uncontrolled 

secondary steam inlet to the intermediate-pressure stages of the 

turbine and no external extractions. Internal details of a 

typical westinghouse steam turbine for this service a~e sho~n in 

Figure 5-36·. Steam conditions at 100 percent. guaranteed load are 

6.9 MPa/G10C (1000 psia/950F) at main stea~ throttle and 

1.7 MPa/316C (250 psia/600F) secondary steam throttle conditions. 

The turbine is capatle of variatle-~ressure operation and is 

rated at 46 MWe. 

5-84 



.. 

U1 
I 

co 
:.n 

GENERATOR. 
COUPLING 

II TI ~ 

0 0 0 

TURBINE SECONDARY 
·EXHAUST STEAM INLET 

Figure 5-36 TYPICAL STEAM TURBINE CUTAWAY DRAWING 



The qenerator and exciter are of standard design. The turbine-

generator set is complete with an electrohyd~aulic control systen 

to control the steam flow thr.ouqh the tu:t:bine and all necessary 

auxiliaries.· The generator nameplate rating is 51 MVA at: 

• 13.8 kV at 0.9 power factor 

• . Condenser back pressure of 8.5 kPa (2.5 in) 

• zero makeup 

The elect::tohydraulic control y:rovided for this ·turbine-gE:m~rator 

unit combines the advantaqes of solid-state elect!onics wi~h 

those of high-pressure hydraulicsto control the steam flow 

through the turbine. 

Standard steam turbine accessories include the foilowing: 

• Protective valve system 

• Oil pumpinq system with oil reservoir, oil pumps, and 
oil coolers 

• Steam seal equipment. 

• Motor-operated turning_ .qear 

• Supervisory and ope~atinq instruments 

• Heat retention and metal lagging material 

The electrohydraulic control accessories include: 
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• Electrical control circuits 

• Valve operating devices 

• Emergency trip devices 

• High-pressure hydraulic system 

• D~qital electrohydraul~~ cabinet, operating, and test 
panels ··· 

Accessories for the generator include: 

• Hydrogen cooler 

• Instruments 

• Vacuum seal system 

• Hydrogen control system 

5.6.4 Heat Recovery Steam Generator (HRSG) 

The HRSG is a natural-circulation, dual~J:ressure, water tube 

boiler with parallel s~perheaters. At 100 percent de~{gn load 

and rated conditions, they are designed to produce 39.6 kg/sec 

'(314, 500 lb/hr) of steam at 6~ 9 MPai580C ( fooo psia/9 50 F) and 
. . .. 

7.0 kq/sec (55,500 lb/hr) of"steam ~t 1.7 MPa/316C · 

(250 psia/600F). steam piping pressure and temperature losses 

were neglected. An additional· 6.9 kg/sec (55,000 lb/hr) of steam 

at 207 kPa/121C (30 psia/250F) is generated in a separate low-

pressure evaporator section, which is used exclusively as motive 

steam to the constant-pressure feedwater deaerator. 
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Gas flow of 333 kg/sec {2.640.000 lb/hr) at gas turbine rated 

conditions is horizontal through the HRSG sections. A 

perspective illustration of a typical HRSG is shown in 

Fiqure 5-37. More detailed HRSG design information is included 

in the EPGS data list in Volume III. 

5. 6. 5 Gas Turbine Auxiliary systems 

The system shown in Fiq~re 5-38 is designed to store and s~pply 

fossil fuel to the gas turbine· .safely and reliably during all 

operating modes. The fuel is unloaded from tank trucks or 

railway tank cars. transferred to storage tanks. and is pumy;:ed 

from these ·tanks to the qas turbine as well as to the plant 

auxiliary boiler and the emergency diesel generator. 

Component Description. The unloading pump transfers fuel oil 

from the transporting tanks into the storage tanks. It can 

deliver oil at· 1.1 m3/sec (550 qpm) at a head of 30m (100 feet) 

and is controlled by local on/off switches. 
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Figure 5-37 PERSPECTIVE DRAWING OF HRSG 
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Each of two storage tanks has a one-million-gallon capacity and 

is sized for 30-day normal·operation of the plant. A dik~d area 

around each tank is sized to contain th~ full volume of fuel in 

the tank in case of ·its rupture. '.the tanks are fitted with 

nozzles for connections to· the· unloading pump, the transfer 

pumps, recirculation lines.- drain lines·, breather ,and flame 

arrestor, and local level indicators. tow levels and high 

temperatures in the tanks are both annunciated in the main 

control room. ·A manually actuated .mechanica·l foam system is 

provided for fire protection .. \llii th ·each tank. · 

Fuel transfer pumps supply the·reguired·fuel to t;.he gas turl:::ine 

and the diesel qenerator day tank. Two full-capacity centrifugal 

pumps are provided for redundancy. Each pump.can deliver 
. . . 

0. 67 m3/sec ·(300 · gpm) at a head :of 76 m ·(250 feet). .A minimum 

flow recirculation orifice o.r:t the·· discharge. side of each pump 

protects against overheating .• 

The diesel generator day tank has 0.38 m~ (100 gal) capacity. It 

is filled from the transfer pump discharge header. via a manual 

valve. With the use of the day tank, emergency operation of the 
·'t 

diesel generator does not depend on operation of the transfer 

pumps. 
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The turbine fuel supply pump is a positive· displacement rotary 

type that· raises the oil pressure ·t:o 'lt. 1 ~MPa (600 ps'ia). A 

relief valve at the pump discharqe prevents- overpressurization of 

the system. A discharge ·pressure control valve is prov1ded to 
. I 

bypass excess fuel back to the storage tanks. 

The flow divider distributes equal flow for each fuel nozzle in 

the combustor. 

System Operation. The fuel oil·transfer pumps take suction from 

the storaqe tanks to deliver fuel to the turbine fuel supply 

pump, which develops adequate pressure to meet comtustor 

n~quirements. The throttle valve in the supply pump discharge 

header controls the fuel flow, in .res~onse to a signal from the 

qas turbine control system. Excess oil is returned to the 

storaqe tanks by the pump di schar~e· p~essure· control valve .. 

An overspeed trip valve operates in ,resJ:onse to the los.s of 

pressure in the hydraulic overspeed.trip system, which is 

interlocked with all other ~me.cqencv trips. Thus a turl":ine trip 

causes fuel supply to the comt:ustor to be shtit off. '!he transfer 

pumps are controlled by on/off automatic switches' in the main 

control room. In automatic mode the standby.pump starts 

automatically in response to J:ressure loss in the disc.harge 

header. 

5-92 



• L 

5. 6. 6 Steam Cycle Auxiliary Systems 

.. : 

Constant-Pressure Deaerator. The s~ray-type feedwater deaerator 

has two staqes with an in~rnal vent ·condenser and was sized to 

accommodate approx~mately 46.6 kg/sec (370,000 1~/hr) of 
·' 

condensate at rated,'conditions. Motive steam flow of 

approximately 6. 9. kg/sec (55,000 lb/hr) is suppli.ed from the HRSG 

·low-pressure (LP) eva~orator at a constant 207 kPa (30 psia) 

pressure over the entire load ranqe. This ensures a minimum 

feedwater temperature·of about 121C (250F) to the interm~diate-

pressure (IP) economizer sections of the HRSG. Storage tank 
·. 

capacity is about 24.6_ m3 (6500 gal), which is equivalent to 

9 minutes of storage. The tank size is part of a standard design 

for deaerators of this type and size. 

'• 

Additional feedwater heating is done in the HP and LP economizer 

sections of the ·HRSG. There are no external feedwater heaters 

and no steam turbine extractions, since there is enouqh energy in 
f . ·'. 

the gas turbine exhaust to do_. all feedwater heating. 

' ' 

Condensate-Feedwate·r Pump Requirements. Two nominal half­

capacity, vertical, motor-driven, canned, turbine pumt:s deliver 
. '· 

condensate to. the constant-pressure deaerator. The 24 1/sec 

(380 qpm) capacity condensate pumps operate in parallel. The 

pumps supply water at 163 m (535 ft) head at the operating point •. 

Two nominal half-capacity, motor-d~iven,.feedwater booster pumi>s 

take suction from .the deaerator storage tank and discharge 
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through the _IP economizer to the LP bqiler st~am drum and the 

suction of th~ .main .. feedwater pumps~ T~ese centrifugal, 

horizontal split-case pumps operate in _parallel. They have.three 

staqes and a capacity of. 25.2 1/sec. (40Q gpm) each, at 218 m 

(715 ft) _head at .tne operatinq 'i:oint. 
. . . ~· " . 

Two nominal half-c~pacity, motor-driveri, feedwater p~mps take. 
·: . . 

suction .from the booster pump discharqe-.and supply feedwater. . . . . .· .. . 

through the hiq~-pr~ssuz:e e.cononii~er. to t;he high-pressuz::e boiler 

steam drum. The fe~dwater.pumps operate in parailel. They are 

centrifqgal, horizontal split cas~ type with eight stages and a 

rated capacity of 2_3. 3 1/sec .. (370 _gPJf!) _an<:1 _discharge head of 

808 m (2650. ft) at the operatinq poin.t. 
. ~ ,, . . . '. ·' . 

Main Condenser. The main conqenser is asingle-pressure, two­

pass sur~ace con~enser with a diyided water bo~ and a hotwell 

storage capacity o~ approximately 13 m3 (460ft3), which is 

equivalent to about 5 minutes of storage. · 

The condenser design duty is 102.6 MWt (350 MBtu/hr). The 
' . 

condensinq surface is approximately 3480 m2 (37,475 ft2). A 

water temperature rise across the condenser of 8.3C (15F) is 

assumed and cooling water requirements are approximately 

2945 1/sec (46,700 qpm) • 

.. , 
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Cooli~_we!:~' The' cooling. tower is a mebhanicai draft 

evaporative t6~er con~i~fing of four ~ells,·with diift 

eliminators. Cooiing··tower· duty is ·112. 8 · MWt (385 MEtu/hr) and 

the approach to·the'design' wet t~it. tempeiature is 6.1C (11F). 

Circulating water flow to the ·tower'is approximately 3236 1/sec 

(51,300 gpm), with an estimated makeup flow of 82 1/sec 

( 1300 gpm). 

Two 'ha'lf .. ~capaci'ty circul'atihg· :wafer J:UmJ:S circ.ulate. tt{e 'c~oling 
water from the coolihq ·tower ·ba·sin tb the maih condenser and to 

the service water pump suction. 'At the operating point, each 

pump has an approximate rating of is92. 1/~ec (30 ,000 ·gpm) at 

15.2 m (50 ft) head. The conling tower cells are fan-equipped. 

The power requirement for each fan is approximately 100 kW 

(140 hp). 

The entire heat rejection system~ inClUding cooling tower, 

condenser, circulating water·svstem, ·ch~mi~al treatment, and 

tower blowdown, is shown schematically in Figure 5-39. 

i" •• 

water ·Treatment· and ··coridel'}~~te ;:··Makeup. 'Ihe raw water makeup t.o 

the cooling towers is chldrinafed and acid-treated at the cooling 

tower basin. Water requited· 'f6r station makeup is chlorinated, 

lime-softened, clarified, and filtered using normal cold process 

treatment procedures. Condensate makeup is supplied from the raw 

water system and is processed in the makeup demineralizers prior 

to storage in the condensate storage tank. 
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5. 6. 7 Site ·power Distribution.· 

The main functions of the site power distribution system are to: 

• Receive and control electric energy from the gas- . 
turbine-driven generator and the steam-turbine-driven 
generator 

• Provide electric power to the plant subsystems, 
includinq auxiliary po~er requirements to the receiver 
and collector subsystems 

• Provide standby and emergency power to essential loads 
durinq loss of offsite power 

• Deliver generated power to the utility grid during 
normal operatinq periods and supply offsite power to 
plant auxiliaries durinq startup, shutdown, and standty 
operatinq modes 

As shown on the sinqle-line diaqram in Figure 5-40, the following 

maior electrical equipment items are included: 

• The electric portion of the steam turbine-qenerator 

• The electric portion of the gas turbine-generator 

• 13.8/115·kV main transformer for each generator circuit 

• 13~814.16 kV main station auxiliary transformer 

• Reserve auxiliarv step-do~n transformer 

• 4.16 kV, 1200 A metal-clad switchgear 

• 37-S kVA transformers for heliostat drive circuits . -· 

' 
• 1000 kVA 4160/480 v step-down transformers 

• 37.5 kVA; single-phase 4160-120/240 V st~p-down 
t.ransformers 

• 120/240 V distribution panel 

• 650 kW standby diesel qenerator 
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A grounding system is provided tc ~rotect against lightning, 

static electricity, and faults in electrical equipment. This 

grid consists of major grounding cables along each heliostat row 

with perpendicular cross connections spaced approximately f40 m 

(460 ft) or every tenth heliostat. 

5.7 MASTER CONTROL SUBSYS7EM 

The primary function of the master control subsystem (MCS) is to 

integrate the operation of various plant subsystems in response 

to external grid demands or changes in insolation. A secondary 

function is to perfor~ data logging and performance trending of 

system parameters. 

5. 7. 1 Requirements 

The MCS must conform to accepted ~ower ~lant d~sign practices. 

Consistent with these practices, the subsystem must ·be atle to: 

• Interface between the MCS and other subsystem controls 

"" usc proven dt-siqn!:> and oft-the-shelf equipment as much 
as possible 

• Eliminate sinqle-point failures through redundant 
elements when cost-effective 

• Separate operational controls from data loqginq and 
evaluation function 

• Allow manual operation of the plant if the MCS fails 

• Be flexible 

• Be cost-effective 
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In general. control decisions affecting only one plant subsystem 

and its related auxiliaries should be made within that subsystem. 

while decisions affecting overall plant performance should te 

made by the MCS. Plant operator action is required to initiate 

plant mode selection. Table 5-15 indicates the operational 

status of the major subsystems for various plant operating modes. 

5.7.2 Collector Subsystem Controls 

Of the two primary configurations evaluated in the parametric 

studies. the intermediate level control configuration. 

(Fiqure 5-41). was selected for conceptual design. This system 

is cumi.Josed of u. hcliostat ar-r:-r~y controller (HAC) • heliostat 

field controller (HFC), dud heliootu.t controll'='r (He) • 

Components. hardware, and software needed for this configuration 

are currently being produced for technically similar equipment. 

This system was selected because it has: 

• Low capital cost 

• High relia£ility 

• Low operation and maintenance cost 

• System ~lexibility 

• Available components 

Since the decentralized system offers potential simplicity and 

low cost at hiqh production levels. it should be reevaluated as 

experience with the intermediate-level system accumulates. 
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TABLE 5-15 

SUBSYSTEM STATUS FOR VARIOUS PLANT OPERATING MODES, 

Subsystem Operating Status 

Plant Electrical Power 
Operating Generation Subsystem 

Mode ·Collector Receiver Nonsolar 
Gas Steam Steam 

Turbine Turbine Generation 

Startup Off Off Warm-up Warm-up Warm-up On 

Standby Off Warm-up Idle Warm-up On On 

Long-Term 
Fossil Off Off On On On On 

Hybrid On On On On On On 

Shutdown Off Cool-down Cool-down Cool-dmm Cool-down Off 
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The central· f~ature~ of the intermediate-level system is the HAC • 

. '!'his consists of a 256,000 byte memory v~rsiori of a Hewlett­

Packard HP9835A computer interfaced with the·master control 

subsystem, a time signal qenerator, and approximately 20 

heliostat field controllers. The HAC calculates and transmits.to. 

the HFCs solar vector direction cosine data, operating mode 

specification, and tarqet coordinate data. 

The HFCs make up a.Hewlett-Packard HP9825S minicomputer and 

multiproqrammer network, interfaced at the minicomputer with the 

HAC and at the multiproqrammer with the individual HC's. The 

minicomputer receives control data from the HFC, performs the 

steerinq algorithm, and communicates individual heliostat 

requirements to the multiproqrammer for communication with each 

of the approximately 256 heliostats rinder its supervision •. 

Th~ HC consists of a microprocessor, translator, power supply, 

and azimuth and elevation stepper motors for execution of the 

po~ition commands. Position commands consist of step~ing pulses 

and the azimuth and elevation position is based on step count 

with baseline position knowledqe derived from limit switches. 

The poihtinq accuracy budqet, set at 0.75 mrad per axis,.is split 

between mechanical backlash (0.38 mrad in the elevation drive and 

0.45 mrad in the azimuth drive) and the control dead band 

(0.3 mrad). Since a one-step movement of the drive motor results 

in a minimum potential control increment of 0.0075 mrad for the 

elevation axis and 0.0089 mrad for the azimuth axis, control 
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pulses as large as 30 steps are ~ossible within the control dead 

band and will be typical while o~erating in the tracking mode. 

The selection of 256 heliostats for unit HFC control results in 

flux steps of 5 percent of full power. Using a stepper motor 

speed of 1000 steps per second results in a maximum travel time 

of 6.9 minutes for 3.14 rad (180 degrees) in elevation and 

10.4 minutes for 4.71 rad (270 degrees) in azimuth. Defocusing 

within 120 seconds can be accomplished with a large margin at 

speeds of 1000 steps per second. 

A study of the tracking speed and tracking angle rates for ten 

selected heliostats at summer solstice, equinox, and winter 

solstice showed that at all locations where singularities were 

encountered, the tracking speed ~as sufficient to maintain 

tracking during these periods. 

5.7.3 Receiver 3ubsystem Controls 

The receiver subsystem control functions .are to: 

• Proportion the receiver airflow so that the outlet 
temperature of each panel is equalized 

... Bypass Lhe rece·iver durinq lonq-t€'rm fo~~il mode 

The first function is accomplished with modulating butterfly 

dampers located in the inlet ~i~e to each receiver panel. The 

dampers are wide open on the central panels with the highest, 
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incident flux, while the flow through the other panels is 

restricted until all the outlet temperatures are equal. 

Adiustment of air flow to the cavities is accomplished by valves 

in the riser piping which compensate for the diurnal motion of 

the sun from east to west. With constant airflow, the overall 

receiver temperature control is accomplished by focusing or 

defocusing the collectors. Each of the three receivers has 

separate temperature sensing systems that send a demand signal 

through the MCS to its respective collector field. 

Bypassing the receiver during long-term fossil mode o~eration is 

accomplished by valves in the riser and bypass piping. Control 

input is initiated by the operator when the plant operating mode 

is changed. 

Since these controls have predetermined set points on the control 

elements, an analog approach ~rovides the simplest and least 

expensive control scheme. The analog logic is activated or 

deactivated upon signal from the MCS. 

No special controls are necessary to handle cloud passage 

transients. Using the specified cloud velocity of 2~ m/sec, it 

will take a minimum of 50 sec to otscure the collector field from 

the sun. Once solar flux is completely removed from the 

receiver, more than 5 minutes is required for the receiver outlet 

temperature to fall below 425C (800F). ~he gas turbine fuel rate 

can be increased within a few seconds to keep the turtine inlet 

temperature constant. The response rate of the gas turbine to 
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comp~nsate for the loss in solar enerqy is much faster than the 

rate of chanqe in solar enerqy. This feature allows the qas 

turbine to compensate £or sdlar input transients without upset to 

the remainder of the EPGS and does not require Duffer thermal 

storaqe. 

5. 7. 4 EPGS Controls -----·--·--·-

The function of the EPGS control system is to requlate the · 

conversion of thermal and fossil fuel energy to electric power. 

EPGS control consists of three independent control packages: 

• Gas turbine control 

• Steam qeneration control 

• Steam turtine control 

These packaqes use commercially available equipment, inteqral to 

the qas turbine and steam turtine. The autonomous nature of 

these control packaqes is consistent with the requ1.remen·ts tor 

manual backup of the MCS and allows a hiqh deqree of operational 

flexibility. Tabl~ 5-16 summarizes the EPGS subsystem control 

packaqes, the equip~ent controlled4 and the control functions. 

Gas turbine control requlates all functions of the gas turbine-

qenerator, and the related auxiliary systems. It is an analoq 

control packaqe with the followinq capatilities: 

• Automatic fuel control durinq acceleration and loading· 
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Control Package 

Gas Turbine 
(GTG) 

Steam Turbine 
(STC) 

Steam Generation 
(SGC) 

TABLE 5-16 

EPGS CONTROLS 

Equipment Controlled 

Gas turbine-generator, and 
auxiliary equipment 

Steam turbine-generator, 
and auxiliary equipment 

HRSG, feedwater pumps, 
deaerator, water treat­
ment, condenser, conden­
sate pump, and circulating 
water system 
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Control Functions 

Controls turbine speed, gener­
ator load, exhaust temperature, 
fuel, and auxiliaries. 

Controls turbine speed, gen­
e~ator load, steam pressure, 
and auxiliary equipment. 

Controls steam temperature 
and flow to meet ·sTC 
requirements. 



Closed-lao~ control of speed, generator output, and 
exhaust temperature 

• Inputs for turbine speed, compressor discharge pressure, 
generator load, selected cycle and auxiliary system 
temperatures, combustion turtine status, and operator 
mode selections · 

• Automatic generator synchronization 

• Generator circuit-breaker central 

In addition to the packaged control system, there is a turbine 

oversoeed protection in event of loss of qenerator load. ~o 

prevent overspeedinq of the turbine due to the com~ressed air in 

the riser and downcomer a fast-dcting butterfly dump valve 

located immediately upstream from the combustion chamter is 

activated. This valve lowers the air pressure to equalize the 

turhine power output with the compressor power input, which keeps 

the turbine from accelerating. Airflow is then maintained 

throuqh the receiver system until the plant returns on line or is 

shut down by operator decision. 

Steam turbine control regulates all functions of the steam 

turbine-qenerator and the related auxiliary systems. It is an 

analog control svstem with the following capability: 

• Closed-loop control of steam ~ressure, speed, and 
generator output 

• Inputs for turrine speed, turtine inlet pressure, 
generator load, selected cycle and auxiliary system 
temperatures, and operator mode selections 

• Automatic generator synchronization 

a Generator circuit-breaker control 
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Steam generation control .regulates all functions of the HRSG, 

feedwater pumps, condensate ~um~s, and deaerator. It is an 

analog control system that features closed-loop control of steam 

temperatur~, feedwater and condensate flows, and steam and 

deaerator levels. In addition to controlling the HRSG and 

related auxiliaries, it also controls the remaining EPGS 

auxiliary systems, such as the condensate makeup water treatment 

system and the condenser circulating water system including the 

coolinq tower. 

5. 7. 5 Fuel Supplv Controls 

The fuel supply system controls consist of panel-mounted level 

gauges, fuel storage tank low-level alarms, and an interlock to 

start the fuel oil transfer pumps prior to startup of the gas 

turbine. All other fuel system controls are provided with the 

gas turbine. The fuel supply controls are of the standard analog 

type with predetermined set points, controlled by the gas turtine 

control within the FPGS. 

5. 7. 6 ~1aster Control 

Although a complete parametric study was not conducted to select 

the best master control conce~t, several approaches were 

investigated. A. centralized com-r:::uter system was rejected due to 

poor utility acceptance of this type of system for packaged 

combined cycle plants. ~ modified central computer approach was 

examined which uses distributed digital microprocessors rather 
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than larqe central computers. ~his concept retains the best 

features of a central computer system without its inherent 

problems. A conventional analoq master control system was also 

examined for comparison. 

The selected MCS uses distributed micro-computers which can be 

used in quantity with the control functions distributed to many 

small computers (CPU). The result is that a single CPU failure, 

like a sinqle control failure in an analoq system, requires 

manual operation of only those loops that are associated with the 

failed CPU. 'T'he re111ainder of the MCS is not affected. Digital 

controls are used where feasible within the various plant 

subsystems. However, if simplicity or availability of hardware 

indicates the desirability of analoq systems, these can be 

interfaced with the diqital controls. 

The current cost of conventional analog is approximately equal to 

distributed diqital for the master control. Selection was 

therefore based on the operational advantages of the digital MCS. 

However, by 1990 the distributed diqital approach should be 

significantly cheaper than the equivalent analoq system, due to 

the rapid development of the microelectronics industry. 

Des~!i~~i~n of Selected MCS. The confiquration of the 

distributed diqital MCS is shown in Fiqure 5-42. ~he design is 

based on the Westinghouse "Q-Iine" series of microprocessor 

hardware for the master control and a Westinghouse 2500 computer 

for the data acquisition system. 
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The configuration of a typical 10-loop distributed digital master 

control is shown in Figure 5-43. It is composed of individual 

microcomputers which operate independent control loops but allow 

the sharing of· information. ~he information exchange is 

accomplished through the in-out (I/C) bus and the memory bus. 

The I/O bus provides the means of information exchange tetween 

the process variable printed circuit toards and the 

microcomputer. The memory bus provides the vehicle for 

information exchanqe between the wicrocomputer and its memory. 

~edu~dan~y. One of the benefits of a microprocessor-based system 

is the relatively low cost of the CPU when compared to the 

process I/O and software. Thus, redundancy of microcomputers 

that perform the control algorithms and logic function becomes 

economically more attractive. A typical redundant MCS 

confiquration is shown in Figure 5-44. 

The microprocessor arrangement allows the most economical backup 

of the control loops. While a failure in the process interface 

control circuits or the sensor would still force the control loop 

into manual mode, the control processor and logic would te 

redundant. The operator manual control mode is always availatle 

as a final backup. 

D?.!.<3.-_Loqg_e.__r.- The plant data loqqer is a computer, separate from 

the MCS, which monitors and records plant status and alarms 

atnormal conditions. The operator is provided with information 
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in enqineerinq units which can be immediately correlated to the 

data provided in the CRT, also in engineering units. 

The plant data loqqer includes four color graphic CRTs with 25 

displays. The system is desiqned for 100 analog and 250 digital 

inputs, and includes a 50-point sequence-of-events program 

printout on one of the three loqqers. 

Philosophy of Control. The pcwer J:lant is controlled frum a 

central control room. Operators monitor plant operation and are 

available to provide remote manual control as backup to the 

master control system. 

The control CRT and keyboard provide the operator with immediate 

communication with the microprocessor controlled subsystem for 

establishinq plant load requirements, rate of load changes, and 

startup and shutdown commands. In addition, .the control CR~ and 

keyboard facilitate simplified diagnosis and location of failures 

in system hardware or software. ~he operator supervises the 

automatic control of the MCS and only intervenes when abnormal 

conditions occur. The set point of each control loop can be 

chanqed by the operator from his control CRT. Loops can be tuned 

from this central location, permitinq optimization in 

establishing control loop res~onse. Chanqinq control loop 

characteristics can be accomplished on or off line. 
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5. 8 PLANT ARRANGEMEN~ 

5. 8. 1 Plot Plan 

Fiqure 5-45 is a partial site ~lan with emphasis on the power 

block, administrative, and service tuildinqs. All buildings are 

qrouped around the base of the receiver tower, within the 200 m 

diameter circle where heliostat placement is impractical. The 

administration buildinq is located for easy access from the power 

block perimeter roadway. The qas.turbine, heat recovery steam 

qenerator (HRSG), and steam turtine .. a.re arranqed to minimize air 

pipinq runs from the receiver tower and process pipinq runs from 

the HRSG to the steam cycle equipment. The control tuildinq is 

located and constructed in a manner that provides a central 

location and observation point for the turbine areas and the 

tower base. The service buildinq is close to the tower l:ase with 

easy access to all major equipment; it is also convenient to the 

access roads into the heliostat field-

The coolinq towers are located in the southeast quadrant of the. 

site. They are at the maximum ~ractical distance from the 

·heliostat field perimeter and located so as to minimize cooling 

tower drift and plume on heliostat performance. Fuel oil storage 

tanks are in the southeastern quadrant of the plant site at a 

distance in compliance with safetv requlations and good 

enqineerinq practice. 
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5. 8. 2 Major Equipment 

Relative location and orientation of major process equipment 

within th.e plant area were selected to enhance opera:tility and to 

. minimize capital and O&M costs. 'Ihe qas turbine-generator is a·s 

close as possible to the receiver tower to minimize air piping 

runs from the tower base to the combustor air inlet. 'Ihe steam 

turbine-qenerator is close to the heat recovery steam generator 

to.minimize main steam and condensate-feedwater pipinq runs. 

~igure 5-46 shows elevation views of the plant lookinq north and 

east, indicating the relative size and position of the major 

equipment. 

5. 8. 3 Architectural Considerations 

The buildinqs, structures, and enclosures associated with the 

plant are desiqned to minimize intrusion on the local landscape. 

The administration and control room buildinqs are made of 

concrete blocks; the remaininq :tuildinqs and enclosures are of 

prefabricated insulated steel with finished exterior. All 

buildinq and enclosure exteriors are finished to blend with the 

locale and be aesthetically pleasinq. Any items of equipment 

that detract from this scheme will l::e provided with enclosures to 

achieve minimu~ i~pact and possil::ly enhance the predominant 

landscape featuLe~. 
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Paved and secondary roadway construction is limited so that 

associated cost and environmental impacts are minimized. Access 

to the individual heliostats for ~ashing, maintenance, and 

removal will be achieved by marginal-terrain vehicles. 

5.9 SYSTEM OPERATION 

This section discusses the operation of the solar comtined cycle 

hybrid oower system. The qas turtine is the center of system 

operation, since the combustor fuel control has the flexitility 

to accommodate any solar heat input ~ithout upsetting the EPGS. 

The steam turbine simply follcws the gas turbine, absorbing as 

much enerqy as the HRSG is able to extract from the gas turtine 

exhaust. 

5. 9. 1 Daily Operat~~~~~~ 

Since the solar hybrid plant is considered to be an intermediate­

load unit, it is expected to operate during the day and early 

evening hours with reasonably constant power output. A typical 

dailv operating cycle would generally follow the sequence 

described below. 

~i~F~~l StartuP.. Tte plant i~ started up on fossil fuel with the 

receiver bypassed early in the morning, before aoequate,. 

insolation is available. The gas turbine is brought on line. 

first, followed:short!'y thereafter ty the ·steam turbine. A short 

time before the acquisition of trackable insolation, air flow 
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through the receiver i.s established.; 'Ihen the heliostat groups 

are brought into focus in a sequenced manner. At this time, the 

highest air flow is directed'to the west cavity, since·it 

receives almost half of the solar ·input in 'the early morninq, as 

shown in Fiqure s-·4·7. 

Hybrid Operation. The plant continues to operate in this mode 

throughout. the major portion of the day, with the receiver outlet 

temperature varyinq with the level of insolation. The receiver 

outlet air is held. to a maximum of 843C (1550F) by defocusing 

heliostats if necessary. The ~roportion of airflow to the~east. 

and west cavities of the receiver is adjusted periodically to 

follow the shift of power during the day. 

The actual output of the plant rray vary throughout the day 

according to the load demand in the utility grid. At reduced 

loads, the fossil input is reduced urit·il only solar heat is being 

used. It is not expected that the dispatcher would reduce power 

beyond the solar-only condition if he has a choice. 

piu~~al ~hutdow~. when the sun reaches the minimum trackable 

anqle in the late afternoon, with almost half of the solar input 

into the east cavity, the heliostats are sequentially defocused • 

. 1\.fter this, the receiver is bypassed and the system is brought to 

lonq-term fossil mode. Operation continues as long as necessary 

to satisfy system demand. At the end of daily operation the qas 

tuibine is shut down completely, cut the steam turbine seals and 
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condenser vacuum. are maintained to allow expeditious resumption 

of operation the followinq day. 

5. 9. 2 §tart~ and Shutdown SeQuence 

The normal startup of the qas turtine is automatically sequenced 

and takes about 27 minutes from cold shutdown to full lo~d. The 

starter motor first accelerates the rotor to approximately 

2400 rpm and at that point the comtustor is ignited. The turtine 

is then accelerated, synchronized; ~hd loaded to 4 percent within 

13 minutes of initiation. The normal loadinq rate is 7 percent 

per minute to full load and rated exhaust temperature. During 

operation, instantaneous load chanqes of 25 percent are allowed 

normally or SO percent in emerqencies without trip~ 

water circulation throuqh the HRSG is established with pumps at 

minimum flow and the deaerator peqqed. At this point the steam 

turbine bypass is opened to the condenser and the main turJ:ine 

valves are closed. The.turbine is on turning qear with seal 

steam and condenser vacuum established. Wben sufficient steam 

pressure and superheat have been established, the turtine is 

rolled by admittinq HP steam ~nd accel~rated to rated speed, 

synchronized, and loaded to 5 percent of ratinq. From this 

point, the load can be increased at a rate of 2 percent per 

minute to rated load. The entire process from ignition of the 

qas turbine to rated load of the steam turbine is estimated to . . 

take 120 minutes. 
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During qas turbine startup, the receiver is bypassed, although a 

warmup valve can be used to pressurize and· preheat the _receiver 

and air pipinq. Air is routed to the receiver-in anticipation of 

solar input reaching 500 W/m2. After flow in the receiver is 

established, the heliostats will te sequentially focused and the 

combustor is used to _automatically adjust the fossil input to 

maintain turbine equilibrium. Figure 5:-48 illustrates the 

approximate loading sequence of'the receiver for a normal 

startup. 

Normal shutdown of the turbines is accomplished by reducing load 

to the minimum value with the normal ramp rate and then opening 

the generator breakers and allowing.the rotors to coast down. 

The gas turbine remains on turninq gear until cool and the steam 

turbine remains on turning gear as long as steam seals and vacuum 

are continued. 

5. 9. 3 ~tern Transients 

Events such as steam turbine trip have the same impac~ on the 

system as for a conventional comtined cycle plant. Further work 

is necessary during de~ailed design to make sure that all 

contingencies are covered. However, two s1gnificant transients, 

described below, have been identified that have unique 

implica.tions for this plant. 

A 'large cloud travelling at 20 m/sec could reduce 

the col.:lr input from desicrn value to zero .iu dbuut 50 or 

5-129 



60 seconds. The combustor can easily adjust the fossil fuel flow 

to maintain stable operation cf the EPGS. It is estimated that 

the receiver and air pipinq can handle the adverse thermal 

effects without damage. The receiver would probably te typassed 

to limit the rate of coolinq after the heliostats were defocused 

or are shaded. Durinq detailed design, the actual operating 

parameters for the receiver must te estatlished based on site­

specific parameters. 

Gas Turbine Trip. Since the qas turtine is the cornerstone of 

the power system, trip represents the most significant system 

upset in the hybrid plant. Several actions must be taken 

autom~tically in the event of a trip. The heliostats must te 

defocused quickly to limit the solar heat input, which requires 

operation of the diesel qenerator if the trip is comtined with 

loss ot ottsite power. In addition, the amount of compressed air 

stored in the system must be prevented from causing the qas 

turbine to overspeed. To achieve this, maximum flow through the 

compressor is maintained while a portion of the stored air is 

vented throuqh the air dump valves. The turbine trip valve, 

unique to this type of system, must act quickly to limit the 

pressure available at the qas turtine inlet. 
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5.10 COST ESTIMATES 

5.10.1 Introduction 

Costing Bases. The hybrid plant cost estimates are tased on the 

conceptual design and engineering information prepared for the 

study. This includes subsystem descriptions, flowsheets, 

equipment lists, plot plans, single-line diagrams, and tower 

drawings. Bulk material quantities were developed from subsystem 

descriptions and in-house historical data for similar facilities, 

or from quantity take-offs where details were availatle. 

Second quarter 1979 pricing levels were used for all equipment, 

subcontracts, and bulk materials. No allowance was made for 

future escalation. 

Cost of major mechanical equi~ment, significant subcontracts, and 

major bulk items were based ori written or·telephmle quotes 

supplied tor estimatinq purposes tv vendors. Pricing for all 

other items was based on in-house historical data. 

The labor cost estimates are cased on productivity and wages for 

unionized, direct-hire construction forces. Labor rates were 

developed from craft agreement information published ty the 

Associated General Contractors of California, Inc. The ov~rall 

labor rate is built up from a direct rate of $13.00 and an 

indirect rate of $8.00 for craft tenefits, payroll burdens, and 
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subsistence. Manhour rates for installation work were developed 

from Bechtel experience in Southern California. 

Indirect field costs were developed from Bechtel experience on 

previous jobs in the u.s. west coast and modified to reflect the 

specific characteristics of this project. 

An allowance _has been made based on in-house historical and study 

information for comrined cycle power plants and oth~r projects of 

a similar nature. 

An averaqe continqency of 12 percent and a fee of 3 percent are 

included in the capital cost totals. 

Qualifications. For estimatinq ~ur~oses it was assumed that: 

• Permanent plant equipment and materials will te 
available at present-day lead times, and manual and 
nonmanual p€rsonnel will tf.> .:=tvail..:=tble i..n m111•ters i.lnc'l 
skills as required for enqineerinq and construction. 

• The turbines will be delivered to the jobsite with all 
internal pipinq and electrical systems preassembled at 
the factory, 

• Existinq water sources and power will be adequate for 
the requirments of this installation. 

Exclusiog~. The followinq cost items were not included in the 

"estimates: 

• Equipment spares and motil equipment 

• Sales tax 
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• 

• 

• 

• 

• 

• 

• 

5.10.2 

Owner's costs, such as costs of financing or interest 
during ccnstruction, owner's licensing and engineering, 
royalties, and the like 

Assistance to the owner in obtaining EPA clearances, 
permits, and authorizations from the Department of 
Energy or any other government agencies 

Costs of this and previous studies 

Initial charges and stocks of operating supplies 

Ecological and environmental considerations other than 
those incorporated in the present conceptual design 

Training plant operating personnel 

Escalation 

Costing Geographical Eoundaries 

Figure 5-49, depicts each of the sutsystem geographic boundaries 

as they are included in the construction cost estimate, excluding 

the 5100 account. Because of the difficulty involved in 

· schematically illustrating all of the interfaces tetween 

subsystems, the following discussion is intended to clarify 

specifically what items are included in each account .• 

2_100 Land·and General Site Preparation .. '!'his is composed of all 

general plant equipment and facilities not specifically rel.ated 

to or included in other subsystems: 

• Land purchase 

• Clearing and rough grading 

• Fencing 

• Landscaping and finish grading 
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• Roads 

• Fire water and foam system 

• Water wells, pumps and ~i~eline 

• Sewaqe treatment plant 

• Yard liqhtinq, qroundihq, and instrumentation 

_2_20_9_~dmir_:lj.strative Areas. This is com~osed of the plant 

administration building (includinq all building fixtures and 

electric), service/warehouse tuildinq (includinq all tuildinq 

f{xtures, electrics, and service/warehouse equipment), and all 

miscel~aneous structures not related to other subsystems: 

• Guard ~hacks 

• Lunch rooms 

~ Gate house 

• Chanqe house 

5~Q9_~olle~tor Subsyste~. This is composed of: 

• Heliostats 

• Foundations 

• Power/control equipment and wirin·q 

• Liqhtninq protection and grounding 

• Aliqnment system 

5400 R~ce~yer Subsystem. This is ccmposed of: 

• Receiver 
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• Tower with elevator 

• Riser and downcomer 

• Valves and instrumentation 

• Miscellaneous liqhtinq and groundin~ 

5500 Master Control Subsystem. ~his is composed of the control 

room buildinq (including all building fixtures and electrics), 

and all control equipment/panels necessary for the operation of 

the solar central receiver bytrid power systems: 

• Microprocessor - base system 

• Data logqer 

• CRT auto plant startup 

• Plant control panels and miscellaneous controls 

2_6j)_Q No!l~qlar Subsystem. This is composed of all the facilities 

necessary for receivinq, storinq, and transferring fuel oil: 

• Fuel oil tanks, foundations, and dikes 

• Unloading and transfer pumps 

• Fuel oil pipinq and instrumentation 

• Power/control equipment and wirinq 

• Miscellaneous ~iqhtinq and grounding 

5800 Electric PoW~£_G~!l..§.!~ting Subsvstem. This is composed of 

all equipment and bulk materials necessary for converting the 

thermal output of the receiver an·d the chemical enerqy in the 

fossil fuels to electric power, and all equipment and tulk 
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material required to distribute ~ower throughout the ~lant 

(excluding the collector subsystem) and to integrate the EPGS 

into" a typical electric power system network: 

• Civil/structural and tuildirigs 

• Gas and steam turbine generators 

• Heat reconvert steam generator 

• Condenser anq.coolinq tower 

• Tanks (~xcludinq ~din fuel oil) 
,· 

.. 
• Auxiliary boiler 

• Cranes and other miscellaneous equipment 

• Pipinq and instrumentation 

• Power/control equipment and ~iring 

• Switchyard and main ·t~ansformers 

• Miscellaneous liqhtinq and grounding 

5 .. 10. 3 

~ summary or system and subsystem construction costs in manhours 

and second quarter 1979 dollars is qiven in Table 5-17. The 

detailed construction cost estimate is given Table 5-18. 

5 .. 10~.4 Operating and Maintenance Costs (O&M) 

The annual operatinq and maintenance cost for the solar hybrid . 

power plant is 2.4 million dollars, which represents 1.58 percent 
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TABLE 5-17 

CONSTRUCTION COST SUMMARY· 
(thousands) 

2nd Quarter 

Cost Item 
Man- Sub-Labor hours contract 

5100: Land and general 
site preparation · 120 813 2,798 

5200: Administrative areas 61 485 1,380 

5300: Collector subsystem 190 - 3·0,370 

5400: Receiver subsystem 188 2,209• 1,157 

5500: Master control 
subsystem 34 225 873 

5600: Nonsolar energy 
.. 

subsystem 13 122 300 

5800: Electric power 
generator subsystem 322 4,183 -

Total direct field 
costs 928 8,037 36,878 

Indirect field cost 

Total field costs 

Engineering and other home 
office services 

Total field and 
office costs 

Contingency 

Fee 

Total construction cost 

Cost per kWe (112,600 kWe net) 

5-1.39 

1979 Dollars 

Material Total 

62T 4,238 

863 2,728 

- 30~370 

24,208 27,574 

2,171 3,269 

99 521 

29,099 33,282 

57,067 101,982 

13,140 

115,122 

5,756 

120,878 

14,647 . 
4,065 

139,590 

1,240 



TABLE 5-18 

CONSTRUCTION COST ESTIMATE 

CLIENT ~~DIA , 
I.OCATION 

PROJECT~ H '( e, TC:/ D 

A/C 
NO. ITEM & DESCRIPTION 

~I CO ~UI-IJ.-IAR.'( 
A Eac.t~tat•on & C•v•l 5/L MH 54360 
B ConC'PIO 

c Structural StPel 

D 8ut 1 d1ng~ 

E Ma:honpr~ ........ 

F P,p,ng _.> ~k.,._,H 3~00 
G El~l.lfiCAJI 

t'i l'l11.trllml"n1~ 
-

J t':.ti\!tog 

K lnsutat•on 

DIRECT FiELD COSTS 

~c MH 57560 

L Te.,oorary Co11r,:·uct•Or> Fc~c•httes 

t.A COI"'Itru(.I•U• 9.:• \o'll.C~. SUIJIJIIt!l & E icl\t-'r"~Sf' 

N F •eld Staff. Svbs•stence & E x~!'lSt 
p Craft Be"'ef1ts, Payrull Burdens & ln1urances 

a Equipment Rental 

INDIRECT FIELD COSTS 

TOTAL FIELD COSTS 

A Engtneering (t5.J so..;,;; 
~lign & Eng;nee.,ng 

Home Offoce Costs 

R&D 

TOTAL OFFICE COSTS 

TOTAL FIELD & OFFICE COSTS 

--., 

II Cun•inge-ncv r'c# """1 o o/'~ 

w Fee ((}../ ~ '"'La 

. TOTAL CONSTRUCTION COST 

DESCRIPTION AC~UA.JT 
$/CO t.,A.tJO t"\VD 
GS Ne.TCAL ;::. / 7¢:: CONT. NO.--:--::---:-­

MADE BY M66 
APPROVED------

MAN ESTIMATED COSTLN_::!_1Q005_ 
HOURS LABOR SUBCONTRACTS MATERIALS TOTALS 

(I'IH-) J.Sl<.l 
3~4 C. LoV 70H .2.5 43 348 

:Z.50o 3~ ..2_52_ 1.5'5 _!iii3 
~200 .:l..q - 50 ?_q_ 
_!:3,3Q #3 -

:z_Jl'' -- //7 ··-

····-
6.2_!t.!iP 8!3 ..27tf~ 6:2 / 4.2~8 

--··· .... - J 9'::· ---
::;?.;:::~ 

_L;:37 
.5::::..4-
;q.:; 

/~2q 

.:::: ... ·.7 

.;:_-,~ 

--- -

;2.76 

5-"'4c; 

-··- ···-· 

--.................. 
58.:2 

;a 3 

56:2.~ 

DATE 7- ZL)- ?1 AEIIISION NO. ___ ...;_ __ REVISION DATE----,...-- P'AGE NO. _....(_,· 0""---:-· ~--
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TABLE 5-18 (Continued) 

CON.STRUCTION COST ESTIMATE 

CLIENT ....:U=OC:.=:..t../--=:sA;.J:::.....:..=...;;D';;;.;.;~:_.._:.._ 

OC .. TION V·JC:.-::....TO'...V, CA 

PROJECT SQ'....A[c.. & '(e rc1 D 

DESCRIPTION AC:COUIL)T 
s.:<oc.~ ADf;1n ..... u:.. ..- r<c­
- UVE" 'At-z;(;-A$ CONT.NO. ____ ~~~--

MADE BY /;dc;S.:_...;. 
APPROVE 0 ------------

A/C 
ITEM & DESCRIPTION 

MAN ESTIMAT-ED COST IN "'l (OQ::;)$ 
NO. HOURS LABOR SUBCONTRACTS M.OTEF\1.0 LS TOTALS 

52!0 "-... U"-'1 f.-/ AR" (t'lfl) (SIC.\ 
A Eac.w11on & Cunl 

B ConCTett 

c Structural Steel 

D Bu•'dtng\ 

E · Machtn~q. ADMIN £3LDG .20a::;e. ..;260 '1€3& ;;l.54 /5o:.; 
F Piptng >5ER.' A. AD'C" ;g3C>o /73. 31.2 573 /0_5.::;._. 
G Elrur~CtJI H/SC BLDG #OCO 52 13:2.. .36 170 
H lr"'strumcnts 

J Pa'"''''':J 
K lnsulat•on 

DIRECT.F IE LD COSTS .37~CV '-185 /:3.80 663 .27.28 
~/<:::. MH .2.7, .lfOC' 

L Temporary Const•uct•On Fittll•t•e~o . //6 
M Construct•or ServtCCs, Suppltes & Expt'r\se ~~ 
N F•eld Staf!. SubS>Stenco & E xpenst I /.2.. 
p Craft BeneftU, Payroll Burdens & Insurances. ~ .. ~ 
a Equipment Rental J/6 

INDIRECT FIELD COSTS 7-r' 
TOTAL FIELD COSTS '? .-;;:2. i 

R Eng•neerinG (~ .S <='/0 J7A 
Design & Engineering 

Home.Dff•ce Costs 

R&D 

TOTAL OFFICE COSTS 176 
....... 

TOTAL FIELD & OFFICE COSTS '71.,6'17 

v ()ontingencv f?..! ....,_. JO % 37/ 
.. 
w Fn ~- 34!>/.;- /.:2:2.. 

TOTAL CONSTRUCTION COST .Lf 190 

DATE 7-Z~- 79' REVISION NO. -------- REVISION DATE--------
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TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

CLIENT _..:;;;D~ct:....:=-=-· -t/~S .... A~N~D~IA~- DESCRIPTION ACC~ 
5;:,o..:.; C,OLL€C..TQ[? 
~UP'- ""'..$TEM .ocATION 8/',rc..:•' T G'v-/, CA 

' 
PROJECT .50?-/'.E HY.P_.'?,' b SUHHARY 

CONT.NO·----~------­

MADEBY Ho-~ 
APPROVED-------------

A/C 
ITEM & DESCRIPTION 

MAN ~ '=' ESTIMATED COST /N _ .. tOOOs. 
NO. HOURS LABOR SUBCONTRACTS MATERIALS TOTALS 

53X' ~UJ.-IJ..IAR'"Y (MH) US/C) 
A E•uva11on & Cnnl 

B ConCTrte 

c Su ... cture~l Steel 

D But'd•ng~ 

E Ma:Pl.nf'r ... & Eau•;''1'1E''·' ':::> ~270 ~0370 
F Ptp•ng ·-· .... -· 
G flh. \rotul 

H lnstr~J,..,Cn~!. 1-·--. .... .. . . 
J f\lll'"lll ·~ 
I( lnsular•on 

011'\ECT , IE LD COSTs - ".:<:C?7C ~370 
.::;;/c. /--f /--: /t/f~Oi?Q 

L Te""'porary Con~1·vct·or FctCtlt1oes ) 

r.nnttr••r•·o~ 5-Qq .. (IH; Supphus & (;(r'\( ·.;c I 
.. ·-

""' N F «eld Stall. Subsonence & E x;..o nst > //JL_I "JD~ ~- A PL:>VE -
p Ctef~ Be""~tfru, Pavrull Burden• & lnJurancflsl 

a Equtpmenl Rental I 
INDIRECT FIELD COSTS 

TOTAL FIELD COSTS ~~.70 

R Engtneeri!"''G (a· """.:Yr I 5/q 
Design & Engineering 

Home Offoc<! Coati 
~ 

R& U 

---·· 

TOTAL OFFICE COSTS j.t:::,jq 

TOTAL FIELD & OFFICE COSTS :; / e.~:q 

-

.. 

··- -- ·-
y Q>~I•"II""C~- ~ ·"'-'IC% .3/E,q 

w Fee ~ 7' '/"l" /0.6.:1 

TOTAL CONSTRUCTION COST 36/30 

DATE 7-31-79 
REVISION NO. ------ REVISION DATE------ 'AGE NO. --'-/-'.__..;;..,.,...;'_r.:_...l_' _ 

~ Nt:JTE; THIS /.5 A CLIENT PIZOV!t:X:...""O ~~11 !<E~ ~./'J../DI~- LE7 .·.::. 

DA.~""D 6-.:27-79 
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TABLE 5-13 (Continued) 

. . . ! 
CONSTRUCTION COST ESTIMATE 

~ /...-.LIJ.!''·IA CLIE N1 .....Joo~:::::lo:=~--..L.:.·...;':...•.......,, -<'"""--"'-"--

)CAT lOIII ...:G==·:::......'.:.:.l<"-=<=" "'"!.::.:::"':;..-..,!\...:' ._-' ... ( ___;;C:::.:;..A~--

DESCRIPTION A CC.QUAJT 
9-/?9 Rt. ZEZVE rz-

CONT."NO. ----;-:----;-­

MADE BY J-:/6.:;.:_. 
APPROVED------

A/C 
ITEM & DESCRIPTION. 

MAN ESTIMATED COST /AJ -t.:.:~::..t.·.-· 
NO. HOURS LABOR. SUBCONTRACTS MATERIALS TOTALS 

j54a::: . :$,t...Jf.-.1A. £A. g y ("'_H) C.S JC) 
A E•caWBt•on & Ctvd [c;t:;llD 116 - - II~ 
B Conc,ftt ~~4-~ .J.f.""'- s - J.f-..51 .::::;=::-:(~ 

c su ... clu••• S•••• !:¥C J.-1r ;;z.q:;;.O 357JfC ~75 305 /40~- ~-;e'-
D 8u•·d•"9' .,.. .. - ·- - -
E Ma:honr:, & Eou·~,.,.. .. , ~i":. /-#{ ~60(/ J.I.OOCC ..520 27.5 ;20~-. .207CJS 
F P•P•ng .!5/~ MJ.J .2.iJC> .Jt5£340 &:,q7 /2. .2::2.7 I .:;~.,;;.~ 

c. Elet.tr•C4:1 JCISO :ZG - 20 J+"S 
H lnu .. u.,cn!~ 1150 15 .35 50 
J Pa.n!!'i!J /8:20 ~'+. ..;:3 ~7 
K lnsulat•O"l .:./C- M H ..3500 - .c:"6 ~ - &",;.-:5 

DIRECT FIELD COSTS /6q(;70 :z.::zcq 1157 .2.4.2oP_, -.7 ~7.:} 
-,c ;v,...: /Q.:2/..·? 

l Te,oora,>t· Coost·vct•OI" Fi~Ctlrt•e$ 5~0 
M Construct•OI"" ServtCCS, SuppltiU & Exf"'t" .. •se ' G!Cf 
N Foeld Soaff. Subsostence & Ex;>enso 5.:->b 
p Cleft Benrftu, Pav•vll 8urden1 & lnaurence• I .lf;J.. '5 
a Equ1pmen~ Rental ::3~D 

INDIRECT FIELD COSTS ~6/2.. 

TOTAL FIELD COSTS 31/86 

R Engineeri~g If?-'. e. o/c /55q 
Design & Engineering 

Homo Off oce Cos II 

R&D . 

TOTAL OFFICE COSTS ;5?q 

TOTAL ~~~LU 6 OFFIC! COSTS .3."27#6 

v Contingency £~-''"I.- / S ~ .1f:?J5 

w Fee (!:)- 3 C/& //30 

.. 
TOTAL CONSTRUCTION C:OST 387'10 

DATE e-11-79 REVISION NO. ------- REVISION DATE--..,---- /cr4 
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TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

L :~' ~ !.:. .C: ·' .. :::: I ~ 
CLIENT -=::;__--;)f---=-----.;._-- DESCRIPTION /"\C<-QL-?Vr 

S"LJOO ,Sif'CC.tii£B 

PROJECT :;:-::.; '- ~ /'._ 

CONT. NO. ______ _ 

MADEBY~td~~<Z~~~--­
APPROVED --------

A./C 
ITEM & DESCRIPTION 

MAN ESTIMATED COST IN I. 0005 
NO. HOURS LABOR SUBCONTRACTS MATERIALS TOTALS 

7C& 'F~ .-~ '/1 II' 1'1,.: Y tMK) (:S/C.) 
A. E•c.vat•o" & Ctvd qca:;> 117 ,..--. ~ //7 
B Col"c-rrte &<.3D::? 4?3 - 44Cf 8B:2. 
c Str uttural St•el ..S Jc l'nJ.i ~;;.0_ 1~5050 466 306 J367 ;:213'0 
D Bu••d•ng~ 

E Machonrr\ & EQu•;;.,.,. •. , -s,J= /flh .i6<;C) ;:275 - ;2.7 5 
F P•P•ng 

-· 
G [11!!.\'IClJI /IOU Jlt - I I Z5 
H lnst· ,;r'T'l~n!~ 

.I p?•"l···~ /EJ2r..? .:;.-+ - .:.'3 )..f-f ---
K lrt~L•It't•O:'\ 

. ~ ...... ·' ~ 
Din ~C'i' r IE LD COSTS ltjO:)JO 1054- S'!O 

·-
/.A 50 7 .95 '-1-

.5/c /-//' is -5.'2.o 
L Te..,porary Cor•~1'1JC1•0f' FdCtl•l•e~ 

M Cons:•uct•o~ Scrv•cc~. Supo!·~!. A. F xf"'•···~P 

N F •eld Staff. Subs•stPnc.e & E J1;_.,( ""~st: 

p Crah Be.,eftts, Payroll 8.Jrdens & ln,urances 

0 Equ•pmen1 Rental 

INDr'RECT FIELD COSTS 

TOTAL FIELD COSTS 

............... ,. ·--R [1'\lltl'\~(:iir"', 

Otsign & Enginerr.r"'g 

HQme Olfoce eo ... 
R&D 

-

TOTAL OFFICE COSTS 

TOTAL FIELD & OFFICE COSTS 

< 

·--

..... ., ...... ---·--... ·- ·-v C:O!'IIi!'lllf~Cy 

w Fee 

TOTAL CONSTRUCTION COST 

DATE 7-IB-1"? REVISION NO. _...._/ ___ _ REVISION DATE 7-,2 7- 7C/ 'AGE NO. :2 OF Lf-
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TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

CLIENT __::::::CCE:=.=-~/_;:-::AN~~uDJ-...cA~-

• DCA T ION ...:BY=._,;:..;fZ.STV.N=<::::. ~-'-''-'-'-'CA"""'--""'L.."--

PROJECT..;:~=· ~=-..:..:rc:...=.......s...ff..~-" .... C_,t!.:=.;.,.R:.;;:.(,.;.(D~-

DESCRIPTION ACC.C?f..->t...?T 
5 4Q:..") Et-:_CI:.:_IV<:::g, . 

/?ECS:IVETZ ONL.'( 

CONT.NO. ____ ~~---

MAOFBY __ ~/\I~c;c-~-7Z~­
APPROVED--------------

A/C 
ITEM llo DESCRIPTION 

MAN ESTIMATED COST tN ·./C:L..- ~ 
NO. HOURS LABOR SUBCONl RAClS MATERIALS TOTALS 

/ZE''Cf:NC.TI:. 5UI-1 Jo-1A rzy (.MH) {.SJC) 
A E•ca'latiOr. & C•vll 

B ConC'frte 

c Stt uctural Steel 

D Bu••d•ng!> 

E Ma::h.ntr\ & Eou•;':lrTW'.t i..lfcJGU'~ 5.20 ...,. .20 cx:::o .20 5..2-C> 
F P1pmg 

G Ettt.:"e&.d 

H lnstrumcn!!t 

J Pa•nt;•.~ J 
K lr•sulat•on 

I 

DIRECT FIE LO COSTS l~OC'CC --:2!:--. -2C..' .... (..::.(~-. 20~ 

L Te"llporary Con~1· oJCt•Oro Fdc•lot,es 

M Construct•or- Scrv•ccs. Suppl,~s & E l(r'lt"lSe 

N F •eld Statf. Svbs•stence & E -~ 'lSt 

p Oeft 8e:"~e~•tS. F'ayr-:.;11 Burdens & Insurances 

a Equ,prnent Rental 

INDIRECT FIELD COSTS 

TOTAL FIELD COSTS 

R EngtneerinG 

Design & Engineering 

Home Off'"" Coats 

R&D 

TOTAL OFFICE COSTS ··--·· . -~·-·· ... 

TOTAL FIELD & OFFICE COSTS 

........... 
v Contingency 

w Fee 
-~ 

TOTAL CONSTRUCTION COST 

DATE 8- l/- E REVISION NO. ------- REVISION DATE------
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A/C 
NO. 

A 

8 

c 
.D 

E 
r 
G 

~-~ 

J 

K 

"''~--
M 

Ill 
p 

0 

R 

v 

w 

TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

DESCRIPTION ACCa.)A..J'[" 
!SJ.JCC> 12¢ C.¢7VIT 

COIIIT. NO.-----­

MADE BY H66: 
APPROVED------

ITEM & DESCRIPTION 
MAIII ESTIMATED COST IN ..,;:tocr>s 

HOURS LABOR SUBCO"llRACTS MATERIALS TOTALS 

1<. -t- [") ~! .JI.-11-( A fZ "'(" ( Mt.f) lS/CJ 
Eac.awtrOI"'' & Cntd qo I - - I ~ 

ConC"rrte /30 .2. - 2.. a 
Su uctural Sreel 690 q - ~I ED 
Bu•'dtng~ 

Ma:f'lrntr 't & EQu•;"•"1'W'-I 

p,tJIII~ -v'c MI-l .;2.~ lfi5BqO .sci?""• /..2. ~2.7} .2.€3_be 
Eltll'•ei:l ~=:P I/_ - q n -- ... 
hutt •J""~', 1' n:.o 15 - 3..5 50 
Pa.ntl':~ 

lniulat•on ~c_ /'-'f)-1 35a:? ..56_5 - .565 
.•. 

DIREC"i FIELD COSTS 635 !577 ~58 3:570 
5./c MJ-J ~.7/.f.O 

.......... 
Tt.,P'J'J''f_ ~QII~j' """'Of FdCII!ItP\ 

Cons~ruc1•or Scrvrccs. Supphts & E•J"t-ri!IP 

Freid Statt. Sub~tstenceo & E•;J('"l\f: 

Ctaft Be.,efus. Pay'r()ll Burde"'S & ln&urances 

EQuipment Rental 

INDIRECT FIELD COSTS 

TOTAL FIELD COSTS 

·-·-·• - .... z! ~-- ,.. .. ~. -

Engrneerr~Q · 

Design & Engineerrng 
·--- -~ .. 

Ho""' Off oc<! C.:..111 
~- ... 

"' ·-
R&D 

TOTAL OFFICE COSTS ... 

TOTAL FIELD & OFFICE COSTS 

·--··· ........ ,,,. .... ~ .. 
.. ............ . 

Contingency 

Fee 

TOTAL CONSTRUCTION COST 

DATE e -jJ-7t::lf REVISION NO. ------ REVISION DATE------ PAGE NO. 
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'. OCA T ION L?:..AJ'~ . ..:S. 70y>/ 1 c:::::,A. 

TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

DESCRIPTION ACC.g..Ail.2'r 
.5 Sa::> HK.; n;,-~ 

APPROVED __ ...__ __ _ 

A/C 
ITEM llo DESCRIPTION 

MAN ESTIMATED COST I A..l '1 /OOOS 
NO. HOURS LABOR SUBCOIIITRACTS MATERIALS TOTALS 

5.5L:O L..UHJ....-IAT<Y' (I"! til ·~_C.J 
A Eau_,.t,on & Ctvd ' 
B Concrtte 

c Str ucturetl Steel 

D Bur'd•ng!l. ?~~ J4.1~ I::Z500 /63 .E:n3 2,_q:-l_ L...3..3_~ 
E Ma::l"lmrr' & EQu•prne·-t 16/K'C 
F P.o.ng 

G Eltt.U•C&ll ~~ 6..2. - .l.E?J.I .l..9..3..6_ 
H lnst"umr:nts -INCl..- vv/G-
J Pa:n~·'·~ - /JVCL ~A~F_ 
K ln~ulat•O·, - INC.l.. vv/A ->£ 

DIAEC"i'FIELD COSTS 117~00 ~ E"2.'7 ..::l.._Ll__L 7 "? "''""' 
-:;/,.-- hU-t /6~0D 

L Te..,porar't Cori~l·uct•Or> Fcrcth1•e~ 5'-T 
M Const• ucl•O:"' Scrvrcc1. Suppltei & ExClf!'•sr _.6:_3 
N F •eld Staff. Sul»•stence & E xpenu .:z 
p Oeft Be:"lefns. Payroll Burdens & InsurancE's li.J5 
a EQutpment Rental ..54 

INDIRECT FIELD COSTS 36?· 

TOTAL FIELD COSTS 3_6~7 

A Eng•neering (<:V 5% 1&:.2.. 
Design & Engineering 

Home 011 •ce Costs 

R&D 

TOTAL OFFICE COSTS IP~ 

TOTAL FIELD 11o OFFICE COSTS 3 . ..:;z.,q 

v Contingency ( ,jl./-... I ;z. o/c ."f5.3 

w Fee ~'7% .. .-· -·-· 
_}_.2.~ 

TOTAL CONSTRUCTION COST ~4-.::c-· 

DATE B -7-- zq REVISION NO. ------ . REVISION DATE------ • I' AGE No.·' I or I 
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TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

cL 1 E 1111 _J)'----_o_e:-+-/_.s-;;;_R..;.._N""""""D_I_~-'----
7 

'.OCA1'10N 2Af?STOW I CA. 

A/C 
ITEM & DESCRIPTION NO. 

i560C ~UMUA!<Y 
A E&CAV'IhOn & C1~o~nl 

B Concrrtt 

c S1t uctural StPel 

0 Bu• 1 d•ng~ 

E Mac~onrr\ & EQu•P"""'·I S/c ILYi_ 36/..fO 
F P;p,ng 

G E1t1.tr•~1 

H lnst .. ui'T'Irn~s 

J Pa,nt•'·\:1 

K lnsulat•O:'l 

DESCRIP1'10N .AC~Vr 
560C' 

NoN- ;.::·-~. ;::~ £All &t; Y 
S '-' f-. ..:: y S T c 1\( 

CONT.NO. ____ ~~----

MADEBY __ ~L~b~S:_ __ _ 
APPROVED ------------

MAN eSTIMAHDcosr 1N ~;o..:...,~·s. 
HOURS LABOR SUBC0"11'RACTS MATERIALS TOTALS 

(MHJ 
7;l,_(J_ _3_ - L2 .. ~ eo I - ~ 

Q} ·;;:.,_-, I./. 300 ~ 3_2.0 
7..3SO _9__(o - i./2. /__.3__8_ 

.;;.:;o 3 - 7 .LO 
t, bC 4 /~ )....'i._ 

l-----+----------------------------+------+----------+---------f--...~------1,_ .. '" .. '···-----1 

L Te'"T'lporary Con~:· uct•on Fc.c•ltt•e~ :;2 q 
....--=~:...• -i-C,;.;o:_n~l!;.:'l;,:oc~I·'-O,;;,;;..,:ic;.;;.•r'-,."",.,:..;,,..;;,. S;,.u..;..""";;,;. 1:..;,••;.;;.• -"&.;.,!_•_Pl-"-'"-. -t------1!------t------t--~---+-----'·:?lt_. - . ._, 

N Foeld Slafl. Subsouence & Ex;..e~•• 2.8 
P Craft Se:"''ef•ts. Payroll Burdens & ln1urances /':f._ 
0 EQuipment Rental .:2 q 

INOIRECTFIELDCOSTS jq'-j_ 

TOTAL FIELD COSTS 

R 

0..1ign & En;ineering 

Home Ofloce Coats 

~-~~-~R~&~D ___________ -t----~------t---------t--------i----·~-·---_, 

TOTAL OFFICE COSTS 

TOTAL FIELD & OFFICE COSTS 7~6 

C:Untlnpncv (ell....,_, 10 "/e> 
...... - -

li 2!::!.... 
-w Fee bl .3 "h .;?.e: - ·--

TOTAl. CO~ST,.UCTION COST 860 

DATE 2- L'?- 22 AEiiiSIO~ NO. REVISION DATE PAGE NO. /c~ I 
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TABLE 5-18 (Continued) 

CONSTRUCTION COST ESTIMATE 

OCATION ....i~lo::t::::.::.t:::='"':.JY::....:D:::....:W:....t......oi'~CA=-_..--­

DESCRIPTION ACCQ.JA JT 
~ ELc~TRIC 
f??.t..!t;T? GcNEF:,AnN6 
:x.<P .-;.y:,~r-1 

P R OJE CT ;S c::.:t..A.J? t/Yer~ID 

CONT. NO. __________ __ 

MADEBY __ }=f~~c?~~~~~1 __ _ 

APPR 0 II ED ------------

A/C 
ITEM & DESCRIPTION 

MAN ESTIMATED COST I "-I 1'/!000s. 
NO. HOURS LABOR SUBCONTRACTS M .. TERI ... LS TOTALS 

58CC> 5UJ.-1HARY lMIV · l.S(CJ 
A E•c.avttton & C•v•l l 
B Conc<ote I 
c Structural Steel r "JC?qoo 107..-q - I :2.'-1'0 _;_ -:; 7q 
D Bu•'d•ng~ J 
E Ma::hmery & Eou·;;"nf·.t ·CI86CO I :2. 6.2. - . 2 ":546Cf .::t.i....i?oSi 
F P1ptng '8'1700 L/.66_ - NIAO .26!i_6 
G Et~Lt-•~' .J-+6~ 606 - ;:2.580 '31f:3b 
H lnst~..:m~nt!:o ,&;.C/00 QO - 3 7 0 "'1::20 
J Pa,nt···~ - /NCL- 'VJI rH A_, D 
K lnsulat•on - •Ni-_L IA//TJ>i t:+P 

DIRECT FIELD COSTS 13..21700 # /8 '3. - .2-loqq 33 7 A.2. 
'• 

L Te-nporary Coos:· uct•or· Fdc:•llt•e~ ICOi.J. 
M Construci•Or Scr-·,ccs. Suortl•t>s & Exrw••sr II 71 
N F oeld Staff. Sub••st•~ce & E •;..e~•• 96:2. 
p Cteft Be:1ef•ts. Pavrull Burden'&: \n,urantes :2•0-I.S 
a Equrpment Rental } D_')f.l 

INDIRECT FIELD COSTS 683"1 

TOTAL FIELD COSTS ..11-0/ ::2-J 

R Engoneering (~ 5 ""/&> .2~ 
Design & Engineer~ng 

Home Off'"" Co•to 

R&D 

TOTAL OFFICE COSTS ..;?.C\?6 

TOTAL FIELD & OFFICE COSTS 4.2/.:22 

v Oontingencv (ev ...-.. I Z '2'l:_ 506_8 

w Fee (d 7 "'/c IJ+./.5 

TOTAL CONSTRUCTION COST ~B6~~c· 

OATE B-1- 71 REVISION NO. ------ REVISION DATE------- 'AGE NO.~~~~~~--~~~·--
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of the total.capital.cost. This estimate is based on the 

following: 

• The plant operates an averaqe of 4200 hours per year 
(48 percent load factor). 

• Colle~tor subsystem c&M costs are based on Northrup's 
analysis of data released tv Sandia Laboratories during 
a workshop held· July 25 and 26,. 1979. 

• The estimates for the receiver are based on·foster 
wheeler's evaluation of receiver operating and 
maintenance requiremen~s. 

• The EPGS and nonsolar enerqy subsystem O&M costs are 
based on an analysis of historical information for 
combined cycle power plants, published by the DOE (Ref. 
5-17) • 

• 

• 

5.10.5 

O&M costs for all other subsystems have been estimated 
as a percentage of the total construction costs. 

Costs reflect second quarter 1979 pricing leveis, and no 
allowance has been made for future escalation. 

The conceptual schedule for the solar hybrid plant, shown in 

Fiqure 5-50, was based on the follo~inq: 

• Dr~wings, flowcharts, and equi~ment lists ~r€~dL~d fur: 
the study 

• Equipment lead times for turbines ane other mechanical 
equipment·as provid€d tv ~ruspective equipment 
manufacturP.rs i)nd D.eeht.el 's procurement deparl..m€ut, 
including: 

- Steam turbine: 
- Gas turbine: 

Condenser: 
- HRSG: 

20 months 
15 months 
14 months 
14 months 

• Licensing, permits, and other lead times from in-house 
historical data 
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U'l 
J 
~ 

U'l 
~ 

MONTHS 1 2 3 4 ; 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 

LICENSING 

EPA LICENSE 
. 

DOE PERMITS 

ENGINEERING 1---- --- ~----.:.. 

1,1; 3. <J ~ 

PROCUREMENT 
~ ·----- ·-

CONSTRUCTION 

MOBILIZATION-DEMOBILIZATION ..._ . -
5100 LAND. GENERAL SITE PREP 

0 z 
5200 ADI•!.INISTRIIfTIVE AREAS u; 

z 
w w 5300 COLLECTOR SUBSYSTEM !::! ... 
..J ·- <t 

5400 RECEIVER SUBSYSTEM J: 0 a: ... z z w 
TOWER i « 0 0 ... .. w w ;:: 0 ,. 
!RECEIVER 0 w > .... 0 
·RISER & DOWNCOMER c z w :I ... 

w 5 .... a: •.. > .. .... w ... 0 . - 0 z -a: Ill 
a: # w z <t 

!i500 MASTER CONTROL SUBSYSTEM Ill w ... ... ... 0 a: 
~ 

a: i .... 
5600 NOI~-S0LAR ENERGY SUBSYST,EM <t ... w 

w ... a: a: - Z' .. 
Ill w <t iii .... ... 

5800 ELECTRIC PWR GEN SUBSYSTEM ;:: t;, a: 
0 :I ... CIVIL STRUCTURAL z Ill 

1. GAS TURBINE ,_, <t 
0 

2. STEAtll TURBINE -- 2.V 
3. OTHER MECHANICAL --

PIPING 3V .. 

ELECTRICAL .. 
~ INSTRUMENTATION I. -· 

PRE-OPERATIONAL TESTING AND STARTUP 

' 

-

Figure 5-50 SOLAR HYBRID PLANT CONSTRUCTION SCHEDULE 

3g 40 4142 43 4445 46 4748 

LEGEND 

- FULL ACTIVITY 

--- ASSISTANCE AS REQUIRED 

0 PURCHASE ORDER 

\7 EQUIPMENT AT SITE 

1. GAS TURBINE 

2.' STEAM TURBINE 

3. OTHER MECHANICAL 
EQUIPMENT 

--
w ... 
<t 
a: 
w ... 
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~ 
> 
0 -<t 
w 
a: 
w z .. 
iii 
a: 
:I " ... 
~ 
w ... 
Ill 
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• Construction workweek of 40 hours with an allowance for 
casual overtime 

• Construction activities qenerally following the pattern 
of conventional combined cycle plants 

The schedules assume availability of materials and permanent 

plant equipment at present-day lead times. and availatility of 

manual and nonmanual personnel in numbers and skills as required 

for enqineerinq and construction. It was further assumed that 

L11e tuL'l.>ines will be delivered to the jobsite with all internal 

pipinq and electrical systems preassembled at the .factory. 

As evident from the schedule. the total construction time • 

. includinq demobilization. is 39 months. Initial operation of the 

qas turbine with partial output can start after 33 months. and 

full power operation can start after 38 months. 
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secticn 6 

ASSESSMENT OF COMMERCIAL-SCALE SOLAR CEN'IRAI. 
. RECEIVE.R HYERID FCWER SYSTEM 

After the hybrid power system conceptual design was completed, 

the resulting system was evaluated to identify potential future 

improvements and technological or economic con.straints that would 
.· ... ... : ~ v .. l .. 

hinder or prevent its widespread use· in utility applications. 

The earlier market penetration analysis was also updated in light 

of the new cost and performance data. This section describes the 

areas examined and summarizes the salient findings resulting from . . . 

the assessment. The present study ,.;as based on a generic site 

(Barstow, CA) and generic utility data; so conclusions on items 

related to a specific site or based on individual utility choices 

can only be considered as general observations that should te 

reevaluated in light of specific conditions prevailing at a 

proposed'installation. 

fi- 1 PO~F.NTIAL IMPROVEMEN~S 

6. 1. 1 Performance 

Collector Subsystem. The most significant and protably most 

attainable improvement in the current heliostat design is an 

increase in glass transmissivity and mirror reflectivity. ~he 

current baseline desiqn and its performance are based on using a 

2o4 mm (0.094 in.) low-iron glass mirror with a reflectivity 

conservatively estimated to be 0.87. Current projections of 

improvements to the mirroring process, the availability of a 
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thin, low~iron float qlass, and an understanding of reflectivity 
~ ... 

chanqes due to solar aqinq should lead to mirrors having a 

reflectivity near 0.92. This 5.4 percent improvement in 
' .. 

~efl~ctivity will yield.a somewhat qreater percentage reduction 

in total collector field cost, tecause the poorer performing, . . 

lonq-slan't-ranqe heliostats are eliminated when fewer heliostats 
' ' 

are required. 

~ facet overlap concept is beinq examined to increase the mirror 

area on a qiven heliostat. Most. current heliosta.t designs 

exhibit a mirror "face" that contains clearance spac;es between 

facets, providing clearance zones for gears ·and d~ive mechanisms, 

etc. Since wind loads are based on the envelope area, a ga~n in 

mirror area ~an be achieved by overlapping the facets without 

im~actinq desiqn_loads and drive hardware •. For example, the. 

Northrup II heliostat, currently in the preliminary design stage, 

has a 53.80 m~ (579.13 ft2) envelope area and a 50.54 m2 

(544 ft2) mirror area. If all .of the area could be mirrored, the 
. '' 

reflective area per heliostat could.be increased by atout 
. 

6.5 percent and the number of heliostats ·reduced accordingly. As 
'· . 

with improved mirror'reflectivity, the cost saving would exceed 

6 .• 5 percent with preferential elimination of poorer-performing 

heliostats. 

A mirror modul_e design concept is also under stu(ly in which the 

shape of the mirror facet remain~ in the concave-to-flat reqime 

for all temperature conditions an? neve~ becomes convex (i.e., 

beam divergent). Many current desiqns are based on bonded 
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composites of dissimilar materials. Differential thermal 

expansion of these materials causes the mirror to bend into a 

concave or convex shape at environmental temperatures above or 

below the assembly temperature. The improved concept would 

exhibit little change with environmental temperature, and never 

in a manner that would cause a convex shape. The end result 

would be better beam quality and less ~nergy spilled at the 

tarqet. 

Performance and packinq density could be improved by eliminating 

all heliostats in the "take up" rows between zones of the 

radially staqqered collector layout. Because of the vernier 

effect, which varies the positioning from "fully tehind" to 

"fully in the qaps," most heliostats in this row have degraded 

performance compared with those in the tasic zones. Badly 

deqraded heliostats were already eliminated in the "H" field 

layout. If the remainder of take-up-row heliostats were 

eliminated, the "H" field performance would be enhanced ty atout 

1.5 percent. An example of this practice is evident in the 

layout of the 8800 heliostat "I" field shown in Figure 6-1. 

Receiver Subsyste~- The perfcrmance of the receiver can be 

improved by a more complete optimization of the aperture size and 

configuration. Durinq conceptual desiqn, only the north cavity 

receiver aperture was optimized for conditions of equinox noon; 

and to simplify cavity construction, only vertical apertures of 

square or octagonal shapes were considered. Full aperture 
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210m (689ft.) Tower Height 
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optimization should be performed in future studies by considering 

the following: 

• Annual optimization of north. east. and west 
cavity ~pertures to maximize the year-round net 
receiver power 

• Evaluation of circular ap~rture with'a 
potential to collect· more enerqy with lower 
heat losses than square or octagonal apert.ures 
of equal area 

• Consideration of n~nvertical apert~es. which 
may reduce spillage losse~' · 

Conservative assumptions were used to estimate receiver heat 

losses in the absence of reliable correlations. Accurate 

determination of convection losses of a cavity-type receiver 

requires a substantial amount of empirical data on heat and mass 

transfer. However •. at. this til!'e• lj.ttle ~ata are. available at. 

the highGrashof and·Reynolds number~ . .at which the receiver 11¥ill 

operate. The capabili~y·to estimate convection heat losses may. 

improve· in tne future as a.' result of.'. cryogenic wind tunnel . . . 

experiments being performed:by.the Uniyersity of.Illinois and . ·. 

other experimental and theoretical'work·being performed or 

planned by sandia LabO~~tories. Livermore~ 

Reradiation is by far the largest component of the receiver heat 

losses. Accurate estimate of these losses requires reliable 

prediction of heat-flux patterns within the cavity.· radiation 

interchange factors (view factors) bet.ween the cavity interior 

surfaces and the aperture. and the direct and reflected energy 
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incident on each interior surface. A computer program will ce 

required for the complex calculations in such analyses. 

Electric Power Generation Subsystem. In the preconceptual design 

phase, characteristics of the EPGS were studied parametrically to 

quantify their impact on system costs and performance. The 

sinqle characteristic found to have the most significant impact 

on plant performance is qas turcine inlet temperature. 

Within limits, higher qas turcine inlet temperatures can improve 

the enerqy conversion efficiency and increase the solar fraction. 

Turbine inlet temperatures selected for the conceptual design 

reflect the present state of the art for industrial gas turtines. 

Improvement in cycie performance associated with the increased 

inlet temperature will require the use of more advanced gas 

turbine and combustor desiqns. A measure of potential 

performance improvements achievable with these modifications can 

be qained by comparinq the q7.7 percent enerqy conversion 

efficiency of the 1316C (2400F) Advanced Strawman and the 43.5 

percent efficient 1093C (2000F) Strawman cycles of the 

oreconceptual desiqn. 

6. 10 2 Foooil Fuel Dioplaccmcnt Potential 

A major objective of introducinq the solar thermal power 

technoloqy is to displace scarce and depletable energy sources 

such as natural qas and petroleum derivatives. The hybrid system 

as described in Section 5 has a desiqn point solar fraction of 
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.536 and an average·solar fracticn of .282. This means that, at 

the reference ca~acity factor of 48 ~ercent, the annual fossil 

fuel requirement of the plant is 28 percent lower than for a 

r ~6nventional ·dombiried cycle plarit. 

There are several poteneial apprcaches that could increase this 

'.fuei displacement potential with some ·modificatl.on to ·the power 

system. The' foliowfng means. to,. increase solar fraction, and 

thereby the fuel displacement potential, were examined at the 

·conceptual levet: 

• Energy storage 

• Solar -muleiple and field/rece{ver power ratio 

• ·solar/nonsolar i-nterface 

Energy Storage. ·As di~cuss~d 'in Section 3~ en~rgy storage is not 

required for the operation of the hytrid combined cycle power 

system. In a -1990 time frame and for generic conditions, such a 

system was" found to be econom"fcat only with average fuel 

escalation-rates-of 13 percent or higher. In ~iew of its 

potential for increasing the solar fraction, however, energy 

storage should be considered as a potential future improvement. 

For this reason the earlier economic analyses were expanded to 

relate the value analyses to a specific energy storage concept 

and to the -cost and performance of the· conceptual design. 

· The subsystem design for the analy~es was developed on the basis 

of a sensible-heat energv storage concept, similar to the Boeing 

6-7 



concept described in Ref. 6-1. A schematic of the subsystem is 

shown l.n Fiqure 6-2. · By appropriate manipulation of valves A 

throuqh G. indicated in the.diaqram. the subsystem can be 

operated throuqh a daily operatinq cycle which includes charging. 

holdinq. and discharqinq. Utilization of enerqy storage in a 

daily operating cycle is shown in Fiqure 6-3; As seen from this 

fiqure. a hiqher .solar fraction ·results from the stored solar 

enerqv and from increased solar contribution in the early morning 

and late afternoon hours. Subsystem point desiqns for 

1, 2. and 3 hours of daily storage capacity were developed. 

Characteristics of these desiqns are sno~n in Table 6-1. To 

permit more accurate scalinq of the collector subsystem costs, a 

collector field consistinq of 8800 heliostats was also laid out. 

This field. with a 210 m (689 ft) tower. can provide 3 hours of 

enerqy storaqe at 60 percent turnaround efficiency. (The field 

layout is shown in Fiqure 6-1.'') 

An undesirable characteristic of the sensible-heat enerqy storage 

concept. when used in an open Brayton cycle system. is that the 

air temperature l~aving the storaqe tank declines continuously 

durinq the discharqe cvcle. and proqressively more fossil fuel . . 

must be used to boost the air temperature to meet the load 

demand. The enerqy-displacinq benefit of the stored solar heat 

is hiqhest at the beqinninq of the discharqe cycle and approaches 

zero at the end. For this reason. the real value of energy 

storaqe must be determined in liqht of utility-specific 

conditions. particularly the daily load c~rve. A study of the 

cost effects of enerqy storaqe concludes that a sensible-heat 
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TABLE 6-1 

CONCEPTUAL DESIGN ENERGY STORAGE SUBSYSTEM SIZING DATA 

Data Item 

Field multiple 

Receiver air flow, kg/s 
.. 

Riser pipe ID, m 

in. 

lb/s 

Downcomer pipe ID,_ m 

in. 

Storage system air flow, kg/s 

lb/s 

No. of storage tanks 

Storage tank dimensions 

Diameter, m 

Length, m 

ft 

in. 

Weight of alumina, metric tons 
-----······ -· •• _, = _,_, __ 

Base 
System 

1.0 

257.6 

568.0. 

1. 52. 

60 

1.44 

57 

6-11 

1 

1. 315 

338.74 

746.9 

1. 75 

69 

1.66 

65 

81.14 

179 

2 

6.23 

2.45.3 

30.79 

101.0 

3175 

Hours of Storage 

2 3 

1. 53 

394.13 

869.1 

1.88 

74 

1. 79 

71 

136.53 

301 

3 

6.23 

245.3 

37.38 

122.6 

3855 

1. 73 

445.6 

982.7 

2.00 

79 

1.90 

75 

188.0 

415 

4 

6.23 

245.3 

40.88 

134.1 

4215 



' . 

enerqy storaqe subsystem coupled ·to the conceptual design would 

not break even unless fuel escalation was between 15 and 16 

percent. The cost studies were based on a 70 percent turnaround 

efficiency and detailed cost estimates of the storage subsystems 

sized accordinq.to the data of ~atle 6-1. 

The indicated fuel escalation rate foe enerqy storaqe breakeven 

is siqnificantly hiqher than the values resultinq·from the 

earlier analYses. for tne followinq reasons; 

.;· 

• The new analysis is based on a specific·de~ign 
and cost estimates, whe'reas the former study 
only identified the es~alation rate at which 
the first dollar could be economically spent 
for a storaqe system. 

• Performance and cost of the conceptual ·design 
are somewhat worse than those assumed earlier. 

solar M~ltiple and· Field/Receiver Power Ratio. Small increases 

in·. the sola~ multiple, cqrrespondin~ to field/receiver. power 

ratios qreater than one, may ~e ~ ~ost effective way to increase . . . ' ~ 

averaqe ann?al solar fraction and im~rov~ t~e plant performance. 

In contrast to enerqy storaqe, the modification affects only the 

collector subsystem. . .. 

using the conceptual desiqn as a base, ~ptlmal field/receiver 

power ratios, in terms of minim~m busbar costs, were determined 

for a ranqe of distillate oil escalation rates. In these 

analyses, the field/receiver po~er.ratio was increased by 

enlarqinq the collector field while retaining the conceptual 

desiqn receiver size. Heli9stats ~re defocused during periods of 
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peak insolation to keep the receiver outlet temperature below 

843C (1550F). Po-t:-ential bene~its, in terms of increased average 

solar fraction, are ~chematic?lly illustrated in Figure 6-4. As 

shown in Figure 6-5, .a siqnificant percentage of the energy 

collected by the excess ~elios~ats .. can.be effectively utilized 

even at field/receiver power ratios of 1.14. Since the system is 

designed for peak insolation levels (950 W/m2) , small increases 

in field/receiver power ratio result in nearly proportional 

increases in average annual solar fraction. 

The economic .value of increased field/receiver power ratios was 

investigated ·fising a modified $TCRSIM com~uter simulation 

proqram. The results of these an~lyses, shown in Figure 6-6, 

indicate that field/receiver power .. ratios greater than one are 

economical with fuel escalation rates as low as 12 percent. With 

fuel escalation rates of 15 percent, the minimum bustar cost 

occurs at a field/receiver power ratio of about 1.2. It can be 

concluded that,· de-,:ending on the rate of fuEH escalation, 

field/receiver power ratios of qreater than one can te a cost 

effective means to improve solar fraction· and, with it, the fuel 

displacement· potential. 

Solar/Nonsolar Interface. In the co~bined cycle hybrid power 

system, with the receiver and combustor in series·, the solar 

fraction is proportional to the ratio of the receiver temperature 

rise to the total temperature rise tetween the compressor outlet 

and turbine inlet ... Therefore, ·the ·power cycle could te changed 

in the following ways to increas·e ·the solar fraction; 
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• Decrease receiver inlet temperature 

• Increase receiver outlet temperature 

• Decrease turbine inlet temperature 

Other design chanqes also affect the. solar. fraction, such as 

steam turbine .reheat, which affects the cycle efficiency without 

affecting these key temperatures. 

A8 discussed in section 3.6.3, intercooling could ~duce the 

receiver inlet temperature and improve the efficiency of the 

compression process. However, since the thermal: energy extracted 

by coolinq would be at a low temperature and would have to ·te 

wasted, net improvement in fuel displacement would only te 

marqinal. 

Aftercoolinq can reduce the receiver inlet temperature and 

increase the solar fraction. ·HO~ever, since the energy extracted 

from the compressor discharqe would have to be used to heat the 

intermediate-pressure portion of the steam bottoming cycle, the 

additional solar energy would have to be valued at the efficiency 

of the intermediate-pressure portion of the steam cyclea This 

reduces overall cycle efficiency. For example, if the receiver 

inlet temperature were to be reduced from 364 to 149C (687 to 

300F), the net cycle efficiency.~ould be 40.5 percent (an 8 

percent decrease) .• while the desiqn point solar fraction would 

become .626 (a 17 percent increase). For an estimated 3 percent 

fuel savings, the change in total capital cost per kilowatt for 

this option would be about: $.390 (a 31 percent increase). Thus 
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aftercoolinq is not likely:-~ to· be an economic way to increase 

solar fraction. 

Another way to decrease the receiver inlet temperature is to 

lower the compressor pressure ratio. For. the range evaluated, 

the economic optimum with a 12 percent fuel escalation rate ~as 

found to be approximately 1i!·1. For a 15 percent escalation 

rate, the lowest total cost is at a pressure ratio of 8:1. At 
' 

this ratio. the receiver ·inlet temperature. would be lowered from 

364 to 306C (687 to 574F), the solar fraction would increase to 
. I 

• 562 (a 5 percent increase), and the overall cycle ~fficiency 

would decrease slightiy. As l:r'essur·e rati'os are decreased :telow 

8:1, higher solar fractions and reduced'cycle efficiencies 

result. However, the riser and downcomer pipe sizes would soon 

reach the limits of pr~~ticality. 

The second method of increasing the solar fraction, namely, 

raising the receiver outlet tem'peratures, is nol praclical will! 

metallic receivers. However,r if a ceramic receiver with a 1093C 

(2000F) outlet tempe·ratu.r:-e were to :te used in coniunction with 

the conceptual design power cycle, a significant increase in 

solar fraction would result. Matchinq the receiver outlet 

temperature with the turbine inlet temperature would result in a 

design point solar fractio~ 'of 1·. 0, while the annual average 
.. 

solar fraction would be about .52, representing a major 

improvement in fuel disp~acemenl:. potentidl. Th~ average energy· 

conversion efficiency would be higher than that of the conceptual 
I .. 

design. The added heliostats and larger capac;ity receiver ~auld 
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account for ·most of the approximately 53 percent increase in the 

plant capital cost. Based on parametric cost data, _the installed 

cost wo~ld be about $1920/kWe. ~he added.capital cost would 

equal the cost pf the fuel saved at escalation rates of 13 to 14 

percent. The breakeven escalation rate ~ould be even lower if 

fuel costs were to be escalated from mid-1979 prices rather than 

from those of ~he_economic quidelines. 

T<;> reach this des.irable fuel displacement capability, a reliable 

ceramic receiver must be developed. In addition, the gas turtine 

desiqn would have to be upqraded to accept a 1093C (2000F) inlet 

.air temperature or, alternately, the receiver and combustor ~ould . ' . . 

have to be operated in parallel in place of the series operation 

in the conceptual desiqn. 

Another way to reduce the air temperature difference between the 

receiver outlet and the turbine inlet. is to lower the turbine 

inlet tem.Perature to 843C (1550F), which is achievable with a 

heat pipe receiver. Adequate evaluation of this option would 

require a_reoptimization of the entire system, which is teyond 

the scope of this study. But the followinq is indicative of the 

trend of cost. and performance effects. 

Assuminq that the qas turbine inlet temperature was lowered to 

871C (1600F), the desiqn point solar fraction would increase to 

approximately 0.92, and the overall net cycle efficiency would 

·drop to about 3"1 pe~cent (a 16 percent decrease). This is a 7.5 

percent ],ower cycle efficiency than would be achievable with a 

6-19 



standard 16.55 MPa/538C/538C .~400 ~siq/1000F/1000n steam cycle • 

. The installed cost of such a steam plant is likely to ~e much 
~ . . . 

lower than that of the combined cycle plant. Therefore, a 

combined cycle system with significantly lower turtine inlet 

temperature would probably not te competitiv~ with an equi~alent 

hybrid plant tased on. the Ran~ine cycle. 

6.1.3 Cost Reducti.on 

·~ 

Cost. c:>Ptimization~ dur,inq the pa.rame.tric and system-.level studies 

and ;i11 .the subseq~ent conceotual desiqn rP.sulted in. siqnifiqant 

capit~l and operating cost improvements for the .. hybrid power 

system. It~ms of poten_tial cost savings were also identified for 

future, mor~ detailed analyses~ ~hese items are discussed telow • 

. , .. 

~ollector Subsystem. The cost of he.liosta ts. represents more than 

80 percent of the subsystem. costs. A major redu~tion in the cost 

of heliostats- can be expec.ted as the manufacturing vol.ume 

approaches ~ass.~roduction_levels. However, there is a. 

significant divergence of opinion as to the protable cost 

benefits of mass production. In Nor.t-.hrnp studies, where the 

heliostat·costs were built up from estimates of individual 

componen~s such as gears and motor_s, the collector field costs 

for an annual_ production rate. of 125,000 units were estimated to 

be $73.80 per_mz of reflective are~. ~his is in good agreement 

with the 80th plant .unit cost of $72 per m2 projected tv sandia . . . . . . . . . 

Laboratories, Livermore. Using ~he Northrup unit cost figures 

with 87 percent reflectivity, the plant cost would drop to 

6-20 



$1087/kWe compared with the ·conceptual·desiqn value of $1256/kWe. 

Cost benefits derived from collector improvements would represent 

additional savings.· · 

Recei-ver Subsystem. The heat piJ:e and panel. material, Inconel 

617, is an expensive alloy. There are surcharges.of up to 

$6. 6/kq ($3. 0/lb). being currently applied because of the present 

shortage of cobalt ~nd molybdenum, whi~h account for 17.5 and 9.0 

percent of the weight., respectively. 'Ihe receiver cost could be 

significantly reduced by usipq Inconel 617 only in the high-

temperature portions of· the panels and a less expensive material 

in the lower-temperature ~rt~on·s. If the surcharges persist or 

are even further increased; the selection of the receiver outlet 
. ..;.•' 

tempP.rature should be reevaluated. Feducinq the receiver outlet 

temperature by about 29C (50F), would allow the replacement of 

Inconel 617 with less expensive ·materials, such as Inconel 610 or 

Incoloy 800H. ,An additional incentiveto replace Inconel 617 as 

much as possible, is that about 98 percent of cobalt and 

55 percent of molybdenum consumed in the u.s. are imported. 

The semicircular shape of the receiver ca~it~ iear wall was 

originally conceived to accommodate the ~emovable panel concept 

and the reinforcement required between panels.· Since in the 

conceptual desiqn ieceiver the ~anels are welded together, there 

is no lonqer ~feed for the side wall reinforcements. 'Iherefore, 

it miqht be co~t effective to substitute a less expensive flat 

rear wall for the presently used curved configurations. As with 
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the .coll~ctqr subsystem, __ cost. benefit ac~rued from potential 
~ . ' ~ • - ' - :~· - ,. ~. ;. ,, • • " . • . ' , . " • ' . l •. 

', l 

EPGS. The .IIRSG apd_ .. tu~bine cos.ts were f~~nished ~Y the 
•, .. . :- . ; ' . : "" . . . . ~~' 

manufacturers as b_ud.qetarv e.~_timates. <;ompe~itive bid prices for 

actual orders may vary from these costs. However, the magnitude 

and d~rection. 9~. tl!fs~:variat~.Qn ~ill ~epend .on the competitive 

environme~t., at t.l?~,- t:im~. of suc.h .order.s. In~9rporC3:tion of 

cat.alyltic combustors ip not expe.cted to. cause major cost 
• 

0 
•' ' " ~ •.• b ; I • .' ' ' o ' 1• .o 

variations. . . .. .~ ~ . 

,f .. . '.;' 

6. 1 ~-4 . _Economies of Seal~. 

. . ~- ... 
i! .• 

Experience with convention~l:1=9wer ,plant~_ indicates that 

increasing the capacity ratinqs of a unit within practical limits 

i~r1proves pe_rforma~ce_,.a~o yields a lo~er capital .·cost per unit of 

installed c;apacity. ($/kW~-) •.. +n.e solar hybrid power system ~as 

revieweg-. to. determine if· this observation i& valid for that 

system as ~ell,.~ Th~ as-sessmef1t,. conducted by .subsystem, is 

summarized in this. sect_ion.-, 

Collector .. Subsystem. rr'he average_qeometric efficiency of the 

co~lecto~:· fJeld dec_lines a~. hel.iostats are added to increase the 

amount of solar energy col.l~~ted. Atmospheric attenuation is a 

function of the slant ranqe, so the_ attenuation efficiency 

declines as the slant ranqe increases with larqer fields. The 

averaqe packinq density also becomes lower as the numcer of 

heliostats increases, beca~se of the larger spacing required for 
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the peripheral heliostats. The impact.of thes~ factors is that 

t'he reflective area per unitof enerqy·co.;Ll~cted increases and 
~- : 

the field packinq ~ensitv decreases ,C!l~· :~ll~· plant. rating 

increases~ As a consequence, the· cpi,}ector fielq_ -~caling 

exponent is expected to ranqe from 1.~_05· to· 1.1. 

-Receiver Subsystem. Assuming that the three7cavity ~eceiver 

confiquration is retained, ·the. rea~ ;wa~l·, ,(panel facet, area must 

be increased in 'direct propor.tion to·:.the ad~itional so;tar energy 

collected. and the focal~plane:-t~rear~wa;tl distance-must be . ' ': : 

adiusted to maintain th~ 1Same pe_ak flow. for ea9h- hea~ pipe. ':rhus 
... 

the overa,ll cavity dimensions will be larqer. · .. As a., current test 

estimate. the receiver weiqht and cost are directly proportional 

to the increase in collected .. enerqy.· 

. ~-. ! ~ . 

The receiver tower heiqht varies· -in· direct proportion to changes ,-

in the collector. field radiu.~ (as·s~mir:tq identica~ rim angles). 

Due to the increased receiver and piping weiqht, the entire tower 

must also be·made stronger.- 'Ihe receiver air_flow is directly 

proportional to the system power rating.· The pipe length also 

chanqes with the tower heiqht. 'Ihe .-riser and downcomer flow 
. . ·. ·. . 

cross section, therefore, must te increaseq to maintain an 
. . 

acceptable pressure drop. Considering the relative costs of the 
. . .··. 

receiver, tower. and pipinq, the sealing exponent of the receiver 

subsystem ranqes from 0.7 to 0.9. 

.'··· 

., ; ... 
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EPGS. According to common estimating practice, the scaling 

exponent for turbine generators and HFSG ranges from of 0.7 to 

0.8a 

Balance of Plant. The cost of the master control subsystem and 

plant support represents a small fraction of the plant cost and 

in the scaling analyses it was assumed to vary linearly with the 

power rating. 

Overall Power system. Curves re~resenting the variation of 

installed cost with plant capacity are shown in Figure 6-7. It 

is evident from the figure that the economies of scale favor 

larqe solar hybrid plants. But the rate of capital cost 

improvement with increased size decreases markedly with large 

multiples of the conceptual design power rating. It is also 

expected that plant performance ~ill improve with increased powP.r 

rating, since efficiencies of turtine generators and BFSG improve 

with larger sizes. There is also a step improvement in power 

cvcle efficiency as the steam bottoming cycle output reaches 

-
75 MWe (total plant capacity of 230 MWe) where reheat turtines 

become.available. 

Since the maximum rating of industrial gas turbines is about 

100 MWe, two or more units would te required in larger plants. 

Depending on the specific plant requirements, each turtine could 

have a dedicated HRSG or several turtines could be connected to a 

single HRSG. Because a wide ranqe of steam turbine sizes are 

available, a single turbine per plant would be used. 
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It is reasonable to.conclude that economies of scale can be used 

to reduce busbar cost of electricitv. from hybrid plants. The 

potent:ial cost ·-reduction, howe~.e~~ .. is relatively modest. In 

addition. the economies of scale.are no longer effective where 

the plant becomes··larqe enouqh to require more than one collector 

field and receiver. In the. al:sen.ce of other constraining 

factors, such as utility need or land availability, the optimum 

plant size: is exJ)ected to range from 300 to 40.0 MWe. 

6.2 POTENTIAL ~IMITATIONS 

In this section potential limitations to implementing the 

commercial-scale soi.ar·hvbrid power system are discussed. Issues 

addressed include.~nvironmental effects, land use, natural 

resources. state of mat-eri;a'is technoloq.v. commercial availal::ility 

of power conversiont'eq\.Iipme~t, manufacturing and marketing 

capacity constraints, institution~l.-constraints, ann R;;~fety_ 

Some of these issues are s~te-·s-cecif~c. Only <3. qene,;ali~cd 

assessment can be.qiyen at·this time, since the study was based 

on a generic site. 

' ' 

6.2.1 Environmental Effects 

.. 
The physical aspects of the environment considered in evaluating 

the impact of a solar hybrid,system include topography, soils, 
. . -~ 4 • ' . . . . 

hvdroloqv and· surface water management·, local drainage patterns, 

surface and qround water quality, air pollution,. and ambient 

noise. 
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Construction of the plant will re_quire· -surface grading, o-f 

approximtely 350 acres. Jf the surfac~- .of ;the selected f;ite is 

relatively flat, large-scale -.ch~~qes ,in ~pe' topographic feat~res . 

will not be· n~cessary.. Constr~ct·::j.on will also cause. some . 

alteration of the soils on.the site.::~:.Heli<?Stats. Will·.shade.the.' 

soil to varying degrees, ~hich ~wil~.'alt.e~ cycles .of natural soil 

heating and cooling and ~ill atfec.t 9ir .circplation at or near -

the soil surface. Access roads,. constructed ·with,.road oil·>and 

qravel or asphalt, will alter drainage patterns and eliminate 

these areas as bioloqical substrate. f·. 

The modifications to natural topography wi~l alter t~e r.unoff. 

pattern for. the· site. When loeal ·precipitation rates. e~ceed the -

permeability of the surface soils, new runoff ,channel.s.;.will. 

develop to. reflect the chanqe. in surface config~rat~on.~ J:.n. 

certain areas of the collector. fi.eld, rain~all -~unoff. may "be· 

concentrated into hiqh-vol~me,. hiqh-ve~oci·tv, flowf;, ,which could 

erode. the site. · · 1 .~:, '· . · ~ 

. ~ . 
' ' 

If the olant is in a groundwater recharge area, .. ,recharge of .. the 

aquifer system on the site could te altered. Infiltration 

deJ:ends on chemical and physical soil-' ?h~5.act~l;'i..~ti9~,. w~ich vary 

qreatly from site to site. The alteration in surface runoff 

patterns on the· site would ··probal:lv channel surface runoff,· 

downslope and mav limit infiltration onsite •. There are 

economical mitigatinq measures .. that can :be .applied to minimize o·r 

eliminate any adverse eco~oqi<::~l ef~e.G.ts. , . . .,., 
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Construction and operation of the hybrid plant is not expected to 

have a direct impact on water quality. Eut since localized 

erosion may occur during periods of peak snowmelt, increased 
. . 

turbidity in nearby streams and ~onds may result. Soil 

stabilization measures can reduc·e erosion and turl:idity protlems. 

These measures depend largely on the facility location and 

topography. 

Mirror washing with solvents or detergents could contaminate the 

soil, but by ;udiciously selecting the chemicals used this will 

not significantly impair surface:water resources. If large 

volumes of water are required for washing, groundwater resources 

may be impaired. Since groundwater resources at a particular 

site may vary from drinking water quality t~ unusal:le saline or 

brackish water, 11 impairment11 must te related to specific site 

conditions. It is assumed that wastewater from heliostat washing 

operations can be collected and recycled. Other waste streams 

will have to be treated·prior to·release. 

Solar hybrid plants have a smaller condenser cooling load than 

fossil or nuclear plants of equal capacity. Makeup water 

requirements to the coolinq tower will be correspondingly lower~ 

Coolinq tower and HRSG blowdown can te evaporated, resulting in a 

zero discharqe plant. 

Durinq construction there will be some temporary increase in the 

site noise level. The ambient noise levels will be high near the 

qas turbine during operation. ~he compressor air intake will 
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require a filter silencer. There are well'established noise 

a:tatement procedures used in conventional cbmbined cycle systemsr 

which may be employed to reduce this nuisance'. if the plants are' 

located near popul~ted'are~i. 

During ·constr·uction, the site work is expected ·to generate some 

temporary airborne dust. Operation of the gas turbine cycle will 

result in atmospheric discharge of com:tustion products. 

Environmental Protection Agency or local air quality·· ·control 

regulations limit these emissions·, and the plant will· have to 

meet the applicable re~ulations~ ·It is· expected-that· control of 

nitrous ox{de ~missions will reqbire mitiqating measuresr such as 

catalytic comblistorsr to stav within discharge limit's applicat:le 

in the 1990s~· · In. comparison with· conventional plants of ·equal 

rating, the hybrid plant would cause about 30 percent less 

emission. 

Clearing a site of standinq veqetation also involves eliminating 

animals and insects. Larger ~redators like the .fox and coyot~ 

are expected· to migrat.e to other· locations. Smaller animalsr 

such as rodents, various reptiies,' and some of the typical 

dese·rt-dwelling amphil:ians, will :c·e 'only temporarily displacedr 

but will be able t"o. reest'abl'ish. on the site after co:nstruction 

activity ends. Resident birds at the site would be displaced 

during construction, but would ~rot:ably not be affected outside 

the perimeter of the h~liostat field. Eirds flyinq:into ttie 

focal zone during the·day would ~robably not survive. At night, 

the local birds may mistak~· ~he collector field for water and 
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crash into the heliostats. Field surveys will have to be 

conducted to determine the site-specific impact on plants and 

animals. 

some operating and construction ~ersonnel will proba~ly ~e drawn 

from the area the facility serves. ether workers will come into 

the area and'will affect housing and other community services. 

This impact will be minor due to the comparatively small later 

force required. The regional econom~·would tenefit frci~ ~he 

consumption.of local qoods and services by workers. I.ong-term 

benefits to the local economy are employment at the facility.and 

the secondary demands for qoods and services generated ty the 

workers.· Employment levels durinq operation are estimated at 

30 people. 

In summary, the environmental impact of the solar/hybrid plant is 

similar in nature to other solar power plants and is minimal .when 

compared to other less efficient power qener~tinq ~ystems~ Major 

advantaqes of the solar/hybrid plant over conventional plants 

include the displacement of fossil fuels with solar energy, 

reduced combustion emissions, smaller conjenser cooling load with 

a related reduction of the coolinq tower plume, and reduced 

makeup water·requirements. 

6.2.2 Land Use Constraints 

Land use constraints vary from site to site and their impact must 

be evaluated in the context of each specific site. Most of the 
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more common constraints are similar in nature to those of other 

sola~~power plants. 

Land requirement for the conceptual design solar hybrid facility 

is approximately 350 acres, less than half of what is needed for 

stand-alone solar thermal power plants of comparable rating •. The 

ideal site tc;>poqraphy i$ qenerally level or, · . .;it .most, gently 

slopinq. ~ts cha;acteristics include a ·maximum height of 2 feet 

between the· b~ttol!' and top qf so_il s~ell~,. with a wave length of 

at least 1qo fe_e_t, and a. 0 to 10 deqree maximum inclination 

runninq downhill in a north to south direction. 

Soil conditions influence the foundation des~qn and costs. The 

soil must have sufficient load~~earinq_ capacity for the receiver. 

Seismic characteristics will affect the tower and receiver 

desiqn. The type and quantity ·of . veqetation will affec_t .the site 

clearinq cost and may also be a continuing maintenance . . ' 

.requirement _in. view of the potential_ fi-re hazard. 

Site selection foz: solar. plan_ts m~st also consider conditions 

such· as the potent~al fo~_prolonqep cloud cover, an~ shadowinq ty 

forests, bluffs~ hills,_or buildinqs which would re~uce the. 

number of hours of operation for the facility. Strong wind. · 

forces and snows loads add to the cost of structures. 

Convenient tie-in to a nearbv utility qrid is desirable. water 

is required for coolinq ~nd m~rror washing operation .and for 

potable services. If a water supply is not availa~le from the 
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local water district, the plant must be located near an aquifer 

of suff·icient flow capaci tv,"· and the water from wells must l:e 

purified. The selected site should te near adequate 

transportation routes to facilitate shipment of equipment and 

supplies. 

Zoning regulations are not expected to 'have a· substantial effect 

since the probable sites will be a~ay from· population centers. 

However, the plants should.be.iocated a~ay from airports and 
. . . 

their landing and takeoff patterns to·avoid interference with air 

traffic·and POtential ·hazards of blinding light from straying 

heliostats.· Also, any nearby industrial or farming o~eration, 

generating large amounts of airl:orne dust, would be undesirable 

for the hybrid plant. 

Candidate sites must be investigated for historical Rignificance, 

due to increased public aware·ness of this issue. Acceptance ty 

the local community will influence the ease with which the 

necessary permits can· be obtained. And their acceptance will l:e 

affected in part by identification and mitigation of any adver~P 

envir.onmental impacts. 

6. 2. 3 Natural Resources Constraints 

Depletable or domestically scarce material resources used in 

construction and operation of hytrid.plants include ~ater, 

distillate oil, and such alloying elements as cobalt and 

molybdenum. 
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Water is used as working fluid in the steam cycle, for condenser 

cooling, heliostat was.hinq and shop and domestic consumption. 
·! 

The estimated total water usage in the plant is 1350 gpm. ~he 

larqest water use is for condenser cooling. The expected rate of 

water usaqe is comparable to that of conventional combined cycle 

power plants, but is only about a third of the usage rate in 

conventional steam electric plants. If water of sufficient 

quantitY cannot be obtained at an otherwise desirable site, the 

wat.::r requirement could be siqnificantly reduced by.using.dry 

coolinq towers. ·with, these, however, the plant performance ~ould 

be lower durinq the warm season. 'Ibis performance penalty ~ould 

not be as severe with the combined cycle plants, since only the 

steam cycle_portion would be ~ffected. 

Distillate oil (No. 2 fuel oil) was selected as the reference 

fuel for the hybrid plant. This fuel.was found to be the most 

economical and offered a number of advantages in storage and 

·handlinq as well. Petrol~um distillates fall under the 

jurisdiction of the National Energy Act of 1.978, which became law 
•• 

while the project was in progress. Regulations implementing this 

law are now in the draft staqe. According to current draft 

regulations, oil-fired plants may te licensed under a simplified 

procedure if they use at least 25 percent nondepletable (e.g., 

solar) enerqy. Sirice at a 48 percent l.oad factor, the hybrid 

plant uses better than 28 percent solar enerqy, it can qualify 

for these simplified procedures. 
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It was estimated that the conce~tual desiqn hybrid plant would 

displace about 17,000 barrels of fuel oil annually. 7here are 

several options to increase the solar fraction and improve the 
. ' . 

fuel displacement potential, as discussed in Section 6.1.1 • 
. . . . . 

Furthermore, the cost penalty associated with using coal-derived 

alternative fuels ranqes from 1 to 2.5 percent of the equivalent 

capital cost. With such a small cost penalty the plant economics 

would not be severely affected if it were converted, in the 

future, to coal-derived fuels or methanol, once these tecome 
\I 

available in sufficient quantity. 

Approximately 400 metric tons of Inconel 617 is required to build 

the heat pipe receiver. This material contains 17.5 percent 

cobalt and 9 percent _molybdenum as alloying elements. Atout 98 

percent of the cobalt and 55 percent of the molybdenum used in 

the u.s. is imported, mainlv from Africa. Due to limited 

production capacity and uncertainties at the source, surcharges 

u~ to $6.6/kq ($3.0/lb) are currently charged on Inconel .617 

orders. There are several other.nickel alloys (such as Inconel 

601 and Incoloy 800) with somewhat poorer high-tem-perature 

st:renqth properties, which do not· contain P.it.her of the scarce 

alloyinq elements. As descrited in Section 6.2.1, cost 

reductions, as well as less dependence on imported materials, 

would be attained by sutstitutinq one of these alloys, in part or 

completely, for Inconel 617~ 
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6.2.4. Status-of Materials Technology· 

Most of the materials used in the solar hybrid power system are 

commercially available. However, certain h~g~-temperature, high­

strength materials will require testing to verify·their 

suitability for application in the proposed design. 

Collector Subsystem. All materials and ~rocesses used in the 

heliostats are within present state of the ar~ and, generally, 

are commercially available stock items. The mirror module 

design, materials, and bonding process are virtually identical to 

those presently used on the Northrup I heliostats, which have 

been built and are currentlv underqoing testing. ~nile the 

electronic collector field control and computer software is 

unique to the heliostat requirements, the subcomponents are again 

commerciallv.available stock items. 

In summary, no unique or advanced-technology materials or 

processes are required for the collector subsystem. 

Rece~yer_Subsystem. Although Inconel 617 is a commercially 

available alloy, it has not yet teen approved by the A~i-JE Boi-ler 

and Pressure vessel Code, and is not covered by other existing 

codes. Its mechanical properties are not yet we 11 documented at·. 

high temperatures. Development of the necessary data for code 

ap~lication and the process of code approval, however, can te 

accomplished in time to permit use of this material in solar 

hybrid plants with startup in 1990. 
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The heat pipes are the most critical components of the receiver. 

They must operate at hiqh tempe~ature, with larqe thermal 
... t 

qradients, under severe cyclinq conditions. Because of the 

importance of this concept to th~'s~ccess of the receiver, 
) _, . 

laboratory tests simulati~q solar receiver operation must be 

carried out to support the final conceptual desiqn. 

fomb_~sto~. The proposed desiqn uses a catalytic comtustor 
·II • '· • 

concept beinq develo'ped by Westinqhouse and several other 
.· 

companies. It employs a ceramic·noneycomb of large surface area 

on which a catalyst is dePOSited.· ~he materials of construction 

beinq tested for this service are currently availatle. The 

remaininq technical issues pertain to the development of ceramic 

structures capable of withstandi~q· the thermal cycles and 

vibrations, and to the service life of the catalyst. 

Other Component~. All oth~r components use·current materials 

technoloqy, are commercially available, and require no 
j' 

developmental work.· 

6. 2. 5 Power Conversion Eguil:ment Availability 

Gas Turbine. The qas turbine unit is similar·to westinghouse's 

current production.model w-501, modified as descrit:ed in 

Section 5. The modifications in the compressor discharge and .. 
' 

turbine inlet areas to permit series connection of the receiver 

are similar to those. required _for closed-cycle or regenerative 

qas turbine and, therefore, are considered current technology. 

6-36 

;_ .. 



Combustor development work, supported by sev~ral organization~. 
1 ' 

is under way to reduce NOx emissions to. levels required by 

late-1980 air quality standards for stationary combined cycles 
. -

and aircraft engine applications. It is expected that this 

effort will result in commercial availability of the desired 

technology by 1990, when the solar hybrid system is proposed to 

start operation~ 

Other Equipment. All other power conversion equipment, including 

HRSG and steam turbine, is commercially available and presents no 

restrictions to widespread application of the proposed solar 

hybrid system. 

6. 2. 6 Manufacturing and Market Capacity Constraints 

Manufacturing techniques required to f~bricate and install 

conventional equipment of the hyt;rid plant ·are not significantly 

different from those required·fo.i conventionalcombined cycle 

power plants. An .adequate manufacturing .capacity and a 

competitive market for·this equipment are in place. ·Constraints 

for the solar components a~e related to the.need to establish a 

manufacturing industry of sufficient production capacity located 

close to the Pacific Southern and South'·Mountain regions, where 

the' bulk of the central receiver solar p~wer plants ·will prot.abl y 

be installed. For this to occur~ potential suppliers must te 

quaranteed a sufficient market for their product, and a 

reasonable rate of return on investments in new production 
- . 

facilities must be assured. Lo~ production rates expected in the 
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beqinning years will result in hiqher unit costs, and government 

incentives may be necessary to defray costs related to 

establishinq a new industry. 

Col~ector Subsystem. A manufacturinq plant to produce heliostats 

for the hybrid power plant would probatly be sized for an annual 

production of 25,000 to 50,000 units. At this level of output, a 

facility designed exclusively to manufacture heliostats can te 

built and operated efficiently. Eecause the area is the prime 

market site for solar hybrid plants, the manufacturing site 

should be centrally situated in the southwestern United States so 

that shippinq distances can be minimized. Even if highly 

autom~ted, a plant of this· capacity ~auld probably require atout 

800 employees. 

Locatinq heliostat manufacturing facilities in the Southwest 

would have a disadvantage, ho~ever, since the manufacturing 

facilitv will be material-intensive (usinq upwards of 

100,000 tons of raw materials annually). The market source for 

steel, qiass, qears, bearinqs, and other hig.h-we.ight/tulk 

materials is qenerally in the Midwest or in the Eastern us, and 

intermittent spot-shippinq problems could develop. It is not 

anticipated, however, that su~plier production capacities for 

qlass, motors, electronic assemblies, machined parts, and steel 

structural stock will pe a prob~em, provided that there is an 

adequate lead-time tor first shi~ment and that a norma·! 

production flow of 500 to 1000 units per week can be maintained. 
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Rec'eiver ·subsystem. Materials used in the receiver are av·ailable 

in the quantities required, except for Inconel 617~ The current 

production capacity of Inconel 617 is probably too small to meet 

the required demand. However, increased production of 
. 

Inconel 617 is beinq.planned. Projected plant expansion is also 

expected to alleviate the current ·cobalt and molybdenum shortage 

by 1985. Nevertheless·, these alloying elements will still have 

to be imported • 
.. r 
'~-· 

The receiver can be manufactured using standard practices.' Heat 

pipes of the type and size used in the receiver have never teen 

manufactured in larqe quantities. Eut capacity could te expanded 

to adequately meet the demand by using existinq metal fabrication 

facilities for the conventional manufacturinq $teps and expanding 

the final assembly facility. 

6.2.7 Leqal, Regulatory, Fiscal, and Institutional Constraints 
I 

,Le~l and Regulatory Constraint'~! :.Government constraints can 

come from 'the federal, state, and local levels.. State and local 

requlations are 6fteri more restrictive than federal regulations. 

Table 6-2 summarizes·potential ieqal and regulatory constraints 

applicable to the sola,r hybrid -J:lant.· Local and reqional 

requlations shown are typical for the Earstow site. 

As shown in Table 6-2, the list of potential regulators is 

considerable. Time and cost of licensinq could represent a major 

constraint to the introduction and widespread use of solar hytrid 
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TABLE 6-2 

POTENTIAL LEGAL AND REGULATORY CONSTRAIN~S 

Government Agency 

Federal 

Environmental Protection Agency 

OSHA 

Bureau of Land Management 

Federal Power Commission 

FAA 

State 

Public Utilities Commission 

Energy Commission 

Solid Waste Management Board 

Department of Water Resources 

Lands Commission 

Departm~nt of Architecture and 
Construction 

Loc:;~l ""·" Regional 

Air Quality Mana~ement Board 

Regional Water ~uality Control 
Board 

Cciunty 

Cuuut)t and Cll;y 

Los Angeles Metropolitan 
Water District 

or 

County Flood Control and Water 
Conservation District 

Jurisdiction 

Air quality 
Water quality 
Noise 

Health and safety 

BLM lands 

Power generation 

Airspace 

Utilities 

State energy development 

Solid waste 

State waters 

State lands 

Occupied structures 

Air quality 

Water 4uallty 

Licensing 
Zoning 
CnmpliancP. 

Water use 

6-40. 

Constraint on Plant 

EIS review. 
Wastewater treatment. 
Noise at plant boundary. 

Noise, light, and general working 
conditions in and around plant. 

Management plans and right-of-way 
permits. 

Approval for electric power 
generation. 

Permit for towers over 200 feet. 

Power plant certification. 
Public convenience certification. 

Notice of intent. 
Power plant certification. 

Permit for waste disposal. 

Permit to appropriate water. 

Permit or lease for state lands 
""n r.i.ght-of-way. 

Certification of buildings for 
handicapped person access (appli­
cable if structure receives state 
fund:'!). 

New source performance review. 
Pr.~vention of Qignificant deteriora­
tion permit to construct and offset. 

National pollution discharge elimina­
tion system. 
Water certification. 

Rezoning and use permits. 
Environmental impact report. 

Rtghr~of-way. 

Building permit. 

Water allocation: 



technology. A simplified procedure, preferably "one step 

licensing", needs to be established early. Ease of licensing 

could become a significant incentive to promote favorable utility 

consideration of solar.technoloqies. 

Fiscal Constraints. Introducticn of the. solar hybrid technology 

into commercial utility application hinges on the resolution of 

two major fiscal constraints, nam.~ly, the cost of development and 

the alleviation of economic risks associated with this emerging 

technology. 

For the moment, a major share of the solar development costs is 

borne mainly by the Department of Energy, although some private 

heliostat development· is in progress and industry is carrying 

some of the cost of developing low emission combustors. In 

addition to the development of low-cost heliostats (a generic 

need for all central receiver solar power systems), the combined 

cycle hybrid plant also requires development of receivers for 

hihg-temperature service and combustors that can limit the 

formation of thermal NOx. Solution of the low-emission combustor 

issue is a generic one, common to gas turbine applications, and 

expected to benefit the hybrid plant as well. Thus, the only 

major development need specific to this hybrid system is the 

high-temp~rature receive;. It is expected that, as a minimum, a 

critical system-level experimental power system will also have to 

be built and oper.ated before commercialization can be 

successfully launched. 
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Establishing an overall development plan and timely funding of 

work needed to achieve the planned milestones are required to 

assure that the combined cycle hytrid plant will te available for 

commercialization in the 1990s. 

From the point of view of utility economics, the hybrid power 

system.represents a departure from many conventional technologies 

which require lower initial investment but continuing high fuel 

costs. New technologies, such as solar, typically require high 

initial capital expenditures but .,have little or no fuel charges. 
, .. 

The capital cost of the hybrid plant is lower than that of·stand-

alone. solar plants by virtue of. its smaller solar· component. 

Co~versely, fuel costs to·compensate for.the lower solar 

contribution must be considered in the busbar cost of 

electricity. 

successful introduction of new technologies into the utility 

market usually requires some form 'of risk and cost sharing or 

credible demonstration of their technical and economic 

viabilities. Considering the urqent need to displace scarce and 

imported fuel, the extended time :r_:equired for the latter is 

undesirable. Risk- and cost-sharinq appear·mqre likely to 

encouraqe utility interest, as confirmed by utility comments 

(Section 6.3). In this respect, the combined cycle hytrid plant 

is in an advantageous position, since the EPGS is essentially a 

conventional plant, capable of full power operation. As such, 

power generation with fossil fuel can te maintained even. if the 



soTar portion of· the plant failed for some reason. Thus 0 the 

technical risk is minimized. 

Institu~i~nal Constraints. -A review of institutional constraints 

included the examination of public and utility acceptance, 

industrial interest, availability of codes and standards, and 

availability of trained engineering and operating personnel to 

support introduction of the solar hybrid technology. 

The use of solar energy is stronqly endorsed by various 

environmental groups and elected qovernment officials. For the 

time being, media coverage is largely favorable. General public 

acceptance is also good. However, expectations in terms of 

timing, cost, and degree of implementati6n are often unreali~tic. 

The potentials of solar energy are discussed more often than all 

its limitations;. 

Judging from the admittedly linli ted survey of utilities conducted 

as part of this proiect, a general awareness of solar technology 

exists. Solar power plants are teinq considered ty utilities in 

their generation planninq work, although utility readiness to :tuy 

solar plants will remain moderate. ~his is true even though the 

technical and economic viability .of solar power generation can :te· 

demonstrated in successfully operating solar plants. 

A number of engineering and component manufacturing firms have 

participated in government- and EPFI-sponsored solar study and 

development proiects. Given sufficient market incentives, most 

6-43 



of these are interested ~n future ~articipation as constructors 

or equipment suppliers for commercial s6lar plants. ~o support 

the development of a sufficient in9ustrial base for sclar plants, 

enqineerinq and ~anufacturinq standards must be established to 

assure reliable performance of solar products. 

I 

At this time only a limited pcol of trained personnel exist to 

desiqn, construct, operate, and maintain solar power plants. 

Formal and on-the-job traininq"must be initiated soon, since the 

number of trained personnel will have to be expanded ty an order 

of maqnitude to staff future solar_power plants. 

6. 2. 8 Safety Considerations 

An extensive review of .. the safety aspects of a Brayton cycle 

central receiver power plant (in most respects very similar to 

the. ·hybrid ·p()wer system) was performed by the Boeing Engineering 

and Construction Company (Ref. 6-1). It identified specific 

hazards and safety measure·s that would either lessen the 

probability of an accident occurrinq or limit economic losses and 

personal iniury. Maior hazards ~ere identifed as: 

• Stored enerqv in hiqh~te~perature and pressurized working 
fluids (e.q., air and st~am) 

• Reflected hiqh-intensitv sun~iqht 

• Exposed surfaces at hiqh temperatures 

• Noise· ~nd ~{ssiles·from hiqh-speed rotating machinery 

• Elevated work locations 
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Safe practices and protect'fve gear to prevent· injury or losses in 

case of accident were identified. Most of the preventive and 

mitiqatinq measures are consistent with current standard industry 
'; ~ . . 

safety practices. A notable saf~ty advantage of the comcined 

cycle hybrid pla.nt in comparison with some other .. proposed solar 

power systems is that its oper~tion. does not require circulation 

of larqe quantities of toxic or hazardous materials. Failure of 

a heat pipe wo~ld expose only .~bout .1 kq (.2 lb) of sodium or . 

potassium to the atmosphere. Since the internal .pressure in the 

heat pipes is below atmospheric~ most of this small amount ~ould 

become oxidized inside the pipes. 

6.3 MARKET ANALYSIS UPDATE 

The market analysis results, reported. in. Section 2, were updated 

after consideration. of t~e.CQSt qn.d performance of the hybrid 

power system concept~al desiqn. In addition, representative 
... 

utilities in the four·reqions considered.in the market analysis, 

as well as the Solar Enerqy Research Institute and Electric Power 

Research Institute, were contacted for comments on the market 

analysis methodoloqy. Comments ~ere sought on the market 

analvsis results and the prospects of solar energy utilization in 

their respective service areas. This section summarizes the 

results of the ~arket analvsis update and the utility comments. 
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6.3.1 Busbar Costs and Market Potential 

Table 6-3 shows _the capital cost estimate totals for the Modified 

and Advanced strawman systems and the conceptual design. The 

estimates were normalized for mid-1979 dollars and 112.6 MWe 

capacity. (The AFDC was excluded.) Since the conceptual design 

uses a heat pipe receiver, comparisons with the Modified Strawman 

are the most appropriate. As evident from Table 6-1, the 

conceptual desiqn is about 13 percent more expensive than the 

preconceptual Modified Strawman. The majority of the difference 

relates to the use of first-of-a-kind $160/m2 heliostat costs and 

hiqher receiver_costs. 

Based on the cost sensitivity curves of Figure 2-6, the levelized 

busbar electricity cost increase due to the hiqher caP.ital cost 

would vary from 13 percent at the lowest capacity factors to 3 

percent at the hiqhest. 

Operatinq and maintenance cost estimates for the Modified 

Strawman, Advanced Strawman, and Conceptual Desiqn are shown in 

Table 6-4. As before, the estimates have been normalized to mid-

1979 dollars and 112.6 MWe capacity. ~he conceptual design O&M 

costs were estimated from Bechtel's historical data for comtined 

cycle power plants and were based on analyses by subsystem. The 

estimated costs amount to 1.6 percent of the capital costs, 

• compared with 1. 0 percent stated in the Requirement Definition 

(Ref. 6-2). This accounts for the nearly 60 percent higher C&M 

costs indicated for the conceptual design. More detailed O&M 
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' 

CAPITAL COST COMPARISON. 
(1000's-of mid-1979$} 

' . 
Concept Cost 

Modified Strawman 124,800 
-

Advanced Strawman 139,600 

Conceptual Design 141,400 

Percent Change from 
Modified Strawman '. 
to Conceptual Design +13 

·.TABLE 6-4 

OPERATING AND MAINTENANCE COST COMPARISON 
(1000's of mid-1979$) 

Variable 

.... ! 

' 

.. 

' 
.. - .. ~.,. ,· .. -1 ........... . 

;. ... 
· .. · 

Total Fixed O&M Cost Concept 
(per year) O&M Cost (per yr at 48% 

(mills/kWh) capacity factor) 

Modified Strawman 910 1.08 .. 1,420 

Advanced Strawman 1,210 . 91 .. 1,640 
; 

Conceptual Design 860 2.92 ?.)240 

% Change from 
Modified Strawman 
to Conceptual Design -5 +170 +58 
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cost estimates also changed the relative size of the fixed and 

variable O&M cost components; the fixed component decreased from 

65 to 40 percent at the _48 percent capacity factor. The major 

reason for this change is that a variable component has teen 

included in solar plant O&M costs. 

Even relatively large changes in OSM costs have only a minor 

impact on levelized busbar electricity costs. For example, if 

, all else were unchanged, the indicated· 58 percent increase in 

annual O&M costs would result in only a 2 ~ercent increase in 

levelized busbar electricitY cost. '!he percentage ·change would 

be higher at large~ capacity factors and smaller at lower 

capacity factors. 

Levelized busbar electr~city ccsts were calculated from 

performance data shown in Table 6-5. ·As discussed in Section 5, 

the conceptual design has sliqhtly lower plant efficiency because 

of ·turbine cooling flow requirements and the 7 percent decrease 

in the average annual solar fraction. 'Ihese changes are expected 

to increase levelized busbar electricity cost at 48 percent 

capacity factor by 2 and 1 percent, respectively. 

Fiqure 6-8 shows the net impa~t of the above ~hanges on the 

levelized busbar electricity cost. The curves show tusbar costs 

in mill/kWh for the Pacific Southern region for the Conceptual 

Design and the Modified Strawman design at 12 percent fuel 

escalation. The results for first-year operation in 1990 have 

been converted from current $/kwyr to the more familiar current 
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TABLE 6-5 

REVISED PERFORMANCE DATA 

Plant Modified Advanced Conceptual Percent Change from 

Characteristics Strawrnan Strawrnan Design 
Modified Strawman 

to Conceptual Design 

Capacity (MWe) 100 100 112.6 +12.6 

Life (yr) 30 30 30 -

Daytime Average 
Heat Rate 
(Btu/kWh) 7,679 7,355 7,969 +3.8 

Nighdme Average 
Heat Rate 
(Btu/kWh) 7,743 7,423 8,162 +5.41 

Average Annual 
Solar Fraction (%) 31.2 40.8 28.8 -7.7 
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dollar mill/kWh used by many electric utilities. At the 40 to 60 

percent capacity factors envision~d for the intermediate-load 

hybrid. plant, levelized costs of the conceptual design are from 

10 to 11 percent hiqher than that of the Strawman concept. This 

correlates well with the overall change of 11.75 percent implied 

by the sum· of the independent percentage changes in busbar cost 

calculated from the previously defined sensitivity curves • 

. The impact of higher busbar costs of the conceptual design on the 

proiected market penetration is illustrated by Figure ·6-9. This 

curve shows that. in comparison ~ith the Modified Strawman 

concept. the cost/performances changes results in a 15 to 18 

percent reduction in expected.cumulative solar hybrid market 

penetration in the Pacific Southern region. Proportional 

reductions occur in all cumulative penetration profiles. 

The proiected market penetration should be considered pessimistic 

because of the following: 

• The ~alculated busbar· costs of the hybrid system are 
based on first plant costs without considering the 
benefits of cost and performance improvements outlined in 
Section 6.1. In contrast. the conventional technology 
costs relate to well estatlished technologies and a 
competitive market. 

• Some of the economic parameters specified ty the 
Requirement Definition and used in the analyses. such as 
hiqh fixed charqe rates. tend to penalize the hytrid 
plant because of its comparatively high capital cost. 

• · The.mid-1978 cost of fuel oil used in·the analyses is 
unrealistically low in light of the rapid escalation in 
recent months. Hiqher ·fuel costs increase the value of 
the solar contribution. and economic breakeven can te 
expected at· lower escalation rates. 
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6. 3. 2 .. Utility survey 

To complement and confirm the anal vti~al· re.sul ts, SERI, EPRI, and 

selected .utility companies from the Mid-Atlantic, "South Central, 

south Mountain, and Pacific Southern 'regions were requested to 

respond to. a questionnaire shown in Appendix E. Utility 

companies included in the survey ~ere: 

• _Pacific Southern Reqicn 

Pacific Gas and Electric 
Southern California Edison Company 

• south Mountain Region 

Arizona Public Service 
Nevada Power Company (Las Vegas) 
Public Service Company 

• South Central Region 

Texas· Electr:Lc ·servi·c~ Company 

• Mid-Atlant{c Region 

Pennsylvania Power and Liqht Company 

Althouqh based on a small sample, _the survey provided a 

reasonable basis for comparionq m;my of the data used in the 

market analysis with those used l:y utilities. 

Response to. ques-tions relat:i, ve tc the economic bases used by 

utility companies indicated a remarkable consistency in some of 

the· economic assumptions used to compare technologies. Table 6-6 

summarizes these assumptions. 'Ihe iridi·cated use of 14 to 16 

percent fixed charqe rates implies that most utilities expect the 

investment tax credit to be extended-indefinitely. Most of the 
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TABLE 6-6 

TYPICAL UTILITY ECONOMIC ASSUMPTIONS 

Item Typical Assumption 

Discount rate 11 percent 

.Fixed charge rate 15 percent 

Economic life 25 to 40 years 

Capital escalation rate 

Short-term 9 to 10 percent 

Long-term 7 to 8 percent 

O&M escalation rate 

Short-term 8 to 9 percent 

Long-term 7 to 8 percent 

Distillate escalation rate 

. short-term 10 to 16 percent 

Long-term 7 to 11 percent 

Coal escalation rate 

Short-term 7 to 9 ,percent 

Long-term 6 to 8 percent 

u238 escalation rate 7 to 9 percent 
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utilities also use different fixed charge rates for different 

power technologies. These range from about 14.5 percent for 

combustion turbines to 16 percent for light water reactors. 

There is also intertechnology variation in ·assumed mean economic 

life. Combustion peakinq turrines are typically assumed to have 

a 20 to 25 year life, combined cycle plants a 30 year life, and 

base-loaded coal and nuclear ~lants 35 to 40 year lives. 

~here was somewhat less aqreement atout projected price behavior 

of capital equipment·, operating and maintenance costs, and fuel. 

Most utilities assumed different rates of escalation for 

short-term and long-term planning. Higher short-term nominal 

escalation rates are typically used over a· 3 to 5 year horizon, 

with lower rates applicable thereafter. This treatment is 

consistent with an expectation that market action will reduce 

real price differentials over a longer period of time. As might 

be expected, the expected nominal oil price escalation exhirited 

the larqest variance. 

The survey sample proved too small to make reliable conclusions 

about specific capital costs ($/kW) and efficiencies of the 

conventional·technologies used in the market analysis. This 

probably occurs because the reported values are averages over 

systems which differ in aqe and duty. Similarly, it was 

lmr.;Oss.ible tu vdlluat~ Lhe reqional cosl variations. However, 

many of the cost/performance data furnished by the utilities 

aqreed reasonably well with the EPRI data ·used in the market 

analysis. Overall. there did not appear to be any gross 
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discrepancies in the market analysis data. Moreover, several 
) 

utilities stated that they actually use screening curve/load 

duration curve techniques for preliminary expansion planning 

studies. 

Utility opinion on the market potential of the hybrid plant 

seemed to ·support the analytical.results of the market analysis: 

• In the Middle Atlantic region, there was no foreseeable 
market penetrat;ion. Winter load peaks, poor overall 
insolation, and limited l·and availability were cited as 
the major problems. 

• The South Central region was seen as slightly more 
promising, with the possirility of a few plants prior to 
2000. It was.emphasized that the hybrid plants wo9ld not 
be considered unless they proved cost competitive (either 
on their own merits or through government subsidy). One 
utility pointed otit that the hytrid concept might provide 
a useful way to extend the useful lives of existing 
combustion turbine ca~acity as part of a repowering 
scheme. 

. . 
• South Mountain region utilities gave the hybrid plant its 

most favorable reception. Although solar was seen as 
accounting for no more than 2 to 10 percent of installed 
capacity before 2000, Arizona and New Mexico utilities 
believe that there may be a good demand for combined 
cycle solar hybrid plants after the year 2000. Stand­
alone solar facilities, on the other hand·, would protably 
not achieve a significant market share prior to 2020. 
The major reasons for favoring the hybrid plant in the 
short term is 100 percen·t capacity credit and iess 
operational uncertainty. ~hese utilities also felt that 
solar plants would be·quite compatible with their grid 
systems (they are summer ~eaking utilities) and land 
availability in that reqion. . · · . 

• Pacific.Southern region utilities see only limited 
near-term prospects for any significant·solar capacity, 
althouqh the hybrid system was, once aqain, seen as an 
appropriate first step toward large-scale solar thermal 
power generation. 
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Both SERi and the utilities emphasized that the hybrid system 

would be used primarily for int·ermediate-load duty, with only 

limited us.e in peaking and base-load applic.ations. The 

cumulative list of possible competing technol.ogies indicated· by 

the utilities include: 

• Advanced combined cycle 

• Advanced combustion turJ:ine 

• Syn-fuel-fired conventional . oil units . 

• Pumped hydro 

• Cycling coal 
<!~. 

• Cogeneration 

• .Wind 

This agrees with the market analysis assumption, which excluded 

base-loaded coal and nuclear plants from direct price competition 

in the intermediate~load range. 
., ' 

All of.the utilities expressed concerns about some common issues: 

• It was generally agreed that cost would be a ~rimary 
· consideration in making investments in ·any ·solar · 
technology; unless some type of sutsidy (notatly 
investment tax credits) ~a~ forthcoming, market 
penetration would be consideraJ:ly .delayed. 

• Technical and economic risks were cited as important 
determinants of commercial feasiblity. Most of the 
utilities would be hes~tant to undertake construction of 
a hybrid plant before commercial-scale demonstration of 
the technology. Operational uncertainties involved in an 
emerging technology imply a higher level of economic risk 
than is currently acceptable.· Unless some compensation 
for assuming this increased risk is provided, most 
ut~lities would not take chances with relatively unproven 
technologies. 
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• 

6 .. 4 

Fuel availability and fuel price were also major 
concerns.. The domestic and foreign institutional 
uncertainty surrounding f.uture distillate oil 
availability prompted two utilities to suggest that a 
coal-fired hybrid, perhaps incorporating· fluidized .ted 
technology, might be more acceptable .. 

Five of the seven utilities.thought that environmental 
laws could hinder solar ~lant construction, but utilities 
in Arizona and New Mexico said that according to their 
studies~ land constraints were minimal. · 

All of the utilities agreed. that there would have to te 
significant new leqislation at both the state and federal 
'ievel if commercial-scale hytrid plants were to become a 
reality in the near term. 

SUMMARY ASSESSMENT AND CCNCLUSIONS 

This study was the first DOE-sponsored project on comtined cycle 

solar power systems. Limitations of time and scope prevented 

detailed considerations of all the technical and economic issues 

affecting the value of such systems to uti·lities. There are, 

however, some salient observations that can be made based on this 

limited study. 

6. 4. 1 The Conceptual·Design 

Based on conservative assumptions, the specific cost of the first 

hybrid plant is $1256/kwe. Its net annual average enerqy· 

conversion efficiency is q2. 8 percent.· ·with qf:i percent load 

factor and 90 percent availability, the annual average solar 

fraction is .282. The plant can be 'constructed over 39 months 

with potential to generate useful power starting after the 33rd 

month. Based on a preassigned coal/nuclear market share as 

projected from Department of Commerce data, the hybrid plant can 
\. 
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successfully Gompete in certain r~qions ~ith conventional 
. . 

coml::ined cycle and gas turbine pJants around the year. 2000. at 

fuel escalation rates of as lo~ as 12 percent. 

6. 4. 2 Potential Improvements 

The performance of the conceptual design.was determined from 

conservative estimates for tne subsystems. Specific areas -where 

performance improvements may l::e achieved in the future include: 

• 

• 

• 

Im.proved ·mirror reflecti vi tv and hiqher packing density 
in the collector subsystem 

Increased receiver efficiency throuqh more comEre.hensive 
aperture optimization. reduction of·convec~i~e lbsses. 
and extension of operating temperature limits (and ~ith 
it the solar fraction) l::v developing ceramic recei ver·s 
for temperature up to 1093 C (2000 F) 

~vtore modern qas turbines • no-w l::einq developed. which 
promise tetter enerqv conversion efficiencies 

Maior cost reduction can be expected from: 

• Automated. hiqh-volume production of heliostats 

• Reduced use of Inconel 617 by sul::stituting less expensive 
alloys in the low temperature zories of the receiver 

• Optimized receiver to~er design for a specific site and 
for realistic deflection limits 

• · J;.arqer plants. takinq advantaqe of economies. of scale 

6.4.3 Potential Constraints to Widespread Application 

A broad ranqe of ·constraining influences was·reviewed cut it was 

concluded that none would stop introduction of the hvt~id plant 
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by 1990. However, some maior constraints require early 

resolution, including·: 

• Establishment of sufficient heliostat and heat pipe 
manufacturing capacity 

• Completion of heat pipe and catalytic combustor 
development activities 

• ·Development of a favorable legal and re'gulatory framework 

• Demonstration of technical and economicviability through 
successful operation of repre,sentative-scale plants 

• Establishment of enginPPrin~·and manufacturing standardo 

• Training of personnel for design, construction, and 
operation of solar hybrid plants 

Based on the system assessment and on the market analysis update, 

the following conclusions can be drawn about combined cycle solar 

hybrid oower systems and their value to utilitie·s: 

• The ltvlJL·id plant offers a cost effective alternative to 
conventional gas turbine and combined cycle generating 
plants. 

• At 15 percent fuel escalation, and within the expected 
range of coal/nuclear market share·, the combined cycle 
ltybrid plants can successfully penetrate the 
imtermediate~load market. 

• Because of potentially lower busbar costs and lower risks 
of interruptions in generating capability, 
commercialization of hvtrid plants will likely precede 
the stand-alone solar plants. 

• The combi~ed cycle hybrid plants offer significant 
operating advantages as a result of a simple 
solar/nonsolar interface, short startup cycles, minimum 
lag in respondinq to load changes, flexibility to use a 
wide range of fuels efficiently, and assured full 
generating capacity with or without sun. 
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• Energy storage for the ccmtined cycle hybrid ~lants is 
not required and is net economically justified at this 
time, but its development must te pursued if the national 
qoal for sol~r enerqy usaqe is .to be attain~d. 

• The cost and performance of the hybrid plant can be 
improved through further optimizations and technoloqical 
development. 

• Major technical issues that require future development 
efforts include the reliability and.performance of heat 
pipes, ceramic receiv.ers for hiqher temperature 
operation, and the performance of catalytic combustors. 

• Maior technical issues that require continuation of study 
at the system and subsystem level include: 

Preparation and assessment of system desiqns with gas 
turbine inlet tem~eratures matching the peak receiver 
temperatures possible with heat pipe and ~ith ceramic 
receivers 

Reassessment of earl~er enqineeiirii decisions in 
liqht of up-to-date fuel.costs and economic scenarios 
closer to those used tv utilities 

Opt~mization of receiver and receiver tower designs 

In summary, .the stud~{ results .indicate that the potential value 
.. 

to utilities-offered by the combined cycle hybrid plant is 

considerable; and.they show that development work should continue 

throuqh preliminary desiqn, initial system-level experiment, and 

detailed desiqn, con::Jtruction, and operation of the· first 

commercial plant~ · 
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