REPORT NO. DOE/AL/38741-2
VOLUME 2 — APPENDICES | SEPTEMBER 1988

| ,
i ALTERNATE UTILITY TEAM
i UTILITY SOLAR CENTRAL RECEIVER STUDY

11.5’ OD x
L 24’ H
30’
- 1

150’
100’

Dry Air Blanket .
Full Vessel Liquid Level <7 40.8

84’ ¢ x 44’
" Dome Roof

. Tank 316 S.§. 1L/ Mineral Wool
1050° F Sait: Insulation With
60% NaNO3 . Aluminum Jacket
40% KNO3

3’ Sait Heel —
Cal Sil/Foam Glass H4-H
Insulating Blocks j&_&_

?and Pad]

3171
E
@

Ly}

J.£
.

— 1 i
.8 T T1 N
‘/ 1 1

T

1
T~
. | Recompacted 45¢
Dry Clay =l Y Soil
Aggregate

)

20 30’

WY e
> Natural Soil )

Forced Air
Cooling Ducts

ARIZONA PUBLIC SERVICE
COMPANY

BLACK & VEATCH

ENGINEERS-ARCHITECTS
CBI INDUSTRIES
15 L , FOSTER WHEELER SOLAR
' DEVELOPMENT CORPORATION
50 MWe

@@@5

5 20

g2

7

(o]

(&)

©

[0]

N

E OLIN CORPORATION

£ 1.0 \\ 100 01‘“

2 400 200 ' —
PRECISION CONTR ND
INSTRUMENTATIO!

UNIVERSITY OF HOUSTON

T®

Capacity Factor (Percent)




' REPORT NO. DOE/AL/38741-2
VOLUME 2 — APPENDICES SEPTEMBER 1988
l i
“wi1 | E1
11.5” OD x w2 E2
L 24’ H w3 £3
i -
W4 E4 Fuil Vessel Liquid Level 77 40.8'
;: 5 j: W5 ES , %4' ® xRuf'
i ome Moo
' B weé E6 o500 F Sam Tank 316 S.S. J: Mineral Wool
- © F Salt: [ ion Wi
are Y . i
. 40% KNO3
' 150 3 Salt Heel — T
o] . Cosuram S
88 46’ Sand Pad
W2,W1 E1,E2 / >/ ,
l /\/ i —— - T ——
e T T = —
w:;,v& E3,E4 e e e
. ]
I | /\ H | } Ring ’
| WB,W5H EB.EB o wan 1 Recompacted
~ Dry Clay R Soil
L L | ~— Aggregate P
' ~ T W8W?7 E7.E8
20’ 30" — b f v
l Forced Air S Natural Soil
l Cooling Ducts
l m ARIZONA PUBLIC SERVICE
COMPANY
a BLACK & VEATCH
l © ENGINEERS-ARCHITECTS
2 20F
> @ CBI INDUSTRIES
]
' S s @ FOSTER WHEELER SOLAR
° DEVELOPMENT CORPORATION
o 50 MWe
& OLIN CORPORATION
z 400 200 @ PRECISION CONTROLS AND
. T \ ! ! INSTRUMENTATION
0 20 40 60
l Capacity Factor (Percent) m UNIVERSITY OF HOUSTON




-

ALTERNATE UTILITY TEAM

UTILITY SOLAR CENTRAL RECEIVER STUDY

FINAL REPORT

NOTICE
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contractors, subcontractors, or their employees,
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for the accuracy, completeness or usefulness of
any information, apparatus, product or process
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infringe privately-owned rights.




7 _ _ -

ACKNOWLEDGMENT

Arizona Public Service Company (APS) and the other members of the
Alternate Utility Team (AUT) acknowledge the Department of Energy for their
financial support of the Technical Review Committee during the utility
study project. Moreover, APS and the AUT express their appreciation to the
members of the Technical Review Committee for their many contributions to

the project.



Il NN e

CONTENTS

1.0 EXECUTIVE SUMMARY

1.1
1.2
1.3
1.4
1.5
1.6

BACKGROUND

BASE-LINE PLANT

COMMON DATA

TRADE STUDIES

PREFERRED COMMERCIAL PLANT
RECOMMENDATIONS

2.0 TINTRODUCTION

2.1
2.2
2.3
2.4
3.0 BASE-
3.1
3.2
3.3
3.4
3.5
3.6

3.7
3.8
3.9

BACKGROUND

PROJECT OBJECTIVES

PROJECT ORGANIZATION

FINAL REPORT ORGANIZATION

LINE PLANT CONCEPT

KEY BASE-LINE PLANT CHARACTERISTICS
COLLECTOR SUBSYSTEM

RECEIVER SUBSYSTEM

THERMAL STORAGE SUBSYSTEM

SOLAR STEAM GENERATOR SUBSYSTEM

ELECTRIC POWER GENERATION SUBSYSTEM/BALANCE-OF-
PLANT SYSTEMS

MASTER CONTROL SUBSYSTEM
BASE~LINE PLANT PERFORMANCE ESTIMATE
BASE-LINE PLANT COST ESTIMATES

4.0 COMMON DATA

4.1
4.2
4.3
4.4
4.5
4.6

4.7

092688

ROLE OF COMMON DATA IN THE STUDY
EXTERNAL RECEIVER

THERMAL STORAGE SUBSYSTEM

CAVITY RECEIVER

RECEIVER TOWER

ELECTRIC POWER GENERATION SUBSYSTEM/STEAM GENERATOR

SUBSYSTEM/BALANCE-OF-PLANT SYSTEM COMMON DATA
OTHER DATA

TC~1

Page

3-8
3-9
3-12
3-15
4-1
4-1

4-19
427
4-32

4-36
4-36




CONTENTS (Continued)

Page

5.0 TRADE STUDIES 5-1
5.1 PERFORMANCE AND ECONOMICS 5-1

5.2 HELIOSTAT TYPE SELECTION S5-4

5.3 NUMBER OF COLLECTOR/RECEIVER MODULES 5-8

5.4 COLLECTOR FIELD/RECEIVER CONFIGURATION 5-9
5.5 PLANT SIZE AND CAPACITY FACTOR 5-30
5.6 DEGREE OF PLANT AUTOMATION 5-34
5.7 OPERATING TEMPERATURE 5-45

6.0 PREFERRED COMMERCIAL PLANT 6-1
; 6.1 KEY PREFERRED PLANT CHARACTERISTICS 6-1
} 6.2 COLLECTOR SUBSYSTEM 6-3
6.3 RECEIVER SUBSYSTEM 6-6

6.4 THERMAL STORAGE SUBSYSTEM 6-7

6.5 SOLAR STEAM GENERATOR SUBSYSTEM 6-8

6.6 ELECTRIC POWER GENERATION SUBSYSTEM/BALANCE-OF-

PLANT SYSTEMS 6-9

6.7 MASTER CONTROL SUBSYSTEM 6-9
6.8 PREFERRED PLANT PERFORMANCE 6-12
6.9 PREFERRED PLANT COST ESTIMATES 6-14

7.0 RECOMMENDATIONS 7-1
7.1 COLLECTOR 7-1

7.2 RECEIVER 7-1

7.3 OTHER 7-2

8.0 REFERENCES 8-1

APPENDIX A GUIDELINES FOR TRADE STUDIES AND CONCEPTUAL
DESIGNS

APPENDIX B ALLOWABLE FLUX LEVELS ON TUBE-TYPE RECEIVERS
APPENDIX C MOLTEN SALT STORAGE TANK DATA

APPENDIX D ALTERNATE UTILITY TEAM, UTILITY SOLAR CENTRAL
RECEIVER STUDY SALT MAINTENANCE

TC-2
092688




l

TABLE

TABLE
TABLE

TABLE
TABLE
TABLE

TABLE

TABLE

TABLE

TABLE
TABLE
TABLE
TABLE
TABLE

TABLE
TABLE

TABLE

TABLE
TABLE
TABLE

TABLE

TABLE
TABLE

092688

3-1
3-2
3-3

4-1

4-2

4-4
4-5
4-6
4-7

4-8
4-9

4-10

4-11
5-1
5-2

5-4
5-5

CONTENTS (Continued)
LIST OF TABLES

ALTERNATE UTILITY TEAM MEMBERS AND
RESPONSIBILITIES

SUMMARY OF TRADE STUDY RESULTS

KEY CHARACTERISTICS--BASE-LINE AND PREFERRED
PLANTS

PARTIAL LIST OF BALANCE-OF-PLANT SYSTEMS
BASE-LINE PLANT PERFORMANCE

AUXILIARY POWER REQUIREMENTS FOR BASE-LINE
PLANT

CAPITAL COST CODE OF ACCOUNTS LEVEL 2 DETAIL
FOR BASE-LINE PLANT

RECEIVER SUBSYSTEM COMMON DATA--ORIGINAL
FLUX LIMIT

RECEIVER SUBSYSTEM COMMON DATA--HIGHER
FLUX LIMIT

THERMAL STORAGE COMMON DATA SUMMARY SHEET
CAVITY SALT RECEIVER DATA

TOWER COST ESTIMATES

GROSS HEAT RATE COMMON DATA

AUXTLIARY POWER REQUIREMENT COMMON DATA
FOR EPGS/BOP

HOT SALT PUMP POWER REQUIREMENT COMMON DATA

EPGS, BOP, AND STEAM GENERATOR SUBSYSTEM
COSTS COMMON DATA

ANNUAL PLANT OPERATION AND MAINTENANCE COST
COMMON DATA

PIPE SIZES FOR SALT CIRCULATION LOOP PIPING
SUMMARY OF TRADE STUDY RESULTS

ADJUSTED WEIGHTS FOR CAVITY AND EXTERNAL
RECEIVERS

ADJUSTED CAPITAL COSTS FOR CAVITY AND
EXTERNAL RECEIVERS

SUMMARY OF OTHER CONSIDERATIONS
ANNUALIZED COST DIFFERENTIAL

TC-3

1-17
3-10
3-13

3-14

3-17

4-14

4-16
4-28
4-30
4-35
4-37

4-38
4-40

4-41

4-42
4-53
5~2

5-14

5-15
5-28
5-42




TABLE 6-1

TABLE 6-~2
TABLE 6-3

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

4-2

4-3

4-4

FIGURE 4-6

FIGURE

FIGURE
FIGURE

FIGURE

092688

4-8
4-9

5-1

CONTENTS (Continued)
LIST OF TABLES (Continued)

KEY DIFFERENCES BETWEEN BASE-LINE AND
PREFERRED PLANTS

PREFERRED PLANT PERFORMANCE

CAPITAL COST CODE OF ACCOUNTS LEVEL 2 DETAIL
FOR PREFERRED COMMERCIAL PLANT

LIST OF FIGURES

SYSTEM FLOW DIAGRAM

PREFERRED PLANT SITE PLAN

PREFERRED PLANT POWER BLOCK PLAN

SYSTEM FLOW DIAGRAM

BASELINE PLANT SITE PLAN

BASELINE PLANT POWER BLOCK PLAN
BASELINE PLANT MASTER CONTROL SUBSYSTEM

PIPE CHART DEPICTION OF CAPITAL COSTS FOR
BASELINE PLANT

ALLOWABLE FLUX LEVELS FOR MOLTEN SALT
RECEIVER DESIGN

BASELINE (390 MWt) RECEIVER DIMENSIONS
AND FLOW CIRCUITRY

COMPARISON OF ABSORBED FLUX WITH ALLOWABLE
LIMIT--343 MWt RECEIVER AT DESIGN POINT

SOLAR CENTRAL RECEIVER STUDY TYPICAL HOT
TANK (1,200 MWht SHOWN)

CAPITAL COSTS VERSUS THERMAL STORAGE
CAPACITY

TOWER COST VERSUS TOWER HEIGHT

TOWER DESIGN DIMENSIONS AND ASSUMED RECEIVER
DATA

FOSSIL FIRED SALT MELTER FOR SALT CHARGING

MIX TANK ARRANGEMENT FOR INVENTORY SALT
CHARGING

PHYSICAL DIMENSIONS OF HELIOSTATS

TC-4

Page

6-2
6-13

6-15

4-11

4-18

4-24

4-29
4-33

4-34
4-49

4-50
5-5

\\'/




I

FIGURE
FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE
FIGURE

FIGURE
FIGURE
FIGURE
FIGURE

092688

5-8

5-9

5-10
5-11
5-12
5-13
5-14
5-15

6-1
6-2
6-3
6-4

CONTENTS {(Continued)
LIST OF FIGURES (Continued)

HELIOSTAT TYPE SELECTION COST DATA

COST OF THERMAL ENERGY FOR SINGLE, DOUBLE,
AND QUADRUPLE EXTERNAL RECEIVER MODULE SYSTEMS

COST OF THERMAL ENERGY VERSUS ANNUAL THERMAL
ENERGY

COST OF THERMAL ENERGY VERSUS ANNUAL THERMAL
ENERGY-RECEIVER COST SENSITIVITY

COST OF THERMAL ENERGY VERSUS ANNUAL THERMAL
ENERGY-RECEIVER ENERGY SENSITIVITY

COST OF THERMAL ENERGY VERSUS ANNUAL THERMAL
ENERGY-TOWER COST SENSITIVITY

NORMALIZED COST/VALUE RATIO VERSUS CAPACITY
FACTOR ‘

COST OF ENERGY VERSUS CAPACITY FACTOR
COST/VALUE VERSUS CAPACITY FACTOR
COST/VALUE VERSUS NET PLANT RATING
COST OF ELECTRICAL ENERGY
COST/VALUE VERSUS CAPACITY FACTOR
BASELINE MASTER CONTROL SYSTEM

MASTER CONTROL SUBSYSTEM MORE AUTOMATED
THAN BASELINE

PREFERRED PLANT SITE PLAN
PREFERRED PLANT POWER BLOCK PLAN
PREFERRED PLANT MASTER CONTROL SUBSYSTEM

PIE CHART DEPICTION OF CAPITAL COSTS FOR
PREFERRED PLANT

TC-5

Page
5-7

5-10

5-18

5-20

5-21

5-23

5-24
5-26
5-32
5-33
5-35
5-36
5-40

5-41
6-4
6-5
6-11

6-18




‘
-

- aw e ne uR mm SR sm dh

APPENDICES

Appendices are included in this report to provide additional detail
and support for various sections of the main body. The following
appendices are included.

[ Appendix A--Guidelines for Trade Studies and Conceptual Designs
Guidelines issued by APS and PG&E to provide guidance and a
starting point for the trade studies. The document provides
basic design values for various plant systems and cost
estimating.

. Appendix B--Allowable Flux Levels on Tube-Type Receivers
Summary of a design method for determining the allowable
flux levels on a receiver. This method was presented at a
workshop conducted by SNL at the CRTF.

° Appendix C--Molten Salt Storage Tank Data
Detailed information provided by CBI regarding their cost
estimates and design of the thermal storage tanks.

® Appendix D--Salt Maintenance
Detailed information provided by Olin Chemical regarding the
use of nitrate salt and design considerations necessitated

by this use.

092688
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INTRODUCTION
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In an effort to expedite the study effort and to reach mutual agreement on certain
study input parameters, the Arizona Public Service Company and Pacific Gas and Electric
Company developed the following Solar Central Receiver Utility Study Guidelines. These
guidelines are the common basis for comparing Phase I study activities. They are not
intended to preclude innovation in design. But users of these guidelines should recog-
nize that deviations from these guidelines must be justified and the impact of the

deviations quantified.

The purpose of the guidelines is to indicate to each study team a set of initial
"default" input parameters for the trade studies and conceptual designs. As the trade
study analyses take place, it is expected that these guidelines will be revised to more
appropriately reflect the results of subsystem and component analysis. The revised
guidelines will, 1in turn, serve as the basis for comparing the commercial plant

conceptual designs.
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UTILITY STUDY GUIDELINES

I. Plant Level Specifications

2
N
(o))
&

Yool

Y 2

N* 3

N* 4

N* 5.

Y 6.

7.

* 8,

Y* 9

= Y * 10

(o))

N* 11

x 12,

13.

14.

Yx 15

x 16.

]7.

Y 8.

A. Design/Performance/Operational

Plant configuration

a. Conceptual design
plant layout

Plant net rating
Plant capacity factor
Plant solar multiple
a. Conceptual design
Solar Multiple
Dispatch strategy
Plant design point
Power generation cycle
Thermal storage configuration
Tower type

Control system type
Design Tife

Plant availability
(exclusive of sunshine
schedule outage)

Redundancy in design

Technology readiness date
Operating staff
Staffing approach

; Candidate strawman base]ine specification

nn

N

Guideline for conceptual design
Not guideline for conceptual design

Trade Study Spec Value

Central Receiver

Surround Field
TBD (100 MW, nominal)
TBD (30 percent)

TBD (1.5)
1.8

TBD

TBD (Winter Soltice Noon)
Steam Rankine cycle

Two tank-molten salt

Concrete (steel towers
optional for small modules)

Distributed digital
30 years

0.90 (Includes 20 da{s/
year schedule outage

Solar facilities-see below
EPGS/BOP-See Attachment "C"

1996
2 Operator (minimum)
Normal utility approach

Spec_Source

Master program plan

Study issue (Baseline Plant)
Study issue (Baseline Plant)
Study issue (Baseline Plant)

Study issue

Study issue (Baseline Plant)
Master program plan

Master program plan

Utility Ad Hoc Committee

State of the art
Normal practice
Utility Ad Hoc Committee

Utility Ad Hoc Committee

Utility Ad Hoc Committee
Utility Ad Hoc Committee
Utility Ad Hoc Committee




Trade Study Spec Value Spec_Source

Trade Study Spec Value Spec Source
o
§ B. Site Parameters
oo
® Y* 1. Insolation, Wind & Temperature 1985 Barstow Utility Ad Hoc Committee
Y 2. Land constraints None Judgment
Y 3. Seismic acceleration Utility Ad Hoc Committee
a. Operating 0.125 g horizontal Uniform Building Code -
b. Safe shutdown 0.25 g horizontal Class-1
c. Response spectrum NRC Guide 1.60 Utility Ad Hoc Committee
d. Damping Value NRC Guide 1.61 Utility Ad Hoc Committee
Y 4. Operating temperature (ambient) Modified Solar One
a. Dry bulb 16-120° F
b. Wet bulb 14-77° F
Y 5. Wind @ 10 m elevation Solar One
a. Operating (sustained) 35 mph (See Attachment "B")
b. Survive in high wind stow 90 mph
w position (sustained and
~ gusts
c. Average daytime (Summer) 14.5 mph
d. Average daytime (Winter) 8.5 mph
e. Wind velocity/height V=Viom (H/10m)-15
dependency ‘
Y 6. Atmospheric pressure . 13.72 psia Solar One
(2000 ft. elev.) ‘
Y 7. Precipitation Solar One
Max rate 6 in/hr for 2 min
: 2.4 in/hr for 30 min
Y 8. Snow load 5 1b/ft2 Solar One

* and1date trawman base]1ne specification
Y = Guideline or conceptual design




Trade Study Spec Value Spec_Source

9. Ice buildup 2 in. Solar One
o 10. Hail 1 in diameter Solar One
NS @ 75 ft/sec
% Y 11. Soil load bearing (See Attachment B) Solar One
Y 12. Raw water chemistry Solar One site
a. Total cations 780 mg/1
b. Total anions 780 mg/1
c. Silica 35 mg/1
d. Fluoride 0.8 mg/1
e. Boron 0.6 mg/1
f. Iren 0.43 mg/1
g. Total dissolved residue 870 mg/1
h. PH 7.4
Y 13. Design Cloud Parameters (Information provided Design Issue
Attachment I)
C. Cost/Financial
a. Trade Studies DI(EXT) = 0.23
1. Fixed cost (buildings, roads im- (See Attachment A) DELSOL data base
. provements, master control, etc.)
|
© Y 2. Cost factor (DI) for A&E
a. Conceptual design Ist Nth plant
Engineering services & 10% 9.0% of directs
Construction mgmt.
Owner's costs 7.5% 6.0% of directs
Management reserve 5% 0.0%
N 3. Contingency factor (CONT) CONT = 0.15 Attachement D
N. a. Conceptual Design Cost Data Management System
Land 0% Code of Accounts
Structures & Improvements 10% ] ) )
Collector System Included in delivered price
Receiver System 15%
Thermal Storage System 15%

*  Candidate strawman base]1ne specification
Guideline for conceptual design

Not guideline for conceptual design

Y =
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Trade Study Spec Value Spec Source
Steam Generator System 15%
Electric Power Generation

3 System 10%

PN Master Control System 15%

3 Y 4, Spare parts factor 0.01 (DELSOL default) DELSOL data base (Does not
include spare receiver
panels.)

Y* 5. Ownership Utility Utility Ad Hoc Committee
6. Levelized energy cost analysis Constant year, 1986 ‘dollars Utility Ad Hoc Committee
N a. (Value analysis as appropri- (see Attachment “"A") DELSOL program
ate for trade study.)
Y b. Conceptual design Constant year, 1Q, 1987%
Y 7. DELSOL Formula VB-1 Add "+ 0.06CCT" Attachment D
Change "NYTCON" to Attachment D
2 NYTCON
e
Y 8. DELSOL Formula VB-2 NYTCON = construction
schedule in years
o Y 9. Fixed charge rate option IFCR =0 Attachment D
© Y 10. Fixed charge rate FCR = 0.105 Attachment D
Y 11. Discount rate DISRT = 0.065 Attachment D
Y 12. General inflation rate RINF = 0.00 Attachment D
Y 13. Plant operating life NYOP = 30 ~ Attachment D
N 14. Plant construction period - NYTCON = (TBD) Study Issue (Strawman
_ is 5 yr)
Y 15. Interest during AFDC = 0.0214 Attachment D
construction factor (1-year construction period) Attachment D
AFDC = 0.0433 Attachment D
(2-year construction) Attachment D
AFDC = 0.0657 Attachment D
(3-year construction) Attachment D
AFDC = 0.0886 Attachment D
Y = Guideline_for conceptual deiign .
N = Not guideline for conceptual design



II.

COLLECTOR SYSTEM

Y

889¢60

0T-v

2 Z2 << =

1.

2.
3.

1.

* 2.
13.

14.

r—————————————

N

v - Endetane

Not guideline for conceptual design

A. Configuration/Performance

VType

Clean reflectivity:
Average reflectivity:

Pointing/tracking error:
(1 sigma)

Mirror slope error:
(1 sigma)

Mirror panel focal length:

Heliostat (cant) focal length:

System availability:
Heliostat availability:

Heliostat-to-heliostat minimum
reflector panel clearance:

Emergency defocus time
a. Trade Study

b. Conceptual Design

Glass heliostat dimensional data:

Stretched membrane heliostat
dimensional data:

Beam Characterization System

trawman base ige specification
or conceptual design

Trade Study Spec Value

Stretched membrane on the
conceptual designs

0.94
0.91

1.5 mrad reflected
beam each axis

2.0 mrad reflected
beam each axis

TBD (Maximum slant range
for the field)

-TBD (Single heliostat cant

and focal length assumed)
for "strawman".

0.97
0.99
1 ft.

90 seconds

- 5 seconds

(See Figure II.1)
(See Figure 1I.1)

TBD

Spec_Source

Utility Ad Hoc Committee
Solar One

Sandia Spec/Attachment

Sandia Spec/Attachment
Study Issue (Baseline Plant)

Study Issue

Solar One
Solar One/Judgment

Saguaro Preliminary
NDesign Spec.

Stressed Membrane Vendor
Sandia data dump
Sandia data dump

Utility Ad Hoc Committee

N N BE NN W SN N G B GE N AE B g BN G M M W




Trade Study Spec Value Spec_Source
(4-year construction) Attachment D
*AFDC = 0.1118 Attachment D
9 (5-year construction) Attachment D
2 AFDC = 0.1357 Attachment D
% (6-year construction) Attachment D
16. Collector Sys. 0&M rate
N a. Trade Study RHOM = 0.01
Y b. Conceptual Design TBD
17. BOP 0&M rate
N a. Trade Study RNHOM = 0.015
Y b. Conceptual Design TBD
Y 18. Investment tax credit TC = 0.00 Attachment D
Y 19. Property tax & insurance rate PTI = 0.02 Attachment D
Y 20. Income tax rate TR = 0.403 Attachment D
(combined state/federal) (Use current tax rate of
28% in conceptual designs.)
Y 21. Debt fraction FDEBT = 0.45 Attachment D
Z Y 22. Debt interest rate RDEBT = 0.10 Attachment D
- Y  23. Return on equity ROE = 0.145 Attachment D
Y 24. Depreciation life NDEP = 15 wr. Attachment D
25. Commercial plant economics Utilities should use Utility Ad Hoc Committee
Note 1 (conceptual plant analysis) their own respective (Utilities to prepare
Y a. Regulated rate of return values in assessing recommendations. )
Y b. Cost of capital their conceptual design.
26. Cost of Salt Delivered to
Barstow $0.33 per pound PG&E
Y  27. Cost of Sodium Delivered to $0.85 per pound PG&E
Barstow
Y = Gujdeljne_for conceptual degign
N = Not gu}de]ine ?or anCEptua? 3esign ‘
Note 1: Each utility should run economics by guideline values in addition to the utility's own values.
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B. Collector System Costs
N * 1. Glass heliostat:
Y 2. Stretched membrane heliostat:

a. Trade study
b. Conceptual design 1Ist plant
c. Conceptual design Nth plant

3. Land cleared and grubbed:
Y 4. Wiring

III. RECEIVER SYSTEM

A. Configuration/Performance
* 1. Configuration:

a. Trade study
b. Conceptual design

N

Y

Y 2. Surface absorptivity (new):

N * 3. Surface absorptivity
(average)

Y* 4. Surface emittance:
Peak design heat flux limit:

N a. Trade studies
(target values for DELSOL)
Y b. Conceptual designs

6. Equivalent 30 year cycle life:

andidate strawman base1ine specification
uideline for conceptual design

Not guideline for conceptual design
Indludes contingencies

Trade Study Spec Value

120 $/m?

90 $/nd
100 $/m§**
75 $/m-**

$1550/acre

Included in $/m?
costs above

TBD
External

0.96
0.92

0.89

0.68 Mi/Z (salt)

1.46 MN/Z (Sodium)

Modified ASME Code N47

20,000 cycles

Spec_Source

Utility Ad Hoc Committee
Utility Ad Hoc Committee

Stressed Membrane Vendor
Stressed Membrane Vendor

Attachment D

Study issue (North facing
cavity is Baseline plant)

Utility Ad Hoc Committee
Solar One

Pyromark paint
Sandia data dump

Sandia data dump
Attachment J

Attachment J (B & W-FW-
Sandia consensus)




Trade Study Spec Value Spec_Source
o Y 7. Convective loss model Based on Sandia studies
NS External receiver DELSOL default Design issue
& Cavity receiver DELSOL default Design issue
Y 8. Wind speed for convective 8.5 mph Solar One design (average
loss estimates @ 10 m elev. winter day value)
N 9. Fill or drain time 10 minute max Judgment
(above the top of tower)
N 10. Receiver turn down ratio Salt system 5:1 Utility Ad Hoc Committee
Na system 6.5:1 Bechtel
Y 11. Maximum receiver tube length 100 ft.
Y 12. Ancillary equipment Lightning protection Judgment
. Lighting
Instrument air
Service air
Inert gas
Service water
T Lifts and hoists
'_I
w

B. Coolant Properties and Handling

Y 1. Salt Conditioning and fill
Y 2. Sodium Conditioning and fill

C. Cost and Scaling Relations Cavity Receiver: use DELSOL program
‘ default value Attachment D
NA . External salt receiver

CRECT = $24.1x106
ARECRF = 1136.0M2
NA Na Receiver Attachment D
CRECT = $15.4x196
ARECRF = 607.0m

* andidate trawman base]1ne specification

Y = Guideline or conceptual design |
N = Not guideline for conceptual design
NA = Not applicable for conceptual design
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V.

A.

TOWER
Design/Performance
Y * 1. Type
Y 2. Sway at receiver centerline
(35 mph wind @ 10 m elev.)
3. Height
Y 4. Tower auxiliaries
Cost and Scaling Relations:
NA

PUMPS (Salt)

A.

Design/Configuration
1. Type
2. Redundancy

Cost and Scaling Relations (Salt)

NA

Guideline_for conceptual degign
Not gu}deline for cgnceptuai gesign

Not applicable for conceptual design

Trade Study Spec Value

Free standing concrete or
steel (support receiver
and BCS targets)

Deflection of 2 feet
or less

8D
Elevators/stairways

Work stations

Pipe support points

Maintenance services
(electrical, shop air,
and lighting)

Aircraft warning lights

(See Attachment A)

Vertical

3-50% capacity pumps
(for each service)

Use default value

Spec_Source

Utility Ad Hoc Committee

Utility Ad Hoc Committee

Study result
Judgment/normal design
standards

Judgment/normal design
standards

DELSOL program

Solar 100 design

Commercial design
practice (Solar 100 design)

DELSOL program
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VI.

GI-v

A.

VII.

A.

fnonwn

NA

Cost and Scaling Relations (Na)

THERMAL STORAGE

Design/Configuration

Y 1. Approach

Y 2. Storage fluid

Y 3. Storage temperatures
N 4, Tank capacity

Y 5. Cover gas

Y Cost and Scaling Relations

PIPING SYSTEM

Design/Configuration
Y 1. Design code
Y 2. Insulation
(salt system only)
Y 3. Freeze protection
Cost and Scaling Relations
NA

Gujdeline_for conceptual deiign .
Not guideline for conceptual design

Not applicable for conceptual design

Trade Study Spec Value

Bechtel to develop
algorithm for use
by Bechtel

2 tank design
MoTlten salt
1050° F/550° F
TBD

Dry air (carbon
dioxide removed)

Use common data input.

Power piping code
ANST B31.1

Calcium Silicate

Trace heating

(See Attachment A)
FPLH = 3.0
FPLC 2.3

Spec_Source

Master Program Plan
Master Program Plan
Solar 100 design
Study result

Design practice
(moTten salt)

Normal design practice
Category "B" program

MSEE and Category "B"

program. Salt system

interfaces per Saguaro
Spec.

Attachment D




VIII. HEAT EXCHANGERS

o
§ A. Design/Performance/Configuration
& N 1. Sodium/salt heat exchanger
Y 2. Steam generator/superheater
Configuration
Y 3. Temperature range
Y 4. Reheater
Configuration
Temperature range
T Y 5. Design Codes
o
B. Costs and Scaling Relations
NA

IX. ELECTRICAL POWER GENERATION
A. Configuration/Performance

N- 1. Turbine cycle gross
heat rate

N 2. Turbine type

Y = Guideline_for conceptual deiign )
N = Not guideline for conceptual design
NA = Not applicable for conceptual design

Trade Study Spec Value

TBD

Recirculating type,
Horizontal tube-shell
Separate preheater,
boiler and superheater

1050-550° F salt side

460-1005°F water-steam
side

Horizohtal tube-shell
1050 - TBD°F salt side
668 - 1005°F steam side

ASME Section VIII

(See Attachment A)

CKNREF = $6.2x10°
XKN = 0.5
XHEP = 0.5

8066 Btu/kWH

Sliding pressure,
tandem compound,
double-flow, reheat,
condensing unit.

Spec_Source

Study Output

Utility Ad Hoc Committee
Solar 100 design
|
|

Solar 100 design
Utility Ad Hoc Committee

Solar 100 design
Solar 100 design

Utility Ad Hoc Committee

Attachment D

Solar 100 (Bechtel-supplied

Solar 100 (Bechtel-supplied)

'
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LT-V

N 3. Condenser back pressure

N 4, Steam conditions
(See Attachment “D")

N 5. Turbine Steam Flow @ 110 MWe
generator output

Y 6. Emergency power

Y 7. Power loss duration

B. Cost and Scaling Relations
NA

PLANT SUPPORT SYSTEMS

Y

Y = Guideline for conceptual design

Trade Study Spec Value

2 1/2 in Hg (wet cooling)
at 120°F dry bulb,
77°F wet bulb

(Main Steam)
1000°F, 1815 psia
(Cold Reheat Steam)
673°F, 491 psia
(Hot Reheat Steam)
1000°F, 442 psia

(Main Steam)

742,362 1b/hr
(Reheat Steam)
652,741 1b/hr

Diesel generator to
stow collector field

8 hours

Use default values
(See Attachment A)

Auxiliary steam
Cooling water
Circulating water
Sumps and drains
Turbine hydraulic and
lube oil

. Generator cooling

Sampling

Service water

Hater treatment

Fire protection

Instrument and service air
Plant electrical

Spec_Source

Solar One

Solar 100 (Bechtel-supplied)

Solar 100 (Bechtel-supplied)

Utility Ad Hoc Committee

Utility Ad Hoc Committee

DELSOL program

Scope of utility plant
design
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UC-62a
SAND 86-8018
Unlimited Release
Printed November 1986

A USER’S MANUAL FOR DELSOL3: A COMPUTER CODE FOR
CALCULATING THE OPTICAL PERFORMANCE AND OPTIMAL SYSTEM
DESIGN FOR SOLAR THERMAL CENTRAL RECEIVER PLANTS

Bruce L. Kistler
Solar Central Receiver Components Division
Sandia National Laboratories, Livermore

ABSTRACT

DELSOLS3 is a revised and updated version of the DELSOL2 computer pro-
gram (SANDB81-8237) for calculating collector field performance and layout and
optimal system design for solar thermal central receiver plants. The code consists
of a detailed model of the optical performance, a simpler model of the non-optical
performance, an algorithm for field layout, and a searching algorithm to find the
best system design based on energy cost. The latter two features are coupled to a
cost model of central receiver components and an economic model for calculating
energy costs. The code can handle flat, focused and/or canted heliostats, and ex-
ternal cylindrical, multi-aperture cavity, and flat plate receivers. The program op-
timizes the tower height, receiver size, field layout, heliostat spacings, and tower
position at user specified power levels subject to flux limits on the receiver and
land constraints for field layout. DELSOL3 maintains the advantages of speed
and accuracy which are characteristics of DELSOL2.
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V. System Costs and Economics

While DELSOL can be used to calculate field performance only, it also has
capabilities for total system design. In DELSOL, an optimized system design is
that combination of tower height, receiver size, and field layout which gives the
lowest calculated system energy cost at a given design power level and solar mul-
tiple. In order to calculate the energy cost, both system performance and system
capital and operating costs must be determined. The latter is only done during
the optimization procedure; therefore, annual performance cannot be done on a
system which is input by the user, since costs are unavailable. The subsystem
cost models for estimating the total capital cost and the economic model for cal-
culating the levelized energy cost are discussed below. It is strongly suggested
that the user carefully examine both the cost calculation procedures
and the default values used in those calculations to verify that the re-
sulting component costs will be appropriate for the system being exam-
ined. Different systems and different technologies will almost certainly require

modification of at least some of the reference system values discussed herein and
used by DELSOL.

The units used in DELSOL input must be those specified for the individual
variables, such as meters for all dimensions and dollars for all costs. The user
should be aware that the output from DELSOL is not necessarily consistent in
the units which are used. Specifically, land area might be in either m? or km?
and annual energy might be in KWh, or MWh,, depending on the location in the
output. Further, energy costs are quoted in mills/KWh,, not cents/KWh,. Al-
though the values will be consistent with the labels, the user should be careful to
note the correct specified units associated with any output value.

V.A. Total Cost Model

The total capital cost, CCr, is calculated as the sum of the costs of several
subsystems adjusted by a factor for uncertainties and miscellaneous expenses:

CCr =(CCucL + CCLaND + CCwink
+ CCruw + CCrec:
+ CCrumr 4+ CCOpipp + CCitonace + COxtxstor + CCuTxGH: + CCrpas
+ CCrixep)
X (1.0+ DI+ CONT + SPTS)
(V.A—1)

As discussed in detail in Chapter 4, the optimization scheme considers one
tower height/receiver size combination at a time and then builds up the heliostat
field zone by zone until the desired power level(s) at the specified solar multiple is

A-23
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achieved for that tower and receiver. Capital cost components can be grouped
according to that point in the field buildup at which they are calculated. The
line grouping of the costs in Equation (V.A-1) is to clarify those costs which are
similarly calculated. The tower and receiver costs (CCtow, CCrec) are fixed by
the values of tower height and receiver dimensions for each pass through the field
buildup subroutine MAX. Heliostat, land, and wiring costs (CCxgL, CCLAND,
and CCwirg) are updated with each zone added in the field buildup. The power
or system size related costs of piping, pumping, storage, heat exchangers, and
EPGS (CCprpg; CCsToRAGEs CCHTXsTOR: CCHTXCHG, and CCgpgs, respec-
tively) are calculated as each design level is reached. It is assumed that certain
fixed costs (CCrIXED, €.8., master control, administration buildings, roads, etc.,
are common to all the systems. Factors for distributable and indirect costs (DI)
to cover architectural and engineering services, contractor fees, and temporary fa-
cilities, for contingencies (CONT), and for spare parts (SPTS) are added to the
basic capital cost of the major component subsystems. Values are expressed as a
fraction of the total direct costs. Current default values are based on Nth plant
design and construction:

DI (EXT) = 0.16
CONT (CONT) = 0.12

SPTS (SPTS) = 0.01

The individual capital cost models are described below. User supplied cost
parameters should include materials, fabrication, and field installation, and sub-
contractor fees and contingencies, if any. The default values are consistent with
the near-term 1984 five year plan cost goals or with 1984 current capabilities
(References 34 and 35). Should the user desire to set any subsystem cost to zero
to eliminate its contribution to the system design, then the input cost parameters,
not the size or scaling parameters, should be set to zero.

V.A-1. Heliostats-Heliostat prices quoted by contractors usually include field
wiring and installation. Therefore, the value CH input by the user should also in-
clude these costs. DELSOL will subtract the wiring costs as described in Section
V.A-3 to determine the separate cost of heliostats:

$

m? mirror area

CCygL = Cy < ) X total mirror area + $1E6 — Cwigrg
(V.A - 2)

zones
= Cy (Z zone mirror area) + $1E6 — Cwire

Zone mirror area is determined from the zone density and land area. The con-
stant million dollar addition is to account for a beam characterization system and

092688 A-24




for meteorological equipment. The default value is Cyx = $120.0/m? of heliostat
area, which applies to a high reflectivity glass-metal heliostat. This value is con-
sistent with stated near-term cost goals of the 1984 five year plan.

V.A-2. Land-The cost of land should be the cost of unimproved land. The
area of land needed includes all of the land in each zone, increased by 30% to
account for roads and additional land around the field, and increased by a fixed
amount to account for the core area of the plant.

m?land

zones
= Cy, { (Z zone land area) x 1.3 + 0.18E6m2}

CCranp = CoL ( ) x total land area

(V.A - 3)

The default value is Cp (CL) = $0.62/m? of land area.

_ V.A-8. Wiring-The calculated wiring costs are assumed to be included in
the input heliostat cost, and are calculated and separated from heliostat costs by
DELSOL according to the following:

zones
Cwire = Y_ (CwrRi+ Cw,arAR; + Cw,aaz8A%) (VA - 1)
i :

x number of heliostats in zone i

where R; = radial distance from the tower base to zone i
AR; = average row spacing in zone i
AAz; = average spacing between heliostats on the same
row in zone i. '

This model was supplied with the field performance results from Reference 9. It
is designed to penalize heliostats placed farther out due to requirements of larger
(or more) primary cables as the field grows radially from the tower, and longer
plowed-in secondary line runs as the mirror density decreases with distance from
the tower. From the defined zoning and density option in namelists FIELD and
OPT, R;, AR;, and AAz; are known. Default values for the wiring cost parame-
ters, given for a single heliostat and as provided in Reference 35, are:

Cw r(CWR) = $0.03077/m
CW,AR(CWDR) = $15.00/m (UH suggests $0.72/m)

Cw,a4:(CWDA) = $9.00/m

A-25

092688




V.A-4. Tower-The optical tower height THT is used for all performance cal-
culations. The physical tower height THTg, which is the actual tower height from
the ground to the bottom of the receiver, is related to THT by

THTg = THT + HM/2 - H/2- W (V.A—5)

where HM = height of a heliostat
H = height of the receiver
W = height of a transition region from the tower to receiver;
this height is assumed to be the same as the receiver diameter W.

The cost of this transition region is assumed to be part of
the cost of the receiver.

The cost of the actual tower is calculated as

Crow2THTB THTB > 120 m
XrowTHTB  THTB <120 m

CcC =C X
TOW TOW1 X € (V.4 - 6)

CCrow =Crows X €

It is assumed that towers shorter than 120 m in height are steel towers, while
towers of 120 m or more are concrete towers, where the difference is shown only
in the cost coefficients for the above equations. The user has two options for cal-

culating the cost of the tower:

a) ITHT = 0; cost based on Sandia studies (Reference 36) and repowering
designs (Reference 35):

Crow: = $0.78232E6
Crowz = 0.01130
Crows = $1.09025E6

XTow = 0.00879

b) ITHT = 1; cost based on user supplied values of CTOW1 and CTOW?2 in
Namelist NLCOST, where these values are used for all THTB values.

The tower cost for option a) is plotted in Figure V-1. The default choice of tower
cost is ITHT = 0.

V.A-5. Recesver-The equation in DELSOL for costing receivers is of a form
commonly used in the chemical process industries (References 37 and 38). This
equation form, in which cost scales with receiver area, results from the fact that
the receiver is a specially designed heat exchanger. The equation is
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XREC
ﬂL) C(V.A-T)

CCgrec = CREC,REF (A
REC,REF

where Crec REF = cost of a reference design (dollars)
ARgc,REF = heat transfer area of the reference design
ARgc = heat transfer area of the receiver being evaluated

XRgc = scaling exponent for receivers, <1.0

Default values are based on the scaling exponent commonly used for heat ex-
changers and on a cavity salt receiver design (Reference 8):

CREC,REF (CREC1) = $23.0 x 10°
Agrgc rer (ARECRF) = 758.0 m?

Xrec (XREC) = 0.8

a) External and Flat Plate Receivers-The area Argc is simply the product
of 7 times the diameter (W) times the height (H) for an external receiver.

For a flat plate receiver the area is RXxRY.

b) Cavity Receivers-The bottom of the heat absorbing surface is calculated
by DELSOL (for costing purposes) so that at the given cavity depth, W/2
x RWCAV, a ray entering the bottom of the aperture from the farthest
heliostat will strike the heat absorbing surface.

HBOT =(THT - RY/2 x sin(180 — RELV))
g ( RMAX — W/2 + W/2 x RWCAV ) (V.A—8)
RMAX — W/2 + RY /2 x cos(180 — RELV)

where RMIN and RMAX are the local minimum and maximum radii for
the optimized heliostat field.

The height of the heat absorbing surface is specified in one of three ways.
If the default value of the variable H is used, the heat absorbing surface
height will be specified as 1.1xRY (1.1 times the aperture height). If a
different value H is specified, then that value is taken to be the actual
height of the heat absorbing surface. However, the height will never be
allowed to be larger than that height needed to intercept a ray from the
nearest heliostat entering the top of the aperture, as shown in Figure V-2a

and described as

HTOP =(THT + RY/2 x sin(180 — RELV))
g ( RMIN - W/2 + W/2 x RWCAV (V.A-09)
RMIN - W/2 + RY/2 x cos(180 — RELV)
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Figure V-2. a) Schematic illustrating the relationship of the height of the back
wall of a cavity to other system dimensions; b) Assumed shape of
the heat transfer surface in a cavity
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In this case, the height of the heat absorbing surface is

HCAV = HTOP — HBOT

The circumferential width of the heat absorbing surface used in costing

a cavity receiver is that portion of the cylindrical surface which can be
seen through the aperture by the section of the field active for the cav-
ity. Rays from the nearest heliostats on the boundaries of this sector are
used to calculate the fraction of the surface seen (Figure V-2b). Note that
if Equation (V-A-9) is used to determine the height of the heat absorb-
ing surface, this height may be extremely sensitive to the choice of the
variable RADMIN. In this case the user may find it desirable to rerun the
code with values of RADMIN larger than the default in order to obtain a

reasonable value for HCAV.

V.A-6. Pumps-The pump cost is assumed to be

CCpUm = Crp + Csp (V.A- 10)

where Cgrp = receiver/tower pump cost
Cgp = storage pump cost

These costs are assumed to scale from the costs for a knawn reference design.
The scaling parameter for pump costs is the product of the head times the capac-
ity (Reference 37). For the receiver pump, the head is proportional to the tower
height, and the flow rate is the total fluid flow, i.e., EPGS and storage require-
ment. Thus, the fluid flow is proportional to the solar multiple times the thermal
power transferred in the heat exchangers. For the storage pump, the head is as-
sumed to change negligibly from the reference design, and the flow rate is propor-
tional to the thermal power alone (EPGS only). These assumptions lead to the

following equations for the pumping costs:

THT x SM x Py, i
oo =C V.A-11
RP RP,REF (THTRP,REF x SMRp,REF X Pth,RP,REF) ( )
P Xsr
Csp =Csp REF (H“) V.4- 12
th,SP,REF

where  CrpRrEF = cost of reference receiver /tower pump ($)
THT = tower height (m)
SM = solar multiple
P,;, = thermal power to EPGS (watts)
THTRp,REF = tower height for reference receiver pump design (m)
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SMRrp,REF = solar multiple for reference receiver pump design
P:n rP,REF = thermal power to EPGS in reference receiver pump
system (watts)
xpp = scaling exponent for receiver pump
Csp,REF = cost of reference storage pump (3)
Pihsp,REF = thermal power to EPGS in reference storage pump

system (watts)
xgp = scaling exponent for storage pump.

Default values are as follows:

Crp.rer (CRPREF) = $2.1 x 10°
THTgrp rer (TRPREF) = 170.0 m
SMgp reF (SMRP) = 1.5
Pih.RP,REF (PRPREF)‘= 2.6 x 10% watts
xgp (XRP) = 0.85
Csp rer (CSPREF) = $4.70 x 10°
Punsp rer (PSPREF) = 3.0 x 10° watts

-xsp (XSP) = 0.15

V.A-7. Piping-Piping costs are assumed to scale with tower height and with
pipe diameter in relation to a reference system (Reference 39).

D
DRrEeF

CCprpe = THT(¢pnCroT,REF + £PcCcoLD,REF){ )¥rire (V.4 - 13)

where £py = multiplier on THT to give total hot piping run as
described in Section 111.G-4
ChoT,REF = reference hot pipe cost, including pipe, insulation,
fittings, hangers, supports, installation ($/m)
£pc = multiplier on THT to give total cold piping run (can be
different from £py if expansion allowance is less)
CcoLp,REF = reference cold pipe cost, as above ($/m)
D = pipe diameter (m)
Dgrer = reference pipe diameter (m)
'Xpipg = scaling exponent for piping.
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The pipe diameter is assumed to scale with the square root of the flow rate,
which is in turn proportional to the product of the solar multiple times the design
point thermal power delivered to the process:

0.5
D _ ( SM x Pun ) (V.A — 14)
DREF SMpIPE,REF X Pth PIPEREF

Default values are based on a molten salt design in which hot and cold runs are
the same length (allowing the total reference cost to be put in either CyoT REF OT

CCOLD,REF):
¢py (FPLH) = 2.6

tpc (FPLC) = 2.6
Chot rer (CHPREF) = $2.84 x 10*
CooLprer (CCPREF) = $0.0/m
SMprpe REF (SMPI) = 1.5
Py piperer (PPIREF) = 2.6 x 10° watts

xpipe (XPI) = 1.06 (Reference 31)

V.A-8. Storage-In DELSOL the cost of storage is based on a reference con-
tainment cost and and size, and if the storage size exceeds a tank size limit then
two smaller tanks of equal size are used instead. The equation for storage cost is

NEMPTY Vik T
CCsToRAGE = nsToR(CTK,REF (1 + > ( )

n Vv
1STOR TK,REF (V.A - 15)
VTK
+ CMED,REF 37— —
TK,REF
where ngTor = number of storage tanks, or hot/cold pairs

ngmMpTy = number of spare tanks (for drainage or backup)
Ctk,rEF = reference storage media containment cost (including
hot and cold tank pair, if so designed, insulation,
foundation, valving, etc.) ($)
CMED REF = reference storage media cost ($)
Vi = tank volume (m®)
VK, REF = reference tank volume (m3)
xgT = scaling exponent for tanks.
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nsToR is determined from an assumed maximum volume per tank:

NSTOR = - VsToR
STOR VTK MAX

where  Vsror = total volume required for storage (m?)
VTK MAX = maximum tank volume (m?)

For non-integer values, ngToRr is rounded to the next highest integer. The total
storage volume is related directly to the energy in storage:

EsTor
VsTor = VTK,REF (E__ (V.A - 16)
STOR,REF
where EgsToRr is the energy in storage. The individual tank volume is:
\%
Vg = — 8 (V.A - 17)

assuming that multiple tanks will be constructed of equal volume. If only a sin-
gle tank design is desired, the user can choose an appropriately large value for

VTK MAX-

In DELSOL, storage is initially sized for the excess energy production on the
longest day, June .21st. This storage size is always calculated and used in the sys-
tem optimization process. The calculation of EstoR is illustrated in Figure V-3.
Its value is determined by a numerical integration to give the shaded area in the
figure. The nominal number of hours of storage is simply EgTor divided by Ppgs.
The assumption is made that this day will require the largest storage tank, so
that no energy is thrown away at any time during the year. However, for north
biased fields this assumption is not necessarily valid, since due to higher field effi-
ciencies at other days of the year the integrated value mentioned above could be
higher at another day than June 21, thus leading to discarded energy when the
storage tank is sized for June 21. On the other hand, it is possible that having a
smaller storage tank and discarding energy may be more cost effective than never
discarding energy. The user is therefore given the option of optimizing the stor- .
age size to balance the cost of the storage tank against the cost of discarding en-
ergy. This option, which is specified using the variables ISTR and NSTR (Section
IV.C-5), is requested as part of system optimization, but the storage optimization
and final storage tank cost calculation is done during a final performance calcu-
lation. This is the only component cost which may be recalculated during a final
performance calculation.

Default values for calculating storage costs are based on a hot tank/cold tank
design: :
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STARTUP NOON SHUTDOWN

Figure V-3. Energy to storage is the excess energy produced above the design
point requirement; it is given by the hatched area. The reference
time in this example is noon.
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nempty (EMPTY) = 0.0

Crk rer (CSTREF) = $9.70 x 10°
CMED,REF (CSTRMD) = $6.80 x 10°

Vrkrer (VSTREF) = 3740 m®

xgr (XST) = 0.6 (Reference 31)
Vrkmax (VMAX) = 1.23 x 10* m®

EsTOR,REF (ESTREF) = 6.88 x 108 watt-hrs

V.A-9. Heal Ezchanger Between the Receiver Fluid and the Storage Fluid-For
current technology systems it may be desirable to have different types of fluids for
the receiver and for storage, since fluids which store energy well (e.g., molten ni-
trate salt) may not absorb energy in a receiver as well as other fluids (e.g., liquid
sodium). In this case, a separate heat exchanger is required as an interface be-
tween the two fluids. The cost of that heat exchanger scales with thermal power

at the base of the tower:

XKN.P )
——P‘l‘—) (V.A —18)

CCuTxsToR = CKN,REF <P
th,KN,REF

where Cgn Rer = Cost of receiver fluid-to-storage fluid heat exchanger
for the reference thermal power ($)
P., = Actual thermal power at the base of the tower
Reference thermal power at the base of the tower
for the receiver fluid-to-storage fluid heat exchanger (watts)

XxkN,p = Scaling exponent

Piy,KN,REF =

The cost of this heat exchanger is only included if the variable ICKN =1
(Namelist NLCOST). The default values are based on the cost of sodium steam

generator heat exchangers:

ICKN =0
CKN,REF (CKNREF) = $9.0 x 10°
Pty KN,REF (PKNREF) = 320.0 x 10° watts

xknp (XKN) = 0.8
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V.A-10. Heat Ezchangers Related to Generating Electricity-There are two op-
tions for calculating heat exchanger component costs, the first of which scales the
cost of a reference system based on thermal power into the heat exchangers (out
of storage), and the second of which scales the cost of a reference system based on
individual heat exchanger areas.

a) ICHE =0 (default)—cost scales with thermal power into the heat exchang-

ers based on a reference system:

P XHE.P
th ) (V.A —19)

CCyTxcHG = CHE,REF <P
th HE,REF

Cug,ReF = reference heat exchanger subsystem cost ($)
Py, = actual thermal power into the heat exchangers

reference design thermal power into the heat

exchangers (out of storage) (watts)

xgE,p = scaling exponent

where

Pth HEREF =

s are based on proposed molten salt designs, and the total

Default value
r, superheater, and reheater:

subsystem cost includes an evaporato

CHE,REF (CHEREF) = §15.2 X 108
Pih HE REF (PHEREF) = 3.0 x 10% watts

XHE,P (XHEP) = 0.8

b) ICHE # O-cost scales with individual heat exchanger areas based on a
reference system:

A;DH XHE.A ,EV XHE.A
X—_—> + ngvCEeV REF ( )
PH,REF

AISH XHE.A A'R'H XHE.A
+ nggCsH,REF <————> + nryCRH,REF (——-)
AsH REF ARH REF

CCyrxcuc = NpHCPH,REF <

where subscripts PH, EV, SH, and RH refer to the preheater, evaporator,
superheater, and reheater, respectively, and:

n; = number of type i heat exchangers
C; rer = reference cost of single type i heat exchanger ($)

A; = area of heat exchanger i (m?)

A; ReF = area of reference type i heat exchanger (m?)
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XHE,A = scaling exponent.

n; is calculated from a specified maximum area A;max for a type i heat
exchanger:

= ——— (V.A - 21)
A; MAX
where
A= A Pu, V.A—22
i = AjREF m (V.A-22)
o1y
and
] Ai
Al=—= (V.A —23)
n;

For non-integer values of n; in Equation (V.A-21), it is rounded to the
next highest integer. Default values are based on sodium hockey stick de-
signs (Reference 40), and no preheater is included. (Salt heat exchangers
have not yet been studied in detail by the authors for costing according to
this option.) Also, A; Max is set sufficiently large so that only single units
will be built. : o

Cpu rer (CPHREF) = $0.0

Apnrer (APHREF) = 1.0 m?
Apumax (APHMAX) = 10!0 m?
Piwpurer (PPHREF) = 1.0 watt

Cev rer (CEVREF) = $3.77 x 10°

Agv rer (AEVREF) = 1300.0 m?
AgvMax (AEVMAX) = 10" m?
Pu.ev rer (PEVREF) = 2.6 x 10° watts

Csurer (CSHREF) = $1.24 x 10°

Asy rer (ASHREF) = 400.0 m?

Asumax (ASHMAX) = 10!0 m?
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Py surer (PSHREF) = 2.6 X 108 watts
Crurer (CRHREF) = §1.38 x 108
ARH,REF (ARHREF) = 310.0 m?

Armax (ARHMAX) = 10'° m?

Py RH,REF (PRHREF) = 2.6 X 10® watts

XHE,A (XHEA) =0.6

V.A-11. Electric Power Generating Subsystem (EPGS)-This cost, which in-
cludes the cost of the turbine plant and electric plant, is scaled from a reference

system cost:

P Xpras
1'TE,REF th) (V.A - 24)

CCgpgs = CEPGS,REF (
PEPGS,REF

where Cgpgs Rer = cost of reference EPGS subsystem (turbine plant
and electric plant) ($)
Prpas REF = gross power rating of reference subsystem (watts)
nTEREF = design point thermal to electric conversion efficiency
(see section III.G-5).

Default values assume a 112 MWE grogs Output and constant nTg REF for all power
levels.

CePGs,REF (CEGREF) = $37.5 x 10°
PEPGS, REF (PEGREF) = 1.12 X 108
7TE,REF (ETAREF) = 0.42

xgpgs (XEPGS) = 0.8

Note: This cost is automatically set to zero for a user specified
industrial process heat design (IPH # 0 in Namelist NLEFF).

V.A-12. Fized Costs-It is assumed that, regardless of plant size, all plants
have some common field costs (e.g., buildings and roads, master control, etc.).
The structures and improvements, as well as miscellaneous equipment, are some-
what related to the electric power output of the plant, while some other costs are
related to the size and amount of other equipment (capital costs). The fixed cost
algorithm is based on Reference 35, and can only be partly changed by the user:
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CCrixep = 2.0E6 + 0.14 x DCC + 0.093 x Pe + CrixeED (V.A - 25)

where DCC = all other direct capital costs
P. = design point turbine electric power (watts)
Crixep = any other additional fixed costs

The user only has control over Corixgp, which has a default of:

Crixep (CFIXED) = $0.0

V.B. Calculation of Levelized Energy Cost

Based on the total capital cost CCt defined in Equation (V.A-1) using the
component cost models discussed in the previous section, a levelized (or dis-
counted average) cost of energy over the lifetime of the plant is calculated as fol-
lows (References 41 and 42):

1) The total investment at operation startup, CCst_yp,T, will be the current
capital cost estimate, CCrt, escalated over the time period from the time
of the cost estimate to the first year of construction (NYTCON), plus the
interest on the borrowed investment during the construction period, ipc.
Note that the length of the construction period is not explicitly stated,
but that time period would be factored into the value of ipc.

CCgr—_yp,r = CCr X (1.0 + ipc) (1.0 + ESC)NYTCON (V.B — 1)
In current, supposedly more valuable dollars,

co _ CCst-up,T
ST-UP,cur§ — (1_0 + I‘inf)NYTCON

(V.B - 2)

where rins is the general rate of inflation, which is not necessarily equal to
the capital escalation rate ESC.

2) The levelized energy cost includes both capital recovery and operating
and maintenance (O&M) charges. The O&M charges are calculated as a
levelized percentage of the capital cost. DELSOL splits O&M charges into
heliostat and non-heliostat rates:

LEC = (FCRxCCsr—rip 7)+(0&Mp Lpv xCCOst-ur.u)+(0&Mpar.Lev XxCCsT-ur.paL)

Annual Energy
(V.B-3)

. 092688 A-39




Net electric annual energy as described

in Section IIL.LH
FCR = fixed charge rate, i.e., annual charge a
capital investment to account for returns to

shareholders, taxes and insurance, depreciation,
debt cost, and discount rate
O&MH LEV = levelized heliostat O&M rate
CCsT-UPH = heliostat subsystem capital investment at startup
. (includes land and wiring)
O&MBALLEV = levelized balance of plant O&M rate
CCsT-UP,BAL = balance of plant capital investment at startup

where Annual Energy =

gainst the

V.B-1. Fized Charge Rate-The user s allowed one of two options for deter-

mining the fixed charge rate, FCR:

In this case, the values of DISRT,

a) IFCR = O-user specified value of FCR.
fied correctly for use in calculating

RINF, and NYOP still need to be speci
| O&M rates.

d on user supplied values

b) IFCR # 0-FCR is calculated by DELSOL base

of economic parameters.

(1.0 - ITC) - (ITR x DEP)
FCR = PTI . (v.B-4
| * (1.0 - ITR)fpis ( )

where PTI = annual property tax and insurance rate
ITC = investment tax credit

ITR = income tax rate
DEP = depreciation allowance, discussed below

fpis = discount factor, discussed below.

With option b) above (IFCR#0), the user is allowed one of two choices for
calculating the depreciation allowance:

1) IDEP = 1-straight line schedule:

Yper
0/Y
DEP= > (1.0/Yper) (v.B - 5)

= (1.0+ rpis)?

where Ypgp = depreciation life of the solar plant (years)
rpis = .discount rate, discussed below.

2) IDEP = 9—sum-of-years digits schedule:
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Ynorr
DEP = 5 2(Yqrp =y + 1) (V.B —6)
;-;l Yper(Ypep + 1)(1 + rD1s)?

The discount rate rpys is the effective cost of money to the owner and includes

both debt cost and return on equity requirements according to:

IpIs = l(l.O ~ITR) x [p x iD] + (1.0 - fD) x ROE (V.B — 7)
where fp = debt fraction
ip = debt cost (interest rate on borrowed capital)
ROE = before tax return on equity.
(Note that rpis = ROE for [p = 0; i.e., 100% equity financed projects.)
The discount factor is:
iy 1.0
fpis = - V.B-8
yX::l (1.0+rD15)y ( )

where Yop = economic operating life of the plant (years).

V.B-2. Levelized O&M Rates-The levelized O&M rates are determined from
the initial rate, O&M;; the yearly inflation and discount rates, Tinf and rpis, re-

spectively; and the plant operating life, Yop:

ZYUP _O&My
o&M — y=1 (I‘H'Dlg)y
LEV ZY“P 1
y=1 (1+4rp1s)? (V.B - 9)
O&M; Ty (s '

y=1 {(1+rp1s)¥

Z\'«)r 1
y=1 (1+rpis)’

Default values are based mostly on 1984 5-year plan economics:

ipc (AFDC) = 0.0318 (assumes a 3-year construction period)

ESC (ESC) = 0.00

NYTCON (NYTCON) = 0 (assumes plant construction begins now)

Tinf (RINF) = 0.00
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IFCR (IFCR) = 0
FCR (FCR) = 0.0615
O&M,; (RHOM) = 0.015
O&Mgar,; (RNHOM) = 0.015
PF (PF) = 0.9
rpis (DISRT) = 0.0315
PTI (PTI) = 0.01
ITC (TC) = 0.10
ITR (TR) = 0.48
fp (FDEBT) = 0.5431
ip (RDEBT) = 0.11
ROE (ROE) = 0.15
IDEP (IDEP) = 2

Ypep (NDEP) = 24 years

Yop (NYOP) = 30 years
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3.1.1

092688

Environmental Conditions -~
Barstow, California
GENERAL

Scope

This document lists the environmental conditions for the 10
MWe Solar Central Receiver Pilot Plant to be located at

the Southern California Edison (SCE) Cool Water Site near
Barstow, California.

DOCUMERTS

The following form a part of this document to the extent
stated herein.

MIL-STD-810B Environmental Test Methods

Uniform Building Code - 1976 Ediction, Volume I by
International Conference of Building 0fficials

INVIRONMENTS

IZnvironmental conditions include winds and gusts, tempera-
ture extremes, rain, sleet, hail, snow, earthquake and soil
conditions as follows:

Wind

The vind speed specifications at a reference height of
10m (30 £t) shall be:

Speed Frecuencwy

Speed, m/s (mph) Frequency, Percent
0-2 (0-4.5) 29

2=4 (4.5-5.0) 21

4=6 (8.0-13.5) 19

6=-8 (13.5-18.0) : 14

=10 (18.0-22.5) 8

10-12 (22.5-27.0) 5

12-14 (27.0-31.5) 3

lé=- (31.5~ ) Less than 1
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3-1.2

3.1.3

3.1.4

3.1.4

3.2

3.3

3.3.1

3.3.2

3.3.3

092688

For the calculation of wind speed at other elevations,
assume the following model:

: c
Vg = vl(ﬂ/nl)

Where: = wind velocity at height H
1 - reference wind velocity
1= reference height (assume 10 mw, 30 ft)

= 0.15

0ma< o

Wind Rise Rate. A maximum wind rise rate of 0.0l m/sz(0.0Z mph/sz).
A maximum wind of 25 m/s (55 mph) from any direction may

occur resulting from unusual rapid wind rise rates, such as

severe thunderstorm gust fronts.

Survival Wind. A maximum wind speed, including gusts, of
40 m/s (90 mph).

Dust Devils. Dust devils with wind speeds up to 17 m/s
(38 mph).

Sandstorm Environment. Sandstorm limits within tests per
MI1-STD~810E, Method 510.

Temperature o o

Ambient air temperatures range from -30 C to +50°¢C
c o

(=20 F to + 120 F).

Precipitation

Rain - Average amnual: 750 mm (30 in) Maximum 24-hour rate:
75 =m (3 in)

lce - Freezing rain and ice deposts in a layer up to 50 mm
(2 in) thick.

Hzail -
Diametrer 25 =m (1 4n)

Specific Graviry 0.9
Terminal Velocity 23 m/s (75 fz/s)
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3.3.4 Snow - Maximum 24-hour rat :

0.3m (1 £t.); maximum
loading: - 250 Pa (5 1lbs/ft“).

3.4 Insolation

3.4.1 Maximum Flux. Direct normal nominal insolation of 1100 watts/
Square metre maximum at the plant site.

| 3.4.2 Rate of Change. The maximum rate of change of incident
flux shall be assumed as that which would result from the

passage of an opaque cloud across an otherwise clear sky

where the sharp leading or trailing edges of the shadow

move across the pilot plant site at a velocity of 20 m/s
(45 mph).

3.5 Earthcuate

Seismic zone 3 (Urniform Bldg. Code).

3.6 Soil Provperties

The surface deposits of silty sand, which extends to depths
of from 0.3m to 1.5m (1 ftr to 5 f£t), are only moderately £irm
and become weaker when wer. The sand below a depth of about
1.5m (5 ft) is firm bur contains thin layers of relatively
soft silt. In general, the sand

is firmer below 3m (lO ft)
and layers ol sofr silt wvere not encountered.

3.6.1 G. Shear Modulus. and T. Secant Modulus

Shear Modulus = G = B(h+zz = by
' 2(1+u) 2.6
|

Secant Modulus = I = B(h+z) = By

Where

function of soil depth (see charr)
depth of burden

depth from burden

= constant = 0.3

= depth from surface

8
h
z
u
y
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Secant Modulus

: at the free
Soil Depth (v) Densitv g

surface
(®)  (f1)  (kg/m) (Lb/£rD)  (MPa/m) (psi/fr) (Mpa) (psi)
0-1.5 (0-5) 1600 (100) 1.7 ( 75) 0.7 (100)
1.5-3.0 (5-10) 1840 (115) 2.5 (110) l.4 (200)
3.0=- (10- ) 1920 (120) 3.4 (150) 2.1 (300)

At depth of 1.5m (5 £tr) G = 10 MPa, (1500 psi) -
E = 28 MPa (4000 psi)

At depth of 3.0m (10 £t) G = 32 MPa, (4600 psi)
E = 83 MPa (12,000 psi)

Geophysical data (from seismic refractrion investigation) indi-
cates a shear modulus at a strain rate of 10 m/m (in/in) of

between 100 to 140 MPa (15,000 to 20,000 psi) at a depth of
3w (10 ft).

Bearing Cazpacitv (allowable for standard spread or mat-type

foundations).

Depth,m(£fz) Load kPa(psf)

0.6 (2 70 (1,500)
1.5 (5) 240 (5,000)
3.0 (10) 480 (10,000)

Penetration Data. The number of blous required to drive a

materials sampler 300mm (12 in) was recorded for a number
of borings. To a depth of 7.5z (25 £t) a weight of 725 kg
(1600 1b) (Relly weighr) falling a distance of 0.3m (1 ft)
was used to drive the 76zm (3 in) diamerer sanpler.
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‘Number of Blows to Drive an LC&A Sampler 300m (12 in)

No. of
Depth (m) (£t) Average Range Samples
0 -1.5 (0=-5) 2.6 0~ 9 74
1.5 - 3.0 (5-10) 4.2 l-10 42
3.0 = 4.5 (10-15) 5.9 2 - 11 31
4.5 - 6.0 (15-20) 8.0 4 - 15 19
6.0 - 7.5 (20-25) 9.0 5«20 17
Note:

There does not appear to be a direct conversion
between these data and a standard penetration
test, so the results are qualitative in nature

3.6.4 VWater Table. Below 30 m (100 fr)

A-48
092688




3.
3.1
3.1.1
|
|

092688

ATTACHMENT B.

ENCLOSURE III
EXHIBIT V

Environmental Conditions =
Barstow, California

GENERAL

Scope

This document lists the environmental conditions for the 10
MWe Sclar Central Receiver Pilot Plant to be located at

the Southern California Edison (SCE) Cool Water Site near
Barstow, California.

DOCUMENTS

The following form a part of this document to the extent
stated herein.

MIL-STD-810B Environmental Test Methods

Uniform Building Code - 1976 Edition, Volume 1 by
International Conference of Building Officials

ENVIRONMENTS

Environmental conditions include winds and gusts, tempera~
ture extremes, rain, sleet, hail, snow, earthquake and soil
conditions as follows: ’

Wind

The vind speed specifications at a reference heighr of
10m (30 £t) shall be:

Speed Frecuency

Speed, m/s (mph) Frequency, Percent
0-2 {(0-4.5) 29

2=4 (4.5-9.0) 21

4=6 (9.0-13.5) 19

6-8 (13.5~18.0) ' 14

6~-10 (18.0-22.5) 8

10-12 (22.5-27.0) 5

12-14 (27.0-31.5) 3

l4- (31.5~ ) Less than 1
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ENCLOSURE III
EXHIBIT V
Page 2

For the calculation of wind speed at other elevations,
assume the following model:

: c
Vg = v, (H/R,))
Where: VH = wind velocity at height H
Vl = reference wind velocity
Hl = reference height (assume 10 m, 30 fo)
C = 0.15

3.1.2 Wind Rise Rate. A maximum wind rise rate of 0.0l m/sz(O-OZ mph/sz).
A maximum wind of 25 m/s (55 wph) from any direction may
occur resulting from unusual rapid wind rise rates, such as
severe thunderstorm gust fronts.

3.1.3 Survival Wind. A maximum wind speed, including gusts, of
40 /s (90 mph).

3.1.4 Dust Devils. Dust devils with wind speeds up to 17 m/s
(38 mph).

3.1.4 Sandstorm Environment. Sandstorm limits within tests per
MIL-STD-810B, Methed 510.

3.2 Temperature o o
Ambignt air temgeratures range from -30 C to +50 C
(=20°F to + 120 F).

3.3 Precipitation

3.3.1 - Rain -~ Average amnual: 750 mm (30 in) Maximum 24~hour rate:
75 mm (3 in) :

3.3.2 Ice - Freezing rain and ice deposts in a layer up to 50 mm
(2 in) thick.

3.3.3 Hail -
Diameter 25 mm (1 in)

Specific Gravity 0.9
Terminal Velocity 23 m/s (75 ft/s)
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3.3.4

3.4

3.4.1

3.4.2

3.5

3.6

3.6.1

092688

ENCLOSURE 1III
EXHIBIT V
Page 3

Snow - Maximum 24-hour ratﬁ: 0.3m (1 £ft.); maximum
loading: ' 250 Pa (5 lbs/ft"). :

Insolation

Maximum Flux. Direct normal nominal insolation of 1100 watts/
square metre maximum at the plant site.

Rate of Change. The maximum rate of change of incident
flux shall be assumed as that which would result from the
passage of an opaque cloud across an otherwise clear sky
wnere the sharp leading or trailing edges of the shadow

move across the pilot plant site at a velocity of 20 m/s
(45 mph).

Earthauate

Seismic zone 3 (Uniform Bldg. Code).

Soil Properties

The surface deposits of silty sand, which extends to depths
of from 0.3m to l.5m (1 ft to 5 ft), are only moderately £irm
and become weaker when wet. The sand below a depth of about
1.5m (5 ft) is firm but contains thin layers of relatively
soft silt. 1In general, the sand is firmer below 3m (10 ft)
and layers of soft silt were not encountered.

G, Shear Modulus, and E, Secantr Modulus

Shear Modulus = G = B(h+z) - By

—

2(1+1) -6

Secant Modulus = E = 8(h+z) = By

Where

B = function of soil depth (see chart)
h = depth of burder

z = depth from burden

u = comstant = (0.3

y = depth from surface
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ENCLOSDRE III

EXHIBIT V
Page 4
Secant Modulus
at the free
Soil Depth (v) Density 8 surface

(m) (fr) (kg/m3) (Lb/ft3) (MPa/m) (psi/ft) (MPa) (psi)
0-1.5 (0=5) 1600 (100) 1.7 ( 75) 0.7 (100)
1.5-3.0 (5-10) 1840 (115) 2.5 (110) 1.4 (200)
3.0~ (16- ) 1920 (120) 3.4 (150) 2.1 (300)

At depth of l.5m (5 £t) G = 10 MPa, (1500 psi) -
E = 28 MPa (4000 psi)

At depth of 3.0m (10 ft) G = 32 MPa, (4600 psi)
E =83 MPa (12,000 psi)

Geophysical data (from seismic refraction inxsstigation) indi~
cates a shear modulus at a strain rate of 10 wm/m (in/in) of
between 100 to 140 MPa (15,000 to 20,000 psi) at a depth of

3m (10 £¢).

Bearing Capacitv (allowable for standard spread or mat=-type

foundations).

Depth,m(ft) Load kPa(psf)

0.6 2) 70 (1,500)
1.5 (5) 240 (5,000)
3.0 (10) 480 (10,000)

Penetration Data. The number of blows required to drive a

materials sampler 300mm (12 in) was recorded for a number
of borings. To a depth of 7.5m (25 ft) a weight of 725 kg
(1600 1b) (Kelly weight) falling a distance of 0.3m (1 ft)
was used to drive the 76mm (3 in) diameter sampler.
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ENCLOSURE III
EXHIBIT V
Page 5

‘Number of Blows to Drive an LC&A Sampler 300m (12 1p)

No. of

Depth (m) (ft) Average Range Samples
0 - 1.5 (0-5) 2.6 0- 9 74
1.5 - 3.0 (5-10) 4.2 l1-10 42
3.0 = 4.5 (10-15) 5.9 2 - 11 31
4.5 = 6.0 (15-20) 8.0 4 - 15 19
6.0 -~ 7.5 (20-25) 9.0 5 - 20 17

Note: There does not appear to be a direct conversion
betwveen these data and a standard penetration
test, so the results are qualitative in nature

Water Table. Below 30 m (100 fr)
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ATTACHMENT C
UTILITY CONCENSUS GUIDELINES
EPGS/BALANCE OF PLANT REDUNDANCY
INTRODUCTION
Definitions
Balance of plant —— That portion of the solar power generating

facility that consists of the turbine, condenser, condensate
feedwater, cooling tower and all other associated auxilliary
equipment.

Redundancy

Those major plant components which are considered to be the
less reliable (available), and which may result in either 100%
loss of the unit or require several months outage to repair or
replace. Redundancy is usually incorporated into the design by
using more than a single (one) item of equipment.

BACKGROUND

The degree of redundancy to be incorporated into a plant design is
generally determined by past operating experience and/or utility
preference. Following is a discussion of experience with Solar
One.

Sclar One

The design of Solar One incorporates a minimum of redundancy
(one boiler feed pump, one condensate pump, one condenser
vacuum pump). Two each of: raw service water pumps, service &
instrument air compressors and circulating water pumps were
also included. It is probable that two circulating water pumps
were included to save on auxilliary power during winter
generation and not for redundancy. The P&ID also indicate that
control false bypasses were not included.

RECOMMENDATIONS

Based on good operating experience with generating units of 100 to
200 MW in size; the peaking application of the solar generating
facility (similar to current gas turbine applications); and
satisfactory operation of Solar One;

it is recommended that a minimum of redundancy be incorporated into
the balance of plant which is to be used for the utility study.

It is further recommended that the design be based on the
following:
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A single turbine, condenser, de-aerator, and single string
feedwater heaters.

Delete the in-line condensate polish unit, leave space for the
addition at a later date.

Two 100% condenser vacuum pumps (Nash-type), raw water service
pumps, service & instrument and compressors, bearing cooling
water, hydrogen and 1lube o0il cooler pumps, two 50% condensate
pumps, steam generator feed pumps (each with motor and
hydraulic coupling), boiler circulating pumps, circulating
water pumps (use horizontal split case rather than vertical
pullout).

One each, service water storage tank, condensate storage, and
raw water demineralizer. One auxilliary boiler (electric) to
provide steam to the de—aerator and turbine seals after
extended outage.

Usual design practice for piping and valves; except no bypass
around control valves; individual drains from feedwater heaters
to condenser including water induction provisions, and nitrogen
blanketing, mainteam piping, with desuperheater to bypass
turbine to condenser, which is required to match turbine metal
and main steam temperature during startup.

The control system for the balance of plant is expected to be

conventional and will be incorporated into the plant master
control design.
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ATTACHMENT D

SOLAR CENTRAL RECEIVER TECHNOLOGY ADVANCEMENT STUDY
COMMENTS ON DELSOL III COST SCALING RELATIONSHIPS
AND DEFAULT INPUT VALUES

Total Cost Model. The DI(EXT) default value of 0.16 for distributable
and indirect costs appears low. A representative number is 0.23, which
includes 12.5 percent for field indirect costs, 7 percent for engineering

and home office costs, and 2 percent for architect-engineer fees.

The contingency (CONT) default value of 12 percent also appears low.

Bechtel estimating practice indicates a value of 15 percent.

Land. In California, the land value (CL) of $0.62/m2 ($2500/acre)

represents a price for prime agricultural land currently under

cultivation. The Carrisa Plains plant cost estimate assumed a land cost

of $1000/acre for that arid, dry-farming area. Land prices at sites
identified by PGandE in the San Joaquin Valley are $200-$300/acre for
barren land without surface water rights and suitable for cultivation of
row crops, $3000-$5000/acre for vineyards and $6000-$8000/acre for

orchards.

A purchase price of $950/acre should be used. The SCR site impact study
made by Bechtel for PGandE anticipated this price for uncultivated land
with surface water nearby. If the site occupies more than two-thirds of
any one 640-acre section, purchase of the entire section should be

assumed.
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Clearing and grubbing should cost roughly $600/acre, based on Bechtel
estimates for other fairly flat sites. A perimeter fence should cost

roughly $12/1ineal foot.

Receiver. The receiver default cost value corresponds to a unit cost of
$30,300/m2, and is intended to reflect cavity receiver cost. For
external receivers, representative unit costs are $21,200/m2 for
nitrate salt designs and $25,400 for sodium designs. This is based on a

compilation of data from the following sources:

® Carrisa Plains final design effort

° PGandE evaluation of commercial size central receiver
plants

° Sandia National Laboratories Livermore

The corresponding input values are CRECl = $24.1 XlO6 and ARECRF =

1136.0m2 for nitrate salt receivers, and CREC1 = $15.4 X 106 and
ARECRF = 607.0m2 for sodium receivers.
Pumps. The reference pump cost C in formula V.A-1] seems

RP,REF
appropriate for nitrate salt receivers, without provisions for hydraulic

recovery at the base of the tower. For sodium receivers in a closed loop
with a sodium-to-salt heat exchanger, a new reference pump cost will be

developed by PGandE/Bechtel.

Piping. The default values for FPLH and FPLC assumed that the hot and

cold pipe runs are the same length. Actually, the expansion loop
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requirements in the hot piping are approximately twice the requirements
in the cold piping. Allowing for expansion loops, and assuming that the
pipe run lengths outside of the tower are equal to one-half the tower
height, representative values for FPLH and FPLC become 3.0 and 2.3,
respectively. Recommended pipe cost algorithms are shown in Appendix J

to the consensus guidelines.

Storage. The hot and cold tank cost (CSTREF) of $9.7 X 1o6 for a 688

MWht system appears high. Based on vendor information obtained for the
PGandE Evaluation of Commercial Size Central Receiver Plants, a
representative cost for externally insulated tanks in a 688 MWht system

is $3.7 X 10°.

The maximum tank volume (VMAX) of 1.23 X 104m3 (146 ft. dia X 26 ft,
high) should be readily achieved with existing tank technology.

Based on a budgetary estimate from Struthers Wells Corp. for a double
tube, double tubesheet design, the cost of a 320 MWt intermediate heat
exchanger (CKNREF) should be $6.2 X 106. The cost scaling exponent

(XKN) should be 0.5, based on steam generator cost information from

Babcock and Wilcox (see next item).

Heat Exchangers. The steam generator cost scaling exponent (XHEP) should
be 0.5, based on data from Babcock and Wilcox in its Sandia steam

generator design report.

Financial Calculations. Formula V.B-2, in order to correctly deflate the

total investment over the entire construction period, needs to use an
exponent representing the entire construction period. NYTCON should

therefore be set equal to the construction period in years.

R&D/5459E/kn

092688 A-62




For the formula V.B-1 on page 131 to correctly account for escalation
during construction, the exponent now labelled "NYTCON" should equal
two-thirds of the construction period. Since NYTCON is used to represent
the full construction period in formula V.B-2, the exponent in formula

V.B-1 should be changed from "NYTCON" to "2 NYTCON".
3

\

Formula V.B-1 does not include allowances for construction period
expenses, owner's services directly associated with the project, plant
startup expenses, property taxes and insurance during construction, and
sales taxes. These are typically estimated to be 6 percent of the plant
cost in year "0" of the construction schedule, and are not subjected to
escalation and AFDC calculations, Adding the term "+ 0.06CCT" to

formula V.B-1 will account for these items.

Representative parameters for private utility financing of power plant
construction are given below. These parameters are based on the

following assumptions:

] PGandE financial structure - specifically, return on equity and
interest rate on debt as outlined in the Second Application to
the California Public Utilities Commission (August 20, 1986)
concerning avoided cost payments to qualifying facilities.

. Levelized 30-year general inflation rate of 5 percent.

. Constant year, 1986 dollars.

° New federal tax regulations.

L Depreciation based on 150 percent declining balance, switching to
straight line depreciation, for a total of 15 years.

The resulting DELSOL3 financial parameters are as follows:
° Escalation rate (ESC) of 0.00
. General inflation rate (RINF) of 0.00
L Fixed charge rate (FCR) of 0.105

L Heliostat field 0&M rate (RHOM) of 0.010
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° Balance of plant O&M rate (RNHOM) of 0.015

. Discount rate (DISRT) of 0.065

° Property tax and insurance rate (PTI) of 0.02

. Investment tax credit (TC) of 0.00

° Combined federal and state income tax rate (TR) of 0.403

] Debt fraction (FDEBT) of 0.50

. Debt interest rate (RDEPT) of 0.095 (nominal, current year value)

. Return on equity (ROE) of 0.1403 (nominal, current year value)

. Depreciation life (NDEP) of 15 years

. Plant operating life (NYOP) of 30 years
The DELSOL input IFCR is set equal to zero when using the fixed charge
rate given above, and in this case the depreciation formulas (IDEP)
listed in DELSOL3 are disregarded. They are not appropriate for current

utility financing analyses. A 150 percent declining balance, switching
to straight line depreciation when advantageous, should be used. An

example of this approach, for a plant investment of $200, is shown below.
150 Percent declining balance Straight Line
Year Depreciation, § Balance, §$ Depreciation, §
1 20.00 180.00 13.33
2 18.00 162.00 12.86
3 16.20 145.80 12.46
4 14.58 131.22 12.15
5 13.12 118.10 11.93
6 11.81 106.29 11.81
7 10.63 95.66 11.81
8 9.57 86.09 11.81
9 8.61 77.48 11.81
10 7.75 69.73 11.81
| 11 6.97 62.76 11.81
} 12 6.28 56.48 11.81
| 13 5.65 50.83 11.81
14 5.08 45,75 11.81
15 4.58 41,17 11.81

In years 1 through 5, the 150 percent method yields higher depreciation
figures than the straight line approach, and therefore would be used. In
years 6 through 15, however, the depreciation method switches to straight
line because the straight line values are greater than the 150 percent
figures. This approach was used in calculating the fixed charge rate
above. :

The interest during construction (AFDC) default value of 0.0318 assumes a
0-year construction period, which is clearly not realistic. Assuming that
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the center of gravity in the expenditure of construction funds occurs
two-thirds of the way through the construction period, the real AFDC
factors for construction periods of 1 to 6 years, with a nominal discount
rate of 11.9 percent and a levelized escalation rate of 5 percent, are as

follows:

Construction Period, ¥Yrs AFDC Factor

0.0214
0.0433
0.0657
0.0886
0.1119
0.1357

[= 3 I S VIR (L I o

The AFDC factor used in the trade studies should reflect the anticipated
plant construction schedule.
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New Pipe los7 ALcoriTHmMm

D= A (Pnﬁ”‘

pe= B (PTH)*

CPyPE ='TH7[FPLH(C FIXDH4 Ex0H J+FPLC (F Gr Dc)]

I/19/ &4

Arracoment O

SALT Seblum

A= b a. ZP4T 2
/&:/35'37 \lmoxuo‘ ja®

\riatoxmé’j

_ 20,58 A= 2>/34.37 _ 27.40
Tl Y 410X jo©

C = - 20&.6 C= 2606,

D : 12,457, D= =2400.

E - 0.0 E = 9369.

F= 20¢.g F- 5£419.

6= 725D. G- 6469,
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MOLTEN NITRATE SALT PROPERTIES FOR UTILITY STUDIES
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ATTACHMENT E

% REVISED LIST

MOLTEN NITRATE SALT PROPERTIES FOR UTILITY STUDIES
(T in °F)

(1) x = 60.2844 - 0.17236T + 1.76176 X 10”42

-6.11408 x 10-8131bm/ft-hr

(2) c, = .345 + 2.28 x 1073 T Btu/1bm-OF

(3) k = .253208 + 6.26984 x 107> T Btu/hr-ft-°F

(4) T = 15,131.6 [-1+(1+H/2610.20)1/2] Or (H in Btu/lbm)
(5) p = 131.2 - 0.02221 T lbm/£t>

Sodium Properties

Nuclear Systems Materials Handbook (See Attachment)

Babcock & Wilcox Company
WAA/gdo-6375v
8/26/86
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. 47.954 31.984 _ +30180 «39410E-02- :° 440,59
o 47.870 31.855 +30197 +39TES5E-02 . T 443,61
_____ . 42.286 .. .. 31.7272. ... _._._;30215__~M___..__ 241379 J393A24E-02 - 444,43
47.702 31,600 .30°34 v41167 +39285E-02 449,65
47.618 31,472 140957 . +39250E-02 452,68
e 472834 . . 31.34% . ' 12221726-02 499.70
47,450 31,219 0 139189Er02 -, 458,73
© 47,366 31.093 L i39161E4Q2 7 1 461476
30.942. TR G ARI3PER02 444,29
30.842 K «39119E- 02 4467.83
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D. B. Dawson - 8453

Revised Physical Property Values for Molten Nitrate Salts

When molten nitrate salt mixtures were first chosen as a promising
candidate for solar thermal heat transfer and storage applications,
it was recognized that there was little or no good data on the
physical properties of these salt mixtures above about 40Q 450 C
We obtained preliminary values for physical properties in the
% Z_QQO C range by extrapolating existing lower-temperature data
pr1mar11y from Janz et al, Reference 1). This data has been
supplied to contractors work1ng on molten salt receiver, steam
generator, and storage subsystems, with the understanding that it be
used to provide a common data base for sizing and analyzing these
designs.

Simultaneously, Sandia initiated a number of in-house and external
studies to provide additional physical property data, with
particular emphasis on measuring these properties in the 430- 600°L
range to replace current values obtained by extrapolation. Most of
these studies have now been completed, and the results can be used
to generate more representative expressions for the temperature-
dependence of molten salt physical properties. Where available,
these expressions have been plotted in the accompanying figures, and
revised values for various temperatures calculated. The new plots
and tabular calculated values are compared with the “old" values and
expressions specified in various RFQ's for molten salt subsystem
studies. In some cases, experimental data used to generate the new
expressions is also shown.

Revised values of density and absolute viscosity are from Nissen
{References 2 and 3). His measurements were made for a 50/50 mole
percent mixture of NaNO3/KNO3 (46/54 wt pct), rather than the 60/40
wt pct mixture selected for most current solar applications.
However, Nissen also points out that surface tension, viscosity, and
density vary less than 1 percent over a fairly broad range of
NaNO3/KNO3 mixtures (Ref. 4), so his measured values for 50/50 mole
pct mixtures should be considered valid for the 60/40 wt pct mixture
as well, within the limits of experimental accuracy. Revised values
of heat capacity for a 60/40 wt pct mixture of NaNO3/KNO3 have been
reported by Carling (Ref. 5). Sandia has funded Oye at the
Norwegian Institute of Technology (NIT) to provide thermal
conductivity measurements for several different NaNO3/KNO3 salt
mixtures. That contract is not scheduled to be completed until
June, 1982, and we have received no results to date. Interestingly,
Nissen reports that we may be able to "back out" some heat capacity
values from the NIT thermal conductivity study.
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01d (RFQ) and revised values of density, viscosity, and heat
capacity are compared in Figures 1-3. Table 1 also compares RFQ and
new values of these properties at various temperatures. Wherever
possible, these revised values of physical properties should be used
to replace the data we have been using up to this point. Best-fit
expressions for the temperature-dependence of the new data have been
developed, and are presented below as well as plotted in Figure 1-3.

Density - Best-fit expressions and values from these expressions at
various temperatures are plotted in Figure 1. Values based on
Nissen's new data (References 2 and 3) are from 0.8 percent to 1.1
percent higher than values we have been using. The new best-fit
expression* gives excellent agreement with the experimental data.
The following expressions may be used instead of tabular values:

plg/cm3) = 2.090 - 6.36 x 10-4T (°C)
N op(1b/ft3) = 131.2 - 2.221 x 1027 (°F)

Viscosity - 01d and new values of viscosity for 50/50 mole pct
mixtures of NaNO3/KNO3 are plotted in Figure 2, and compared with
Nissen's experimental data (References 2 and 3). The values used %o
date were based on extrapolation of data from Janz et al (Ref. 1)
above 450°C, assuming a single value of activation energy. Nissen's
data (References 2 and 3) shows that a change in activation energy
occurs at about 385°C, with the resuit that extrapolated viscosity
values are about 10 percent lower than measured values in the
500-600°C region. Nissen provides a cubic best-fix expression which
is within about t 3 percent of his experimental data points. If it
is desired to use tabular values of viscosity rather than the
expression below, then we recommend values based on Nissen's

experimental data (Table 1) rather than values calculated from the
expression:

- pimPa +s) = 22.714 - 0.120T + 2.281 x 10-472 r 2 a9z

- o
- 1.474 x 10773 (T in °C) e

1%

(comparable expressions in other units would require
curve-fitting a new equation)

Specific Heat - A substantial change in Sandia-specified values for
specific heat of 60/40 wt pct NaN03/KNO3 is proposed on the basis of
Carling's data (from Ref. 5). As shown in Figure 3, the direction

*Nissen offers sTightly different expressions for the temperature-
dependence of density in Reference 2 (SANDB0-8040) and Reference 3
(J. of Chem. and Eng. Data). The expression from Ref. 3, shown
here, is preferred.
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of temperature dependence is changed, with the result that new
values are 10.5 percent lower than existing specified values at
300°C, but 5.7 percent higher at 600°C. The temperature-invariant
value of 0.366 cal/g-°C recommended by Martin Marijetta, Ref. 6
(based on data generated by Janz), is a reasonably good
approximation of the newest values from Carling. The values
attributed to Carling in Figure 3 were calculated from a linear fit
of experimental data:

Cp (cal/g-°C) = 0.345 + 4.11 x 10-5T (°C)
N Cp (BTU/1b-°F) = 0.345 +.2.28 x 10-5T (°F)
Thermal Conductivity - No chénge in currently-recommended values of

thermal conductivity is proposed, pending completion of the studies
at NIT.

Sandia will request that the revised values of physical properties
shown herein be used for all future in-house and outside contracted
studies. For contracts and studies currently in progress, changes
in design or performance calculations occasioned by these new
properties may be made at the option of the contractor, but we will
not insist upon it. However, we should expect:

a) some assessment of what (if any) impact these changes in
properties would have, and

b) inclusion of the new physical properties in reports issued by
contractors, in a manner which clearly indicates that they (and
not the RFQ values) should be used in all future work.
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TABLE I: Comparison of 01d* and Revised Values of

§ Physical Properties for Molten Nitrate Salts (60 wt pct NaN03/40 wt pct KNO3)
& _
Density Viscosity Heat Capacity
(g/cm3T “TmPa e s) (cal/g-"C)
Temperature, °C RFQ | New RFQ | New “ RFQ | New
300 1.879 | 1.899 3.22 3.22 0.399 {0.357
350 1.848 | 1.867 2.29 2.27 0.389 |0.359
o> 400 1 1.818 | 1.836 1.80 1.78 0.381 (0.361
é 450 1.787 | 1.804 1.43 1.53 0.374 |0.363
500 1.757 | 1.772 1.21 1.30 0.366 |0.366
550 1.726 | 1.740 1.05 1.14 0.358 {0.368
600 1.695 | 1.708 . 0.93 1.03 0.350 {0.370

*RFQ values supplied by SNLL for use in SRE contracts to date.

Date: 5/20/82
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(=)

TABLE 1

Thermonhvsical properties of liouid A%3% codium nitrate and 40% vcot=zssium
nitrate bv weight.

1. 2density (1) g(g/CHB) = 2.862 - 6,11 x 10_4T (°c)
3p2% < T < 623°C
2. Zpesific heat (1) Colcal/c-0) = @.4436 - 1.556 x 127%1 (°C)
124% < T < g20°C
Tgmp. Absolute Viscosity (1) Conductivity
C (Pa-sec) x 1244 w/m=k (2)
KL 3,22 a.52%
554 2,29 g.51¢
gae 1.38 @.51¢
40 1,42 %,.52°
534 1.21 7.53¢9
550 1.5 *.341
A0 2.93 f.558

Urnnublished data taken at SMLL. °
From Reference 4 values from 58%2°C to €407°C are extrapolated.

—_——
LS R

Paan §
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Southern California Edison Company b

P.O BOX 800
2244 WALNUT GROVE AVENUE
ROSEMEAD. CALIFORNIA 91770

August 15, 1986

Mr. D. C. Smith, Performance Engineer
Nuclear Equipment Division

Babcock & Wilcox

c/o Mr. John Otts, Supervisor

Solar Thermal Test Facility

Division 6222

Sandia National Laboratories
Albuquerque, NM 87185

S we ax N EN 6 e

Dear Dave:

At the last Utilities' Study Ad Hoc Subcommittee Meeting,

B&W shared with us a table of nitrate salt properties and some
reference material.

Dr. Charles Trilling has reviewed this material in detail
and has found some inconsistencies which he documented in a
memo to me (copy attached). Additionally, he recommends we use
Dawson's correlation for molten salt viscosity and the entholpy
correlation be deleted from the list since it does not provide
any independent information.

May I have your thoughts on his recommendations? Please
give me a call on 818:3¢92-1096.

Thanks!

Sincerely,

P. E. Skvarna
PES:gal Y§
Enclosure é§ é?
cc: C. A. Trilling (w/att.) $$y¢:%

X
D S
NS
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- August 12, 1986

P. E. SKVARNA

SUBJECT: Molten Salt Physical Properties Data
Handed out by B&W at July 16, 1986,
Ad Hoc Subcommittee Meeting for the
Development of Utility Consensus Guidelines

At the July 16, 1986, meeting, B&W provided a handout
on molten salt ‘and sodium physical properties which they
recommended be included in the Utility Consensus Guidelines. A
copy of the first draft of this handout is attached. '

I have not had a chance to verify the sodium
properties. I have, however, taken a look at the molten salt
relationships. While no reference was given, it was stated that
these data come from Dan Dawson's work at SNLL. I assume that
the appropriate reference is still Dawson's memo of April 26,
1982, "Revised Physical Property Values for Molten Nitrate Salts"
(copy also attached).

For convenience, I have numbered the equations shown by
B&W (1), (2), (3), (4), and (5). The specific heat and density
relationships, Equations (2) .and (5) are taken directly from
Dawson's memo. While Dawson does not give any thermal
conductivity data, Equation (3) seems to fit data presented by
Olin and appears to be the best available at this time.

The viscosity data, Equation (1), is slightly at
variance with Dawson's recommendation. The temperature versus
entholpy relationship, Equation (4), is a derived relationsghip
(obtained by integration of Equation (2)) and does not belong in
the Guidelines. Moreover, as shown, it is in direct disagreement
with Equation (2) and, therefore, appears to be incorrect.

With respect to the viscosity, Dawson's recommended
equation after conversion to English units becomes:

w = 60.2844 ~ 0.17236T + 1.76176 x 10~4 T2 —
6.11408 x 10—8 T3 1b/ft h (6)

The following table compares the viscosity values given
by Dawson and those calculated by B&W's Equation (1) (the data
are shown in centipoises, with 1 cp = 2.419 1b/ft h):
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Temperature
(°F)
Entholpy
(Btu/1b) Equation (7) "~ B&W's Equation (4)
200 _ 569.01 469 .36
250 : 708.07 594,22
300 845.92 722.60
350 982.59 ‘ 854.79
400 1118.11 991.18

“Equation (4) for H and differentiating to obtain the specific

P. E. Skvarna : _ -2- ' August 12, 1986 l
Viscosity

_ Centipoises .

Temperature Dawson B&W '
: ' Best Fit Expression :

°C °F Original RFQ "New" Data (Equation (6)) Equation (3) l
300 572 3.22 3.22 3.26 3.20 S
350 662 2.29 2.27 2.34 2.34
400 752 1.80 1.78 1.78 1.77 '
450 842 1.43 1.53 1.47 1.42
500 932 1.21 1.30 1.31 1.271
550 1022 1.05 1.14 1.19 1.07 ,
600 1112 .0.93 1.03 0.99 0.92 '

The B&W correlation appears to agree well with Dawson's original
RFQ data. 1Its results, however, are definitely low in comparison with
Dawson's "new" data at temperatures above 450°C (842°F). 1It is
recommended that, unless more recent information has become available, l'
Dawson's correlation (Equation (6) in English units) be used for
molten salt viscosity rather than the B&W correlation.

Turning to B&W's temperature versus entholpy correlation

(Equation (4)), this correlation should have been directly derivable
from the specific heat correlation (Equation (2)) since:

H iET cp dT =fT (0.345 + 2.28 x 10-5 T) dT
= 0.345 T + 1.14 x 10~5 T2

This quadratic can be solved for T, giving:

T = 15,131.579 [—1 + V1 + H/2610.19z| (7)

Equation (7) is obviously quite different from B&W's
Equation (4). The following table compares the results:

Another comparison can be made by solving B&W's

heat. The following results are obtained:

H = 0.4464 T — 0.00004322 T2 S Nmge
0926 A-84 [N ™
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P. E. Skvarna -3~ Apgust 12, 1986

Cp = fﬂ = 0.4464 — 0.00008644 T (8)
dT

. Equation (8) obviously provides specific heat values in
disagreement with B&W's Equation (2).

RSVS
It 1s recommended that the temperature gguses entholpy
correlation (Equation (4)) be deleted from the list of molten
salt properties, since it does not provide any independent
information and since, as written, it is inaccurate.

A lm
S’ AA.\ 'I/':ILE.ING%/Q% g/’l’/ 72
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Babcock & Wilcox Nuciear Equipment Division
a McDsrmott company : 91 Stirling Avenue
P. 0. Box 271
Barberton, Ohio 44203-0271
(216) 753-4511

August 26, 1986

Mr. P.E. Skvarna

Southern California Edison Company
P.0. Box 800

2244 Walnut Grove Avenue

Rosemead, California 91770

Reference: (1) Letter to D.C. Smith (B&W) from P.E. Skvarna (SCE), dated
August 15, 1986.
(2) Letter to Distribution from D.B. Dawson (SNLL), dated
April 26, 1982.

Dear Paul:

Dave Smith passed the Reference (1) letter on to me and asked me to review the
attached comments of Dr. Trilling. B&W concurs with the comments on both the
viscosity equation and the enthalpy equation. Equations (1) and (4) on the
list provided by B&W at the July 16 Ad Hoc Subcommittee meeting are not based
on the information on salt properties contained in Reference (2). The two
equations were copied inadvertently from an outdated list. B&W has been using
the information in Reference (2) for design and analysis work since about
mid-1982.

Attached is a revised list of the molten nitrate salt properties. I have left
Equation (4) for temperature versus enthalpy on the list for consistency,
although Dr. Trilling's observation that it does not provide any independent
information is correct. I leave it to your discretion as to whether to
include the equation in .the Utility Quidelines.

If I can be of further assistance, give me a call at (216) B60-6549.

V%R? truly yours,

Wes Allman

WAA/gdo-6375v
Attachment
cc:
A. D. Seigneur
D. C. Smith
D. B. Young
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ATTACHMENT E-2

Comments on each of the property equations and source of information.

VISCOSITY

The equation, metric units, is shown in Reference 1. Reference 1 provides
references for the equation. It appears that the following reference applies
to the viscosity equation.

D.A. Nissen, "Thermophysical Properties of the Equimolar Misture NaNO3
from 300°-600°C, SAND80-8040, November 1980.

The equation was converted to engineering units by Trilling and by B&W with
essentially the same results - see the following:

NITRATE SALT VISCOSITY EQUATION

Reference .: Letter to D.S. Smith from Paul Skvarna (SCE), 8-15-86

M= 22,714 - .120T + 2.281 X 10-4T2 - 1,474 X 10-773 mPa - sec
T in °C

Convert the equation to English units

To convert from mPa - sec to Tbm/ft-hr, multiply by 2.4192
(centipoise)
M= 54.9497 - .290304C + 5.51820 X 10~%c2 - 3.56590X X 1077C3 1bm/ft-hr
Temp. in °C

Convert to °F

C = .55556F - 17.778

2 = .30865F% - 19.754F + 316.06

¢3 = .17147F3 - 10.975F2 + 175.59F - 5.4872F2 + 351.19F - 5618.9
¢3 = .17147F3 - 16.462F2 + 526.78F - 5618.9

M = 54,9497
- .290304 (.55556F - 17.778)
+ 5.51820 X 10~% (.30865F% - 19.754F + 316.06)
- 3.56590 X 1077 (.17147F3 - 16.462F2 + 526.78 - 5618.9)

/A = 54,9497
+ 5.16102 - .161281F

+1.74408 X 107" - 1.09007 X 1072F + 1.70319 X 10”%F2

A-87
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3 . 1.87884 X 107%F - 5.870818 X 10°°F?

+ 2.00364 X LO”
- 6.11445 X 1073
A= 60.2871 - .17237F + 1.76189 x 10™7F2 - 6:11445 X 10"SF° 1bm/ft-hr

Temp. in °F

2

The above equation is essentially the same as Equation (6) of the attachment
to Reference Letter. The differences are probably due to round-off error and/
or the difference in conversion factor: 2.419 vs 2.4192.

Calculate the viscosity using the above equation and compare to the values in
the Table in the attachment to the Reference.

°C °F M (mPa - sec)
300 572 3.26
350 662 2.34
400 752 1.78
450 842 1.47 Values same as Eq. (6) values
500 932 1.31 calculated in attachment to
550 1022 1.19 Reference,
600 1112 .99
Conclusion:

Accept the equation in the attachment to the reference letter.
= 60.2844 - 0.17236T + 1.76176 X 107412 - 6.11408 X 10-873
Tbm/ft.hr.
T in °F

SPECIFIC HEAT

The equation is shown in Reference 1. Reference 1 provides the following
reference for the equation:

R.W. Mar, et al, "Progress Report; Molten Nitrate Salt  Technology
Development,” SAND82-8220, April, 1982

Thermal Conductivity

The equation fits the data points given to B&W in the MSEE Steam Generator
specification (dated 3-18-82). This spec. gives the following reference:

"Background for Preparation of Quotes Dealing With
Molten Salt Steam Generator SRE."

Trilling notes 1in Reference 3 that the equation "“seems to fit the data
presented by 0lin."

Next sheet: plot of points from steam generator spec. and curve fit of those
points.

092688 - A-88
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Temperature as a Function of Enthalpy

This equation is derived from the equation for specific heat. (see p E-2-5.)
Reference 3 outlines the derivatijon; B&W concurs with the derivation. The
only difference between the equation supplied by B3W and Trilling's equation
is that B&W rounded off the constants.

Density

The equation is shown in Reference 1. Reference 1 provides reference for the
equation. It appears that the following reference applied to the density
equation.

D.A. Nissen, "Thermophysical Properties of the
Equimolar Mixture NaNO3 - KNO3 from 300 - 600°C,
J. of Chem. and Eng. Data, in press.

Note: Checked with M&W Tibrary. Reference is:
Vol. 27, Issue No. 3, p. 269 - 273, 1982
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ATTACHMENT F

SOLAR CENTRAL RECEIVER MECHANICAL SYSTEMS
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SOLAR CENTRAL RECEIVER
MECHANICAL SYSTEMS

MAIN POWER CYCLE AND AUXILIARIES

r Steam Generator (WMER Slbf,)
Main Steam

Main Turbine

Condensate

EP¢S

Feedwater

Feedwater Heater Extraction Steam,
Drains, and Vents

Condensate Demineralizer

k Auxiliary Feedwater

(’ Raw Water Supply

Demineralized Water Makeup
Transfer and Storage

BOP

Condensate and Feedwater
Chemical Control

Raw Water Pretreatment

\_

STEAM GENERATOR CONTROLS AND AUXILIARIES

[ Steam Generator (SM’I’ Stbﬁ)

TURBINE-GENERATOR CONTROLS AND AUXILIARY SYSTEMS

Epes<

Steam Seals

Main Turbine and Generator

\~. Lube 0il

092688 A-92
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€ PG S Stator Cooling

BO P Lube 0il Transfer, Storage, and
Purification
eEP 'S s Condenser Air Removal
EPSS Main Turbine Control 0il

CIRCULATING WATER

EPGS Circulating Water

/ Cooling Tower Makeup and Blowdown

Travelling Screens and Screenwash

Circulating and Service Water Chemical
Injection

COOLING WATER

Service Water

Closed Cooling Water

AUXILIARY STEAM

Rop

Auxiliary Steam Generator

Auxiliary Steam Supply

HVAC
Plant Heating
Administration Building HVAC
L Shop and Warehouse HVAC
092688 A-93




Control Building HVAC

FUEL

Standby Diesel Fuel 0il

SERVICES

Compressed Air
Fire Protection

Domestic Water

BQP Cranes, Hoists, Elevators and Motor
Operated Doors

Service Gases

Standby Diesel Generator

DRAINS

Sanitary Drainage

Storm Drain
Acid Waste
Oily Waste

Gravity Collection

\ Waste Water Treatment

092688 A-94




ATTACHMENT G

76/ 6/ 2 9:29 LST SCOPE 2

2.9% NI = 938 W/m?

C/(C+S) =
108:?! Y rr 1751 1 Ty v Tt LA S S B B LA AL AN AR S S 5
107 E
a 3
1 o >
‘ - e
| c s )
‘ 1s]
| e 106 L 3
ye) E 3
< C ]
e - P
o 51_
- 10° & E
" o, ]
| - e, ]
o ™ ~
£ 104} 3
\ 3
m .
- ‘., 4
- 3_ ..,... -
= o e g
== £ T :
- B
102 -
.
lol JS WS TN SH NN SN R S | l S W U S SO | ‘ ;;;;;;;;; l

092688 A-96

e
-
o
-l
L




sceerf 2 DAYF = Te0802 I0LAR TIRE « 9 a9 PYRN, = 938.7 w/mSQ CIRCUM. RATID = 029
ARGLF ANGLT tcan SCaN
rPCINS DEGHEES RADTIANS W/mLQ-STEPAD NORmaLIZED
) L0178 .ovo18 .188€+03 .100£+01
4 L0375 .0006% .187F«08 .9%4€+00
3 L0629 .00t69 .185F«08 .$85Fs00
L] .087S .001527 .IB2E«08 .$¢7€00
s 1128 061963 .178Ee08 9508400
3 L1318 .GY2400 .1T3E.08 .8920€.00
1 L162% 002838 .188f.00 .B15E.00
L] L1878 .003272 .18SEe08 .822E+00
* L2128 .COI2GY BRLIFEL] .1T350F«00
i6 L2118 L.004 NS _$78E.0? .$20F«00
it .262% .00858] .6%TF+06 L3T1E-0)
12 .2¢75 .008018 .T11EeCS : .3TRE-02
13 L3128 .00%45 .3T6E<0% .26CE-02
is .331% 008890 .335F«C8 LAT6E-C2
15 LIe2% .00&327 .310E«05 .1685-C2
16 L3NS .CO6TH) .296C <08 LISEE-02
17 .42 .007199 .279F <08 L 188F-02
1L L4378 L0GT4Ye L2T2€+0% .IaSE-02
19 L8628 .CCanY? 262€005 L179€-02
20 1241 .00ESCE .2%2E005% .129€-~02
2\ .5118 .00934 ¢ .220E+08% SH1TE-02
22 .A12% .0106%0 .189F+05% .1C1€-02
23 .687S .011999 L1S%Ee0S .88 TE=-0)
2y L1629 .012208 L122E+05 &% 1E-02
25 .837% .Otapl1y .1010e08 .538€-0)
26 .%12% . D1892¢ .915Ee0n _8ETF-013
2y .907% RARS 511 .1598C40n .%08E-0)
1 e 1.€625 .C1B5hy 623 +0n LIVIE-03
, 29 1.1ars .015RS3 .560Fe0n .258F-03
3¢ 1.212% 021162 SO01Fe04y .2¢7F-C3
n 1.207% .022%71 LAR2F 08 L2ISE-G)
32 1.23425 .€23170 .382F0m L2GEE-03
n 1.4378 .025089 SJ35Ee0n _17eg-C2
kL] 1.512% .0246398 .2nafeCn JIB51F-0Y
s 1.567% 21707 L7%YEe0n J128E-0)
Jé 1.8625 .029091%8 L208Ee0n LiltF-013
3r 1.731% .03022% .IBOE 0N LSS TE-On
as 1.8125% 031634 L15%F 04 F&SE-0n
39 1.8615 .012947 1N 1EeCe .182F-04
«0 1.9825 .Glu252 L1300 «0n ASE-CS8
4] 2.031% .0185¢ L123Ee0e L ASSE-ON
~2 2.112% .036270 .11%Fe0n LE10E-Co
“3 2.107% .0le17e .10%E«0n .562€-0y
he 2.262% . 039488 .740E«0Y .SC0€-Ca
.S 2.33718% .0%CT9r .86980073 L eb2€-Cn
“b 2.412% 02106 L LO%Fe03 La?RE-05
ar 2.4871% 0838158 .T=4Ee02 LITE-Ca
L] 2.5¢25 .GusrI2a .698F<02 LITOE-QM.
LA 2.611% .Cxe637 .64SE«0] LRI XYL
50 2.7125 .ORTIN? .586Fe0) L318E-0n
51 2.7878 .Cuets) .55¢6Fec L29T1E-00
52 2.862% .049940 .52F+0) .2%CF -0
€3 2.921% .G5124S .518F el L21E-Cu
Sa 3.012% .0527%518 .506Fe02 L2¢FRE-na
55 l.o87% .053RRY .ARPF0) L2ACE-CH
S 7.182% 055196 .465Ee03 .24CE-Cw
l 092688 A-97



.0125 .100E+01 .100E+0L . rE+y L
o .0375 .996EF09 .996E+00 .éé%ﬁiﬁg -~
8 .0625 .9ézg}ab .985E+00 .986 VR ;o)
g .087? .9; +00 .967E+00 .972E+ coc )il See AR peee 7T
& J112 .967E+00 .950E+00 .953E+00 ' 7
.1375 .93 .920E+00  .927E+09 S vore SHBPTER I)G ]
.1625 .907E+ .875E+00 .asgg;Bﬁ
.1875 .859E%00 .822E+00 .8488+00
.2125 .750E+00 .785E+00
.2375 .520E+00 .%57E1§D
.2625 .371E-01 .151E+00
.2875 .378E-02 .345E+01
.3125 .200E-02 .307E+01
.3375 .178E-02 .282E=01
.3625 .165E-02 .259E-01
.3875 .158E-02 .237E-01
.4125 .148E-02 .215E-01
.4375 .145E-02 .1978-01
.4625 .139E-02 .181E-01
.4875 .129E-02 .166E<01
. .5375 .117E-02 .139E-01
. .6125 .101E-02 .407E-01
© .6875 .847E-03 .%353:02\
.7625 .651E-03 .65%;;02/
.8375 .538E-03 .5128<02
.9125 .487E-03 .égggzgi\
.9875 .404E-03 . =02
1.0625 .331E-03 .271E-02~
1.1375 .298E-03 .225E~02
1.2125 .267E-03 .188E-02
1.2875 .235E-03 .159E-
1.3625 .206E-03 .135E-02_
1.4375 .178E-03 .117E-02
1.5125 .151E-03 .101E-02
1.5875 .129E-03 .880E-03
1.6625 .111E-03 . 788803,
1.7375 . .957E-04 .692E-03
1.8125 .202E-04 .845E-04 .618E503
e ol
/J\S > /{/’a/"’” Ve
)
(49




889260

66—V

DELSOL SUNSHAPE AND 2.9 CR

SUN INTENSITY

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
SUN ANGLE (DEG)




ATTACHMENT H

STRESSED MEMBRANE MIRROR REPLACEMENT COSTS
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ATTACHMENT H

Stressed Membrane Heliostat Mirror Replacement Costs

Assumptions: -
1. Reflector cost assumes mass production
2. Replacement occures over a two year period during 15th and
16th year of plant operation

3. Solar plant contains 3080 heliostats
4. Heliostat size is 150 m
5. Single shift, 5 day work week
6. 50 weeks per year
7. On site building is available
Labor:
No Of
‘ Activity People Time Man Hours
; Remove Mirror Module 2 .5 hr 1 hr
| Transport Mirror 1 .5 0.5
Remove 01d Mirror 2 1.0 4
Apply New Mirror 2 .5 1
Apply Edge Seals 2 .5 1
Transport To Field 1 .5 0.5
Install On Heliostat 2 .5 1
9 mhr/module

Assume net production of 7 mirrors per 8 hr day X 250 days/yr X .8 (good
weather days) = 1400 mirrors/year

Crew size:
Mirror Refurbishment 9
Work Coordinator/planner 1
Utility worker 1
Supervisor 1

Total Crew Size 12
Cost Estimate: 1986 Dollars

Labor Cost Per Mirror Module:

12 men X 2080 hr/yr X $20.00/hr $357.00
1400 mirrors/yr
Capital Cost: 5100,000.80/3000 ?irrors $33.00
Reflector Cost: $4.16/m¢ X 154m $641.00
Solvent and Misc Cost: $50.00
‘ Subtotal: $1111.00
Return on Investment And Taxes:20% $222.00
Total Cost: 51333.00/M3rror
$8.90/m
A-102
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ATTACHMENT “T°

SPECO 87-UCR-13 /Pg.1

SOLAR POWER ENGINEERING COMPANY, INC.
PO Box 91, Morrison, CO 80465 USA (303) 697-8144

January &6, 1987
Refer to 87-UCR-13

Arizoma Public Service Company
2124 West Cheryl Drive
Phoenix, Arizona 80521-189S2

Attention Mr, Eric R. Weber
Pro ject Manager

Sub ject : Cloud Models
Gentlemen:

In respornse to an Action Item from the Ad Hoc Committee, the following
is submitted for your consideration.

o The passage of clouds is a stochastic process which must be accounted
for in design by '"bracketing models! representative of nominmal and
worst case conditions.

o The worst case transients are highly design-dependent and cannot be
established as "'common data" except for type of clouds to be considered.
The following two (germeric) types are recommended:

- Edoe Clouds defimed as clouds with advancing (or receeding)
boundaries larger than collector field dimensions.

- Group Clouds represented by ome or more "puffs' casting shadows that
are smaller than the dimensions of the collector field.

o The flux tramsients caused by these clouds may be classified as:

- Self-Similar,characterized by the fact that the ratios of fluxes
at arbitrary locatioms on the absorber surfaces of a single comtrol
zone remain invariant during the transient.

- Dissimilar tramsients during which both the levels and relative
distribution of the fluxes vary.

The response of fluid temperature to a dissimlar transient is typically
in the form of a "temperature wave" propagating along thes flow path.
The function of the control system is to dampen the temperature wave

at the receiver outlet.

o Worst case combinations of velocity, size, direction, and shape
associated with these types of transients must be determined for

092688 A-104




87-UCR-13/Pg.2

each design and size of solar plant.Accordingly, comntrol requirements
and the disposition of temperature excursiocns should be regarded as
design issues. " '

Yours very truly,

cc:

SOLAR POWER ENGINEERING CO.

. Vd
L’/4“//jgi““—uu__________
Tibor Buna
Pro ject Manager

J.C. Grosskreutz, BV
D.B. Young, BSW
SPECO Distribution A
A-105
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ATTACHMENT J

ALLOWABLE FLUX LIMITS FOR RECEIVER DESIGN

092688 A-107




ATTACHMENT J

Babcock & Wilcox Nuclear Equipment Division
a McDermott company 91 Stirling Avenue
P.0. Box 271

Barberton, OH 44203
(216) 753-4511

December 18, 1986

Bechtel National, Inc.
Engineers - Constructors
Fifty Beale Street

P.0. Box 3965

San Francisco 94119

Attn: Mr. Pat Delaqpil

| Subject: PG&E Utility Team, Utility Solar Central Receiver Study - Allowable
1 Flux Limits for Receiver Design

Gentlemen,

Enclosed are four figures -and one table that define allowable absorbed
heat flux limits for 1.0 in and 1.5 in 0.D. receiver tubes with a 0.065 in.
wall thickness for both sodium and salt fluids and 316 SS receiver material.

A range of heat transfer coefficients were considered for each fluid (1000,
1500, 2000 Btu/h-F-ft2 for salt and 6000, 8000, 10000, 12000 for sodium).

The limits were calculated based on ASME Code Case N-47 design fatigue curves
(no creep calculation) with a design life of 20,000 cycles. For the salt
receiver, the tube I.D. temperature was limited to 1112°F to prevent salt
decomposition and limit corrosion. Additionally, recommended heat flux limits
are presented in Table 1 that replace values previously reported. Because of
recent improvements in the method used to calculate flux limits, higher values

havé been attained. o

J. P. Reed

JPR/t1j-52631
cc:

D. J. Aleman

W. A. Allman

C. Dalton (Wash.)

J. C. Egan (Bechtel)

T. V. Narayanan (FW)

P. A. Pfund

D. C. Smith (Albq.)

D. Thornburg (APS)

L. Vant (Hull)

E. R. Weber (APS)

S. F. Wu (FW)

D. B. Young

A-108
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TEMPERATURE VS. ALLOW FLUX - 1.5"0D

889760

320000
300000 ~e—e

2800001

260000 T

Torr »

2400001

220000

2000001

xcacrm

H~1000
---------- H=1500
—meemem=m= H=2000

01T~V

1800001

1600001

1400001

120000

100000

NHMITIITN\NCHD@

aoooo—r

60000T

| I U S |
w000 t+——A—A—A—A———A—A—"A 4ttt

I I I I ) 1 V ] T ]
540 560 580 E00 620 640 B0 680 700 720 740 760 780 800 B20 840 B8&0 880 200 920 940 960 980 1000102010401080

TEMPERATURE DEGF




4930 3HNLVHIdWAL

00T T0BOT090TOV0T020T000F 086 096 OFE 026 006 0BS 098 OVB 02B 008 0BZ 09/ OrZ O02L 00L 088 099 OF3 029 009

| ] [l ]

1 | 1 |

1 ] { 3 ] [l

1 1 1 | H ] 000062

4 T 1 1

o002t =H ———
00007 =H -—-—m—m-
0008=~H --vrrvee--
0008=H

7 abed G2 6 98-0230-87

4

1 T 1 1

ao.t

T 1 1 1

XN14 MOV

"SA 3HNLvH3adW4L

—+00000€E

~+-0000TE

-+~-00002€E

—+-D000EE

—+-0000FE

-0000SE

-00009€

oOFFDODNIOCWwLbkFN

-0000LE

-0000BE

—00006E

L Jd3X

—-00000¥
-0000TP
-ooo0z2y

"1 ooooer

< J 10=

L.0000PY

-0000S¥

lﬁoooowv

WNIaos 7 4 1

A-111

092688



4930 3HNLVH3IIW3L

0017 080T 090T0F0F 02030007 0BE 096 O¥E 026 006 owm owm owm owm oww 08Z 094 OF. 02Z 00L 089 099 OF9 028 009
i | | 1 ! || 1 1 ]

1
| 1 } I t } T } } i 1 T 1 T T 1 } { } T 1 — } 00000E

+-ooo01€
o000z

+-o0000e€

~ :.:.. --o000re
N, .:.:.. +-0000sE
_00008E

-O000.LE

00087 =H ———

0000F =H ——mmnmmm
ooomlI ..........
0009-H

M—F3DDNIITWL+FEWN

-00008€

-00006€

A-112

-00000V

L J2O X

0000
_oooozy
|-0000€EV

‘4-0000FVV

< JJOZX

-0000SP

-00009y

--0000LY

go.S° 7 — XN1d4 MOV "SA 3HNLVHIdWIL

092688

1 abed pe2 6 98-330-8B7 WNIQoOS SV 4 1




RECOMMENDED ALLOWABLE HEAT FLUX

. TUBE MATERIAL 316 SS
. FLUID : 15 vyr 30 yr
SALT ,
l Peak Allow. Absorbed
Heat Flux, KBtu/hr-ft2 263 230
(MW/m2) (.84) (.73)
. Avg. Heat Flux,
KBtu/hr-ft2 105 » 92
I (MA/m2) (0.33) T (.29)
SODIUM
Peak Allow. Absorbed
Heat Flux, KBtu/hr-ft? 516 449
' (MW/m2) (1.64) (1.42)
. Avg. Heat PFlux,
KBtu/hr-£ft2 195 163
l (MW/m?) (.62) (.52)
l 5263i
l 092688 A-113
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ATTACHMENT "K"

ARIZONA PUBLIC SERVICE COMPANY
UTILITY SOLAR CENTRAL RECEIVER STUDY

COST ESTIMATING GUIDELINES

1.0 INTRODUCTION

The guidelines for procedures which will be used to direct and
coordinate the development of the conceptual design capital cost estimates
are described in this document. The Cost Estimating Guidelines contain
summary information on the cost estimating plan, a brief description of the
capital cost components, and a discussion of the differences in approach
for estimating the cost of the first commercial plant (110 MWe gross)
versus the n®® commercial plant (220 MWe).

070887
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2.0 COST ESTIMATING PLAN

2.1 OBJECTIVES

One objective of the cost estimating plan is to prepare a Project Cost
Estimate based on the conceptual designs of the first and n*" commercial
solar thermal central receiver power plants. Another objective is that the
accuracy of the estimates will be commensurate with the current level of
design. A final objective is that the estimate will be developed and
presented in a similar manner to that of the PG&E team so the UCB Technical
Committee can easily compare the estimates of the APS and PG&E teams.

2.2 USE OF THE ESTIMATE

The primary use of the estimates is as a basis for economic evaluation
of the first and n'® commercial plants. A critical output of this
conceptual design effort is a refined evaluation of the solar thermal
central receiver power plant economics. The cost estimate is a
fundamentally important input to that evaluation process.

2.3 ASSIGNMENT OF RESPONSIBILITY

The responsibility for preparing the Project Cost Estimate is shared
by the members of the APS team as shown in Attachment A.

2.3.1 Project Participants

The project team consists of the following participants.

APS - Arizona Public Service Company
B&V - Black & Veatch

B&W - Babcock & Wilcox

PDM - Pitt-Des Moines

SPECO - Solar Power Engineering Company
UH - University of Houston

O 00000

2.3.2 Overall Responsibility =-- B&V

APS has assigned B&V the overall responsibility for preparing the
Project Cost Estimate. This responsibility includes coordination of the
Project Cost Estimate preparation. As part of the coordination activities,
B&V will provide estimating procedures and standard estimate forms. In
addition, B&V is responsible for collecting, compiling and reviewing the
Project Cost Estimate forms and other information supplied by the other
participants. The review will include the following elements.

070887
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- Checking for estimate completeness and overlaps in scope.

- Determining estimate uncertainties and how each was addressed.
- Comparing this project estimate to those of similar projects.
- Auditing each participant's backup of costs, as required.

Further, B&V will prepare the final cost estimate report using the Cost
Data Management System (CDMS) code of accounts as shown in Attachment B.

2.3.3 Responsibility of Each Participant

Each project participant is responsible for estimating the capital
cost of a portlon of the conceptual design. Primary responsibility for
cost elements is assigned in the Responsibility Matrix.

2.4 APPROACH

The approach which will be used to develop the Project Cost Estimate
consists of collectlng, presenting and reviewing the elements of the
estimate.

2.4.1 Collection of Costs

The approach which will be used for preparing the Project Cost
Estimate is based on the use of systems. Because the plant is defined in
terms of systems and the design is developed by system, the systems
approach to cost estimating is a convenient way to ensure completeness of
the estimate. Each system in the plant has a unique functionj further, the
design of each system is defined by system drawings, descriptions, lists
and specifications. These system design documents form the basis for
identifying the cost elements in each system.

2.4.2 Presentation of Costs

Costs will be presented so that totals can be obtained for each system
as well as by CDMS Cost Code.

2.4.3 Total Capital Cost Estimate

The total project capital cost estimate includes the direct costs,
indirect costs and allowance for funds used during construction (AFUDC).
The collection and presentation of direct costs, as described above, will
be based on January 1, 1987 dollars. To these direct costs will be added
indirect costs such as general indirect costs, engineering and related
services, field construction management, and APS's administrative and
general expenses. Finally, AFUDC will be included in the total estimate
based on the time from cost outlay for procurement and construction
contracts to initial plant operation.

070887
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3.0 CAPITAL COST COMPONENTS

The Project Cost Estimate will include all capital costs associated
with the first and n“" commercial solar thermal central receiver power
plants. The major components of these capital costs include direct cost,
indirect cost, and AFUDC.

3.1 DIRECT COST

The direct cost component will include costs for all plant systems.
These costs will be identified for each cost element based on the approach
described in Section 2. All direct costs will be expressed in
January 1, 1987 dollars. Cost estimates shall be prepared using the form
shown on Table 1.

The bulk of the direct cost component will consist of procurement and
construction costs for the equipment and materials required for normal
plant operation. However, in addition to these costs, the direct cost
component includes spare parts, sales and use tax, freight and insurance,

and contingency. Finally, because different approaches to collecting costs

exist, this section presents several specific clarifications on the
approach to be used in this Project Cost Estimate for other direct costs..

3.1.1 Procurement Costs

Procurement costs include the cost of equipment and materials which
are necessary for the normal operation of the plant, If the item is shop
fabricated by the firm making the estimate (as would be the case for B&W
for the receiver or steam generator), the cost of engineering the item
should be entered in the engineering column of Table 1. Next, the cost of
material and labor for the fabrication should be entered in the fabrication
column in Table 1. If the item requires no shop fabrication by the firm
making the estimate (as would be the case for B&V for the turbine
generator), the estimated cost should be entered in the procurement column
of Table 1.

3.1.2 Construction Costs

Construction costs are those costs incurred in erecting the item in
the field. The construction cost should be entered in the construction
column of Table 1.

3.1.3 Spare Parts, Tax, Freight and Insurance

An initial inventory of spare parts, as well as sales and other
appropriate taxes will be included in the capital cost estimate. Further,
all procurement cost shall be based on delivery to the jobsite.

070887
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3.1.4 Contingency

Contingency will be assigned by B&V for each system according to the
cost basis of the items in that system. Therefore, each participant should
clearly indicate on the cost estimate form the letter designation of the
cost basis for each item. However, if the participant believes he can
provide a better contingency for his estimate, he may insert a percentage
figure in place of the letter. The cost basis classes are defined in
Table 2.

3.1.5 Other Direct Cost

Firms differ somewhat in the manner in which they estimate certain
cost items. Among the items which are often estimated or collected
differently are those described in the following subsections. These
descriptions are provided so that all costs in the Project Cost Estimate
will be estimated in a consistent manner.

3.1.5.1 Temporary Construction Facilities

Each key participant involved in plant construction (e.g. major
equipment suppliers and construction contractors) will furnish additional
facilities as required for his portion of the work; the cost of these
temporary construction facilities will be included in the direct cost.
Each major construction participant will furnish his own offices and crew
quarters as a direct cost.

Facilities required by APS will be included in indirect costs as part
of the owner's cost. For this estimate, facilities required by APS
(owner's costs estimated by B&V) will include the following.

Temporary offices for use only by APS.

Warehouse facilities for total project.

All construction roads and laydown areas.

All construction utilities furnished to each contractor's
buildings, etc. excluding telephone service.

0O 0 0 O

3.1.5.2 Construction Services

Construction services which will be required are described as follows:

o Site cleanup

Each contractor is responsible for his own cleanup, including
placing all waste materials in proper containers; these costs
shall be considered as direct costs. Emptying containers and
final disposal is included in indirect cost.

070887
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o Medical services

Medical services will be included as an indirect cost as part of
field construction management services.

) Construction equipment maintenance and servicing

Each construction contractor will include the maintenance and
servicing of construction equipment in his direct cost.

3.1.5.3 Field Offices Supplies

Cost for APS field office supplies will be included as an indirect
cost; this will be part of owner's costs. The costs of office supplies for
all other construction participants will be included as direct costs.

3.1.5.4 Construction Supplies

The costs for APS construction supplies will be included as an
indirect cost; this will be part of owner's costs. Construction supply
costs for all other construction participants will be included as direct
costs. ;

3.1.5.5 Field Craft Benefits, Payroll Burdens and Insurance

These expenses will be included as part of field construction costs.
These costs will be direct costs.

3.1.5.6 Equipment Rental

Equipment rental costs will be included as part of field construction
costs. These costs will be direct costs.

3.1.5.7 Construction Contractor Profit

The profit for each construction contractor will be a direct cost.

3.1,5.8 Field Staff--Including Subsistence and Travel

These costs for each construction contractor will be included in the
direct cost.

3.1.5.9 Land and Land Rights

Land and land rights will be included as direct costs.

070887
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3.1.6 Direct Cost Responsibility

The responsibility of project participants to provide direct costs is
as follows.

[o]

Procurement of Equipment and Materials - Each participant will
estimate his portion whether it be shop fabricated (both material
and labor) or procured.

Construction - Each participant will estimate his portion,
whether it be on a furnish and erect or separate construction
contract basis.

Spare Parts, Tax, Freight and Insurance - B&V will estimate these
direct costs for each system based on discussions with APS and
each participant.

Contingency - B&V will estimate contingency for each system based
on the cost basis listed on the cost estimate forms by each
participant,

Other Direct Cost — B&V will estimate these costs based on
discussions with APS and each participant.

3.2 INDIRECT COST

The indirect cost component is comprised of the following categories.

o]
o)
o]

3.2.1

Owner's Costs
Engineering Services
Construction Management

Owner's Costs

Owner's costs include the following.

[« T« o B o]

0 O 0 O©

070887
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Relay checkout and testing

Instrumentation and control equipment calibration

Checkout and testing

Systems and plant startup, including operating crew during test
and initial operation period

Operating crew training

Electricity and water used during construction

Fuel for construction heating

Fuel used during test and initial operation period (this is the
actual fuel cost minus credit for energy produced)
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All taxes other than sales tax

Water rights and landscaping

APS office engineering

Costs incurred in the permit and licensing process other than
legal expense (engineering services)

Insurance premiums (each contractor is assumed to include all of
his workmen's compensation, other required labor related
insurance, performance bond and liability insurance for his
equipment and tools and for APS furnished equipment which he
handles and erects which is included in direct cost)

APS temporary construction facilities

APS field office supplies

APS construction supplie

General and administrative expenses (such as executive
management, accounting, financing, planning, and public
relations)

3.2.2 Engineering Services

Engineering‘services include the following.

[o]
o

A/E services

Outside consultants, including engineering design and related .
services performed during final design by project participants
other than B&V and APS

Procurement services

Legal expense

3.2.3 Construction Management

Construction management costs include the following.

0O 0O 0O 0 0 O

© O 0O O ©

3.2.4

Field management and office staff

Field contract administration

Field inspection and quality assurance

Project control "

Technical direction and management of startup and testing
Cleanup expense for portion not included in direct cost
construction contracts

Safety and medical services

Guards and other security services

Field office equipment and supplies

Field computer services

Telephone and other utility bills associated with temporary
services associated with construction management

Indirect Cost Responsibility

B&V will estimate indirect cost for each system based on discussions
with APS and each participant who provides direct cost estimates.

070887
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4.0 APPROACH TO ESTIMATING COSTS FOR 15t anp nth
COMMERCIAL PLANTS

The following i1s a general description of the approach to be used in

estimating the costs for the first and n“" commercial solar thermal central
receiver power plants.

4.1 FIRST PLANT (110 MWe gross)

As the cost basis for the first commercial plant, each participant
should assume that an experiment has been conducted at the CRTF for a
design more recent than for Category B or that a similar experiment has
been conducted at Solar One. Further, it shall be assumed that an

additional experiment, of an intermediate scale of approximately 30 MWe,
has been conducted.

4.2 NP PLANT (220 Mwe gross)

The cost basis for the nth commercial plant shall be that solar
thermal central receiver technology is mature and that 6 to 8 commercial
scale plants have been built and operated, including plants in the 200 MWe
size. The estimate should account for cost reductions in engineering,

tooling, and other costs which will be reduced (as compared to the first
plant) due to a well defined technology.
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o
O TABLE 1
g ARIZONA PUBLIC SERVICE COMPANY
o] UTILITY SOLAR CENTRAL RECEIVER STUDY
o COMMERCIAL PLANT
COST ESTIMATE FORM
Plant 15t Nth Estimated By pate
Subsystem Checked By Date
Shop Fabrication Cost Equip. & Mat. Cost Field Const. Costs
Cost
CDMS Account Basis Cost Cost
Item Description Code Engineering Fabrication Class Procurement Basis Construction Basis Total Cost
d
[
-
w
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Class

092688

TABLE 2

COST BASIS CLASSES

Contingency
Items Percent
Scope Definition Could Vary Slightly; Large 10
amount of Recently Contracted Cost and/or
Vendor Quotations Known
Scope Definition is Fairly Accurate; Costs 20
Based on Recent Experience
Scope Definition is Somewhat Vague; Cost Basis 30

Has Little Recent Experience
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CDMS
Cost
Code

1.1

1.2
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ATTACHMENT A

ARIZONA PUBLIC SERVICE COMPANY
UTILITY SOLAR CENTRAL RECEIVER STUDY

RESPONSIBILITY MATRIX

Equipment Description

Land

Structures and Improvements

Site Improvements
- Yard Work-

- Roads and Parking
- Field Grading
Buildings

- Administration
- Generation

- Control Center
- Security

- Water Treatment
- Warehouse

= Others

Collector System

Heliostats

Foundations

Field Wiring

Controls

Beam Characterization System

A-127

Design
Responsibility

APS System
Functional Design

B&V System
Functional Design

B&V
B&V
B&V

B&V
B&V -
B&V
B&V
B&V
B&V
Bav

University of Houston
System Functional
Design

UH/SPECO

UH/SPECO

UH/SPECO

UH/SPECO

UH/SPECO



ATTACHMENT A (CONT'D)

CDMS
Cost Design
Code Equipment Description Responsibility
3.0 Receiver System B&W System
Functional Design
3.1 Receiver
= Structural B&W
- Absorber Panels and Headers B&W
- Hot and Cold Surge Tanks B&W
- Recirculation Pump(s) B&W
- Insulation and Heat Trace B&W
- Air Supply B&W
- Other Equipment B&W
3.2 Tower
= Structure B&V
- Foundation B&V
- Equipment Room B&V
- Other Equipment B&V
3.3 Riser and Downcomer B&V
3.4 Receiver Pumps B&V
3.5 Intermediate Heat Exchanger ' -—=
3.6 Controls, Instrumentation, and
Wiring B&W/B&V
4 Thermal Storage System - PDM System
- Functional Design
4.1 Tanks
- Cold Salt Tank(s) PDM
- Hot Salt Tank(s) PDM
- Drain Tank(s)/Pumps PDM/B&V
- Instrumentation PDM
4,2 Foundations
- Tanks PDM
- Cooling Equipment PDM
- Berms PDM
4.3 Storage Media PDM
4.4 Piping
- Cover Gas Piping and
Conditioning System B&V
- Interconnecting Piping B&V
4.5 Controls, Instrumentation
and Wiring PDM/B&V
070887
A-128
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ATTACHMENT A (CONT'D)

CDMS
Cost Design
Code Equipment Description Responsibility
5 Steam Generation System B&W System Functional
Design
5.1 Heat Exchangers
- Preheater B&W
- Evaporator B&W
- Superheater B&W
- Reheater B&W
- Steam Drum B&W
5.2 Structures
= Supports B&W
- Foundations B&W
5.3 Piping B&W
5.4 Pumps
- Hot Salt B&V
- Other Circulating Pumps B&W
5.5 Auxiliary Equipment B&W
5.6 Controls, Instrumentation and B&W
Wiring
6 Electric Power Generation System B&V System
Functional Design
6.1 Mechanical Equipment
= Turbine Generator . B&V
- Condenser B&V
- Cooling Tower B&V
= Deaerator B&V
~ Feedwater Heaters B&V
= Pumps B&v
- Other Equipment B&V
6.2 Piping B&V
6.3 Electric Equipment
- Generator Transformers B&V
- Auxiliary Transformers B&V
- Switchgear & Bus Duct B&V
- Cable B&V
- Other Equipment - B&V
6.4 Controls And Instrumentation B&V/SPECO
070887
A-129
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ATTACHMENT A (CONT'D)

Equipment Description

Master Control System

Computers

Control Room Equipment
Data Acquisition System
Wiring and Instrumentation

Fossil Hybrid System

Steam Generator (or Salt Heater)
Stack

Interconnecting Piping

Fuel Gas Supply

Control and Instrumentation

A-130

Design
Responsibility

SPECO System
Functional Design
SPECO

SPECO

SPECO

SPECO

B&W System
Functional Design
B&W

B&W

B&W/B&V

B&W/B&V

B&W

]
1
I
i
i
|
1
i
|
i
i
i
|
I
i
i
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ATTACHMENT B

COST DATA MANAGEMENT SYSTEM
FOR SOLAR THERMAL CENTRAL RECEIVER POWER PLANTS

CAPITAL COST CODES OF ACCOUNTS

Account Title
I 0 Land
1 Structures and Improvements
- 2 Collector System
l 3 Receiver System
4 Thermal Storage System
\ 5 Steam Generation System
. 6 Electric Power Generation System
_5 7 Master Control System
8 Fossil Hybrid System
9 Total Direct Cost
10 Indirect Cost
11 AFUDC
! 12 Total Capital Cost
070887
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ATTACHMENT B (CONT'D)

CAPITAL COST CODE OF ACCOUNTS
LEVEL 2 DETAIL

Title

Land

Structures and Improvements
Site Improvements
Buildings
Not Used
Not Used
Not Used
Not Used
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

Collector System
Heliostats
Foundations
Field Wiring
Controls
Beam Characterization System
Not Used
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

Receiver System
Receiver
Tower
Riser/Downcomer
Receiver Pumps
Intermediate Heat Exchanger
Controls, Instrumentation, and Wiring
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

Thermal Storage System
Tanks
Foundations
Storage Media
Piping
Controls, Instrumentation, and Wiring
Not Used :
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

A-132
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ATTACHMENT B (CONT'D)

Account Title

l 6.8

Steam Generation System
Heat Exchangers
Structures
Piping
Pumps
Auxiliary Equipment
Controls, Instrumentation, and Wiring
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

LRV RV EVEV RV NV, RV
.
NN W

w
.
(o]

Electric Power Generation System
Mechanical Equipment
Piping
Electric Equipment
Controls and Instrumentation
Not Used
Not Used
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

o o .
SNV S WN

[SATN= A3« e JBe W< W e \We )
.

Master Control System
Computers : -
Control Room Equipment
Data Acquisition System
Wiring and Instrumentation
Not Used
Not Used
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

sNsSNSNN NN N~
L]
~NoOWwVMEWN -

~
3
o

Fossil Hybrid System
Steam Generator
Stack
Interconnecting Piping
Fuel Gas Supply
Control and Instrumentation
Not Used
Spare Parts, Tax, Freight and
Insurance, and Other Direct Costs
Contingency

00 00 OO0 OO0 CO 0O OO OO
[ ]
NV WN e

oo
.
[0 2]

(Ve

Total Direct Cost
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APPENDIX B

Allowable Flux Levels on

Tube-type Receivers

In order to reach a consensus on the criteria for allowable flux levels
for the molten salt and sodium receiver designs, a workshop organized by
Sandia National Laboratories was conducted at Central Receiver Test Facility,
Albuquerque, New Mexico, on December 4, 1986. A summary of the provisional
design method, which was recommended by W. B. Jones as a result of this
workshop, may be seen in Ref. [1]. This method may be summarized as follows:
The N-47 fatigue curve for stainless steel type 316 at 1200°F is Curve A in
Figure 1. Develop a base curve by increasing the 1ife by a factor of 20 and
the strain range by a factor of 2. Curve B represents this base curve. Let
us designate the cycles on the baseline curve as Nf,. The new design curve

is given by:

N y 1-k -f
A ( v ) Y (1)

10 \ vy
or by applying a factor of safety 1.5, on the strain range, whichever is more

conservative, vy was assumed to be 0.4 s-1 and k as 0.86 (Ref. 1). v is given

by:

1
o=t
v 1 (2)

where tj is the heating and cooling time, but does not include the time of
steady operation. (For Alloy 800H the time of steady compression should not
be neglected while calculating the frequencyv ). Equation (1) may be rewrit-

ten as:
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R (3)

where F is a factor given by:

Fel0( )'HY f

Vo
F is the counterpart of the factor of 20 on cycles used in arriving at the

N-47 design curves. The values of F as a function of t, is given below:

BN W W NN AR W AR e

t1

(minutes) F
15 46
30 50
60 55

Using a factor of 50, the new design curve, given by Equation (1), is
shown in Figure 1 (Curve C). The design curve generated by applying a facto;‘
of 1.5 on the strain range is the Curve D in Figure 1. For design cycles
below the range of 200,000 cycles, Curve C is more conservative than Curve
D. It may be noted that at about 20,000 cycles Curve C intersects with the
N-47 Curve A. Thus, for 20,000 cycles and below C is the preferred design
curve, and for cycle lives above 20,000, the N-47 design curve is preferable.

In any case, in this analysis the equivalent design cycles were assumed to

be 20,000; hence, both curves would yield the same result.
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Design Cycles

During the design 1ife of 30 years the receiver will see about 11,000
diurnal cycles. During this period the receiver will also see several thou-
sand cloud cover cycles. The stress or strain excursions during the cloud
cycles are estimated to be less severe than during the diurnal cycles. Hence,
the damage caused by each cloud cycle is less than that caused by the diurnal
cycle. Based on the studies reported in Ref. [2], it was the consensus at
the workshop that the cloud cycles may be considered equivalent to 9,000 diur-
nal cycles. Thus, it was deemed adequate if the receiver can survive 20,000

diurnal cycles or "design cycles".

Several analyses were performed in order to determine the transient
temperature gradients and stress during the dry heat stages of daily startup.
It was concluded that the dry heating can be accomplished within about 15
minutes without the transient stresses exceeding the steady state stresses.
Thus no additional fatigue damage due to the dry heating need to be

considered.

Allowable Flux Levels

The allowable flux levels are determined for molten-salt receiver by

the following criteria:

(a) The tube 1ife should be no less than 20,000 "design cycles"; and,

(b) Maximum salt film temperature should not exceed 1100°F.
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In order to satisfy the first criteria, we first performed a two-dimen-
sional temperature distribution analysis using FWDC in-house computer program
NONAX. The inpuf for this analysis are the tube diameter and thickness; heat
flux, thermal conductivity; inside film coefficient, and bulk fluid tempera-

ture. The output is the temperature distribution at the tube cross section.

Using the above temperature distribution, elastic stress analysis was
performed, again using NONAX. The computer model used in the thermal and
stress analyses are shown in Figure 2. Generalized plane strain conditions
were assumed. The input for stress analysis includes tube geometry, tempera-
ture distribution, coefficient of thermal expansion (), modulus of elasticity
(E), and Poisson's ratio (v). The output includes all stress components (o,
%0, 9%, Y®), Von Mises effective stress and effective strain. As proposed
in Ref. [3], the inelastic strain range for fatigue calculations was obtained
by increasing the effective strain by 10-percent. Using the criteria that
the inelastic strain range should not exceed the allowable strain range for
20,000 cycles, the allowable flux levels were calculated. Recognizing the
fact that for a given tube geometry and heat transfer coefficient, the
temperature gradients, stresses, and strains are linearly proportional to
the flux; a simple post-process computer program was written to do the above
calculations. The calculations were repeated for different geometries and

heat transfer coefficients.

The allowable flux levels for 1-in. and 1.5-in. 0D tubes are shown in

Figures 3 and 4. Results for three different heat transfer coefficient values

'(1000, 1500, and 2000 Btu/h-°F-ft2) are included. In Figure 3 it may be noted

that the portion ABC of the allowable flux curve is governed by the creep-

fatigue life criteria. CD is governed by the salt film temperature criteria.
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The region BC is flat because N-47 recommends the same fatigue curves in the
temperature range of 1000 to 1200°F. These curves were distributed to the
study teams (Ref [4]) for comparison. The corresponding allowable flux limits
for the 1-in. 0D tube (h; = 1500 Btu/hr-°F-ft2), developed by Babcock & Wil-

cox Company (Ref. [5]), are also plotted for comparison purposes.

The allowable flux levels for sodium receiver tubes are shown in Figures
5 and 6. In these figures the tube outer diameters are 1.0-in. and 1.5-in.
The wall thickness is 0.065-in. Flux limit curves for heat transfer values
of 6000, 8000, 10,000, and 12,000 Btu/hr-ft2.-°F were generated. The results
indicate that the tube diameter has negligible effect on flux limit as long

as the wall thickness remains the same.

It may be noted that the allowable flux levels shown in Figures 3 through
6 are somewhat lower than those shown in Ref. [2]. This difference is due
to the discrepancies in strain calculations which in turn are due to the dif-
ferences in computer codes and the approximations used. After discuséions
with B. L. Kistler of Sandia National Laboratories (Livermore), it was con-
cluded that about 5 or 6 percent of the differences in strain calculations
could be attributed to the inherent differences in the computer codes. The
remainder of the difference is, perhaps, due to the assumptions made in the
calculations. For example, our calculations assume that the elastic-plastic-
creep strain ranges are 10-percent higher than the elastic strain ranges[3].
In Ref. [2], the two-dimensional strains are approximated from one-dimensional
calculations, in addition to the assumptions involved in approximating the

inelastic strains from elastic analysis.
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Based on the allowable fluxes shown in Figures 3 and 4, and discussions
held during the December 19, 1986 Conference Call (Ref.[6]), we have arrived
at a recommended absorbed heat flux Timit curve for sizing molten salt receiv-
ers for the trade study (Ref. [7]). This curve is shown in Figure 7, which
is applicable for a receiver design with a salt velocity inside tubes around
10ft/s. As shown in the figure, over the baseline molten salt receiver
operating temperature range, the absorbed heat flux 1limit remains constant
at 0.65 MW/m? (206,000 Btu/h ftz) for the salt bulk temperature from 550°F
to 950°F, and decreases linearly thereafter to 0.22 MW/m? (69,700 Btu/h ft2)
as the bulk temperature reaching 1050°F.

As the trade study proceeded, receiver design with a higher salt velocity
of 3.8 M/s (12.5 ft/s) were considered. A heat flux limit curve established
for this velocity is also depicted in Figure 7. The allowable absorbed flux
in this case is 0.75 MW/m2 (238,000 Btu/h-ft2) and decreases to 0.3 MW/m2
(95,000 Btu/h-ft2) at salt outlet temperature of 566°C (1050°F). These two
flux 1limit curves were consequently used as guidelines for generating salt

receiver common data
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APPENDIX C
MOLTEN SALT STORAGE TANK DATA
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Thermal
Thermal
Thermal
Thermal

Thermal

Storage
Storage
Storage
Storage
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APPENDIX C
CONTENTS

Cost Data

Tank Design Basis

Tank Design

Tank Foundation and Insulation Design

Tank Nozzle Design

Containment Dike Design

Thermal
Thermal
Thermal

Thermal

Storage
Storage
Storage

Storage

Tank Instrumentation
Tank Leak Detection
Tank Ullage Pressure Control

Tank Trade Study Considerations

Elevated Temperature Storage Tank Installations
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ALTERNATE UTILITY TEAM - SOLAR CENTRAL RECEIVER

TABLE 1 - SUMMARY SHEET

STUDY

Operating Daily
& Heat Losses
Plant Capital Maintenance (Million
Capacity Costs Costs Btu/day)
(Per Year)
1200 MWHt - 2 Tanks $4834. 8K $16. 7K 33.0
(1050°F Oper.)
3000 MWHt - 3 Tanks $10047.6K $22. 4K 68.1
150 MWHt - 2 Tanks $1445, 5K $12.3K 9.4

The above data is for preliminary designs of thermal storage units.
thru 5 present the itemized values contributing to the above cost and heat

loss summaries.
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® NATE UTILITY TEAM - SOLAR
TABLE 2 - STORAGE THNK CAHPITAL COSTS (See note 1)
STORRGE VESSELS CAPITAL COSTS
STORAGE
- STEEL CYLINDER, EXTERIOR MISCELLANEOUS
CRPRCLTY TANK DngsgioNs BOTTOM, ROOF, INSULATION FOUNDRTION DIKES & MECHANICAL TOTAL
=t NOZZLES (See note 3) (See note 4) (See note 5) (See note B)
550°F ,
. 4
1208 *coLp® TAnk | 1¢ 8478 x 48 K K K K K K
$2655.0 $843.0 $572.7 $30.9 $734.1 $4834.8
MWHt o
Hé$5$qzk 1@ B4’g x 447
558°F 1@ 122°d x 46°
3008 "COLD* TANK X K K K K K "
MWHt $5568. @ $1648.0 " §1235.7 $52.0 $1143.9 $10047.6
(See note 7) 1950°F " ,
@ g@” 4
o HoT TAnk | 28 9274 x 46
0~
wo L 358°F e 4479 x 24°
158 COLD" TANK < K K K K <
$572.0 $265.0 $202.7 $11.9 $392.9 §1445.5
MWH1 1250°F
HoT TRNK | 18 4478 x 247
552°F 12 B4’g x 40
ALTERNATE | coLp* Tank | '° « K « K K «
1200 $2940.0' $985.0 $661.0 $34.9 $794.1 $3415.0"
MINHY 1950°F , ag -
HOT Tanx | 2® 6687¢ x 36
550°F on s
" 1@ 45
A ggggTE ccorn? e |18 12278 ; ) ) ) ) )
o $6225.0 $1415.0 $1165.0 $46.4 $1068.9 $5520.3
|-
(See note 7) Hé$5$HLK 1@ 126”4 x 48~
ALTERNATE 550°F , ,
1208 MWHt |-corps Tank | '® B57F x 43 K < K K K K
| DOR°F $2824.8 $891.0 $592.7 $31.3 $750.4 $5009.4
TOAPERATURE Hé$g$;EK 1€ 8574 x 487




1)

7)

092688

NOTES FOR TABLE 2 - STORAGE TANK COSTS

Costs are for non-union labor and include administration costs and
constructor profit margin. ,

Salt operating temperatures are 1050°F (hot) and 550°F ("cold"), except
for last case (1000°F, 550°F).

Exterior insulation is blanket mineral wool in thicknesses totaling 6
inches for "cold" vessels and 12 inches for hot vessels.

Foundation costs include concrete ringwall, excavation and backfilling,

foundation cooling ducts, foundation insulating blocks, and 3%

subcontractor supervision costs.

Dike costs are for 2 or 3 édjoining dikes with common wall(s) in
between. Assumes use of site material for walls, and includes gravel
slope protection.

Miscellaneous and mechanical costs include: drainage system (drain sump
tank, drainage system piping, drain tank pumps, drain sump pump, but no
drain tank), salt heater/mixer/conveyor, ullage gas control system,
foundation cooling blower, and air drying equipment.

1050°F tanks built to diameters larger than 100 feet are not considered
practical designs. The large thermal growths and large bottom shell
course thickness are likely to cause serious structural problems.

The 550°F "cold" tank may require stress relieving for bottom ring shell
thickness which exceeds 1.5 inch.

Cc-4
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TABLE 3 - STORAGE TANK OPERATION & MAINTENANCE COSTS

ALTERNATE UTILITY TEAM
SOLAR CENTRAL RECEIVER STUDY

Yearly Yearly Total

No. of Operating Maintenance 0&M

Plant Storage Costs Costs Costs
Capacity Vessels ($1000) ($1000) ($1000)

——

1200 MWHT 2 --- $16.7% $16. 7K

3000 MWHt 3 --- $22,4% $22,4X

150 MWHt 2 -—- $12.3K $12,3K

Above figures include:
- Maintenance: Vessels

Foundation & Dike
Insulation

Foundation System Cooling Blower

Drainage System

Ullage Gas Control System
Miscellaneous others

Above figures assume on-site (or near site) personnel to perform maintenance

tasks.

092688
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ALTERNATE UTILITY TEAM
SOLAR CENTRAL RECEIVER STUDY

TABLE 4 - AUXILIARY POWER REQUIREMENTS - STORAGE SYSTEM

Auxiliary requirements are for:

- Electric power (KW) required to run air blowers for foundation cooling
recirculation pumps for back-up recirculation heaters, drain tank pumps,
sump pumps, ullage blowers, etc.

These
heaters are for maintaining salt in liquid form during extended outage

- Natural gas consumption for back-up recirculation heaters.

or 3.

| periods. Also includes salt heaters for initial charging, and
miscellaneous heating.
Average Peak
Avg. Annual Peak Gas Gas
Plant Kilowatt (KW) Kilowatt (KW) Consq?pt1on Consqppt1or
Capacity Requirements Requirements /hr) /hr)
1200 MWHt 26.3 56.4 124.6 43.8
3000 MWHt 37.0 76.1 266.0 76.1
150 MWHt 16.8 29.2 41,7 29,2
}
Notes:
1) Operating costs for auxiliary power are not considered in Tables 1
|
|

2) Gas consumption values are for 980 Btu natural gas.

092688
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ALTERNATE UTILITY TEBM - SOLAR CENTRAL RECEIVER STUDY
TABLE 5 — DAILY HERT LOSSES
HERT LOSSES % DAILY LOSS
STORRGE VESSEL TOTAL LOSSES RATED
vSs
CAPACITY | TEMPERATURE/SIZE BOTTOM ] SHELL & ROOF |g1y,pAy x 185 STORED HEAT
BTU/DRY x 12% |BTU/DAY x 10° RATED HERT
55@°F "COLD" TANK 8.378 15.943 15,421 ©.38 %
| @ B4'g x 40
1200 1852°F HOT TANK 1.007 16.518 17.525 .43 % |4.8544 x 129 BTU
MWH< 1 @ B4’g x 447
1B50°F HOT TANKS 1.244 20.976 . 22.220 9.54 %
2 @ 66°¢ x 367
o 550°F "COLD" TANK 0.757 27.702 . 28.4SS B.28 %
4 | @ 122°¢ x 46°
3000 1850°F HOT TANK 2.267 30.395 32.662 2.32 % 12.236 x 1@° ETU
MWH1 | @ 126°g x 48’
105@°F HOT TANKS 2.312 37.326 35.638 8.39 %
2 @ SP'g x 46°
55@°F "COLD" TANK 9.104 4.372 4.478 0.88 %
150 1 @ 447g x 24 B.512 x 12 BTU
MhiHe 1950°F HOT TANK 0.276 4.664 4,540 8.57 %
| @ 44°¢g x 247
OLTSIDE WIND VELOCITY = B.S mgh "COLL" TRANKS
EXTERIOR TEMPERATURE = 60 F 18 HRS — "FULL"
6§ HRS - 3 ft HEEL
SHELL & ROOF INSULATION HOT TANKS
“COLD" TANKS - B" MINERAL WOOL BLANKET 6 HRS ~ "FULL"

HOT TANKS - 12" MINERAL WOCL BLANKET 18 HRS - 3 ft HEEL
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Sheet 1 of 3

COMMON DATA
STEEL CYLINDER, BOTTOM, ROOF, NOZZLES - COST CONSIDERATIONS

Union labor.

Administrative costs and profit margin included.

Steel stress allowables decreased to allow for high temperature service.
Field grading, etc. NOT included.

Assumed standard construction procedures and designs, except that some
high temperature and creep effects have been included.
Painting NOT included, but doubtful need (insulated).

NDE and Weld Control - typical API 650 w/spot X-ray.

No preheat or postweld heat treatment assumed.

Hydrotest included (but water supplied and disposed by others).

Spiral stairway included, but would need alternate (such as stair tower)
due to large thermal motions.

Use TP 316 stainless steel prices.

No drainage volume capacity included.

Standard corner details assumed.

Three (3) foot salt heel assumed for both Hot and "Cold" tanks.

Assumed standard dome roof tank with R/D = 1.0.

-No piping loads assumed to affect tank.

Vessels fabricated in place. Some shop items shipped to site.

Typical CBI (or equivalent) construction/supervision flat bottom tank
techniques assumed, but realize that some tighter controls likely.

NO drain tank assumed.

Externally insulated exterior. Foundation insulation also assumed.

Wind effects considered on shell for buckling/uplift.

API 650 Code used with ASME stress allowables for temperatures above
800°F,

No charging effects considered on shell. However salt heater/mixer and
conveyor included as "mechanical" equipment.

Freeboard distance used as required for sloshing.

API Zone 3 earthguake effects considered.

c-8
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Sheet 2 of 3

FOUNDATIONS - COST CONSIDERATIONS

Included concrete/rebar/forming excavation.

Structural fill and common fill 3% CBIl subcontract supervision cost.

API Zone 3 earthquake.

Non-union labor used throughout.

Earthwork assumed per foundation details. Excavation assumed to 5 ft.
below G.L., fill used for dikes.

Structural fill compacted per minimum field dry density equal to 95% of
maximum Modified proctor Density (ASTM D1557).

Dry clay aggregate used because of its excellent thermal insulation
quality.

Cal Sil and Foam Glass insulation costs (and sand/glass pads) included
(material, labor, freight). Cal Sil used at tank walls for bearing
resistance.

Foundation cooling pipes included. Forced air convection equipment
considered as "mechanical" equipment.

Includes steel restraining ring around foundation insulation.

DIKES - COST CONSIDERATIONS

Dike material borrowed from tank excavations.

6" to 12" of freeboard assumed for dikes.

Common dike walls assumed between adjacent tank dikes.

Includes 2" to 3" of gravel slope protection.

Excavation/recompaction costs included.

No special liners assumed. Salt seepage into soil assumed as
acceptable.

c-9




Sheet 3 of 3

EXTERIOR INSULATION - COST ITEMS

- Includes insulation, wire screen, pins, flashing, corrugated aluminum
jacket, freight costs, jacket banding.

- Nozzle insulation included to first flange.

- Spot welding (of pins-to-shell) included. _

- Insulation chosen for continuous service at 1200°F.

- Labor at union rates.

- 3% subcontractor supervision charge included.

- Basic insulation is 3 inch thick Mineral Wool blankets. Every second
layer of insulation uses wire mesh backing for structural strength.
Total thicknesses are 12 inches for hot tanks, 6 inches for "cold"
tanks.

- Corrugated outer aluminum jackets allow for thermal expansions.

092688 c-10
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ALTERNATE UTILITY TEAM
SOLAR CENTRAL RECEIVER STUDY
DESIGN BASIS

- Contained Liquid: Eutectic Salt Mixture - 60% NaNO3, 40% KNO5

- Design Temperatures:
e Hot Tank: 1050°F (except 1000°F for special case operating
temperature)
e Cold Tank: 550°F

- Heat Stored - Active Fluid:
e 4.,0944*10% Btu for 1200 MWHt plant
10.236*10% Btu for 3000 MWHt plant
0.5118+*10% Btu for 150 MWHt plant

® Heat capacities, densities
0.358 Btu/1bm-°F, o
0.369 Btu/1bm-°F, o

118.98 1bm/ft3 @ 550°F
107.9 1bm/ft3 @ 1050°F

“p
p

- Cover Gas:
"Dry air" (free of COp and water) at 0.10 psig design pressure

- Service Life:
30 years for tanks, supports, and stairways

- Materials:
e Hot Tanks: A240 gr 316 (or gr 316H) stainless steel
e Cold Tanks: Ab516 gr 70 carbon steel
e Ringwalls: 5000 psi (f/.) concrete, A615 Gr. 60 reinforcing steel

- Codes:
e Tanks: API Stnd. 650
Steel shell stress allowables modified for high temperature service:
- 17.5 KSI for A516 Gr 70 @ 550°F per ASME Section VIII, Div. 1

- 12.5 KSI for A240 Gr 316 (or 316H) @ 1050°F per ASME Nuclear
Code Case N47-23. This quasi-operational stress allowable
anticipates that cyclic and creep effects be considered in
final design/analysis

e Ringwalls ACI 318-83

092688 c-11
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Seismic: API 650 Appendix E Zone 3 Earthquake - 0.18G horizontal seismic
loads only (no vertical G). Product (salt) sloshing also included.
Coefficients Z = 0.75, S = 1.5, I = 1,0. Allowable stresses increased
33% for seismic conditions.

Wind: 90 mph design velocity per API 650, Allowable stresses increased
33% for wind conditions.

Maximum Temperatures:

e 200°F for in situ soils beneath tank foundation
e 140°F for insulation jacket around shell and roof
e 350°F max. for foundation concrete

Soil:

e Firm sand below 5 ft. depth containing thin layers of relatively
soft silt
5000 psf allowable soil bearing pressure at 5 ft. depth

e HWater table below 100 ft.
Increased soil allowable stresses by 33% for wind or seismic effects

Vessel Loadings:

- toof: 45 psf total D.L. + L.L. (includes insulation)
- Insulation on cylinder: 10 psf

- Internal pressure: from product load plus gas blanket
- Vacuum pressure: none '
- No nozzle loadings on shell

- Seismic

- Wind

Equivalent Daily Product Loading Cycle:
- Hot Tank

6 hrs. "full" vessel

18 hrs. "empty" vessel (heel only)
- Cold Tank

18 hrs. "full" vessel

6 hrs. "empty" vessel (heel only)

c-12
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- Corrosion Allowance on Tanks:
- 0.062 inches (total) on inside of each tank

- Shell Insulation:
e Halide "free" insulation in contact with stainless steel tanks

and/or nozzles

- Vessel Anchorage:
e Design configuration precludes need for anchorage.

- Foundation Criteria

e Salt product considered as live load (load factor 1,7) for ACI 318-
83 concrete design.

e Concrete and reinforcing steel strengths were reduced 33% and 20%
respectively for long term elevated temperature service.

e Outside face of concrete ringwall had 250% increase in reinforcing
steel to account for stresses from thru wall thermal gradients.

Containment Dikes

e Individual containment dikes provided for each tank.

e Dikes sized to contain volume of each tank, with 6" - 12" freeboard.
e Dike height limited to 6 ft. to permit easy access to tank.

092688 c-13
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POLAR RIBBED ROOF

,~~DOME ROOF

—~CYLINDER

POLAR RIBBED ROCF

174" ROOF PL w RAFTERS _ 174" ROOF PL w/RAFTERS _
wet e v y | !
"FLLL" VESSEL L Dev ¢ *FULL" VESSEL
LIQUID LEVEL = h._. g D or D, LIQUID LEVEL = hy,_-
~ T
\Z TYPICRAL ROOF _L 12
1 [
I CONF IGURATION M
ST . 'Y
I =z Iz
= &
L4 SRALT: 14
68% NaMC, ny 60% NaNC, il
425 KNC, T = 4P KNGy .
(By Weight) Sy NOTE : (By Weight) S
L W SEE TABLE "A" FOR ! Y
" m VRLUES OF D,H,N,T,V,h,n & t ot e
lo P Q
o b .
] | o -]
[ DIRMETER = D, iz DIRMETEIR = Dy =
™~ = i i
"EMPTY" VESSEL |1, BOTTOM SHELL “EMPTY" VESSEL BOTTOM SrtLll
LIGLID LEVEL = 3.p22° _ =< THICKNESS, ¢ LIQUID LEVEL = 3.88° _ ™[ THICKRESS, ty,
l |
_x L] : L
14" BOTTOM PL _ : {s4% BOTTOM PL . — < L - !
Ml . i _EL.D.29" 2l i EL.@.00°
! A N ¥ A A
ANMULAR PL _ \_NC RANCHORRGE ANNULRR PL — ._NO RANCHORRCE
REGUIRED REQUIRED
n ™ n -~ t
COLD TANK HOT TANK
NUMBER REQUIRED = ne NUMBER RECUIRED = ny
SALT TEMPERATURE = T, SALT TEMPERATURE = Ty,

ACTIVE SALT VOLUME: V¢@ 118 LBM/FT3
MAT’L: AS!6 GR?® CARBON STEEL

SOLAR CENTRRL RECEIVER STUDY

ACTIVE SALT VOLUME: V. @ 188 LBM/FT3
Vy@ 1089 LBM/FT3 FOR BOTTOM CASE ON TABLE A
MAT‘L: 316 or 316H STAINLESS STEEL

PRELIMINARRY TANK DESIGNS




o
\O
ro
(o)
o
1%
GEOMETRY FOR STORAGE TANK DESIGNS
. SALT NUMBER TANK HEIGHT NUMBER ACTIVE "FULL® BOTTOM SHELL
REFERENCE DESIGNARTION
STORAGE ' ' TEMPERATURE | OF TENKS DIAMETER |OF CYLINDER | OF SHELL |SALT VOLUME [LIQUID LEVEL | THICKNESS
o
CRPACITY . - (°F) REQUIRED (FT) D RINGS (FT3 EA.) (FT) CIN)
DIMENSIONS Te or (Ty) nc or (ny) 0. or (DH) H or (HH) Ne or (Ny) Ve or (Vy) he or (hy) te or (&)
558°F ,
. 1 84
ccorme Thnk | 1€ B4 x 28 558 40 4 189,520 37.2 1
1200
MWH .
1950°F . , 1
1 4 4
o TANK 18 B4'g x 44 1p5@ ] 4 5 299, 100 40.8 13
,..358°F 1@ 12275 x 46’ 550 1 122 45 5 474,200 43.9 1}
COLD" TANK
3e00
MWH1 .
1852°F , . g L
hot oak | 2@ 9278 x 48 1952 ] 2 46 5 261,380 ea 44,1 1%
¢ 558°F | 1@ 4475 x 24° s52 1 44 24 3 23,700 18.6 3
"COLD* TANK
e 150
MWH .e
1850°F , . : \ 44 4 3
HoT. i 1@ 4479 x 24 1850 2 3 26,148 2p.2 3
558°F 18 Ba‘g x 49° SEE ARBOVE| - 1288 MWH+t |coLE ThNK
ALTERNATE ["coLb" TANK
1299
MWHY 1258°F , . 65 Ig 4 < z
hoo Oari | 2 887 x 38 1952 a 194,552 ea 33.6 9
552°F ® 122° . SEEl ARBOVE|] - 3B23 MWHt JcoLD TRNK
ALTERNATE |*coLb+ Tank |1 12379 x 48 §
3029
MWHt 1850°F , , 126 48 1
hov Tanc  |1e 12879 x 48 1950 1 5 522,758 44.9 2}
ALTERNATE ssa°F ] ]
1220 MAHE  |-corne Tk | 1@ 8578 x 43 558 1 85 43 5 218,980 4p.2 1
( 1000°F ) \a0aF ‘ .
HOT SALT 1@ B5'g x 48’ 1090 1 85 45 5 232, 200 43.8 13
\1emperATURE/ | HOT TANK
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8 TANK SHELL TANK SHELL
o PIPE INSULATION STL STEEL MINERA
® BANDING /—MINERAL wOooL I ERAL WOOL
).
® L INSULATION wmn X [ JACKET JCINT
SEE DETAIL "D ROOF Ay
- === WEATHER FiNISHING il INSULATION Wl ,‘ | K/SEALANT
i CEVENT Al FINISHING 11{ [
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X / RIVET \\ \' APlF‘ROX
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GRADUALLY == > |\ ,
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TANK SHELL T~ (TYP-TOP & BOTTOM) / ciilie .y e L1yl v
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wooL ROOF bl B AR
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T
e
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(I T OLYMPIC
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{ A
! 6 et
| - OLYMPIC RIVET
| -.l CAL-SIL, 300 PSI ALUM. FLASHING THRU VALLEY OF
(4~ LLAYERS) BUTYL CORRUGATION
‘” N 14 1__7/1 I J_‘/’ - SEE DETAIL "g" TAPE OLYMPIC RIVET
2" 4 Y\l \ — 7] - SEALANT THRU PEAK OF ROLLED ALUM.
¥ L | [ M T ' CORRUGATION ANGLE
DR N
AR s CORRUGATED VULKEM 626
NS L) ALUM. JACKET SEALANT
& B B B —
JdRING | | T T
« |- P WALLY ‘1" RECOMPACTED -
320 ol o solL .. .
Vo . - .
[N P :
e " n " n
DRY CLAY N DETAIL 'D DETAIL 'E
AGGREGATE
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(TOP OF JACKET) ( BOT TOM OF JACKET)
SOLAR CENTRAL RECEIVER STUDY
TGS PRELIMINARY INSULATION . & FOUNDATION DETAILS
77
/ ” NATURAL SOIL

"COLD" STORAGE TANK




o 2" \(— SEE DETAIL "D"
)
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ROCF INSULATION N, =
GRADUALLY e ER ! FINISHING el » SEALANT
TAPERED OUT gvatli CEMENT / csmznt
(TYP-TOP & BOTTOM) = _I\
. RIVET ﬂ pIPE
INSULATION PIN WEATHER INSUL 2TION
TANK SHELL  BARRIER COLLAR 7]
\ y WIRE MESH >
. i SO
el
_/ | \li"y" \—STL STEEL BANDING
L MINERAL i e
_ wOOL ROOF il WEATHER BARRIER RIVETS
MINERAL WOOL /(r([\r/ SHELL AFPROX. 36" DIA.
BLANKET O . o . ) , . CORRUGATED ALUM
(4-LAYERS) 12 DETAIL "A DETAIL "B DETAIL"C
( TYP. ROOF ) TYP. SIDEWALL ) { MANHOLE )
PENE TRATION PENE TRATION
CAL-SIL "
150 PSi 5" EXPANSION GAP g‘gg#;}:gm(;
o (6-LAYERS)
1 ! 6" e ] OLYMPIC RING
. sanD CAL-SIL , 300 PSI oL r
~ pap 3" (6 - LAYERS) EMBOSSED CORRUGATED
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ALTERNATE UTILITY TEAM - SOLAR CENTRAL RECEIVER STUDY

CONTROLS

Level Control Loop(s)

Bubbler tubes utilizing bottled GN, or dry CO, free plant air will be
connected to standard differential pressure transmitters. Transmitter output
(4-20 mA or other) will be proportional to the salt storage level and will be

used to:

1. Monitor Stored Product Level
2. Alarm on High/Low Liquid Level
- 3. Shutdown Transfer Operation on High High or Low Low Tank Level

Temperature Loop(s)

Each storage tank will include a series of thermocouples to monitor the

following system temperatures:

1. Tank Vapor Space

2. Tank Bottom/Shell

3. Bottom Insulation

092688

- One adjacent to the shell/dome interface

One in vapor line connecting hot and cold tanks.
Ten thermocouples will be located near the tank

shell to bottom connection for monitoring
temperatures during the initial heat up

operations.
System - An optional array of thermocouples could
be included for use as a bottom leak detection

system. Up to 50 per tank could be required for

each task.
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Pressure Control Loop(s)

The hot and cold storage tank vapor space pressure will be monitored by
duplicate pressure transmitters. The transmitter output will be proportional
to the equalized vapor space pressure of the hot/cold storage tanks and will
be used to:

1. Monitor Ullage Space Pressure

2. Sequence the vent/makeup control valves on High and Low pressures

respectively.

3. Shut down transfer operations should the High High or Low Low

pressure setpoints be exceeded.
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ALTERNATE UTILITY TEAM - SOLAR CENTRAL RECEIVER STUDY

THERMAL STORAGE-LEAK DETECTION METHODOLOGY

Each thermal storage tank could include an optional bottom leak detection
system. During tank construction a series of thermocouples will be installed
within the bottom insulation system. Rows of thermocouples will be spaced
equally throughout the insulation system with consideration given for bottom
seam locations. The thermocouples will initiate a high temperature alarm
should a salt leak breach the insulation system causing a localized hot spot.

Corrective action will be at the discretion of the final owner.
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ULLAGE SPACE PRESSURE CONTROL SYSTEM

An ullage space pressure control system is provided to maintain this
pressure within storage tank design limits. The ullage (vapor) space of the
hot and cold storage tanks will be connected in parallel to the pressure
control system.

The pressure control system will provide a supply of dry, CO, free air to
the ullage space as required or automatically vent excess air from the ullage
space to atmosphere to maintain a relatively constant pressure. The system
includes:

e A single molecular sieve bed to remove water and COp from the ambient
air.

e A single rotary blower to boost atmospheric air to 35 psia prior to
entering the molecular sieve bed.

e Forced air cooler to cool regeneration air during the molecular sieve bed
cooling cycle.

e Automatic isolation valves that will sequence to direct flow to storage
or vent air to atmosphere.

e Recuperative heat exchanger to utilize waste heat during regeneration of

the molecular sieve bed. Maximum regeneration air temperature is 650°F.

If vapor makeup is required, a low pressure switch will initiate the
following sequence of events:
1. Sequence isolation valves
2. Start air blower and continue to operate until Tlow pressure
condition is stabilized.
Should venting be required, a high pressure switch will automatically sequence

the isolation valves to permit venting to occur.

The molecular sieve will remove water and CO, to approximately 1 ppm
concentration from normal ambient conditions of 14% RH and 350 ppm COj,.
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ALTERNATE UTILITY TEAM - SOLAR CENTRAL RECEIVER STUDY
TRADE STUDY ITEMS - STEEL CYLINDER, BOTTOM, ROOF, NOZZLES

Sized tanks to eliminate anchorages. Anchorages cause constraint and
stress problems for large thermal motions.

Must consider future detailed stress analysis including creep fatigue.
Extent of design ramifications cannot be fully ascertained yet.
Selection of 316 or 316H stainless, allowable design stresses, and
nozzle designs based on creep considerations.

Flat bottom tank design selected as most economical and practical.
External insulation chosen over internal due to economics. Detailed
analysis required to justify either.

Used conventional tank design concepts (API 650) but added extra
considerations (larger annular plate, nozzle inserts, etc.).

Allowed 33% increase in stress for seismic/wind.

Critical elastic shell buckling considered.

Shell-annular plate junction needs detailed investigation. Assumed butt
welded corner detail for now.

Dry air film (above salt) decreases shell temperatures significantly.
Restraints (ex. friction) to free base expansions require consideration/
avoidance.

Included 90 mph wind; did not govern.

API Zone 3 seismic.

Initial charging effects on shell need considerations later,

TRADE STUDY ITEMS - EXTERIOR INSULATION

Design allows for traditional installation procedures.

Design allows for large thermal motions of shell (> 5 inches for hot
tanks).

Practical thicknesses used (12 in. hot tanks, 6 in. cold tanks), but may
be varied if economics dictate.

Mineral wool chosen as good proven economical insulation. Good for
continuous service at 1200°F.

Corrugated aluminum jacket chosen to allow for circumferential growth.
140°F (hot-to-touch chosen for maximum allowable temperature.
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Alternate layers of mineral wool has wire mesh for structural strength,
Initial moisture will be driven out of insulation. Atmospheric moisture
will continually be driven out by heat.

TRADE STUDY ITEMS - FOUNDATION

Insulation and cooling designed to limit concrete (ringwall) temperature
to 350°F maximum and in-situ soil temperatures to 200°F.

Considered long term temperature effects on concrete by reducing
concrete and rebar strengths by 33% and 20% respectively.

Considered possibility of thru-wall thermal gradient by significantly
increasing outer rebar steel area.

Used standard construction materials wherever possible.

Use 5 ft. depth of dried clay aggregate to aid in keeping soil
temperatures below 200°F, This aggregate is structurally sound and
commercially available in the Barstow area.

Used backfill to five foot depth. At that depth soil appeared;
questionable above.

Considered elevated structure to improve foundation cooling. Some
disadvantages:

e Slab likely to have critical expansion and thermal gradients.

e Piles and/or columns supporting slab must be designed for
lateral loads from earthquake and thermal motions.

e Requires extra footing.

Ringwall made thick enough to allow for tank sliding.
Cal sil and foam glass insulation used with descretion as follows:

e Cal sil used under cylindrical shell (both 550°F and 1050°F
tanks) because of its higher bearing strength and insulation
effects on the ringwall.

e Foam glass used under the balance of 550°F tank for economy.

e Cal sil used under the balance of the 1050°F tank because of

higher temperature resistance than foam glass.
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TRADE STUDY ITEMS - DIKES

- Individual dike for each tank. Leakage from one tank will thus NOT

impinge on other tank.
- Dikes to contain full volume of each tank.
- Dike height limited to 6 ft. to allow easy access to tanks.
- Dike floors graded so rainwater drains away from tanks.
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CBI ELEVATED TEMPERATURE STORAGE TANKS

(INSTALLED UNITS)

Owner/Operator Medium Tank Size(s) Code

Location Temperature
Solar Partners Ltd. Hot 0il "Cold" - 69'9 * 40' APL 650
Daggett (Barstow) CA 480°F /600°F Hot - 72.5'p * 40' *
American Petrofina 0i1/Asphalt "Cold" - 150'p * 48' APl 650
Port Arthur, TX 350°F /500°F Hot - 80'p * 48'
Aramco 0i1/Asphalt 2 @ 190'0 * 15" API 650
Qasim, Saudi Arabia 350°F /430°F
MRI/Soleras Molten Salt 20 16'9 * 16' *
Yanbu, Saudi Arabia 662°F/752°F

(DESIGN STUDIES - PARTIAL LIST)

Bechtel Salt "Cold" - 122.5'9p * 40' *
Barstow, CA 550°F /1050°F Hot - 151.5'¢ * 34'
Babcock & Wilcox Sodium 2 075'Q * 46" *
Lucerne Valley, CA 650°F /950°F
Babcock & Wilcox Salt 2@ 120'9 * 40' *
Lucerne Valiey, CA 650°F /1050°F
Bechtel 0i1 Various Sizes *
Daggett, CA ~ 600°F 69'p to 80'Q *
Rockwell Sodium 2 @ 40'9p * 50° *
Barstow, CA 601°F/1050°F
Bechtel ) Sodium 2 @ 105'p * 51,4' *
Southern California 625°F/1065°F
Bechtel Salt 2 @ 105'9 * 54' *
Southern California 625°F/1065°F
Chevron Asphalt 10 22'9 * 42" APl 650
Richmond, CA 500°F 1@10'9 * 30"
AP1 650 Rules with stress allowables from ASME Section VIII - Divs. 1 or 2 for

temperatures exceeding 500°F,

NOTE:

CBI has also designed and built numerous low temperature and cryogneic vessels.

092688
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NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States Department
of Energy, nor any of their employees, nor any of their
contractors, or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information,
apparatus, product or process disclosed, or represents that its

use would not infringe privately owned rights.
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1.0 SUMMARY

We reviewed the salt properties as outlined in

the project guidelines and found the equations for
viscosity, density, heat capacity, and thermal con-
ductivity to agree well with literature data. How-
ever the data for thermal conductivity had a
reported uncertainty of +/- 20%.

We reviewed available reports regarding corrosion
from nitrate salts. ‘Although there have been a
fair number of corrosion studies for applicable
materials in molten salt, most of the studies were
static, immersion type experiments. Corrosion
studies with thermal convection equipment shows
that Incoloy 800 and 316 stainless steel are
acceptably resistant with corrosion rates of ~0.3
and 0.5 mils/year, respectively at 600C (1112F).
Corrosion is significantly enhanced above 600C,
where the salt becomes more strongly oxidative.

Studies involving corrosion from salt contaminants
were quite limited and no specific conclusions
could be drawn. However, carbonate, hydroxide, and
chloride contamination resulted in sllghtly higher
molten salt corrosion rates.

Very little combined erosion and corrosion exper-
imental results have been published to date. The
information available suggests that high salt
velocities will increase corrosion rates.

We determined that the best method of salt delivery
to the plant site would employ the use of standard
100 ton, hopper-type rail cars. Trucks could be an
option for smaller plants. No large bulk storage
of salt is required.

We defined methods to melt and introduce molten
salt into the thermal storage system. The melting
would occur in two phases. Approximately 30% of
the total salt capacity would be melted by a gas-
fired salt melter. After this initial melt, the
solar tower could be operated to melt the balance
of the salt inventory. We sized the required mel-
ting equipment for three thermal storage sizes
(150MWHt, 1200MWHt, and 3000MWHt).
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We estimated the build-up rates of the major salt
contaminants (carbonates, oxides, and chromium)
based on data from the Molten Salt Electric Expe-
riment. Carbonates could reach its solubility in
9 - 21 years, depending on plant size, if no pre-
cautions are taken. Although methods are available
to regenerate the salt if carbonate removal is
required, we recommended that a salt preventative
maintenance program be employed. The air pad used
in molten salt storage should be treated to remove
carbon dioxide and water. This would prevent the
formation of carbonates and hydroxides.

We defined conceptual operating procedures for salt
melting, salt make=-up, and salt spill clean-up.

A list of recommendations is presented in Section
4.0 of this report.




2. INTRODUCTION

0lin has worked with Black & Veatch as a subcon-
tractor to perform a Utility Study for a solar cen-
tral receiver. Our common goals are to describe
and size a facility to produce electricity using
solar energy. The plant will use molten nitrate
salts to store energy to make electricity with a
steam turbine.

Olin's portion of the project involved four tasks.
These are summarized below:

Task 1: Review guideline document and provide
recommendations for trade studies for the
Thermal Storage Subsystem.
Summarize current knowledge of corrosion
effects of molten nitrate salts.

Task 2: Develop and recommend salt delivery meth-
ods.
Recommend and size equipment to unload,
melt and install salt into the solar plant
thermal storage subsystemn.
Determine potential contaminants in molten
salt; estimate their build-up rates.
Develop techniques for cover gas purifi-
cation.
Determine requirements for salt mainte-
nance.

Task 9: Support and attend the mid-Phase I UCB
review meeting in Albuquerque, NM.

Task 10: Provide project management and admini-
stration.
Provide monthly technical and cost
reports.
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3.0 DISCUSSION
3.1 COMMERCIAIL PIANT GUIDELINES
3.1.1 Molten Salt Properties

The following molten salt properties were contained in the Guide-
lines, Ground Rules and Trade Study Input Specifications:

Density, viscosity, heat capacity and thermal conductivity. Each
of these properties were given as a function of temperature. These
equations were reviewed with tabular and graphical data from sev-
eral sources.l/2,3,4 The comparative results are shown in Table 1
through 4. The data agree quite well. It should be noted that
although the data obtained for thermal conductivity agrees very
well with the Guidelines, this data has a reported uncertainty of
+/- 20%. If this salt property is critical in the design of any
plant equipment, it may be required to obtain more accurate data
before actual plant construction.

We would recommend a nitrate salt composed of high purity 60%
sodium nitrate and 40% potassium nitrate salts, by weight. This
composition provides thermal performance similar to the eutectic
mixture, but at a lower cost. The recommended specifications are
listed below:

NITRATE SALT SPECIFICATIONS

COMPONENT MINIMUM, % MAXTMUM, %
NaNO4 59 61
K NOj 39 41
NacCl 0.30
Na2504 0.30
Cao 0.03
MgO0 0.03
sio, 0.02
Al1,04 0.025
F3203 0.025
Insolubles 0.06
NayC03 0.15

The acute oral LDsg for this nitrate salt blend is 4g/kg (Rats).
This nitrate salt 1s considered toxic from this route of exposure
according to criteria established by the Federal Hazardous Sub-
stances Act. No information is available on the toxicity from
dermal or inhalation exposure but, in all probability, it would not
be considered toxic from either of these routes of exposure. The
salt is not known to be carcinogenic or mutagenic but may be a skin
or eye irritant. The salt will not present a hazard to health when
used according to normal industrial handling practices.
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TEMPERATURE (OF)

TABLE 1

MOLTEN SALT PROPERTIES - DENSITY

P = 131.2 - 0.02221 (T)
P = LBm/ft3
T = OF

DENSITY (LB/FT3)

DENSITY (LB/FT3)

GUIDEINES REF. DATA
500 120.1 120.7
600 117.9 118.5
700 115.7 116.3 115.9
800 113.4 113.8 113.6
900 111.2 111.2
1000 109.0 108.3
1100 106.8 105.0
092688 D-10
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TABLE 2

MOLTEN SALT PROPERTIES - VISCOSITY

4L = 50.0699 + t (=.133924 + T (1.292 x 10™¢ + T (-4.26764 x 1078)))

//C = LBm/ft-HR

T = OF
TEMPERATURE ( OF) VISCOSITY (LB/FT.HR) VISCOSITYiLB/FT-HR)

GUIDELINES REF. DATA
500 10.07 10.07
600 7.01 7.02
700 4.99 4.99
800 3.77 3.78
900 ' 3.08 3.97
1000 2.67 2.66
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TABLE 3

MOLTEN SALT PROPERTIES - HEAT CAPACITY

Cp = 0.345 + 2.28 x 1075T

Cp = BTU/LBmCF

T = OF

TEMPERATURE (OF) HEAT CAP. (BTU/LBm°F) HEAT CAP. (BTU/LBm°F)
GUIDELINES REF. DATAl

500 .356 .354
600 .359 .358
700 .361 .377
800 .363 .363
900 .366 .369
1000 .368 -
1100 .370 -
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MOLTEN SALT PROPERTIES - THERMAL CONDUCTIVITY

TABLE 4

0.253208 + 6.26934 x 10 =5 7

BTU/HR FT ©F

=OF
TEMPERATURECF (BTU/HR FTCF) (BTU/HR FT OF)
GUIDELINES REF. DATAZ2
500 .285 .285
600 .291 .291
700 .297 .297
800 .303 .303
900 .310 .309
1000 .316 315
1100 .322 .322
NOTE: The reference data, which agrees quite well with the

092688
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3.1.2. Salt Corrosion

In the solar central receiver installation, the materials of con-
struction are exposed to salt at several different temperatures
which may generally range from 300C to approximately 600C depending
on location within the facility. There have been a fair number of
corrosion studies on the materials most likely to find application
in this range, particularly the 300 series stainless steels,
Incoloy 800, RA330, and some carbon steels as well. Most of these
studies have been static, sample immersion type experiments, but
several thermal convection flow experiments have also been per-
formed. The reported results are generally not unambiguously
interpreted; this is largely because the experiments predominantly
consist only of the measurement of coupon weight changes, which
are, in fact, the result of both weight-gaining and weight-
depleting processes.

Overall the corrosion occurs essentially by an oxidation and disso-
lution process. The iron oxides produced generally form partially
adherent surface scales and are of low apparent solubility in the
salt melt. Chromium oxide products (chromate in particular), tend
to be somewhat selectively depleted from the alloy surface. The
passivation effectiveness of the oxide layer depends on a number of
factors including the rate at which surfaces spall with or without
stress. 1In the case of iron oxides for example, the most oxidized
forms tend to spall the most easily in any erosive and corrosive
environment. Corrosion is also significantly enhanced above 600C,
where the salt solution becomes more strongly oxidative and the
transport limitations are diminished.

Corrosion studies(l) with thermal convection equipment shows that
Incoloy 800 (I800), and 316 stainless steel are acceptably resis-
tant with corrosion rates of approximately 0.3 and 0.5 mils/year
respectively at 600C. Chromium was the only alloying element to
build up appreciably in the melt (to approximately 180 ppm in

8 months), but the chromium loss was not the major factor in the
alloy sample weight losses. At 400C, the above cited rates are
decreased by over a factor of ten. Further studies on steels with
chromium content less than 9 weight percent showed that these mate-
rials corrode excessively at 550C but may perform adequately below
300C. Other thermal convection loop studies(9) with loop legs at
approximately 600 and 350C, suggest that 304, 316, and I800 are all
adequately resistive for use below 600C. Furthermore, the low car-
bon version of these alloys, as in 304L and 316L, are generally
preferable. At temperatures above 600C, however, the stainless
steels experienced excessively rapid scale spalling and chromium
depletion within a few thousand hours.

The chromium depletion mentioned above appears to follow diffu-
sion-controlled kinetics(®). 1Its buildup in the melt however, is
likely to be insignificant in an installation with a low surface
area to volume ratio. In the MSEE(10) analyses for example, chro-
mium only increased from 4.0 to 6.5 ppm, during all of the 1984
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operating year.

The corrosion rate test results of Chihoski et al(ll), agreed

with those cited above for I800 and 316 stainless steel. 1In
related tests, they found RA330 and carbon steels suitable for use
in the salts at temperatures up to 600C and 290C respectively.
These workers also studied the effects of several anionic trace
contaminants including chloride, sulfate, hydroxide, and carbonate.
In general, the contaminants resulted in slightly higher corrosion
rates for both parent metal and welded samples. Chloride seemed to
have the most deleterious effect on I800, while carbonate and
hydroxide displayed the most damaging effects on 316 and RA330. In
the carbon steels, chloride and sulfate proved to be the most
detrimental contaminants.

Some testing(8) has been done on certain special purpose materials
for possible use in seals, gaskets, packings and valve trim. Stel-
lite #6 and silicon carbide displayed good corrosion resistance
whereas graphite composed materials, such as Crane IX187 gasket and
Crane GF graphite packing, were readily degraded by the salt. It
was also found that copper foil dissolved completely within 5000
hours, but aluminum Crane 100 Al and nickel Crane 100 Ni were
highly resistant to salt at 400C.

Mechanical properties are essentially unaffected by the salt envi-
ronment. Creep experlments(l) with I800 in salt baths showed no
measurable effect of the salt on structural properties, although
surface oxide formation was accelerated by sample deformation.
Fatigue crack growth rate studies showed that the fatigue response
of I800 is not significantly affected by the salt at 600C. 1In
terms of surface finish, it is apparent that the rougher finishes
tend to corrode more rapldly and less uniformly but a quantitative
relationship is lacking.

Very little combined erosion and corrosion experimental results
have been published to date. The little information available(8
suggests that due to the mechanism of this corrosion, hlgh salt
velocities will undoubtedly result in increased corrosion rates
relative to those observed in static immersion or thermal convec-
tion loop studies. However, there is currently no reliable means
of correlating corrosion enhancement with hydraulic conditions.
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3.2 Common Data and Trade Studies
3.2.1. Salt Charging

The amount of salt required for a Solar Central Receiver Power
Plant will depend on many factors including plant size, mode of
operation and theory of operation. We have investigated three
thermal storage sizes: 150MWHt, 1200MWHt and 3000MWHt. Based on
information from Chicago Bridge and Iron, the salt working capac-

ity, which was used to size the hot and cold salt storage tanks, is
given below:

PILANT SIZE SALT WORKING CAPACITY (LBS)
150 MwWHt 2,682,000

1200 MWHt 22,658,000

3000 MWHt 53,670,000

The salt working capacity does not include salt required to fill
the piping and other components in the system. These components
include the hot salt storage tank heel, cold salt storage tank
heel, receiver and heat exchangers. The total salt inventory was
estimated based on previous studies. (Saguaro Solar Power Plant

Design). The total salt inventory required for each plant size is
listed below:

150 MWHt 2,682,000 3,394,000
1200 MWHt 22,658,000 28,680,000
3000 MWHt 53,670,000 67,934,000

Several methods are available for delivery and storage of the
nitrate salts prior to introduction into the thermal storage sys-
tem. The salt could be shipped via railroad hopper cars (100 Ton
capacity), hopper truck (20 Ton capacity), or in bags. For the
| quantities required in a solar power plant, bulk delivery would be
| required. The table below compares the number of trucks and rail-
| cars required for each plant size.

i
PLANT SIZE WORKING SALT CAPACITY(IBS) TOTAL INVENTORY (LBS)
?
\

PIANT SIZE TRUCKS (20 TON) _ RATILCARS (100 TON)
150 MWHt 85 17

1200 MWHt 717 144

3000 MWHt 1699 340

Al I N Wy W BE BN B Ba

This table clearly indicates that railcars are the most logical
choice for delivery, although truck delivery could be an option for
the 150 MWHt storage system. The standard 100 Ton gravity feed
hopper car is the most abundant and simplest to operate. This type
of car offers a high level of assurance that the product will not
become contaminated, and that unloading operations will not be
complicated.

092688 : D-16




Railcar delivery also offers another potential advantage. It is
expected that the initial salt melt and plant start-up would occur
over several months. The delivery of salt to the plant site could
be scheduled as salt is required over this period. This would
eliminate the need for large amounts of bulk salt storage.

The initial salt charging step can occur before the entire plant is
ready for operation. The salt inventory would be melted in a
two-phase procedure. The initial charge of salt would be melted
with a fossil fired salt melter. (See Figure 1) It is expected that
this initial melt would involve approximately 30% of the entire
salt inventory. This amount of salt melt would allow for start-up
of the central receiver and other equipment. The solar tower could
then supply the heat required to melt the balance of the salt
inventory. This would be accomplished by mixing hot (1050°F) salt
with granular salt in a special mix tank. (See Figure 2) This mix
tank can also be used for adding salt to the system as required
during operation. The basic equipment required for the initial
melt and the total inventory melt is shown in Table 5.

The time required to melt the initial salt charge is given in the
table below.

PIANT SIZE MELTER SIZE (MMBTU/HR) MINIMUM MELTTIME (DAYS)

150MWHt 2.0 6
1200MWHt 5.0 21
3000MWHt 10.0 25

The time given is based on operation of the melter continuously
once the unit is started up. Hence, actual melt time is expected
to be somewhat longer depending upon operational problems. A
detailed operational procedure for this equipment is given in
Section 3.2.3.

3.2.2. Salt Maintenance

Nitrate salts, including sodium/potassium mixtures, degrade at very
high temperatures. While the maximum temperature that the salt is
expected to see in the solar central receiver systems is well below
the temperature at which the rate of salt decomposition would be
unacceptable, some degradation does take place continually at tem-
peratures above the melting point.

The main decomposition products are nitrites, carbonates, oxides
and hydroxides. Nitrites are formed in the reversible reaction of
nitrate to nitrite plus oxygen:

NaNO5 ---> . NaN0; + 1/2 0,

The decomposition reaction of nitrate to nitrite can be minimized
by using air as a padding gas in the cold and hot storage tanks.
Previous studies have found that air is nearly optimal from the
standpoint of nitrate stability. Other cover gases, such as
nitrogen, oxygen or inert gases, should not be used because they
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TABLE 5 |
EQUIPMENT REQUIREMENTS FOR SALT CHARGING
PLANT SIZE
ITEM 150MWHT 12 00OMWHT 3000MWHT l
Salt Unloading &
Initial Melt l
Enclosed feed conveyor 75FT3/HR 200FT3 /HR 375FT3/HR
( - 60 FT) I
Feed Hopper 30FT3 75FT3 150FT3 '
1 Salt Melter (includes 2MM BTU/HR 5MM BTU/HR 10MM BTU/HR l
mixers, gas burner &
temperature controls
~ Salt Pump 10 GPM 25 GPM 50 GPM I
Total Salt Inventory
Melt l
Enclosed Transfer Con-
veyor (=40 FT) 75FT3 /HR 200FT3/HR 375FT3/HR I
Feed Hopper 30FT3 75FT3 150FT3
Mix Tank (including I
Mixer) 1000 GAL 2500 GAL 5000 GAL
Salt Pump 20 GPM 50 GPM 100 GPM .
' i
i |
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would promote the decomposition of the nitrate ion.

Carbonates are formed when hot (1050°F) salt comes in contact with
carbon dioxide. There are three ways carbon dioxide can react to
form carbonate.® The first involves reaction with metal oxide or
hydroxide formed from salt decomposition.

02~ + co, --=> €052~

20H™ + COp =---> €032~ + H,0 (1)
The second reaction is with nitrate itself

2NO3™ + COp  =—=> 2NO, + 1/2 + C042° (2)
The third reaction involves the nitrite ion

2NO,™ + COp —---> NO; + NO + C0,2- (3)

According to thermodynamic calculations®, reaction (1) is most
favored. But the other reactions are certainly possible. In fact,
the reverse of reaction (2) and (3) is known to occur when salt is
sparged with NO;. This method has been studied as a possible salt
regeneration method.

Carbonates are very soluble at high temperatures: 33,000 ppm at
1050°F. However, at the low operating temperature of 550°F, the
solubility is somewhere in the range of 3000 to 5000 ppm. If the
carbonate level is allowed to exceed this range a precipitate will
form on the cooler heat exchange surfaces. The best method to
control carbonate formation is to eliminate any contact of carbon
dioxide with the molten salt, especially at high temperatures.

Hydroxides are formed when the hot salt comes in contact with water
vapor. The hydroxides are formed from the reaction of oxides and
water. The oxides are decomposition products of the nitrate salt.

NO3™ ===> NO;™ + 1/2 0y

2 N0~ =--> 027 + 3/2 0, + Ny

02= + Hy,0 =---> 20H
Because the hydroxide ion is very soluble in the melt, (20%), it
should pose no precipitation/fouling problems. However, hydroxides
can cause significant corrosion. The hydroxide ion is known to

react with oxygen in the air to form the highly corrosive peroxide
ion.

20H™ + 1/2 0, -==> 0527 + Hy0
The peroxide ion corrodes chromium containing stainless steels such
as 304 and 316 by oxidizing the metallic chromium or chromium sur-

face oxides. Experiments conducted by 0Olin Corporation in previous
work showed the rate of corrosion appeared much worse at the air-
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salt interface. This discussion indicates the need for a moisture
free padding gas system.

Oxides in the system, formed from the decomposition reaction of
nitrates, may pose a precipitation problem if allowed to exceed its
solubility. The solubility of oxides is about 2300 ppm at 550°F.
(Some studies® have shown this solubility to be higher).

Other salt contaminants which occur in the system are the corrosion
products of the containment vessels, pipes and other equipment.
These include chromium, iron, nickel, molybdenum and magnesium.
Based on experience at MSEE, we do not expect iron, nickel,
molybdenum and magnesium to build-up in the salt system. However,
chromium has slowly increased during the operation at MSEE and
could present future problems. Although the solubility of chromium
is quite high (2000 ppm), the environmental implications are note-
worthy, If the level of chromium in the salt is above § ppm, the
salt is judged to be "hazardous" according to EPA regulations and
can only be disposed of in a secure landfill. For large quantities
of salt this could be prohibitively expensive. Some experiments
have been performed with the objective of precipitating the chro-
mium and thus greatly reducing the amount of material to be land-

filled. salt spills are discussed in more detail in
Section 3.2.3.

It is difficult to accurately predict rates of formation and
build-up of these contaminants in a Solar Central Receiver Facil-
ity. The best available information are the results obtained from
the Molten Salt Electric Experiment (MSEE). Data obtained over the
first 1 1/2 years of operation showed oxide level increasing at a
rate of 9 ppm/year and the chromium level increasing at a rate of 8
ppm/year. The carbonate level did not increase over the course of

the experiment, but was increasing at a rate of 67 ppn/year for the
last several months (See Figures 3,4,5).

It should be noted that the MSEE system is different from the pro-
posed design in several key areas:

1) MSEE has no provisions for treating the air pad on the tanks.
2) MSEE tanks have a lower salt volume to surface area ratio.
3) Operation at MSEE was intermittent.

Hot salt temperatures at MSEE were lower when contaminant data
were obtained.

The first two factors would give a lower contaminant formation rate

for the present design when compared to MSEE. The last two factors
have the opposite effect.

We can estimate the effect of increased salt exposure time and salt
volume to surface area ratio. We have assumed, for this estimate,
that MSEE operated about 2 months/year. Therefore, operation on a

continuous basis would increase the rate of formation by a factor
of six:

092688 D-22




FIGURE 3

MSEE CHROMIUM ANALYSIS
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FIGURE 4

MSEE OXIDE ANALYSIS

95% Confidence Interval

889260

15.0
14.0 -
13.0 :
12.0 d T

11.0 - o

10.0 J {
0.0 - 1
8.0 -

‘ + + 4 4

7.0 -

¢-d

8.0 S

5.0 - ﬂL

4.0 1
3.0 A

Concentration (ppm)

2.0 A

1.0 -
1]

0.0 JAN 'FEB MAR APR MAY JUN ' JUL 'AUG 'SEP 'OCT NOV DEC ' JAN FEB MAR APR MAY JUN '

JAN ‘84 — JUN ‘85




FIGURE 5
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MSEE CARBONATE ANALYSIS
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CONTAMINANT MSEE BUILD-UP RATE BUILD-UP RATE
FOR CONTINUOUS OPER.

Carbonate 67 ppm/year 402 ppm/year
Oxide 9 ppm/year 54 ppm/year
Chromium 8 ppm/year 48 ppm/year

Since carbonates are formed when hot salt comes in contact with
carbon dioxide in the air, the volume to surface area ratio for the
hot salt tank is an important factor. The table below compares
this ratio for the MSEE tanks and the proposed design.

| MSEE 150MWHt 1200MWHt 3000MWHt
‘ Volume/SA 16.34 19.39 40.70 45.91
Factor - - 0.84 0.40 0.36

Hence, the expected carbonate build-up rate can be estimated from
these factors:

PLANT SIZE ESTIMATED CARBONATE BUILD-UP RATE

150MWHE ' 338 ppm/year
1200MWHt 161 ppm/year
3000MWHt 145 ppm/year

chromium, we can estimate the time required to reach solubility.
These are shown in the table below:

YEARS TO REACH SOLUBILITY

Using these estimated build-up rates for carbonates, oxides and

SOLUBILITY 150MWHt 1200MWHE 3000MWHE
@550°F
Carbonates 3000ppm 9 19 21
Oxides 2300ppm 43 43 43
Chromium 2000ppm 42 42 42

As is shown in this table, the worst case is for carbonates in the
150 MWHt storage system. These estimates are based on a facility
with no maintenance system. With proper preventative maintenance,
these build-up rates should be greatly reduced. As was previously
mentioned, carbonates can only be formed when the salt reacts with
carbon dioxide. If the carbon dioxide is removed from the padding
gas, carbonate formation should be eliminated.

Because of these reasons, we do not feel that a salt maintenance
system should be included in the.design. However, it is appropri-
ate to discuss existing methods of salt regeneration to remove con-
taminants. One method to regenerate the salt if levels of carbo-
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nates and oxides are high is by reacting the contaminants with
nitrogen dioxide. 1In this process, gaseous NO, is bubbled through
the molten salt:

€032~ + NO, + 1/2 05 = = => 2 NO3~ + CO,

This technique is reported to be slow and has a chemical efficiency
of only 18%°. Also, NO, is relatively expensive, hazardous, and a
primary air pollutant.

Another method uses calcium nitrate to remove carbonate and hydro-
xide. The reactions are:

C032~ + Ca(NO3)5 =---> 2NO;~ + CacCoOj
20H™ + Ca(NO3)y = = => 2NO3~ + Ca(OH),

Calcium carbonate and calcium hydroxide have very low solubilities
in molten salt. These components could be removed from the molten
salt by filtration. At this time, the use of calcium nitrate is the
preferred salt treatment method.

Because of the inherent problems of salt regeneration, the best
salt maintenance system is a preventative maintenance program. The
most important part of this program is to prevent contact of the
hot, molten salt with water and carbon dioxide. This can be accom-
plished by proper treatment of the air which is used to pad the
storage tanks. One method to remove CO; and H,0 is the use of
molecular sieves. Molecular sieves are synthetically produced
zeolites characterized by pores and chrystalline cavities of
extremely uniform size. Other commercial absorbents have pore
sizes which can vary widely on the same particle. Molecular sieves
are available over a range of sizes. Type 5A (5 angstroms) is typ-
ically used to remove carbon dioxide. Molecular sieves can be
regenerated by raising the temperature to 260C. Molecular sieves
are thermally stable to 540C. Table 6 shows the equipment required
to treat the air used for padding the gas. Figure 6 shows the pro-
cess flow diagram for this system.

When salt is removed from the cold tank and is eventually added to
the hot tank, make-up air is required because of the density dif-
ferences of air at 288°C and 566°C. This air is passed through the
molecular sieve to remove CO, and water. When salt is removed from
the hot tank and eventually added to the cold tank, excess air is
vented from the system. This air is used to regenerate the molecu-
lar sieve by raising the temperature to desorb the trapped contami-
nant molecules.

Another importaht part of salt maintenance is continual observation
of the salt properties. We recommend that the salt be sampled
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TABLE 6

EQUIPMENT LIST AND SIZES
ULLAGE SYSTEM

ITEM 150MWHt 1200MWHt 3000MWHt
Air Blower 10 CFM 85 CFM 180 CFM
Air to Air 5000Btu/hr 42500Btu/hr 90000Btu/hr

| Heat Exchanger
\
\
Molecular 20 1bs 175 1bs 375 1lbs

Seive*

* Basis: 5 year life

D-28
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FIGURE 6
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periodically and analyzed for the follow components:

C032~, 027, NO,~, NO3~, S0,42~, €17, Sio0,,
Na, K, Ca, Cr, Ni, Fe, Mo, Mg, and Al

The analysisl2? should be performed at least monthly during the
first two years of operation. After a good data base is obtained,
analysis of most components could be done on a quarterly basis.
But more important contaminants, such as carbonates, oxides and
chromium, should be monitored more frequently. If a thermal excur-
sion occurs in the facility, the salt should be sampled and ana-
lyzed as soon as possible.
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3.2.3 Operating Procedures

This section includes conceptual operating procedures

in the following key areas: initial salt melt, inventory
salt melt, infrequent salt make-up, ullage system, and
salt spills.

Initial Salt Melt

A fossil fired salt melter will be employed to melt the
initial 30% of the total salt inventory. This quantity
of molten salt would be enough to allow start-up of the
balance of the solar facility including the receiver.
The typical method of charging salt melters has been to
add the mixed nitrate salt to an aqueous slurry of salt
in contact with the gas or oil fired heater tubes. It
has been demonstrated for other heat transfer salts that
an increase in moisture reduces the melting point of the
salt. The same should hold for 60% NaNO3 and 40% KNOj,

After the slurry is in place, the burners are activated
to supply heat to the slurry. As the temperature rises
the water is slowly driven off resulting in a fairly dry
melt. The initial melt batch is allowed to "cook" for a
few hours at about 550F in order to drive off any
residual moisture which might be trapped in the melt.

It is important to always keep the level of the melt
above the heating elements. A step by step procedure

is listed below:

1. The process tank and equipment which will receive
the molten salt are preheated to about 550F.

2. The melting unit is filled with water untill the
burner tubes are covered. The water can now be
heated.

3. The dry salt is unloaded from railcars and conveyed
to the salt melter. .

4. The salt is gradually added to the melter and
dissolves in the water. The heat from the burners
constantly drives off water during this initial
melt.

5. Care must be taken to insure the salt solution

never falls below the burner tubes. Uncovered
tubes will be severely damaged.
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10.

11.

12.

The melting unit must be adequately vented to a
safe place to allow the steam to escape freely.

Before the rapid evolution of steam subsides,
a dry air purge should be turned on to the melter.

Once the melter is filled and most of the water
is driven off, the charge is held at 550F for

about 5 hours in order to drive off any residual
water.

The salt storage tanks should be purged with dry
air.

The first batch of molten salt can then be pumped
forward to the salt storage tanks. Enough salt
must be left in the salt melter to insure the
burner tubes are covered.

Additional granular is added to the salt melter
and allowed to melt. When completely melted,

the salt could be pumped to the salt storage tanks.
This procedure is repeated untill the amount of
salt required is melted.

When charging the salt storage tanks for the first
time, it may be advantageous to charge the tanks
with a heel of granular, unmelted nitrate salt.
This salt would act as insulator to the bottom of
the tank and could help lessen the shock of the
molten salt when it first enters the storage
vessel.

Inventory Salt Melt

When
ment
tity

the initial charge of salt is melted, other equip-
in the facility can become operational. This quan-
of salt is estimated to be approximately 30% of the

total salt inventory. When the receiver comes on line
and begins to heat the molten salt, this energy can be

used

to melt the remaining salt charge. A special mix

tank would be used for this purpose. Hot salt from the
solar central receiver would be sent to the mix tank

092688
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with granular nitrate salt from the incoming railcars.
These materials would be mixed to form a fully melted
salt at 550F. A basic step by step procedure follows.

1. The process equipment which will receive the hot
nitrate salts should be preheated to the operating
temperature.

2. The mix tank should first be charged with molten
salt at 550F. The tank should be filled to about
the 50% level. The agitator and recirculation pump
could then be turned on.

3. Hot salt from the receiver would slowly be added to
the mix tank to increase the temperature of the
melt.

4. When the temperature reached an appropriate level,
granular salt would then be added and allowed to
mix with the hot salt.

5. Granular salt and hot salt feed rates would be
slowly increased to a predetermined rate.

6. Temperature and level control are envisioned for
the mix tank. Granular salt would be added to the
mix tank a predetermined rate. Hot molten salt
would be added to the tank in order to maintain a
.proper melt temperature (550F). Melted salt would
be pumped out of the tank to the cold storage tank
at a rate to maintain a constant level in the mix
tank.

7. This procedure would continue untill all the salt
is melted or untill the source of hot salt is
depleted. Care should be taken not to let the salt
temperature in the mix tank drop near its freezing
point. A temperature interlock should shut down
the granular salt feed if the temperature in the
mix tank drops too low.
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proceed to break up the solid salt into chunks for
easier handling and disposal.

Spilled salt can be treated to remove most physical
contaminants (sand, debris,etc.) and returned to the
system. Alternately the salt could be resold for use in
an application where heavy metal contamination is not a
concern. Treatment to remove the physical impurities
would invlove remelting and filtering the salt.

The selection of a method to dispose of spilled salt is

dependent on the level of contaminants in the salt. 1In

the solar application, the major chemical contaminant of

| environmental concern is chromium, primarily in its

\ hexavalent state. While it is true that other toxic

| heavy metals (Ni, Cu, and Mo) are present in the mate-

| rials of construction used in the solar facility, it

| appears that their rate of build-up in the molten salt
is insignificant. Chromium, however, does build-up in
the system at a slow but measurable rate. If the level
of chromium in the salt is above 5ppm, it is considered
to hazardous according to EPA regulations and could only
be disposed of in a secure landfill. Landfilling large
quantities of molten salt would very expensive. Some
previous work has been done to_reduce the hexavalent
chromium to trivalent chromium® . The trivalent chromium
could then be treated to precipitate crt3 hydroxides
from agueous solutions of the salt. Once the level of
Cr is reduced below Sppm, or if the chrome is present as
only Cr+3, the salt would be considered non-hazardous.

In the case of any major molten salt spill, the proper
environmental agencies should be notified. The above
discussion is only an overview the steps to be taken in
| the event of a salt spill. Before a solar facility is
| actually built and commissioned a comprehensive plan
should be made in regards to salt spills. This plan

should include any regulations specific to the plant
location.
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Infrequent Salt Make-up

It is expected that adding salt to the system would not
normally be required. However over the course of 30
years of plant operation, a situation may occur to nes-
sitate the addition of fresh salt to the system. A salt
spill or salt contamination could require the need for
additional salt to the system. The procedure for adding
salt to the system would be the same as described above
under Inventory Salt Melt.

salt Spill

In this section it is necesary to distinguish so-called
"virgin" salt from salt that is "in-process". Vlrgln
salt has not been used in the solar central receiver
facility and is presumed to be uncontaminated. In-
process salt has been used, and in the case of a spill
should be assumed that it is contaminated unless proven
otherwise.

For virgin salt spills, the following procedure can be
used for clean-up. For small, dry spills, shovel the
material into a container and cover. Move the container

and flush the area with water. If a molten salt spill

occurs, dike the fluid with sand or earth and allow to
cool. When the salt has solidified, it should be
transfered to secure containers and disposed of prop-
erly. If the salt has not been contaminated with heavy
metals, the salt may have use as a fertilizer.

A spill of in-process salt would pose additional prob-
lems. An in-process spill would most likely involve
molten salt. The area involved in the spill should be
immeadiately cleared of all personnel. After the situ-
ation has been assessed and it is determined that it is
safe to reenter the area, properly protected personnel
should dike the area, if required, and remove any com-
bustible material. If a fire has resulted from the
contact of molten salt with combustable material, it can
be estinguished with sand, water fog, or dry chemical.
The molten salt should be allowed to solidify and cool.
Once this has occurred, properly protected personnel can
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4.0 Recommendations

The following is a list of recommendations as a result
of this study:

*

092688

Do not include a salt regeneration system as part of
the baseline design. Our studies indicate that with
a proper preventative maintenance program, the salt
will maintain its performance characteristics over
the life of the solar facility. It should be noted,
however, that methods do exist to remove contaminants
from the salt.

Use an air pad on the hot and cold salt storage tanks.
Air has been shown to be nearly ideal from the stand-
point of salt stability.

Remove carbon dioxide and water from the air pad used
on the hot and cold salt storage tanks. Both water and
carbon dioxide react with salt constituents to form
unwanted contaminants. A molecular sieve can be used
for this purpose.

The molten nitrate salt should be carefully monitored
throughout the life of the plant. All constituents
should be monitored at least monthly during the

first several years of operation. After a good data
base has been established, the salt could be checked
less often. However, the more important contaminants
(carbonates, hydroxides, and chromium) should be checked
frquently.

Our check of the salt properties used in the Project
Guidelines revealed that the thermal conduct1v1ty data
had a reported uncertalnty of +/-20%. If this is an
important parameter in the design of any equipment in
facility, further work would be required to produce
more accurate data.

During our review of available corrosion data, we found
only one report which studied the effect of molten salt
flowing in a pipe. This particular study assessed only
one velocity (llfps) It would advantageous from the
standpoint of receiver design to expand on this limited
study.
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MSEE SALT SAMPLING

1985 STATUS REPORT

This report summarizes the analytical results of the MSEE salt sampling for
1985. The analytical results show the salt to be in good condition. The salt
shows no major composition changes through May, 1985.

All samples reported here were taken from the cold sump. Since the cold sump
vas shut off, there have been no samples taken for the latter half of 1985.
We do not expect there has been any change in composition since nid-year
because the salt has not been operated at high temperatures.

The results of our analysis for 1985 are shown as Table 1. Immediately belov
each cosponent average is & value for one side of the 95% confidence interval
for precision. Table 2 is the results of 1984 sample analysis and is fncluded
for historical reference. Graphs for selected ionic species are also attached

to show the historical trends.

The melting/freezing characteristics of the salt have vot changed since the
ratio of sodium to potassium has not changed. The other major components,
pitrate and nitrite, are st expected concentrations for a thermally cycled
systea. All other cation and anion species, except chromium and oxides,
continued to maintain the expected and somewhat "inert” comcentrations.

Chromiun and oxide (i.e., hydroxide/oxide) concentrations continue to increase
{n the salt. Chromium is increasing in the salt at about 8 ppm per year. The
rate of chromium increase is expected to decrease as surfaces of the MSEE are
passivated. The current levels of chromium are considered good and are well
below the solubility limit., Oxide is increasing in concentration at about
9 ppn per year. At the current rate of accumulation, there should be no

~ problems associated with oxide buildup for a 30 yesr plant life cycle. The
oxide buildup is affected by geveral factors related to plant operation
including salt exposure to atmospheric water vapor and high temperatures;
therefore, the 9 ppm per year asccumulation represents a minimum rate since the
MSEE was operated intermittently relative to & future commercial eolar

| facility.

In summary, the anslytical results to date show the MSEE salt is performing
very well. All chemical species are at acceptable levels. Although oxide and
chromium concentrations in the salt are increasing, the current rate is not
considered a problem. We do recoomend because of unknown variables related to
operation that the salt, especially the oxide component, continue to be

analyzed periodically.
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TABLE 1

1985 SAMPLE ANALYSIS

Sample Average and 951 Confidence Interval

Jan. 29 Feb, 11 April 11 May 2 May 11
€032 (ppm) 41,0 46.6 53,7 62.6 69.1
: 9.8 8.8 9.8 9.8 11.3
02  (ppa) 9.4 9.1 10.8 12.1 12.3
1.6 1.4 1.6 1.6 1.6
K02~ (%) 0.95 0.90 1.06 1.10 1.03
0.10 0.10 0.10 0.10 0.10
NO3™ (%) 67.0 67.0 67.5 66.7 66.8
2.0 2.0 2.0 2.0 2,0
5042~ (ppm) 1600 1600 1800 4400 3000
154 154 154 154 154
€1~ (ppm) 25.0 20.2 18.2 14.8 15.5
5.2 5.2 5.2 5.2 5.2
8102 (ppm) 90 70 106 70 70
807 8.7 8.7 8.7 ! 807
Na (%) 16.4 16.6 . 16.3 16.6 16.5
0.8 0.8 0.8 0.8 0.8
X (%) 15.2 15.0 15.3 15.0 15.2
, 1.1 1.1 1.1 1.1 1.1
Ca (pp‘) 4.8 S.1 8.6 6.5 5.6
0.8 0.8 0.8 0.8 0.8
Cr (ppm) 9.5 9.5 9.9 10.0 10.3
°l7 °‘7 0.7 0.7 007
N (ppm) 3.2 3.3 3.5 . 3.3 3.4
0.7 0.7 0.7 0.7 0.7
Fe (ppm) 1.5 1.6 2.6 3.5 3.0
0.7 0.7 0.7 0.7 0.7
Mo  (ppm) 3.5 2.8 3.6 3.0 . 2.8
0.3 0.3 0.3 0.3 0.3
Mg  (ppm) 0.5 0.6 1.6 2.2 1.6
. 1.4 1.4 1.4 1.4 1.4
Al (ppm) <5 <5 <5 <5 <5

Example: Take May 2 analysis for Mg. The value is 2.2 + 1.4 ppm. That is,
Ve are 957 confident the value was greater than 0.8 ppm and less than 3.6 ppm. -
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TABLE 2

(o]
O
§ 1984 SAMPLE ARALYSIS
o
Sample Average and 95% Confidence Interval
Jan. 5 Jan. 29 Aug. 1 Aug. 15 Sept. 12 Oct. 3 Oct. 25 Nov. 1)
€032~ (ppm) <1 Qa 69.0 64.0 60.0 56.0 54,7 63.7
9.6 19.3 19.2 11.1 11.1 11.1
02~ (ppm) <1 <a 5.0 7.0 9.0 7.0 7.0 9.0
1.9 3.9 3.9 2.2 2.2 2.2
NO2™ (%) 1.12 1.18 1.33 1.40 1.41 1.15 1.14 1.17
0.10 0.10 0.06 0.06 0.06 0.06 0.06 0.06
o NO3™ (Z) 65.9 65.8 65.3 70.3 72.6 73.6
~ 1.2 1.4 1.5 1.7 1.7 1.7
I~
8042~ (ppm) 1601 1754 660 676 651 779
89 89 89 89 89 89
C1™ (ppm) 25.0 <25.0 33.0 29.3 15.0 40.7 38.0 40.0
&‘96 2.9 2.9 3.5 2-9 2.9 2.9
$102 (ppm) 67.5 41.2 60.0 57.7 59.7 58.7
5.1 §.4 &4 S.1 5.1 5.1
Na (X) 15.27 14.60 16.13 16.77 16.33 16.49 15.98 16.23
0.67 0.67 0.44 0.44 0.44 0.44 0.44 0.44
K (%) ‘ 16.52 14,98 14.98 15.03 15.52 14.73 14.67 14.92
1022 l.zz 0.70 0.70 0070 0.70 0070 0.70
Ca (ppm) 25.0 31.0 7.00 8.00 6.61 5.28 4,58 6.76
0.84 0.84 0.42 0.42 0.42 0.48 0.48 0.48
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Table 2
1984 Sample Analysis (Count'd)
Jan. 5 Jan. 29 Aug. 1 Aug. 15 Sept. 12 Oct. 3 Oct. 25 Nov. 13
Ccr (ppm) 4.00 4.00 3.00 4.80 4,81 6.12 6.18 6.48
0.69 0.69 0.35 0.35 0.35 0.40 0.40 0.40
N1 (ppmw) 3.50 3.50 5.00 3.48 3.41 3.35 3.713 3.89
0.65 0.65 0.33 0.33 0.33 0.38 0.38 0.38
Fe (ppm) 37.5 12.5 $.00 4.00 3.31 4.09 2.50 4.17
0.65 0.65 0.33 0.33 0.33 0.38 0.38 0.38
= Mo (ppm) <1.3 <1.3 1.58 1.60 1.65 1.44 1.39 1.29
& 0.13 0.13 0.13 0.15 0.15 0.15
Mg (ppm) 4,00 6.00 8.00 8.00 8.26 7.2} 2.55 7.90
! 1.37 1.37 0.68 0.68 0.68 0.79 0.79 0.79

Al (ppm) a 41 Q <1 Qa <Q
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MSEE CHLORIDE ANALYSIS

95% Confidence Interval

20.0 -

10.0 S

Concentration (ppm)
g
————

0.0

JAN 'FEB MAR APR MAY JUN' JUL ' AUG 'SEP ' OCT NOV DEC ' JAN FEB MAR APR MAY JUN'

JAN '84 — JUN '85




-G8, NNI' — ¥8, NVI

_NOP, AVN ¥dY, VA @id, NVL O34, AON, 100, 435, 50V, I0r  NOP AV, 4dY, YN, @34, NVC

_ _ ﬁ_. -
R :
- 002 W...H
r + | . \mf 3
+ + ﬁ 00y W\
L o0s

[eada}ju] 20UapPIjuo) %£G6

SISATVNV WANAJEATON dASKN

092688



cg, NNr — +8, NVf

_NOP, AVN, HdY, VI G4, NVf, 290, AON, 100, i8S, OV, 'Inf  NOF, AV, 8dY, HYW_ §3d, NVI

e 00
+¥. ¥ 4..1 + * +.+ ﬁ
@]
- 00t O
+ .
| o
3
- 0°02 n..
o
4
[ 5
- 0°08 u M
—~~
| 8o
o
t g
foor
L o0

[eAJ9]U] 20UaplJuod %G

SISATVNV NOdI d4ASK

092688




G8, NN — +8, NVl

JNALLAVA HAY HVR g4 NVE, 230, AON 100, dIS, ONV, 'INF NP AVK, ddY UVN Gii NYP

000
.:a._
@]
L 00z O
3
- 00°C
i H pprt Hle &
M
| o0'g o+
T 5 )
009 i
- 00°L nmml
i e
oo 5
mco.a
-~ 00°01

[eAI9)U] 90UIPHUO) %G6

CSISATTVNV THMIJIN A4S

092688




G8, NOIf — %8, NVI

_NAf, AVA, 3dY, SYI, 634 NVI, 038G AON, 100, JiS, DOV, 'Inf, NAF, AVI, HdV, 4VYN, GLAFT

THi :

- 0072

+ .
-
* - 00T

.2 00’y

ﬁ 00°S

D-52

- 00°8

: " .

(udd) uorjeajusduo)

ﬁ 0001

[eAdalU] =20Uapljuo]) %C6

SISATVNV WNISANDVIN HASIh

092688




889¢60

£e-a

Concentration (%)

MSEE SODIUM ANALYSIS

905% Confidence Interval

bty H ‘I‘H

JAN 'FEB MAR APR MAY JUN JUL AUGC SEP OCT NOV DEC JAN FIB MAR APR MAY JUN'

JAN '84 — JUN '85



G8, NAr — ¥8, NVI

_NOP AVK ddY ¥VR &4 NVP 330, AON, 1J0, diS, o0V, I0f NOL AVR HdY VN Q34 NVE

1 H tthyH o

[eAaaalju] soUuspljuo] GC6

- SISATTVNV NAISSV.LOd ddSH

00

N
&

(%) uorjesjuaduo)

D-54

- 092688



CB8, NAf — ¥8, NVf

(NOf AV AV, SV @14 NVE, XA AON, 1D0, d3S, 90V, ‘1INt NOr AVA 3dY YR 8id NVI

+
*ﬂf +.+. + M + +

+ +

[eAda}u] 20UaPIJuUo)d %G6

SISATVNV WAIDIVD dASHN

00

r 001

- 002

o0°0e

- 00F

- 008

(udd) uorjeqjuaduo)

D-55

092688




889760

15.0 -
14.0 +
13.0 -

9¢-a

Concentration (ppm)

2.0

1.0

0.0

120.:
11.0 -
10.0 ]
0.0
8.0 -
7.0
6.0 -
5.0 -
4.0 S
3.0 :

MSEE OXIDE ANALYSIS

95% Confidence Interval

l

JAN FEB MAR APR MAY JUN' JUL 'AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN

JAN '84 — JUN '85




S8, NAf — ¥8, NVf

NOP, AV HdV, NVW @34 NVP, O30, AON, 130, B8, OOV, A NAF AV, ¥dY, HVN @id. NYF

00
- 001
Q
- ooz O
| o)
(@)
) - 006 ¢
. o
: + 0°0F .n..u...
‘ v
L o0 .
+ .f | o -
+ - 009 = M
i 1l w —
T - 0°0L r..nnw
- 0°08 (W\
- 006
L g-got

[eAls}U] SJUIPUO) %G6

SISATTVNYV HLVNOHIVD ddSH

092688




G8, NN — ¥8, NVl

NP, AV, 8dY, ¥V €34, NVP 390, AON, 130, di5, 9NV, Ine, NNt AVN, 4dY, YN, 834, Nvf

00
LA
ﬁ 0'e

L e
pHt - 09
r; I o

- 0Tl

D-58

(udd) uorjexjusouo)

- o2t
L 0%l
L 00t

X
[eAd3}u] 20UapPlJuUo) %G6

SISAIVNY WNINOHHO HASH

092688




