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ABSTRACT

A review and evaluation of steam generator and thermal storage tank
designs for commercial nitrate salt technology showed that the potential
exists to procure both on a competitive basis from a number of qualified
vendors. The report outlines the criteria for review and the results of the
review, which was intended only to assess the feasibility of each design,
not to make a comparison or select the best concept.
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Section 1

Executive Summary

• BACKGROUND

In 1986, two utilities, Arizona Public Service Company (APS) and Pacific Gas and Electric

Company (PG&E), entered into a cooperative agreement with the Department of Energy to define

the first generation of commercial central receiver power plants. The study, entitled "Solar Central
Receiver Technology Advancement for Electric Utility Applications" (and called the "Utility
Studies" for convenience), had two phases.

The goal of Phase I was to develop a consensus on the near term commercial plant design, with an
emphasis on the selection of the preferred receiver (sodium or nitrate salt; cavity or external). The

study concluded that a 100 MWe plant with a cylindrical nitrate salt receiver and a surround
heliostat field was the preferred commercial design (Ref. !-1 ). To simplify the study, the designs

of various equipment items were fixed at the beginning so as not to divert attention from the receiver

optimization studies. In the thermal storage system, this included a stainless steel hot salt thermal
storage tank with external insulation. In the steam generation system, a forced recirculation design
with U-tube/U-shell heat exchangers was selected,

The goal of Phase II was to establish a development plan to commercialize the technology. The

study concluded that the conversion of the 10 MWe Solar One pilot plant to nitrate salt technology
was the lowest cost approach to commercialize the technology (Ref. 1-2). During the study,

budgetary quotes were requested from two thermal storage tank vendors and three potential steam

generator vendors, Both tank vendors proposed stainless steel hot salt tanks with external insulation.
However, an alternate hot salt tank design using a carbon steel shell and internal insulation was not

evaluated during the study. Furthermore, two of the three heat exchanger vendors proposed kettle

boiler concepts for the steam generator. Thus, there were several differences between the equipment

designs for the first commercial plant and the 10 MWe plant that was to precede it.

INVESTIGATION OF THERMAL STORAGE AND STEAM GENERATOR ISSUES

Late in 1991, Southern California Edison Company organized a group of utilities and government

organizations, and submitted a proposal to DOE to convert the Solar One plant to nitrate salt

technology (Solar Two). The purpose of the project was to reduce the perceived risk in building the
first commercial 100 MWe plant. To this end, Solar Two needed to duplicate the technical features

of the first comnaercial l)lant as closely as possible.

, The question arose: What should be the steam generator and thermal storage tank designs in the first
commercial plant? This study sought a partial answer by reviewing potential equipment designs and

identifying those which would be feasible. The approach involved the following steps
ID

• Subcontracts were placed with four iaeat exchanger vendors to examine the full range of

steam generator options, as follows
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- ABB Lummus Heat Transfer: kettle evaporator with U-tube/straight shell heat

exchangers

- Struthers Wells Corporation: kettle evaporator with U-tube/straight shell heat

exchangers
Foster Wheeler Development Corporation: natural circulation evaporator with straight

tube/straight shell heat exchangers

Babcock and Wilcox Company / Science Applications International Corporation (B&W

/ SAIC)' forced recirculation evaporator with U-tube/U-shell heat exchangers

The statement of work for the steam generator vendors is presented in Appendix A

• Subcontracts were placed with three thermal storage tank vendors to exanaine the alternate

hot salt tank designs, as follows:

- Chicago Bridge and Iron Technical Services Company (CBI): stainless steel tank with
external insulation

- Pitt-Des Moines, Inc. (PDM): stainless steel tank with external insulation

- S.N. Technigaz: carbon steel tank with internal refractory insulation

Note that only hot tank designs were evaluated, because it is generally agreed that tile cold
tank would be fabricated from carbon steel and use external insulation. Ttle statement of

work for the tank vendors is presented in Appendix B

• The vendors developed conceptual designs and cost estimates for the equipment required in

the first 100 MWe comtv, ercial plant. Summaries of the heat exchanger and tank vendor

designs and cost estimates are shown in Tables 1-1 and 1-2, respectively

• Bechtel reviewed tile vendor information, assessed tile technical feasibility of each design,

and determined whether the equipment would be suitable for ttle commercial plant.

It should be noted that the purpose of this study was limited to a basic assessment of the feasibility
of each design. The assessment addressed the following:

• Can a steam generator using a kettle evaporator be fabricated for a 100 MWe plant?

• Will a large, flat bottom, stainless steel tank be suitable in solar power plant service?

• Are the vendors prepared to offer warranties and budgetary cost estimates?

The study was not intended as a detailed comparison of alternate designs or a selection of the best

concept. For example, each steam generator will have different overnight temperature control and

morning startup requirements. The influence of these requirements on annual plant perform,'mce mad
e

revenue requirements, and the selection of the preferred concept, is discussed below under l,'IllI IRI.;
ACTIVITIES.
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Table 1-1

STEAM GENERATOR DESIGNS AND COST ESTIMATES

• P_reheater Ev_z_orator .Su..perheater Reheater Corn ments _
ABB Ltlnlmus Heat Transfer

- Type UT/SS _" Kettle 3 UT/SS UT/SS 2 superheater shells
" - Shell fluid Salt Water/steam Salt Steam in series', $4,150,000

- Tube fluid Water Salt Steam Salt

Struthers Wells Corporation
- Type UT/SS Kettle UT/SS UT/SS High pressure water
- Shell fluid Water Water/steam Steam Steam or steam on shell side;

- Tube fluid Salt Salt Salt Salt $5,240,000

Foster Wheeler Development Corporation

- Type ST/SS '_ ST/SS" ST/SS ST/SS Only straight tube
- Shell fluid Salt Salt Salt Salt design; $6,290,000
- Tube fluid Water Water/steam Steam Steam

Babcock and Wilcox Company / Science Applications International Corporation

- Type UT/US 6 UT/US UT/US UT/US Only U-shell design:
- Shell lluid Salt Salt Salt Salt $4,300,000

- Tube tluid Water Water/steam Steam Steam

Notes:

1. Heat exchanger costs only 2. U-tube/straightshell

3. U-tubc / straight shell with intcgrai steam drum 4. Straight tube / straight shell
5. Steam drum intcgralwith heat exchanger 6. U-tube/U-shell

Table 1-2

THERMAL STORAGE HOT SALT TANK DESIGNS AND COST ESTIMATES

Pressure Internal Internal External

Com_ Boundar_ Liner Insulation Insulation C,3pital Cost _

Chicago Stainless None None Mineral $3,7()(),()00
Bridge and Iron steel wool

Pitt-Des Stainless None None Mineral $5,() i (),(}()()

,, MoiJlcs steel wool

Tcchnigaz Carbon Incolo5, Refractor3' Mineral $ I (),370,()()()
* steel 8()() bricks wool

Notc 1. Installed cost, with insulation and foundation
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CONCLUSIONS

Based on this study, the following conclusions can be drawn regarding the s_teamgenerator designs:

Q

• The only steam generator concept which has demonstrated nitrate salt service at 566 C

(1,050 F) is the 3 MWt U-tube/IJ-shell design developed by Babcock and Wilcox for the
Molten Salt Electric Experiment at Sandia National Laboratories in Albuquerque, New

Mexico (Ref. 1-3). However, ABB Lummus has fabricated kettle boiler steam generators

for tile 80 MWe Luz Solar Electric Generating Stations (SEGS) which approach the size and

main steam pressure required in this study. In addition, each design is judged to be

technically feasible as reflected by the conceptual design, cost estinaate, and offer of a

warranty on workmanship and materials provided by each vendor

• The designs proposed by B&W / SAIC and Foster Wheeler place the high pressure water or
steam on the tube side of the heat exchangers. This minimizes the shell thicknesses, and in

theory, should minimize the thermal inertia and the morning startup times. However, the

morning startup time estimated by ABB Lumnaus for the kettle evaporator is the same as that

estimated by Foster Wheeler and B&W / SAIC. In addition, the estimated startup times for

3 of the 4 steam generators are no longer, and may be shorter, than typical startup times for
100 MWe and larger reheat turbines

• Discussions with heat exchanger specialists at Bechtel, and a review of specifications for

heat exchangers purchased by Bechtel during the past 7 years, indicate that the vendors have

selected fluid paths (shell or tube side) and temperature changes such that the heat

exchangers operate under typical commercial conditions. In particular, the maximum

temperature difference between tile inlet and outlet portions of the tubesheets in all of tile

designs does not exceed 110 C (200 F), and these conditions can be accommodated in
commercial heat exchanger designs

• There is good agreement among tile vendors regarding the costs of the heat exchangers; the

divergence in tile estimates occurs ill the auxiliary equipment, engineering, and installation

required for a complete system

• The steam generators evaluated for this study, including the U-iubeAJ-shell design, are
considerably less expensive than the design developed for Phase I of the Utility Studies.

This may be attributed to the successful application of relatively lower cost kettle boilers in

the Luz SEGS plants, and renewed vendor interest in commercial central receiver projects

following the start of the Solar Two Project

• It appears that a steam generator for a 100 MWe commercial project can be fabricated and

installed for approximately $8 million.

All of the steam generator designs evaluated in this study should be suitable for a COlnmercial central

receiver project, and the potential exists for procurement on a competitive basis from a number of

qualified vendors.
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The following conclusions can be drawn regarding the hot salt storage tank designs:

• The only tank concept which has demonstrated nitrate salt service at 566 C (1,050 F) is the

internally insulated design developed by Technigaz and Martin Marietta Corporation for the

Subsystem Research Experiment at Sandia National Laboratories in Albuquerque, New
Mexico (Ref. 1-3). However, CBI and PDM have fabricated tanks which approach the size

• and temperature required in this study, and each vendor is confident that a reliable design

can be developed for a 100 MWe commercial project

• The internally insulated tank isolates the shell-to-floor joint from the temperature of the
nitrate salt inventory, and therefore, the tank design should be highly tolerant of rapid

temperature changes. However, the importance of this feature is mitigated by the established
transient performance of conventional tank designs. A transient thermal model developed

by Sandia National Laboratories predicts that an empty hot salt tank will cool overnight at

a rate of I C (2 F) per hour. The following morning, as salt t'ronl the receiver is introduced

into the tank at an average temperature ot'454 C (850 F). the tank will initially cool at a rate
of 55C(lOOF) perhour During the next 30 minutes, the temperature of the salt from tl_e
receiver will increase to the nornlal outlet value of 566 C (1,050 F). Once this temperature

isre:lched, the tank will heat at a rate of approximately 22 (" (40 F) perhour. I)iscussions

with C'BI and PDM indicate that large tanks can routinely tolerate temperature ramp rates

up to 56 C (!00 F) per laour without suf'fering excessive creep or fatigue damage

Representative experience with large, externally insulated tanks ,,vhich tolerate tenaperature
transients at least as severe than those anticipated for a conamcrcial solar project can also be

found. For exanaple, tile thermal storage tanks f'or the SEGS I parabolic trough power plant
are 21 m (70 ['t) in diameter and routinely accotaatnodate temperature change rates of' 40 to

55 C (75 to 100 F) per hour In addition, a nitrate salt tank 14 rn (45 ft) in diameter

fabricated by CBI for a proprietary chernical process plant in Texas normally operates at 260

C (500 F), but is periodically filled very quickly with salt at 450 C (842 F)

• l)uring an extended shutdown, the hot tank will cool to 26<:)(' (550 F), at which time electric

energy is used to maintain the tenaperature of the irlvex_tory. Following the restart of the

receiver, the tank may be subject to a rapid change in the temperature of tile inventory.

Depending on the results of zt detailed thermal allalysis, the tank and inventory, may need to

bepreheatedpriortotherestartofthereceivertoavo_dexcessivethertnalstresses If'so, the

electric energy for preheating should be included in the comparisons of the tank designs
l lowever, the steady state ttlermal loss from the internally insulated tank is greater than the

loss from an extern ally insulated design Theret\)re, st++meann ual quantity of heat tracing for

the externally insulated tank can be used but'ore the annual peri'ortnance el' the two designs

is equal. A First order thernlal analysis shows that the steady state thetnaal loss from ttae

• internally insulated tank is approximately 2.5 times the average of the thermal losses from

the (.TBland PDM designs AssunaitlgaRankinecycleefFiciencyot'4Opercent, the electric

heat tracing on the externally insulated tanks could, in theory, be operated continuously and

still offer the same annual thermal etTiciency as the internally insulated design, Clearly, tank

designs requiring such an operating strategy would not be proposed. [lowever, it is apparetat

that the periodic use of trace heating on externally insulated tanks, should it be needed to

limit transient thermal stresses, can be justified
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• T!_eTechnigaz liner has demonstrated reliable service in numerous liquified natural gas tank
installations. However, if a leak should develop in the liner of a nitrate salt tank, it is
estimated that the repair procedure would be more lengthy than for an externally insulated
tank. The time required to cool the inside of the tank, and in particular the thermal mass of m

the 512,000 refractory bricks, before repair personnel could enter would be considerably
longer. In addition, the extent to whicla the refractory was contaminated with salt would
need to be determined, and those bricks which had absorbed salt would need to be replaced.
The estimated time to repair a leak in an externally insulated tank is 5 to 9 days, while the
time for an internally insulated tank is estimated to be 15 to 30 days. Thus, the frequency
of leaks in an internally insulated tank can be only one-half to one-third of that in an
externally insulated design without suffering a disadvantage in annual availability

• There is good agreement on tile cost estimates from the two vendors offering externally
insulated designs and who are potential suppliers to the Solar Two and early commercial
projects

• It appears that an externally insulated hot salt tank for a 100 MWe comnlercial project can
be fabricated and installed for approximately $5 million. An internally insulated design is
projected to be approximately twice as expensive.

Both the internally and externally insulated designs are judged to be acceptable for commercial
service, and the potential exists for procurement on a competitive basis from a number of qualified
vendors.

FUTURE ACq'IVITIES

This study leaves unresolved the selection of the preferred hot salt tank and steam generator designs
for the first commercial project. In particular, a definitive selection can_aotbe made without firm
cost estimates, and it is believed that these estimates can only be obtained as part of the procuremellt
process prior to plant construction.

A possible approach to the selection of an optimum storage tank during project procurement is
outlined below. A final set of procedures will be developed as part of tile Solar Two Project, and
these may also form the basis tbr procurement activities in the first commercial project. The first
steps would involve calculations by the plant engineer of the following:

• Temperature and flow rate of the salt from the receiver over the course of a year

• Minimum salt temperature to the hot tank during morning startup and following cloud
transients

• Inventory required to operate the auxiliary steam generator during tl_edaily turbine startup.

From these calculations, the temperature to, and the flow rate to and from, the hot tank over the
course of a year can be determined, q'his information would be included in tlae bid package to the
tank vendors.
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The vendors would conduct analyses of transient thermal stresses and fatigue damage, and then

develop the tank designs, operating requirements, thermal losses, leak repair times, and bid prices.

The vendors will be free to select their optimum combination of features. For example, an

inexpensive shell-to-floor joint with a thick salt heel may be a lower cost solution to transient

' stresses than a more sophisticated curved joint with a thin heel. Similarly, tile vendor would specify

any constraints on tank operation. For example, if the inventory temperature must be maintained
at 480 C (900 F) during an extended shutdown to prevent excessive thermal stresses following tile

plant startup, this information would be included in the bids to the project.

The engineer would evaluate all of the bids received, and develop total annual capital and operating

costs (including possible repairs) for each vendor. From this, definitive comparisons with competing
designs could be made and the optimum design selected.

A similar set of procedures would be required to assess the competing steam generator designs. In

particular, overnight thel'mal conditioning requirements would be a principal consideration in the

analysis. However, more detailed operating procedures, including limits placed on morning startup

rates by the turbine, would need to be developed before formal requests for proposals could be

prepared.
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Section 2

Background and Introduction

In 1986, two utilities, Arizona Public Service Conlpany (APS) and Pacific Gas and Electric

Company (PG&E), entered into a cooperative agreement with the Department of Energy to define

" the first generation of commercial central receiver power pl,'mts. The study, entitled "Solar Central

Receiver Technology Advancement for Electric Utility Applications" (and called the "Utility
Studies" for convenience), had two phases. The goal of Phase I was to develop a consensus on the

preferred near term cornmercial pl,'mt design, and the goal of Phase II was to es'ablish a development

plan to commercialize the technology. The study selected a 100 MWe plant with a cylindrical

nitrate salt receiver and a surround heliostat field as ttae preferred commercial design, and
recommended the conversion of the 10 MWe Solar One pilot plant to nitrate salt technology as the

lowest cost approach to comnlercialize the technology.

UTILITY STUDIES PHASE I STEAM GENEIUk'I'ORAND TllERMAL STORAGE TANK DESIGNS

The principal objective of Phase I during the Utility Studies was to select the preferred receiver

coolant. To this end, the design of various equipment items was fixed early in the study so as not

to divert attention from the receiver optimization studies These items included the following:

S!eam Generator The design and cost of the steam generator were based on a study for a 100 MWe

plar_t prepared by Babcock a_d Wilcox for Sandia National Laboratories in 1982 (Ref. 2-1), and a

3 MWt unit fabricated by Babcock and Wilcox for Sandia National Laboratories and tested at the

Molten Salt Electric Experiment in 1985 (Ref. 1-3). The design used U-tube/U-shell heat
exchangers and a forced recirculation evaporator. The high pressure fluid (water/steam) was placed

on the tube side ira each heat exchanger, and the low pressure fluid (nitrate salt) on the shell side.

The installed cost, in third quarter 1987 dollars, was estimated to be $11.1 million.

The U-shell concept allowed the inlet channel tubest_eet to be separated from the outlet tubesheet,

and thereby avoided the exposure of a single tubesheet to the large tenaperature gradients inlaerent

ira the superheater and reheater. Similar reasoning in a second steam gezlerator sttJdy for Sandia by
Foster Wheeler Solar Development Corporation in It)82 led to the selection of straight tube/straight

shell heat exchangers (Ref. 2-2). Differential thermal expansion between the tubes and shell was

accommodated by a bellows surroundif_g the inlet water/steam piping.

"Fh_.e3"z13_aiLStpr_,aggTanks Tile design and cost estimate were developed by Chicago Bridge and Iron

Technical Services Company (CBI) and assumed a "conve_ational" approach using vertical,

atmospheric pressure tanks with external calcium silicate insulation. The cold and hot tanks were

" fabricated from carbon steel and stainless steel, respectively, and cooling air passages were located

in tlae foundation to prevent native soil temperatures from exceeding 100 C (212 F). The installed

• costs of the cold and hot tank, in third quarter 1987 dollars, were estimated to be $1.0 million and

$3.0naillion, respectively. AbriefparalleistudybyPitt-De_N4oines, lnc (PDM) resulted in tank

designs similar to the CBI concept.
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At the time of the study, CBI and PDM had designed mad fabricated tanks to requirements which
,.,,,ere similar, but not identical, to those for nitrate salt at 566 c (1,050 F). The only design which

has been proven for this service is one developed by S. N. Technigaz (a French company) mad

Martin Marietta Corporation. A 7 MWht thermal storage system was installed at the Central

Receiver Test Facility at Sandia National Laboratories in Albuquerque, New Mexico (Ref. 2-3). The
cold salt tank used a carbon steel shell with external insulation, while the hot tank a carbon steel

shell with internal and external insulation. To limit the shell temperature on the hot tank to o

acceptable values, a layer of refractory brick was installed inside the shell. A thin, corrugated

Incoloy sheet lined the inside of the bricks to protect the refractory from the corrosive effects of the
nitrate salt. The design was more complex than a stainless steel tank, but it offered the advantages

of a low cost pressure boundary and the ability to accept rapid temperature changes. Cost analyses

by Sandia National Laboratories using information developed by Martin Marietta Corporation

showed the tank to be competitive with the designs with external insulation (Ref. 2-4).

UTILITY STUDIES PHASE II STEAM GENERATOR AND TttERMAL STORAGE TANK DESIGNS

During Phase II, a conceptual design and cost estimate were developed for the conversion of Solar

One to nitrate salt technology. Potential heat exchanger and tank vendors were contacted for

conceptual designs and budgetary estimates of a 35 MWI nitrate salt steam generator and an 80

MWht thermal stor:tge system, respectively.

Two of tile three heat exchanger vendors recommended a kettle boiler concept, in which saturated

steam is generated in a pool on the shell side of tile evaporator. This approach was selected based

irapart on the successful operation of'similar equipment at the Luz Solar Electric Generating Station

parabolic trough solar power plants, and on the potential for a lower capital cost, The third vendor,

Babcock and Wilcox, recommended the U-tube/U-shell design, Both of the tank vendors

reconlmended externally insulated tanks, with tile cold salt tank fabricated from carbon steel and the
hot tank from stainless steel. However, an alternate hot salt tank design using a carbon steel shell
and internal insulation was not evaluated Thus, there were several differences between the

equipnlent designs for tile first commercial plant and the 10 MWe plant that was to precede it, and
the conceptual nature of the Phase I1 study could not resolve these issues,

INVESTIGATION OF TIIERMAL STORAGE AND STEAM GENERATOR ISSUES

l.ate in 1991, Southern California Edison Company oiganized a group of utilities and governrnent

organizations, and submitted a proposal to DOE to convert the Solar One plant to nitrate salt

technology (Solar Two). The purpose of the project was to reduce the perceived risk in building the

first commercial 100 MWe plant. To this end, Solar Two needed to duplicate the technical features

of the first conlmercial plant as closely as possible

Tile question arose: What should be the steam generator and thermal storage tank designs in the first

commercial plant'? This study sought a partial answer by reviewing potential equipment designs and

identifying those which would be suitable The approach involved tile following steps:

• Subcontracts were placed with four heat exchanger vendors and three tank vendors to

examine the full range of options
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II I o ,

• The vendors developed conceptual designs and cost estimates for the equipment required in
the first 100 MWe commercial plant

• Bechtel reviewed the vendor information, assessed the technical feasibility of each design,

" and determined whether the equipment would be suitable for the commercial plant.

., It should be noted that the purpose of the study was limited to an assessment of the feasibility of

each design, and not a selection of the best equipment concept.

Section 3 of this report reviews the steam generator designs, Section 4 reviews the thermal storage
tank designs, and Section 5 lists the references. Appendices A and B are statements of work for the

steam generator and thermal storage tank vendors, respectively.
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Section 3
Steam Generator Designs and Cost Estimates

Four conceptual steam generator designs and cost estimates were developed during this study. Two

of the designs, one developed by ABB Lummus Heat Transfer (ABB Lummus) and a second by

" Struthers Wells Corporation (Struthers Wells), employed U-tube/straight shell heat exchangers with

a kettle steam generator. The third design, prepared by Foster Wheeler Development Corporation

(Foster Wheeler), employed straight tube/straight shell heat exchangers with bellows to
accommodate differential thermal expansion between the shell and tubes. The fourth design,

presented by Science Applications International Corporation (SAIC) teamed with the Babcock and

Wilcox Company (B&W), used U-tube&l-shell heat exchangers and a separate steam drum.

The discussion which follows reviews the steam generator specification, design features, warranty

provisions, and cost estimate for each of the concepts.

SPECIFICATION

The principal specification used irathe design of all of the steam generators is presented in Table 3-I.

The steam generator is intended for a nominal 100 MWe commercial plant using a reheat turbine

cycle. It is sized to produce 92.77 kg/sec (736,300 lb/hr) of main steam at apressure of 13.03 MPa

(1,890 psia) and a temperature of 540 C (1,004 F) from a feedwater flow of93.71 kg/sec (743,700
lb/hr) at a temperature of 236 C (456 F). The steam generator must also reheat 79.92 kg/sec

(634,300 lb/hr) of intermediate pressure steam from the turbine, raising its temperature from 347 C

(656 F)to 538 C (1,000 F)

A value of $2,300/m ($700/ft) of pressure drop on the salt side of the heat exchangers was assigned
to assist the vendors in selecting the optimum heat exchange area and tube configuration.

DESIGN FEATURES

The principal features of the four heat exchanger designs are summarized in Table 3-2. Shown are
the tube and shell configurations, materials, duties, fluid temperatures, log mean temperature

differences, overall heat transfer coefficients, and net heat exchange areas.

Although each vendor worked to the same specification, there are many differences in the heat

exchanger details. These can be attributed to the following:

• Preferred approach to accommodating thermal exp,'msion. For example, Foster Wheeler uses

" straight tube/straight shell heat exchangers with floating tubesheets, while ABB Lummus,
B&W / SAIC, and Struthers Wells each use U-tubes with fixed tubesheets.

• Different approaches to circulation in the evaporator. Foster Wheeler andB&W/SAIC use

natural and forced recirculation, respectively, while ABB Lunanaus and Struthers Wells use
kettle boilers
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Table 3-1

STEAM GENERATOR PERFORMANCE SPECIFICATION

Nominal Ratings 11'0 MWe gross plant output

260 MWt steam generator duty

Final Feedwater 236 C (456 F)

(As required) MPa (psia)

93.71 kg/sec (743,700 lb/hr); 1% blowdown assumed

Main Steam 540 C (1,004 F)

13.03 MPa (1,890 psia)

92.77 kg/sec (736,300 lb/hr)

Cold Reheat Steam 347 C (656 F)

3.08 MPa (446 psia)

79.92 kg/sec (634,300 lb/hr)

Hot Reheat Steam 538 C (1,000 F)

2.77 MPa (402 psia)

79.92 kg/sec (634,300 lb/hr)

Nitrate Salt 566 C (1,050 F) inlet temperature
(As required) MPa (psia) inlet pressure

454 C (850 F) maximum evaporator tube temperature consistent

with acceptable corrosion rates for chrome-moly tubes

288 C (550 F) outlet temperature

138 kPa (20 psia) outlet pressure

Specific heat
0.345 + (2.28 x 10S)(Temp, F), Btu/lbm-F

Density
131.2 - (2.221 x 10Z)(Temp, F), lbm/fts

Thermal conductivity

0.25308 + (6.26984 x 105)(Temp, F), Btu/hr-ft-F

Viscosity

60.2844- (O.17236)(Temp, F) + (1.76176 x 104)(Temp, F) _

- (6.11408 x 10s)('Femp, F)_, lbm/ft-hr
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Table 3-2

COMPARISON OF STEAM GENERATOR TECHNICAL CHARACTERISTICS - PREHEATER

ABB Lummus Struthers Wells Foster Wheeler B&W / SAIC

- Number of shells 1 1 I 1

- Type U tube, straight shell U tube, straight shell Straight tube, straight shell U tube, U shell
- Passes

Shell 2 2 I 1

Tube 2 2 1 1
- Fluids

Shell Nitrate salt Water Nitrate salt Nitrate salt
Tube Water Nitrate salt Water Water

- Materials

Shell Carbon steel Carbon steel Carbon steel Carbon steel

Channel " " " "
Tubesheet ........

Tube " " " "
- Duty

MWt 48.21 45.65 49.60 48.00

million Btu/hr 164.55 155.8 169.28 163.82

- Inlet temperatures, F
Nitrate salt 658 640 646 642
Water 456 456 456 480

- Outlet temperatures, F
Nitrate salt 550 550 550 550

Water 629 620 631 630

Log mean temperature difference, F 54.6 47.8 43.0 32.9

Fouling factor, hr-ft2-F/Btu
Shell 0.0010 0.0005 0.0005 Not specified
Tube 0.0005 0.0005 0.0015 "

Overall heat transfer coefficient, 206.8 231.0 Not provided 338
Btu/hr-ft2-F

Effective surface area, if2 14,458 14,203 21,090 (I) 22,060 (2)

1) Represents an 18.5 percent margin on heat transfer area, including a 3 percent allowance for tube plugging
2) Includes 25 percent margin on heat transfer area



• i "_ " i- i _-[l i- i Ill _I |I I|l _ _--

- r

Table 3-2 (Continued)
COMPARISON OF STEAM GENm_RATOR TECHNICAL CHARJkCTERIS 2"TCS - EVAPORATOR

ABB Lummus Struthers Wells Foster Wheeler B&W / SAIC

- Number of shells 1 1 1 1

- Type U tube, straight shell U tube, straight shell Straight tube, straight shell U tube, U shell
- Passes

Shell 1 I 1 1
Tube 2 2 1 1

- Fluids
Shell Water/steam Water/steam Nitrate salt Nitrate salt

Tube Nitrate salt Nitrate salt Water/steam Water/steam
- Materials

Shell Carbon steel Carbon steel 1 1/4 Cr - 1/2 Mo 2 I/4 Cr - 1 Mo

Channel Carbon steel (1) 1 I/4 Cr - 1/2 Mo Cr-Mo and CS "
Tubesheet 1 Cr - 1/2 Mo (1) .....

Tube 1 Cr - 1/2 Mo (2) " 1 1/4 Cr - 1/2 Mo "

._ - Duty
MWt 104.7 107.5 103.5 102.4
million Btu/hr 357.4 367.0 353.2 349.5

- Inlet temperatures, F
Nitrate salt 890 848 845 836

Saturated water 629 620 631 633

- Outlet temperatures, F
Nitrate salt 658 640 646 642
Saturated steam 629 629 631 638

Log mean temperature difference, F 105.6 69.0 74.9 60.2
Fouling factor, hr-ft2-F/Btu

Shell 0.0005 0.0005 0.0005 Not specified
Tube 0.0010 0.00067 0.0030 "

Overall heat transfer coefficient, 200.6 215.0 Not provided 283
Btu/hr-ft2-F

Effective surface area, ft2 16,680 24,630 19,950 (3) 23,160 (4)

1) Stainless steel cladding on inlet pass

2) Stainless steel inserts in inlet tube pass
3) Represents a 21.2 percent margin on heat transfer area, including a 3 percent allowance for tube plugging
4) Includes 25 percent margin on heat transfer area



Table 3-2 (Continued)
COMPARISON OF STEAM GENERATOR TECHNICAL CHARACTERISTICS - SUPERHEATER

ABB Lummus Struthers Wells Foster Wheeler B&W/SAIC

- Number of shells 2 1 1 I

- Type U tube, straight shell U tube, straight shell Straight tube, straight shell U tube, U shell
- Passes

Shell 2 2 1 1
Tube 2 2 I 1

- Fluids

Shell Nitrate salt Superheated steam Nitrate salt Nitrate salt
Tube Superheated steam Nitrate salt Superheated steam Superheated steam

- Materials

Shell 1 Cr - 1/2 Mo steel (1) 316 stainless steel 304 stainless steel 304 stainless steel
Channel 1 Cr- 1/2 Mo steel ..... '

Tubesheet 1 Cr - I/2 Mo steel (1) ......

Tube 316 stainless steel Inconel Alloy 800 " "

•,_ - Duty
MWt 73.01 71.73 72.6 74.2

million Btu/hr 249.2 244.8 247.8 253.2

- Inlet temperatures, F
Nitrate salt 1,050 1,050 1,050 1,040
Saturated steam 629 629 631 638

- Outlet temperatures, F
Nitrate salt 890 848 808 836

Superheated steam 1,004 1,004 1,004 1,005

Log mean temperature difference, F 123.6 110.9 60.1 94.1
Fouling factor, hr-ft2-F/Btu

Shell 0.0010 0.0005 0.0005 Not specified
Tube 0.0005 0.0005 0.0015 "

Overall heat transfer coefficient, 160.9 139.6 Not provided 417
Btu/hr-ft2-F

Effective surface area, ft2 12,510 16,745 8,900 (2) 6,090 (3)

1) With stainless steel cladding
2) Represents a 13.8 percent margin on heat transfer area, including a 3 percent allowance for tube plugging

3) Includes 25 percent margin on heat transfer area



Table 3-2 (Continued)
COMPARISON OF STEAM GENERATOR TECHNICAL CHARACTERISTICS - REHEATER

ABB Lummus Struthers Wells Foster Wheeler B&W / SAIC

- Number of shells I I 1 1

- Type U tube, straight shell U tube, straight shell Straight tube, straight shell U tube, U shell
- Passes

Shell 2 2 1 1
Tube 2 2 1 I

- Fluids

Shell Superheated steam Superheated steam Nitrate salt Nitrate salt
Tube Nitrate salt Nitrate salt Superheated steam Superheated steam

- Materials

Shell 1 Cr - I/2 Mo steel 316 stainless steel 304 stainless steel 304 stainless steel

Channel 1 Cr - 1/2 Mo steel (I) ......
Tubesheet ........

Tube 316 stainless steel Inconel Alloy 800 ....

•._ - Duty
_" MWt 34.72 35.86 34.5 34.7

million Btu/hr 118.5 122.4 117.7 118.4

- Inlet temperatures, F
Nitrate salt 1,050 1,050 1,050 1,040
Saturated Steam 656 656 656 656

- Outlet temperatures, F
Nitrate salt 850 848 898 836

Superheated Steam 1,000 1,000 1,000 1,000
Log mean temperature difference, F I01.5 105.6 121.8 93.1
Fouling factor, hr-ft2-F/Btu

Shell 0.0005 0.0005 0.0005 Not specified
Tube 0.0010 0.0005 0.0015 "

Overall heat transfer coefficient, 107.7 72.54 Not provided 188
Btu/hr-t_2-F

Effective surface area, ft2 10,830 16,880 6,200 (2) 8,480 (3)

1) Stainless steel cladding on inlet pass
2) Represents a 13.1 percent margin on heat transfer area, including a 3 percent allowance for tube plugging
3) Includes 25 percent margin on heat transfer area



• Different unit costs for materials and labor, which lead to differences ira the optimum heat
exchange area

• Different assumptions regarding fouling factors and design margins, which influence the

" required heat exchange area. For example, B&W / SAIC adds a margin of 25 percent to the

calculated areas, while Foster Wheeler uses a margin of 13 to 21 percent including 3 percent
for tube plugging.

A discussion of tile similarities and differences among tile designs is presented below.

A BB l.,unlnuls Kettle Boiler Steam Genenitor

The ABB Lummus design includes a U-tube kettle boiler and U-tube/straight shell heat exchangers

for the preheater, superheater, and reheater. A flow schematic is presented in Figure 3-1. The

approach uses conventional heat exchanger designs, and draws on the experience gained in

fabricating the steam generators for the Luz Solar Electric Generating Stations.

It should be noted that while much of the Luz experience is applicable, the two steam generators

are designed for different conditions. The Luz equipment used synthetic oil for the heat transport

fluid and generated main steam at 10.0 MPa(I,450 psia) and 371 C (700 F); main steam conditions

for the nitrate salt steam generator are 13.03 MPa (1,890 psia) and 540 C (1,005 F). In addition, the

temperature rangeoftheoil was only 100 C (180 F) while the range for the nitrate salt is 278 C (500
F). This larger range placed constraints on tile selection of tube and shell fluids in the nitrate salt

steam generator, and resulted in the use of two superheater shells in series and placing the steam
tlow on the shell side of the reheater.

S3_p._rheate!-_atad.J_.e_l_e_,_t_e.[_A_rr_l_gen_ents Selecting a design with two superheaters in series offers

two benefits First, tile steam temperature increases 208 C (375 F) as it progresses from the

evaporator outlet to the superheater outlet, q'he use of two superheaters allows this increase to occur

in two steps, and limits tile temperatt_re difference between the inlet and outlet portions of the

tubesheetto 104C(188F). This is a moderate gradient and is routinely used in commercial heat

exchangers The limited gradient allows the high pressure steam to be placed on the tube sideofthe

heat exchanger, which reduces the thickness and cost of the shell. Second, salt attemperation for

main steam temperature control occurs at a lower temperature than if the cold salt were mixed at the

inlet to the superheaters Althougla this effect is minor, tile thermodynamic efficiency is higher than

if atteml_eration was done at the inlet to the superheater.

The large temper;iture change ot"the reheat steam ( 191 C (344 F)) places the same constraints on the

reheater design, l lowever, ABB l,unamus elected to place tile high pressure steam on the shell side

• and limit the number of reheater shells to one. The reheater duty was approximately one-half the

SUl._erheater duty, and the lowest cost approa, h may have been to fabricate one heat exchanger with

, a high pressure shell rather than two small heat exchangers with low pressure shells This is the

same approach as adopted in the Struthers Wells reheater design.
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Figure 3-1 ABB Lummus Steam Generator Flow Schematic
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Evat?o_.ral_or__In__!e_LFJowOne unusual feature of tile ABB t, ummus design centers on the sail flow to
the evaporator. Note in the flow schematic that the salt flows through the two superheaters and 11110

the evaporator, but that tile flow frorn the reheater returns to the storage system at a temperature of

, 454 C (850 F). Apparently, the engir|eers at ABB t, urnmus were not aware of the "typical" steam

generator configuration, in which the flows through the superheater and reheater are combined and

directed to the evaporator. However, the "typical" arrangement was not made clear in the

specification prepared by Bechtel, and ABB Lummus should not be criticized for selecting a design

that is not directly comparable to those from tile other vendors.

The misunder:;tanding is not without benefit. By separating the superheater and reheater outlet

flows, the salt inlet temperature to the evaporator is raised 22 C (40 F) above the allowable value
of 454 C (850 F). To prevent excessive corrosion of the 1 Cr - t/2Mo channel and tube materials,

ABB Lummus proposed that the inlet channel and the high temperature portion of the tubes be clad

with stainless steel. Sandia National Laboratories is currently conducting a survey of ferritic
material corrosion rates, and is considering disassembly and examination of tile 2!/4 Cr- 1 Mo tube

and shell rnaterials used in the evaporator of the Molten Salt Electric Experinlent steam generator.

If it is determined that ferritic materials with chromiurn contents ot" I to 2¼ percent are not
compatible with nitrate salt at temperatures up to 454 C (850 F), stainless steel claddingofthe high

temperature portions of tile evaporator could be considered as an option to ferritic materials with a
high chromium content, such as 9 Cr - I Mo

Stmtl|ets Wells Kettle Boiler Steam Generator

TheStruthersWellsdestgnlsverysimllartotheABBl.,ummusconcept It inciudesaU-tubekettle
boiler and U-tube/straight shell heat exchangers tbr the preheater, superheater, and reheater A flow

schematic is presented in [;'igt_re 3-2

The Struthers Wells design dilTers from tile AP, B l.,unatnus concept in two areas First, tile

water/steam separators in the evaporator are placed inside tile kettle boiler rather than outside This

eliminates tile need tk)r a separate vessel, but increases the kettle diameter and wall thickness by

approxinaately 12 percenl Second, only one superheater shell is used. This reduces the number of

heat exchangers, but requires the high pressure steam to be placed on tile shell side of the heat

exchangers As discussed above, atenaperaturechangeof llO (' (200 F) between tile inlet and

outlet channels is conlnion in commercial heat exchangers ttowe\'er, achangeof 200C(360F)

would not be typical Since tile nitrate s_llt alld steanl temperattire changes in tile heat exchanger are

II 2 (' (2()2 F) and 208 (' (375 F), respectively, tile steam was placed on tile shell stde

Fosle r Wheeler S tmi gh t Tu 1_?S team Ge ne rato r

" The Foster Wheeler design includes straight tube/straight shell heat exchangers tot the preheater,

evaporator, superheater, and reheater, The evaporator design is uniqtle ill that it incorporates the

, steam drum in the steanl outlet channel. Bellows surrounding tile inlet water or steam piping

accommodate differential thermal expansion between the tubes and shell A flow schematic is

presented in Figure 3-3
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The design is a moderate revision to an essentially identical 100 MWe steam generator study
prepared for Sandia National Laboratories in 1982 (Ref. 2-1). The 1982 report described in detail

the sele_-tion rationale for the straight tube/straight shell heat exchangers, thermal analysis, hydraulic

performance, mechanical design, boiling stability analysis, and operating procedures. The principal
q

features included the following:

• To permit the use of bellows, all nitrate salt flows are on the shell side. The bellows are ,

_acated outside the inlet water or steam piping, rather than in the shell, to limit the bellow
sizes

• The large differential thermal expansion due to steam temperature changes in the superheater

and reheater are readily accommodated by the separate inlet and outlet tubesheets

• A natural circulation evaporator was selected over forced recirculation, once-through, and
Sulzer types. To promote the reqt_ired circulation, the evaporator is arranged vertically, and

to reduce pressure losses and costs, the steam drum is located in the outlet channel of the

evaporator. The preheater, superheater, and reheater ark also arranged vertically to simplify
the SUlgport structure

• The prehe_lter, superheater, and reheater use a counter flow arrangement. The evaporator
uses parallel flow to improve natural circulation.

"l'he current design was ad_qgted from the 1982 study by adjusting heat exchanger tube lengths to

account for sltghtly lower thermal ratings. The adjustments ranged from -3 percent for the preheater
to -15 percent for the reheater

B&W / SAIC l.I-Tube/U-Shell Steam Generator

The B&\V / SAIC design includes U-tube/U-shell heat exchangers for the preheater, evaporator,
superheater and reheater, and an elevated steam drum between the evaporator and superheater. A

flow schematic is presented in Figure 3-4 (Salt Side) and Figure 3-5 (Water/Steam Side). The

design, which evolved from a parallel study to that conducted by Foster Wheeler in 1_82 for Sandia

National Laboratories (Ref 2-2), has several features which are different from the other vendors.

These include the tbllowing

• Separate inlet and outlet tubesheets reduce the constraints on temperature change in one heat
exchanger; thus, the high pressure water/steam flows can be placed on the tube side and shell
thicknesses held to a rllillilllu111

• The U-shaped tubes accommodate differential thermal exp,'msion between the tubes mad shell
without the need for the floating tubesheets or bellows normally required with separate inlet

and outlet tubesheets

• The heat exchangers, including the evaporator, are arranged horizontally; thus, boiling
occurs in horizontal tubes

3-12
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• The last 9,8 m (32 ft) of the evaporator tube use internal spiral ribs to prevent departure from
nucleate boiling in the tube sections with high quality steam

• The evaporator uses recirculation pumps to maintain adequate water/steam flow rates in the
" tubes

• An elevated steam drurn provides saturated water to the recirculation pumps at the required

suction head, and dries the saturated steam flowing to the superheater.

It can be noted that the only nitrate salt steam generator built to date for solar applications was the

Babcock and Wilcox 3 MWt U-tube/U-shell design installed in the Molten Salt Electric Experiment

at the Central Receiver Test Facility in Albuquerque, New Mexico.

VESSEL StlELL THICKNESSES AND WEIGHTS

A comparison of the steam generator vessel shell thicknesses and weights is shown in Table 3-3.

Table 3-3
COMPARISON OF STEAM GENERATOR VESSEL SHELL THICKNESSES _AND WEIGHTS:

ABB LtJmmus Struthcrs Wclls Foster Wheeler 3 B&W / SAIC
Prchcatcr

-"l'hickncss 13 ((15()) 111 (4.375) 25 (1.0) 13 (0.5)
- Wcighl 43.0(10 (')5,(I00) 52,60() (115,9(10) 54,0(1(1(119,(lO0) 35,700 (78,800)
Evaporator
-Thickness 156 (6.125) 194 (7.625) 25 (1 .(1) 13 (0.5)
- Wcight 17(_,l)l)l) (375,I)1)1)) 218,I)I)1) (48I),61)I)) 122,000 (269,000) 78,400 (172,800)

Steam drum

-"Fllickness 156 (6.125) 194 (7.625) 171 (6.75) 95 (3.75)
- Weight With evaporator With evaporator With evaporator 41,1()() (9(),500)

Stll)crhcalcr
- Thickness 37 (1.4375) 14() (5.5) 19 (0.75) I0 (0.375)
-Wcight 97,()(1()" (214.(1()()) 65.3()() (144,()()()) 28,500 (62,8()()) 12,100 (26,70())

Rchcatcr

- Thickness 60 (2.375) 38 (15) 19 (0.75) 16 (().625)
- \Vcight 57.()()() (i 2().()()()) ()2,21)()(137,1()()) 2(),9()() (46,()()()) 12,7()() (28,100)

Total 464.()()()(1.()24.()()1)) 398,1()() (877,6()()) 225,4()() (496,800) 18(),()()()(396,90())

Notes:

I) 111111 (ill.)
2) Dry weight, withottt insulation: kg (Ib)
3) Aplgroximatc, xvcights slmx_n arc those in Rcf. 2-1
4) Wcight t'ori o1"2 SUl)crhcatcrs
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The ABB Lumnlus, Foster Wheeler, and B&W / SAIC preheater designs place the high presstire
water on the tube side, while the Struthers Wells approach places the low presstire nitrate salt on the

tube side. The theoretical weight advantage is realized in the ABB Lunlnlus and B&W / SAIC

designs, but it is not apparent in the Foster Wheeler approach.
• * ,,m

The ABB Lumnlus and Strulhers Wells ketlle evaporators place the high pressure water-steam
mixture orl the shell side, while the Foster Wheeler arid B&W / SAIC desigris place the nitrate salt i

on the shell side As expected, the kettle evaporators are corlsiderably heavier than the designs in
which boiling occurs in the tubes,

The ABB Lurnmus, Foster Wheeler, and B&W / SAIC superheater desigrls place the high pressure

steam ori the tube side, while the Struthers Wells approach places the low pressure nitrate salt on the

tube side. The theoretical weight advantages are realized in the Foster Wheeler and B&W / SAIC

designs, but the total weight of the 2 ABB Lunlrnus heat exchangers is three times that of the

Struthers Wells superheater. Some of this difference may be attributed to the large tubesheets in the

ABB Lummus desigrl; they are 2,1 m (82 in) in diarrleter and 660 mrri (26 in.) thick.

In a manner similar to the evaporaiors, the ABB l_,umrnus and Struthers Wells reheaters place the

higll pressure stealn on tile shell side, while tile Foster Wheeler and B&W / SAIC designs place the

nitrate salt on the shell side As with tlle evaporators, theABB t.uriln'ius and Struthers Wells heat

exchanL-ers are considerably heavier than the other two designs

As shown by the column totals in the table, the weight of the kettle boiler designs is approximately

twice that of the Foster Wheeler and B&W / SAIC ctesigns+

STARTiJ P TIi%!ES

Stal+ttil) times from col(t and warm conditiolls t'or each of the steam generators are summarized iri
"l'able 3-4.

Table 3-4

STARTUI 3 TIMES FROM COI.I) AND WARM ('ONI)IFIONS _

V e11d o r !:_r()_!1}_1C_(_)L(! _[.:['o__!3.!_W .<"!_,I_"Lll_

a[_ Ltilllliltls Not specified [.)5 to 1
Struthers Wells; 10 l.ess than 5 e

Foster Wheeler I0 1

B&W / SAIC 4 l_ess than i

Notes:

1 Time, in hours, to norrnal operating conditions; a cold startu !) is from ambient temperature; a
warm startup follows an overnight shutdown

2, Conservative wllue in lieu of transient thermal analysis; shorter times are likely
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Estimates of the times required to heat the steam generator from ambient temperature to normal

operating conditions ranged from 4 to !0 hours. These times are of interest to the plant operators,
but have a limited influence on the Feasibility assessment. This is because tile steam generator is

allowed to cool to ambient perhaps only, once or twice a year, and the startup times and energies will
" have little influence on annual plant performance.

- Following an overnight shutdown, the estimates of startup times ranged from 1 hour to

approximately 5 hours. These times are of more interest, because daily startup times and energies

can have a measurable influence on the annual performance. Intuitively, the heat exchanger designs
which put the low pressure salt on the shell side, and thereby minimize shell thicknesses, should

offer the best transient response. However, this is not borne out by the vendor responses. A review

of the table shows that one steam generator with a kettle evaporator (ABB Lummus) has a

comparable startup time to the steam generators which exclusively place the low pressure salt on the
shell side (Foster Wheeler and B&W / SAIC). Furthermore, the Struthers Wells startup time was

based on a conservative temperature ramp rate (56 C/hr ( 100 F/hr)), which was known to result in

acceptable thermal stresses. Struthers Wells stated that a shorter startup time is likely, but a detailed

! transient analysis would be required to determine the n_inimum.

It should also be noted that the steam generator startup times may not govern the startup time for the

turbine plant In particular, main and reheat steam tenaperature ramp rates in the steam generator
must meet the allowable ramp rates specified by the turbine n_anufacturer A survey of turbine
designs on recent cogeneration and utility projects at Bechtel showed the following:

• Small (20 to 40 MWe)non-reheat turbines designed for cyclic service can be started

followi ng an overnight shutdown in approximately 0 5 hours. The turbines use separate high

pressure and low pressure sections to achieve this transientperlbrnaance The size of the
high pressure section is held to a naininauna by operating at a high speed (10,000 rpm). A

step-down gearbox connects the high speed section to the 3,600 rpm low pressure section
and generator The high pressure section also uses a vertical split case with separate inner
and outer sections to minituize the thermal mass

• l,arge (100 to 200 MWe) reheat turbines designed tk_rbase load service generally require at
least 2 hours for startup Following an overnight shutdown. The principal rate limitations are

imposed by the thick metal sections where the horizontally-split upper case joins the lower
case The design features noted above for small, cyclic duty turbines are not currently

available in large turbines tlowever, the transient performance can be improved by

incorporating features found in some European turbines designed for cyclic service

Specifically, electric or steam trace heating can be added to the case joint to reduce the

startup limes

The startup times tk_r ABI3 I_ummus, Foster Wheeler, and B&W / SAIC steam generators are no

, longer, and may be shorter, than typical startup times for the turbine generator. This may also be
true for the Struthers Wells design, depending on the results of further thermal analysis. Thus, all

of the designs should be equally acceptable tbr commercial service.
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ADVANTAGES AND DISADVANTAGES

Some of tile qualitative advantages and disadvantages of each of the three heat exchanger concepts
are discussed below in Table 3-5.

d

"Fable 3-5
HEAT EXCHANGER CONCEPT ADVANTAGES AND DISADVANTAGES

Item Straight tube/straight shell _(.Utt.ibe/straight shell U tubelU shell

Design Less complex thermal More complex thermal Less complex thermal

analysis; more complex analysis (tubesheet) and structural analyses
structural analysis

(bellows)

Fabrication Least complex, if Average complexity More complex
bellows is available Thick shell wall (U bend closure)

(if high pressure)

Operation Heat exchangers Less tolerant of tleat exchangers

tolerant of rapid temperature changes, tolerant of rapid
temperature but limils lnay be temperature

changes, but limited set by turbine changes, but liJnited

by steam drum or by steam drum
bellows

Maintenance More complex if Average complexity Average complexity

bellows must be for tube plugging for tube plugging
removed

Reliability Bellows may need Significant design, Good reliability shown
to be denaonstrated fabrication, and at MSEE, but test

operating experience duration was limited

It should be noted that all of the steam generator concepts are based on mature, conamercial heat

exchanger designs. The advantages and disadvantages noted above reflect relatively minor

differences in complexity, and none of the approaches can be considered to be either clearly

preferred or seriously disadvantaged

The only area in which some reservations might be made is the recluiretnent for bellows in the

straight tube/straight shell concept Foster Wheeler, in the 1982 study for Sandia National
Laboratories, stated that sodium steam generators in European (SNR-300) and USSR (BN-600)
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nuclear breeder plants used expansion bellu,,_ in the shells, In addition, a Westinghouse sodium

steam generator with bellows on the shell side of the heat exchanger is currently undergoing tests

at the Rockwell International Energy Technology Engineering Center facility in Santa Susana,

California Nonetheless, a test program to demonstrate bellows reliability in nitrate salt service
I1[ 4

under moderate tliermal cycling conditions may be required.

.. WA RRA NTY PROVISIONS

The warranty provisions outlined by each vendor are presented in Table 3-6.

"Fable 3-6

COMPARISON OF STEAM GENERATOR WARRANTY PROVISIONS

].!.e_13_. ABB I.tlmmus Styr.t!tJ_le__rsWglJ_ F_.o_te__rWheeler _13_&'W/ SAIC

Fi rst quality and Yes Yes Yes Yes
free from defects

Performance guarantee Not discussed Not discussed Not discussed Could be

provided

Repair after itlitial 12 rnotaths 12 months 12 months 12 months
service date

Repair after 18 rno_aths 18 months 18 months Not discussed
delivery date

l_iabilily tbr storage, Responsibility Responsibility Responsibility None stated

opelatlozi, illailltellallce. Of'project of project of project
eI'OSiOll,corrosion,
or alteratiotls

l.iabillty tbr Not dtscussed Responsibility Responsibility Responsibility

corascqttetltial damages of project of project of project

Guarantee for fitness Not Not Not Not

for a particular ptlrpose guarat_teed guaranteed guaranteed discussed

lhe provtsions amotlg the vendors are quite comparable, and indicate that the heat exchangers and

au×tliary cquipmetat will be commercial itenls supplied on a competitive basis.
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CA PITAi, COST ESTIMATES

The capital cost estimate for each steam ger|erator consists of two elements: the investment cost for

design,procurement, and installation, and the operating cost for the hot salt punlps to overcome the

pressure drop through the heat exchangers. The later elenlent can be converted to an equivalent

capital cost to assist in the assessment of the four designs.

Design, Procuremetll, and Installation Cost Estimates

Design, procurement, and installation costs tbr the four steam generator designs are shown in Table
3-7. Several items are apparent from a review of the table. First, the Struthers Wells and B&W /

SAIC estimates included not only the heat exchangers, but also the supporting items required For a

complete steam generation system. These items iIlcluded the inter-heat exchanger piping, insulation,

trace heating, instrumentation, valves, structural steel, engineerin_g, installation, and contingency.
In contrast, the ABB Lumnlus and Foster Wheeler estimates included only the 4 heat exchangers,

other shop costs, engineering, contingency, and fbe

Second, a comparison of the heat exchanger costs, presented in Table 3-8, sllows reasonably good

correlations auuoxag heat exchallge areas, shell side fluids, weights, and unit costs. Specific

observations incl ude the tbllowing

• IJrchcater - 'l'he unit weight costs from AI]I3 l.tJnutllus alld Struthers Wells are approximately

_/, those fronl Foster Wheeler and l_& W /SAI('. The relatively comple× i'abrtcatitm of the
U-shell nxathe 13&W / SAI(' design nlzly accotlnt R)r its Iligh u_aitcosts (this is also the case

tbrthcl_,&W/SAl('evaporator, stll)erhcater, andreheater) I lowcver, the Foster Wheeler

straight tube/str_liglit shell shotlld, in theory, be the least complex to fabrncate, but this is not
tetlected in the estituates

• l'v:lporator - "I'he ,,\BI_, l.tjmtutts atld Strttthers Wells evaporators arc apl'_lo×tnaately twice

as heavy as the Foster Wheeler andB&W/SAICdesigns This is a consequence of placing

the high pressure water/steam on the shell side Ilowever, there is not a cost penalty tbr

doing so; the kettle evaporators are competitive with the other desigtls The l:oster Wheeler

unit costs are also noticeably higher than the costs from the othervcndors This may bea

consequence of integrating the steam drum with the evaporator

, Sul)erheater - 'I'o linait the temperature change across the tttbesheet, the AI_B l.tlrumtts

design splits the sul)erheater i_lto two shells, and Strutlaers Wells places the high pressure

steam on the shell side The conseqtJences arc evident The surface areas are l_/: to 3 times

the Foster Wheeler and B&W / SAIC reqtlirements and the heat exchanger weights are 2 to

16 times as high tlowever, the tlnit area costs are competitive,.vith the Foster Wheeler cost

atldonly60percealtgreaterth_mtheB&W/SAICestimate This may be traced to the use

of standard comuuex'cial heat exchanger desigtts by ABI], l.utllllltlS and Strtithers Wells

The t_nit weight cost of the A1313 l_,t,mt_t_s he_t excha_gcr is only */_'o _/4that of the other

designs, whicla cat_ perhaps be attributed to the large ttd)esheets noted above in the
discussion of vl!s.'ql!l, .'.:,111.'.1,I.1111t.'KNI.IS_I.ISANI) WI.'.Ic;11'l'S
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Table " "
COMPARISON OF STEAM GENERATOR COST ESTIMATES

AB B kunlmus Struther_W_ells _F_.o_erWheelcr N W / SAIC

DESIGN, PROCUREM ENT.
AND INSTALLATION COST

- Preheater $370,000 $415,000 $871,000 $690,000

- Evaporator S1.230.000 $1,125,000 $1,626,000 $935,000
- Steam drum Not applicable Not applicable Included with evaporator $240,000

- Superheater $ 1.950.000 $1,979,000 $625,000 $450,000
- Reheater $600.000 $1,668.600 $495,000 $550,000

- Recirculation pumps Not applicable Not applicable Not included 5539,Cw00

- Other shop costs Included in total Included In total $637,000 Included in total

- Salt Piping and Not included $117,000 Not included 5719,000 (2)

Attemperators

- Steam Piping " 5138,000 " Not included
- Insulation " 547.000 l I ) " 5t93,000 (2)

- Trace Heating " $213,000

,'r' - Preheat System " 5110,000 " - Not applicable
t-,,_

- - Instrurnentatlon " 5181.000 " 5503,000 (2)

and Valves

Support Steel -- ¢-_4t. turn " " 5560,000 (2)

- Engineering Included in total 552,000 $600,000 51,215,000

- Shipping " Included in total Not included 580,000
- Installation Not included 553.000 " 5299,000

- General Activities Included in total Included in total Included in total 5286,000

- Contingency " " $971,000 (3) $1,121,000
- Home office costs " " Included in total Included in total

- Construction management " " Not included "
- Fee " " $466,000 (4) "

Total $4.150.000 15) 56,131,000 $6,291,000 (6) 58,593,000

I ) Includes insulation and heat tracing 4) 8 percent of above costs

2) Includes installation labor costs 5) Cost for partial system; 57,400,000 estimated cost for complete system

3) 20 percent of above costs 6} Cost for partial system: $9,500,000 estimated cost for complete system
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Table 3-7 !Continuedl

(OMPARtSON OF STEAM GENERATOR COST ESTIMATES

ABB Lummus Struthers \'¢elI_ Foyer ___e__!e.r _ z__S_A!_I_I_
NOPERATI. G COST

Hot Salt Pumps
- Flow rate, lb'sec I. 179 1.292 1,364 1,383

- Pressure drop. fl 123 05 166 162
- Power demand, kWe t 7i -,_a !60 a_a -,3v

- Annual energy' demand, kVChe _8_ 9.q0.000 500.000 1,505,000 1,505,000

- .amnual energy cost !9 _ S107.000 $02.(X)0 $166,000 $164,000

- Equivalent capital cost f10 i S1.01 q.O()() $5q0.000 $1,581,000 $1,562,000

Evaporator Recirculation Pump !

- Flow rate, lbsec Not required Not required Not required 102 i
- Pressure drop, ft 74
- Power demand, kWe t I 1 ) 14

--" - .Annual energy demand, kWhe _8 _ 49,000lJ

'-' - Annual energy" cost i9t $5,000

- Equivalent capital cost t 101 $48,000

TOTAL OPERATING COST $ 1.019.000 $590,¢R)0 $1,581,000 $ 1,610,000

TOTAL DESIGN. PROCUREMENT. S5.169,000 ! 12) $6.721,000 $7,872,000 {12) $10203,000

INSTALLATION. AND OPERATING S8,400.000 t 13D $11,100,000 ( 13t

COST

7j Based on pump efficiencv of 78 percent, motor efficiency of 95 percent, and variable speed drive efficiency of 96 percent.

8_ Based on annual operating time of 3.500 hours

9_ Based on auxl[larv energy-"cost ofS0.l I kWhe

10} Based on levelized capital carr)'ing charge lfixed charge rate} of 10.5 percent

11 ) Based on pump efficiency of-0 percent mad motor efficiency of q2 percent

12! Heat exchangers plus operating cost only
13 J Esnmated cost ff,r complete system plus opera,,mg cost



Table 3-8

(,OMF)AI,I,ISON OF tlEAT EXCHANGER UNIT COSTS

• !t.,,..'m A.l)!}_!_,t_.n_,U_,Ls_)ru__¢__?_ll,s. 'E_o__L_r__he..'__l_cr',B_&_W__/_4I_;"
I)Iehcater

, - Heat exchange area, m" !,343 1,320 1,950 2,049

- Shell side fluid l.ow pressure ttigh pressure L,ow pressure Low pressure
- Weight, kg 43,000 52,600 54,000 35,700
- ('ost estimate $37C),()0() $415,00C) $1,515,000 $704,000
- Unit costs

S/m: 280 310 770 300

$/kg 86 79 28,1 22.2

l']vaporator and steam drum

- Ileat exchange area, m 1,55t,) 2,288 1,853 2,152

- Shell stde lluid I ligh i_ressul'e I ligh pressure Low pressure l,ow pressure
- Weight, kg 170,000 218,000 122,400 I 19,400
- ('(,)st estimate $ 1,230,000 $ I, 125,()o0 $2,828,OO0 $1,351,000
- llnlt costs

$/t11: 7qO ,1_)(1 I, 530 63 ()

$/kg 7 2 5 2 23 I 113

Sul}esllcatcr

- i lear exchange area, m I,!o2 1,55b 827 566

Shell sttle tlutd l,o_v pressure illgh pressure l,ow pressure l.ow pressure

- Welght, kg I q.l,()()O ¢)5,3()() 28,500 12,100
('ost estt male $ I ,t)5(),()()() $ I,t)7q,()()O $ 1,087,()00 $518,0()0
([l_tt ¢()sts

$,"lll' I ,()81) 1,270 l,,l i0 q2()

Skg I() () 30 .I 38 I ,12 8

Relleatcr

- i leat exchange area, m I,(.)()0 1,568 570 788

Shell side tluitl l ligh I)ressure i ligh t')leSsttre l,ow pressure l, ow pressure

W,.,)_,,ht, kt._ 57,()()() ()2,2()(1 2(),o()0 12,700
('ost esll nlate $()()(),()()(.) $1 ,(')08,()0() $801 ,()()0 $632,00()
( !llit costs

S/roll: ()(10 I,()0() I,,-It)t) 800

• $/k t,, I() _ 2o,8 41 "_ 4c)8

I) Ileal exchanger costs inclutle other shol_ costs, engineering, management, contingency, and t'ee

2) Ileat exchant..,er costs include a cotllingency ot'15 l:)ercent
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. Reheater- Theconsequences ot'placini; the high pressure steam on theshall sideofthe Alllt
l.,tllnnltlS and _trtilhers Wells rehealers are evident The stlrfilCe areas are 2 to ] tinlcs tile

Foster Wheeler and B&W / SAI(" reqliiremenls, lind lhe heal e×chailger weights are 3 to 5

linlcs its high I lowcver, lhis.pallern does not hold tbr the unil costs.
' i

Third, ii ¢Olllparisoil ot' the eslinlales t'rOlil tt&W t SAI(" and ,_lrulhers Wells stlowswide variations
ill the costs for salt piping, iilstllalion, ileal tral.'illg, ill_triinielllation, ellgineoling, aild tilstallaiioil

l:or exanlple, lhe figures for eilglneeriiig and installation viiry by fiiclors ot" 25 and 6, re.<q)ectively

These two costs nll;ly reflecl eXlellsive experli.:llCe al Slrtllhers Wells in the design, fabricatiori, and

installation oPsiinilar heal e×cllangers, while tile llil,Jler II&W / SAI(" estimate nlay be iin indication
lhill olliy Olle o[' this type has been fiibricaled Allernlllely, the higiler II&W / SAIl{' estimate lll;,ly

retlecl a illore e×iensiv¢ backL;round with, and a lilore lhorough knowledge of, tile costs associaled i

wilh nitrate salt syslelns Nonetheless, lhe Rlruillers Wells eslilnale is pi'obabiy oplilnisli¢ in several
areas l:or e,_aillple, tile siirt'ace iireli ot' the heal exchanger sileils is approxinlaloly ]70 ill _(4,000
t't:) and lhe estinlalcd cosl t'or insiilallOll and heal lraClllg IS $.17,{l(l/} This is equivalenl Io a unit cost

ot'$12S!in" ($12it'1:) In conll)arlsol_, typical in_tilailon cosis (willloui ileal lraeing) used by Bechlel

it!r concel)ltlilI CSllnlales are II1 lilt.' rall!.,.e ol' $}(}{i Io $.t25"il1: {$2l} Io SJli/t't:')

I"inally, ii1 all alleinpt to place lile .,\illi I.iillillltis alld I:osler Wheeler scopes ot' supply and cosl

i.,slllllalos Oll lhe Salile basis as lhe oilier Velldors, cosls were added t\_r lhe t'ollo_,ving salt plpiilg ilild

ailCnll_eralors, lilsulallOli aiid heal lraciilg, liiSlrulileillallon aild valves, stlpporl sled, shipping;

iiislallalioil, and cOnllngonc$' I:or lhe pl,ilposes ol'ihis sllidy, the il&W t SAIC' costs wer_ lised ill
each call_'!,_ly 'lhe adluslilleill i¢_l;iled $t 2_lilll)(), wllicll brougill tile ,,\Pill [.tllllnlus desigll,
f;ibllCallOll, alld instalialioil _.'l_<_lio $7 .l(i(},lli}ll, ;tilt[ lhe l:o',ler Wileeler cost Io $o,,1(){i,{)01)

I I<,ill! ' ihc adlll'4ed t'l!.ttileS tbi illc AI!II I.utlilllUS ailcl i:¢_ster \Vhcelel CSllillales, the ,1 steanl

!,Ollerall¢_ll s\,_lclli c_lllll;lle_c are _,llhlll 2(i percelll of their avorage "lllls is II1 excellenl agreelllt;nl
;,il I!ll,; level tlt'cllV.lllCCllll!t tiel'llllli_ll

()llerlililil_ ('till I,]slinuiii, s

+l'lle¢lp¢l',itlllg co!_l t'or tile >,It';till l_'t.'llel;ilill I_ the t[Ol.'l't.',_lSi.' ill alillllal planl OtltpU| and r0venue dtlO

i_l Ihc ;ili',;illarv eleclric dCliiaild tlf lhe t\,llo_iil.t, ptililps

• l loi sail ptilllp<4 to tlVt.'l'Ctlll/e the pleSStile drop through Ihe heal e_chail[;ers

' l:V;li_ol alol I cclrc'uiallt)li ptllllps to tlvc'lt;t_,llO tile prt.,sstire dloi_ lllrotlgll tho evaporalor-slealll
ditilli clrcUll {li&\V' SAI(' desi/til ollly)

"i'he operatlllg cost was c'oll\'erled l¢)all C_lUlValelll capital cost, alld tills cost added to the desiL.n,
proctlrOlllent, and illstailaliOll cosl, to evaltlalc' llle ovei'all eCoiloilllcs ot' eacll deslgll

o

The hot sail pllnll) au,_:iliaiy power deinaild was calculaled liSlllg llle t'l_llowing

• Sail [low rate aild heal exchanger prosstire drops as staled iii cacti vendor report
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• A control valve pressure drop o1"8 5 m (28 ft), as listed in tile B&W/SAI(" report, was used

in all steam generator systems ibr consistency

• . .. I'umt_ efficiency of 78 percent, motor efficiency of 95 percent, and a variable speed drive
efficiency of % percent

• The hot salt pump power demands included 160 kWe (215 hp) for the Struthers Wells steam

generator, 280 kWe (375 hp) for ABB Lummus, and 430 kWe (575 hp) for Foster Wheeler and
B&W / SAIC.

The B& W/SAIC evaporator recirculation pump demand was calculated using the following:

. Recirculatioll tlow rate of 46.4 kg/sec (368,0(.)0 Ib/hr)

• Total de`.'eloped head of 2.t m (75 fl)to compensate ibr the 138 kPa (20 psi) pressure drop

in tile e`.,al_orator

. Punlp elTtcterlcy of 7t)percent and a nlotor elTictency of t)2 percentv,

"ibis resulted ill a pumr_ power demand of 16 kWe (21 hp)

,,\ .,-;tlnlllllax-yof the _lllntl;.llenert!y ttem_nd and operating costs for lhe t_tll" steatll generator designs
is shown in i'able 3.7 _lhe operatlllg cost,_ were converted to equl`.,alel|t capital costs using the

I\_lIo,,vlrl_,,equattt_ll

Electric energy demand , M!tr_i!mle!ectric, energy cost, Annual o.._ratin8......timel_uivalent Capital Co_t .....
Levelized Capital Carrying Ctutrge

v,.Jlete

lhe Illalt, lnal cost ot'¢leclrlc ¢llert_.y IS aSSUllled to be $() II/kWhe 'l'hls is the levelized cost of

ellergy develol'_ed tbr tile t"ir_tcolnn_erctal I(.1()NIkVe pltmt in Phase I of tile central receiver

I rlllity Stutiie._(Ret' l-i)

'l'he anlltlal Ol'_el'atlllt;tltlle of tl_c hot salt I:_tnllll_Swas assumed to be 3,5()0 laours

- lhe levclnzcd Cal+ltal C_ll'l3'llltJ, chcIl_,C (t'i\ed cJlarge rate) was l(I 5 percent The rate, based on

_talldard utility t+rOleCtI'tnanclng al_d a constatlt ,,ear dollar ,lr_alysts, ,.,,':Isthat used duritlg Phase

i of tile t_til_ty ,',:,tt,d_es
d,

'l'he results ot" the calcttlatlolls are als_ sl'_own iii Table 3-7 The equivalent capital cost for operation

• ral_ged ['l'Olll ('_ tO 2() peacent of the dt2sit,,,,n, procurement, and installatiota cost Thus, tl_e pressure

drop through tile heat exchangers can _nt'luence the relative economics of competing designs. Note

that tile higher pressure drop in tile i,'o.xte_Wl_eeler and I_&W / SAIC designs entail a_ economic

penalty of apl_roximately $500,0_)1.)relative to tile ,,\t]B l,t_mmus design and $1,000,000 relative to

the Struthers Wells al._l_mach
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Design, i)mcul_enlent, Installation, and ()l)el_lting Cost Estimates

The sum of tlae design, fabrication, installation, and operating cost estimates are also shown in Table
3-7. From a review of the estimates, tlae following observations can be made

• There ts good agreement among tile vendors regarding the costs of tile I_eat exchangers; ti_e
divergence in the estimates occurs in the auxiliary equipnaerit, engitleering, and installation

required tbr a complete system

• The subcontract price developed by Babcock & Wilcox for tile U-tube/U-shell steam

generator in Phase I of the LJtility Studies was $11,128,000 (third quarter 1087 dollars).
Escalating this price to first quarter 1093 dollars using an annual rate of 4 percent yields an
estimate of $13,800,000 The steam generators developed for this study, includtng the U-

tube/LJ-shell approach, are considerably less expensive than the Utility Studies design Tills
may be attributed to tile successful use of relatively lower cost kettle boilers in ti_e l,uz

parabolic trough solar po;vcr plants, and renewed vendor interest in cc,mmercial central

receiver projects following the start of the Solar Two F'roiect

• It appears that a steam generator tk)r a 100 MWe conlrnercial projecl can be fabricated and

Ilistalled for approxllnatel 3 $8 1111111o11
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Section 4
Thermal Storage System Hot Salt Tank Designs and Cost Estimates

4'

Three conceptual hot salt storage tank designs and cost estimates were developed during this study.
Two of the designs, one developed by Chicago Bridge and Iron Technical Services Company (CBI)

,. and a second by Pitt-Des Moines, Inc. (PDM), employed a stainless steel tank with external

insulation The third design, developed by S, N. Technigaz (a French company), used a carbon steel
tank with external insulation. To limit the carbon steel shell temperature to acceptable values, a

layer of_nternal refractory insulation was required. In addition, a thin Incoioy liner was required
to protect the refractory frorn the corrosive effects of the nitrate salt at 566 C (I,050 F).

q'he discussion which follows reviews the storage tank specification, design features, warranty

provisions, and cost estimate for each of the concepts.

S I' E('! FICATION

The principal specif'icatioias used in the design of all of the tanks is presented in Table 4-1. The
nominal storage capacity is 1,56(,) MWht, whicla translates to an active volume of 7,690 m_(272,000

ft') An _nacti\'e volume of salt at the bottom of the tank (heel) with a depth of 0.9 m (3 ft) was

specified to minimize periodic thermai transients in thejoint between the fioor and ,,vall. A 1.2m

(4 ft)high space at the top of the tank was also specified to hold the heel from the cold storage tank

and the salt _nventory in the receiver and thermal storage systerns. Freeboard above the 1.2 m space,

iI"any, was to be selected by the vendor to accomrnodate liquid movement during an earthquake
A value of $1,7()0/kWi ,.,,,asassigned to heat loss through the tank to assist the vendor in selecting

the c>ptimum insulcltiorl lhlcknes.cs."'s'

Nitrate salt iarlks operating at this combination of size and temperature have yet to be fabricated and

te.<;ted l-lov,'ever, sever;ll tanks have been built over the past several years that rneet or exceed the
size nr tenlpcrature requirements of the hot salt storage tank Representative tanks, with external

, l'_ ginsulation include the ,(. IIo\vin .

• Four bitumen tanks, each 8g _::(288 f't) in diameter and 15 In (48 ft)high, were fabricated

for Bechtel at the NyncrudeTar Sands ProJect in Mildred Lake, Canada. The externally

insulated tanks operated at 175 to 230 (' (350 to 450 F)and used forced air circulation to
cool the lbundatloils

• :\ nitrate salt tank, 14 m (45 ft)in diameter and 2 g rn (9 ft) high, was fabricated by CBI for

atr_rot_r_et;lry chernic;ll process plant in Texas. "rhe externally insulated tarlk operates at 260

" to 45()(" (5()()to g-12 !:)and uses la;.|ttllaJ COllVeCtic)n air circulation to cool ttle f'oundatiorl

• * The thermal storage system for tile l.uz Solar l-lectric Generating Siatiorl I parabolic trough

sol,it powei plant near lTlarsto\v, ('aliforrlia The cold tarlk, 21.0 m (69 ft) ir'i diameter arid
12 2 m (40 ft) lligh, stores a synthetic oil at 250 (" (480 P), and the I'iot tank, 22.1 (72.5 fi)

I11diarrieter arid 12 2 rri (40 ft) high, stores oil at 315 (' (600 F')
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"Fable 4-1

HOT SALT TANK PERFORMANCE SPECIFICATION

Active tank volume 7,693 nl -_(271,674 It3)

Additional tank volumes

Heel 0.91 m (3 ft)

Drain down from receiver and 1.22 m (4 It)

thermal storage systems

Freeboard To be selected by vendor

Nitrate salt density 2.090-0.000636*(Temp, C); g/cm _

( 131.2-0.02221 *(Temp, F); lb,,/it 3)

Equivalent capital cost of heat loss $1,700/kWt
through tile insulation

Maximum temperature of insulation 60 C (140 F)

exposed to ambient

l leattracingsystem Electric elements to be used at 50
percent of rating; spare circuit to be
installed

l,eak detection system To be specified by vendor

('ooled tbundation To be specified by vendor

Seismic accelerations API Standard 650 Zone 3

Wind loads 40 m/sec (90 mph) at 10 m above
grade

Soil bearing capacity 0.24 MPa at 1.5 m below grade

(5,000 psf at 5 t't)
0.48 MPa at 3.0 m below grade

( I0,000 psf at 10 It)
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• Oil and asphalt storage tanks for American Petrofina in Port Arthur, Texas. The cold tank,
45.7 Ill (150 ft) in diameter and 14.6 Ill (48 ft) high, operates at 175 C (350 F), and the hot
tank, 24.4 (80 ft) in diameter and 14.6 m (48 ft) high, operates at 260 C (500 F)

" • Oil and asphalt storage tanks for ARAMCO in Qasim, Saudi Arabia. The cold and hot tanks,

operating at 175 C and 220 C (350 F and 430 F), respectively, have dimensions of 57.9 m

,, (I C)0ft) in diameter and 4.6 m (15 It) high

• Nitrite salt thermal storage tanks for the MRI / SOLERAS solar desalination plant in Yanbu,

Saudi Arabia, The cold and hot tanks, operating at 250 C and 315 C (480 F and 600 F),

respectively, have dimensions of 4,9 m (16 ft) in diameter and 4.9 m (16 ft) high

• !12 MWht thermal storage tank for the 10 MWe Solar One pilot plant near Barstow,

California. The tank operated on the thermocline principle, and contained 6,180 metric tons
(6,800 tons) of rock and sand and 910 m_ (240,000 gallons) of synthetic oil, During the

charging cycle, oil entered the tank at 305 C (580 F), and during the discharging cycle, oil
entered at 220 (2"(425 F).

The alternate lank design, using a low cost carbon steel shell with internal refractory insulation, has

been proposed by Martin Marietta Corporation The liner concept was originally developed by

Technigaz for liquified natural gas storage tanks, and has been successfully used in 15 ship and 20

shore facilities during the past 20 years. The idea was extended to high temperature nitrate salt
storage by Martin Marietta Corporation and successfully tested in the 7 MWht thermal storage

system Subsystern Researctl Experirnent at Sandia National Laboratories. The experimental tank,
3 rn (10 It) in diameter and 6.2 nl (20.5 ft)high, operated at 566 C (I,050 F) and used forced water
circulation to cool the tbundation.

"I'hus, the externally and internally insulated tank designs proposed in this study can be viewed as

moderate extrapolations of current experience.

DESIGN FEATI.JRES

l.:,levatiorl drawings for the CBI, PDM, and Technigaz tank designs are shown in Figures 4- 1through

4-3,1c, pcctively The principal design features ofthe three concepts are surnmarized in Table 4-2.

Exlernally Insulated "l'ank,_

As might be expected, the two externally insulated tank designs were quite similar. Each tank was
29.0 m (95 t't) in diameter, fabricated from 316 stainless steel, insulated with mineral wool, and

,- supporled at the walls by aperinleterringwall. In addition, the foundations were cooled by air

passages to limit the temperature of the natural soil, and the shell and floor plate thicknesses in one

• design were within 25 percent of the thicknesses in the other. The princir}a[ differences were as
follows:

,1-3
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Table 4-2

COMPARISON OF HOT SALT TANK TECHNICAL CHARACTERISTICS

Chicaeo Brid,,c and !ron Pitt- Des Moincs Tccbnieaz

DIMENSIONS. It

- Outer tank diameter '_5.ft 95.0 114.8

- Inner tank diameter N{_ applicable Not applicable 112.5

- Height 47.11 44.3 44.0
- Roof radius _5.1t 78.0 114.7

PLATE THICKNESS. in.
- 0.__Roof ti.25 0.5{) "4

t}.,_ 0.25 0..2_S-Shell: top ",' 4
bottom 1.57(49 1.25 1.2795

-- l:l_x}r 0.31 _ 0.__'_ 1}.3740

MATERIALS

- Roof 316 .,,tainlt._s _tccl 316 staink.._,, steel Carbon steel - A516Gr 70

- Shell 316 stainl,..."q.,,.,,reel 316 stainlu_ss steel Carbon .:-aeel - A516 Gr 70

- Liner Not applicable N applicable Incoloy 8/30 {0.05 in.} with

stainless steel foil back {0.01 in.)
¢" - Floor 316 stainl_'ss steel 316 staink._ .steel Carbon steel - A516 Gr 70

- Insulation

External Rtxff and shell - Roof and shell - Mineral wool -

mineral wx_}l (20 in. } mineral ,_,'ool {16 in.) roof {6 in.): shell (2 in_)

Internal Not applicable Not applicable Roof - mineral wool {20 in.)
Shell and floor - refractory brick {1_4 in.)

- Foundation {top to bc_iom}

Perimeter Calcium silicate blt_'k {12 in.} Steel slip plate { 1i4 in.) Not specified
Reinforced concrete {33 in. W x 36 in. H} Grout (3/4 in.}

Foamglas {12 in. W x 36 in. H} Firebrick {4 I,.'2 in.)
hlsulating firebrick {28 in.)

Center Compacted local soil {48 in.} Dry sand (I 1,2 in.} Dry sand (2 in.)
Insulating firebrick { 12 1:'2,m.} Reinforced concrete (24 in.)

Foamglas 120 in.}

Thermal concrete t9 in.}
Reinforced concrete {21 in. }

Soil Compacted local soil {12 in.) Compacted legal soil t48 in.} Compacted local soil (36 in.)



. ('P,Iincluded_il'reebo_Irdof_il_pro×in1_itely0.5m (I.7fl),whileI'DMselectednheightof
0.30in(I.0i't).Asdiscussedinthe('BIreport,theI'rceboi|rdWrlSincludedIOncconlrnodnte
liquidmovementduringnnenrtilqunke

, The technic_ll_l'_ecil'ic_ltioncalled for aheis.-lltoi" I 22 m (4 t't) to storethedrltin down t'rom
thereceiverand thermal storagesystems I lowever, PDM includeda Ilel,t,ht of'only 0 _)1m
(._It)

• C'l]lselected_moptimuminsulationthicknessof50cm (20in),whilePDM used40cm (16
in ), The difference w_lslikely due to di fl'erentrsSUml'Jtionsreg_lrdingunit insulation costs,
_lsdiscussedbelow under (.'AiglAI, C()S'I' I!,'qIIMATI!

• The PDM design used _1steel slip plate at the ring wall and n layer of sand near the
tbundation centerto reducefriction Io_ldsdue to lherrnnl expansion',theCt31floor at thering
wall resteddirectly on c_dciumsilicate block insulation

• tJnder the center of'the PDM tank, the foundation consisted of layers of insulnting firebrick
(320 mm (I 2!.:_in)), t'oamglas (5 I0 turn (20 in)), tllermal concrete (2.t0 mm (9 in)), and
reinibrced concrete(530 mm (21 in)) Cooling_lir ducts, 75 mm (3 in) wide, l'._ssed
throughthethermalconcretelayertolimitthetemperattlreoI'thereinforcedconcrete,and
native soil beneaththeconcrete,to ;scceplablclevels

• L!nder the center of tile ('P,I tank, tile t\'_undatlonconsisted of at least 12 m (4 1t) of

comp;ictedclay aggregate 'l'he final thicknesswas tobedeterminedfrom adetailedtherrn_d
_tll;tlVsl_ dl, lt'lll B final deSil._ll ,'_ fotlll(l:lti()ll u'oolin_systen_,cons,st,rigot'Wateror forced air
pipes Ioc_ttednear the bottonl o1'the el;tv, would bc provided if' the selected insulation

thickness did IIot limit the nl:.ltlve soil tcnlper_.lturcx tc)lesstllan IO()(' (212 F)

, I.caks II1 lhe bolloln of the i_I)M lank wcle to be deleclcd by conlinLIou_ lengths of

tCllll")Ol'_.lt|lresellSillVe clenlenls Ioc;',ted i.Inder the Lop layer of the l'o;_mglasinslllallOll The
elementswere installed on a .t m by .t rn (10 t't by I() t't) grid, and ,,vouldactivate wllcn tile
tenlper;lttnre ot"any 50 mm (2 in)portion exceeded 480 (' ('_00 F)

• l.eaks nn the bottom of the ('131 tank were to be detected by rows ot" equally spaced
tllernlocouple._loc_tedin theclayIbundationThe thern'_oCOUl'_leswouldbeinstalledin
conduitsto.,.;itnpIiI_,rep_irorrepI_celnenl

A review ot"the ('B! and I)DM report,,;by a t_tnkdesigner within Bechtel provided the t'oilowinB
obxelVIll io11s:

iI

• Stainless steel tanks, operating at tl_issize and teml'_eratureand using conventional shell-to-
tloor joints, should be t'easible

• Tile tbundation bearin_ pressureot'290 kPa(fi,000 Ib/t't:) on the calcitnmsilicate and foam
glasswas at the upper end ot'conventional practice
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• The bricksin the rtng wall may besubject to settlement° which could leadto stress gradients
in the tank bottom The reconlmended approach would substitute light weight refiactory
concrete fi'_rthe bricks

• The sand in contact with the tank bottom in the PI)M design would need to be free of
chlorides

Internally Insulated Tmlk

'l'ile 'I'echnigaz concept was quite different from the CI]I and PDM approaches, The design was
based on the criteria that l} stainless steel tanks are quite expensive, 2) the joint where the wall
meets the tloor is sensitive to fatigue failure, nnd 3) there may be a need during the life of the plant
to rapidly transfer salt from the cold tank to the hot tallk "l_ satisfy these criteria, the following
approach was used:

. The pressure boundary (floor, wall, and roof) was fid'_ricated from carbon steel

• A high temperature refractory lining was installed inside the carbon stool tank to transfer
hydrostatic loads to the pressure boundary and to provide sufficient resistance 1o conduction

heattransfersuchthatthecarbonsteeltemperaturedidm)texceed370 C (,700I:)The lining
c¢msistedofSI2,0o()bricks, each 2.] cm by I! 5cmby65cm(gin x4!J£in x2V2in)

, A corrugated ln,,.'oloy 8(10liner, I 27 mr11(()OS _rl )thick, was Installed inside the refractory
t,aisolate the refractory I'rom the corrosive el't'ectsot'nltrate salt at 56(_,C ( 1,050 F)_ The liner
also prevented salt migration into cr_cks,n the ref'ract,:,rywhich could resultin local high
temperature arenason the carl',on steel shell 'l'l_e corrugations, Illustrated in Figure3-4,
allowed the I_)er to expand and contract, thus ensuring that all of the hydrostatic loads are
transferred through the liner to the refractory bricks 'l'he liw_erflexibility also accommodated

rapid leml_erature transients ,_wth minimum I'atlgue danJage The lir_erconceptwas
originally developed for ll(iult'led ,_atul'al ._asstorat.._etanks arid has been successfully used
_n 15 shmpsarid 2() shoretnstallatl_'_tlsover the I_ast2i) years The c¢',nceptwasextendedIo
high temperature n_trate salt storage by Martin Nlarietta ('orporat_orl and successt'ully tested
in the 7 MWhI tllerr_al stora[¢esystem .',;ubsystemResearch l.:xperiment at Sandia National
l,aboratories

• A stainless steel t'oll barrier. () 2_ n_l_ (()()1 _n ) thick, was installed between the lncoloy
I_ner a,_dthe refractory to preve_t al'_ras,onof the refractory during thermal transients

• ,,\n insulated concrete f_Llnd:ttion, cooled i',y a_ array oI' water pipes, v,,asused to limit the
• carbon steel floor temperature to 37(_)C (700 F) or less I ieat t'rom the tbundatlon was

re.jetted to the atmosl',here I',y a 3.s(_kWt (I ,2()O.0()0 l]lu/hr) ,.,,,,'el.mechanical draft cooling
, tower

• A suspended ceiling, tabricated t'rom corrugated li_er material m_dbacked by 50cm (20 in)
of mineralwool i_sulation,was i=_stalledinside the tank The support structure for the

ceiling required 29 tons of stainless steel members
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. Mineral wool external insulation, 5 cm (2 ill) thl_k on the wall and 15 cm (o in ) thick on
tile roof, limited tile heat loss from tile carbon steel shell

. Any leaks througll the incoloy Inrler are to be detected by a system consisting ot" a gas
chrornatogral'_h, 12 circuits ot' 12 ran| (', in ) stainless steel tul'_int_located behind tile liner
corrugaticms, 12 solenoid valve_, a vacuum I_Ump, and a data ilc(!ulsltlOti COilil'lt, lter (;its
samples are c(_ntinuously taken t'rom each of the ¢ilCUlts ill SLICCOSSIOll Should a leak
develop, the chrc_matogral'_hwill identlt_ nilrates in tile Samlfle gas and tile COml_uterv,,tll "
record the location and rate ot' change in tile rlltrate concentration

The Technigaz design had only one feature in tOrah'iOn wnth tile C131and l:'l)h,l (teslgns: the tank
wall anct floor thicknesses are essentially the same asthe corresl'_ondltlgthicknesses tn tile stainless
steel tanks In all other respects, the t,,vo al'_l_roacheswere quite dlt't;2rent, its described below

. The height and diameter ot'tlle active s[tlt volutlle in the 'l'echnl[.az dest_,nwas 8 3('_m (27 4
l't) arid 34 3 m (1125 t't), respectively, for a hez[,,ht-to-dnametet ratio of ()2,1 The
corresponding dnmensicmsIll the C'BI _lnd PI)M deslg,ns ;,,,ereapproximately I q ,1m (44 I
t'I) and 20 () m ('05 0 t't), for an a_pect r_tlo of ().l(,,

. "1"oaccommodate the 34u mn_ ( 13 4 in ) thick internal ret'ractory lrlsulatt(m on tile walls and
tloor, and the 500 mm (20 tn) thick internal mineral wool insulation'| in the SUSl'_ended

ceiling, the surface area ot'the carbon steel outer tank must be I I I percent el'the surface area
of the Incoloy liner

. The temperature _radient throu_,,hthe miner_ll wool exterior insulation was at'_l'_roxlmately
,15 C'/cm (2()5 F/in) lit the wall and 15 ('/cm (70 I:/in ) on the roof In contra_t, tile

t_r.,nlpertiture_AradnentthrouL,II the ,,,,'_il1aild roof in_ulatiorl Irt the C'l]l de_i_,,n_,,,;IsI() C'/cm
(,1._l:/in)_.lnd throu[,h the I'1)_,1insulation, 13C'/cm ((_[)l'/in ) The hz_her [,,uadlent_through
the 'l'echnzL,_a_i,'_ulatlCm r,,.,_ultedin _,re;zterheat Io.,;se,',;,but tlli_ ,,,;ituationcallnot be avc,lded
(;reater tn.,;ul[ttlorl tlllckne_,,,;e_,,viii re_ult in c_|fl'>onsteel _hell temperatures which exceed the

dest_,,nvalue ot' 2_ C' (_._() F)

' ()n it .'.,;l11111_,llb:l_i_, tile 'l'eclir_t+_ut_t't_ulld;tti,_t_required avlactive cooltn_ _y.,.+temto I'_revent
tile tallk floor terlli_eralure l'r<:,mexceedint..,,21'qX(' (550 I:) i letil Iota.'.+thi<'_uk,J!the bt+ttom of

thetlillI<WIl_t_l'_prc',ximttt,.'Iv5 tlllleStileIo_ throtnt.hthe.bottowloftilel'l)_ltlillkilll_.l_ tllllq..,_

theIox_throu.L,,I_theC'I]It[_nk

, l'he Ivlte_,,unt,,,ot' the ¢on'rug,,:_ted!_u_erw;_s_Lvlessential element in tile 'l'echn_g,az concept lb
ensure that le_tks were identified ;,l_,quickly _ls F_OSstble,[m active le_k detection system ,,va.s

required In contr_tst, le;_kswere detected p_sslvelv in the ('Ill and PI)_I desl_,,ns
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TIIERMAI, I,OSSES AND TRANSIENT PERFORMANCE

One ot' the prlvlCil_al features cited for the internally insulated tank is its ability to accommodate
,apld temrmrature transients, and thereby avoid the use of heat tracing for i|lattttairlnllg cot,stant

• tempeaatures durlng overnight or extended shutdowns I lowever, the importance of this feature is
I_erilaps luitlL,ated by two observations

First, transient thermal storage tank models developed by Sandia National Laboratories predict that
an elnpty hot salt tank will cool overnight at a rate of I C (2 F) per hour. The following morning,
as salt t'mm tire receiver is introduced into the tank at an average temperature ot'454 C (850 F), the

tank will initially cool at a rate of 55 C (100 F) per hour. During the next 30 minutes, the
tenlperature ot'the salt from the receiver will increase to the normal outlet value or566 c(1,050 F)

{)nee th_s temperature is reached, the tank will heat at a rate ofapproximately 22 C (40 F) per hour

I)lscusslonS with ('BI and PI)M indicate that large tanks can routinely tolerate temperature ramp

rates up toS(_C"(lOOF) per hour without sufferlng excessive creep or flltigue damage In addition,
ramp rates greater than this may also be acceptable, but a detailed thermal stress and fatigue damage

analysis would be re¢lulred to verit} the operating procedures Representative experience with large,
externally insulated tanks ,,vhict_ tolerate temperature transients at least as severe than those

anticipated for a commercial solar project cart also be found For example, the thermal storage tanks

for the Sl{(i,"; I parabc_lic trough solar Imwer plant are 21 rn (70 ft)in diameter and routinely
acc_n_lnodate temr_erature change rates ot'40 to 55 C'(75 to IOOF) perhour In addition, anitrate
salt tank I,l Itt (,l 5 ft)ill diameter fabricated by C'lll for a proprietary chemical process plant in Texas

i_lollatll,,' operates at 2¢_oC (_o(.I F), but is periodically filled very quickly with salt at 4._() (' (842
F)

It caal be n_t,,..d that the trans_ent pert'orn_ance noted above applies to tanks with conventional shell-
to-Jloi_r .l_)llttS,lit which the vertical shell [S.lOlll,od to the horizontal floor by a full i)enetratlon weld

I'rellmlnary creep-t'atigue calculations by ('P,I using ASME ('ode Case N-47 show the joint stresses
to be t'ullv consnstet_t wttll a .t() year llt'e llowever, it' a detailed transient thermal and structural

analysts shov, s that this is not the case, an alternate design is available The alternate uses floor-to-
,,hell t_arlsit_t_ll.it_llll.,.,with atd_uble Ctll'Vattlle, conlnlonly referred to as "knuckles", which eliminate

the _ltllt_g_,nal ct_ll_er lhe v,,.'rticatli'_ltJltlS el' the .Ioint is api_rc_xirnately O q m (.t t't) and the
h_rlzo,_tal r;.ldlUS is tile tallk radius, Ill this case, 1.1 5 Itt (47 5 ft) 'l'he knuckle .l_.)iIltS, which are

t'_l_ed v,'ttl_ a lar_,e press and die, are often used in the shell-to-roofjolnts ot' large petroleum and

,,,,atel rate,ks lhts .IOltltis estln_ated to t_clease the prtce ot' the tank by only 3 to 5 percent, and n_ay
be at l'uattlle Ill tl)e l'list con)l_erclal i'_la_t to Iedtlce the technical I'lSk

Secol_d, I_eat losses for externally insulated ta_ks are considerably loss than t'or the internally

i_sulalcd desl.t,_ as sho\vn I11Table ,1-i1 The losses for the ('111 and PI)M designs are comparable,

. v,,ith Io_,,er \alues for the ('BI design I_kely due to dlt't'ere_ces in the illsulatioll thickness (50 cm (20

in )vs 4(icier(it, in)) l.osses t'iol_ the roofot'thel'echnigaz tank ,,,,'erealso con_parable to the ('P,I
and I_i)N1 root's 'l'hls can be traced to tile Silllilal _nsulation materials and thicknesses on all three

tal_ks i lov,.ever, losses t'ron_ the 'lechn_gaz wall and i\'_tllld_.ltlon were signll'ici.illlJy gl'e;,|ter than tile
cotrespondll_g losses t'rol_ the exten_allv insulated tal_ks l'hls can be traced directly to the relatively

high thern_al col]declivity ot' tl_e ret'ractoiv br_cl,_sa,_d the _eed to n_alntatn the carbon steel shell

lel_pe_ature at or below 2{_(.)(' (SS(i F)

.1-11



Table 4,3
COMI'ARISON Oi," IIOT SAL;I' TANK TIIEI1,MAL I.,OSSES

Cb ic.ag_-____B_r.j_dgea!_.J rQo Pj_t.t-_!)_g_s__M_o_iujg_ _lSechniga_2z

Roof 73.8 95.1 65.5

Wall 129.0 155.4 311,5

Floor 41,7 71.).0 344_3 "

Total 244.4 320.6 72i.3

During an extended shutdown, the hot tank will cool to 266 C (550 F), at which time electric energy

is used to maintain the temperature of the inventory. Following the restart of the receiver, the tank

may be subject to a rapid change in the temperature of the inventory Depending on the results of

a detailed thermal analysis, the tank and inventory may need to be preheated prior to the restart of

the receiver to avoid excessnve thermal stresses, If so, the electric energy for preheating should be

included in the comparisons of the tank designs llowever, the steady state thermal loss from the

tnternally insulated tank is greater than the loss from an externally insulated design. Therefore,
some annual quantity of heat tracing for the externally insulated tank can be used before the annual

performance of the two designs is equal. A first order thermal analysis shows the steady state loss

from the internally insulated tank to be approximately 25 times the average of the thermal losses
i'rot'n the C131 and PI)M designs. Assuming a Rankine cycle efficiency of 40 percent, the electric

heat tracing on the externally insulated tanks could, in theory, be operated continuously and still

ol'fer the same annual thermal efficiency as the internally insulated design Clearly, tank designs

requtring such an operating strategy would laot be proposed tlowever, it is apparent that the

l,_Cl.iOt.licuse of tr;,|ce heating oll externally Insulated tanks, should it be needed, can be justified.

I,F,AK REPA IR TIMES

'i'he vendors were asked to develop procedures and estimated times to repair a leak The most
complete response ,,,,,asprovided by Pitt-Des Moines, as follows:

Ac l_!._'.it,.V. ?J?l!]_e 9r__1 a..!_!.hot_!Is

Tank cool down 24 to ,18 hours

"l'allk opening 40 to 60 manhotlrs
l,eak location 8 to 40 manhotlrs

Leak repair 8 to 32 naanhours
Non-destructive examination 4 to 8 manhours

Tank closing 40 to 60 manhours "

Startup (ambient to 260 C (500 F)) 48 to 72 hours
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To cool tile tank within 24 to 48 hours, two holes are opened in the roof and air is circulated through

the interior by means of a fan. Air is also forced through the foundation cooling passages to limit
the heat transferred from the foundation into the tank. ]'he labor required to locate and repair a leak

is estimated to be i00 to 200 manhours. As:_uming that the repair crew consists of 2 men, and 3

• shifts work each day, tile time to complete tile repair should be 2 to 4 days. The tank is then brought
from ambient temperature to 260 C (500 F) over the course of 2 to 3 days by means of electric heat

. tracing Thus, it appears that a leak could be located and repaired, and the tank filled, in 5 to 9 days.

The Technigaz liner has demonstrated reliable service in numerous iiquified natural gas tank
installations. However, ira leak should develop in the liner of a nitrate salt tank, it is estimated that

the repair procedure would be more lengthy than for an externally insulated tank for two reasons.

First, the larger thermal mass of the internally insulated design will extend the cool down period of
tile tank. A first order analysis was based on the following:

• The weight of the PDM tank was approximately 313,000 kg (690,000 lb). Assuming a

stainless steel specific heat of 460 J/kg-C (0. i I Btu/lb,,-F) and a temperature change of 556
C (1,000 F), the thermal mass of the tank was on the order of 22 MWht (76 million Btu).

As noted above, the cool down period was 1 to 2 days

• The weight of the Technsgaz tank and refractory were 446,000 kg (984,000 lb) and

1,700,000 kg (3,750,000), respectively. Assuming a carbon steel specific heat of 460 J/kg-C

(0 ! I Btu/Ib,,,-F), a lank temperature change of 280 C (500 F), a refractory specific heat of
920 J/kg-C (0.22 Btu/Ib,,,-F), and a refractory temperature change of 445 C (800 F), the
combined thermal mass ofthe carbon '.._teeltank and refractory, was 210 MWht (710 million

Btu). Assunllng that tile cool down period is proportional to tile thermal mass, it may take

I0 to 20 days t'oiiowtng the detection of a leak before repair procedures could be started.

Second, the extent to which the refractory was contaminated with salt would need to be determined

and those bricks which had absorbed salt would need to be replaced. The replacement time would

depend on the number of contaminated bricks, but it is clear that the leak repair procedure would
be more time consunltng than for the externally insulated designs. Thus, it appears !hat tile time

required to cool tile tank, locate lhe leak, replace the refractou, and fill the tank could be in tile

range of 15 to 30 days

From this simple analysis, tile frequency oi'leaks in an internally insulaled tank can be only one-half

to one-third of that in tile externally insulated design without suffering a disadvantage in annual

availability

ADVANTAG ES A ND DISA DVANTAG ES

Some of the qualitative advantages and disadvantages of each design concept are sumnaarized below
in Table 4-4.
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Table 4-4

STORAGE TANK CONCEPT ADVANTAGES AND DISADVANTAGES

Item External Insulation Internal Insulation

Design

Structural analysis More complex fatigue Less demanding fatigue

analysis of wall-to-floor analysis "

joint

Thermal analysis Less complex More complex, particularly
for potential thermal short
circuits to carbon steel shell

Fabrication Less field naanhours, but Significant field manhours and

specific weld procedures detailed liner weld quality
required for thick stainless assurance procedures
steel sections

Operation Temperature ramp rates Rapid thermal transients
must be monitored to can be accornmodated;

ensure fatigue life is met; 2.5 times higher thermal losses

periodic use of heat tracing

is acceptable due to lower
thernaal losses

Leak detection Passive detection methods Active detection methods

suitable to identify shell and required to identify liner
bottom leaks leaks as quickly as possible

l.eak repair Drain tank, locate by vacuum Drain tank, locate by amlllonia
box, repair leak, and test leak test, repair or replace

by vacuum box defective liner section, replace
contaminated refractory, and
test new welds with ammonia

Leak repair time 5 to 9 days 15 to 30 days
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WARRA NTY PROV ISIONS

The principal provisions in the warranty offered by CBI include tile following:

' • Any defects caused by faulty design, workmanship, or material furnished by CBI will be

repaired for ai_eriod of one year from the date of completion

• The guarantee is valid only ifa complete and continuous temperature and level history of the
tank is maintained

• Any warranty of fitness for a particular purpose or compensation for consequential damages

are expressly excluded.

Assuming that PDM would design, fabricate, and install the tank on a turn-key basis, PDM would

expect to offer its standard commercial warranty as follows

• Any defects caused by faulty design, workmanship, or material furnished by PDM will be

repaired for a period of one year from the date of completion

• Any warranty offitness for a particular purpose or compensation for consequential damages

are expressly excluded.

The scope of work for Technigaz on this study included only the development of material quantities
for the tank anti a cost estimate for the liner and its installation. Bechtel developed the estimate for

procurement and installation of the refractory bricks, carbon steel shell, foundation, and insulation.

As such, Technigaz was not in a position to offer a warranty on the complete hot tank. However,

Technigaz anticipates that the liner will have a service life of 30 years without leaks.

CA PITAI, COST ESTIMATES

The capital cost estimate for each tank consist of two elernents the investment cost for design,

procurenlent, and installation, and the operating cost of reduced plant output due to thermal losses
through the insulation. The later element can be converted to an equivalent capital cost to give an

overall assessment of the three designs,

l)esign, Pl_ocul_ement, and Installation Cost Estimates

Design, procurement, and installation cost estimates for the externally insulated tanks are
summarized in Table 4-5. The CBI and PDM estimatesoffoundation and tank costs are very close;

, only the insulation costs differ by a significant amount. As shown in Table4-2, CBl selected an
insulation thickness of 50 cm (20 in.) while PDM selected 40 cm (16 in.). The differences in the

selected optimums can likely be traced to differences in the unit insulation costs assumed by CBI
and PDM.
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Table 4-5

COMPARISON OF HOT SALT TANK COST ESTIMATES

Chicago_Bridge and Iron Pit_t-_DezMoin_ Te_chnigaz
DESIGN, PROCUREMENT,
AND INSTALLATION COST

- Foundation $450,000 $280,000 $470,000 •

- Foundation cooling system Included with foundation Included with foundation $400,000
- Tank $2,750,000 $2,840,000 $950,000

- Liner Not required Not required $4,690,000
- Heat tracing Not included Included $260,000
- Insulation

Internal Not required Not required $1,100,000
External , $500,000 $1,360,000 $580,000

- Leak detection system Not included Integral with foundation $150,000
- Sales tax (7.5 percent) Included $210,000 $210,000
- Engineering Included $320,000 $620,000
- Contingency Included Included $940,000

Total $3,700,000 $5,010,000 $10,370,000

()PERA'I'i NG C()ST

I) Thermal loss, kWt
Roof" 73.8 95.1 65.5
Wall 129.0 155.4 311.5

Floor 41.7 70.0 344.3

Total 244.4 320.6 721.3

Annual therrnai loss cost (I) $44,000 $57,000 $129,000

Equivalent capital cost (2) $420,000 $540,000 $1,230,000

2) Foundation cooling pump Not applicable Not aPt_licable 70,000
annual electric demand, kWhe (3)

Equivalent capital cost (4) Not applicable Not applicable $73,000

TOTAl_,DESIGN, PROCUREMENT, $4,120,000 $5,550,000 $11,670,000
INSTALLATION, AND OPERATING COST

i) Based on thermal energy cost of $0.0204/kWht and annual operating time of 8760 hours
2) Based on levelized capital carrying charge (fixed charge rate) of 10.5 percent
3) Based on pump demand of 8.0 kWe and annual operating time of 8760 hours

4) Based on electric energy cost of$0,1 l/kWhe and levelized capital carrying charge (fixed charge rate)
of 10,5 percent
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It should be noted that the CBI estimate does not include heat tracing or a leak detection system,
while the PDM estinaate includes these items. Thus, the difference in estimates will be somewhat

less than shown in the table. Nonetheless, it is encouraging that the two cost estimates, and warranty

provisions, are as comparable as they are for this implies that storage tanks for the early commercial

° plants should be available on a competitive basis.

, As noted above, Technigaz developed material quantities for the thermal storage tank, but cost

estimates only for the liner and installation. Bechtel was responsible for developing the estimate for
the procurernent and installation of the complete tank. An estimate summary is shown in Table 4-5,

and the details of the estimate are presented in Table 4-6. The basis for the estimate included the

following:

• All costs were first quarter 1993 dollars

• Equipment and bulk material prices were based on recent Bechtel construction experience

and vendor catalog prices

. Labor costs were based on Barstow, California craft wage rates and labor productivity. The

wage rates included Fringe benefits, taxes, insurance, and a casual overtime allowance of 5

percent. SufFicient labor was assumed to be available in the immediate area, and therefore,
no allowance For travel and subsistence was provided

• Distributable labor and material costs were estimated to be 80 percent of direct labor costs.

These costs included the Following:

Temporary construction building, utility systems, and scaffolding
Construction equipment, small tools, equipment maintenance, material handling,

consumable supplies, and purchased utilities
Crane, earth mover, and truck rentals

Field staff providing craft supervision, personnel activities, and warehousing

• In the PDM estimate, engineering costs were approximately 7 percent of the sum of the

material and labor costs. For the purposes of this study, engineering costs for the Technigaz

design were also estimated to be 7 percent of the sum of the material and labor costs

• The conceptual tank designs outlined in the vendor reports did not include all of the detail
which would be available at the completion of Final design. To account for items in the cost

estimate which were not yet identified, a coz_tingency was added. It was assurned that these

contingencies were included in the CBl and Pl.)M estimates It was Further assumed that the

• level of definition in the'Fechnigaz design is reasonably complete, and that a contingency

of 15 percent was suFFicient to account For all material and labor costs which have yet to be
• identified.
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Table 4-6

TECHNIGAZ HOT SALT TANK COST ESTIMATE DETAILS

.... UNIT COST .... UNIT TOTAL $

DESCRIVI'ION QTY L!NIT MAT'L S,_C LABOR MHR MHR NL_T'L LABOR S_C TOTAL

1.0 FOUNDATION

Excavation 5(K) Y [)3 40 0.5 250 18,000 18,000

Fine grade 13._"_KI FF2 40 0.03 400 2,8.800 28,800

Formwork S0O FT2 I 40 0.5 400 800 28.800 29.600

Concrete 840 Y D3 o0 40 1 840 50.400 60,480 110.880

Reinforcing steel 204 T O3t) 40 10 2,040 122,400 146,880 269,280
Embedded metal 750 LB 1.75 40 0.07 53 1.313 3.780 5,093

Compacted backfill _) YD3 40 1 80 5,760 5,760

4,003 174,913 292.500 467.413

2.0 FOUNDATION COOLING SYSTEM

Cooling water pipe (4 in.. Sch 40, carbon steel) 5.(_1i) [-"T 13 40 0.30 1.500 64,740 108.000 179--,740

Pipe welds (20 ft lengths) 200 [:,A 40 1.90 494 35,568 35.568

Valves - 4 in. gate 2 EA 2.500 5,000 5.000
- 4 in. check I EA 2.0)0 2.000 2,000

Pipe supports - 4 in. 12 EA I35 1.620 1.620

Miscellaneous materials (10 percent) and labor operations (,q0 percent) I LT 40 2871 2.871 7.336 114.854 122,190

Instrumentation (25 percent of installed pipe c_x_t) 1 LT 30.548 30.548

.-r7 Pipe trench excavation and backfill ( 1.000 ft) 110 Y D3 5 550 550

Cooling water pump 140 gpm, 700 ft tdh. 10 bhp) 1 EA 1.500 40 25 _ 1.500 1.800 3.300

Concrete foundation for cooling water pump 1 Y D3 250 250 250

Cooling tower (wet. mechancial dra[t: 1200,000 Btu/hr) 1 EA 15.000 40 I00 100 15,000 7200 22200

Concrete foundation for cooling tower _ Y D3 250 1250 1250

4.990 97.196 267,4_ 32.598 397216

3.0 TANK STRUCTURE

Walls, floor, and roof (A510 Gr, 70 carbon steel) 403 T 1,700 787,t00 787,100

Suspended ceiling (31o stainless steel) 29 T 2.500 3.000 72.500 87,000 159,500

72,500 874,100 946,600

4.0 INTERNAL INSULATION

Refractor_" bricks (9 in. x 4 1:2 in. x 2 12 in.) 512,000 EA 2.14 1,095.000 1,095,000

5.0 CORRUGATED LINER
Incolo_' 800 liner. 1.27 mm thick 1 LT 1,990,000 40 33,600 33.600 1.990,000 _419200 .4,409200

(Includeswall and bottom areas, angle pieces, angle corners.

central piece, bottom caps. flat caps. dog legs. special expansion

bello_x_ between v.,all and suspended deck, anchor pieces, and
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Table 4-6 (Continued)

TECHNIGAZ HOT SALT TANK COST ESTIMATE DETAILS

.... [JNrT COSI ---- UNIT TOTAL $

DESCR IVIION QTY [_/NIT MAT'L S,(" LABOR MHR MHR MAT'L LABOR S,C TOTAL

o.0 EXTERNAL INSULATION

Walls - mineral wool (2 in. thick) 15.901) FT2 17 270.300 270.2_0

Roof - internal mineral wool (20 in. thick) 10.74)0 t-q-2 2 20.600 20.600
- external mineral wool (0 in. thick) 10.400 17I"2 28 291200 291200

Aluminum jacket 2o.?-_)0 I"T2 ( Included with insulation cost)

582,100 582.100

7.0 tlEAT TRACING

Mineral insulated resistance cable f 15t1\V;fI ) 9._.)O Vt-2 13 30 02 1.920 124.800 124.410 ,.49.,.10

"Iermination assemblies 28 EA 53 __ 1 _ 1.484 1.814 3.298

Combination thermostat/contactor;junct,on box 2 EA 1.050 _Z.,_ 5 10 2.100 648 2.748

Mounting brackets -" F.A 55 30 ," 4 II0 259 2,09

Star connection junction box 2 EA 40 7,0 5 10 80 648 728

Mounting brackets 2 EA 55 _',0 2 4 110 259 _309
Seals 28 EA 028 2-,eJ 0.02 I 8 36 44

1,977 12.8,092 128,08I 2_%.773

t,J

8.0 LEAK DETECTION SYSTEM

Gas monitoring piping {I/2 in. tubingl 2.000 FT 15 40 0.05 1,300 30.000 93.600 12.3.600

Solenoid valves (1,r2in.) 12 EA N)0 -1-0 4 48 3,600 3,456 7.056

Gas chromatograph 1 EA S.000 40 80 80 8,000 5.760 13.760

Computer (80_'t.q6with monitor and kt3"board) 1 EA 1.500 40 40 40 1.500 2.880 4._-'_"q0
Data storage (_-Vd0Megabyte external hard d_,l,:drive) I EA 600 40 20 20 600 1.440 L040

1.488 43.700 107.136 150,836

SUBTOTAL 46.117 2.507,000 3214339 2,583.798 8,305.137

Incolog2,." liner ocean shipping, import duty. and inland freight 285.000
Sales tax (7.5 percent) 209,400

TOT.ad - 3,001,400 3214339 Z583.798 8.799537

Note: Distributable costs are estimated to be 80 percent of direct labor costs



As expected, the carbon steel vessel in the Technigaz concept was considerably less expensive than
the stainless steel vessels required in the CBI and PDM designs, llowever, in essentially all other

categories, the internally insulated design was more expensive. The principal reason for this is the

extensive field labor required to install the lncoloy liner and the refractory bricks. Note that the
installed cost of just the liner was apl_roximately the same as the complete tank estimates from CI31

and PDM. The 'Fechnigaz concept w_ls also burdened with an active foundation cooling system and

leak detection system that the other two concepts did not require.

()l_enlting Cost Estimates

Operating costs included the economic penalty tbr heat loss tlarough the tank insulation plus, for the

Technigaz concept, the penalty for electric energy use in the foundation cooling system. Tile
thermal losses from each tank, shown in Table 4-5, can be converted to an equivalent capital cost

using the following equation:

Themml loss , Mar_m/energy cost * Annual oL__aat]fi__'dm_F..qutvalcntCapttal Cost =
Levelized Capttal C0.rrylngCharge

where:

- The marginal cost of flat collector and receiver system to stipply I kWh of thernaal energy was

estlmated to be $0.020 This was basedortaullitllellostatpriceof$175/m:andatmltreceiver

system price of $11 5/kWl

- 'l'he atanual ot)eratillg tillle of the t:lnk _,,_ls:tsstlmed to be 8,76() hours

- The levelized C:ll_lt:llcarryirlg charge (fixed ch:lrLAerate) w_ls i()5 percent 'l'he rate, based on

_t_lntl;lid titility proJeCt finlartcing and _lconstallt year doll:it analysis, was that used during Phase
i of the contrail receiver [Jtility Sttldics

A similar ala_llysls was tlscd to coiiverl tile _mntlal electric energy demand of the Technigaz

tbtlntl;ttion cooling water ptJrni_ to an equivalent capital cost. The ptlml_ power ctcmand was a
contintlousSkWc The valtJe ofclectric energy was assunlcd to bc tlle lcvclized energy cost for the

first commercial plant in Phase I of tile t/tility Studies, or $0 I I/kWhc

ThercstlltsoftllecalculationsareshowninTable4-5 For each tank, tile equivalent capital cost for

operation was equal to approxinaately 10 percent of the design, proctlrernent, and installation cost.

Note that tile higher heat losses through the Technigaz instllation entailed an economic penalty of ¢l

_lptgroximately $750,000 relative to the CI],I _lrtd PI)N,! approaches

b
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Design, i_rocuivnlent, hlstnlhltion, mid Operatillg Cost Estillmtes

The sum of the design, fabrication, installation, and operating cost estimates are also shown in Table
4-5, From a review of the estimates, the following observlltions can be made:

O

. The internally insulated tank is approximately twice as expensive as the externally insulated
designs

,,i

. There is good agreement on the cost estimates from two of the vendors who are potential

suppliers to the Solar Two and early commercial projects

. The subcontract price developed by CBI for the externally insulated hot salt tank and

foundation in Phase I of the Utility Studies was $3,300,000 (third quarter 1987 dollars),

Escalating this price to first quarter 1993 dollars using an annual rate of 4 percent yields an

estimate of$4,100,000, This price compares very favorably with the average of the CBI and

PDM estimates in this study ($4,350,000)

• It appears that a hot salt tank tbr a I00 MWe commercial project can be fabricated and

installed for approximately $5 million.
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Stateinent ot" Work

SLcaln (]enet'ator I)esign and Cost l:.stitnat¢

PIJIAP()SE
Q

The purpose of this study Is to resolve issues related to the design, t'abrlcation, warranty, and

capital cost of steal)) generator systems for conlmcrcial llitrate salt central receiver plants The

tlcxt central receiver project ,.viii be tile Solar "]'wo project; a retrofit of" the I() MWe Solar One '_

pilot plant with nitrate salt receiver, thermal storage, and steam generation systenls In addition,
it is likely that the Solar Two project will be the only predecessor to the first IOO MWc

cou)mercial project 'l'hcrefore, tile equipinent installed at Solar Two should be as representative

as possible of the equipment to be installed in the first comn)crcial project To select the best
(le0._lgntSr the Solar Two project, an optimum design must be defined for the first IO0 MWe

project This study will review alld ¢onlpare the I|lternate sic, an) generator designs fSr the first
I()0 MW¢ project, and evaluate these designs according to their t'_aslbillty, capital cost,

pPl'J'OilllilllCe, Warl'lit)ty tel'Ills, lllld Oll¢l'aliOl) alia illalllt¢l|allCC requirel)lelltS

IIA('K(; roll NI)

'l'hc central receiver /tllllly Studies conlpleted Ill l_I'II'l prol_osed a t_ascline deSlgt) t'or all the
inajou systems irl tile first comoncrclal IC)()_f\Ve plant The stelllll g¢ll¢l'lltOr (.teSigll, developed

by llabcock & Wilcox. was a forced recurculation drum type with separate shells for the

superhe_ter, reheater, evaporalor, and preheater The heat exchangers used a tI-tube/tl-shell
design, which is highly tolerant ot' thermal stressesdueIo trar)slents but is also raher expensive
()rhea steam generator desiglls have beef| proposed which may be suitable and less expensive, but
they h_ve not been investigated Ill the same level of detail These i.clude tile following:

• Natural circv_lation drum type, with stranght tube/straight shell superheater,reheater,
evai'_Olator, _,r_dpreheater cOral)orients uslrkg bellows for thermal expansion TI)is concept
was develol'ed by l:oster Wheeler in the early l_)80's

. Kettle eval)orator with I.l-tul')eistrai_,,ht shell superheater, reheaer,andI:)rel'_eatercoral')orients.
'l'hls design is slnlilar to thal turret)fly el'nl)loyed by l.uz in the SI":(;S ViII and IX I',(_wcr
plants

In tills study, Foster Wheeler will irlvcstlgate 111¢straight tube/stl'alght shell design, and A!ll3
I,LIXillIIUS alia ,_tl'llthelS Wells tile kettle eVllpOli|tof ¢OllCel)l

STEAM (;I':NI(I,LA'I'()IAS('()I)I,: OF SIlI)PI,Y

The steam generator tn'ar_sl'ersthe tl'ern));_le_ergy _x)nntrate salt to thel'unal e_lergy in main and
rel_eat steam t'or use in a turbi_)e-geu_erator The steam generator includes the i'ollo,,vi_g items

• Nitrate salt-to-waler and nitrate salt-to-sleaFn heat exchangers

• Steam drum if required
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o Nitrate sail and steam attemperators, as required

. Inter-heat exchanger l>ipin_

,,. , \Vater recirculation pumps, if required

, Electric heat tracinp and insulation

, I leat exchanger and pipin_ supports

. Controls and instrumentation

Perlbrmance specifications for the steam generator are sumn_arized in Table A-I In sizing the
heat exchangers,consideratlc_n shall be given to optimizing the heat transfer area and salt side
pressure drop F_>rthis study, the value (equivalent capital cost) of reducin_ the pressure drop
on the salt side by I t't ot' head Js estlm_|ted to be $_),000

_TA'I'I,'._,IEN'I' ()F WOIAI£

The velldor shall review and update the existing steam generator design, describe the advantages
and disadv_mtages ot" the heat exchanger ccmt'iguration, and provide an updated capital cost
estimate ,_peciflc items to be addressed _nclude the tbliowing

, lleat exchanger arrangement drawings, and section drawlnL_s whicll are representative ofthe
comp_nents

, Ileal exchan_,,erSl_eclt'lcatl_ns, anclucllng
-matevtals

heat transl'er area_
tube and shell side he:it transfer coet't'iclents

- ,,vei_hts c_l"the shell and internals

, Requirements t'_r salt te_npelature alteml_er:ltson at the Inlet to the superheater, reheater, or
ev;ll)or_lh_r

. l)esl_m, I'_d_rlcatlon,:zlld deliveryschedule

. !!Stllllated st_lrt t_lncx t'r_)m c_ld, _v_,l_. :_nd hot conditions

. ()verni_,:,J_tthelmal condltlonin_j requirements and the ability to reslx'md to daily temperature
,t

tl'iixlsJelllS

, . Warranty l._rovisions
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Table A-1
_. , ._S I I:,AM GENEI,tATOI,I P[!I,II_"ORMANCI_ SI)ECIFICATION

Nominal Ratings I10 MWe gross plant output
2{_() rV1_,Wt S|L'alll generator duty

Final Feedwater 236 (" (456 F) '_

(,As required) MPa (psia)

93.71 kg/sec (743,700 Ib/hr); 1% blowdown assun_ed

Main Steam 540 C (1,004 F)
13.03 MPa (1,890 psia)
92.77 kg/sec (736,300 Ib/hr)

Cold Reheat Stearn 347 C (656 F)

3.08 MPa (446 psia)

79.92 kg/sec (634,300 Ib/hr)

llot l/eheat Steam 538 C (I,000 F)

277 MPa 1402 psia)
7_)_)2 kg/sec (63,1,300 Iblhr)

Narrate Salt 5(_b ('(i,()_(1 F)inlet temperature

(As required) MPa (psi[l)inlet pressure

,154 (" (850 F) lill|Xillltllll evaporator tube temperature consistent

with acceptable corrosion rates for chrome-moly tubes

288 (' (550 F) outlet temperature

138 kPa (2(i)psia) outlet pressure

Specific heat

0 345 * (2 28 x i()')(Temp, F), P,tu/lb,,,-F

l)cnstty

131 2 - (2221 x lO?)(Temp, F), Ib,,,/t't_

Thermal conductivity
0 25308 i (6 2ot)84 x IO ')(Temp, F), gtu/hr-ft-F

Viscosity
60 2844 - ((i 17236)(Temp, F) * (I 76176 x lO'_)(Temp, F):

(6 114(i)8 x 10_)('l'emt ), F) _, Ib,,,/ft-hr
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• Cost breakdown in sufficient detail to understand how the costs were developed and to
permit a comparison with costs from the other vendors. Tile breakdown should include

the following items'

,.. - Engineering and procurement

- Material costs for each heat exchanger and the steam drum (if required)
- Fabrication costs for each heat exchanger and the steam drum (if required)

+ - Installation

- Heat tracing and insulation
- Controls and instrumentation,

A-5
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Appendix B

Statement of Work for Therlnal Storage System Hot Salt Tank Vendors
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Statement of Work

t-lot Salt Tank Design Cost Estimate

PURPOSE *

Tile purpose of this study is to resolve issues related to tile design, fabrication, warranty, and
capital cost of thermal storage systems for commercial nitrate salt central receiver solar power

plants. The next central receiver project will be the Solar Two project; a retrofit of the 10 MWe

Solar One pilot plant with nitrate salt receiver, thermal storage, and steam generation systems.

In addition, it is likely that the Solar Two project will be the only predecessor to the first 100

MWe commercial project, and therefore, the equipment installed at Solar Two should be as

representative as possible of the equipment installed in the first commercial project. To select
the best design for the Solar Two project, an optimal design must be defined for the first 100
MWe project. This study will review and compare the alternate thermal storage tank designs for

the first 100 MWe project, and evaluate the designs according to their feasibility, capital cost,

and warranty terms.

BACKGROUND

The central receiver Utility Studies completed in 1988 proposed a baseline design for all of the

major systems in the first comnaercial 100 MWe plant. An externally insulated carbon steel tank
was used to store the 550°F cold salt and an externally insulated stainless steel tank was used to

store tile 1050°F hot salt. Designs and costs for these tanks were provided by CBl Industries and

by Pitt-Des Moines.

Earlier studies of Martin Marietta adopted an alternate hot salt tank design based on use of an

internally insulated carbon steel tank with an inner waffle-configured stainless steel liner

developed by Technigaz. A 7 MWh 1050°F salt tank based on this concept was installed and

successfully tested at the Sandia Central Receiver Test Facility at Albuquerque in 1982.

This study is intended to assess the relative feasibility, warranty availability, and capital cost for

these two hot salt tank design approaches. Bechtel will compare and evaluate information

supplied by Pitt-Des Moines, CBI Industries and Technigaz to determine which designs are
suitable for 1050"F service in a 100 MWe central receiver solar power plant.

liOT SALT TtlERMAL STORAGE TANK SCOPE OF SUPPLY

The hot salt thermal storage tank stores heated salt from the solar receiver until it is pumped to

the steam generator for subsequent conversion to electric energy. The thermal storage tank

includes the following items:

A stainless steel or carbon steel tank

An exterior or interior insulation system

I_-2



' A stainless steel liner (only for interior insulation system)

, A cooled foundation

, , A leak detection system (not a part of Task 4 cost estimate)

An electrical heat tracing system capable of preheating the empty tank prior to initial

f charging of tank with salt (not a part of Task 4 cost estimate).

The specification for the hot salt thermal storage tank is presented in Table B-l, It is based on

the tank specification from the Utility Studies, with the requirement for a leak detection system
added,

STATEMENT OF WORK

Task 1 Design Review uad Update

The vendor shall review their previous tank designs that were prepared for the Utility Studies

(PDM and CBI) or for the thermal energy storage tank design reported in "Molten Salt Thermal
Energy Storage Subsystem Research Experiment", MCR-82-1 722, September 1982 (Technigaz).
The latter design shall be scaled as needed to satisfy the capacity and other requirements of the

Table B-l specification. Each vendor can make modifications as may be necessary to bring the

design in step with the current technology status,

Deliverables Description of updated tank design including a discussion of prominent tank design

features and associated advantages and disadvantages with illustrations and/or drawings,

Task 2 Inputs for Tank Design Compalisons

Criteria for the tank design comparisons to be made by Bechtel are indicated below, The vendor

shall prepare written discussions of their design covering each of the comparison criteria listed
below. Note that two of the criteria are treated in Tasks 3 and 4 and need not be discussed under

Task 2.

Capital cost (discussed under Task 4)

Fabrication quality assurance

Warranty provisions

Accommodation of thermal expansion and heat tracing
Estimated rate of heat loss

Foundation design concept
Inventory charging and inventory/temperature cycling

Leak detection, location and repair (discussed under Task 3)

• Major maintenance repair anticipated during a 30-year service life,
Areas of design uncertainty and recommended resolution

Deliverables Written discussions of comparison criteria
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Table B- 1

HOT SALT TANK SPECIFICATION

Active Tank Volume 7,693 m3 (271,674 ft3) ,,

(1,560 MWh in 550 F to 1,050 F salt)

Additional Tank Volume See Figure B-I I

Tank Heel 0.914 m (3 ft)

Draindown Volume 1.219 m (4 fl)

To allow for draining of receiver

inventory and tbr emergency storage
of cold tank heel

Tank Freeboard (To be selected by supplier)

Equivalent Capital Cost per kWt $1700/kWt

of Heat Loss (for use ira calculating

optimal insulation thickness)

Insulation Shield Temperature 140°F Maximum

Heat Tracing System Electric heating elements to be
utilized at 50% of rating;

redundant circuits are required

Bottom Leak Detection System (Vendor concept and design)

Cooled Foundation (Vendor concept and design)

Seismic API 650, Zone 3

Wind 90 mph @ 10 m above grade

Allowable Soil Bearing Capacity 5,000 psf @ 5 ft below grade
10,000 psf @ 10 ft below grade

Density of Salt 131.2 - 0.02221 * (Temp, °F), lbn,/fr_ ,
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F'RI!:V,BOARI) (Selected by Vendor) _

I)RAINIIOWN; 1.2 m (4. ft)

AC'I'IV!!: VOLUME: 7,69,3 m3 (271,700 ft3) HEIGHT

i,J

itt',t.,I,; 0 m (:3ft)

TANK V()I,[!MI'I; Af:'l'lVl,: VOI,UMI,I; _-lil!',El, _ DI_AINDOWN _. F'I_.E;EBOARD

li'i_tlt'(' l-I 1 'l't_el'lllal _tor',ttgc Tank NoTnenclature
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Task 3 Relmir Rationale

We assume that a tank leak will occur at least once during the 30 year life of the plant. The

vendor shall provide a discussion of the rationale for leak detection, location and repair. Items
to be addressed shall include: •

Recommended leak detection rationales and equipment
"t

. Methods for locating a tank bottom leak and baseline estimate of the required time

. Tank bottom leak repair procedure and baseline estimate of required completion time

Representative range of labor hours to locate and repair a tank bottom leak (with

uncertainties duly noted).

Deliverables Written repair rationale

Task 4 Cost Estimates

The vendor shall prepare an estimate of installed cost of the hot salt tank, covering the entire

scope of supply indicated on pages I and 2 above except as noted below. Estimated costs shall
identify engineering and procurement, tank materials, insulation materials, foundation materials

and field fabrication costs in sufficient detail to permit a comparison with cost from other

vendors. Heat tracing system and leak detection system costs are not required. Site location is
assumed to be Barstow, California. Uncertainties associated with selected elements of the cost
estimate should be duly noted.

Estimates in foreign currency should include an approximate estimate of that portion of the

materials and of the labor that may become available from United States sources.

D_._[iy._J_a._b!_e_Cost estimates

1t-6



UNLIMITED RELEASE
INITIAL DISTRIBUTION

U.S. Department of Energy (3) Bechtel National, Inc, (3)
Forrestal Butlding 50 Beale Street
Code EE- 132 50/15 D8

,e 1000 Independence Avenue, SW P.O. Box 193965
Washington, DC 20585 San Francisco, CA 94119-3965
Attn: Gary D. Butch Attn: P. DeLaqull

I, N. Haque B, Kelly
S. Gronich R. Lessley

U.S. Department of Energy Black & Veatch
Golden Field Office Consulting Engineers
1617 Cole Boulevard P.O. Box 8405

Golden, CO 80401 Kansas City, MO 64114
Attn: Bob Marttn Attn: Larry Stoddard

Project Manager
John W. Meeker Torn Brumleve

Contract Specialist 1512 Northgate Road
Walnut Creek, CA 94598

Advanced Thermal Systems
7600 East Arapahoe Bureau of Reclamation
Suite 319 Code D-3710

Englewood, CO 80112 P, O. Box 205007
Attn: D. Gorman Denver, CO 80225

Attn: Stanley Hightower
Arizona Public Service Company
P. O. Box 53999, MS 1424 California Energy Commission
Phoenix, AZ 85072-3999 1516 Ninth Street, M-S 43
Attn: S¢oll McLellan Sacramento, CA 95814

Joe McGirk Attn: A. Jenkins

Asinel Califbrnia Public Utilities Com.

Francisco Gerwm, 3 Resource Branch, Room 5198
Madrid 28020, SPAIN 455 Golden Gate Avenue
Attn: .lesus M, Mateos San Francisco, CA 94102

Attn: T. Thompson

Atlantis Energy Ltd.
Thunstrasse 43a Central and South West Services

3005 Bern, SWITZERLAND Mail Stop 7RES

Attn: Mario Posnansky 1616 Woodall Rogers Freeway
Dallas, TX 75202

Babcock and Wilcox Attn: Edward L Gastineau

91 Stifling Avenue
Barberton, OH 44203 Centro Investigations Energetica (2)
Attn: P. A, Bator Medroansentai Technologie (CIEMAT)

,t Avda. Cornplutense, 22
Battelle Pacific Northwest 28040 Madrid, SPAIN

Laboratory Attn: M. Macias
P.O. Box 999 M. Rornero

Richland, WA 99352
Attn: D. Brown Conphoebus

Kevin Drost Sede Leg.
Via G. Leopardi, 60
95127 Catania, ITALY
Attn: Gino Beer



DFVI.,R, IIA-ET KJC Operating Company
Llnder Hoehe 411(R) Htghwayt 395
P. O. Box 90 60 58 Boron, CA 93516

5000 Cologne 90, GERMANY Attn: Dave Ochenritler
Attn: M, Becker S, Frier

M, Boehmer

Kearney & Associates

Daggett Leasing Corporation 14022 Condessa Drive o,
3510(.)Santa Fe Street Del Mar, CA 92(114

P, O, Box 373 Attn: l)avtd W, Kearney

Daggett, CA 92327
Attn: Wayne Lutton Lawrence Berkeley l.aboratory

MS 90-2024

EIR One Cyclotron Road

CH-5303 Wurenlingen, Berkeley, CA 94720
SWITZERI_,AND Attn: Arlon llunt

Attn: W. Durish
Los Angeles l)epartment ot"Water

Electric Power Research Institute and Power
3412 Hillview Avenue Alternate Energy Systems
P.O. Box 10412 Room 661A

Palo Alto, CA 94303 111 North Hope Street
Attn: E. DeMeo Los Angeles, CA 9(_312

D, Morris Attn: Darryl Yonamine
Augi Garcia

Foster Wheeler Solar Development

Corporatiorl Peter l_,ynch
12 Peach Tree Hill Road Pacific Power

Livingston, NJ 07039 Park and Elizabeth Streets
Attn: S.F. Wu GPO Box 5257, Sydney

New South Wales 2001 Australia

tlans W, Fricker
Brcitestr. #22 National Renewable Energy Lab (5)

CH 8544 Rickenbach, SWI'FZERLAN D 1617 Cole Boulewird
Golden, CO 80401

Georgia Power Attn: Tom Williams
7 Solar Circle Mark Bohn

Shenandoah, GA 30265

Attn: Ed Ney Nevada Power Co.
P. O. Box 230

Dick Holl, President Las Vegas, NV 89151
Jerma Baskets Attn: Mark Shank
2475 Coral Street, Suite D

Vista, CA 92083 Pacific Gas & Electric
3400 Crow Canyon Road

Idaho Power San Ramon, CA 94583

P, O. Box 70 Attn: Ray Drackcr
Boise, ID 83707 Chris I laslund

Attn: Jerry Young ,b
John Prescott Pasadena Water and Power Division

150 South Los Robles Avcntte

Interatom GmbH Suite 200 .4
P, O. Box Pasaderm, CA 91 IOi

D-5060 Bergisch-Gladbach, GERMANY Attn: Manny Roblcdo
Attn: M. Kiera



Platforma Solar de Almeria (2) Solar Kinetics, lnc,

Aptdo, 22 P,O, Box 540636
Tabernas (Almeria) Dallas, TX 75354-0636
E-O4200 SPAIN Attn: J, A, Hutchison
Attn: M, Sanchez

W. Grasse Solar Power Engineering Company
P.O, Box 91

,J Public Service Co. of New Mexico Morrlson, CO 80465
M/S 01(_) Attn: H.C. Wroton

Alvarado Square
Albuquerque, NM 87158 Southern California Edison
Attn: T. Ussery 2244 Walnut Grove Avenue

A. Martinez P, O. Box 8(X)

Rosemead, CA 91770

Rockwell International Attn: C, Lopez
Rocketdyne Division I, Katter
6633 Canoga Avenue M, Skowronski
Canoga Park, CA 913()3
Attn: M, Marko, MS FA70 Tom Tracey

E. Baughmesiter 6922 South Adams Way
Littleton, CO 80122

Sacramento Municipal Utilities District
P. O, Box 15830 University of Houston
Sacramento, CA 95852-1830 Sohtr Energy Laboratory
Attn: Robert Wichert 4800 Calhoun

l.arry Wittrup Houston, TX 77704
Attn: L, Vant-Hull

Salt River Project
Research and Development University of Nevada at l,as Vegas
P. O. Box 52025 Howard R, Hughes Coil of Engineering
Phoenix, AZ 85072-2025 4505 Maryland Parkway
Attn: Ftob Iless Las Vegas, NV 89154-4026

Ernie Palamino Attn: Robert F. Bochm

San Diego (;as and Electric Company Utah Power
P.O. Box 1831 1407 West North Temple

San l)iego, CA 92112 Salt Lake City, UT 84140-0001
Attn: R. Figueroa Attn: fan Andrews

SCAQMI)

21865 Copley Drive
l)iamond Bar, CA 91765

Attn: Ranji George 4521 J.A.l.,eonard
4526 Lori Parrott

Science Al_plications International 5371 S. Faas
Corporation 5609 A. Baker

2109 Airpark Road, SE 6200 D. E, Arvizu
Albu(luerque, NM 87106 62(X) D, J, Alpert

_' Attn: D. Smith 6201 P, C, Klimas
6202 G, J, Jones

Science Applications International 6204 N, J, Magnani
"" Corporation 6211 A, P, Sylwester

15000 W. 6th Avenue, Suite 202 6212 H, P, Stephens
Golden, CO 80401 6213 T, C, Bickel

Attn: Kelly Beninga 6214 H. M, Dodd
6215 C, P, Cameron

6215 M.E. Ralph
6215 E. E, Rush

6215 J.W. Strachan



621:5 Library (5)
6216 C.E. Tyner
6216 J. M, Chavez
6216 G.J. Kolb
6216 T, R, Manctzli
6216 D, F.Menlcucci
(_216 J,E.Pacheco

6216 M, R. Prairie

(i216 Ii.E, Rcilly

62111 D, E. llasti
6219 M, L, Whipple
7141 Technical Library (5)
7151 Technical Publications

7613-2 Document Processing for
DOE/OSTI (10)

8523-2 Central Technical Files



mm




