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ABSTRACT 

Advanced thermal energy storage concepts were developed and evaluated which 

are applicable to a 100 MWe solar central receiver plant using water/steam as 

the working fluid. Operating conditions studied were 5l0C/10.l MPa (950F/ 

1465 psia) from the receiver and 299C/2.72 MPa (570F/395 psia) from storage. 

Three concepts were selected that offered potential for cost and performance 

improvements over the oil/rock concept presently being installed at the central 

receiver 10 MWe pilot plant under construction in Barstow, California. From 

the three concepts selected, the moving bed thermal energy storage system 

(MBTESS) using a free flowing refractory material as the heat transport and 

storage media was chosen. A conceptual design was developed, including esti

mates for cost and performance. Suggestions were made for further development 

work leading to full scale implementation of the concept. 
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1. SUMMARY 

Under contract to Sandia National Laboratory Livermore, Babcock & Wilcox per

formed a six-month concept development study of an advanced solar thermal 

energy storage system. The study included the following scope of work: 

o Select a preferred advanced thermal energy storage concept. 

o Prepare a design and budgetary cost estimate for a commercial
scale system. 

o Assess the design with respect to potential improvements and 
limitations. 

o Assess the design with respect to higher temperature, higher 
pressure operation. 

o Prepare a plan for construction and testing of a subsystem re
search experiment in Phase II. 

o Outline a development plan and schedule for a commercial-scale 
subsystem. 

The objectives of the project were to prepare a conceptual design that would 

offer cost/performance advantages over the oil/rock thermocline concept se

lected for the Barstow Pilot Plant and that would be applicable to solar

repowered electric generating plants. 

The following concepts were considered: 

o Caloria/granite - thermocline 

o Moving sand bed - hot/cold tanks 

o Air/rock - thermocline 

o Molten salts - hot/cold tanks 

o Pressurized hot water - underground hot tanks 

o Sodium - hot/cold tanks 

o Syltherm 800 ® /taconite - trickle thermocline 

System requirement specifications were provided for design and performance 

parameters. l The receiver working fluid conditions and the storage discharge 

steam conditions specified were those of a lOO-MWe, commercial central 
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receiver solar thermal power system plant2 , which the Barstow 10-MWe Pilot 

Plant represents. These values were as follows: 

Extractable storage capacity, MWht 

Charging level, MWt 

Discharging level, MWt 

Duration, hours 

Storage tank operating pressure 

Receiver outlet temperature, C (F) 

Receiver outlet pressure, MPa (psia) 

Storage outlet temperature, C (F) 

Storage outlet pressure, MPa (psia) 

1710 

260 

285 

6 

Atmospheric 

510 (950) 

10.1 (1465) 

299 (570) 

2.72 (395) 

The concepts were initially screened by analyzing their characteristics, in

cluding the following: 

• Energy storage density 

• Media and containment materials 

• Thermal efficiency 

• Structural considerations 

• Maintenance requirements 

• Storage medium deterioration/replacement 

Engineering judgment was applied to compensate for a scarcity of conceptual 

design information for the performance conditions specified. The number of 

concepts for further evaluation was reduced to four, including 

• Air/rock thermocline using air as the heat transport medium and 
a rock bed as the thermal storage medium. 

• Moving sand bed using a fine, free-flowing refractory powder as 
both heat transport and storage"media. 

• Molten salt sensible heat using a HITEC ® salt (40% NaN02, 7% 
NaN03, and 53% KN03 by weight) as the heat transport and stor
age fluid. 

• Oil/rock thermocline using a Caloria oil as the heat transport 
fluid and granite as the storage medium. 

Conceptual designs were prepared for each concept based on the system require

ment specifications, including system schematics, subsystem mass balances, 

temperatures, and heat exchanger and storage media parameters. Costs were 

compared for selected major system equipment (heat exchangers, storage tanks, 
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pumps/lifts, and thermal storage medium). Selection criteria were developed 

based on the system requirement specifications and the project objective 

statements: 

• Equipment costs 

• Round trip efficiency 

• Availability/reliability/maintenance 

• Development requirements and risks 

• Environmental and safety aspects 

• Applicability to higher temperatures 

The likelihood of improvements from further optimization was also considered. 

The results of the evaluation showed the oil/rock thermocline concept to be 

the lowest cost option at the Barstow temperature/pressure conditions. How

ever, the 332C (630F) temperature limitations of the Caloria (heat transport 

fluid) preclude its application to higher temperature operation. The air/roc~ 

concept appeared to involve slightly lower capital costs than the moving sand, 

bed or molten salt concepts, but the air/rock round trip efficiency was about 

15% lower because of the requirement to drive air circulating fans. As a re

sult, the moving sand bed and molten salt concepts provided lower evaluated 

costs than the air/rock concept. 

The moving sand bed concept was found to have slightly lower capital and oper

ating costs than the mQlten salt concept. The moving sand bed is capable of 

operation at storage temperatures above the maximum working temperature and 

below the freezing temperature of molten salts. It was also concluded that 

the cost of the moving sand bed concept could be further reduced by optimiza

tion of the number of tanks and lengths of the lifts. Therefore, the moving 

sand bed concept was selected for further conceptual design development. 

Optimization of this concept reduced the number of system components and costs 

of major equipment by $11 million. The number of tanks was reduced from 18 to 

12, the number of lifts from 36 to 12. The calculated round trip efficiency 

was improved from 68.9 to 70.0% due to reduced lift power requirements. As 

shown in Figure 1-1, the optimized design provides two cold and two hot hopper

type storage bins connected by helical ~crew lift conveyors, where the outer 

casing and helical screw rotate as an assembly. The charge and discharge heat 

exchangers are mounted atop the storage bins for easy access. The particulate 
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material (sand) is also the heat transport medium. Sand flows by gravity over 

the heat exchanger surface at a low velocity. Special design features, such 

as inclined tubes, an inclined shell, and the tube arrangement, prevent ma

terial stagnation and provide a high sand bed density throughout the heat ex

changers for maximum heat transfer. The basic design characteristics of the 

moving bed thermal energy storage system design are given in Table 1-1. 

A budgetary cost estimate was prepared, including all major components and 

systems. The total system cost was estimated at $26.2 million in June 1980 

dollars. A breakdown of energy- and power-related costs is as follows: 

MBTESS Energy-, Power-, and Specific-Related 
Costs (June t980 $ x 103) 

Energy related cost, Cs 

Item 

Excavation 
Backfill and Compaction 
Foundations and Footings 
Storage Structure 
Insulation 
Medium 

Subtotal 

Direct Indirect 
field cost cost 

97 7 
662 125 

92 10 
3,427 629 

362 105 
1,802 

6,442 + 876 = $7,318 

Contractor's Profit 732 

Engineering .-ill 
Total $8,602 

Power rela.ted cost, C 
p 

Lifts 
Piping 

Item 

Heat Exchangers 
Aux. Equipment 
Controls and Inst.· 
Equipment Covers 

Subtotal 

Direct Indirect 
field cost cost 

7,461 731 
380 18 

4,978 171 
181 16 
279 

-lli 74 

13,616 + 1,010 = $14,626 

Contractor's Profit 1,463 

Engineering 1,463 

Total $17,552 

Total cost: $26,154 

The reference design was assessed with respect to potential limitations and 

potential improvements. Special equipment design or operating procedures re

quired to control component wear to acceptable levels must be defined by test

ing. The heat exchanger configuration and performance must also be confirmed 

by testing. The thermal storage material was assumed to be silica sand (Si02) 

with a 30° angle of repose. 

Assessment of safety, environmental, and land use aspects revealed no unique. 

constraints, and none are expected due to the chemically inert medium. Dust 

control measures will be required, but these methods are considered to be well 

known. 
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Assessment of the design at higher storage temperatures revealed substantial 

improvements in cost and performance. The total system cost was estimated at 

$10.5 million in June 1980 dollars compared to $26 million for the reference 

design. The design developed is considered applicable to storage temperatures 

up to 538C (lOOOF) with only minor modifications. At a 538C (lOOOF) charge 

temperature, 62% less storage material and tankage are required due to the in

creased stored energy density. Savings in power-related equipment also result 

from reduced material flow rates. These savings are reflected in the break

down of energy- and power-related costs for 538C (lOOOF) storage below. 

High Temperature (538C Storage) MBTESS Energy-, Power-, and 
Specific-Related Costs (June 1980 $ x 10 3 ) 

Energy related cost, Cs "------
Power related cost, Cp 

Direct Indirect 
Item field cost cost Item 

Excavation 
Backfill and Compaction 
Foundations and Footings 
Storage Structures 
Insulation 
Medium 

Subtotal 

38 
258 

36 
1,352 

141 
--1.Q1 

3 
49 

4 
245 

41 

Lifts 
Piping 
Heat Exchangers 
Aux. Equipment 
Controls and Inst. 
Equipment Covers 

2,528 + 342 = $2,870 Subtotal 

Contractor's Profit 287 

Engineering ~ 

Total $3,374 

Total cost: $10,458 

Direct Indirect 
field cost cost 

2,542 249 
423 10 

2,174 57 
181 16 
115 
~ 25 

5,547 + 357 = $5,904 

Contractor's Profit 590 

Engineering ~ . 

Total $7,084 

Technical issues in the moving sand bed concept discussed previeusly require 

resolution through a program of laboratory subscale experiments to establish 

bed material behavior in system components, the ,most important of which is 

considered to be the heat exchanger. A bed material program was defined to 

identify candidate materials and characterize their behavior under simulated 

laboratory conditions. A heat transfer and flow study program was also de

fined to determine the flow distribution and heat transfer coefficients 

of the candidate bed materials in the heat exchangers. A development plan 

was also prepared for a subsystem research experiment leading to a commercial

scale design. 
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The principal conclusion of this study is that a thermal energy storage con

cept can be developed which is capable of operation over a wide temperature 

range and which is compatible with all major receiver working fluids. The 

system has single-stage storage and the capability to operate at a 538C (lOOOF) 

charge temperature and a low discharge storage temperature. This provides a 

high storage energy density with the absence of considerations associated with 

media phase change (freezing). The concept offers greatly improved economics 

for high-temperature applications. At medium temperatures, the system pro

vides a backup to the oil/rock thermocline concept in the event that oil fi1l/ 

replacement costs should exceed the projected range. 
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Table 1-1. MBTESS Design Characteristics 

Storage Medium 

Material 

Operating range, C (F) 

Density, kg/m3 (lb/ft 3) 

Specific heat, J/kg-OK (Btu/lb-OF) 

Particle size, 10- 3 mm (10-4 in.) 

Void fraction 

Si02 mass, 108 kg (10 8 lb) 

Tanks 

No. of storage tanks 

Volume per tank, 104 m3 (10 5 ft 3 ) 

Total volume, 104 m3 (10 6 ft 3 ) 

Material 

Design temperature, C (F) 

Insulation material, internal 

Sides and bottom, mm (in.) 
Roof 

Heat Exchangers 

Number 

Duty, MWt (10 8 Btu/h) 

Design flow 

Tube side (W/S), 104 kg/h (10 5 lb/h) 
Shell side (Si02), 106 kg/h (106 lb/h) 

Surface area, m2 (ft2) 

Tube OD, mm (in.) 

Material 

Lifts 

Number 

Length, m (ft) 

Outside diameter, m (ft) 

Material 

Lift angle 

Capacity/lift, m3/s (ft 3/s) 

Horsepower/lift, hp 

Lift speed, rpm 

1-7 

6 

Si02 

204-332 (400-630) 

1522 (95), 

1030 (0.246) 

44-74 (17-29) 

0.40 

0.57 (1.27) working 
0.92 (2.02) for costing 

4 

2.51 (8.86) 

10.1 (3.54) 

ASTM A-53 (carbon steel) 

343 (650) 

Si02 , 457.2 (18) 
Thermal Wool II, 114.3 (4.5) 

Discharge Charge 

6 

47.5 (1.62) 43.4 (1. 48) 

6.85 (1.51) 
1.45 (3.19) 

819 (8820) 

19 (0.75) 

Carbon moly 

12 

56.7 (186) 

1. 95 (6.4) 

Carbon steel 

35° 

0.036 (12.7) 

800 

29 

4.05 (8.92) 
7.94 (1. 75) 

1124 (12,100) 

19 (0.75) 

Carbon moly 
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2. INTRODUCTION 

The development of economical and reliable thermal energy storage is consid

ered a necessity for the successful commercialization of solar thermal power 

stations. A solar central receiver pilot plant (10 MWe) is being constructed 

at Barstow, California. The thermal energy storage subsystem (TESS) for this 

plant is an oil/rock dual-media storage system. As lead laboratory for the 

thermal energy storage for solar thermal applications (TESSTA) program, Sandia 

National Laboratories Livermore initiated a development program to produce an 

advanced TESS (ATESS) offering cost/performance advantages over the oil/rock 

concept. The development prognam is divided into three phases. 

This report describes the results of the Phase I work performed under Sandia 

contract No. 20-2990A for identification and conceptual design of an ATESS 

during the period from September 1980 to February 1981. The objectives of 

Phase I were to identify a concept that ~~s cost and performance advantages 

over the oil/rock concept and to develop a commercial-scale (100 MWe) concep

tual design supported by budgetary cost estimates. 

If authorized, Phases II and III will include the activities necessary for 

successful operation of a commercial-scale advanced storage subsystem meeting 

the established cost and performance goals. The activities in Phases II and 

III must be planned so as to achieve successful operation of the commercial

scale system in the specified five-year time frame from the start of Phase I. 

Phase II includes the design, development, and testing needed to resolve tech

nical issues and uncertainties identified in Phase I and to provide the data 

necessary for detailed design in Phase III. Phase II activities include pre

liminary design of the storage subsystem and detailed design, analysis, or 

testing of critical components that may be necessary to support the detailed 

design of a Subsystem Research Experiment (SRE). Phase II also includes the 

design, construction, and operation of the SRE. The SRE must be designed to 
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a scale that permits investigation of any critical fabrication techniques and 

aspects of actual subsystem startup, operation, and shutdown. A concurrent 

activity in Phase II assesses the effect of the SRE on the design of the com

mercial-scale system. Phase II also includes cost and schedule estimates for 

the commercial-scale system in Phase III. 

Phase III includes the detailed design, construction, startup, and operation 

of a commercial-scale storage subsystem. Detailed design activities would in

clude the development of designs specific to the requirements of the site, the 

receiver subsystem, and the electric power generation subsystem. The design 

would also reflect the results of the evaluation of SRE data and experience. 

2.1. Objectives 

The specific objectives for Phase I were as follows: 

• Select a preferred ATESS concept. 

• Produce a commercial-scale conceptual design and budgetary cost esti
mate. 

• Assess the design with respect to potential improvements and limita
tions. 

• Assess the design with respect to other working fluid conditions 
(higher temperatures and pressures). 

• Develop a plan for construction and testing of an SRE in Phase II. 

• Outline a development plan for a commercial-scale system. 

2.2. Technical Approach 

The following subsections discuss the principles, techniques, and parametric 

studies employed in accomplishing the major segments of the development ac

tivity. The approach selected was chosen to enable early selection of a con

cept offering cost/performance improvements over previous systems. Time did 

not permit optimization of all the concepts prior to final selection. There

fore, a proponent of one of the systems not chosen for further study may con

clude that important information has been overlooked. This difficulty was 

recognized at the inception. However, it was B&W's judgment that the study 

could be of greatest value by providing specific design and cost data on the 

chosen concept. 
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2.2.1. System Requirements and Selection 
Criteria (Task 1) 

System requirements defined by Sandia1 provided the bases for the preliminary 

concept selection criteria. 

2.2.2. Engineering Analysis (Task 2) 

The existing literature was reviewed in Task 2 to identify several thermal 

storage concepts having superior qualities compared to systems already under 

development. The literature search included the use of the unpublished results 

of B&W-sponsored research and earlier published surveys. 

Several important aspects of thermal energy storage systems were compared to 

select the systems to be considered for further analysis in Task 3: 

• Comparison of required storage capacity based on the thermal energy 
storage density of the storage media. 

• Comparison of storage media and containment materials. 

• Comparison of round trip efficiency. 

• Comparison of containment vessel structural considerations. 

• Comparison of ullage maintenance requirements and storage containment 
capacity. 

• Comparisons of storage fluid deterioration, contamination, purifica
tion, replacement requirements, and costs. 

A number of storage concepts were considered in the engineering analysis based 

on the results of prior work. One of the concepts was a molten salt sensible 

heat design. Both the molten salt sensible heat and the oil/rock concepts 

have been studied extensively and reported on to provide a comparison base 

for evaluation of advanced storage systems. A unique storage media that was 

considered is a moving bed of fine, free-flowing refractory powder, a concept 

originated by B&W. 

2.2.3. Selection of Preferred System (Task 3) 

The preferred storage system concept was selected by comparing the systems 

being considered against selection criteria established by a review of the 

system requirements provided by Sandia. 1 To ensure that the preferred system 

was more promising overall and to provide a standard for comparison, the oil/ 

rock system selected for the Barstow plant was also compared to the criteria. 

This comparison defined a set of criteria against which the alternate systems 

were judged. The system was chosen that provides the greatest overall promise. 
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Three levels of screening were used to select the preferred concept. The 

first was a literature search from which seven candidate ATESS concepts were 

identified in accordance with the ground rules discussed in section 3.1. In 

the second screening, this list of .seven was further narrowed to three concepts 

in addition to oil rock. This is reported in section 3.2. These three con

cepts were analyzed to select a preferred concept as an alternative to oil/ 

rock. The final selection of an ATESS is described in section 4. 

2.2.4. Conceptual Design and Cost 
Estimate (Task 4) 

The thermal energy storage concept selected in Task 3 was designed to meet 

the codes, standards, and operating parameters specified by Sandia. l 

The subsystem and its component designs were directed toward an optimum com

bination of low equipment cost, minimum R&D requirements, operating flexibil

ity, and round trip efficiency. The subsystem mass balances, flow balances, 

and temperatures were calculated to establish the heat exchanger design pa

rameters and the quantity of storage media needed to meet dishcarge heat re

quirements and heat and pumping losses. 

Costs were obtained based on four equipment categories: 

• Heat exchangers 

• Storage tanks 

• Pumps or lifts 

• Thermal storage medium 

Piping lengths and sizes were estimated in order to calculate pump head re

quirements. Insulation thicknesses were calculated based on an assumed sub

system target heat loss of 3.6% from the beginning of the charge period to 

end of the discharge period, assuming a normal operating day. 

Storage tank designs considered compatibility of the storage media with insu

lation, tank support configuration, tank wall thermal gradients, safety re

quirements, and siting requirements. Heat exchanger designs considered the 

compatibility of materials with storage media and receiver coolant (water/ 

steam). As the design progressed, the system ullage, leak detection, fire 

protection, and safety (as applicable) were considered. System performance 
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analysis was carried out for the required modes of operation to ensure the 

adequacy of the system design. The conceptual design budgetary cost estimate 

is reported in section 5. 

2.2.5. Assessment of Commercial-Scale 
Subsystem (Task 5) 

In Task 5, the conceptual design produced in Task 4 was assessed from the stand

point of potential limitations and future improvements. To maintain objectiv

ity, this assessment was carried out not only by those who produced the design 

but also by others experienced in the technology and independent of the de

signers. To accomplish this, technical personnel from B&W's Research and De

velopment and Fossil Power Generation Divisions were utilized through design 

review. The assessment concentrated on several areas of interest, including 

improvements in system cost, performance, and fundamental limitations from a 

technical, environmental, or space standpoint. Where potential improvements 

were identified, the activities required to realize them were defined. Where 

potential limitations were identified, the activities required to eliminate or 

overcome the limitations have been defined. This work is reported in section 

6. 

2.2.6. Assessment of the Preferred Storage 
System for Other Receiver Working 
Fluids (Task 6) 

The preferred storage system design was assessed to determine its applicability 

to receiver designs operating at improved working fluid temperature/pressure 

conditions. Included in the assessment were the following: 

• Establishment of new requirements, if applicable. 

• Suitability of the storage medium for operating conditions. 

• Design and material selection for heat exchangers for the improved 
service conditions. 

• Adequacy of subsystem component designs. 

• Round trip efficiency of the subsystem. 

In addition, the design was assessed to determine whether the subsystem could 

be used as a storage unit delivering steam to the turbine inlet, thereby main

taining high operating efficiency. This work is reported in section 7. 
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2.2.7. Development Activities for 
Conceptual Design (Task 7) 

The work of the previous tasks was directed toward producing a conceptual de

sign and cost estimate for the preferred concept and assessing the design with 

respect to potential improvements, potential limitations, and applicability to 

other working fluid conditions. In Task 7, further activities were defined 

that are necessary to verify uncertainties in the conceptual design, eliminate 

or overcome identified limitations, realize potential improvements, and pro

vide the information for detailed design, construction, and operation of a 

Subsystem Research Experiment (SRE). This is reported in section 8. 

2.3. Technical Team 

The work was performed by a technical team from the Advanced Energy Systems 

Engineering Section of B&W's Nuclear Power Generation Division (NPGD). The 

team was made up of a technical manager and three task leaders supported by 

additional personnel from NPGD's Engineering Department. Technical support 

was also provided by B&W's Research and Development and Fossil Power Genera

tion Divisions. Figure 2-1 shows the project organization chart, and Figure 

2-2 is the project schedule and task breakdown. 
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Figure 2-1. Thermal Energy Storage Project Organization 
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3. INITIAL SELECTION/SCREENING OF 
CANDIDATE TESS CONCEPTS 

3.1. Literature Survey/First Screening 

The existing literature on thermal energy storage was reviewed to identify 

concepts developed prior to this study (see Appendix C). The following ground 

rules were established to identify candidates from the literature survey: 

• Sensible heat storage type only. 

• Applicable to Barstow operating conditions. 

• Applicable primarily to water/steam receivers. 

• Have the potential for upgrading to advanced receiver technology. 

• Have simultaneous charge/discharge capability. 

• Single-stage storage. 

The following concepts were identified: 

Storage media 

Caloria/granite 

Moving bed 

Air/rock 

Molten salts 

Pressurized hot water 

Sodium 

Syltherm-800*/taconite 

Storage arrangement 

Thermocline 

Hot/cold tanks 

Thermocline 

Hot/cold tanks 

Underground hot tanks 

Hot/cold tanks 

Trickle thermocline 

Tank 
insulation 

External 

Internal 

Internal 

External 

External 

External 

External 

These combinations of media were considered to be representative of contempo

rary thinking and best suited for the second screening described in section 

3.2. 

*Registered trademark - Dow Corning. 
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3.2. Second Screening 

The concepts identified from the literature as meeting the ground rules defined 

above and possibly as being competitive with the oil/rock concept were quali

tatively assessed. As a result of this assessment, the moving bed, air/rock, 

and molten salt concepts were selected for a more detailed analysis. These 

concepts were assessed on the basis of the following considerations: 

• High temperature capability (>600F) 

• Cost of media, ¢/lb (FOB) 

• Safety 

• Heat transfer ability 

• Operation, maintenance, and availability 

The seven concepts were qualitatively assessed on a relative basis of one 

being poor and six being excellent. The results of this ranking are shown 

below. 

Initial Concept Ranking 

High Heat Maint Totals, 
temp Est. cost trans. and ranking 

Storage media ability of medium Safety ability avail score 

Air/rock 6 6 6 1 6 25 

Moving bed 6 5 5 3 5 24 

Pressurized hot 
water 3 6 2 5 3 19 

Molten salts 5 4 4 5 2 20 

Liquid metal 6 2 3 6 1 18 

High temp organic 4 1 2 4 3 14 

Oil/rock 1 3 1 2 4 11 

An additional factor leading to the exclusion of underground pressurized hot 

water from the second level of screening was its site-specific nature. None 

of the other concepts listed above are site-specific. 
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The air/rock, moving bed, and molten salt concepts were chosen on the basis of 

this ranking system as the concepts having the greatest possibility of showing 

cost/performance advantages over the Barstow oil/rock concept. These three 

concepts were analyzed in greater depth to pick one concept that exhibited the 

best potential for cost/performance advantages over oil/rock. These analyses 

are the subject of section 4. 
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4. SELECTION OF PREFERRED 
SYSTEM/FINAL SCREENING 

Three ATESS concepts (molten salt, air/rock, and moving bed) were chosen as 

most likely to offer cost/performance advantages over the oil/rock thermocline 

concept. This section describes the evaluation of these concepts and concludes 

with the selection of a single concept to be the subject of conceptual design 

and detailed assessment. The ranking methods and selection criteria were for

mulated to give a comprehensive, impartial assessment of the three concepts 

selected. This combination was designed to couple experienced engineering 

judgment with key economic information developed for each concept. 

4.1. Selection Process 

The selection of an ATESS was based on two main considerations. The first in

cluded those items for which costs could be readily evaluated, e.g., capital 

costs of major equipment, round trip efficiency, system availability/reliabil

ity, and development costs. The other included those items for which costs 

were difficult to establish, such as evaluation of environmental and safety 

concerns, applicability to higher receiver working fluid conditions, and the 

possibility of desi~n improvement. The final selection was based on the judgment 

of the team, which balanced the definitive and subjective considerations. 

4.2. Selection Criteria 

The selection criteria used to evaluate the ATESS candidates were: 

• Capital costs 

• Round trip efficiency 

• Availability/reliability, maintenance, inspection, and service life 

• Development requirements and risks 

• Environmental and safety 

• Applicability to higher receiver working fluid conditions 

• Possible design improvements. 
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The first four criteria were combined to give an economic comparison of the 

alternatives. The last three tempered the final selection of the preferred 

system. Each of these criteria is discussed below. 

4.2.1. Capital Costs 

Preliminary air/rock, molten salt, and moving bed conceptual designs were pre

pared. The thermal energy subsystem for the Barstow commercial scale plant 

design served as the basis for analysis of the oil/rock concept. 2 Capital costs 

were estimated for each of the four concepts based on major system components, 

i.e., storage media, storage tanks, heat exchangers, and pumps/lifts, and are 

presented in Table 4-1. These estimates were based on information from refer

ences 5 and 6 and included transportation and installation costs. The balance 

of plant (BOP) costs were not included in these estimates. Prices were ad

justed to reflect June 1980 costs. These estimates were not made to obtain 

total capital costs, but rather, incremental costs to establish a basis for 

selecting a preferred concept. It was considered that the major equipment 

costs would be representative and sufficient for this purposel~,29. The re

sults of the analysis are reported in section 4.4. 

4.2.2. Round Trip Efficiency 

Round trip efficiency was calculated by the following equation: 

where 

where 
E 

E
out 

• n
TESS 

Ein • n solar 

= 0.27 and nsolar = 0.35; since the TESS must supply 285 MWt 
for 6 hours, 

E out = 285 MWT x 6 hours = 1710 MW-ht 

E. 
~n 

out (1) 

EpC 

EpD 

~T 
EL 

includes allowances for losses and inefficiencies, which 
vary between concepts. 

= steady-state heat losses from storage, 

= parasitic loss to pumps/lifts during charge, 

= parasitic loss to pumps/lifts during discharge, 

= parasitic loss to heat tracing (molten salt only) , 

= heat loss from lifts (moving bed only). 
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The results of these calculations are reported in section 4.4, and are tabu

lated as Table B-2 in Appendix B. 

4.2.3. Availability/Reliability, Maintenance, 
Inspection, and Service Life 

Availability/reliability, maintenance, inspection, and service life were grouped 

together as one criterion to simplify the analysis. The following considera

tions formed the basis for evaluating the TESS concepts under this criterion: 

• Media decomposition/attrition 

• Media compatibility with structural materials - corrosion/wear 

• Media compatibility with water/steam 

• Freezeup/thaw difficulties 

• Media spill consequences 

• Heat exchangers 

• Valves 

• Pumps 

• Tanks 

• Component accessibility (after cooldown) 

The results of this analysis are reported in section 4.4. 

4.2.4. Development Requirements and Risks 

The development requirements and risks of the four major components of each 

candidate ATESS concept were evaluated. These major components were heat ex

changers, valves, pumps, lifts, and storage tanks. A ranking system was used, 

and based on the outcome of this ranking, the relative costs for this crite

rion were included in the evaluative cost comparison. 

4.2.5. Environmental and Safety 

Potential for harm to the environment was evaluated based on four possible ex

ternal causes: 

• Earthquakes 

• Missiles (planes) 

• Storms 

• Sabotage 
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Safety was evaluated on the basis of the following: 

• Storage media flammability 

• Storage media reaction with water/steam 

• Toxicity of airborne media in particles of vapor 

• Media working pressure 

• Effectiveness of personnel protective equipment 

The results of these analyses are reported in section 4.4. 

4.2.6. Applicability to Higher Receiver 
Working Fluid Conditions 

The four candidate ATESS concepts were evaluated for this criterion on the 

following basis: 

• Thermal decomposition 

• Compatibility with structural materials 

• Insulation 

• Ullage 

• Safety 

• Reliability/availability 

• Service life 

The inlet steam conditions to the TESS for the commercial-scale Barstow plant 

are 5IOC/IO.I MPa (950F/1465 psia). The media were evaluated for their ability 

to accommodate inlet conditions at 5IOC/12.5 MPa (950F/1815 psia) and their 

suitability for second stage storage utilization only. The results of this 

analysis are reported in section 4.4. 

4.3. Advanced Thermal Energy Storage 
System Candidates 

Preliminary system arrangements were developed for the three selected ATESS 

concepts. Time did not permit optimization of the concepts. These preliminary 

arrangements in conjunction with the Barstow oil/rock design 2 formed the basis 

for a comparison to select a preferred concept. The design data generated in

clude the volume of storage medium required, tank sizes required to hold the 

medium, heat exchanger sizes, and pump requirements. These data are summarized 

in Table 4-2. In addition, technical concerns relative to each concept were 

addressed and factored into the selection process. 
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4.3.1. Oil/Rock 

The oil/rock design 2 employs sensible heat storage using dual liquid and solid 

media for the heat storage in a parallel set of four tanks, each using the 

thermocline principle to provide high-temperature, extactable energy, as shown 

in Figure 4-1. Appendix A summarizes the principal characteristic of the sub

system and major components. The oil/rock concept operates as follows: Incom

ing steam 5l0C/lO.l MPa (950F/1465 psia) is desuperheated by mixing with water 

to 360C (680F). This steam is then used to heat oil in the thermal storage 

heater from 232 to 315.6C (450 to 600F). The oil is stored on the thermocline 

principle: cool 232C (450F) oil is pumped from the bottom of the storage tank 

and after being heated is piped to the top of the tank. Upon demand, the hot 

oil is pumped from the top of the tank to a steam generator where feedwater is 

heated to produce steam at 299C/2.72 MPa (570F/395 psia). The diagram of tem

perature versus fraction of heat transferred is shown in Figure 4-2. 

The following technical concerns were identified during analysis of the oil/ 

rock concept involving the design of the storage tank to accommodate the high 

temperature 315.6C (600F) storage fluid: 

Stresses arising from differential thermal expansion of the tank 
floor. 

• Thermal cycling of the tank wall. 

• Slumping of the rock media and resultant increases in tank wall stress 
over the life of the plant (thermal ratcheting). 

• Differential thermal expansion between the rock media and the steel 
tank wall. 

• Type of insulation and internal versus external insulation. 

• Code to which tank must be designed (API versus ASME). 

• Method of support. 

• Inspection and maintenance. 

• Roof design. 

The resolution of these concerns could have an adverse effect on the tank 

cost. Consequently, these concerns were evaluated (see Appendix D). The 

subject of tank storage/design was discussed with a major tank engineering and 

fabrication firm. 11 As a result of this investigation, the following conclu

sions were reached: 
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• The tank walls should be strengthened to allow for slumping of the 
rock media. 

• The ASME Code should be used. 

• The floor of the tank should be insulated with a sand sandwich-type 
construction. 

Added costs for compliance with the ASME Code and tank floor insulation were 

included in the tank cost estimates. The cost of strengthening the tank walls 

to resist bed slumping loads was not included. In addition, no cost was al

lowed for adding an underground catch basin to combat oil fires. 

4.3.2. Moving Bed 

A schematic diagram showing the operation of the moving bed concept is shown 

in Figure 4-3. The bed material (sand) flows over the tubes of the charge 

heat exchanger. Steam at 5l0C/lO.l MPa (950F/1465 psia) from the receiver 

heats the sand from 218 to 332C (425 to 630F). The hot sand is stored in a 

silo tank and, upon demand, the hot sand flows over the tubes of a discharge 

heat exchanger to produce steam at 299C/2.72 MPa (570F/395 psia). Figure 4-4 

shows the temperature-heat diagram for this operation. 

The bed material is transported by an Archimedes-type screw lift. A typical 

silo-tank, lift, and heat exchanger arrangement is shown in Figure 4-5. Nine 

such units would be required for the lOO-MWe commercial-scale plant, as shown 

in the plan view of Figure 4-6. To prevent problems associated with differen

tial thermal expansion, internal tank insulation was used as shown in Figure 

4-7. A layer of non-flowing sand insulates the tank floor. 

Appendix A summarizes the principal characteristics of this subsystem and its 

major components. 

4.3.3. Air/Rock Concept 

An air/rock thermal energy storage system was analyzed using the lOO-MWe 

Barstow commercial plant parameters as the basiS for the size and relative 

cost of this concept. 

Figure 4-8 is a schematic of the air/rock TESS. Steam~rom the receiver at 

5l0C/lO.l MPa (950F/1465 psia) passes through a water-air heat exchanger and 

exits at 249C/9.65 MPa (480F/1400 psia) and is returned to the receiver to be 

reheated. The air at 1 atm passing through the heat exchanger is heated from 

218 to 332C (425 to 630F) and exhausted downward through the rock bed, 
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transferring heat to the bed and thus charging the system. In order ::to remove 

energy from the storage system, the air flow is reversed through the rock bed 

and routed through the discharge heat exchanger. Air enters the discharge heat 

exchanger at 332C (630F) and exits at 218C (425F), thus transferring its energy 

to the water entering at 121C/2.76 MPa (250F/400 psia) and exiting as steam at 

299C/2.72 MPa (570F/395 psia). 

The preliminary air/rock thermal energy storage system consists of nine tank

heat exchanger-fan units as presented in Figure 4-9. A temperature diagram 

versus the percent of heat transferred for the air rock is shown in Fi~ure 

4-10. Appendix A summarizes the principal characteristics of this subsystem 

and its major components. 

The problem of "thermal bed ratcheting" necessitated the tank design to ac

commodate this phenomenon over the life of the plant. For the purpose of this 

study a separate segmented, spring-loaded internal shell (girdle) was used to 

accommodate the differential thermal motions of the rock bed relative to the 

wall. The evaluation analysis of the tank design is included in Appendix D. 

4.3.4. Molten Salt 

This molten salt concept utilizes sensible heat for thermal storage. Molten 

salts have been used for many years in process plants as a heat transfer and 

heat treatment medium. There are basically two practical salt mixtures avail

able for use - Hi-Tec* and draw salt. The Hi-Tec composition was chosen for 

this study because it has a lower melting temperature than draw salt, 142C for 

Hi-Tec versus 220C for draw salt (287 versus 428F). This greatly alleviates 

concerns of freezeup and reduces the requirements for heat tracing. However, 

Hi-Tec would be more expensive and more susceptible degradation at high tem

peratures but at 630F this would be negligible. The Hi-Tec composition is 40% 

NaN0 2 • 7% NaN0 3 • and 53% KN0 3 by weight. 

A schematic of the molten salt concept is shown in Figure 4-11. The tempera

ture diagram is Figure 4-12. Appendix A summarizes the principal characteris

tics of this subsystem and its major components. 

*Registered trademark - Dupont deNemours & Company. 
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The molten salt charging heat exchanger is a once-through U-tube shell-and

tube heat exchanger. It contains surface areas for desuperheating, condensing, 

and subcooling. The desuperheating surface is a low-chrome alloy because of 

the higher temperatures encountered SlOe (9S0F). The remainder is carbon 

steel. The U-tube shell is used here and in the economizer and boiler of the 

discharge heat exchanger system to allow for differential thermal expansion. 

Separate heat exchangers are used for the economizers boiler, and superheater 

in the discharging heat exchanger system. A portion of the economizer feed

water flow is recirculated to keep the inlet temperature at 204e (400F). This 

prevents the salt from freezing at this point. The boiler utilizes the steam 

drum/recirculation principle to improve operating flexibility and reliability. 

A relatively small surface area is required in the superheater section (2400 

ft 2
). In order to maintain a proper ratio of heat exchanger length to shell 

diameter, the superheater is divided into eight separate shell-and-tube heat 

exchangers operating in parallel. 

Two cylindrical, externally insulated storage tanks, 36.6m (120 ft) is diam

eter by lB.3m (60 ft) high, were used for this concept (one hot, one cold). 

4.4. System Analyses/Results 

The four candidate ATESS concepts were analyzed based on the criteria stated 

in section 4.2. The results of the system analyses are reported below. The 

development of the rankings, calculation of round trip efficiencies, and de

termination of cost are shown in Appendix B. 
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System Analyses 

(Major components) O/R MB A/R MS 
Capital costs, 10 6 $ 13.30 25.09 22.64 27.14 

nRT , % 73.2 68.9 56.5 71.1 

Availability/reliability 28 33 39 21 

Development requirements 14 11 14 11 

Environmental and safety 16 33 35 18 

Applicability - higher 0 28 27 20 
temp and pressure 

The evaluated cost comparison is shown in Table 4-3. This cost evaluation 

adjusts capital costs of the major ATESS components to take into account the 

effects of maintainability/availability, round trip efficiency, and develop

mental costs. 

In this table the availability rankings previously determined (and shown on 

line 1) are normalized to the oil/rock concept. The reciprocal of these num

bers (line 3) is then multiplied by 25 (the assumed number of outage days per 

year for the Barstow plant caused by storage unavailability) to obtain the 

equivalent outage days above or below' the oil/rock concept (line 5). The lost 

MWe per day, E t()' (MWhe/day), ou e· 
is then multiplied by the quantities in line 

4 to give annual MWhe lost due to storage subsystem outages. If the lost power 

is worth $lOO/MWhe (a typical peak load value), an interest rate of 15% and 

plant life is 30 years, the equivalent present worth of the gained or lost 

power over plant life can be computed and is shown on line 7. The major com

ponent cost shown on line 8 is thereby adjusted as shown on line 9. 

A similar approach is used to express the effect of round trip efficiency, 

line 10. Values of Ein(e) for each of the. concepts is compared to the oil/rock 

concept (630.7 MWhe/day), and the difference is noted in line 12. This value 

multiplied by the assumed normal number of annual operating days for the Bar

stow plant (265) combined with the present worth procedure given above yields 

the values given on line 14. These values are used to make a further adjust

ment in capital cost as given on line 15. The remainder of the table shows ap

proximate development and FOAK engineering capital cost increments for the major 

components. These are totaled on line 24 and used to make the final adjustments 

to the equivalent capital cost as given in line 25. 
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4.5. Conclusions 

The evaluated cost comparison presented in Table 4-4 shows the oil/rock con

cept to be most cost competitive for the operating parameters of the Barstow 

plant. This comparison also indicates that the moving bed and molten salt TES 

concepts have comparable costs and that the air/rock thermocline concept tends 

to be considerably more expensive. 

In comparison with the molten salt concept, the moving bed TESS concept tends to 

• Provide an alternate approach to molten salt for TESS operating with
in a 260 to 621C (500 to 1150F) range. 

• Have unique capabilities at storage temperatures above and below the 
range listed above. 

• Benefit materially by a small degree of first-round optimization to 
simplify components and reduce capital costs. 

In addition, in view of environmental and safety considerations and applica

bility to higher working temperatures the MBTESS is the most viable concept; 

therefore, it was selected for continued development in the conceptual design 

and costing tasks. 

Table 4-1- Estimated Costs for Major Equipment 

Cost, 106 dollars {June 1980 ~) 

Moving Molten 
Component Oil/rock Air/rock bed sand salt 

Tanks 0.76 1.25 0.56 1.23 
4 9 18 2 
3.02 11.25 10.12 2.46 

Storage media 4.84 1.063 3.23 22.27 

Heat exchangers 5.35 3.77 2.24 2.26 

Pump/fan/lift 0.19 6.56 9.50 0.15 

Total 13.30 22.64 25.09 27.14 
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Table 4-2. Concept Comparison Data 

Tank dimensions 
(dia x height), ft 
and number used 

Total tank volume, 
10 6 ft 3 

Total media volume, 
ft 3 

Oil/rock 

105 x 45 (4) 

1.54 

Total heat exchanger 2.10 x 105 
surface area, ft 2 

Total pump horse
power, hp 

Total system flow 
rate, lb/h 

Charge 

Discharge 

(a) Cone roof. 

2.55 x 10 3 

8.74 x 106 

10.1 x 106 

(b)working storage media volume. 

(c) Area based on ID of tubes. 

Air/rock 

105 x 50(9) 

3.90 

Moving bed Molten salt 

53 x 95(18)(a)120 x 60(2) 

3.38 1.36 

1.67 x 10s (c) "1.12 x 105 7.94 x 10" 

5.00 x 104 

1.66 X 10' 

1.82 x 10' 

4-11 

1.17 x 10 4 

1.75 x 10' 

1.95 x 10' 

1.64 x 10 3 

1.15 x 10' 

1.26 X 10' 
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Table 4-3. Capital-Operating, Maintainability, Availability -
Round Trip Cost Evaluation Algorithm 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

(10 6 June 1980 Dollars) 

Item . Air/rock 

Availability ranking 39 

Availbility ranking normalized to 1.39 
Barstow 

Reciprocal of line 2 0.72 

Equiv annual outage days (assume 18. 
25 for Barstow for reference) 

Outage day~ above or below Barstow -7 

Gained or lost annual MWhe, -3,232 
(5) ~ E

out 
(e) 

Equiv present worth, $ mil1io~(a)' -2.121 

TESS capital cost (key components) 22.64 

Equiv cost, (7) + (8) [capital + 20.52 
avail. ] 

Round trip efficiency, nrt % 56.5 

Ein(e) - Eout (e)/(10), MWhe/day 817.2 

(11) - 630.7 MWhe 186.5 

Lost annual MWhe, (12) x 265 49,423 

Equiv present worth, $ million 32.45 

Adjusted capital cost, (9) - (14), 52.97 
$ million 

Heat exchanger R&D, $ mi11ion(b) 0 

Heat exchanger FOAK, $ mi11ion(b) 0 

Valve R&D, $ mil1ion(b) 0 

Valve FOAK, $ mi11ion(b) 0 

Pump R&D, $ mi11ion(b) 0 

Pump FOAK, $ mi11ion(b) 0.20 

Tank R&D, $ mi11ion(b) 1.0 

Tank FOAK, $ mil1ion(b) 0.50 

L (16 through 23) 1.70 

Total equiv)cost, (15) + (24)~ 54.67 
$ million(b 

Moving 
~ 

33 

1.18 

0.85 . 

21 

-4 

-1,847 

-1.212 

25.09 

23.88 

68.9 

670 .. 1 

39.4 

.10,441 

6.85 

30.73 

0.50 

0.25 

0.20 

0.10 

0.30 

0.30 

o 

0.30 

1.95 

32.68 

Molten 
~ 

21 

0.75 

1.33 

33 

+8 

+3,694 

+2.425 

27.14 

29.57 

71.1 

649.4 

18.7 

4,956 

3.25 

32.82 

0.50 

0.25 

0.20 

0.10 

o 

0.30 

o 

o 

1.35 

34.17 

Oil/rock 

28 

100 

o 

o 

o 

13.30 

13.30 

73.2 

630.7 

o 

o 

o 

13.30 

o 

o 

o 

o 

o 

o 

1.0 

0.5 

1.5 

14.80 

(a) Present worth based on 30-year plant life, 15% interest 'rate, and annual pay
ments based on each MWhe being worth $100. 

(b)Development and FOAK engineering capital cost increment. 

Note: Numbers in "Item" column in parentheses are line numbers referring to lines 
-- in the "Line" column. 
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Table 4-4. Evaluation Summary 

Criteria 

Capital cost estimates(a) 

Round trip efficiency(b) 

Availability/reliability, maintenance (b) , 
inspection, and service life 

Development requirements and risk 

Environmental and safety 

Applicability to higher ranges of 
working fluid conditions 

(a) Based on key components. 

(b) Normalized to oil/rock. 

TOTAL 

Oil/rock 

$ Millions 

13.30 

o 
o 

1.5 

14.80 

Air/rock 

22.64 

32.45 

-2.12 

1. 70 

54.67 

Moving bed 

25.09 

6.85 

-1. 21 

1. 95 

32.68 

~on-Do1~ars, Ranking Nos. Only 

16 

o 
35 

27 

33 

28 

Molten salt 

27.14 

3.25 

2.43 

1.35 

34.17 

18 

20 
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Figure 4-1. Schematic Flow Diagram of Oil/Rock Thermal Storage Subsystem 
for 100-MWt Commercial Plant (From Reference 2) 

III FlOWRATES ARE GIVEN 
FOR MAXIMUM HEAT RATES: 

CHARGE 255 MWt 
DISCHARGE 285 MWt 

~60oC( fj80~F' 
10.1 MPa(I~~65 P~IA) 
~9 M9/HR(i~076xI06lB/HR) 

STEAM 
FROM 

RECEIVER --EJ-~ 
--. FM DSH" 

STEAM TO 
DESUPERHEATER I THERMAL 

. STORAGE 
I HEATER 

ot 
¢l 

FEED PUMP t.;J 
CONDENSATE 
FROM 
RECEIVER 
___ • __ -.J 
2 I SoC (q.25oF) 
17.~pa(2,OOO PSIA) 
7~g/HR(0.I60xI06lB/HR) 
FOR RATED STEAM 

THERMAL 
STORAGE 
HEATER 

I 

3 16°C (600°F) I 
3,070 M9/HR(8.7q.xi06LB/HR) 

CHARGING 
lOOP 

THERMAL 
STORAGE 
UNIT 

ZERO FLOW FOR DERATED STEAM t 
_~E~T~ ~~~ ___ J 

2q.g°C( q.80~F) 
9.65 MPa(I,q.oo PSIA) 
q.89 M9/HR(i.076xi06lB/HR) 

CHARGING 
PUMP 

232°C (q.50°F) 
3,970 M9/HR(S.7q.xic6LB/HR) 

STEAM 
TO 
TURBINE 

r--~-
3 i 3°C ( 595°F) 
~,590 M9/HR(io.ixio6LB/HR) I 285 MWt MAX DISCHARGE 

RATE 
I 299°C ( 570°F) , 

EXTRACTION 
PlI4P 

EXTRACTION 
lOOP 

232°C ( q.50oF) 
~,590 Mg/HR(io.ixi06LB/HR) 

! 2.72 Mpa(395 PSIA) 
,. q.27 M9/HR(0.9q.ixi06LB/HR) 

THERMAL 
STORAGE 
STEAM 
GENERATOR 

+ I 
12 1°C (250°F) 
2.76' MPa(q.oo PSIA) 
q.27 M9/HR(0.9q.ixi06LB/HR) 



,.... 
u.. 
0 ......, 
u 
0 

UoI 
cc: 
~ .... 
ea:: 
cc: 
UoI 
c.. 
::IE 
UoI .... 

371 
(700) 

316 
(600) 

260 
(500) 

204 
(400) 

149 
(300) 

93 
(200) 

o 
o 

Figure 4-2. Oil/Rock Temperature-Energy Diagram 
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Figure 4-4. Moving Bed Temperature-Energy Diagram 
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Figure 4-5. Arrangement of :Hoving Bed TESS 
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Figure 4-6. Moving Bed Tank Arrangement, Plan View 
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Figure 4-7. Design of Internal Insulation for Moving Bed Storage Tanks 
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Figure 4-9. Air/Rock Tank-Heat Exchanger-Fan Arrangement -
Nine Units Required for lOO-MWe Commercial Plant 
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Figure 4-12. Molten Salt Temperature-Energy Diagram 
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5. CONCEPTUAL DESIGN AND COST/ 
PERFORMANCE ESTIMATES 

This section reports the conceptual design of a moving bed thermal energy 

storage system (MBTESS), which utilizes a dense bed of particles moving past 

heating and/or cooling surfaces for heat transfer and heat transport. This 

concept uses a medium that is relatively low in cost and environmentally ac

ceptable, such as silica sand, olivene, or alumina. 

5.1. System Arrangement 

A preliminary system arrangement for the MBTESS was developed under Task 2 to 

verify the feasibility of this concept and to obtain initial cost estimates. 

That arrangement is shown in Figures 4-5 and 4-6. In Task 4 the development 

of the commercial-scale conceptual design for the MBTESS was further evaluated 

with respect to cost and performance. This evaluation produced three config

urations, the third of which became the basis for the reference arrangement of 

the conceptual design and the one considered to be an optimized combination of 

tanks, lifts, and heat exchangers. 

Configuration 1, as shown in Figure 5-1, consists of 10 to 12 silo-type tanks 

with 9 to 10 of the tanks containing sand and encircled by a sand-water/steam 

heat exchange complex. Sand carried by Archimedes lifts emerges from the cen

ter of this arrangement and is conveyed to the heat exchangers and back to the 

storage tanks. This configuration was rejected because of operational diffi

culties associated with the heat exchanger complex, especially during simul

taneous charge-discharge operations. In addition, the compactness of compo

nents in the central area reduces accessibility and increases maintenance time. 

Figure 5-2 shows the second configuration developed; it consisted of cylindri

cal concrete/steel tanks arranged in a manner similar to the preliminary system 

arrangement (described above). There are a total of twelve tanks, of which 

six are empty at anyone time. This layout resulted in a reduction in total 
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required lift footage and associated equipment and allowed a total system cost 

decrement of an estimated $9 million from the cost of the preliminary arrange-

ment. 

The third configuration was developed which consisted of four rectangular bin

type steel tanks as shown in Figure 5-3. This configuration was selected to 

be further developed and analyzed for the commercial-scale conceptual design. 

From a cost/performance standpoint, it provided the most advantages of all the 

configurations considered. This arrangement resulted in a reduction of 560 

meters (1836 ft) of lift length, thus realizing a major capital cost reduction 

in the MBTESS. The reduction in lift length resulted in a reduction of para

sitic power of the lift drives, improving the round trip efficiency from 68.9 

to 72.4%. A decrement of $11 million from the preliminary arrangement cost 

was considered possible as shown below. 

System Arrangement Selection Date 

Prelim. system arr. 

Configuration No. 1 

Configuration No. 2 

Configuration No. 3 

(base) 

Estimated major 
component cost, 

$ million 

26 

* 

17 

15 

Performance 

Fair 

Poor 

Good 

Good 

*The maintainability, reliability, and inspectabi1ity of a 
system concept are collectively reflected in total plant 
availability. Because of the complexity of configuration 
No.1, it would be expected to have an unacceptably lower 
availability than the others, and it was thus rejected. A 
cost calculation was not considered necessary. 

This optimization of the system arrangement resulted in the development of the 

reference design presented in Figure 5-5 and the design specifications shown 

in Table 5-1. 

5.2. System Site Requirements 

The MBTESS reference arrangement requires a land area of approximately 4.08 x 

10 4 m2 (1.34 x 10 5 ft 2
). A total of 108,630 m3 (1.42 x 10 5 yd 3 ) of soil must 

be excavated; this figure includes access cuts and assumes that the soil is a 
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class 3 material with a maximum angle of repose of 65°. An excavation depth 

of 6.71 m (22 ft) is required except for equipment cavern locations, where 

excavation to a depth of 15.85 m (52 ft) is required. After completion of 

equipment caverns, screw casings, and screw feeder sections, 79,560 m3 (1.04 

x 10 5 yd 3 ) of excavated soil will be returned and compacted to provide a base 

for the storage structures themselves. After completion of the structure 

floors and walls, the remaining excavated soil will be compacted around the walls 

to make a berm 6.1 m (20 ft) above the original grade. 

In general, there are no site restrictions that would be required to protect 

the general public since the heat storage/transport medium, sand, does not 

burn, explode, or produce smoke and/or toxic fumes. Spills of the medium would 

not contaminate the soil or have the potential for contaminating ground water. 

5.3. System Design Reguirements 

The MBTESS reference design described herein will conform to the codes and 

standards and performance and environmental criteria specified in sections 2, 

3, and 4 of reference 1. In addition, the design conforms to the Barstow ret

rofit requirements. 

5.4. System Ullage Requirements 

Since the MBTESS does not require a cover gas over the heat transport medium 

and the system is not pressurized, the ullage requirements tend to be reduced 

relative to liquid storage systems. The major problem identified concerns the 

particulate fines normally associated with light-phase particle transport. 

These fines, which are produced from particle attrition and wear, must be col

lected, confined, and properly disposed of. Since this material is thermally 

stable, compatible with the materials it contacts (non-flammable or explosive), 

it can be handled easily. The technology used for handling fly ash removal 

from flue gases can be readily adapted to this system. 

5.5. Heat Exchanger Design 

The heat exchanger transfers energy and provides the necessary operational 

flexibility for a responsive system. The system requires two types of heat 

exchangers - charging and discharging units. The charging heat exchanger 

transfers energy from the receiver working fluid to the storage medium. The 

discharging heat exchanger transfers energy from the storage medium to the 

turbine in the form of steam. The discharge heat exchanger is also required 
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to provide steam for turbine startup and turbine seals during periods of in

activity. 

Both types of heat exchangers used for the MBTESS commercial-scale conceptual 

design are unique in that they use a dense particle bed material, sand, as the 

heat transport medium. Sand flow is induced by gravity over the heated or 

cooled heat exchanger surface at a low velocity, approximately 0.15-0.30 m/s 

(0.5-1.0 fps), to provide good heat transfer without appreciable tube wear or 

particle attrition. 7 

The basic heat transfer characteristics of dense particle beds flowing by 

gravity over heated and/or cooled surfaces were investigated. s The analyses 

indicated that adequate heat transfer characteristics could be achieved with 

crossflow of bed material over tube bundles. However, the tube pattern must 

be optimized so that little or no bed stagnation or voiding exists around the 

tube periphery. To ensure that a high bed sand density exists throughout the 

heat exchangers, the following design features are required: 

• A flow restrictor at the bottom of the tube bank to keep the flow 
passage full of moving bed material. 

• A staggered tube pattern designed to reduce flow resistance, minimize 
stagnant regions at the top of each tube, and reduce the size of the 
void at the bottom of each tube. 

• Inclined tubes at an angle greater than the angle of repose of the 
bed material. This feature diminishes the probability of flow stagna
tion at the top of the tube or voiding at the bottom. 

• An inclined heat exchanger shell to eliminate stagnation at the tube 
bundle periphery and to accommodate the longitudinal flow component 
along the inclined tubes. 

The heat transfer correlation used in sizing the heat exchangers herein was 

obtained from reference 8. 

5.5.1. Discharge Heat Exchanger 

Consideration was given to operating flexibility, reliability, and manufactur

ing constraints as they relate to heat exchanger design. This resulted in a 

minimum of six discharge heat exchangers for the system. 

The discharge heat exchanger is a counterflow type having three segments: 

economizer, boiler, and superheater sections. This heat exchanger transfers 

heat from the storage medium, sand, which enters at 332C (630F) and exists at 

5-4 Babcock & Wilcox 



218C (425F), thus heating the water entering at 12IC/2.76 MPa (250F/400 psia) 

and exiting as steam at 299C/2.72 MPa (570F/395 psia). 

This heat exchanger utilizes a two-drum "Sterling Boiler" arrangement that is 

inclined at 40° from the horizontal for the boiler section. Boiling occurs in 

the inclined tubes, and the steam is collected in a steam drum. The drum level 

is controlled via a three-element feedwater controller, which maintains proper 

flow to the steam drum by proportioned level biased by the flow differential 

of steam to feedwater flow. 

The economizer and superheater sections consist of multi-pass tube bundles 

configured in a serpentine fashion and inclined at an angle of 40° from the 

horizontal. Figure 5-4 illustrates the discharge heat exchanger, and Table 

5-2 describes its specifications. This heat exchanger configuration meets 

the Barstow inlet and outlet conditions for retrofit capability. 

5.5.2. Charge Heat Exchanger 

The charge heat exchanger is of the counterflow type having three segments, 

i.e., a desuperheater, condenser, and subcooler. The water-sand heat exchanger 

transfers energy from the steam entering at 510C/IO.I MPa (950F/1465 psia) arid 

exiting as water at 249C/9.65 MPa (480F/1400 psia) to the sand which enters at 

218C (425F) and exits at 332C (630F). 

This heat exchanger design requires a once-through natural circulation condens

ing section to accommodate the flow direction of the fluids. In the natural 

circulation condenser condensate flows by gravity down the inclined tubes and 

then is collected in the lower section of the steam drum. The drum level is 

controlled with a level sensor, providing input to a flow control valve in the 

exit of the steam drum. The condensate is then transported to the subcooled 

section of the heat exchanger by the pressure drop within it. 

The desuperheater and subcooler sections consists of multi-pass tube bundles 

oriented in a serpentine fashion and inclined at an angle at 40° from the 

horizontal. These sections are similar to those in the discharge heat ex

changer. Figure 5-4 illustrates the charge heat exchanger, and Table 5-3 

describes its specifications. 
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5.5.3. Heat Exchanger Technical Concerns 

In developing the heat exchangers for the MBTESS reference design, it became 

evident that the heat transfer coefficient ~sed for Si0 2 is the basic influen

tial parameter of the design. Very little information exists in the litera

ture today on the characteristic of sand flowing over heat exchanger tube 

banks. 

It is necessary to understand the properties of solid particles that directly 

affect heat transfer from the particle to the surface. In addition, such 

factors as material shape, temperature, and design considerations must be 

known. An example is the flow distributer plate/valve configuration and its 

effect on the flow characteristics of dense bed material. 

Consequently, the particle characterization and heat exchange configuration 

must be evaluated in an experimental program to ensure that the MBTESS is in

deed a viable ATESS concept. 

5.6. Tank Design 

The ATESS tanks act as a storage medium reservoir for thermal energy. Since 

energy is stored within these tanks, personnel must be protected from poten

tial hazards. Therefore, these tanks are designed in accordance with the'codes, 

standards, and environmental criteria specified in section 2 and 4 of refer

ence 1. 

The reference design employs rectangular bin-type steel tanks, each of which 

contains three separate and independent compartments. The independence of 

these compartments provides operating flexibility to the system. Four rectan

gular bin-type tanks are required for the system, thereby providing a total 

of six hot and six cold compartments for medium storage. 

The tank is 28 m wide by 82.3 m long by 21.26 m high (92 ft wide by 270 ft long 

by 69.75 ft high). In addition, the tanks have a trough-type bottom and a 

hip roof structure. Figure 5-5 shows the details of the overall tank design 

and its interface with the system. 

The tank floor consists of 6.35 rom (0.25 in.) steel plate covered with a steel 

honeycomb panel 457.2 mm (18 in.) deep .. This structure is not attached to the 

floor and thus does not develop thermal stresses between the floor and itself. 

In addition, it inhibits the tendency of the insulating layer of sand to move 

when the tank (compartment) is being emptied. 
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The outer vertical tank walls are dual-wall structures containing 457.2 mm 

(18 in.) of sand for insulation. The walls employ 6.35 mm (0.25 in.) steel 

sheets attached to support beams on 3.66 m (12 ft) centers attached to a lower 

concrete footing to accommodate vertical loading and an upper footing to re

sist an overturning moment. 22 

The tank compartment separation walls consist of interlocking sections of MZ 32 

sheet piling, which form an 457.2 mm (18 in.) sandwich structure. The space 

between the steel structure is filled with sand for insulation. 

The hip-roof structure supports itself, but, it does not support the heat ex

changers or lifts, which are supported by independent pylons (see Figure 5-5). 

The roof structure consists of support beams on 3.66 m (12 ft) centers with 

corrugated sheet steel on each side of the beams with allowance for insulation. 

Since the sand side of the MBTESS operates at essentially atmospheric condi

tions, the tanks were considered as bins rather than pressure vessels and de

signed accordingly. It is recommended for further analysis (Phase II) that 

all structural members (beams) of the roof and walls be placed on the outside 

surface, thereby encountering lower operating temperatures. This design 

change could result in a cost reduction for the MBTESS reference design. 

5.7. Lift Design 

Three basic methods of transporting the bed material were considered: 

• Bucket elevators 

Pneumatic fluidizing and conveying 

• Archimedes type screw lifts. 

Bucket elevators were found to be impractical above 350F due to lubrication 

problems. The pneumatic conveyer was judged to require too much power and 

presented problems of heat loss by the transporting air. The Archimedes screw 

lift as shown in detail "c" of Figure 5-5 was chosen as the best method for 

moving high-temperature sand. Structurally, it need only be supported at the 

ends and one or two places along its length depending on the allowable stress 

and deflection. These points of support are external to and insulated from the 

high temperatures, thus overcoming the problem of high-temperature lubrication. 

The following sections present the rationale for the lift used for the refer

ence design with respect to dimensions, structure, drives, and insulation. 
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5.7.1. Geometry 

The relationship between OD, ID, helix angles, and pitch is illustrated below. 

p 

I 
T 
C 
H 

'If x ID 

'If x OD 

tan </> 

tan 8 

pitch 
pitch 

tan </> 

= pitch 
'If OD 

pitch 
'!TID 

= tan ~'If OD 
tan 8 'If ID 

OD = tan 8ID 

ID = tan </> OD tan 8 

</> and 8 were chosen as 18 and 25°, respectively; hid and hod represent the 

helix lengths unraveled. 

The helix angles represents the angle a line tangent to the helix makes with a 

plane perpendicular to the axis of the lift. From previous B&W lift design and 

modeling activities, the outside helix angle </> was determined to be 18°. The 

helix angle at the ID was picked so that the slope of the helix surface at the 

inside edge of the surface would be 30° as shown below. 

~~--~------Axis of Lift 

~-----Angle of Repose* 

at Inside Cylinder 

*Assumed to be angle of slide. 
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The reference angle of repose of the medium was established at 30°. The 35° 

lift angle was picked based on industrial experience, 30 which shows that the 

efficiency of the lift drops off quickly above this angle. The lower the lift 

angle, the longer the lift must be to obtain the required height of lift. 

Choosing the lift angle as 35° and the angle of repose as 30° constrains the 

ID helix angle to 25°. 

The formula that relates volumetric flow rate to pitch and thus to the ID and 

OD is derived from that for volumetric flow rate: 

v~l = vel x area 

where vol represents volumetric flow rate, vel is velocity along the axis of 

the lift, and area is the cross-sectional flow area. This can be visualized 

in the following sketch 

---i7""7'""lI-----+---~I---+---

Area of Flow 

vel 

vel represents a vector perpendicular to the plane of the paper. 

vel = P x ....!£.. 
21T 

where P is the pitch and w is the rotational velocity in radians/second. 

Substituting these values for vel and area and also putting pitch and ID in 

terms of OD, the volumetric flow rate, lift dimensions, and rotational velocity 

can be related by 

v~l - (tan •• OD) x 2~ x i{ f [OD' - [~:~ ~ ODn}· 
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Simplifying, we have 

• ,1T 3 [ (tan $) 2] vol = tan ~32 00 00 1 - tan e . 

Because of abrasion, the relative velocity between the sand and the outside 

wall of the lift must be less than 3.05 m/s (10 fps).23 The sand has a veloc

ity vector along the circumference and a velocity vector along the axis of the 

lift. The resultant vector is along the helix. This can be seen in the vector 

diagram below. 

~sultant - R 
- ------. 

A I 
X 

I 
I 

I I 
S I 

CIRCUMFERENCE, 

cos </> 

C 

C = -
R 

(Note: This </> is the 
same as 00 helix 
angle. ) 

The circumferential velocity is 00 x 00/2. The resultant, which must be less 

than 10 fps, is 

R = 00(00/2) 
cos</> 

We have then that 

00 x 00 . 10 fps cos </> x 2' 

solving for 00 and substituting into the expression for v~l 

00 = 

. 
vol 

2 x cos 
00 

P 10 fps, 

sin p ~ 00 3 2 x cos p 
= cos ~ 32 00 10 fps 

The volumetric flow rate required is 0.036 m3/s (12.7 ft 3/s) per lift. There

fore solving for the 00: 
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OD = { 16 vol 1 wl sin cj>'IT 10 fps [1 _ [tan 
tan 

{(16) (12.7 ft'/s) 1 ~WJf = 
sin 18° 'IT (10 fps) [1 _ (tan 

tan 

OD = 1.95 m (6.4 ft) 

ID = 1.34 m (4.4 ft) 

pitch = 1.98 m (6.5 ft) 

, 
The length of each lift was determined to be 56.7 m (186 ft), as seen in Figure 

5-5. The screw has three starts (or flights - the helix surfaces are termed 

flights by the screw industry). The number of flights was established after 

consultation with a screw lift manufacturer. 12 It appears that trouble in 

feeding the lift arises if more than three flights are used; as one start fills. 

it partially blocks the trailing one. This is a dynamics problem that will 

best be resolved through further development (see section 8). 

5.7.2. Structural Supports and Analysis 

Carbon steel plate, 6.35 mm (0.25 in.) thick, was chosen as the construction 

material for both the inner and outer cylinders of the lift and the flights 

for the screw or helix. The lift would be supported by a combination thrust 

and radial bearing at the bottom end and cradle-type supported at the middle 

and the top end (Figure 5-5). The bearing supports are designed to limit the 

temperature of the bearings to below 148.9C (300F) and to allow for thermal 

growth of the lift. 

A simple analysis of the lift shows that when nominally loaded with sand, it 

will deflect about 20.3 mm (0.8 in.) at the center of the 28.4 m (93 ft) span 

between supports. The maximum stress at the outer fibers of the lift will not 

exceed the yield stress of the material with a 25% safety factor, which is con

sidered adequate for this study. The maximum cyclic stress also occurs at the 

midpoint of the 28.4 m (93 ft) span as the lift rotates. It was calculated 

by cyclic stress analysis method as outlined in reference 31 that the lift 

will not experience fatigue failure during the life of the plant (30 years). 

The natural frequency of the lift was investigated and found not to be a prob

lem. 
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The lift resonant frequency in torsion was calculated using a simplified model 

in which the polar moment of inertia was lumped at the end of a wire assumed 

to represent the pure torsional spring constant. The natural frequency was 

found to correspond to 538 rpm, which is much faster than the maximum opera

tional speed of the lift (29 rpm). Also, the calculation did not take into 

account the damping effect of the sand. Thus, no problems should arise from 

operation at resonant frequencies. 

5.7.3. Drive Selection and Power Requirements 

In order to have the capability to vary the flow of sand through the lifts in 

the reference design, various types of drive equipment were investigated. In

formation was obtained through consultations with various motor and drive 

manufacturers. 23-28 

Various a-c equipment was considered and eliminated for the following reasons: 

Constant-speed a-c motor with gearbox. The main disadvantage of 
single-speed drive is the time lag between input and output response, 
which is undesirable in the charging mode. 

• a-c motor with inverter drives. This system was found to be very 
expensive. 

• a-c motors with hydroviscous drives. This arrangment was considered 
the simplest but the least reliable mechanically. 

• a-c motors with eddy-current drives. At very low rpm these drives 
are very inefficient. 

A d-c motor with variable speed control was investigated. Although comparable 

in cost to the a-c motor inverter drive, the d-c drive would be simpler to 

operate and maintain, and would probably be more reliable. The d-c motor drive 

arrangement is shown in Figure 5-5. 

The d-c motor drive was chosen for the reference design. However, in further 

design phases of the program, a possible strategy for procuring the drives 

would be to define the operating parameters and request proposals showing life 

cycle costs substantiated by operating data. 

The lift power requirements consisted of two factors - friction horsepower and 

water horsepower. 
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The sliding of sand within the lifts is the major contributor to friction 

horsepower. Other friction losses, such as those incurred within the bearings, 

are negligible whan compared to the rubbing of sand and were not considered. 

Water horsepower is the power required to transport the sand to the desired 

elevation, i.e., the potential energy change. 

The frictional horsepower, HP
f 

was calculated using the following: 

W x f x V 
c 

550 

where W = weight of sand (52,000 lbf ), 

f = coefficient of friction (0.5), 

V = relative velocity between sand and steel (10 fps). 
c 

The water horsepower, HP was calculated as 
w 

where 

HP = 
w 

• 

w x ~z 

550 

W = weight flow rate of sand (890 lbf/s), 

~z = change in elevation through the lift (107 ft). 

A drive efficiency factor of 80% was assumed to apply to the total lift horse

power required. The power required for one discharge lift was calculated to 

be 800 hp. Note that the friction horsepower calculation is conservative; it 

is assumed that the sand moves as a rigid body when, in fact, there will be 

some internal circulation. This should be quantified in future developmental 

programs. 

5.7.4. Insulation 

The entire lift would be enclosed in a carbon steel tunnel structure, which 

provides backfill support to the underground segment and weather protection 

above ground. A 6-inch gap is formed between the lift OD and the ID of the 

tunnel. The interior of the tunnel structure would be lined with 1.5 inches 

of calcium silicate insulation. This would limit heat losses from the lift to 

about 0.2%. 
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5.8. Control Philosophy 

Control systems must provide for stable operation and. acceptable transient 

response characteristics. In contrast, a control philosophy encompasses a 

much larger scope. In developing this philosophy for controlling a system, 

one must consider the interplay between such factors as safety, reliability, 

economics, and the man/machine interface. Considered collectively, these 

factors can be blended together through suitable tradeoffs, yielding an 

overall control philosophy for the system. 

5.8.1. Interface Requirements 

A thermal energy storage device must provide the buffer between the energy 

input from the receiver and the electrical load. A control system for energy 

storage cannot be designed until the fluctuations of the interfacing plant 'are 

known. For the conceptual design of the MBTESS, it is assumed that there are 

energy fluctuations on both sides of the storage subsystem. These fluctua

tions can be slow-acting (i.e., load-follow) or rapid (i.e., intermittent 

cloud cover or turbine trip) in nature. The control philosophy should be 

developed to accommodate both of these' transient conditions in addition to 

startup, shutdown, and steady-state operation. 

5.8.2. Discrete Vs Continuous Load Follow 

As stated above, :there are energy fluctuations on both sides of the storage 

subsystem that the control system must accommodate. These fluctuations, being 

both slow- and fast-acting, demand that the control system be versatile and 

accurate. A compromise then arises between cost and the degree of accuracy 

and versatility desired for the MBTESS. The choice between discrete and con

tinuous load-follow represents such a compromise. The continuous load-follow

ing concept has the desired degree of accuracy and verstility, along with 

higher cost when compared to the discrete load-following concept. This esti

mated cost differential is overshadowed when considering the differences in 

versatility between the two load-following concepts. 

The MBTESS is designed to accept a maximum charging rate of 260 MWt and a 

maximum discharging rate of 285 MWt. Since the MBTESS has six sets of hot and 

cold tanks, these rates correspond to 43.3 MWt/tank charging rate and 47.5 MWt/ 

tank discharging rate. A control philosophy in which discrete charging and 
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discharging rates are used to load-follow has many economic advantages over a 

system that continuously load-follows. In the discrete mode, MBTESS storage 

units are either on or off. Cost savings are reatized since control systems 

are simpler and require less instrumentation, single-speed a-c drive motors 

can be used on the lifts instead of variable-speed d-c motors, and accurate 

sand va1ving and flow measurement problems can be avoided. 

However, three disadvantages exist for the discrete mode of operation. First, 

this system has no way of compensating for changes in steam inputs from the 

receiver or any other perturbation that might originate in the storage subsys

tem itself or the other subsystems with which it interfaces. In the discharg

ing mode, these perturbations could create undesirable steam conditions for 

the turbine. Second, a discrete system will have a poor load factor and round 

trip efficiency. A plot of a typical demand curve, along with the correspond

ing load-follow curve of the storage system operating in the discrete mode, is 

shown below. 

LOAD 

LOAD CURVE 

UNITS 1-4 
CHARGING 

TIME 

2 

UNITS 1-4 
DISCHARGING 

~ STEAM WASTED 
~ IN CHARGING 

~ STEAM WASTED 
IN DISCHARGING 

In the charging mode, a storage unit can only be put on line when an adequate 

steam supply exists. Excess steam from the receiver, meant for storage, will 

have to be blown down or wasted between the discrete switching points. When 

discharging, a storage unit can only drop off the line if the load has reduced 

below the discrete level of the next storage unit. Again, steam is blown down 

between the discrete levels of the storage units. The idle units may also have 

a longer and more complex heatup procedure since they have suffered heat losses 
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for at least one day. The first two advantages of the discrete load follow 

storage concept cited above lead to poor flexibility and make this concept 

unacceptable. Therefore, the continuous load-follow concept was chosen to 

form the basis for the control philosophy of the MBTESS. 

5.8.3. Instrumentation 

Instrumentation will provide the necessary information for the plant operators 

and the data acquisition and control systems. Temperatures can be measured 

with thermocouples in the storage tanks and the charging arid discharging heat 

exchangers. Since the MBTESS is not pressurized, no measurements of pressure 

on the sand side are necessary. The level of sand in the storage tanks and 

the heat exchangers must be known; a photocell arrangement or mechanical oscil

lation probe can be used. Since sand does not assume a flat surface, level 

indications will have to be corrected assuming a shape for the sand pile. This 

shape will vary as a function of height, the angle of repose, and whether 

charging or discharging is occurring. The energy stored (MWht) in any tank 

can be computed from the inputs of the tank thermocouples and level indicators. 

The levels in the heat exchangers must be controlled to maintain a dense phase 

of sand around the heat exchanger tubes to maximize heat transfer. 

The sand flow rate can be measured in either of two ways. One is to place a 

deflection plate in the path of the sand; by measuring the force exerted by 

the sand on the plate, the flow rate can be determined by change of momentum 

considerations. Another approach would be to run pre-startup tests to deter

mine the lift capacity versus speed and do without anyon-going flow rate 

measurement during operation. The sand may be valved by gate or butterfly 

valves or by one that makes use of the angle of repose. Gate valves are in

herently hard to control and would also tend to bind due to the abrasive sand. 

Butterfly valves would be simpler but would tend to leak. A concept for such 

a valve that makes use of the angle of repose is sketched below. Whenever the 

plate is rasied above the position shown, the flow stops; as the plate is low

ered, flow increases. This type of valve is favored over the others because 

it can be controlled and would have acceptable leakage. 
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5.8.4. Controls 

.:ii ........... _~~:=J-.... - ... ~ 
:": 
'. 
". 
!.' 

SAND 

Figure 5-6 is a schematic of the controls and instrumentation for the charging 

subsystem. The flow of steam from the receiver is controlled by a control 

valve (CVSTC), so that the steam flow can be balanced appropriately between 

the operating units. The flow meter (FSTC), thermocouple (TSTC), and pressure 

transducer (PSTC) provide the necessary inputs to the charging controller, 

from which it can compute the incoming available energy. The charging con

troller then computes the required sand mass flow rate, sending a speed com

mand to the lift drive motor (LTCH) and a position command to the angle of 

repose valve (CVCH). The deflection flow meter (FCH), positioned at the exit 

of the lift, provides feedback in determining the sand flow rate. The differ

ence between the thermocouple (TCH) temperature and the reference outlet tem

perature produces an error signal, which is integrated to provide trimming to 

the flow rate determination. The level sensor (LCH) will provide feedback to 

the control valve (CVCH) to maintain proper heat exchanger level, ensuring 

dense-phase heat transfer. 

The controls and instrumentation for the discharging subsystem are also shown 

in Figure 5-6. From a demand signal, steam flow and sand flow rates are com

puted by the discharging controller. Condensate is pumped ~(PDS) and the flow 

rate is controlled by the control valve (CVDS). Flow rate is monitored by 

flowmeter (FSTD) and signals from thermocouples (TSTD) and pressure transducers 

(PSTD) are compared to their setpoints 299C/2.72 MPa (570F/395 psia) to create 

the necessary feedback. The discharge controller sends a speed control signal 

to the lift drive motor (LTDS) and a position command to the angle of repose 

valve (CVDS). The deflection flowmeter (FDS), positioned at the exit of the 
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lift, provides feedback in determining the sand flow rate. The level sensor 

(LDS), will provide feedback to the control valve (CVDS) to maintain proper 

heat exchanger level, ensuring dense-phase heat transfer. 

5.9. Cost Estimates 

The budgetary cost estimate prepared for the MBTESS reference design included 

all major components and systems. The estimate can be divided into the follow

ing areas: 

• Site preparation 

• Sand storage and equipment structures 

• Sand moving equipment and support structures 

• Heat exchangers and piping 

• Auxiliary equipment and instrumentation 

• Job-indirect costs 

• Medium costs 

Site preparation costs comprised excavation costs and backfill and compaction 

costs; labor, equipment, and equipment moving charges were included. Clearing 

and grubbing was not included because the TESS site will overlap the power 

plant site. The soil description given in reference 2 was used, and all rock 

strata were assumed to lie below the 15.85 m (52 ft) excavation depth. Refer

ence 9 was used as a source for the cost estfmates. 

Cost estimates for storage and equipment structures were based on structures 

described in section 5.6. Steel plate and structural members were used for 

the sand storage tanks and steel reinforced concrete and steel reinforced con

crete block in the equipment caverns. Sand and Thermal Wool II insulation were 

included. Cost estimates include material costs and shipment, fabrication 

costs, erection costs, and equipment and consumables costs. References 6, 9, 

10, 11, and 15 were the source of the cost data. 

Sand moving equipment and support structures priced were sand lift screws, 

bearings, drive motors, reduction gears, eddy-current drives, screw casings, 

bearing casings, screw shaft extensions, support columns, and pads. Refer

ences 9, 10, 11, 12, 16, and 17 were used to estimate material and shipping 

charges, assembly, and erection costs. 
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Heat exchangers and piping were estimated with information from reference 9, 

13, 15, 18, and 19. Material, shipping, assembly, erection, and insulation 

costs were included. Valves, fittings, and pipe were priced on the assumption 

that steam and feedwater lines ran within 30.5 m (100 ft) of the TESS. 

Auxiliary equipment and instrumentation costs were estimated for obvious compo

nents, and an overall estimating factor was used for the remaining items. Ref

erences 9, 13, and 20 were used for these estimates. 

Job-indirect costs were based on total contracted manhours expended in 12 dif

ferent job classifications. These indirect costs, calculated by reference 9, 

include the following: 

Jobsite Overhead 

1. Construction Equipment, Owned or Rented, 
With a Value Over $500.00 

Trucks 
Autos 
Cranes 

2. Job Organization 

Project manager 
Superintendent 
Asst. Superintendent 
Engineer 

3. Temporary Facilities 

Contractor's office 
Architect-owner's office 
Electric service 
Water service 
Heating 
Cooling 

4. Supplies 

Photographs 
Stationery 
Postage 

Generators 
Compressors* 

Safety man 
Master mechanic 
Timekeepers 

Furniture and fixtures 
Janitor service 
Signs 
Temporary toilets 
Tool shed 

Drinking water 
Ice 
Dispensers 

Hoists 
Scaffolding 

Secretary 
Material checkers 
Tool shed keeper 

Storage shed 
Carpenter shop 
Saw shed 
Field plan tables 
Temporary stairs 

Cups 
First aid equipment 

*Except earthwork equipment used by the general contractor. 
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5. Temporary Protection and OSHA Requirements 

Dust control - Protect sills, corners, stairs 
Noise control - Rails at openings, slab edges 

- Rain protection 
- Protect existing property/trees 

6. Telephone - Communications 

Telephone-telegraph Loudspeaker 

7. Insurance - Bonds - Sales Tax 

Truck and auto 
Public liability 
Builder's risk 

Special risk 

8. Insurance and Taxes on Labor Paid by Contractor 

Workmen's compensation Bodily injury 

9. Progress Reports and Scheduling 

Progress reports Certified payrolls 

10. Expendables - Which is Any Tool or Consumable 
Costing $500.00 or less 

Hammers 
Blades 
Bits 
Shovels 

Home Office Overhead 

1. Salaries 

Officers or owners 
Estimators 

2. Office Rent or Mortgage 

Slings 
Bars 
Cutters 

Engineers 

3. Furniture, Fixtures, Machines 

4. Stationery - Supplies - Postage 

5. Utilities 

6. Telephone 

7. Insurance 

8. Business Taxes - Licenses 

5-20 

Social security 

Clamps 
Fuels 
Lubricants 

Clerical 
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9. Legal and Consulting Fees 

10. Sales Promotion - Education 

Entertainment 
• Associations 

Seminars 

Conventions 
Study courses 
Textbooks 

11. Equipment Purchases or Mortgages 

Vehicles Cranes 

12. Yard Expense 

13. Loss of Interest on Retainages 

14. Interest Expense 

Manuals 
Travel 

Loaders, etc. 

Because of the uncertainty surrounding media requirements a range of cost was 

developed. At the low range ($1.8 million), construction sand is obtained and 

processed at the plant site. The high estimate ($4.7 million) is based on 

purchase and shipment or preprocessed silica flour. References 6, 9, 20, and 

21 were used to estimate this cost. 

In all estimates, minimum wages payable on federal and federally assisted con

struction projects in the Los Angeles area during summer of 1980 were used. 

These wages included health and welfare insurance and pension and vacat·ion 

funds but did not reflect rates for apprentices or premium rates for overtime. 

Table 5-4 is a summary of the estimated costs broken down into the areas dis

cussed above. Contractor's profit, engineering cost, and media cost are in

cluded. A second breakdown, shown in Table 5-5, is based on materials. These 

figures also show the construction cost variations between the Houston and 

Barstow areas. Table 5-6 is a more detailed version of Table 5-4, giving 

costs for major components and systems. Table 5-7 provides a breakdown of 

the energy related, power related, and specific total costs of the MBTESS. 

All of these estimates are based on a moving sand bed system that would meet 

Barstow requirements. The estimated cost of the commercial-scale conceptual 

design is $26 million. 

5-21 Babcock & Wilcox 



Table 5-1. MBTESS Reference Design Specifications 

Design Characteristics 

Properties of storage medium 

Material 

Operating range 

Density 

Specific heat 

Particle size 

Void fraction 

Si02 storage medium mass - working 
- for costing 

Tank characteristics 

No. of storage tanks 

Tank geometry 

Tank volume: per tank 
Total 

Tank material 

Design temperature 

Tank mass: per tank 
Total 

Tank surface area 
Top/tank 
Top, total 

Side/tank 
Side, total 

Bottom/tank 
Bottom, total 

Tank insulation material (internal) 
Sides and bottom 
Roof 

Insulation thickness 
Sides and bottom 
Roof 

Operating Characteristics 

Extractable capacity 

Charging 

Maximum 
Design 
Minimum 

5-22 

Si02 
204/332C (400/630F) 

1522 kg/m 3 (95 Ib/ft 2) 

1030 J/kg-OK (0.246 Btu/lb-OF) 

44-74 x 10- 3 mm (17-29 x 10-4 in.) 

0.40 

0.57 x 108 kg (1.27 x 108 lb) 
0.92 x 108 kg (2.02 x 108 lb) 

4 

Figure 5-5 

2.51 x 104 m3 (8.86 x 10 5 

10.1 x 104 m3 (3.54 x 10 6 

ASTM A-53 

343C (650F) 

5.17 x 10 5 kg (1.14 x 10 6 

2.07 x 10 6 kg (4.56 x 106 

2.78 x 10 3 m2 (2.88 x 104 

1.07 x 104 m2 (1.15 x 10 5 

1.12 x 10 3 m2 (1.21 x 104 

4.50 x 10 3 m2 (4.84 x 104 

2.78 x 10 3 m2 (2.88 x 104 

1.07 x 10 4 m2 (1.15 x 10 5 

Si02 
Thermal Wool II 

457.2 nun (18 in.) 
114.3 nun (4.5 in.) 

1710 MWht (5.84 x 10 9 Btu) 

260 MWt (887 x 106 Btu/h) 
260 MWt (887 x 106 Btu/h) 
TBD(a) 

ft 3 ) 

ft 3 ) 

lb) 
lb) 

ft 2) 
ft 2) 

ft 2) 
ft 2) 

ft 2) 
ft 2) 

Babcock & Wilcox 



Discharging 

Maximum 
Design 
Minimum 

Duration 

@ max discharge rate 
@ design discharge rate 
@ min discharge rate 

Storage medium operating 
temperatures 

Hot 
Cold 

Storage tank operating 
pressure 

Storage ramp rate, % of max 
discharge power/minute 

Table 5-1. (Cont'd) 

285 MWt (973 x 106 Btu/h) 
285 MWt (973 x 106 Btu/h) 
TBD 

6 hours 
6 hours 
TBD 

332C (630F) 
2l8C (425F) 

Atmospheric 

TED 

(a)TBD: to be determined in future development efforts. 
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Table 5-2. MBTESS Commercial-Scale Conceptual Design: 
Discharge Heat Exchanger Specifications 

Number of heat exchangers required(a) 

Duty 

Tube side conditions (steam/water) 

Inlet 
Outlet 
Minimum flow 
Maximum flow 
Fouling conductance 

Tube material: superheater 
boiler 
economizer 

Tube OD 

Tube ID 

Shell side conditions (S.02) @ 
l. atmospheric pressure 

Inlet 
Outlet 
Minimum flow 
Maximum flow 

Surface area 

Duty cycle 

Service life 

6 

47.5 MWt (1.62 x 10 8 Btu/h) 

121C/2.76 MPa (250F/400 psia) 
299C/2.72 MPa (570F/395 psia) 
TBD(b) 
6.85 x 10~ kg/h (1.51 x 10 5 lb/h) 
0.057 MWt/m2 °c (10 4 Btu/h-ft 2-F) 

Carbon Moly. 
Carbon Moly. 
Carbon Moly. 

19 mm (0.75 

16 mm (0.62 

332C (630F) 
218C (425F) 
TBD 

SA-209 Grade T1A 
SA-209 Grade T1A 
SA-178 Grade TIC 

in. ) 

in. ) 

1.45 x 106 kg/h (3.19 x 106 lb/h) 

819 m2 (8820 ft 2
) 

Daily 

30 years 

(a)The data in this table are for one of the six parallel heat exchangers. 

(b)TBD: to be determined in future development efforts. 
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Table 5-3. MBTESS Commercial-Scale Conceptual Design: 
Charge Heat Exchanger Specifications 

Number of heat exchangers required(a) 

Duty 

Tube side conditions (steam/water) 

Inlet 
Outlet 
Minimum flow 
Maximum flow 
Fouling conductance 

Tube material 

Desuperheater 
Condenser 
Subcooler 

Tube OD 

Tube ID 

Shell side conditions (Si02) @ 
atmospheric pressure 

Inlet 
Outlet 
Minimum flow 
Maximum flow 

Surface area 

Duty cycle 

Service life 

6 

43.4 MWt (1.48 x 10 8 Btu/h) 

510C/IO.l MFa (950F/1465 psia) 
249C/9.65 MFa (480F/1400 psia) 
TBD 
4.05 x 10 5 kg/h (8.92 x 10 5 lb/h) 
0.57 MWt/m2-oC (10 4 Btu/h-ft 2-F) 

Croloy 1 SA-213 Grade T12 
Carbon Moly. SA-209 Grade TIA 
Carbon Moly. SA-209 Grade T1A 

19 mm (0.75 in.) 

15 mm (0.59 in.) 

218C (425F) 
332C (630F) 
TBD 
7.94 x 106 kg/h (1.75 x 10 7 lb/h) 

1124 m2 ~12,100 ft 2) 

Daily 

30 years 

(a)The data in this table are for one of the six parallel heat exchangers. 

(b)TBD: to be determined in future development efforts. 
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Table 5-4. Cost Estimate Summary - MBTESS 

CLIENT Barstow. Ca. DESCRIPTION MSB System CONT. NO: 

LOCATION MoYing Sand Bed TESS _...LTd.labu1.e.e...::5L....:1.:9-:..11 _____ _ MADE BY: 

PROJECT APPROVED: 

A ccount: 5700 E nerQY St ora :Ie S t iYS em 

ITEM & DESCRIPTION t·1ANHOURS ESTIt4ATED COST (J une 1980 $) 
LABOR SUBCONTRACTS MATERIALS TOTALS 

Excavation & Backfill 22,212 491,000 269,000 760,000 

Concrete 11.896 179,000 124,000 151,000 454,000 

Structural Steel 94 964 635.000 688.000 1 690 000 4 013 000 
Machinery & Equipment 43 486 741,000 664,000 5,318,000 6,723,000 

Insulation 9 469 132 000 339,000 199,QOO 720,000 
Piping & Heat Exchangers 14,657 263,000 228,000 4,817,000 5,308,000 

Instrumentation 279,000 279,000 
Media & ProcessinQ Costs 4 480 67,000 134,000 1,601,000 1,802,000 

(1) Direct Field Costs 201,000 ~,508,000 2,775,000 13,776,000 20,059,000 

(2) Indirect Costs 1,886,000 

(3) Contractors Profit I 

(10% of (1+2)) 2,195,000 

(4) Engi neering 
(10% of (1+2 -$1,802,000) 2,014,000 

TOTAL 26,154,000 

.-. 
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Table 5-5. Cost Summary - Material Breakdown 

CLIENT 
LOCATION 

SANDIA DESCR i PTl orl -=S,-,,=-u~llllI:!::,a,,-rYL--__ _ 
Barstow and Houston Areas 

PROJECT Moving Sand Bed TESS _Tl..llau.!b.ule~5....;9z.:-,,2 ______ _ 

Account: 5700 Energy Storage System 

CONT. NO: 
MADE BY: 
APPROVED: 

ITEM & DESCRIPTION MANHOIJRS EST If~A TED COST (J une 1980 $) 
LABOR SUBCONTRACTS MATERIALS TOTALS 

Field Cost Summary 
Barstow Area 
Excavation & Backfill 22,212 491,000 269,000 760,000 

-
Concrete 11,896 179,000 124,000 151,000 454,000 

Structural Steel 94,964 ,635,000 688,000 1,690,000 4,013,000 
Machinery & Equipment 43,486 741,000 664,000 5,313,000 6,723,000 
Insulation 9,469 132,000 389,000 199,000 720,000 
Piping & Heat Exchangers 14,657 263,000 228,000 4,817,000 5,308,000 

Instrumentation 279,000 279,000 

Media & Processing Costs 4,480 67,000 134,000 1,601,000 1,302,000 

TOTAL 201,164 3,508,000 2,775,000 13,776,000 20,059,000 

Field Cost SUlllllary -
Houston Area 

Excavation & Backfill' 22,212 353,000 269,000 622,000 
I Concrete 11,896 160,000 124,000 151,000 435,000 

Structural Steel 94,964 1,389,000 688,000 1,690,000 3,767,000 

Machinery & Equipment 43,486 645,000 664,000 5,318,000 6,627,000 

Insulation 9,469 95,000 389,000 199,000 683,000 

Piping & Heat Exchangers 14,657 221,000 228,000 4,817,000 5,266,000 

Instrumentation 279,000 279,000 

Media & Processing Costs 4,480 49,000 134,000 1,601,000 1,784,000 

TOTAL 201,164 t2,912,000 2,775,000 13,776,000 19,463,000 

I 
I 

1 
! 

I 
I 

i 

I I 
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Table 5-6. Estimate Summary - Detail Breakdown 

ESTIMATE SUMMARY 
~: Moving Sand Bed TESS 

'-ACCOUNr:- 5700 Energy Storage System 
IIAIN DESCRIPTION QUANTITY ACCOUNT 

2-]8 bcav~tion 142.nom 
EouiDment Movino 

TOTAL 

, 
2-21 Backfill & Comoaction 142000CY 

EQui oment Mavi nCl 
TOTAL 

2-43 Aaareaate Base Under Floor 2 ___ 840 T 

Eauioment Caverns 
3-5 3-.6 3- 0 Concrete 236 CY 
1-5./1-20 r. ,. Fnrme; 
1-5.4-1 ...Reinfnrl"ina St..p1 
1_5~7_0 Mnic:t.llrp R;irripr 7'> .'>00 ft.' 
4-~ 

,.. .Block &.Morter 111.000 Rl1.-
. 5-7 Stee 1 Deck A ...Beams V;:Irinlle; 

TOTAl 

'-foundations & Footinas 
3-1.3-3 516_J:Y 
3-1 .1-3 Rpinfordna Stpp1 
3~1 .3-3 & Forme; 

TOTAL 

. :Strllctures' 
8-31 , . F.1 oar & Wall Pl ates 12_084.000lb 
8-31 &' Structural ShaDes 11 .868 .800 II 

8-31 Corruaated Roof Sheets 587.600 II 

8-31 16 .Gauoe Floor Baffles 107;000 
5 MZ 32 Sheet Pilino 856.640 II 

5 Center Columns ; ~Ll1&':I~v?10 

. TOTAL 

" 

MATERIALS 
UNIT PRICE AMOUNT 

6.0QLT $17 000 

$45/CY $10 600 
Vll ri nile; §; 1 .500 

16/ft.~ 11 .ROO 
rt 74/Rl' Rl.800 

9.900 

_45/C'[ t23.260 

It 4.900 

25d:/lb 521.000 
25 Itl1 469 LIDO 

299.800 
$ .251/1 131.600 

ESTNATENO. __ --: ____________ _ 

SHEETNO 1 of 4 
PREPARED BY: ~TE: ___ _ 

CHECKEDBV: DATE: ___ _ 

LABOR SUB·CONTUCT 
TOTAL UNITM.H. TOTALM.H. RATE AMOUNT UNlTiPRlCE AMOUNT 

MH 
.0081/C:Y 1 .152 127.56 $ 31 800 $.450/Cl 1$ 64-,-000 

1.600 
1$ 97.000 

148/CY 21 060 21.8 $ 459 000 U39/CY ;$198.000 
5.200 

It~62 .0JlCl 

p.71/CY 84 . 22.9 $ 1 925 1 84/CY 1.308 1$ 20.200 

. 19MH/C 282 14.1 $ 3 996 1$ 14 600 
/llrinlle; 271 16;:6( ~ 4.500 6 000 

l'LRIlOO Ih QR.301 QR.300 
.019/ft.' '1 :416 11398 $ 19 .. ROO 1.600 33.200 
O.077/Rl R.5liO 11'>00 t 128.500 210.100 
f;:lrinlle; . 103 . '.17.46 t 1.ROO It 12.300 24.000 

l'b :lRn Anil 

1 . 16/CY . 597 114.12 $ 8_410 ·1$ 31.700 
22.200 22.200 

657 16.5B $ 11.200 1$ . 16.100 
l:b . /1 um: 

, 

.01511 b 35.864 117.46 $ 626.200 ~1 .147.200 

.02511b :32.108 117 .. 46 $ 560.000 .029.700 
2.026 170 .. UIl 415 400 415.400 

369 70.0tll . 74.970 74 970 
8.489 117.46 $ 171.300 471 100 
4.505 117,46 $ 78 .. 700 78.600 288.900 

" 3.427.000 

, 

_._-
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Table 5-6. (Cont'd) 

ESTIMATE SUMMARY 

PROJECT: Movj ng Sand Bed TESS 

ACCO(JNT: 5700 EnerQY StoraQeSvstem 
IIAIN DESCRIPTION QUANTITY 

MATERIALS 
ACCOUNT UNIT PRICE AMOUNT UNITM.H. 

Structura 1 Insuhlti nn 
2-18 2-21 18" Laver of Sane! 11 h?nf-nnc: 17 70/T AQI;M f)4 MI-l/T 
15,...82 Roof Th .... m"ll Wnn 1 Tvn.. T T '1?Annn' . AA/-.ft-~ 100 l:on 

r./)lunin insulation ('Column 
Sil icate) 2500 

TOTAl 

Sand Screws 
100 Screw 8-465 'Sect 67 200 3.225 600 
.5 Screw r.ae:inn 537xlO!>lb .37${J 226.500 
.15 "r .... w r.;!c;ino Insulation 

" C: .. nn" .. t-" Various 32.100 
100 R .. :" .. inne: 420 600 
100 n .. iv .. e: 1 512 000 

.':\ r. .. nt-.... Pill;! .. ~nllne!;ltinne: 561 

Pininn 
'''-.4':\ Pin .. lh" e:rh 1?0 . R4()' tQO/ft 15,1;00 -
1 'i_4,:\ Pin .. 14" e:te! R4()' ~4 'i7/ft 4'i.ROO 
1 "_4'-l Pin .. 1?" e:rh 1?0 . 740' ~1 ':\iifi -..u;:RM 
,,,_4':\ Pin .. 10" e:te! . 74()' 110.4Riit ~ 
''i 4,:\ T .. re: ?4 Itarinue: 7.600 
1" 4,:\ r.:"t-o V,,1voe: ?4 ,,, .. inlle: AQ'."OO 

TOTAl 

I-lo"t- ~Yrh;,"n .... e: 
100 . r.h" .. ninn h ;47QOnr ?R74 000 
100 Di sdial"ai no 6 275.00C 1.648.000 

TCnAl 

ESTlMATENO' __ ?~n __________ _ 
SHEET NO 2 of 4 
PREPARED BY: DATE: ____ _ 

..,,.\11;. 

LABOR SUB·CONTRACT 
TOTALM.H. RATE AMOUNT . UNlTiPRICE AMOUNT TOTAL 

'4h" 1 ':\ h4 h':!hn ?"?/T ?O?O It ·QR.Ann 
Qnn4 13.9~ 1?~.900 1 4:.? ':\" 41'11) 
-:Cr. . , 

111.2/f1f 28,000 1$ 28,000 
i~jb~ UUl 

31 271 17.46 546,000 546.000 4.317,600 
:5.470 17.46 95,500 95,500 417 ,500 

t>.80/f~ 358.000 358.000 
6.030 16.75 101 .. _000 11.350. 144.000 
1 132 17.46 22 900 117 900 561.000 
9.834 15.36 151.000 1 663 000 

7.461.000 

29 14.12 406 576 1$ 1.500 

336 21.3 7.200 82,800 
244 21.3 5.200 51.000 
260 21.3: 5 600 52.400 
174 21.3 3 800 . 33,800 
503 21.3 10 700 18,300 
108 21.3 2 300 91.800 

~ 330,100 

6.'i16 17 ,48 114 000 114.000 3 102.000 
6.516 17 .48 114,000 114,uuu 1.876.000 

~4 .97H [JO[ 

r 
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Table 5-6. (Cant 'd) 

ESTIMATE SUMMARY 
PROJECT: ~YiDg Sand Bed TESS. ____ . _________________ .--____ _ ESTlMATENO . .:..' --::---:;:-:::--_________ _ 

SHEET NO 3 of 4 
PREPARED BY: DATE: ___ ~ 

CHECKED BY: DATE: ___ _ 

ilAIN MATERIALS LABOR SUB·CONTRACT 
.'CCOUNT DESCRIPTION QUANTITY tuNiTl'fIiCE AMOUNT UNITM.H. TOTAlM.H. RATE AMOUNT UNIT;PR;CE AMOUNT TOTAt =- Auxiljarv Eouipment 

100.5TonHoi..s.t 12 ~ 67.000 qRq 16qC; 1h.770 34000 
100 111 hru> c:,. ... ""nc: 2 5.ll~QQO 160 16.95 2 700 tit:, IUU 
100 1111aa~---.Irnllnh"c: 'J. ,.. 1 _ 4:LOOO 100 16 .. 95 1.700 44.700 

l8 .000 

- I"nnt .. nl J. Tnc:' Itinn 
--lOll-. -. Transducers & " 's 138 000 
.--100__ Controllers 24 000 
_ 100.. R. Pan" 1 17 .000 

100 Microprocessors • 10Q,000 
______ +-_____________ ~~----~~--~------+-----~----. 279000 

101 . _ Media & processing EQuip. '"n'~ 
500 HP Reyersible lmoactors 4 166 000 200 16.95 3.400 169,400 . 
500 HP MotQr.L. _ 4 8Q .. 000 56 16.95 900 8~ 

. Trouoh 4 134,100 134,100. 
---- Sand 101 OOOT 13.55/T 355 000 355 000 
_____ . Proc~ssjog A.224 114.87 62.800 62.800 
._. ____ .RO? 000 

.lnh Tnn; ... ",.t I"nc:+c: 
Accnunt 2 22 .761 5.90 134.000 • 
Account 33.252 7 .. 58 25.000 
Account 4 8.560 6.71 57.000 
Account 5 24.597 115.48 .381.000 
Account 8 ' 70.367 6.08 428.000 
Account 15 .10.629 111 .35 121.000 
Account 100 Sf .518 113.09 740.000 

- . '-. Account 101 J 480 0 0 
______ 1.886 000 

TOTAL - ~1S44.000 

------- . 
-. --------~-----r-----_t.-----+-----+--_+-------+----~----_4------

---- . .---. ----

' .. 



Table 5-6. (Cont'd) 

CLIEi'iT SANPIA DESCRIPTION Estimate SlImmary CONT. NO: 
LOCATro~1 Totals MADE BY: 
PROJECT Movjng Sand Bed TESS _.l.Tail.lbUl,iLe.-:;5L....:t:9-:.:s3. _____ _ APPROVED: 

Account: 5700 Enerqy Storace System Page 4 of 4 

ITEM & DESCRIPTION. f-1ANHOURS LABOR 
ESTIMATED COST (June 1980 !L 

SunCONTRACTS f'lATERIALS TOTALS 

Site Preparation 22,212 491,000 269,000 760,000 

Sand Storage & Equipment -
I Structures 104,829 ~.749 000 736.000 '1_7R2.000 4.267.000 

Sand Moving Equipment & 
Supports 53.737 916 000 1 129 000 5 417 000 7 462.000 

Heat Exchangers & Piping 14,657 263,000 228,000 4,817 ,000 5 308 000 , 

Aux. Equipment & Instru-
mentation 1,249 21,000 279,000 160,000 460,000 

Media & ProceSSing Costs 4.480 67,000 134,000 1.601 000 1 802,000 

(1) Direct Field Costs 201·1';4 ,507,000 2 775,000 13.777 000 20 059 000 ___ 

(2) Indirect Costs 1 886 000 

(3) Contractor's Profit 
(10% of 1 and 2) 2,195,000 

(4) Engineering 

I (10'" nf rl+? _ ~1 .1ln?OC; 1\\ 2,014,000 

I 
I TOTAL 26,154,000 

I 

.. 

-

I I 
! 
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Table 5-7. MBTESS Energy-, Power-, and Specific-Related Costs (June 1980 $ x 10 3 ) 

Energy related cost, C s 

Direct Indirect 
Item field cost cost 

Excavation 97 7 
Backfill and Compaction 662 125 
Foundations and Footings 92 10 
Storage Structure 3,427 629 
Insulation 362 105 
Medium 1,802 

Power related cost, C 
p 

Direct 
Item field cost 

Lifts 7,461 
Piping 380 
Heat Exchangers 4,978 
Aux. Equipment 181 
Controls and Inst. 279 
Equipment Covers 337 

Indirect 
cost 

731 
18 

171 
16 

74 

Subtotal 6,442 + 876 = $7,318 Subtotal 13,616 + 1,010 = $14,626 

Contractor's Profit 732 

Engineering 552 

Total $8,602 

Cs = $8,602/(70,000 KWe x 6 h) = $20.48/KWhe 
e 

CSt = $8,602/(285,000 KWt x 6 h) $5.03/KWht 

Contractor's Profit 

Engineering 

Total 

Cpe = $17,552/70,000 KWe = $250.74/KWe 

CPt = $17,552/285,000 KWt = $61.59/KWt 

CT = (C + (C • h»/h = $62.27 KWhe 
p s 

$15.30 KWht 

1,463 

1,463 

$17,552 



Figure 5-1. Configuration 1 

Charf0 and Discharge 
Heat !xchanger Complex 
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Arrangement of Ch Di arge and 
scharge Heat Exchangers 

for MOving Sand Bed TESS 
With Rectangular Bed 
(B&W Dwg l208lE) 
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LTCH 

CVCH 

Figure 5-6. Controls Schematic 
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LTCR - Lift Drive Motor 
FeR - Deflection flow meter 
LeH - Level sensor 
CVCR - Angle of repose valve 
TCH - Thermocouple 
TSTC - Thermocouple 
PSTC - Pressure transducer 
CVSTC - Control valve 
FSTC - Flow meter, 
LTDS - Lift Drive 'Motor 
FOS - Deflection flow meter 
LDS - Lev:el sensor 
CVDS - Control valve 
FSTD - Flow meter 
TSTD - Thermocouple 
PSTD - Pressure transducer 
CVDS - Angle of repose valve 
PDS - Condensate pump 



6. ASSESSMENT OF COMMERCIAL-SCALE TESS 

The MBTESS conceptual design was assessed for future improvements that could 

potentially reduce the cost of the system. In addition, potential limita

tions were defined. 

6.1. Potential Improvements 

6.1.1. Performance 

System performance was evaluated in terms of round trip efficiency, n
RT

, as 

defined in section 4.2.2, where 

E
out 

• n
TESS 

nRT = Ein • nso1ar 

E is the required thermal energy output. E. includes E plus the out 1.n out 
system heat losses and parastic power required for the lifts. The quantity, 

nTESS' is the thermal to electric conversion efficiency when utilizing steam 

from storage. The quantity, n 1 ,is the thermal to electric conversion so ar 
~fficiency when using steam solely from the receiver. Therefore, ~T can only 

be increased by reducing E
in 

or increasing n
TESS

' Since E is normally 
out 

fixed, reducing n 1 is counterproductive in terms of overall plant effi-- I 

so ar 
ciency. Reducing the heat losses from the tanks and lifts and reducing para-

sitic power loss to the lifts will reduce E .• 
1.n 

Further analysis is required to determine whether the cost of additional in

sulation to reduce thermal losses would be justified. Improvements in the 

efficiency of the method of transporting sand between storage and the heat 

exchangers would 8.1so be beneficial. The use of steam turbine-driven lifts 

or bucket elevators, provided the technology is available for these elevators 

to operate above 177C (350F), should be investigated. 

6-1 Babcock & Wilcox 



6.1.2. Cost Reduction 

Refinements to the conceptual design would probably reduce the life cycle 

cost 'of the thermal energy storage subsystem. This suggests the need for a 

design-costing algorithm in which the plant design could be improved to arrive 

at the lowest life cycle cost. The development of such an algorithm is pre

sented in section 8 of this report. 

Raising the pressure of the receiver working fluid, a steeper temperature 

gradient is allowed. The larger temperature gradient, in conjunction with 

the same amount of thermal energy stored, would reduce the required volume of 

the tanks and the lift capacity. Therefore, a reduction in system costs 

should be realized and the turnaround efficiencY improved. This would need 

to be balanced against the increased cost of the receiver and associated pip

ing due to higher-pressure operation. 

6.1.3. Economics of Scale 

The reference storage system design described in section 5 is for a nominal 

100-MWe plant. Moving bed storage subsystems for other power levels and ca

paCities were not designed. Therefore, effects of scale size on subsystem 

costs cannot be addressed at this time. 

6.2. Potential Limitations 

6.2.1. Status of Material and Heat 
Exchanger Technology 

The heat storage medium (sand) in a circulating system at temperature may re

quire special equipment and/or operating parameters to control system wear 

and particle attrition. Particle size has been held to below 100 microns, and 

bed velocities are 0.15-0.30 m/s (0.5-1.0 fps) over the heat exchanger tube 

surface and 3.0 m/s (10 fps) or less in the Archimedes lifts (relative sliding 

velocity) 7. These constraints have been placed on the system based on ex

perience with fluidized bed heat transfer and light-phase transport of fluid 

catalyst particles, in order to minimize system wear and particle attrition. 

The technical concerns stated in section 5.5.3 apply. Haat transfer character

istics, particle characterization and heat exchanger configuration must be 
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evaluated in an experimental program to ensure that the MBTESS is a viable 

ATESSS concept. This program must be accomplished early in the development 

phase; it is described in detail in section 8. 

6.2~2. Commercial Availability of Storage Material, 
Equipment, and Instrwnentation 

The TES material used in the reference design is Si02 (sand) that has a nomi

nal 30° angle of repose. This material is readily available and relatively 

inexpensive; however, purity requirements may have to be established. 

The major components, i.e., tanks, lifts, and heat exchangers, are not off

the-shelf items, but no special technology should be required for their con

struction. 

Instrumentation to measure sand level in the storage tanks and heat exchangers 

and sand flow instrwnentation will have to be developed. Other instrumentation 

to measure temperatue and pressure and associated controllers are readily 

available. 

6.2.3. Safety and Environmental Constraints 

The MBTESS is expected to present no unique safety and/or environmental con

straints. 

In general, the system does not require site restrictions to protect the pUb

lic since the heat storage/transport mediwn, sand is benign. Burn hazards and 

dust control are of concern; however, methods of control have been established 

and are well known. 

6.2.4. Land Use Constraints 

The MBTESS reference design was designed with the storage tanks partially 

buried. A location with a high water table would affect this design. If it 

is necessary to have the total system above ground, then re-evaluation of the 

plant cost would be required. 
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7. APPLICABILITY TO OTHER RECEIVER OPERATING CONDITIONS 

The MBTESS reference design was assessed for its applicability for higher

temperature applications, such as process heat or power generation applica

tions of solar energy. This assessment addressed the following conditions: 

• Increase storage operating temperature from 332 to 538C (630 to 1000F). 
This condition is considered independently of the receiver working 
fluid, it is assumed that the receiver working fluid provides energy 
for 538C (lOOOF) storage. (A potential good match would be to use a 
sodium receiver to charge storage.) 

• Increase water-cooled receiver conditions from 5l0C/lO.l MPa (950F/ 
1465 psia) to 5l0C/12.5 MPa (950F/18l5 psia) and 510C (950F) reheat. 

7.1. MBTESS Utilizing 538C (lOOOF) Peak 
Medium Storage Temperature 

Application of the MBTESS with a peak storage medium temperature of 538C 

(lOOOF) will provide improvements in performance and cost. 

The increase in storage temperature ~T (T
h - TId) to 278C (500F) or great-ot co 

er will materially reduce the size and cost of the tanks, storage medium, lift 

pumping power, and heat loss. This system provides storage ~T values (in a 

single stage) that are typical of current two-stage system designs. Avoiding 

two-stage storage will allow use of an improved discharge power cycle yielding 

improved round trip efficiencies and reduced size and cost of storage equip

ment and media. 

Temperature diagrams for candidate power cycles are shown in Figures 7-1 and 

7-2. Figure 7-1 illustrates a relatively simple 5l0C/lO.l MPa (950F/1465 psia) 

cycle without reheat operating in both the charge and discharge modes. Figure 

7-2 shows a more advanced stearn cycle with 5l0C/16.55 MPa (950F/2400 psia) and 

5l0C (950F) reheat. Round trip efficiency for either cycle is estimated to be 

better than 90%. 

The increase in storage operating temperature to 538C (lOOOF) will reduce the 

storage requirements approximately 61% for storage of 1796 MWh (6.13 x 109 Btu) 
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as required for the MBTESS reference design. This reduces the number of lifts 

and their associated equipment. In addition, the turnaround efficiency will 

improve due to reduced pumping power and heat losses. The MBTESS reference 

design is adaptable to 538C (lOOOF) storage operation with minor modifications 

e.g., the following: 

1. Storage tanks - The internal structure of the tank remains essentially un

changed; however, the main roof beams should be placed on the top side of 

the roof, thereby reducing the temperature gradient seen by the beams, and 

additional support will be required for the inner skin of the roof. 

The main roof beams should be run to a separate footing beyond the side 

walls of the tank structure, thus eliminating the lateral load footing 

on the side wall. 

Provide insulation cooling for the heat exchanger support column, or sup

port the. heat exchanger with external truss'es on top of the roof. 

Provide active cooling for the storage tank bottom and its foundations. 

2. Heat Exchangers - A reduction in the number of heat exchangers will be 

realized since the increase in storage ~T will reduce the required storage 

volume for the same amount of energy by the reference design. Additionally, 

the heat exchanger will have to be constructed of type 304 stainless steel 

instead of carbon steel as used in the reference design. 

3. Lifts - Operation at 538C (1000F) will require the lifts to be constructed 

of type 304 stainless steel. Operation at this temperature will reduce the 

number of lifts and their associated equipment by approximately 66%; however, 

the individual lift capacity will have to be increased by approximately 15%. 

Increasing the medium storage temperature to 538C (1000F) has resulted in a 

cost decrement of $12 million in the reference design cost. Table 7-1 lists 

the estimated costs for such a system. Table 7-2 provides a breakdown of 

energy related, power related, and specific related costs for the high temper

ature MBTESS. 

Storage ~T can be increased with various combinations of discharge cycle condi

tions. If all the advantages are taken in order to reduce storage size and 

cost when considering a discharge cycle of 482C/3.22 MPa (900F/468 psia), then 

it is possible to attain a single-stage MBTESS with a storage ~T of as large 

347C (625F) as shown in Figure 7-3. 
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7.2. MBTESS Using 5l0C/12.5 MPa (950F/18l5 psia) 
Receiver Conditions With 5l0C (950F) Reheat 

Application of the MBTESS with improved receiver operating conditions has the 

potential for improving energy storage economics. The improved receiver op

erating conditions would allow the MBTESS to operate over a greater temperature 

range, i.e., 191 to 399C (375 to 750F). This temperature increase will reduce 

the storage requirements by 54% for storage of 1796 MWh (6.13 x 10 9 Btu) as re

quired for the MBTESS reference design. A reduction in the number of lifts 

would be realized as well as a reduction in system heat losses. 

This design utilizes a temperature versus heat transferred diagram presented in 

Figure 7-4. A schematic for the turbine arrangement and heat exchangers is 

shown in Figures 7-5, 7-6a, and 7-6b, respectively. 

This design would require replacement of the reheater surface in the solar re

ceiver by additional superheater surface. High-pressure steam [1.32 x 10 5 kg/h 

(290,640 lb/h)] circulated through this additional surface augments the 

3.07 x 10 5 kg/h (675,970 lb/h) to push the charge pinchpoint to the left (Fig

ure 7-4), thus allowing a greater storage ~T. This extra steam (cooled to 

saturation) is circulated back to the superheater inlet by a steam circulator 

(Figure 7-6b). In addition, the 5l0C/3.06 MPa (950F/445 psia) reheat is re

placed by 266C/l.03 MPa (5l0F/150 psia) reheat. This is accomplished by con

densing saturated steam at 12.5 MPa (1815 psia) during charge. During the dis

charge cycle, reheat takes place in the moving bed heat exchanger complex as 

shown in Figure 7-6a. 

On the basis of 3.1 x 10 5 Kg/h (685,800 lb/h) steam to the low-pressure (LP) 

turbine during discharge, the LP turbine inlet flow will be 4.36 x 10 5 Kg/h 

(960,000 Ib/h) or about 40% higher. This extra flow could be civerted to a 

separate LP 'turbine to avoid the control problems associated with dual admis

sion to both 1.03 MPa (150 psia) and 5.15 MPa (750 psia). However, if the 

dual admission control problems can be solved, a single LP turbine may be 

feasible since the amount of LP steam flow modulation above or below the aver

age flow of 3.73 x 10 5 Kg/h (822,000 lb/h) (17%) is similar to that antici

pated for peak load cycling power plants operating with or without large 

amounts of extracted steam to achieve the desired power modulation. 

The high-pressure steam condensing reheater used during the charging mode of 

operation is similar in function to reheaters used in nuclear power plant 
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steam cycles. Current problems associated with some designs of this equipment 

appear to be avoidable with proper charger modifications. 

The steam compressor could be turbine- or motor-driven. In the latter case, 

such a pump would have a vertical-shaft, wet-rotor, water-cooled, two-pole in

duction motor with two water-lubricated bearings driving a multi-stage steam 

compressor having water-cooled outboard bearings. This unit would have no 

shaft seals. Special units of this type are reported to have been built and 

operated. 32 

The gross thermal efficiencies during charge and discharge were calculated 

to be 41.2% and 38.4% respectively. Therefore, improved performance and re

duced cost can be realized with this option. 
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Table 7-1. Cost Estimate for 538C (1000F) Storage System 

CLlENT SANDIA DESCRIPTION Estimated Cost of 
LOCATION MSB System if Media Temperature 
PROJECT Moving Sand Bed TESS Cycles between 5000F & 10000F 

Account: 5700 Energy Storage System 

CONT. NO: 
MADE BY: 
APPROVED: 

ITEM & DESCRIPTION _MANHOURS ESTINATED COST (June 1980 $) 
LABOR SUBCONTRACTS MATERIALS TOTALS 

Site Preparation 8,663 191,000 105,000 269,000 
Sand Storage & Equipment 

-
Structures 40,281 672 ,000 281,000 688,000 1,641,000 

--
Sand Moving Equipment & 

Supports 18,271 316,000 384,000 1,842,000 2,542,000 
Heat Exchangers & Piping 4,886 88,000 76,000 2,433,000 2,597,000 

Aux. Equipment & Instru-
mentation 590 10,000 171,000 115,000 296,000 

Media and Media Processing 1,748 26,000 . >. 52,000 625,000 - 703,000 

1 Direct Fiels Costs ,303,000 1,069,000 5,703,000 8,075,000 

2 Indirect Costs 699,000 

3 Contractor's Profit 
(10% of 1+2) 877 ,000 

4 Engineering 
(10% of (1+2 - -703,000) 807,000 

TOTAL 10,458,000 

I 

-

-

---

-

-

--

-
--- ._. 
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Table 7-2. High Temperature (538C Storage) MBTESSEnergy-, Power-, and 
Specific-Related Costs (June 1980 $ x 10 3

) 

Energy related cost, C 
s 

Item 

Excavation 
Backfill and Compaction 
Foundations and Footings 
Storage Structures 
Insulation 
Medium 

Direct 
field cost 

38 
258 

36 
1,352 

141 
703 

Indirect 
cost 

3 
49 

4 
245 

41 

Power related cost, Cp 

Lifts 
Piping 

Item 

Heat Exchangers 
Aux. Equipment 
Controls and Inst. 
Equipment Covers 

Direct 
field cost 

2,542 
423 

2,174 
181 
115 
112 .--

Indirect 
cost 

249 
10 
57 
16 

25 

Subtotal 2,528 + 342 = $2,870 Subtotal 5,547 + 357 = $5,904 

Contractor's Profit 287 

Engineering 217 

Total $3,374 

C = $3,374/(70,000 KWe x 6) = $8.03/KWhe 
s 
e 

C. = $3,374/(285,000 KWe x 6) = $1. 97/KWht 
St 

Contractor's Profit 

Engineering 

Total 

C = $7,084/70,000 KWe = $lOl.OO/KWe 
Pe 

C = $7,0841285,000 KWt = $24.86/KWt 
Pt 

CT = (C + (C • h))/h = $24.86/KWhe 
p s 

= $6.lljKWht 

590 

590 

$7,084 
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Figure 7-2. Special Temperature Diagram for Solar Plant Using High-Temperature 
Therfla1 Storage and Reheat Steam Cycle With Reduced Final Feed 
Temperature and Two-Stage Reheat in Charge and Discharge Modes 
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Figure 7-4. Charge/Discharge Temperature Diagram 
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Figure 7-6a. Discharge Heat Exchanger Diagram 
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8. DEVELOPMENT ACTIVITIES FOR CONCEPTUAL DESIGN 

The objective of this task is to identify additional analyses and experiments 

required to bring the conceptual design of Task 4 to a state of readiness for 

final design and construction. These developmental programs must be designed 

to resolve any performance uncertainties that have surfaced during the Phase 

I design effort of the MBTESS. Uncertainties have been identified in the fol

lowing areas: 

• Bed material characterization 

• Heat transfer and flow studies 

• Lift development 

• Other system components 

8.1. Bed Material Characterization 

Bed material selection, characterization, and property control are necessary 

to achieve useful results in all other phases of developmental activities. 

Work efforts in phase I have identified three areas of development: 

• A combination of bed material properties and equipment design must be 
developed to provide adequate flow of the dense bed material in the 
tank, transfer equipment, and heat exchanger to provide acceptable 
heat transfer efficiency. 

The flow characteristics and attrition behavior of candidate moving 
bed materials must be established and optimized. 

The thermal, mechanical, and chemical stability of naturally occuring 
and processed candidate materials must be determined under realistic 
conditions representative of this process. 

An R&D program has been defined which would identify candidate materials for 

this application and characterize their behavior under simulated laboratory 

conditions. Activities would lead to the development of material recommenda

tions for a heat transfer study and for first-generation design of the total 

moving bed system. A study would be conducted to (1) identify and select po

tential candidate materials along with cost estimates for bulk supply (2) 

characterize their flow properties using standardized tests and simulated 
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operating conditions, (3) characterize thermal cycling effects up to 1100F on 

material flow properties and attrition, (4) determine the performance of se

lected materials using special tests for a measure of flowability, attrition, 

and wear, and (5) recommend materials for the heat transfer study. This pro

gram would provide information for the selection of optimum materials to be 

used in a moving bed TESS and would have an additional benefit of developing 

information that could contribute to the system design and operating criteria. 

The following section outlines a five-task program to identify and ultimately 

specify a material as the heat transfer medium in a moving bed thermal energy 

storage system. Emphasis would be placed on identifying and selecting mate

rials as soon as possible to support the heat transfer and other design ac

tivities. Existing or available procedures and equipment would be sought to 

help reduce the time and costs to do this work. 

8.1.1. Task 1 - Identification and Test Procedures 
of Candidate Materials 

Candidate materials would be identified and selection criteria developed 

through literature searches and contacts with material vendors and consultants. 

To provide a means of screening candidate materials, procedures will be iden

tified to evaluate the following characteristics at temperatures up to 593.3C 

(llOOF) : 

• Thermal properties 

• Flowability and angle of repose 

• Medium attrition 

• Interaction of medium with structural components/wear 

• Other physical properties affecting system performance 

The last item would include such parameters as flowing bed density, tap den

sity, particle size and morphology, mineralogy, chemistry, and physical sta

bility after themal cycling bewteen ambient temperature and 593.3C (1100F). 

Possible candidates would include silica sand, alumina, zircon sand, mine 

tailings, olivine, calcined clay, and glass beads. Other materials would be 

identified and a summary of available physical, chemical, and mechanical prop

erty data - as well as cost and availability - will be compiled. This should 

result in a number of candidate materials to be evaluated in Task 3. 
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8.1.2. Task 2 - Design and Construction 
of Test Equipment 

Based on procedures identified in Task 1, test equipment would be designed and 

constructed to permit medium property evaluation at elevated temperatures and 

under variable conditions of humidity. Specialized tests would be needed to 

characterize flowability, medium attrition, wear of structural components, and 

medium density. If needed, equipment would be designed to simulate the condi

tions that are expected to exist during operation of the MBTESS. 

8.1.3. Task 3 - Characterization of Materials 

The materials selected would be characterized according to the procedures 

identified in Task 1 to permit the recommendation of preferred media candidates 

for the MBTESS. Tests would be conducted in a manner designed to minimize the 

overall effort and to provide timely information for concurrent heat transfer 

studies, i.e., some candidates may be eliminated based on thermal stability, 

flowability, and short-term attrition and wear tests. 

Some characteristics of the media can be expected to change substantially with 

extended attrition and wear. For example, chemistry, particle size, particle 

morphology, and flow characteristics may be dependent on the extent of attri

tion of the media and the degree of contamination by wear of metallic struc

tural components. Further, it may become apparent during these tests that 

some candidates are unsatisfactory in their commercially available form, but 

after benefication or other processing, they could represent promising materi

als. Should this situation become apparent, limited efforts would be necessary 

to evaluate laboratory processed materials. 

The effective density (p), thermal conductivity (k), and specific heat (c) 

are key thermal properties of the bed materials. The volumetric heat stor

age (pc) is a common criterion for judging sensible heat storage materials, 

while the thermal diffusivity (k/pc) is a measure of the dynamic energy trans

port potential. These properties are a function of the bed porosity and solid 

and gas constituents. In particular, the effective thermal conductivity (kc) 

includes the combined effects of radiation transport and conduction through 

the solid particles and interstitial gas. These transport mechanisms can be 

predicted by a fundamental heat transfer model of insulations. This type of 

model predicts the heat flow by conduction and radiation in solid, porous, 
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multi-constituent media. The model could be a finite-difference formulation 

of one-dimensional, steady-state heat transfer, with separate models for con

duction and radiation. For conduction, heat flow through the medium can be 

visualized through the electric analogy in which the conducted heat flow is a 

sum of components through the gas alone, through series gas-solid phase inter

actions and through the solid alone. Radiation heat transfer might be modeled 

with the basic radiative transport equation. This equation would account for 

the simultaneous multiple scattering, absorption, and remission of energy 

across porous solid interfaces. The following parameters would be key program 

inputs: 

• Thermal conductivity of solid particles 

• Particle size distribution and volume fraction of 
each constituent (for mixed beds) 

• Bed porosity and nominal pore diameter 

• Index of refraction of the solid constituent 

Such a model could be used to study the effects of key parameters on the ther

mal properties of a particle bed. 

Initially, in concert with the bed material characterization program described 

earlier, 10 candidate bed materials would be screened to find two for detailed 

heat transfer and flow testing. The initial screening will be done by compar

ing the thermal properties mentioned above. These might be obtained by one or 

a combination of the following methods: 

• Literature search 

• Direct measurement via the hot wire technique 

• Predictions via the heat transfer model 

Some property data should be available in the literature; however, some would 

have to be obtained by predictions or measured using the hot wire technique 

described in Appendix E. 

Selected bed materials would be measured for thermal properties via the hot 

wire technique. All bed parameters (particle size, porosity, etc.) would be 

identical to those selected for detailed heat transfer and flow testing. 

The transient hot wire method (Appendix E) could be used for measuring the 

thermal conductivity and diffisivity of the particle bed. The principle advan

tages of this technique are as follows: 
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• Both thermal conductivity and thermal diffusivity can be obtained 
from the same data. Other techniques require separate heat transfer 
experiments to obtain these thermal properties. The errors are also 
reduced with this simple technique. Specific heat is simply obtained 
from the measured diffusivity and conductivity with an independently 
measured density. 

• This is a macroscopic technique for determining total effective ther
mal properties. The transient hot wire method will measure the aver
age thermal conductivity and diffusivity of a relatively large bed 
specimen. 

• Provides essentially isothermal thermal property measurements. The 
wire temperature only increases approximately 16C (30F) above the 
average bed temperature. 

The technique is conceptually simple and requires standard laboratory 
equipment for setup. 

This technique will be used to test specimens at mean temperatures that cover 

the bed operating temperature range. This information would be used to de

velop material and operating specifications, provide a ranking of candidate 

materials, and identify materials for heat transfer studies. 

8.1.4. Task 4 - Support for Heat Transfer Study 
. 

Two different materials would be recommended for the heat transfer studies. 

This would involve technical, economic and commercial considerations. Sup

port would be provided for the heat transfer study as needed on a continuing 

basis. Depending on the results of this study, additional testing may be 

identified for Task 3. 

8.1.5. Task 5 - Recommendations for Further Work 

The tests performed in Task 3 would use specially designed laboratory equip

ment and therefore may not necessarily simulate the conditions of the actual 

full-scale system. Thus, it might be desirable to define further tests that 

take into account the effects of larger volumes of material and the resulting 

high pressures. The data generated in Task 3 would be assessed and a recom

mendation will be made regarding the need for further work. 

8.2. Heat Transfer and Flow Studies 

In an MBTESS, heat is stored in a bed of particulate material. Heat is trans

ferred to or from the material by allowing it to flow by gravity over a heated 
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or cooled bank of tubes. The proposed heat exchanger configuration consists 

of an inclined bank of tubes arranged in a staggered pitch. The tubes will 

be inclined at an angle equal to or greater than the angle of repose of the 

bed material in order to prevent a stationary layer of particles from develop

ing on top of the tubes. 

The bed material will be selected through a separate program outlined in the 

previous section. This program should narrow the number of candidate bed ma

terials to two. These materials would then be used in the flow and heat trans

fer tests. Before the moving bed thermal storage concept can be confirmed, the 

following information must be obtained: 

• Gravity flow of particulate matter over tube banks must be better 
understood to facilitate design of the flow distribution and flow 
control devices for the moving bed. 

No heat transfer data exist for flows of moving beds over banks of 
tubes. Therefore, reliable data for the particulate side heat trans
fer coefficient is needed before the heat exchanger design can 
be finalized. 

The recommended test program is described in the following subsections. 

8.2.1. Task 1 - Design and Construction of 
Test Equipment 

In this task the test apparatus for the flow and heat transfer studies will 

be designed and constructed. More detailed descriptions of the test apparatus 

and arrangement are given in the sections that follow. 

8.2.2. Task 2 - Flow Studies 

The flow tests would be completed before any heat transfer tests are performed. 

The objectives of the flow tests are as follows: 

To determine the effect of the tube bank geometry (tube pitch, spacing, 
etc.) on particulate flow rate and flow distribution. 

• To determine the feasibility of using flow distribution and control 
devices at the inlet and/or outlet of the tube bank to maintain even 
particle distribution and a given particle flow rate. 

Test Apparatus and Parameters 

A schematic of the flow test apparatus is shown in Figure 8-1. The apparatus 

could be constructed of a clear plastic material, allowing observation of the 

flow patterns through the tube bank. A particle hopper with dampers will be 
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positioned above the test section in order to maintain a steady flow of par

ticles over the tube bank. A segmented box placed at the outlet of the test 

section could determine the flow distribution at the exit of the tube bank. 

To determine the particulate flow rate, the weight of the bed material falling 

into the test section per unit time could be measured. From the literature, 

it has been shown that gravity flow of particulate matter through a restric

tion is a function of the geometry of the restriction and the particulate 

properties (bulk density, angle of repose, etc.). 

Referring to Figure 8-1, two inlet configurations will be tested. For Con

figuration A, the particle flow will be distributed across the complete inlet 

of the test apparatus. For Configuration B, the particle flow will be intro

duced into one side of the test apparatus. The latter configurations would be 

tested to determine the effects of nonuniform inlet flow on the flow rate and 

flow distribution through the tube bank. 

The ranges of test parameters for the flow studies are given below. 

Test Parameters for Flow Studies 

Parameter 

Bed material* 

Material size, distribution* 

Bed material temperature 

Inclination of tube bank 

Tube pitch/diameter ratio 

Tube diameter (OD), in. 

Number of tube rows 

Range of bed material flow 
velocity, fps 

Range 

Two candidates 

Two per material (start 
and end of life) 

Ambient 

Three angles: angle of 
repose, +5°, +10° 

1.24, 1.5, 2.0 

0.75 

5, 10, 20 

0.25 to 2.0 

*Based on selection and results of the bed material 
characterization study. 
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8.2.3. Task 3 - Heat Transfer Studies 

The optimum tube configurations (inclination and tube pitch/diameter ratio) 

that result in the most uniform particle flow distribution would be chosen from 

the flow tests and used in the heat transfer tests. The objective of the heat 

transfer tests is to determine the heat transfer coefficient for two candidate 

bed materials flowing over a fixed tube geometry. Becaus.e of the large number 

of test parameters, it is assumed that the optimum tube configuration would re

sult from the flow studies presented in the previous section. 

Test Apparatus and Parameters 

This test would be run in the steady-state, once-through mode. Figure 8-2 is 

a schematic of the heat transfer test rig. A measured flow of particulate ma

terial enters the top of the rig from a particle hopper. The inlet particle 

temperature is measured by a grid of thermocouples at the inlet. The particles 

then flow through an electrically heated tube bank. The temperature of the 

particles is measured again at the tube bank exit by another grid of thermo

couples. The heated particles are then discharged into a storage container 

near the exit of the tube bank. 

The power input to each tube row will be independently controlled. Thermo

couples mounted around the circumference of one or two tubes in each tube row 

would determine an average tube wall temperature for that row. These tempera

ture measurements could be used in calculations to determine a local heat 

transfer coefficient for each tube row as well as an average coefficient for 

the entire heat exchanger. 

The laminar analogy for single-component fluid flow in the literature suggests 

that the heat transfer coefficient would be higher for the first tube row and 

that it would reach a lower asympotic value about 10 tube rows down through the 

heat exchanger. 

The ranges of test parameters for the heat transfer studies are given on the 

following page. 
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Test Parameters for Heat Transfer Studies 

Parameter 

Bed material* 

Material size, distribution* 

Bed material temperature at 
inlet 

Inclination of tube bank , 

Tube pitch/diameter ratio J 
Tube diameter, in. 

Number of tube rows 

Range of bed material fluid 
velocity, fps 

Range 

Two candidates 

Two per material (start 
and end of life) 

Ambient, +37.7C (+100F) 

Best configuration based 
on results of flow 
studies 

0.75 

12 

0.25 to 2.0 

*Based on the selection and results of the bed material 
characterization study. 

8.3. Lift Development 

Three areas of development have been identified from the Phase I conceptual 

lift design effort: 

• Optimization of the design configuration 

• Wear 

• Loads 

A program to answer these questions would follow the material characterization 

and heat transfer and flow studies mentioned previously, making use of the 

data derived from these programs. 

8.3.1. Optimization of Design Configuration 

Additional design work is required to optimize the design configuration of the 

lift. An in-depth analysis of geometric parameters would provide for a design 

optimization that would yield the highest capacity lift possible, one of the 

major requirements for the MBTESS. Typical geometric parameters to be con

sidered are as follows: 

• Number of flights 

• Pitch to diameter ratio, plOD 
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• Inside to outside diameter ratio, ID/OD 

• Helix angles 

This optimization could also reduce the starting torque, operational torque, 

and horsepower requirements of the lift, thus improving the turnaround ef

ficiency and providing lower cost at the same time. 

8.3.2. Wear 

The wear data f~om the material characterization test would be factored into 

the design of the lift. These data would set limits or guidelines in the fol

lowing areas: 

• Lift speed 

• Liners to retard wear 

• Sacrificial liners 

• Maintenance schedules 

Since the lift is the most active of the MBTESS components, wear should be a 

major consideration in its final design. 

8.3.3. Loads 

Additional design work is required to calculate the deadweight, thermal, seis

mic, normal, and off-normal operational loads for the lift. The manner in 

which these loads are transferred to the bearings must also be determined. A 

finite-element model for determining the various loads on the lift should be 

developed. This model should consider the supports, bearings, and lift drives, 

as well as the completes internal structure of the lift itself. 

8.4. Other System Components 

Additional design work is required for various system components, such as 

instrumentation, lift drives, valves, lift bearings and seals, heat exchangers, 

etc. To facilitate this detailed design effort, the development of a dynamic 

siflulation model of the MBTESS is desirable. This model will allow for param

eterization studies, component sizing, further development of a control phil

losophy, and dynamiC response studies to be completed on the MBTESS. The model 

will be developed in a modular fashion, so that individual component models can 

be easily updated when new data are available from the laboratory tests (ma

terial characterization and heat transfer and flow studies). This simulation 

tool will be valuable in designing a subsystem research experiment (SRE) 
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facility whose development would follow the major programs outlined thus far. 

A dynamic simulation would provide pretest predictions and would allow for 

identification of key focus areas in the design of such a facility. 

8.5. Conclusion 

A diagram of the development programs required to bring the conceptual design 

of Phase I to a state of readiness for design and construction is shown in 

Figure 8-3. The programs outlined in this test have described the develop

mental activities required for the time span covering the near term to the 

design of the SRE facility. Considerable attention should be given to the 

development and design of the SRE facility to make the transition from SRE to 

pilot plant a logical extension. 
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Figure 8-1. Flow Test Apparatus, Conceptual Arrangement 
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Figure 8-2. Heat Transfer Test Apparatus, 
Conceptual Arrangement 
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9. CONCLUSIONS AND RECOMMENDATIONS 

This section reviews and discusses the results of the study and includes an 

analysis of project results in relation to the goals of the thermal storage 

program. The objective of the study was to produce a commercial-scale thermal 

energy storage conceptual design offering cost/performance advantages over the 

oil/rock thermocline concept selected for the Barstow pilot plant. A further 

goal was ~o assess this storage concept for operation at temperatures that 

would permit generation of steam pressures and temperatures at or close to the 

conditions typical of modern-day power plants. 

The following paragraphs review and analyze the characteristics of the moving 

sand bed system as applied to water/steam receivers using Barstow working 

fluid conditions and also as applied to higher working fluid conditions which 

would permit storage temperatures up to 538C (1000F). 

At Barstow working fluid conditions. the moving bed TESS offers the advantages 

of chemically inert. low-cost storage media that is not subject to phase change 

(freezeup) temperature limitations. However. the system would be superior to 

an oil/rock system only if the thermal decomposition rate of the storage oil 

should prove to be unacceptable or if the oil costs should escalate beyond 

the projected range. 

The moving bed TESS at Barstow working fluid conditions has an installed capi

tal cost approximately 24% higher than the first generation goal for the Bar

stow oil/rock system shown in Table 9-1. The moving bed medium costs $1.8 

million. or 6.9% of the total cost. The estimated media cost for the oil/rock 

system is $4.8 million or 23% of total costs. largely because of the high cost 

of oil. The oil/rock system utilizes relatively low cost equipment and com

ponents. while the low cost of the moving bed media is offset by the high cost 

of equipment and components necessary to handle it. Evaluation of round trip 

efficiencies led to the conclusion that no indirect storage system is likely 

to achieve an efficiency very much greater than that projected for the oil/ 

rock/system. At the specified receiver working fluid conditions and specified 
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steam cycle conditions, the oil/rock system is projected to have a round trip 

efficiency of 73.2%. 

An ideal system with no heat losses and no parasitic losses would have a round 

trip efficiency of 77%. At the Barstow working fluid conditions the moving 

bed system appears to have a round trip efficiency about 3% less than that of 

the oil/rock system, or about 70.0%. The conclusion is that at Barstow working 

fluid conditions the moving bed concept could provide a backup to the oil/rock 

system, but it is not a clearly superior concept in this application. 

At higher working fluid conditions beyond the temperature limitations of an 

oil/rock system, the moving sand bed concept provides much improved cost and 

performance characteristics. The concept developed in this study appears to 

be applicable with only minor modifications up to storage temperatures of 538C 

(lOOOF). Substantially less storage material and tankage are required at 

these storage temperatures due to the greater stored energy density. Savings 

in costs of power-related equipment also result from the lower material flow 

rates of the storage system. The sketches shown below illustrate the trend 

of cost with storage temperature for both power-related and storage-related 

equipment. Costs could tend to increase above 538C (lOOOF) because of the 

need to use structural materials capable of high-temperature operation. De

velopment requirements for the system are considered independent of tempera

ture up to approximately 538C (lOOOF). Beyond this temperature, requirements 

would tend to increase because of the need for higher-temperature materials. 

Storage-Related 
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In conclusion, the moving bed concept appears to offer greatly improved econom

ics at high storage temperatures and because of the lack of phase change of 

the storage material. The concept is also applicable to systems requiring 

storage temperatures as low as lile (200F). 

Table 9-1 compares project results to the thermal energy storage performance 

and cost goals. Because the charge and discharge steam conditions were 

fixed at the Barstow Commercial conditions, the first generation oil/rock 

storage goals should be used for comparison. At the Barstow working fluid 

conditions, the moving bed system appears to provide round trip efficiencies 

comparable to the oil/rock system and capital costs that are slightly greater 

than the oil frock system costs. This relationship is expected to hold unless 

the costs of replacement oil should escalate beyond the projected range. 

For high-temperature applications the moving sand bed concept shows very attrac

tive economics. significantly below the second-generation storage cost goals 

for liquid metal and air receivers and with round trip efficiencies of ap

proximately 90%. 

Other factors considered in the study are discussed below. The specifications 

for development of the thermal storage concept stated that the concept be de

signed to be operable following an earthquake. This capability has been in

cluded in the design and results in some increase in equipment costs. How

ever. the absence of hazard to the public from failure of storage equipment 

components would indicate that the elimination of seismic design requirements 

could be considered. particularly for locations with low seismic activity. 

The operating and maintenance costs established for the moving sand bed con

cept are based on' estimated rates of component wear and bed material attri

tion. This represents an uncertainty in the evaluation. which could only be 

resolved through a test program. Likewise. heat exchanger performance is 

based on laboratory measurements reported in the literature. limited analyti

cal work. and observation of the behavior of plastic flow models built by B&W. 

The projected heat exchanger performance and sand flow behavior are uncertain

ties in the design that could affect equipment costs. A third issue that must 

be considered is the selection of sand bed material. which must also be 
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established by a test program. A range of material costs have been considered 

in the evaluation, but the cost of the bed material remains uncertain. 

The overall conclusion is that a thermal energy storage concept has been de

veloped which is capable of operation over a wide temperature range and is 

compatible with all major receiver working fluids. The system has single-stage 

storage capability, a capability to operate at both high and low temperatures 

538 and 93C (1000 and 200F) - providing a high energy-per-unit volume and the 

absence of considerations related to media phase change. 

The concept offers much improved economics for high-temperature applications, 

the system can provide a backup to the oil/rock concept. Uncertainties in the 

design which have been discussed previously should logically be resolved 

through a test program beginning with laboratory experiments to establish the 

behavior of bed material in system components, the most important of which are 

considered to be the heat exchangers. 
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Table 9-l. Thermal Energy Storage Performance and Cost Goal Summary (1980 dollars) (a) 

Round trip efficiencl, % CaEital cost, $/kWh 

-First Second First Second 

Application(b) 
genera- genera- genera- genera-

Solar interface tion MBTESS tion tion MBTESS tion 

Barstow Water/steam col- 70 70 80 50 62 38 
lector/receiver 

Repowering Molten salt col- 98 Est 90 98 30 25 15 
lector/receiver 

lEA Liquid metal col- 98 Est 90 98 109 25 47 
lector/receiver 

EPRl/DOE Gas collector/re- 80 Est 90 80 96 25 66 
Hybrid ceiver 

(a) 1 "b Conversion from 979 to 1980 dollars ased on 1.087 factor from Business Conditions Digest, 
U. S. Department of Commerce, January 1981. 

(b)Applications shown are all electrical power generating systems. 
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Table A-i. Operating Parameters 

Units Oil/Rock Air/Rock Moving Bed Molten Salt 

Charge Rate 106 Btu/h 870 887 same same 
(max) MW 255 260 

Thermal Energy Stored 109 Btu 6.15 6.13 6.13 6.33 
285 ~IWt x 6 HRS x 1.05 Heat Loss In 24 hrs. MWh 1802 1796 1796 1856 

Discharge Rate 106 Btu/h 973 973 973 same 
(max) MW 285 285 285 

Thermal Energy Output 109 Btu 5.84 same same same 
MWh 1710 same same same 

Charge Pumping Energy 106 Btu 46.1 363 201 25.6 
MWh 13.5 106 59 7.5 

Discharge Pumping Energy 106 Btu 55.6 432 273 40.6 
MWh . 16.3 127 80 11.9 

:r TUrnaround Efficiency % 73.2 68.9 71.1 N 56.8 

Storage Material 10~ 1b/h 8.74 (AIR) 16.6 17.5 11.5 
Charge Flow Rates 10 kg/h 3.96 7.54 7.94 5.21 

Storage Material 10~ 1b/h 10.1 (AIR) 18. 2 19.3 12.6 
Discharge Flow Rates 10 kg/h 4.58 8.26 8.76 5.72 

Storage Material OF 600/450 635/425 630/425 633/425 
Temperatures (maximin) °c 316/232 335/218 332/218 334/218 

Steam Charge 10~ 1bm/h 883 890 890 891 
Flow Rates 10 kg/h 401 404 404 404 

tv Charging Steam OF @ psia 950@ 1465 same same same 
I» Conditions °c @ Wa 510@ 10.1 c::r 
(') 
0 Steam Discharge 10~ 1bm/h 906 908 908 912 (') 
;III:" Flow Rates 10 kg/h 411 412 412 414 .. 
~ Dischargipg Steam OF @ psia 570@ 395 same same same 

n ) Conditions °c @ ~IPa 299@ 2.72 
0 
>< 
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Storage Ma!~rials 

Properties at Operating 
Temperatures ° 
(x/y = 400/600 F) 

a. Density 

b. Specific Heat 

c. Particle Size 

d. Bed Void Fraction 

Quantities 

Units Oil 

1b/ft3 45.6/40.3 

kg/m3 730/646 

Btu/1b-of . 0.60/0.70 

J/kg- oK 2659/3102 

in 

nm 

1031b 16450 

103kg 7462 

103ft3 311 

103m3 8.8 

Table A-2. Storage Haterials 

Barstow Oil/Rock Air/Rock Moving Bed t-kllten Salt 
Molten 

.fumd .Bad Rock Air ~ Salt. 

161. 6/161. 2 165 165 95 121.5/115.3 

2589/2582 2643 2643 1522 1946/1847 

0.23/0.25 0.23/0.25 0.24 0.249@532oF 0.246 Q.373 

1019/1108 1019/110S 1005 1043 1030 1653 

0.0625 1.0 1.5 17-29x10-4 

1.5 25 38 44-74xl0-3 

(0.25 --------- Total) 0.39 0.40 

59500 119066 409200 127300 76600 

27000 54000 lS5610 57792 34750 

370 722 2480 1340 630@4250F 

10.4 20.4 70.2 37.9 17.S 
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Table A-3. Heat Exchanger Characteristics, Air/Rock and Moving 
Bed, Chargers and Dischargers 

Parameter 

NUnber of Heat Exchangers 

Heat Exchanged @ 
(Max) 

lMID 

Overall Heat Transfer 
Coefficient 

Heat Transfer Area/HX 

Number of Passes 

Number of Tubes 

Tube Dimensions (!D/DD)· 

Tube Lengths 

Tube Pitch 

Storage Fluid Pressure Drop 
(Max) 

Steam/Water Pressure Drop 
(Max) 

Steam/Water Temperature 
(inlet/CAttlet) 

Storage Fluid Temperature 
(Inlet/CUtlet) 

Units 

~ Total 
10 Btu/hr 

MWt 

OF 
°c 

2 0 Btu/hr-fS - F 
W/m2- K 

ft2 

m2 

(shell/tube) 

(tubes/pass) 

in 
om 

ft 
m 

type 
in 
om 

psia 
kPa 

psia 
kPa 

°F@ psia 
°C@ MPa 

OF 
°c 

*Desuperheater/Condenser/Subcooler Sections 

QiAHGER 

Air/Rock Mlving Bed 

9 9 

11 11 
98.6 98.6 
28.9 28.9 

*104.9/58.9/90.2 108.2/62/91. 4 
58/33/50 60/34/51 

145/150/142 164/227/204.7 
823/852/806 931/1288/1162 

1885/6348/1080 1610/3992/737 
175/590/100 150/371/68 

1:5/1~16/1:3 1:5 

114 130 

0.62/0.75 0.59/0.75 
15.8/19 15/19 

20 68.9 
16.1 20.9 

=f Triangular Triangular 
2.10 Finned 1.25xl.Oxl.0 

53.3 32x25x25 

0.340/1.140/0.221 Free Flowing 
2.344/7.860/1.524 

15 same 
103 

950@1465/480@1460 same 
510@10.1/249@lO.07 

425/635 same 
218/335 

** Economizer/Boiler/Superheater Sections 

DISCHARGER 

Air/Rock I>bving Bed 

9 9 

11 11 
108 108 

32 32 

**71.5/71.5/107.4 71.5/69.5/105 
39.7/39.7/59.7 39.7/38.6/58.3 

146/167/109 230.4/264/141.5 
829/948/619 1308/1498/803 

1958/6605/743 1244/4300/582 
182/614/69 115/399/54 

1:5/1:17/1: 2 1:4/1:4/1:1 

114 160 

0.62/0.75 0.62/0.75 
15.8/19 15.8/19 

20 89.6 
6.1 27.3 

T Triangular Triangular 
2.10 Finned 1. 25xl. Oxl. 0 

53.3 32x25x25 

0.433/1.406/0.158 
2_985/9.694/1.089 

Free Flowing 

**3.0/1.0/6.0 same 
20.7/6.89/41.4 

250@400/570@395 same 
12l@2.76/299@2.72 

630/425 same 
332/218 

T 7 fins per inch, 0.049 in. thick, 0.36 in. 
high, amrular 



Table A-4. Heat Exchanger Characteristics, Oil/Rock and Molten Salt, Dischargers 

ECONCNIZER BOILER SUPERHEATER 

Parameter Units Oil/Rock llilten Salt Oil/Rock llilten Salt Oil Rock llilten Salt 

Number of Heat Ex-
changers 5 1 5 1 5 8 

Heat Exchanged @ % Total 3.8 19 14.6 73 1.6 1 
(Max.) 106 Btu/hr 37.34 186 141.6 710 15.56 9.65 

MWt 10.94 54.5 41.5 208 4.56 2.83 

u.rm OF 93 22.4 74 70 59 108 
°c 51.5 12.4 41 39 32.8 60 

Overall Heat Transfer BtuLho-ft2OF 82 400 146 440 54 340 
Coefficient W/m2- C 465 2268 829 2498 306 1927 

Heat Transfer Area Hx f~2 4680 20800 12950 27800 6,390 300 
m 435 1933 1204 2585 594 223 

Number of Passes (shell/tu~) 1 1 1 1 1 1 

Number of Tubes @ (tubes/pass) 800 1796 1232 3624 720 296 

Tube Dimensions (ID/OD) in 0.834/1.0 0 .• 62/0.75 .584/0.75 0.527/0.625 0.584/0.75 .495/.625 
om 21..2/25.4 15.7/19 14.8/19 13.4/15.9 14.8/19 12.6/15.9 

:r Tube Lengths ft 24.5 60. 60.5 46.8 51 6.25 
V1 m 7.47 18. 18.4 14.2 15.5 1.9 

Tube Pitch type Staggered Triangular Inline Triangular Staggered Triangular 
in 1.25 1.0 0.9375 0.875 0.9375 0.875 
om 31.8 25.4 23.8 22.2 23.8 22.2 

·Storage Fluid Pressure 
Drop ~!a 7.0 5 5.0 5 7.0 5 
(Max.) 48 34 34 34 48 34 

Steam/Water Pressure 
Drop ~~ 3.0 5 1.0 5 6.0 5 
(Max.) 20.7 34 6.89 34 41..4 34 

Steam/Water Tempera-
OF ture 250/447 . 400/445 447/447 445/445 447/570 445/570 

(Inlet/ilit1et) °c 121/231 204/229 231/231 229/229 231/299 229/299 

Storage Flutd Tern-
OF 480/450 465/425 587/480 617/465 595/587 633/617 aJ perature 

I» (Inlet/ilit1et) °c 249/232 240/218 308/249 325/241 313/308 334/325 
cr 
(') 
0 
(') 
~ 

lID 

~ 
c;-
O 
>< 



Table A-5. Heat Exchanger Characteristics, Oil/Rock 
and Molten Salt, Chargers 

Parameter Units Oil/Rock Molten Salt 

Number of Heat Exchangers 5 1 

Heat Exchanged @ % Total 20 *100% (29/57/14) 
(Max) 106 Btu/hr 174 887.3 

MWt 51 260 

lMI'D of 51.0 *107/61/90 
°c 28.3 59/34/50 

Overall Heat Transfer 2 ° 160 *320/520/280 Btu~hr-ft - F 
Coefficient W/m _oC 909 1818/2954/1591 

Heat Transfer Area @ ft 2 18000 *7520/15950/4930 
m2 1670 698/1480/457 

Number of Passes (shell/tube) 1 1/1 

Number of Tubes @ (tubes/pass) 1200 1680 

Tube Dimensions (ID/OD) in 0.620/0.75 .62/.75 
mm 21.2/25.4 15.7/19 

Tube Lengths ft 72 22.8/48/15 
m 21.8 6.95/14.6/4.57 

Tube Pitch type Rotated Square Triangular 
in 0.9375 1.077 
mm 23.8 27.4 

Storage Fluid Pressure Drop psia 25 10 
~ 

(max) kPa 170 68 

Steam/Water Pressure Drop psia 15 9 
(max) kPa 103 62 

Steam/Water Temperature OF 680 /480 950/480 
(Inlet/Outlet) °c 360 /249 510/249 

Storage Fluid Temperature OF 450/600 425/633 
(Inlet/ Outlet) °c 232/316 218/334 

* Desuperheate r/Condenser/Subcooler Section~ 
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Table B-1. Thermal Energy Storage System Cost Estimates 

Oil/Rock 

Tank 

230,400 lb steel ~ 1.5 in. wt [x$0.70/lb + $0.10/lb (stress 
relieving) ] 

7B1,BOO lb steel < 1.5 in. wt (x $0.65/lb) 

Two layers of 4-in. insulation (47,4BO ft 2 x $0.BB/ft2 ) 

1/16-in. Al cover (23,740 ft 2 x $0.40/ft ) 

305.6 tons insulation sand x $7.70/ton 

Excavation, 3040 yd S x $0.75/ydS 

Foundation, B4.7 yd S x $114.4/ydS 

Total 

Heat Exchangers 

2.101 x 10 5 ft 2 x $25.00/ft2 

Pumps 

260 hp single-speed, $lB,OOO x 5 

250 hp three-speed, $20,000 x 5 

Storage Media 

59,533 tons of river gravel x $7.60/ton 

29,767 tons of sand x $7.70/ton 

B.21B tons of Caloria ($439/ton + $66.9/ton shipping) 

Total 

TOTAL 

aRichmond Engineering Co. 
b Stearns-Roger. 

cProcess Plant Estimating Standards. 

= o .lB4 a 

= 0.50Ba 

= 0.042b 

= 0.009b 

= 0.002b 

= 0.002c 

= 0. 010c 

= 0.755 

x 4 = 3.020 

= 

= 

= 

= 0.452b 

= 0.229b 

= 4.15Bb 

= 4.B39 

13.302 

dEstimate based on Ingersoll-Rand data and Process Plant Estimating Standards. 
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Table B-1. (Cont'd) 

Moving Sand Bed 

Sand Storage Tanks 

Structural steel, 754,700 lb x $0.70/lb 

Roof insulation (two layers, 4-in. fiberglass) 

2 x 2535 ft 2 x $0.88/ft2 

2535 ft 2 x $0.40/ft 2 (1/16-in. Al cover) 

Excavation, 2867 yd 3 x $0.75/yd 3 

Foundation, 238 yd 3 x $114.4/yd3 

Total 

Heat Exchangers 

Charging, 6333 ft 2 x $20/ft 2 x 9 

Discharging, 6126 ft 2 x $20/ft 2 x 9 

Total 

Lifts and Motors 

4.5-ft diam. screw, $188,500 + 40% for installation 

4.31-ft diam. screw, $163,500 + 40% for installation 

300 hp, 1800 rpm motor, $8,843 x 0.97 

350hp, 1800 rpm motor, $9,570 x 0.73 

Reduction gear, 317 hp rating 

Reduction gear, 387 hp rating 

Total 

Storage Media 

x 

x 

60,280 tons silica flour ($25/T + $22/T shipping + 5% filling) 

30,362 tons insulating sand ($7.7/T + 9% filling) 

TOTAL 

aRichmond Engineering Co. 
b Stearns-Roger. 

cProcess Plant Construction Estimating Standards. 

dHoover Universal, Inc. 

epennsylvania Glass Sand Corp. 

fNorfolk & Western Railroad. 
B-3 

= 

= 
= 
= 
= 
= 

18 = 

= 

= 

= 

= 
= 
= 
= 
= 
= 

= 

18 = 

= 
= 

= 

0.528a 

b 0.004b 0.001 

0.002c 

0.027 

0.562 

10.116 

1. 140b 

1.103b 

2.243 

0.264d 

0.229d 

0.009c 

0.010c 

0.007c 

0.009c 

0.528 

9.504 

2.975e / f 

0.255b 

25.09 
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Table B-1. (Cont'd) 

Air/Rock 

Tank 

Steel structure, 1.8395 x 106 lb x $0.65/lb 

Insulation, 35,426 ft 2 x $0.88/ft 2 

1/16-in. Al cover, 17,713 ft 3 x $0.40/ft2 

Sand insulation, 411.3 tons x $7.7/ton 

Excavation, 2045 yd 3 x $0.75/yd 3 

Foundation, 97.7 yd 3 x $114.4/yd 3 

Total 

Heat Exchangers 

9 x 1.86 x 10~ ft 2 x $22.5/ft 2 

Fans and Motors 

2414 hp induction motor and fan, $145,000 + $200,000 

3142 hp induction motor and fan, $183,500 + $200,000 

Total 

Storage Media 

1.250 x 105 tons crushed granite x $8.50/ton 

TOTAL 

aRichmond Engineering Co. 
b Stearns-Roger. 

cProcess Plant Construction Estimating Standards. 
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= 1.196a 

= 0.031b 

= 0.007b 

= 0.003b 

= 0.002c 

= O.Ollc 

= 1.250 

x 9 = 11. 250 

= 

= 
= 

x 9 = 6.561 

= 

= 22.64 
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Table B-1. (Cont'd) 

Molten Salt 

Storage Tanks 

Structural steel 

Plate 2: 1. 5 in. (686,400 lb x $0. 70/lb + 0.10 s.tress relieving) 
Plate < 1.5 in. (895,000 lb x $0.65/Ib) 

Insulation (two layers of 4 in.) 23,229 ft 3 /0.333 ft x $0.88 

1/16-in. Al cover (1/2 x 23,229 x $0.40/ft2
) 

537.2 tons of sand ($7.70/ton) 

Excavation, 4187 yd 3 x $0.75 yd 3 

Foundation, 168 yd 3 x $114.4/yd 3
, 150 lb/yd rebar) 

Total 

= 0.549a 

= 0.582a 

= 0.061b 

O.Ollb = 
= 0.004b 

= 1.229 
x 2 2.458 

Heat Exchangers 

Steam drum 

Steel: 69,446 ft 2 carbon steel x $25/ft 2 (U-tube, shell) 

Steel: 7,554 ft 2 low-chrome steel x $27/ft2 (U-tube, shell) 

Steel: 2,400 ft 2 carbon steel x $22.5/ft 2 (tube, shell) 

Total 

Pumps 

783 hp charging pump 

856 hp discharging pump 

Storage Media 

2.10 x 104 tons potassium nitrate x $390/ton 

1.59 x 104 tons sodium nitrite x $710/ton 

2.78 x 10 3 tons sodium nitrate x $290/ton 

7.94 x 10 4 lb total x $0.025/lb for unloading, 

Total 

TOTAL 

mixing, etc. 

= 

= 

0.264g 

1.736b 

0.204b 

= 0.054b 

2.258 

= 8.190e 

= 11. 28ge 

= 0.806e 

= 1. 985f 

= 22.870 

27.14 

aRichmond Engineering Co. 
b 

e VanWater & Rodgers Co. 

Stearns-Roger. 

cProcess Plant Construction Estimating 
Standards. 

d Ingersoll-Rand. 
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Table B-2. Round Trip Efficiency 

1. 

2. 

3. 

4. 

5. 

6. 

Oil/Rock 

EOUT (MWHT) 1710 

EHT/EL (MWHT) 

EpD (MWHT) 16.3 

EpC (MWHT) 13.5 

0.036 EOUT 61.6 

ErN (MWHT) 1802 

nRT (%) 73.2 

EOUT . nTESS 
nRT = ErN . nSOLAR 

Ai r/Rock 

1710 

351 

212 

61.6 

2335 

56.5 

where nTESS = 0.27 nSOLAR = 0.35 

EOUT = 285 MWt x 6 Hrs. = 1710 MWHt 

(1) - Steady state heat loss from storage 

EpC - Parasitic loss to pumps/l ifts during charge 
EpD - Parasitic loss to pumps/lifts during discharge 

Molten Salt 

1710 

64.6 

11.9 

7.5 

61.6 

1856 

71.1 

EHT - Parasitic loss to heat tracing (molten salt only) 

EL - Heat loss from lifts (moving bed only) 
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Moving Bed 

1710 

4 (Lift Loss) 

80 

59 

61.6 

1915 

68.9 



Table B-3. Availability, Reliability, Maintenance, 
Inspection and Service Life 

Ranki ngs 
Category a/R MB A/R MS 

1. Media decomposition/attrition -2 3" 4" 3" 
2. Media compatibility with structur-

al materials - corrosion/wear 4 3 4 3 
3. Media compatibility with water/ 

steam 2 4 4 2 
4. Freezeup/Thaw difficulty 4 4 4 1 
5. Media Spill Consequence 1 3 4 1 
6. Heat Exchangers 3 4 4 3 
7. Valves 3 2 4 2 
S. Pumps 4 3 4 3 
9. Tanks 3 4 3 2 

10. Component Accessibility 
(after cool down) 2 3 4 1 
TOTALS 2S 33 39 2T 

1. a/R - Decomposition temperature is close to the operating conditions, no attri
tion. MB - No decomposition, some attrition. A/R - No decomposition, very 
little attrition of rock. MS - Minor decomposition at the Barstow operating 
conditions. 

2. a/R - Nonexistent. MB - Some uncertainty exists as to the amount of wear 
that would take place. However, based on fluid cat. data - no significant 
wear is expected. A/R - Nonexistent. MS - Corrosion problems are controllable. 

3. a/R - Explosion possible, highly flammable, extensive repairs. Note: All 
media are capable of causing fires. 

4. a/R - No consequence. MB - No consequence. A/R - No consequence. MS
Media undergoes a phase change resulting in thaw or freezing problems. 

5. a/R - Contamination of environment, explosive hazard. MB - Media easily 
cleaned up after cooling. A/R - No consequence. MS - Contamination of 
environment, explosion hazard. 

6. a/R - Fouling of the tubes. MB - Utilizes low flow velocities to reduce 
wear, therefore essentially no consequence. A/R - No consequence. MS
Subject to tube - sheet crevice corrosion associated with minute tube-to
tubesheet leaks. 

7. a/R - No consequence. MS - Some problems, will require some maintenance. 
A/R - No consequence. MS - Some problems, will require some maintenance. 

S. a/R - No consequence. MB - Lifts should be reliable because of their low 
operating speeds and the performance record of rotating tube kilns which 
operate at much higher temperatures. A/R - Experience with induced draft 
fans for large power boilers indicates that the fans will be extremely 
reliable, especially since the gas is clean. MS - Some difficulties are 
expected with seals because of impurities in the salt and freezeups. 

9. a/R - Some inspection and maintenance. MB - No consequence. A/R - Some 
inspection and maintenance. MS - Some difficulty in inspection and mainten
ance. 

10. a/R - Drainage and cleaning required. MB - Drainage required. A/R - No 
consequence. MS - Drainage, cleaning,and reheat of component. 
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Table B-4. Development Requirements and Risks 

ConceEts/Scores 

EguiEment Item AIR MB MS OR 
1. Heat Exchangers 4 1 2 3 

2. Valves 4 3 3 4 

3. Pumps 3 3 3 4 

4. Tanks 3 4 3 3 

TOTALS 14 11 11 14 

1. AIR - No consequence. MB - New technology - development. MS - Characteris
tic design problems - limited technology. O/R - Possibility of fouling, 
decomposition, price rise. 

2. AIR - No consequence. MB - Development required. MS - Development re
quired. O/R - No consequence. 

3. AIR - Possible development. MB - New technology - development. MS
Needs development. O/R - No consequence. 

4. AIR - Ratcheting problem. MB - No consequence - FOAK engineering. MS
Development needed to reduce cost. O/R - Ratcheting problem. 
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Table B-S. Environmental and Safety Aspects 

Envi ronmenta 1 ConceEts/Score 
Event A/R MB MS O/R 
1. Earthquakes 4 3 2 1 
2. Missiles 4 4 1 1 
3. Storms 4 4 1 1 
4. Sabotage 4 4 1 1 

Subtotals 16 15 5 4" 
Safet~ 

Consideration 
1. Storage media fl ammabil i ty 4 4 2 1 
2. Storage media reaction with 

water/steam 4 4 2 1 
3. Toxicity of airborne media 

particles or vapor 4 3 3 3 
4. Media working pressure 4 4 4 4 
5. Effectiveness of personnel 

protective equipment 3 3 2 2 
Subtotals IT 18 IT IT 
TOTAL Environmental and Safety 35 33 18 17 

E 1. A/R - No consequence. MB - No consequence, easily cleaned up. MS - Con
tamination of environment, explosive hazard. O/R - Contamination of envir
onment, explosive hazard. 

E 2. A/R - No consequence. MB - No consequence. MS - Explosive condition. 
O/R - Explosive condition. 

E 3. A/R - No consequence. MB - No consequence. MS - Possible spread of con
taminants, fire, etc. O/R - Possible spread of contaminants, fire, etc. 

E 4. A/R - No consequence. MB - No consequence. MS - Possible spread of con
taminants, fire, etc. O/R - Possible spread of contaminants, fire, etc. 

S 1. A/R - No consequence. MB - No consequence. MS - Supplies its own oxygen. 
O/R - Highly flammable - fuel. 

S 2. A/R - No consequence. MB - No consequence. MS - Steam explosion possible. 
O/R - Steam explosion possible. 

S 3. A/R - No consequence. MB - Silica dust would require control. MS - Reaction 
with contaminants will produce vapors. O/R - Oil Vapors must be controlled. 

S 4. All are being used essentially at atmospheric pressure. 
S 5. A/R - Burn hazard. MB - Burn hazard. MS - Greater burn hazard. O/R

Greater burn hazard. 
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Table B-6. Applicability to Higher Range of Working 
Fluid Conditions 

Consideration Conce~t/Score 

A/R MB MS 
1. Thermal decomposition 4 4 4 
2. Compatibility with 

structural materials 4 4 3 
3. Insulation 4 4 2 
4. Ullage 4 4 2 
5. Safety 4 4 2 
6. Reliability/Availability 2 4 3 
7. Servi ce Life 4 4 4 

TOTAL 27 28 20 

O/R 
a 
a 
a 
a 
a 
a 
a 

o 

1. A/R - No consequence. MB - No consequence. MS - No consequence. a/R
Unacceptable - decomposes at these temperatures. 

2. A.R - No consequence. MB - No consequence. MS - Material change required 
that will increase cost - i.e. stainless steel. 

3. A/R - No consequence. MB - No consequence. MS - Must avoid contact with 
insulation. 

4. A/R - No consequence. MB - No consequence. MS - Phase change requires 
additional ullage space, plus heat traced ullage system components. 

5. A/R - No consequence. MB - No consequence. MS - Some hazards. 
6. A/R - Ratcheting problem. MS - No consequence. MS - No consequence. 
7. All except a/R considered acceptable. 
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1. Active Heat Exchange System Development for Latent Heat Thermal Energy 

Storage, Joseph Alario and Robert Haslett, Grumman Aerospace Corp. 

2. Active Heat Exchange System Development for Latent Heat Thermal Energy 

Storage, R. T. LeFrois, Honeywell, Inc., Technology Strategy Center. 

3. SPRI EM-264, Project 225 (July 1976), Volume II, An Assessment of Energy 

Storage Systems Suitable for Use by Electric Utilities, Final Report, 

Public Service Electric & Gas Co., Newark, New Jersey. 

4. SAN/1110-88-2, Volume 5, April 1977, Center Receiver Solar Thermal Power 

System, Phase I: Preliminary Design Report, Volume 5, "Thermal Storage 

Subsystem," Contract No. EY-77-C-03-1110, Department of Energy, Martin

Marietta Corp. 

5. SAN-1108-8/2, November 1977, Central Receiver Solar Thermal Power System, 

Phase I, CRDL Item ,2, Pilot Plan - Preliminary Design Report, Volume 3, 

Book I, "Collector Subsystem.," Raymon W. Hallet, et al. 

6. SAND 70-8073, November 1979, Department of Energy Solar Central Receiver 

Semiannual Review, Department of Energy, Division of Solar Technology, 

Washington, D.C. 

7. SAND 79-8015, August 1979, A Description and Assessment of Large Solar 

Power Systems Technology, L. N. Tallerico, Sandia Laboratories, Albuquer

que, New Mexico. 

8. DOE/ET-0108, May 1979, Energy Storage Systems Program, Overview FY-1979, 

U.S. Department of Energy, Asst. Secretary for Energy Technology, Divi

sion of Energy Storage Systems. 

9. SAND 80-8175, MCR-79-1369, December 1979, Internally Insulated Thermal 

. Storage System Development Program, Final Report, Martin-Marietta Corp., 

Owen L. Scott. 

10. Internally Insulated Thermal Storage Systems Development Program, Summary, 

Owen Scott, Martin-Marietta Corp. 

11. SAND 77-8035, Recommendations for the Conceptual Design of the Barstow, 

CA, Solar Central Receiver Pilot Plant, Executive Summary, Solar Project 

Division 8132, Sandia Laboratories, Sandia 79-8814. 
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12. Sandia Laboratories In-House Activities in Support of Solar Thermal Large 

Power Applications, Raymond W. Mar, Sandia Laboratories. 

13. Solar Applications Analysis for Energy Storage, DOE/STOR Aerospace Corp., 

T. Blanchard. 

14. CDRL Item 2, 1 May 1977, Solar Pilot Plant Phase I, Preliminary Design Re

port, Volume I, Executive Overview, Honeywell, Balck & Veatch, Energy Re

sources Center. 

15. CDRL Item 10, March 8-9, 1977, Solar Pilot Project, Review No.8, Honeywell, 

Ba1ck & Veatch. 

16. Solar Powered Boiler Works on Cloudy Days, Jerry Friefe1d, MACHINE DESIGN. 

17. Solar Thermal Power Storage Applications Lead Laboratory Overview, Summary, 

Lee G. Radosevich, Sandia Laboratories. 

18. SAN/1108-8/5, November 1977, Central Receiver Solar Thermal Power System, 

·Phase I, CDRL Item 2, "Pilot Plant Preliminary Design Report," Volume 5, 

Thermal Storage Subsystem, Raymon W. Hallet, et a1. 

19. 10-MWe Solar Thermal Central Receiver Pilot Plant, R. N. Schweinberg, 

Department of Energy, and J. N. Reeves, Southern California Edison. 

20. SAND 78-8221, August 1978, Thermal Energy Storage for Advansed Solar Cen

tral Receiver Power Systems, L. G. Radosevic~ Sandia Laboratories. 

21. Thermal Energy Storage - Fourth Annual Review Meeting, NASA Conference 

Publication 2125, DOE Publication CONF-791232. 

22. Thermal Energy Storage Systems Using Fluidized Bed Heat Exchangers, 

V. Ramanathan, T. E. Weast, K. P. Anath, Midwest Research Institute, 

Kansas City. 

23. Heat Transfer Agents for High-Temperature Systems, Joel R. Fried, General 

Electric Company, Chemical Engineering, May 29, 1973. 

24. SAND 78-1315, June 1979, User's Manual for Computer Code SOLTES-I, Simu-

1atorof Large Thermal Energy Systems), Fewell, Grandjean Sandia Labor

atories, Albuquerque, New Mexico. 

25. EPRI EM-1218, November 1979, Conceptual Design of Thermal Storage Systems 

for Near-Term Electric Utility Applications, General Electric Company. 
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26. Thermal Storage Experience at the MSSTF and Plans for the Future, Harrison 

and Randall, Sandia Laboratories, Albuquerque. 

27. Preliminary Requirements for Thermal Storage Subsystems in Solar Thermal 

Applications, R. J. Copeland, SERI, SERI-RR-731-364, April 1980. 

28. Memorandum, "Properties of Draw Salt," to Distribution from J. M. Neill, 

Rockwe11-ESG, December 18, 1978. 

29. Nitrate~Nitrate Salt Baths for Heat Treating, Published by the National 

Safety Council, 425 North Michigan Ave., Chicago, Ill. (1954). 

30. Molten Nitrate Salt Technology Workshop, R. W. Car1ing/J. F. Genoni, 

U. S. Department of Energy, Sandia Laboratories, Livermore, California, 

October 29-30, 1980. 

31. Survey of Technology for Storage of Thermal Energy in Heat Transfer Salt 

ORNL-TM-5682, M. D. Silverman, et a1., Oak Ridge National Laboratory, Oak 

Ridge, Tennessee (1977). 

32. DOE/RECON System, Energy Data Base, Searched Under Index Terms, Thermal 

Energy Storage Equipment and Solar Thermal Power Plants, Sensible Heat 

Storage. 
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Evaluation of Tank Designs 
for Four TES Systems 

The conceptual design of the Thermal Storage Units (TSU) or tanks employed 
in four (4) Thermal Energy Systems were received, investigated and evaluated 
in the following areas: 

(1) Applicable Codes and Standards 

(2) Material Supports and Foundations 

(3) Seismic Criteria and Aseismic Design 

(4) Thermal Analysis and Thermal Stress Evaluation 

(5) Thermal Bed Ratcheting Evaluation 

(6) Cost Evaluation 

Many conclusions or judgements could only be made in a general manner and 
on the basis of experience gained in high temperature, high pressure nuclear 
reactor vessel design and fabrication. 

Review results and/or conclusions follow by area headings: 

1. Applicable Codes and Standards 

Though the API Std. 650 Code is a proven oil storage tank 
standard, the only temperature limitation involved is to 
preclude a brittle fracture failure mechanism which by itself 
is inadequate for high temperature design and thermal cycling. 

Considering the thermal storage media and temperatu~e levels 
(450 - 600 F), this code is considered inadequate and should 
only be used as a guide for TSU material selection, design, 
and fabrication to minimize costs when compatible with a more 
stringent code. 

This code does not degrade material physical properties with 
increasing temperature (including the coefficient of thermal 
expansion) nor does it impose a corrosion allowance (shell 
thickness loss as a function of time). 
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Most illustrated details in the API Code are inadequate and 
unacceptable for high temperatur~ service. The bottom shell 
welded joints are partial penetration welds and too rigid for the 
anticipated thermal differentials; thus, weld cracks would result. 
The roof to shell joints also appear to be of a similar nature 
with similar problems. 

The proper code for the intended service is the ASME boiler and 
Pressure Vessel (Unfired) Code, Section VIII, Division 2. This 
code allows ample alternatives to design and fabricate TSU's at 
reasonable costs consistent with contemporary safety requirements 
for this service. This code is recommended as the minimum 
acceptable code for this purpose. 

The ASME B&PV Code Section III, Division 1, NC (Class 2) could 
also be used and though it contains all of the features of 
Section VIII it has more stingent requirements and is compatible 
with NRC Regulatory Guide 1.60 Seismic requirements. Because this 
code allows a very detailed structural analysis, including a 
fatigue analysis, with reduced stress margins, thinner design wall 
thickness could result with attendant cost reductions in both 
material and fabrication. 

The significant results of the review are summarized on the attached 
Code Evaluation tabulation, Table 1. 

2. Materials, Supports and Foundations 

The ASTM A537 (or ASME SA 537) Class 2 material specified for the 
"oil/rock" TES, though acceptable for this service, may not be the 
best choice because in thicknesses over 1~" a 200 to 250 F preheat 
and an 1100 F (or alternative) stress relief are required. These 
requirements can be very burdensome and costly for field fabrication 
and are to be avoided if possible. 

Because of differential thermal growth between steel, earth, and 
concrete, an earthen bottom in combination with a reinforced concrete 
ring, as proposed in the "oil/rock" system ("Barstow Proposal ") is 
inadequate and would result in broken concrete or crippled steel 
because of an ~4.547 inch difference in thermal growth. High 
temperature tank supports, which carry the tank deadload to the 
foundation must provide either free vessel thermal dilation motion 
(both directions) or support flexibility to prevent undue restraint 
stresses in the tank shell. 

Conventional reinforced concrete foundations can be used consistent 
with the foregoing when the thermal conductance into the concrete 
does not heat the concrete above 150 F on a full time basis. 
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3. Seismic Criteria and A Seismic Design 

The dynamic seismic design, as promulgated in the US-NRC Regulatory 
Guide 1.60 is generally recognized as the most rational basis for 
the design of structures to resist earthquakes. In the interest of 
public safety and welfare, it is recommended that a dynamic seismic 
analysis be performed per NRC Reg. 1.60 and 1.61 (Damping Values). 

The seismic response of structures to a seismic occurrence can be 
compared and evaluated on an.· approximate basis by determining their 
individual natural frequencies-nDr comparison. The greater (or 
larger) the natural frequency value the less responsive the structure 
will be to a seismic input. Other factors, such as total mass, 
support location (elevation), stiffness, mass center relative to the 
support, etc., also affect the structure response but will not be 
developed at this time. 

The natural frequencies of the four types of TSU's were determined 
and the results are provided on the attached tabulation titled, 
"Seismic Evaluation", Table 2. 

4. Thermal Analysis and Thermal Stress Evaluation 

Regardless of the TES system used or the tank preliminary design 
selected, extensive thermal analysis (gradients and heat conduction) 
will be required in order to verify the adequacy of the tank de
sign. Major areas of necessary investigation follow: 

(a) Tank support to concrete interface to limit concrete to 150 F 
(precludes loss of strength from dehydration). 

(b) Tank shell to shell weld joints of varying size plates (discon
tinuities). 

(c) Tank shell to support (or reinforcement) surface thermal gra-
dients and temperatures. 

(d) Tank bottom to shell connection or joint. 

(e) Tank top (or head) to shell connection or joint. 

(f) Tank shell or bottom/top plate joints to internal structural 
supports. 

(g) Thermal stresses, as related to each of the above (a) through 
(f), for acceptable levels. 

The "oil/rock" system structural analysis 1 , as provided on pages 4-48 
through 4-59, was reviewed and found to be inadequate and incorrect 
with regard to coefficients of thermal expansion and thermal stress. 
Page 4-49, second sentence from the bottom, states that .. "the co
efficient of expansion of steel is higher than the rock-sand mixture, 
a gap will occur .... ", and the values by material given on page 
4-54 are consistent with this statement but the solids values 
listed are incorrect. The International Critical Tables, Vol. II, 
Page 54, provide the following thermal expansion data for granite rock: 
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Type 
°c OF 10-6 Qer °c -6 Qer OF Location / 0: X 0: X 10 

Quartz manzonite, 20 to 100 68 to 212 9 5.03 
Westerly, R. I. 100 to 200 212 to 392 14 7.82 

200 to 300 392 to 572 20 11.18 

Biotite, o to 100 32 to 212 7.6 4.24 
~li lford, Mass. 100 to 200 212 to 392 13 7.27 

Gneissoid o to 100 32 to 212 7.2 4.02 
Bronford, Conn. 100 to 200 212 to 392 17 9.50 

Muco te-biotite 0 to 100 32 to 212 6.1 3.41 
Troy, N.H. 100 to 200 212 to 392 12 6.71 

The low temperature range (20 to 100) value of 7.92 x 10-6 °C- 1 is an accept
able value but it should not be used in place of the higher temperature 
(392 to 572) val ue of 20 x 10-6 oC-l at the high temperature steady state 
condition. The difference between these values is a factor of 3 and 
the granite will outgrow the carbon steel to an interference in tempera
ture instead of the claimed gap. All subsequent thermal stress calculations 
based on these expansion v~lues will also be incorrect. For example, 
when the value of 20 x 10-6 oC-l is used in the Ft equation on page 4-58, 
the thermal stress becomes 37700 psi instead of the indicated 20860 psi 
for a di screpancy of 1. 81 to 1. When the hoop stress (Fa) equati on, is 
revised for the larger 90.5 1 O.Dia tank, Fa becomes 15718 psi. Accord
ingly, Ft t then becomes 53418 psi. which is 0.89 of the yield stress 
(Fy) and ~.78 times the selected material allowable (Fo). This would 
be a most unsatisfactory situation which would be worsened by material 
temperature degredation and thickness corrosion loss that have not 
been considered. 

An evaluation of tank shell thermal stress consistent with thermal 
insulation placement was performed and the results are provided in the 
attached Table 3, "Thermal Stress Evaluation". 

5. Thermal Bed Ratcheting Evaluation 

The "thermal bed ratcheting" problem, as described and calculated in the 
"oil-rock" (Barstow) report1 pages 4-49 through 4-68, exists and must be 
accommodated in all tank designs using a solid storage media. Unfortun
ately, as described in the foregoing Section 4, inadequate granite 
rock coefficients of linear thermal expansion (0:) were used and the 
calculated results are not valid for a range of 450 to 600 F. Using 
the higher temperature coefficient 0:, the granite rock bed will 
thermally outgrow the vessel diameter by 1.325 inch interference which 
overstresses the vessel shell. This problem can be solved by a separate 
segmented spring loaded ("girdle") type internal shell which can accommodate 
the differential thermal motions. This arrangement has been incorporated 
in the proposed "air/rock" TES system. 

An evaluation of "thermal bed ratcheting" for the four TES systems was 
performed and is summarized in Table 4. 

D-5 



6. Cost Evaluation 

A relative comparison of costs between the tan~of the four (4) TES 
systems was performed on the basis of tank weight and quantities. Each 
tank weight included only structural steel and piping. The thermal 
bed weight, motors and similar mechanical/electrical equipment were 
omitted. 

Using a dollar per pound cost for steel material, fabrication cost, 
delivery, and installation/erection, a total tank cost can be approxi
mated by the product of this cost and the weight. 

The cost evaluation is summarized and presented in the attached Table 5. 

Conclusions 

If the following set of values are assigned to the ratings given in Tables 2 
through 5, the four (4) TES systems can be evaluated on an overall basis: 

Best - 4 
Good - 3 
Bad - 2 
Worst- 1 

The overall evaluation matrix results in the following value totals by TES 
system: 

Air/rock -11 
Moving bed -11 
Oil/rock - 9 
Molten salt- 9 

Note: These results are on the basis of tank hardware design and weight (cost) 
only. 

All of the problems described in areas (1) through (5) above can be solved at 
a cost which could affect area (6) to an unknown extent. Also, because the 
thermal bed and machinery costs are not included in the Cost Evaluation (Area 
6), an overall cost estimate for each of the four (4) TES systems must be 
performed and evaluated. 

Ultimately, two factors: (a) total TES system cost, and (b) thermal bed storage 
capability (i.e., capacity in BTU's per cubic foot and effectiveness) will 
determine the TES system selection. These two factors are not within the 
scope of this tank study. 

1 Central Receiver Solar Thermal Power System, Phase I CRDL Item 2, Pilot 
Plant Preliminary Report, Vol 5, Thermal Storage Subsystem, SAN/II08-8/5, 
Sandia Laboratories. 
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TABLE D-1 

Code Eva 1 uati on' 

Adequacy 

• Inadequate for design at temperatures 
to 650oF. 

• UBC Seismic considered inadequate by 
contemporary safety standards. 

• No fatigue analysis required. 

• Acceptable for design temperatures of 
400 to 700 F. 

• Includes a 1.2 factor on allowables 
for seismic as a requirement. 

• Fatigue analysis for sizing wall thick 
n~c:c: ~t t~mn~Y'~tlJY'~ 

• All of above plus more stringent 
requirements. 

• Compatible with NRC Reg. Guide 1.60. 

Recommendations 

• Use as a guide for material, selec-
tion, design and fabricated details 
consistent with ASME Unifired. Vessel 
Codes, Sections VIII or III. 

• Minimum acceptable Code for materia~l 
design, fabrication and test. 

• Conservative safety factors. 
• Allows various analytical alterna-

tives. 

• More comprehensive analytical 
methods may permit lesser wall 
thicknesses with material/fabrication 
cost savings for production units. 

I 

I 
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00 

System Type 

Air/Rock 

Oi 1 /Rock 

Mol ten Salt 

Moving Bed 

Weight Per Tank 
(1 bs) 

31,495,350 

57,620,000 

89,385,300 

15,746,620 

TABLE 0-2 

Seismic Evaluation 

Mom. of Inertia 
I (i~) 

7.84 x 108 

5.02 x 108 

6.77 x 108 

0.84 x 108 

I 
Nat. Freq. I 

Rating 
fn, (cps) , 

2.871 Best 

2.616 Good 

1.446 Bad 

1. 030 Worst 

-_._-- -
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System Type 

Air/Rock 

Oi l/Rock 

. 

Moving Bed 

Molten Salt 

TABLE D-3 

Thermal Stress Evaluation 

Thermal Insul. Location Thermal Stress (psi.) Rating 

Internal 9177 Best 

! 

External 19665 Better 

External 26876 Good 

External 27269 Worst 
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TABLE 0-4 

Thermal Bed Ratcheting Evaluation 

(70 to 600 F) 

System Type Tank Oia. (ins.) 6d Tank/Bed (ins.) Oi ametra 1 Gap. 
( i ns. ) 

* * 
Moving Bed' 600 0 0 

* * 
Molten Salt 1200 0 0 

** ** 
Ai r/Rock 1260 0 0 

ex: = 0.0000066 
3.799 -1. 325 

Oil/Rock 1086 6.449 Interference 
ex: = 0.000011.19 

* Thermal storage media accomodates to shell movements. 

Bed is isolated and IIgirdle ll internal tank accom ':es bed expansion. 

Rating 

Best , 

Best 

Good 
Includes internal 
"girdle" tank to 
accomodate IIthermal 
rachetingll w/o slump 

Barstow report used 
inadequate coeff. of 
thermal expansion ex: 

for granite at temp. 
Thus; the interferencE 
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I ...... 

...... 

System Type 

Moving Bed 

Molten Salt 

Oil/Rock 

Ai r/Rock 

'--"~ ~"--" 

Weight Per Tank (lbs) 

882,620 

13,515,840 

8,291,540 

6,682,420 

TABLE 0-5 

Cost Evaluation 
(Steel Only) 

No. Tanks 

18 

2 

4 

9 

Total Weight (lbs) Rating 

15,887,160 Lowest Cost 

27,031,680 Second Lowest Cost 

I 
i 

33,166,160 Second Highest Cost I 
I 
i 
I 

! 
I 
I 

60,141,780 Highest Cost I 
I 

I 



APPENDIX E 

Theory of Hot Wire Method 
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The hot wire or line source method physically consists of a small diameter 

heater wire placed in an "infinite" medium, for which the thermal conductivity 

and diffusivity are to be measured. The term "infinite" is defined from a 

thermal transport sense and normally results in reasonable sample sizes in 

practice. 

The solution of the cylindrical Fourier transient heat conduction equation 

for the temperature field in an infinite homogeneous medium surrounding an 

infinitely long line heat source is (Carslawand Jaeger, 1959)1: 

where 

T(r,t) = ~ [-Ei (4~:)] 

q = heat generation per unit length, 

t - time, 

k = thermal conductivity of the surrounding medium, 

r = radius, 

a = thermal conductivity of the surrounding medium, 

p = density, 

c = specific heat, 

T = temperature. 

-Ei(x) is the exponential intetral ~ ! exp(-x)dx, where x = r 2 /4at. 
x 

In real systems the finite size and heat capacity of the wire and the interface 

coefficient introduce additional terms to the series solution which vanish for 

sufficiently large values of time. Therefore, the thermal conductivity of a 

fluid surrounding an infinite line heat source, such as a hot wire, can be 

found from the slope of a plot of temperature versus the log of time when the 

heat generation per unit length is known. 

1H• S. Carslaw and J. C. Jaeger, Conduction of Heat Solids, Oxford University 
Press, Second Edition, pp 344-345. 
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Figure E-1 is ah example of the data that would be executed fFom this tech

nique. The thermal" conductivity is proportional to the linear portion as 

discussed above. Thermal diffusivity can be found from the following equation 

(ASTM STP 660) 2: 

The constant time, to' is found by plotting the inverse of the derivative of 

the wire temperature against time, t. The linear portion of the curve is ex

trapolated back to the time axis where the intercept is t. This constant 
o 

time can also be used in the thermal conductivity evaluation to eliminate the 

error in neglecting the series expansion terms. Figure E-2 shows an example 

of this procedure. 

2ASTM Special Technical Publication 660, "Thermal Transmission Measurements 
of Insulation," 1978, pp 157-158. 
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Figure E-1. Method for Determining Thermal Conductivity 
Using Hot Wire Technique 

K PROPORTIONAL TO SLOPE 

LOGe TIME 

Figure E-2. Method for Determining Thermal Diffusivity 
Using Hot Wire Technique 

. JdT) 
"l'dt 

TIME, , . 
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APPENDIX F 

Cost Estimate Calculations for 
Moving Bed Thermal Energy Storage System 
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Excavation 

Volume of Excavation 

~[(270 x 92) + (220 x 64)] x 22 = 4.281 x 105 ft 3 (15,860 yd 3 ) 

2 x ~[(23 x 20) + (23 x 59)] x 30 = 2.726 x 105 ft 3 (1010 yd 3 ) 

~[(23 x 20) + (23 x 48)] x 30 = 2.346 x 105 ft 3 (870 yd 3 ) 

3[1/3(30 x 41) x 20] = 2.460 x 104 ft 3 (910 yd 3 ) 

4 x 1/3(}4 ; 41) x 30 = 1.148 x 104 ft 3 (430 yd 3 ) 

2 x 1/3[~(25 x 41) x 30] = 1.032 x 104 ft 3 (380 yd 3 ) 

3 x ~(22 x 31.6) x 20 = 2.086 x 104 ft 3 (772 yd 3 ) 

12 x 1/3[~(12.3 x 5.74) x 17.6 = 2.49 x 103 ft 3 (90 yd 3 ) 

3 x ~{~(71 + 20) x 51 + 1(48 + 20) x 30} x 14 = 7.015 x 104 ft 3 (2600 yd3 ) 

3 x {~[(71 x 25) + (20 x 25)] x 52} = 1.774 x 105 ft 3 (6570 yd 3 ) 

3 x ~[25.5 x 52] x 20 = 3.978 X 10 4 ft 3 (1470 yd 3
) 

6 x 1/3[~(25.5 x 52) x 25.5] = 3.381 x 104 ft 3 (1250 yd 3 ) 

Total of items above = 32,210 yd 3 

10% for access cuts = 3,220 yd 3 

35,430 yd 3 

x 4 = 141,720 yd 3 

Using eight Caterpillar D-8K dozers and four 988-B front loaders, 2100 yd3 /h 

can be removed. Costs/hour: 

8 dozers $ 600.00 

4 loaders 285.00 1.417 x 105 yd 3 /2100 yd 3 /h + 4 = 72 h 

4 foremen 66.13 

12 operators 238.00 (1152 mh) 

Overhead* 137.00 (*45% of labor cost) 

Total $ 1326.00/hour 

Equipment moving charges: 12 x 2 x $65 = $1600 

F-2 

TOTAL = 1326 x 72 + 1600 = $97,000 

(Ref 1, Sec 2-18) 
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Excavation 

Volume of Excavation 

~(106.3 + 62.0) x 493 x 51 = 2.116 x 106 ft 3 (7.84 x 104 yd 3 ) 

2[1/3(25.5)2 x 51] = 2.211 x 10 4 ft 3 (819 yd 3 ) 

2[1/3(25.5 x 42.8) x 51] = 6.312 x 104 ft 3 (2340 yd 3
) 

2[~(25.5 x 51) x 62] = 8.063 x 10 4 ft 3 (2990 yd 3
) 

2[~(51 x 110 x 15) - ~(39 x 15 x 25.5)] = 6.923 x 10 4 ft 3 (2560 yd 3 ) 

4[1/3(~ x 56.27 x 27.39) x 25.5] = 2.620 x 104 ft 3 (970 yd 3
) 

4[1/3(~ x 27.39 x 39.11) x 84.5] = 6.035 x 104 ft 3 (2240 yd 3
) 

Excavation for two buildings = 2.438 x 106 ft 3 (9.03 x 10 4 yd 3
) 

2 = 4.876 x 106 ft 3 (1.81 x 10 5 yd 3 ) 

Using eight D-8K dozers and four 988-B loaders at 2100 yd 3 /hour, 

Costs per hour: Eight dozers 

Four loaders 

Field crew 

Four foremen (16.54 x 4) 
12 operators (48.09 x 12) 
Overhead* 

Total 

1.81 X 10 5 yd 3 /2100 yd 3 /hour + 4 hours = 90 hours 

$1817.65/hour = $163,600 

$ 600.00 

$ 285.00 

$ 66.13 
$ 577 .08 
$ 289.44 

$ 1817.65/hour 

Moving equipment on and offsite: 12 x 2 x $65 = $1600 

10% profit = $16,500 

TOTAL = $181,700 

(Rejected because of increased price.) 

*Overhead = 45% of labor cost. 
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Backfill and Compaction 

Volume of structure below grade (per structure): 

v = 1.691 x 105 ft 3 

tank 

V = 3.413 x 10 4 ft 3 

tube&exit 

Vequipcavern = 5.115 x 104 ft 3 

Total = 2.544 x 10 5 f6 3 

Volume of initial backfill: 

x 4 

141,720 yd 3 - 37,690 yd 3 = 104,030 yd 3 

Volume of final backfill = 37,690 yd 3 

Backfill and Compaction Costs: 

20 Caterpillar D-4D dozers 

20 Caterpillar 930 front loaders 

20 towed static 4' x 4' rollers 

20 pan-type compactors 

20 2400-ga1. water trucks 

Total 

10 foremen (20.48) 

40 operators (16.03) 

20 truckdrivers (13.40) 

60 laborers (14.00) 

Total 

Overhead (45% of labor) 

Charge per hour: $4053 

$4053/hour x 162 hours = 

F-4 

$ 

$ 

$ 

$ 

375 Output = 900 yd 3 /hour 

500 Time required = 
70 141,720/900 + 4 = 162 hours 
35 

220 21,060 manhours 

1220/hour 

205 

641 

268 

840 

1954/hour 

879 

$4053/hour x 162 hours = $656,600 

(Ref 1, Sec 2-21) 
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REJECTED BECAUSE OF INCREASED PRICE 

Backfill and Compaction 

Initial Backfill and Compaction 

Volume of structure below grade level (per tank), ft 3
: 

V k = ~(72.1 x 20.75) x 178 + 2 x 1/3(72.1 x 36.04 x 20.75) = 1.691x 10 5 

tan 

V = 3(8.5 x 8.5 x 19.75) + 3(6.5 2 • x 74.97) ='3.413 x 104 
tube&exit 

V. = 3[(15 x lOx 51)+ (40 x lOx 15)+ (20x 10 x5) = 5.295 x 10 4 
equl.p cavern 

V total 
x 4 

2.563 x 105 ft 3 (9,490 yd 3 ) 

= 1.025 x 10 6 ft 3 (38,000 yd 3 ) 

Volume of initial backfill: 

Volume of remaining backfill: 1.025 x 10 6 ft 3 (38,000 yd 3 ) 

(Ref 1, Sec 2-21, p. 3) 

Equipment 

20 Caterpillar D-4D bulldozers 
20 Caterpillar 930 loaders 
20 towed static 4' by 4' rollers 
20 pan-type compactors 21" by 24" 
20 2400-gallon water trucks 

Total 

Field Crew 

$ 

$ 

19.75/hour 
25.00 
3.50 
1. 75 

11.00 

61.00 x 20 = $1220.00/hour 

10 foremen 
40 operators 

10 x 20.48 
40 x 16.03 
20 x 13.40 
60 x 14.00 

Output = 900 yd 3 /hour 
20 truckdrivers 
60 laborers Time required = 205 hours 

Total $1954.00/hour 

*Overhead = 45% of labor cost. 

$ 1220 equipment 
2954 labor 

879 overhead* 
405 profit 

$ 4458/hour x 205 hours = $913,890 
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Equipment Cavern 

Item Material Labor Subcontract References 

Continuous footings 

Porms 
Concrete 
Reinf. steel 

Total 

10" 20" 137.5' linear 

$ 86 
$317 
(600' #4 straight, 
100' #6 bent) 

$403 

Floor (59.7 x 6.7 x 6") (393 ft 2
) 

Sand fill and vapor barrier (4") 
Reinforcing steel (700' #4 straight) 
Concrete. $330 
Screed $ 28 

Total $358 

Walls 2880 ft (double layer concrete block) 
Concrete blocks, $4700 (6360 blocks) 

mortar 
Rinforcing truss 
Reinforcing steel 
Moisture barrier 

Total 

$ 626 (4310') 
116 $3820 

$ 478 

$9624 

303 (18.3 mh) 
160 (11.5 mh) 

$463 (29.8 mh) 

(6.3 mh) 

77 (5.6 mh) 
-2l (3.2 mh) 

$130 (15.1 mh) 

$7180 (491.6 mh) 

$ 412 (25.9 mh) 
$1058 (74.6 mh)* 
$ 800 (57.6 mh2 

$9450 (649.7 mh) 

Ceiling 47' x 10' x 3" (steel-supported concrete) 
10 WP lOx33 beams $ 825 (25¢/lb) $147 (10 mh) 
Steel deck 16 gao (4.3 mh) 
Concrete $ 237 $ 96 (6.4 mh) 
Screeds $ 10 $ 19 (1.1 mh) 
Moisture barrier 1-!2. $143 (9.4 mh2 

Total $1151 $405 (312 mh) 

223 

223 

137 
189 

$326 

$1025 

$1025 

Shaft 10' x 15' x 
Block & mortar 
Reinforcing steel 

50.7' (2550. ft 2
) Single-layer concrete block 

Moisture barrier 

Total 

$2119 (2869 blocks) $3530 (221.7 mh) 
(7600' US straight, (88.6 mh) $2900 
1800' #3 bent) 

$ 423 $ 708 (51 mh) 

$2542 $4238 (361.3 mh) $2900 
(1087). 

I, Sec 3-5 

I, Sec 3-5 
I, Sec 3-5 

$1089 

1. Sec 3-5 
I, Sec 3-5 
I, Sec 3-5 
I, Sec 3-5 

$814 

1, Sec 4-1 

I, Sec 4-1 
I, Sec 4-1 
I, 7-0, 7-1 

$19.074 

2 
I, Sec 5-4 
I, Sec 3-6 
I, Sec 3-20 
I, Sec 3-20 

$2581 

1, Sec 4-1 
I, Sec 4-1 

I, Sec 4-0 

$9680 

OVERALL TOTAL $33,238 x 12 - $398,900 
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Foundations and Footings 

Wall Footings 

Total wall weight (not including insulation) = 420,200 lb 
No. fottings per structure = 58 
Supported weight per footing = 7245 lb 
If soil bearing load of compacted soil = 2000 psf, A(of footing) = 5.4 ft 2 

Wall Footing - 2'6" x 

Concrete 
Concrete labor 

2'6" x 

$ 9.00 
$14.12 

10~ 

($45/yd 3
) 

(1.0 mh) 
Reinf. steel $ 7.93 (16' 114, ~" straight, 10.7 lb; 8115-5/8", 8.3 lb) 

$31.05 x 58 = $1800 (Ref 1, Sec 3-3) 

Roof Footings 

Total roof wt 433,860 lb structure, 115,120 lb insulation = 549,000 lb total 

No. of beams = 58 
Supported wt per beam = 9982 lb 
Fy = 9982 lb, Fx = 12,300 lb 
Ax = 9982/2000 x 1.5 = 7.5 ft 2 

Ay 12,300/1000 x 1.5 = 18.45 ft 2 

Continuous Footing 280' x 102' Overall 20" wide, 24" deep 

($45/yd 3 ) 

(90.9 mh) 

w: 998.2 

Concrete 
Concrete labor 
Reinf. steel 
Forms 

$ 4249 
1283 
5097 
1222 
2797 

(6200' 115-5/8", 5800' tIS bent) 

Form labor (168.8 mh) 

$14,650 (Ref 1, Sec 3-1) 

Aggregate base under floors 4" thick (P = 148 lb/ft ) 
28,000 ft surface per tank 
710 tons aggregate base ($6.00/ton) = $4262.40) 
12 hours fine grinding equipment and cres 

Caterpillar 313vating scraper 
Caterpillar motor grader 
Rooter 
Water truck 
Foreman 
Grade checker 
Laborer 

Total 
+45% of labor for overhead 

Total cost for one structure 

$ 38.00 (equipment) 
33.00 
27.00 
11.00 

$109.00/hour 

F-7 

$ 16.03 
16.03 
16.03 
13.40 
17.84 
17.30 
14.06 

$110.63/hour 
$49.78/hour 

$7,495.00 
(Ref 1, Sec 1-43) 
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Total foundation costs for four structures $95,780 

Pillar Foundations 

If a bearing load of 20,000 lb is available (at excavation depth of 52 ft), 

Load = 264,000 lb A = 13.2 ft 2 

1 pad 4' x 4' x 10.5" 

Concrete $23.40 m $16.94 L (1.2 mh) 

Reinforcing steel (30' #6, 10' #6 bent) $24. 

Total $64 x 24 = $1544 
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Storage Structure 

Walls 

Floor 

2 walls ~ in. plate 270 ft x 16.75 ft (10.2 lb/ft 2) 
2 walls ~ in. plate 267 ft x 16.75 ft (10.2 lb/ft 2) 
2 walls ~ in. plate 92 ft x 16.75 ft (10.2 lb/ft 2) 
2 walls ~ in. plate 89 ft x 16.75 ft (10.2 lb/ft 2) 
58 vertical support beams W = 14 x 22 (22 ft long) 
186 horizontal bracing beams 81 x 18.4 (12 ft long) 
186 horizontal bracing beams 71 x 20 (12 ft long) 
310 horizontal bracing beams 71 x 15.3 (12 ft long) 

wt of plate 245,340 lb 
wt of structural shapes 170,700 lb 
wt of bolts & ties (1% of total). 4,160 lb 

2 floor sections 270 ft 181 ft x 33 ft trapazoid 
(+10% waste) 3/16 in. plate 

2 floor sections 92 ft base x 53 ft triangle (10% 
waste) 3/16 in. plate 

350 interlocking sand retaining sections as shown 
below 

16 gage steel (2.55 lb/ft 2) 

wt of plate 
wt of 16 gage 

18 gage x 26 in. wide corrugated steel sheet (2.32 lbJft2) 
4 270 ft x 181 ft x 53 ft trapozoid (+10% waste) 
4 92 ft base 53 ft triangle (+10% waste) 
6 roof columns W = 36 x 230 (90 ft long) 
2840 ft roof support beams W = 18 x 35 (various 

lengths + 10% 
7130 ft roof cross supports 41 x 7.7 (various 

lengths + 10%) 

wt of corrugated sheet 
wt of structural shapes 
wt of bolts & ties (2% of total) 

176,890 lb 
278,460 lb 

8,510 lb 

Cost Estimates MSB TESS 

Bottom feeder 

8.5 ft diam. x 19.75 ft ~ in. plate + base 
11,130 lb of plate 

92,260 lb 
91,230 lb 
31,440 lb 
30,410 lb 
28,070 lb 
41,070 lb 
44,640 lb 
56,920 lb 

201,150 lb 

41,030 lb 

26,780 lb 

242,188 lb 
546,980 lb 

122,000 lb 
24,890 lb 

124,200 lb 

99,370 lb 

54,890 lb 

15% allowance for structural supports = 1790 lb structural shapes 

Total 
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Plates A-36 521,000 lb 

Material (0.212 $/lb) 
Transportation (0.038 $/lb from 

Geneva, Utah) 

Erection costs (labor, supplies, 
equipment, $0.30/lb) 

Structural shapes 467,200 lb 

Material (0.213 $/lb) 
Transportation (0.038 $/lb from 

Geneva, Utah) 

Erection costs (0.30 $/lb) 

Insulation 

Floor and walls 
18 in. thick layer of p = 95 lb/ft 3 

sand 
2905 tons required 

Material ($7.70 ton) 
Fill and compaction 

$110,452 . 
19,798 

156,300 

$287,000 

$ 99,514 

17,754 

140,160 

$257,000 

= 22,370 

Equipment $0.252/ton = 
Labor (0.04 mh/ton) (1 foreman, 

730 

Roof 

Total 

1 operator, 4 laborers) 
$0.544/ton 

27,500 ft 2 thermal insulating wool 
type II 4 in. thick x 0.88 $/ft 2 

28,800 ft 2 thermal insulating wool 
type II ~ in. thick x 0.11 $/ft 2 

Installation 115% of material cost 
$31,473 (2251.3 mh) 

F-IO 

= 

=$ 

= 

1,590 

25,000 

24,200 

3,168 

$ 59,000 

(ref. 2) 

(ref. I, section 
100-700) 

(ref. 3) 

(ref. 2) 

(ref. I, section 
100-700) 

(ref. 3) 

(ref. 6) 

(ref. I, sections 
2-18 and 2-21) 

(ref. 6, ref. 7) 

(ref. 6, ref. 7) 

(ref. 6, ref. 7, 
section 15,;.,80) 
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Corrugated Roof Sheets 

Corrugated roof sheets 18 gage (4 tanks) 

587,600 lb x 70.7¢/lb = $415,400 (Ref 1, Sec 5-7) 

16-Gage Floor Sections 

16-gage floor sections (4 tanks) 

107,100 x 70¢/lb = $74,970 

MZ32 Sheet Piling 

MZ32 sheet piling (26,770 ft 2
) 

856,640 lb x $0.35/lb 
x $0.20/lb 

(material & shipping) 
(erection) 

Total 

Roof Center Columns 

24 WF 36 x 230 95' long 
Material cost ($0.251/lb) = $131,600 

Erection cost ($0.30/lb) = $157,300 

F-ll 

$299,800 
$171 ,300 

$471,100 
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Insulation Calculations 

boT = 630°F - 65°F = 565°F 

K = 0.044 

K = 0.022 

Btu/h-ft2 _OF @ 

Btu/h-ft 2_OF @ 

350°F 

320°F 

Thermal insulating wool type 11* 

Dry sand 

k = 0.60 Btu/h-ft2 _OF @ 68°F Moist sand 

*1 inch thickness 

qk (walk & floor) 630°F - 65°F 
= [(1.5/0.22) + (5/0.6)] ft/(Btu/h-ft _oF = 37.29 Btu/h-ft

2 

where box dry sand = 18 in. 

box moist sand = 60 in. 

A = 40,906 ft 2 Heat loss per tank = 1.53 x 106 Btu/h (floor & walls) 

Max heat loss allowed = 3.96 x 106 Btu/h (total) 

Max heat loss allowed from roof = 2.43 x 106 Btu/h or 84.6 Btu/h-ft 2 

( f) 0.44 Btu/h-ft2 -oF/in. ( ° 
qk roo = 6x in. 565 F) = 84.6 Btu/h-ft2 

where box = 2.9 in. 

Allowing for 4 in. I beams, 

Qk (roof) = [0.44 x 1404 + 0.44 x 27.375) x 565°F = 1. 71 x 106 Btu/h 1 in. 5 in. 

= [0.44 x 1404 + 0.44 x 17,375) 
1/4 in. 4-1/4 in. x 565°F = 3.00 x 106 Btu/h 
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Sand Moving Equipment 

Screws 

48 sections 46.5 ft long, $65,000 apiece (Ref. 4) 
(weight apiece = 18,600 1b) 

Shipping from St. Joseph, Missouri - $2,220 (Ref. 1, section 100-700) 

Capital cost - 67,200 x 48 = 3,227,000 

Assembly and erection -
35% of purchase cost = $1,092,000 (Ref. 5) 

Total screw cost = $4,319,000 

Screw casing 

(12) 186 ft long, 7.5 ft diameter casings of ~ in. plate 

54,290 ft 2 plate -+ 5.537 x 10 5 1b x 0.37 .$/lb $204,900 (Ref. 3) 

15% of above for 
stiffness -+ 8.306 x 10 4 1b x 0.26 $/lb = $ 21,600 (Ref. 2) 

Fabrication & erection, $0.30/1b = $191,000 (Ref. 3) 

Insulation 1.5 in. calcium silicate $6.80/ft 2 = $358,000 (Ref. 1, 
section 15-82) 

TOTAL $775,500 

Screw casing support 

Vertical load = 7.38 x 10 4
, horizontal load 5.17 x 10 4 1b 

Soil bearing load = 2,000 1b/ft 2 vertical, 1,000 1b/ft 2 horizontal 

1 pad for each casing - 8 ft x 6 ft x 6 ft (10.7 yd 3
) 

Concrete - $482 (material), 93 (6.6 mh) (Ref. 1, sec 3-3) 

Reinforcing steel - (1300 ft No. 6 straight bar, 300 ft No. 6 bent) 

$946 

Total = 1521 x 12 = 18,300 

F-13 

~ -= 1.2" )( lOs II, 
~ =~ :: 9,0/ J( )0 4 ,I> 
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2 steel columns per pad 81 x 24, 4 ft long with base plates 

192 lb (columns), 190 lb (base plates) 

Material cost (0.25¢/lb) = $ 96 

Erection cost (1.25¢/lb) = 478 

$574 x 12 = $6,882 

Total - 18,3600 + 6882 = 25,200 

Thrust bearing, 27 in. bore 

Material = $14,000 (Ref. 9) 

Shipping 59 (Ref. 1, section 100-700) 

Installation = 

TOTAL 

1,911 

$15,970 

(100 mh) (Ref. 1, Construction Cost Trend Report) 

x 12 = $192,000 

Roller bearings 

(2) pillow blocks ($2,018 x 2) = $4,036 

Shipping = 50 (Ref. 1, section 100-700) 

Shaft - 7-1/8 in. diameter steel shaft = 112 (33.02 $/100 lb + 25%) 

Maching & installation (100 mh) = $1,965 

TOTAL $6,163 x 60 = $369,800 

Bearing Casing & supports 

Casing - 205 ft 2 (+50% extra), ~ in. plate = $ 775 (Ref. 3) 

Supports - 50% of above, various shapes 

Labor ($1.25/lb) 

TOTAL 

Total of above = $5,801,000 

Overhead (45% of labor = $686,000 

Complete cost = $6,487,000 

F-14 

= 242 (Ref. 2, 3) 

3,921 

$4,968 x 24 = $119,000 
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Pipe Sizes and Costs 

Total mass flow rate 8.92 x 10 5 lb/h for charging heat exchangers 

Total mass flow rate 9.06 x 10 5 lb/h for discharging heat exchangers 

Max water flow 5 fps p = 50 lb/ft 3 

A = 143 in. 2 D = 13.5 in. P = 1450 psia 16 in. Sch charging 

Ad' h ' = 145.0 in. 2 D = 13.6 in. P = 405 psia 14 in. Std l.SC argl.ng 

420 ft 16 in. Sch 120 (90.00 $/ft) = $37,800 installation (168 mh) = 

100 

$3600 

420 ft 14 in. Std (54.57 $/ft) $22,900 installation (122 mh) = $2600 

370 ft 12 in. Sch 120 (63.34 $/ft) = $23,400 installation (130 mh) = $2800 

370 ft 10 in. Std (40.48 $/ft) = $15,000 installation ( 87 mh) $1900 

3 Tees 16 in. Sch 120 3 x $600 + 3 x 639 (30 mh) = 3700 

3 Tees 14 in. Std 3 x $285 + 3 x 396 (18.6 mh) = 2000 

3 Tees 12 in. Sch 120 3 x $260 + 3 x 469 (22 mh) = 2200 

3 Tees 10 in. Std 3 x $116 + 3 x 281 (13.2 mh) = 1200 

3 gate valves 16 in. 3 x 5995 + 3 x 115 (5.4 mh) = $18,300 

3 gate valves 14 in. 3 x 4389 + 3 x 102 (4.8 mh) $1 3,500 

3 gate valves 12 in. 3 x 2586 + 3 x 90 (4.2 mh) = $ 8,000 

3 gate valves 10 in. 3 x 1941 + 3 x 77 (3.6 mh) = $ 6,100 

Total of above = $165,000 (reference 1, section 15.43) 

x2 = 330,000 
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Discharging Heat Exchanger 

All tubes 0.75 in. OD, 0.065 in. ID carbon steel 

Economizer 

15,000 ft tube $ 9,300 
12 in. ID header (2), wt = 0.5 in. 
Carbon steel 52 in. along straight 500 
Fabricator cost 48,200 

Boiler 

46,000 ft tube 
36 in. ID header (2), wt = 1.5 in. 
Carbon steel 52 in. along straight 
Fabrication costs 

Superheater 

$58,000 

$28,800 

6,700 
$67,500 

$103,000 

9,000 ft tube $ 5,600 
12 in. ID header (2), wt = 0.5 in. 
Carbon steel 52 in. along straight 500 
Fabrication cost 

Shell 

~ in. steel plating 

31,700 

$37,800 

plating 

1200 ft 2 of 
12,240 lb x $0.75/lb = $9,200 

Total of above 
+ 15% misc 

Insulation 

1,455 ft 2 4 in. calcium silicate 

Shipping weight 158,000 lb 

$208,000 
$239,000 

$16,300 

Installation costs (ref. 5) 

15% of component cost -
$38,000 
~ of this is direct labor 
@ $17.48/mh 
mh = 1087 

transported in four sections $19,400 for 1 complete heat exchanger 
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Heat Exchangers 

Charging heat exchanger 

All tubes 0.75 in. OD, 0.08 in. wt 

Subcooler 

5400 ft carbon steel tubes 
Construction costs 
(2) 12 in. ID headers 1.4 in. wt 
Carbon steel 46 in. along straight 

Condenser 

44,000 ft carbon moly tubes 
(2) 36 in. ID headers 4.125 wt 
Carbon steel 46 in. along straight 
Fabrication costs 

Desuperheater 

Shell 

26,000 ft Croloy-l tube 
(2) 12 in. ID headers 1.4 in. wt 
Carbon steel 46 in. along straight 
Fabrication costs 

plating 

1160 ft 2 of 
11 ,860 lb 

~ in. steel plating 
xO.75 

Total of above 
+15% misc 

Insulation 

1,415 ft 2 4 in. calcium silicate 

Shipping weight = 150,000 lb 
transported in four sections 

F-17 

$ 3,940 (Ref. 10) 
17,000 (Ref. 11) 

1 ,500 (Ref. 11) 

$ 22,400 

$134,600 (Ref. 10) 

19,100 (Ref. 11) 
40,000 (Ref. 11) 

$193,700 

$ 95,400 (Ref. 10) 

1 ,500 (Ref. 11) 
65,000 (Ref. 11) 

$161,900 

$ 9,000 

$387,000 
$445,000 

$ 15,800 

39,400 

250,000 

149,000 

$ 18,375 for 1 complete heat exchanger 
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Controls & Instrumentation 

108 thermocouples 

12 pressure transducers 

72 sand level detectors 

12 sand flowmeters 

12 sand control valves 

12 steam flowmeters 

12 steam control valves 

1 charging microprocessor 

59,400 

10,800 

28,100 

5,000 

12,000 

14,400 

12,000 

1 discharging microprocessor 

50,000 

50,000 

Heat exchanger instrumentation 

12 level detectors 19,000 

Control panel & recorders 17,000 

TOTAL 278,700 

F-18 Babcock & Wilcox 



15 x 89 x 267 

= 356,445 ft 3 

IS' 

44.5 x 25.6 x 2 
2 

x 2 x 267 _ [g 44.5 x ~5.6 x 2J44.5 x ~ 

608,333 - 67,593 

= 540,740 ft 3 

v = VI + V2 + V3 = 897,185 ft 3 per tank 
T 

4 tanks V = 3,588,740 ft 3 

Volume of dividing walls (internally) = 89 x 40.6 x 1.5 x 2 div 

= 10,840 ft 3/tank 

V /tank = 897,185-10,840 ft 3 
net 

4 tanks 

= 886,346 ft 3 

3,545,380 ft 3 

Total mass of storage media (sand) needed to meet storage requirements = 
1.34 x 10 6 ft 3 from Task 3.0 

Mass of sand for system is equal to required amount for storage plus "dead" 

sand 

VTO = VA + VD, where VD = dead sand 

VD = dead sand left in all tanks when emptied. 

The dead sand is left in the tanks in the shape of a cone according to the 

angle of repose. 
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For estimating purposes, the maximum dead sand per tank is obtained by sub

tracting tne active sand from the net free volume of a tank 

v / k = 886,346 _ 1,340,000 D tan 2 . 

VD/tank = 216,346 ft 3 /active tank 

The active tank (hot or cold) does not fill completely and the incomplete fill 

space should about equal the dead fill space of an empty tank. 

Total amount of sand needed to operate is equal to active sand plus dead sand 

. VTa = 1.77 x 10 6 ft 3 

1.68 x 108 1b 

84,202 tons 

For estimating cost of sand we assume a 20% factor for processing losses since 

this is Barstow site sand. 

= 84,202 x 1.2 = 101,042 tons 

= 2.02 x 10 8 Ib 

Use 101,000 tons construction grade sand delivered 

$13.55/ton = $1,355,000 (Ref. 6) 
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4 500-hp reversible impactors, 41,500 x 4 $166,000 (Ref. 1, section 100) 

4 500-hp motors & drives 20,000 x 4 80,000 (Ref. 1, section 100) 

Installation (64 mh x 4) (16.95 $/mh) 4,300 (Ref. 1, ·section 100) 

4 troughed conveyors 44,700 x 3 134,100 (Ref. 1, section 100) 

Operation (4,224 mh)(14.87 $/mh) 62,800 (Ref. 1, section 100, 

$447,000 

Total sand cost = $1,802,000 

Most expensive - 101,000 tons of silica flour shipped by rail from Tulsa, 

Oklahoma = 

$25/ton for sand 
+ 22/ton = $4,747,000 

TR) 
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Wage Differences 

Los Angeles, California and Houston, Texas (from Richardson Construction Cost 

Trend Report) 

Carpenter 1.05 0.94 0.90 

Concrete finisher 0.87 0.92 1.06 

Iron worker 0.94 0.82 0.87 

Laborer 1.10 0.79 0.87 

Operating engineer 1.05 0.87 0.83 

Pipefitter 1.11 0.85 0.77 

Sheet metal worker 1.34 1.06 0.79 

Truck driver (const) 1.01 0.64 0.63 

Excavation & backfill 72% 

Equipment caverns 89% 

Foundations & footings 89% 

Structures 85% 

Insulation 72% 

Screws 87% 

Piping .77% 

Heat exchangers .87% 

Aux .87% 
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Modification to Increase Operating Temperature to 1000F 

Media 

Cp @ 425F = 0.218 Btu/Ibm-oF Cp @ 500F = 0.235 Btu/Ibm-oF 

Cp @ 630F = 0.259 Btu/Ibm-oF Cp @1000F= 0.268 Btu/lbm-oF 

Cp (avg) = 0.239 Btu/Ibm-oF Cp (avg) = 0.252 Btu/lbm-oF 

flT = 205F flT = 500F 

HC = 49.0 Btu/lb HC 126 Btu/lb 

Media mass and volume are reduced by 61% 

Site preparation costs reduced by 61% 

Equipment caverns reduced by 66.7% 

Foundations & structures reduced by 61% 

Insulation reduced by 61% 

Auxiliary equipment same price 

Control & instrumentation reduced by 39% 

Heat exchangers - all tubes and headers of 304 CRES 

Charging heat exchanger 

$439,000 drum & headers 

102,000 plating, supports & misc 

20,000 5 in. insulation 

18,000 shipping 

$579,000 

Screw conveyors 

3.5 ft diameter $1,283/ft 

6.25 ft diameter $1,398/ft 

Discharging heat exchanger 

$367,000 

84,000 

20,000 

19,000 

$490,000 

x = 0.148 

6.5 ft diameter C (
6.5]0.11+8 

C = 1,398 6.25 = 1,406 

All costs decrease by 66% 

Pipe cost - quite variable, material costs the same, reduce labor by 2/3 

Media cost - reduced by 61% 

F-23 
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