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FOREWORD

These documents, submitted to the Department of Energy, San Francisco,
California, in response to Contract EG-77-C-03-1724, presents the
Martin Marietta Corporation'é plan for developing Conceptual Design

of Advanced Central Receiver Power System.

Our rcport is submitted in twu volumes:

Final Report

Executive Summary

ii

LY



II.
A.

B.
C.

III.

v,

VI,
A,
B.
C.

VII.

VIII.

CONTENTS

INTRODUCTION « + & & o o o o o o o o « o &

RECOMMENDED COMMERCIAL PIANT CONCEPTUAL DESIGN AND

PERFORMANCE. . . ¢ ¢ & ¢ « ¢ o ¢ =« o o o =
System Description . . . . . . + ¢ o o o .
Subsystem Description. . . . . + .+ . . . .

Systém Performance . « . ¢« o ¢« o « o « o @

‘RATIONALE FOR SYSTEM SELECTION . . . . . .

ASSESSMENT OF COMMERCIAL SYSTEM. . . . . .
DEVELOPMENT STATUS + « « « o o o o o o o &«

RECOMMENDED DEVELOPMENT PIAN ., . & « &+ . &

Conceptual Design of the Critical Module .

Cost Estimate of the Critical Module . . .
Research'Experiments e e e e e e s e e e s

Development Schedule and Cost Estimates. .
ALTERNATE 100-MWe ELECTRICAL PLANT . ., . .

ALTERNATE SYSTEM USING AN EXPOSED RECEIVER

i
I'-J-
=

1I-1
I1-1
I1-4

1I-15

thru
II-17

ITI-1
thru
I11-5
Iv-1
thru
IV-6
V-1
thru
V-3
VIi-1
VI-2
Vi-3
Vi-4

" VI-5
and
VI-6
Vii-1
thru
VII-4
VIII-1

and
VIII-2



II-1
II-2
II-3
II-3a

II-3b
1I-4
I1I-5
I1-6
I11-7
I1I-8
I1-9
II-10
II-11
III-1

III-2 .

ITI-3
-1
V-1
V-2
V-3
V-4
VI-1
VI-2
VII-1
VII-2

VIII-1 Exposed Receiver.-. . . . . . . .

FIGURES

300 MWe Module Layout

System Schematic

Plant Layout .

Artist's Concept of Advanced Central Receiver‘Power

System

.Receiver Tower and Foundation .

Electric Power Generation Subsystem System Schematic
Heat Balance for 300-MWe EPGS . . . . . .

Cavity Receiver . . . .

Cavity Receiver - Plan View . . .

ﬁearAExchanger Schematic . . .

MCS Control Philosophy

Average Energy per Year

Design Point Stairstep

Page

II-1
II-1
II-3

TI-3a
I1I-5
11-7
11-7
I1-9
I1-11
I1-13
I1-16
I1-17
I1-17

Delta Percentage of Plant Capital Cost Versus Number of

Modules for North and Surrounding Field
Plant Output Optimizétion e e e e e
Cost of Electricity Versus Storage Capacity .

300 MWe Capital Cost in Millions of Dollars . . . .
Long-Term High-Temperature Molten Salt Stability. .
Basic Molten Salt Chemistry Tests . « o o o ¢ o + .
Materials Compatibility Tests .« « v v o v & o o o &
Molten-Salt Loop Test Schematic . ¢« ¢« & o ¢ o o o &
Critical Module COSte o o« o o o 2 s o o « » & &
Critical Module Nevelopment Sehedulce o o 6 o o o o
Plant Module Layout « o 4 o o o ¢ o o o o o o o o o
100 MWe Plant CoSte o o o o « o o = o o &

iv

ITI-2
I1I-3
. TTT-4
. IV-2

. VIi-6
. VI=6
. VII-2
. VII-4
« VIII-2



»€

I-1
II-1
11-2
ITI-1
Iv-1
VII-1
VII-2

TABLES

Cost of Electricity(EEEE) and Stofage.
Heliostat Requirements

STEAEC Outputs

Exposed Versus Cavity Receiver

Results of Cost Analysis. « . .« . .

100 MWe System Parameters

100 MWe Cost of 'Electricity (mills/kWhe) -

Page
1-2
II~4 -
II-16
I11-2
V-2’
VII-2
VIL-4



INTRODUCTION

The primary objective of. the program is to develop a solar power
plant to reduce the cost of electricity significantly below that of
the first-generation plants. Other desirable benefits are higher
capacity displacement, greater national market pénetration, in-
creased potential for subsequent performance improvement, and
reduced environmental impact. We believe our recommended system
achieves the objectives and does so with low technical risk.

Table I-1 gives the cost of electricity>for the recommended
system. We believe the proposed alternative molten salt system
has potential to reduce the cost of electricity well over a fac-
tor of two relative to the first generation. . Because solar
energy is available only on an intermittent basis, the cost of
storage is important to the fuﬁure success of solar power,’ The
attractive cost of the molten salt‘storage system is quite
competitive with exiéting bumped storage systems in use today.

The low storage cost'will ﬁndoubtedly result in a significant
improvement in capacity displacement. In fact, we believe that
the proposed system will meet utility requirements for an inter-
mediate plant. Thevfequirements are as follows: -

1) Must be operated at ‘least 4000 hours per-year;

2) Must be available most of the time during the.utility's

. peak period. '
The primary factor affecting market penetration is cost; there-
fore, the recommended syéfem will be able to provide larger
market penetration than the first-generation plants. Also, the
attractive cost of storage will undoubtedly add to wider accept-
ance of solar power. The primary factor in environmental impact
is land use. The recommended system is approximately 20(percent more
efficient than the first-generation plants when‘operating from the
receiver and ie 70 percent more efficient when operating from

storage; tﬁerefore, the percentage of improvement in performance



Table I-1 ‘Cost of Electricity (BBEC) and Storage

Recommend
Alternative
Moiten Salt System

Cost of Electricity (mills/kWhe)

- with Economic Ground
Rules Used in First Generation
(Cost of Money 7.5%) . ’ 28.0

- Present Economic
Ground Rules

(Cost of Money 11%) 38.4
Cost of Storage .
- Thermal ($/kWht) . 3.40

- Electrical ($/kWhe) 8.20

depends on the amount of storage used. For the recomméﬁded plant;

the overall average performance ié at leastv30 percent better than

the first generation. As a result it wiil require about 30 percent
fewer heliostats and less land per uﬁit output.,

Another important advantage of a molten salt systéﬁ is
safety. The salt does not react with water or air, It is.
commohly used in open baths in industry and has an excellent
safety record. On the other hand, "sodium reacts spontaneously
with air. and violently with water. ‘

Major program tasks will be summarized; they are titled as
follows: . ) . ‘

1) Recommended Commercial Plant Conceptual Design and

ferformance »

2) Rationale for System Selection

3) Assessment of Commercial System

4) Development Stétus

5) Recommended Development Plan

6) Alternative 100 MWe System



II. RECOMMENDED COMMERCIAL PLANT CONCEPTUAL DESIGN AND PERFORMANCE
A, SYSTEM DESCRIPTION
The system has a net electrical output of 300 MWe and has

sufficient heliostats and storage capacity to provide full load
operation 24 hours per day at summer solstice. The System con-
sists of nine heliostat fields ﬁith 7711 heliostats in each
(Fig. 1I-1). The heliostats track the sun and direct the solar
energy incident on them fo one of four cavity apertures iocated
at the top of a 155-meter (516 ft) tower. The system is shown
schematically in Figure II-2. 1Inside the cavity the flux is
absorbed on panels. The panels are cooled b§ molten salt that
enters the receiver at 561 K (SSOOF) and leaves the receiver at

838 K (10500F). Salt‘floﬁrate is controlled to maintain a

1N
7018 m
(23 025 ft)
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“@@
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‘ Figure II-1 300 MWe Module Layout
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Figure II-2 System Schematic
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constant salt exit temperature at the receiver outlet. The hot
salt is pumped to the steam generator and/or the storage system.
Hot salt pumped to the storage system is stored for later use by
the steam generator. The hot salt pumped to the steam generating
system is used by the steam generator to heat boiler feedwater-
and make 783 K (950°F), 16.5 MPa (2400 psig) superheated steam for
the steam turbine/generator. During the process the hot salt is
cooled to 561 K (SSOOF). The cold salt is pumped to the bottom
of the thermal storage tank and/ur back to the receivers. During
periods when solar insolation is insufficient for rated operation,
energy is extracted from the storage system‘and used to supply
heat to the steam gencrator. The master control system is com-
puterized and provides operator over-rides that serve‘as overall
plant control. It also provides data display and storage.

The electrical .power generating plant and the storage
facility are located between the middle three module fields
(Fig. I11-1). The location was selected to minimize salt piping
runs to the field. The plant 1ayout-consists of four areas
(Fig. 1I-3). The electric power gencratiuu subsystéem (EPGS)
building houses EPGS equipment with the turbine on the upper,
or operating floor, and the condenser and condensate/feedwater
pumps on thé lower floor, The buildlug also houses the master
control system and the collector control system on a mezzanine
floor. The steam generator (heat exchanger) area is located
as near as poséible to the turbine to minimize piping runs.
The thermal storage tanks are across the road. The area is
diked to contain the molten salt in case of a tank rupture.
The EPGS water treatment area is similar to conventional
plants. An artist's concept of the system is shown in Figure.

II-3a..
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Figure II-3a Artist's Concept of Advanced Central Receiver Power System
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SUBSYSTEM DESCRIPTION

The system is comprised of a collector, a tower, an electric
power generation subsystem (EPGS), molten-salt components that in-
clude receivers, tanks, heat exchangers, pumps, associated piping,
thermal storage, and master control. '
Collector

The module configuration shown in Figure II-1 consists of nine

modules, five in an east-west row with another four modules in a
row just to the south of the first row; both rows are symmetrically
aligned on the same north-south line. This layout was selected to
minimize salt piping runs and expansion joints in the piping.

The heliostats in the field are positioned along radial lines
with the receiver tower at the center. The rows of heliostats
are spaced to minimize shadowing or blocking along the north-
south line at the design point (21 June). An aiming strategy was
developed to minimize spillage and produce an acceptable receiver
heat flux. This strategy will be discussed later under receiver
performance. The coordinates and aim points for each heliostat
were determined and are described in Appendix D.

The heliostat requirements for the conceptual design are
given in Table II-1. It is emphasized that the system could use
varioue heliostat decsigns and is not limiled Lu Lhe ones that

meet the requirements of Table II-1. In fact, as discussed in

Table II-1 Heliostat Requirements

Size 39.95 m? (130 #)
Reflectivity (clear) 0.91

Focal Length® 712.3 m (2338 ft)
Tolerances (Mirror Normal 1)

- Aiming (Elevation and Azimuth) 0.75 m rad.

- Image Quality 0.70 m rad.

* Facets focused and canted

II-4



6.22 (20'-5%)
39
-6")

3
>
©
o
a
]

Task 5, there is potential for reducing system cost by reducing

heliostat requirements.

Tower

The selected tower design is shown in Figure II-3b. It is a

reinforced concrete tower of 12.9 m (40 ft) diameter at the

base and 7.63 m (25 ft) diameter at an elevation of 155.45 m

(510 ft).
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Electric Power Generation System (EPGS)

In overall design, the EPGS is similar to the EPGS of a
conventional fossil-fired 300 MWe plant. The interface between
the EPGS and the other subsystems of the plant are the main steam
line, the cold and hot reheat steam lines, the feedwater line,
auxiliary electrical power, the control system, and the net elec-
trical output of the plant. The functional relationships of
major EPGS components are shown on Figure II-4. Superheated
steam from the steam generator flows through the high-pressure
turbine and then to the single reheater, contained in the steam
generating system. Superheated steam from the reheater then
flows through the intermediate-pressure and low-pressure turbines
and is returned to a liquid state in the condenser. Regenerative
feedwater heating is provided by extraction steam from the turbine.

In addition to the turbine cycle and heat rejection system
shown in the schematic, the electrical system converts the mechan-
ical power developed in the turbine to electricity and provides
an electrical path to the grid. Furthermore, the balance of the
EPGS provides services such as fire protection and feedwater
demineralization.

Turbine Cycle

The turbine cycle consists of the turbine, feedwater heaters,
condensate pumps, drain pumps, boiler feed pumps, and all assnci-
ated piping. A heat balance that incorporates these qomponents
is shown on Figure II-5. The figure also shows flow properties
at each of the components and a gross turbine heat rate and out-
put.

The main cycle parameters, based on the results of the param-
etric analysis, are throttle conditions of 16.5 MPag (2400 psig)
and 783K (OSOOF) with reheating to 783 K (950°F) and a turbine
backpressure of 8.5 kPa (2.5 inches Hg absolute). After an

allowance for auxiliary loads of approximately 35 MWe, the unit

II-6
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will produce a net output of 300 MWe,

The proposed heat rejection system consists of a condenser,
a circulating water system, and wet mechanical draft cooling
towers. The system includes all the equipment required to con-
dense the turbine exhaust steam and to transfer the heat from
the exhaust steam to the atmosphere.

A conceptual design of the EPGS that includes the equipment
layout is provided in the report. It was done to a level to
ensure a high confidence in the cost estimates.

Molten Salt Components

A four-aperture cavity receiver is recommended., The design
is shown in Figures II-6 and II-7. The north, east, and west
apertures of the preferred cavity receiver are 8.9 m (29.2 ft) by
8.9 m (2952 Ft). The south aperture 1s 5.9 m (195 £y by 5.9 m’
(19.5 ft). The active surfaces consist of panels which contain
side-by-side vertical blackened tubes. The active surfaces are
arranged so that all surfaces except those on the center square
are irradiated from both sides. The center square section also
provides a path for the main load-bearing superstructure. The

salt flow is controlled as described earlier. The cavity enclos-

‘ure is insulated and contains doors on each aperture. A super-

structure is provided to support the panels from the-top and to
provide support for the cavity.

A series of parametric studies were conducted to quantify

the receiver design. The studies included the following:

1) Radiation analysis to determine the best aperture size
and aim-point strategy from the standpoint of spillage,
and to establish heat flux values on the active surfaces;

2) Receiver efticiency (radiation, convection, and conduc-
tion losses);

3) Thermal hydraulic analyses to establish the flow path,

I1-8
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pressure drop, heat transfer coefficients, and tube
metal temperatures;

4) Receiver tube thermal stress analyses to determine tube

 life; |

5) 'Mechanical design studies to establish the active surface
configuration and method of support, enclosure config-
uration, and structure configuration.

Heat Exchangers

Heat exchangers rcquifed to transfer the heat from the
molten salt to the water stream are shown schematically in Figure
II-8. The exchangers consist of a superheater, reheater, two
boilers, and two prelealers. The rela;ively loW-pressure molten
salt is on the shell side of the exchangers and the high-pressure
water/steam is on the tube side. The hot molten salt at 836 X
(104SUF) flows through the superheater and reheater in parallel
and then through the two boilers in parallel followed by the two
preheaters in series. Steam is produced.out of the superheater
at 16.5 MPag (2400 psig), 783 K (950°F), and at 3.45. MPag (500 psig),
783 K (950°F) from the reheater.
Pumps

The pumps that pump molten salt from the storage area to the
base of the towers (circulating pumps) and the pumps that pump
the sait‘up the towers (booster pumps) are conventional single- .
stage centrifugal pumps with mechapical seals; The pumps operate
at 561 K (SSOOF). The hot molten salt pumps that operate at
838 K (1050°F) are conventional single-stage vertical cantilevered
centrifugal pumps. No bearings or seals are exposed to the hot

salt.

-Piping

The recomménded_piping system uses a basic plant layout that

allows thermal expansion of the piping within allowable stfesseS;

I1-12
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10.

and a minimum number of expansion joints to minimize cost. Pipe
sizes Qary from 12- to 30-inch diameter. 1Incoloy 800 is used on
the hot lines and carbon steel is used on the cold side. ‘A de-
tailed flow and stress analysis of the piping was done to prove
feasibility of the concept.

Thermal Storage

Thermal energy is stored as sensible heat in/four cylindri-
cal flat-bottomed tanks, each of which is designed to operate as
a thermocline. The tanks are 23.8 m (78 ft) in diameter and
26,8 m (88 ft) high. The API tanks are specially insulated on
the inside to allow use of carbon steel and to minimize heat
loss. Each storage tank is complete with its own cantilevér
type hot salt pump and sump. The storage tanks area is complete-
ly enclosed by a dike, designed to contain the total volume of
working media in the event of an emergency.

Except for the concept of the internal insulation in the
tanks, all the components of the storage subsystem use concepts
and/or hardware consistent with existing and proven technology.

Master Control Subsystem

The Master Control Subsystem (MCS) is comprised of those
system-level elements that accomplish the control, communica-'\
tion;, and data acquisition and analysis functions for the sys-
tem. The various elements of the MCS integrate the functioning
of the autonomous controls of the five subsystems (receiver,
collectors, thermal storage, steam generation, and electric
power generation) to achieve a coordinated central control
capability. Efficient operation of the piant is centralized by
the operator, and therefore the MCS design has provided a manual
intervention and override capability that will allow full use of
operator judgement during all phases of plant operation. During
routine operation, the mode of operation of the design can be

-generally described as one of process management in which the
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operator's objective is to provide a maximum of electrical power
at minimum cost. -‘Also, our désign has eliminated potential single-~

point failure modes in'the control of the plant.

73

Master Control Subsystem (MCS) Def1n1t10n e

Figure II-9 is a 31mp11f1ed block dlagram of the control
philosophy selected for the ‘commercial plant configuration of the
Advanced Central Receiver Solar Power System. The design empha-
sizes the use of computers, but with manual intervention capability,
in order to: |

1) Monitor more data simultaneously; -

2) Provide more efficient control of interactive variables;

3) Present more information for dperator interpretation ''by

exception,' rather than all information continuously;

4) Data acquisition and reduction;

5) Emergency operations.\

SYSTEM PERFORMANCE _

Yearly system performance was evalﬁated using the Solar
Thermal Electric Annual Energy Calculator (STEAEC) program with
the 1976 Barstow weather data type. (System parameters input to
STEAEC are discussed in detail in Appendix~-A.,) Major yearly per-
formance results are listed in Table II-2.

The STEAEC output indicates that the system has a CFA of 0.649;
that is, it could have produced 64.9% of the power of a plant
operating at full load for 2/ houre per day, ‘366 days per year,
at Barstow, Caiifornia in 1976. This‘assumes that‘plant dowﬁtime
is négligiblé and that maintenance is ﬁerformed at night after
plant shutdown. ' o

. Figure I1-10 shows an average yearly energy stairstep derived
using the STEAEC output..

Figure II-11 shows the stalrstep for the De51gn Point, 1200

hours, 21 June.
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Figure II-9 MCS Control Philosophy
Table II-2 STEAEC outputs
Yearly Energy to Collector Field 7439 000 MWht
Yearly Energy Incident on Receiver 4663 000 MWht}
Yearly Available Energy in Molten Salt 4239 000 MWht
- To turbine 2 730 g0 Mwht
- To storage 1509 000 Mwht
Yearly Energy to Turbine from Storage 1484 000 MWht
Yearly Gross Electricity from Turbine 1849000 MwWhe
Yearly Net Electricity from Turbine 1726 000 MWhe
Yearly Auxiliary Energy Purchases from Grid 16 000 MWhe
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6

7.439 x 10 MWht - 1976 BARSTOW, CALIF., NORMAL INSOLATION X TOTAL HELIOSTAT AREA

7.417 x 10° MWht - NORMAL INSOLATION X WORKING HELIOSTAT AREA
10.0% 6

6.675x 10° MWht - REFLECTED FROM HELTOSTATS (COSINE = 1)

21.0% }5.213 x 106 MWht - REFLECTED, NO HELIOSTAT BLOCKING OR SHADING (COSINE < 1)
3.5% | 5.089 x 106 MWht - REFLECTED, NO TOWER SHADOW
0.2% |5.079 x 106 MWHht - DIRECTED AT RECEIVERS

4.2%

4.865 x 106 MWht - ATTENUATED POWER AT RECEIVERS
4.2% 14.663 x 106 MWht - 1ncIDENT ON RECEIVERS

1.0%]4.616 x 106 MWht - ABSORBED 1N
6 : _ g KECRLvERS
4.289 x 107 MWht - LEAVING RECEIVERS AFTER CONVECTION, CONDUCTION, 7.1% 14.289 x 10° MWht ]
1.2% |2.730X 106 MWht= cvcLe neaT INpuT FhoM RECEIVER " ~0o°FS
: 56.1%l 1.198 x 109 pwhe - cross oureur :

| 8.1% | 1.101 x 106 Mwhe - NET oUTPUT, RECEIVER OPERATION

1.509 x 106 MWHht - STOKACE HEAT INPUT ¥ROM RECLIVER

1.6%

1.726 x 10 Mwhe
1.484 x 106 MWht - CYCLE HEAT INPUT FROM STORAGE net annual output

56.1% 10.651 x 106 Mwhe - cross ouTpur

4'1%' 0.625 x 106 MWhe - NET OUTPUT. STORAGE
OPERATLON

™

Figure II-10 Average Energy Per Year (Barstow, CA, 1976)

2634.0 MWt - 5ORMAL INSOLATION (950 W/m®) X TOTAL HELIOSTAT AREA

0.3%

2626. 1 MWt - NorMAL INSOLATION X WORKING HELIOSTAT AREA

2362.5 MWt - REFLECTED FROM HELIOSTATS (COSINE = 1)
Y

14. 4%

2023.) MWt - REFLECTED, NO HELIOSTAT SHADING OR BLOGKING
(COSINE < 1)

1999.6 MWt - RerLECTED, NO TOWER SHADOW
0. 0%

1915.7 MWt - MaXIMUM ATTENUATED POMER AT RECEIVERS 4. 2%

3. 6%

1999. 6 MWt - POWER DIRECTED AT RECEIVERS

1915.7 MWt

1846. 7 MWLt - POWER INCIDENT ON RECEIVERS
IR28.2 MW . pousr apsoreed 1N RECEIVERS

4.7%

1743.2 MWLt - POWER FROM RECKIVERS AFTER CONDUCTION, CONVECTION,
. IR LOSSES
o 1729.5 MWt - Tovai POWER AVATLABLE FROM RECELVERS

972.1 MWt - STORAUE HEAT INPUT
757. 4 MWt .~ CYCLE HEAT INPUT

56. 5% 329.3 MWe - Gross ouTpuT
8. 9% 300.0 MWe - =ET outeur

Figupe II-11 Design Point Stairstep (1200 hr, 21 Jung)
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I1I. RATIONALE FOR SYSTEM SELECTION

Parametric analyses of the subsystems were pérformed. The
primary criterion forAselection of a given design alternative was
its potential to reduce the cost of electricity generated by the
solar plant. A number of design alternatives for each design were
studied considering development risk and interfacing with other
subsystems. Specifically, studies were made for (1) the collector
subsystem, (2) the receiver subsystem, (3) the energy storage sub-
system, (4) the electric power generation subsystem, (5) the master
control subsystem, and (6) critical factors common to more than
one subsystem, such as plant size and molten salt components.

The general purpose of the studies was to examine parametric
sensitivitiés at the subsystem level. These data were then used
to arrive at a system-level optimum configuration. An iterative
approach was used that compared systeﬁ cost and performance to an
assumed baseline plant and then changed that baseline as the
optimization studies dictated. ' .

1. North versus Surrounding Field

Figure III-1 shows the percentage of difference in plant
capital cost of north versus surrounding field plants as a func-
tion of number of modules. The baseliné is the preferred design
configuration (300 MWe, 9-module plant with surrounding field and
24-hour operation at full load at the design point) with either
$75.35/m2 ($7/ft2) or $107.64/m2 ($1O/ft2)heliostats. The costs
are differentials from thc cost of'the baceline dcsign for both
helioétat costs. The surrounding field has a small, though
distinct, advantage over é hbrth field concept.

2. Modularity -
) .Figure.III-l also shows the difference in total plant cost
as a function of the number of modules. The baseline for the
study is the 300 MWe, 9-module plant with 24 hours continuous

operation at the design point with full load. The curves are
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fla\ between 6 and 10 modules.

We selected nine modules because

smalier modules have less ~scaling problems from the pllot plant

< to the commercial plant and provide more flex1b111ty in plant layout

1.0r Heliostat Cost
e 6.0F - $75.35/m" ($7/1t")
g o
S s.0b |
g 22
S aor _ . -$107.64/m" ($10/ft")
¥ 3.0f
(&
% 2.0 ; v : ,NS%M(ﬂm)
S . ‘\\/ -7 100, saim? 104%)
| ~ | -
> 0.0t \&(

) — Preferred Conﬂguratlon

ank Surroundmg Field {300 MW Net Output)

-20 P 2 |' A i 1 A 1 L 1 1

1 2 3 4 5 6 7 8 9
NumberofModums

10 11 12

Figure III-1 Delta Percentage of Plant Capital Cost ve
Modules for North and Surrounding Field

3. Exposed Versus Cavity Receiver )

' Table III-1 summarizes the result of the receiver trade-off
study. The relatively small increase in cost of the -cavity-type
receiver is far lower than the reduced cost of heliostats as a
result of the superior cavity efflclency. ‘

Table III-1 Expoged Versus Cavity Receiver
Yearly Average ggisitosotfats" Cost of
Thermal Number of Cost of  |Heliostats
Efficiency%* | Spillage-%| Hetiostats ($107.64/m?)  [Receivers |Plus Receivers
($10/ft2) |

Exposed 84.7 1.0 | 7293% $313. 6M $9.3M | $322.9M

Cavity 92.0 4.2 69,399 $298. 4/ $11:9M | $310.3M

Potertial Savings % B $12.6M

% 3. 9%

*Yearly energy leaving receiver/yearly energy incident on receiver, as
calculated by STEAEC using 1976 Barstow insolation.

soEach heliostat 39. 95 mZ (430 #2)
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Plant Size

The system cost difference versus plant size is shown in
Figufe III-2. Data are based on plants that operate at full load
24 hours a day on June 21, Based on this study we selected a
plant size of 300 MWe that is close to the minimum cost per unit

output.

100] ' y

XPipi ng Cost

Delta Cost, $/KW
o

Heliostat Cost

] — T |
100 200 300 500
Plant Qutput, MWe

Figure III-2 Plant Output Optimization

Storage Capacity

The RBEC versus the amount of storage is shown in Figure
ITII-3. At 12 hours of storage the BBEC is still decreasing.
Therefore, we selected a storage capacity that will allow the

plant to operate at full load 24 hours per day on June 21,
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2% Cost of Electricity (Baseline = 3h Storage)

a 5 6 1 8
Storage Time, h

0 11 12

Figure III-3 Cost of Electricity vs Storage Capacity

EPGS Parameters

Tradeoff studies were conducted on the throttle pressure,
turbine inlet temperature, reheat temperature, turbine exhaust

pressure, and double versus single reheat.

studies are as follows:

Parameter

Selected Value

Rationale

Throttle Pressure

16,5 MPag (2400 psig)

- Most Cost Effective
Availability '

Temperature

794 K (950° F)

- Cost Effective
- Upper End of Materials
Data

Exhaust Pressure

8.44 Pa (2.5in. Hg)

- Cost Effective

Double vs Single Reheat -

Single Reheat

Cost Effective
- Availability

I1I-4
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Molten Salt .
A salt nominally consisting of 60 percent NaNO_ and 40 per-

cent KNO

3
was selected because (1) it is thermally stable at the

system oierating temperature, (2) it is -compatible with the
selected materials at the system operating conditions, (3) it is
inexpensive (raw material cost 18.7¢/Kg - 8.5¢/1b) and (4) the
raw materials are plentiful. |

Molten-Salt Components

Detailed tradeoff studies were conducted to select the most
cost-effective molten salt components taking full advantage of
the many years of industrial salt system experience. Studies
were conducted to select the following:

1) Flow scheme

2) Heat exchangers

3) Pumps

4) Piping system and valves

5) Thermal storage
In all cases conventional components were selected with the
exception of thermal storage tanks. Internally insulated thermo-
cline tanks were selected because we are convinced that this
approach is the most cost effective. The use of a thermocline
reduces the number of tanks required. Detailed thermocline analy-
sis was done to show that molten salt is a good thermocline
fluid. With use of internal insulation, relatively thin-walled
carbon steel tanks can be used. Also, the tanks will have
relatively small thermal gradients resulting in low thermal
stresses. Externally insulated tanks would requife thick-walled

alloy steel tanks that would be expensive and would have

severe thermal stresses.
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1V, ASSESSMENT OF COMMERCIAL SYSTEM

~ An assessment of the recommended system was performed, which
included the following: |

1) Detailed cost analysis;

2) An economic analysis to compute the bus bar electricity
cost, BBEC, using the cost analysis and performance
analysis results;

3) Potential for future improvements;

4) Definition of possible limitations to the application
of the system;

5) The value of thermal storage.

Results of the cost analysis are given in Figure IV-1. The
values shéwn are for a 300 MWe (net) plant with sufficient helio-
statsAand thermal storage to operate at full load for 24 hours
on June 21, The largest single cost item is the heliostat cost.
Two cases are given; one using $75/m2 ($7/ft2) and the other
using $108/m2 ($1O/ft2) heliostats. The EPGS costs are based on
a conventional system estimated by Black and Veatch after thor-
ough study. The largest part of the storage cost is the salt,
which was based on 24.5¢/kg (11.5¢/1b). The raw materials are
available at 18.7¢/kg (8.5¢/1b) FOB in the southeast. The
transportation and processing will not add more than 6.6¢/kg
(3¢/1b). All other hardware costs are based on estimates of the
design developed during the study using methods'developed by the
process industry over the years. Most of the component esti-
mqteé are backed up by quotes from reputable suppliers.

The BUCKS computer program was run using the results of the
cost analysis given above and the results of the STEAEC perform-
ance program presented earlier. The results are given in Table

Iv-1.
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Collector
208. 9
($7/td)

Figure IV-1

Table IV-1

Lland 2.9
¥ -Master Control I.1-

Results of Cost Analysis

Total Capital Cost Estimates
$356. 3M ($7/ft2 Heliostats)
$445. 8M ($10/ft2 Heliostats)

Solar Multiple 2.28 on 21 June

Storage - Sized to Operate at

Full Load for 24 Hrs on 2] June

Energy Cost Potential With
Modular Startup (Mills/Kw-Hr)

28.0
34.6

$7/ft22He|iostats =
$10/ft° Heliostats =

300 Mie Capital Cost in Millions of Dollars

Recommend
Alternative

Cost of Electricity (mills/kWhe)
- with Economic Ground
Rules Used in First Generation

_ Molten Salt System

- Electrical ($/kWhe)

(Cost of Money  7.5%) 28.0
- Present Economic

Ground Rules

(Cust uf Muney  11%) 38.4
Cost of Sterage
- Thermal , {($/kWht) 3.40

-2
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The large improvement over the first generation is due to
several factors. The cost per unit output is significantly re-
duced primarily because the receivers, towers, storage, and EPGS
are less expensive. The receiver is a relatively simple light-
weight single phase heat exchanger. The reinforced concrete
towers were estimated by experts in the field and are consider-
ably less expensive than estimates used during the first
generation. The larger size EPGS is more cost effeétive.
Thermal storage is much less expensive because the low cost
molten salt operating over large temperature differences is
much more cost effective. The storage tanks are large and
economical carbon steel thermocline tanks. Performance of the
system is over 10 percent better than the first generation when
operating frém the receiver and over 35 percent better when
operating from storage. For the recommended system, the average
performance improvement is over 20 percent# We have modified
the BUCKS computer program to use inéremental start-up; that is,
the plant is built so the modules are activated as they are
completed, which significantly reduces the interest during
construction. ,

Potential improvements to the system were identified'in-
cluding the following:

1) Conduct a tradeoff between the receiver aperture size
and heliostat requirements. As the aperture size is
increased the receiver efficiency decreases but the
requirements on the heliostats decrease, which will
decrease heliostat cost.

2) The configuration of the modular collector fields
should be optimized. It should be possible to improve
the heliostat field efficiency and reduce the size of

the plant, which would. reduce piping cost and land use.
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V-4

3)

4)

5)

The'present utility standard is 812 K (IOOOOF) steam and a study
to increase the steam temperature to at least this tempera-

ture should be done. The higher the temperature the better

~the efficiency of the cycle and the fewer heliostats re-

quired. ‘The study should include both increasing the molten
salt temperature from the receiver and increasing the heat
exchanger area. Another important factor is to obtain more
material compatibility data at higher temperature. Besides
potentially improving the cost of electricity, higher tem-
peratures would reduce the cost of thermal storage and re-

duce the land required.

Possible use of a hydraulic turbine at thc base of each

tower to recover some of the pump work should be studied.
The primary concern is for the develoﬁment of high tem-
perature molten salt seals.

Tests should be conducted 6n other lower cost stainless

steels to reduce plant cost.

Possible Limitations - The most important potential limitation to the

use of the recommended system is the cost of electriéity, which is

a function of the following:

1)
2)

3)

The insolation available:
The performance of the plant;

The capital cost of the plant.

As the performance and cost of a system is improved it will be

more economical in areas of the country with poorer insolation. We

believe the recommended system represents a significant improvement

in performance and cost over the first generation.

The primary environmental impact of a solar power plant is the

land use; therefore, the best way to minimize the environmental

impéct is to improve the efficiency. The recommended plant is at

least 20 percent better then first generation plants.



Cooling water required for a Rankine cycle is a possible
limitation and must be an important consideration in the site
selections. Wet-dry and dry cooling should be studied to mini-
mize this potential problem.

We have conducted a study of .all materials used in the sys-
tem and are confident that the application of the system will

‘not be limited by the use of scarce or imported materials. The
large potential use of nitrates is not limited by raw materials;
however, it may be necessary to build more processing plants.
The relatively large amounts of Incoloy 800 used is available
in the quantities required.

We believe that the status of the technology is such that
it could be-used in the early 1980s.

Value of Storage - A preliminary analysis was done to estimate

the value of thermal storage to a utility. The value of storage
to a utility hés two components; fuel displacement value and
capacity displacement value. Based on an analysis of the APS
‘system the fuel displacement alone can juétify the storage

system.

V-5



DEVELOPMENT STATUS

The primary technical risks associated with the recommehded
system are long-term higﬁ—temperature thérmglﬂstébility of the
molten salt and material compatibility with the salt at the sys-
tem operating conditions. These issues were addressed in a
comprehensive test progrem, which included the following:

1) Long-term high-temperature stability; '

2) Basic molten salt chemistry;

3) Materials compatibility;

-4) Fluid-loop testing.

Each of the tests and the results are summarized in Figures

V-1 through V-4. After over 6000 hours at 866 K (1100°F) the

molten salt shows negligible decomposition., Molten salt chemical
analyses and tests resulted in a good understanding of the chem-
istrf. Equilibrium<constants as a function of salt composition,
covef'gas;compdsition, and tembefature were determined. Forma-
tien of oxides and carbonates is negligible. Materials tests.
show that Incoloy 800 can be used for the‘high-temperature
components and carbon steel can be used for the low temperature
components. A section of a recelver tube was subJected to "~
10 000 cycles of 31ng1e -sided heating at the operating tempera-
ture with no adverse effects on the materlal. Heat transfer
coefficients were verified under realistic conditions. No evi-
dence of erosion was observed at design fluid velocities,

Based on these test results we believe the system is feas-

ible and Phase II should be undertaken as soon as possible.



0.025 m (1in.} 0.D.

321 Stainless Steel Tube —

4

Electrical Heater —_— - ‘| Water
(Salt Temperature Manometer
Controlled to 866 K -
1100°F) : s N
L Molten L Insulation
Salt
" Results

Testing for Over 6000 Hours Shows Negligible Dewm position

‘Figure V-1 Long—Ter'm High-Tenperature Malten Salt Stability

Description

- Flask tests were similar to long-term tests except with gas pressure and composition varied:
- Oven tests were made in oxygen and air with varymg salt composmon

Results

- A consistent equilibrium constant was determined for the salt that is close to
the value for potassium nitrate.

- The salt contains 3% nitrite at 840 K {1050°F) with air at one atmosphere

- Formation of oxides and carbonates is negligible,

Figure V-2 Bastic Molten-Salt Chemistry. Tests




Description

One-Inch Diameter Metal Specimens Placed In Molten Salt

Carbon Steel 590K, 672K, 756K (600°F, 750°F, 900°F)
Low Alloy Carbon Steel 756K, 812K (900°F, 1000°F)

Incoloy 800 )

316 _ .« .
321 } 812K, 867K, 895K (1000°F, 1100°F, 1150°F)
A286

Measured Weight Change Versus Time
Microstructure Examination
Stress Corrosion Samples at Highest Temperature for Specimen

Results

Incoloy -800 and A286 look very good up to 867K (1100°F). After 3000 hours
316 exhibits intergranular corrosion due to high temperature.

Carbon steel was badly attacked at 756K (900°F).

Carbon steel looks good at 672K (750°F) after 1000 hours.

Figure V-3 Materials»Compatibility Tests

Radiant Lamp Assembly

ARRE!
Radiant Lamp ;21beR§caeni1ve;; ‘
Assembly Flow Control uhe >am 0.025 m (1.0 in.)

IRRRR. Orifice — ~ Vertical dia loop
Cantilevered '
Incoloy 800 Pump

Receiver Tube =

" Sample "'

—— = | 454 kg {1000 Ib) of

——-1-" ] — 1 -Molten Salt
Tank —— ]

Heater -

Figure V-4 Molten-Salt Loop Test Schematic
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RECOMMENDED DEVELOPMENT PLAN

The key issue in deriving a development plan is the config=-
uration of the Critical Module (pilot piant)"to be designed in
Phase III. : o '

The objective of the Critical Module is basically to develop
the technology to a degree that will enéoufage the‘utilitiés tb
proceed with commercial-sized plants. From a purely‘technical
standpoint, the program must be designed fo provide the answers
to specific technical concerns. However, from the utility user's
standpoint the module must also be of sufficient size to prove
system operation on a utility gfid.

Options considered included:

1) Retrofit Barstow;

2) Build a new Barstow-type plant;

3). Build a scale model of one of the solar modules with

storage and steam geﬁerator included but without an
EPGS; '

4) Build a full-scale module with storage and a steam

generator without an EPGS; '

5) Demonstrate the technology at the STTF.

The obvious advantage to the retrofit of Barstow is the
potential cost saving. The disadvantages are“(l) potential
schedule confict with the first generation, (2) mismatch of the
steam cycle and steam conditiodns, and (3) the likelihood of new,
lower-cost heliostats being available at the time that should be
used with the new system. ‘

A new Barstow-type plant would cost more than the first
option but would eliminate many of the disadvantages discussed
earlier. However, a disadvantage to this approach is that
reheat-steam turbines with the desired steam conditions are not

practical in the 10-MWe size.

VT=1



A scale model of one of the recommended modules eliminates

the problem of  the steam turbine mentioned previously and

reduces cost, The disadvantage of this approach is that no
electricity is produced to operate on a utility grid. A good

way to solve this problem is to provide the steam generated . to

. an existing power plant.

A full-scale module, which incudes a full-scale storage tank

_ that would provide steam to an existing power plant, has the

advantage of demonstrating all solar-unique subsystems without
any scaling risk. Because utilities would he required to invest
large sums of money in commércial plants they will want to take a
minimum risk, Therefore we recommend that the Critical Module be
a full-scale module of the preferred plant.

. The problems of trying to demonstrate the technology at
STTF. are as follows: '

1) The extremely bad distortion of the heat flux from a
eurrounding field at only 5 MWt (there would only be a
couple of heliostat rows on the south side);

2) Turbomachinery with the required steam conditions are

. impractical at the size required; '
. 3) . It is. impractical to providelthe»steam-tp;an existing
~ plant;

4) The STTF heliostats would not be representative of the
ones used in the proposed syStem. '

CONCEPTUAL DESIGN OF THE CRITICAL MODULE

The Critical Module consists of a single module of the pre-
ferred system with a cingle fulleacale storage tank, scaled=down
heat exchangers and associated piping, instrumentation, and

control. The key module parameters are as follows:
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4.

Peak Thermal Output 208.3 MWt
(into.Fluid)

Number of Heliostats 7711
(40 m?)
Tower Height ‘ 155.4 m (510 ft)
Receiver A Four-Aperture Cavity (Full Scale)

Storage Tank 23.8 m (78 ft) dia. 26.8 m (88
‘ £t) high (Full Scale)
1995.6 MWHt max. Thermal Capacity

Heat Exchangers Same as Preferred Design Scaled
9 to 1l
Piping Hot Line-Incoloy 800, 0.305 m

(12 in,) dia.
Cold-Line'Carbon'Steel, 0.305 m
(12 in.) dia.
The steam produced would be uséd in an existing power plant.
We studied this type of application in some depth for application
to the Saguaro power plant with Arizona Public Service Company.
The study was based on a solar system similar to the Critical
Module defined above. The land required is available near the
plant, and all interfaces were resolved without any major
problems.,
COST ESTIMATE»OF‘THE CRITICAL MODULE
The cost estimate for the critical module is given in Fig-
ure VI-1. The cost of heliostats is assumed to be $161.50/m2
($15/ft2) installed. Thé thermal storage system consists of a
single full-scale tank from the preferred 300 MWe system. The
costs were based on the detail cost estimates given in Task 5,
scaled to the proper size, with appropriate factors for the
first build with the exception of the engineering costs, indirect

costs, and distributable costs. The latter items were estimated
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separately based on the ekperimental nature of the épéiiéafion.
It is assumed that the land would be provided by thg pérticipat-
ing utility. ' ‘ ’

We calculated the value of the output of the critical
module to a utility by calculating the fuel saving over:.a.
thirty-year life, assuming a net thermal—to-electric4conversion
efficienéy.of 31.5 percent, and using the yearly thermal output
from the STEAEC.program‘ﬁsing'1976 Barstow insolation data. The
present value of the 30-year fuel saving is approximately $30
million in 1978 assuming fuel cost escalatidﬁ equal to‘general
inflation, ’ )

RESEARCH EXPERIMENTS — ,
After planning the Phése III program, we defined the follow-

ing small research experimentsl(SRE) to be conducted during Phase

11. The.purpose'of the SREs is to provide development data’ to

Adésign the Phaée III critical module and to provide‘bthet'daté

needed in éddition to:the critical module test. The SREs afé_as

follows: =. . _ - g

) 1) A S'MWt molten=-salt receiver test‘at STTF;

2) A long-tefm flﬁidzlopp test simulating the system
temperature extremes, materials of construction, and
fluid velocities; o o -

3) Additional materials and molten salﬁ stability testing

“ to explore poésible effectsrof trace;contamihanté and
to iﬁpTOVe‘COnfideﬁce'ih'materia1~durébility;’

4)V A small-scale internally insulated thermocline tank
development program to develop economical'ihfefnal
inoulation achemea and to check out thermocliiie aualyl=

ical models.
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DEVELOPMENT SCHEDULE AND COST ESTIMATE

The development schedule and fiscal year funding required
is given on Figure VI-2. The Preliminary Design and SRE phase
consists of the four SREs listed, a_pfeliminary design>of the
critical module, and updating of the commercial plaﬁt. The
phase is approximately 15-months long. It is assumed that the
thermocline tank testing program will start at the Beginning of
FY 1979 because the tank's development data is needed to complete
the preliminary design of the storage tanks. The long-term loop
extends beyond the preliminary design phase. Because the data
from this test'is primarily long-life verification, it is not
necessary to complete the testing before complefion of the pre-
liminary design. The Critical Module program would start in

midfiscal 1980 and continue for a three-year period that includes

-a six-month engineering test period. The build of the Barstow

heliostats is shown for reference. The fiscal-year funding is

shown on the bottom line and includes the cost of all the activi-

‘ties shown. As pointed out earlier, the potential value of the

output of the Critical Module is about $30 million. The costs

shown do not take any credit for the value of the power produced.
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—— Thermal Storage $7.4M

Tower $1.2M .

Piping & Pumps $4.5M

Heliostat - Engineéring $6. OM
Field

$49. M

4\— Master Control $1.1M

LSalt Steam Hx $1.3M

Receiver $2. OM "
“— Indirects $L. /M Totaﬁl Cap_;tal Cost  $70.6M
o Engineering Cost  $ 6.0M 5
Distributables $1.7M | Heliostat Cost - $161.50/m

(s 15/t%)
Storage Single Full-
Scale Tank
Figure VI-1 Critical Module LOST
cvfml 19 | & | & 82 8

FY 9 | s | & | s | 8 |84
Preliminary Design

and SREs | —

Thermocline Tank _

Long-Term Loop S

Materials Testing | e—

Receiver at STTF .

Critical Module I
Design and Rnild ' ]

Test o e
Barstow Heliostats . DR ,

Fiscal Year Funding | $2.35M $15. 1M $25.5M $25.5M $12.8M

Figure VI-2 Critical Module DevelopmentASChedaZe
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VII.

ALTERNATIVE 100~MW ELECTRICAL PLANT

For purposes of comparison with other contractor designs,
a 100-MWe plant having three hours of storage is described.
This smaller design consists of three modules of 5059 helio-
stats each as shown in Figure VII-1l. The heliostats are arranged
symmetrically about the north-south line with the EPGS located
in the center and adjacent to all three modules. This layout
was chosen to minimize piping length from the towers to -the
EPGS. Table VII-1 presents the parameters associated Qith the

100-MWe plant configuration.

¥

Collector Field '

The collector field is geometricatiy similar to the 300-MwWe
field except the number of heliostats in the 100-MWe field has
been reduced to reflect the proper plaﬁt size (including storage).
The performance of the 100 MWe fleld was assumed to be similar
to the 300-MWe field adJusted for the 1mprovement in -atmospheric

attenuation due to the shorter slant ranges.

Tower 1

The 100-MWe plant tower height was scaled from the 300-MWe

‘plant tower height, keeping the rim angle (angle from the hori-

zontal to the'top of the tower at the furtherest heliostat) con-
i N .

stant. This scaling results ih a 128-m (420-ft) high tower.
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(6660, 1 ft)

1600 m
(5239.3 ft)

Ko

2030 m

Figure VII-1 Plant Module Layout

VII-2

Plant Size -
Storage Size -

Field Configuration -

Receiver Type - -

Conversion Cyrle -

Storage -

Tower Height -

Plant Configuration - '

100 MWwe
3 Hours

Surroundmg Field
5059 Heliostats per Field (40m2 per heliostat)

3 Modules

Four Aperture Cavity

Water/Steam Rankine
783 K (9509F); 16.5M Pag (2400 psig)
783 K (9500F) Reheat

Internally insulated thermocline cylindrical
configuration

17.4m (57 ft) Dia.; 19.2m (63 ft) high

Salt temperature 560.8 K (550°F) to 838.6 K <10;0°F)

128m (420 ft)

Table VII-1 100-MWe Syslem Purameters
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_Economic Analysis

Receiver

" The 100-MWe plant receiver aperture size was scaled by keep-

ing the ratio of the maximum slant range to aperture area constant.

This scaling results in a 100-MWe receiver having a square aper-
ture in the north, east and west cavities approximately 7.6 m
(25 ft) on a side and the south cavity approximately 5.3m (17.4

ft) on a side.

Storage

The storage system will consist of one internally insulated
thermocline tank that is 17.4 m (57 £t) in diameter and 19.2 m °
(63 ft) in height. The construction of this tank will be similar
to the construction of the 300-MWe system storage tanks.

Master Control

The master control concept will be the same as described
for the 300-MWe plant.

System Performance

Appendix C presents the input data calculated for the 100-
MWe plant, which was used in the STEAEC program to calculate the
annual performance.

Cost Estimate

Figure VII-2 contains the cost data for the 100-MWe plant.
In most cases the costs were extrapolated from data generated in

the costing of the 300-MWe plant.

The performance as generated by STEAEC and. the cost esti-
mates were input‘into the BUCKS program to evaluate the bus bar

energy cost.
The results as shown in Table VII-2 indicate that the 100-

MWe plant is capable of producing electricity at a cost approxi-

mately 35 percent higher than the preferred 300-MWe system.
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land 1.0
-~ Master Control 1.0

Total Capital Cost Estimates

. $94.3M ($7/ft2 Heliostats)
$113.9M ($10/ft2 Heliostats)
Sofar Multiple 1,44
Storage 3 Hours

Energy Cost Potential with -

Indirects 2.8

: $7/ft2 Heliostats = 34.68
Collector 45.7 ($7Ift2) $10/1t? Heliostats = 40.93

Cost in $M

Figure VII-2 100 MWe Plant Cost

300 -MWe 100-Mwe
ACR System| ACR System
(Nth Plant) | (Nth Plant)

First-Generation Economics

$7/ft2 Heliostats 28.0 37.7
$10/ft° Heliostats 3.6 | 446

Present Economics

$7/ft2 Heliostats 38.4 53.8
$10/ft% Heliostats .2 |69
Capacity Factor 0. 65 0,42

Table VI_I—ZW MWe Cost «(}f:mE'Z:e';;:ricity (mtlls/kWhe)

VIi-4
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VIII,

ALTERNATE SYSTEM USING AN EXPOSED RECEIVER

In selecting the cavity type receiver some important assump-
tions had to be made on the potential effect on heliostat cost
and convective losses. The receiver configuration and size will
effect the heliostat requirements and cost. We were unable to
conduct this tradeoff study because we did not have heliostat
cost as a function of heliostat requirements. It is possible
that this type of tradeoff may favor an exposed type receiver.
Also, it is difficult to determine the convectiye losses, partic-
ularly from a cavity type receiver.. Therefore, we have included
an alternate system design which uses an exposed type fééeiver.

The recommended alternative gxposed receiver is shown in
Figure VIII-1. The receiver approximates a cylinder 10.4 m
(34 ft) in diameter and 15.8 m (52 ft) high. The irradiated
surfaces consist of panels which contain side-by-side vertical,
blackened tubes. Two parallel flow circuits are used. The inlet
for both circuits is at the panels on the north side which have
the highest flux. The outlet (highest fluid temperature) is on
the south side which has the lowest flux.

. A series of parametric studies was copducted to quantify the
design., The studies included the following: 4
1) Radiation analysis to determine the heat flux values and
the best héliostaf aiming'strategy'from the standpoint
of spillage and heat flug levels; '

2) Receiver efficiency (radiatioﬁ, convection,~and.conduCh

tion losses);

3) Thermal hydraulic analyses to establish the flow path,

' pressure drop, heat transfer coefficients, and tube
metal temperatures;

4) Receiver tube thermal stress analysis to determine tube

life;
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©5) Mechanical design studies to determine methods of support

and structural configuration.
Our best. estimate of the impact of the exposed receiver is that
it will increase the system cost and the cost of electricity about

4 percent over a cavity receiver system.

15.8 m
(52 £t)

-1

Eighteen.1.8 m (5.9 ft) wide
panels of 0.038 m (1.5 ft) OD
tubes, 47 tubes per panel

10.4 m 1
T (34 ft)

\

Figure VIII-1 Exposed.Receiver

\ .
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