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FOREWORD

The Annual Cycle Energy System (ACES) has been under development by the

U.S. Department of Energy and its predecessors since early 1975. The

ACES provides space heating and cooling and domestic hot water to resi-

dential and commercial buildings at a substantial reduction in purchased

energy as compared with alternative systems. It utilizes a unidirec-

tional electrically driven heat pump to extract energy in the winter

from a buried insulated tank of water and delivers that energy to provide

space and water heating as needed. In the process, the water cools and

slowly freezes so that, by winter's end, most of the water has been con-

verted to ice. During the subsequent summer, the ice is slowly melted

to provide air conditioning, the heat pump operating only when hot water

is needed. ACES theory, operation, and economics have been documented

in the series of reports listed on pp. iii and iv of this report.

Although the ACES has life-cycle costs competitive with alternative

systems, its initial installed cost is appreciably higher. The major

component of ACES that leads to high incremental first costs is the

ice/water storage bin, which is an indispensible feature of the system.

To ensure that all possible materials and designs which would give lower

storage bin costs while retaining long life and reliability had been

considered, the Battelle Columbus Laboratories were subcontracted to do

the study reported in the following pages.

Robert E. Minturn
ACES Program Manager
Oak Ridge National Laboratory

xi





ABSTRACT

The objective of this program at Battelle was to conceive and de-
sign ACES energy storage assemblies of low capital cost. In the search
for low overall cost assemblies, many diverse concepts and materials
were postulated and briefly evaluated. The concept envisioned by ORNL
in the ORNL/CON-43 report was considered as a reference standard, and
five Battelle concepts were judged to compare favorably and were chosen
for the preliminary, Phase I development. Basic physical arrangements
were formulated, from which costs and selected performance parameters
were estimated.

Substantial capital cost savings were estimated to accrue if the
energy storage assembly of certain concepts could be integrated with the
structure of the served building.

Cost rankings, descriptions, and discussions of the concepts were
presented in the Phase I Interim Report of this program, from which ORNL
selected the following three concepts for the Phase II development:

1. A site-constructed tank with reinforced concrete walls
formed with specialized modular blocks which eliminates
most concrete form-work and provides integral R-20 in-
sulation. (Designated ORNLFF)

2. A site-constructed tank with earth-supported walls that
are formed from elements common to residential, in-ground
swimming pools. (Designated SWPL)

3. A site-assembled tank which uses large, precast concrete
sections similar to those used in underground utility
vaults (Designated UTLBX)

Detailed designs of free-standing versions of the three concepts
are presented in this report, along with estimates of cost and listings
of potential suppliers of products and services.

The ORNLFF and SWPL concepts are estimated to be nearly equivalent
in cost, while the UTLBX concept is estimated to be of considerably
greater cost.

xili
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INTRODUCTION

The Annual Cycle Energy System (ACES) is an energy-conserving
system that provides space heating and cooling and domestic water heating
for residences and small commercial installations. The ACES derives a
large fraction of its energy conservation capability from an insulated
tank for storing ice which is formed as a useful by-product of space and
water heating, and which can then be used for air conditioning as needed.
The requirement for a large storage volume leads to higher capital costs
for ACES than for most heating, ventilating, and air conditioning (HVAC)
systems. The purpose of the development program herein reported is to
aggressively seek ways to minimize the cost of the installed storage
facility. Although common, conventional construction elements are to be
considered, no restraints are to be placed in the pursuit of low overall
cost. Consideration is to be given to any unique combination of material,
components, systems, or procedures offering potential for meeting the
requirements of water containment, boundary insulation, and internal heat
transfer while achieving low cost.

The storage tank itself must be water tight, and the assembly
must be designed to have at least a 20-year life under ordinary conditions
of use, including earth burial. Tank volumes must encompass the range
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from 500 to 4000 cubic feet, and all tank surfaces must be insulated to

R-40 or better. For design purposes, the required range of heat exchanger

capacities (18 to 60 KBTU/hr) and the required range of tank sizes (500 to

4000 cu.ft. of water) are independent variables, resulting in a matrix of

design combinations.

OBJECTIVES

The overall objective of this program is to produce a detailed

design along with fabrication and installation specifications for low-cost

energy storage assemblies for ACES applications.

The program is divided into two phases, each with clearly defined

objective, deliverables, and schedule for performance. These two phases

are:

e Phase I - Preliminary Evaluation of Alternative

Concepts

o Phase II - Detailed Design of Low-Cost ACES Storage

Tank Assemblies.

Phase I Objective

The objective of Phase I is to select and rank low-cost storage

tank assembly concepts suitable for ACES applications. The ranking is to

be based on analysis and evaluation of both known tank designs and unique

design concepts originated in this study.

Phase II Objective

The objective of Phase II is to develop designs of selected low

cost concepts with sufficient detail to allow interested manufacturers and

contractors to make cost estimates for (1) one or more prototype assemblies

and (2) greater production quantities of components and assemblies.

This summary report presents the results of Phase I and Phase II

investigations and detailed designs of the three concepts selected by ORNL.
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SUMMARY - PHASE I

The Phase 1 preliminary evaluation has resulted in the identifica-

tion of five candidate concepts for energy storage assemblies, in addition

to the reference candidate proposed by ORNL in report ORNL/CON-43. These

five concepts are briefly described below, where they are assigned descriptor

labels for reference purposes. More extensive descriptions of fabrication

details and bases for cost estimates are included in this report and its

appendices.

Although alternative materials were examined, extruded round

plastic pipe appears to be the most desirable material for the heat

exchanger, as already suggested in the ORNL concept. Extruded plastic

pipe is incorporated in all the candidate concepts evaluated herein.

1. Concept ORNLFF

Concept ORNLFF is the reference concept of report ORNL/CON-43.

It consists of an in-ground tank that is constructed on-site by placing

interlocking blocks of plastic foam on sub-grade footings. Communicating

passages in the blocks are filled with steel-reinforced concrete to unify

and strengthen the structure. Additional insulation of plastic foam is

placed against the interior walls and on a gravel base to form a floor,

followed by installation of a fitted plastic membrane liner for water-

tightness. A concrete ballast is then formed on the bottom within the

liner with buoyancy attachment features for the heat exchanger. A

serpentine-shaped heat exchanger, fabricated from round plastic pipe, is

fastened to the attachment features on the bottom of the water tank. An

insulated deck lid completes the assembly (see Figure 2).

* Foam-Form Canada, Limited.
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2. Concept RSVR

Concept RSVR is a reservoir-shaped, in-ground tank, constructed

at the site. A contoured cavity in the earth is lined with plastic foam

insulation in which a fitted membrane liner is placed. Beneath the tank

floor is a concrete ballast to hold buoyancy attachment features, which

penetrate the liner and the insulation. A serpentine heat exchanger is

suspended in the tank water beneath an insulated steel deck, which rests

on a formed concrete sill (see Figure 3).

3. Concept SWPL

Concept SWPL is an arrangement quite similar to RSVR above, but

with vertical steel panel walls along the perimeter of the tank, to reduce

the surface area and span of the decking. Construction is quite similar

to that of common residential swimming pools (see Figure 4).

4. Concept PLYSS

Concept PLYSS is a tank constructed with prefabricated walls of

sandwich plywood panels, which contain glass wool insulation and are

assembled above-ground on a concrete grade slab. Beneath a plastic foam

insulated floor, steel bands span the structure to reduce panel stress.

Inside the tank above the water are cross-tie braces, which reduce panel

stresses and serve to accept buoyancy loads of the heat exchanger. A

plastic liner and a shingled wood-joist roof, with glass wool insulation

and vapor barrier, complete the assembly. This concept has obvious limi-

tations, but offers a means to exploit insulation of low basic cost (see

Figure 5).
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5. Concept CONCYL

Concept CONCYL is a completely prefabricated assembly, placed

in-ground at the -site and covered with earth. The basic structure is a

steel-reinforced concrete cylinder, with concrete end plates and with

interior partitions to position and support the heat exchanger. An

elastic polymer coating on interior surfaces provides watertightness,

and plastic foam insulation is placed on the exterior surfaces as part

of the final installation procedure (see Figure 6).

6. Concept UTLBX

Concept UTLBX employs factory prefabricated wall structures of

reinforced concrete, joined and sealed at the site as public utility boxes,

or "manholes", are presently constructed. The heat exchanger is installed

during site assembly and is supported by integral interior attachments and

fasteners. Plastic foam is placed against the exterior of the walls as

part of the installation procedure (see Figure 7).

Other, Rejected Concepts

In the search for low overall cost many concepts were suggested,

involving a broad variety of materials, prefabricated structural forms,

and construction techniques. Among those suggested, the following are the

more prominent candidates that were finally judged unsuitable for ACES

application.

Tank Shells Prefabricated of Steel or Plastic. Unit costs of

various common shell structures were found to be generally high as compared

to earth/liner or concrete/liner vessels. Included in investigations were:

· Welded steel tanks

© Bolt-together "culvert" sections

e Porcelain-coated steel silo modules

o Fiber-reinforced-plastic (FRP) tanks.
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Cast-In-Place Concrete Silos. These structures, although rugged

and watertight, are comparatively costly.

Prefabricated Concrete Stave Silos. The modest saving resulting

from prefabrication is offset by the cost of transportation, especially

considering the few present manufacturing locations. Also, a vertical

axis, cylindrical shape affects heat exchanger costs unfavorably.

Tilt-Up Concrete Tank Panels. Watertight tanks are presently

being constructed of large, prefabricated modular concrete slabs, but one

active supplier reports that costs are generally even greater than for

stave structures.

Vacuum as Insulation. Because of the high contribution of

insulation to overall cost, vacuum between double shell walls, as "free"

insulation, was briefly considered. However, the required physical

structure was found to negate any savings.

Foam-In-Place Insulation. Among the foam-in-place insulation

possibilities that were considered, sprayed polyurethane foam was given

particular attention because of the possibility of providing strong,

watertight, insulating structures directly in simple earth excavations.

However, feasibility was suspect, due to questions concerning:

* Effective strength and flexibility for

maintaining watertightness

* Quality control at the site

* Moisture permeability, with loss of

insulating value.

Concrete as Insulation. Specialized concretes can combine

insulating and structural functions, but were found to offer no signifi-

cant benefit in this application where an R-40 overall rating is required.
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Cost Ranking

For specific installations it might be required to locate the

ACES energy storage assembly (1) within a building, (2) adjacent to a

building, or (3) remote from a building. Alternatively, the placement
may be optional and may be selected to optimize benefits or to minimize
cost. Accordingly, cost estimates for the concepts have been made? on
three bases: (1) as a separate (free-standing) unit, (2) where applicable,
as a structure which can be utilized for other necessary or desirable
purposes (auxiliary value), and (3) where applicable, as a unit w':ich can
derive benefit from portions o," other buildings without increasirn! the
cost of the other building. Table 1 presents order rankings.of the
concepts according to estimated overall cost, for three tank sizes and
for selected levels of integration with other buildings. Appendix A
describes in some detail the assumed conditions and resulting costs.

Total cost differences between concepts are relatively small.
Therefore in Table 1, the estimated cost for each concept is expressed
as a ratio to the lowest cost, for each water volume rating.

With due regard for the: small cost differences between concepts
and the accuracies that may be expected from the cost estimates, the
following observations can be made regarding the cost rankings.

(1) Concepts RSVR and SWPL appear favorable in all

rankings.

(2) Concept ORNLFF appears favorable in fully integrated

rankings but not in free-standing rankings.
(3) Concept UTLBX appears favorable in small free-standing

rankings, but less favorable as either size or degree
of integration increases.

(4) Concepts PLYSS and CONCYL do not appear clearly

favorable in any oi' the rankings.



TABLE 1. COMPARATIVE COST RANKING OF CONCEPTS
FOR ACES ENERGY STORAGE ASSEMBLIES

Concepts and Corresponding Estimated Cost Ratio,
Relative to the Lowest Cost for the Volume*

Rated Water Volume, cu.ft.
500 2000 4000

Separate from any building UTLBX 1.33 SWPL 1.31 SWPL 1.42
(free-standing) RSVR 1.37 RSVR 1.37 RSVR 1.47

SWPL 1.44 CONCYL 1.43 PLYSS 1.69
CONCYL 1.48 PLYSS 1.47 ORNLFF 1.82
PLYSS 1.49 UTLBX 1.56 UTLBX 1.96
ORNLFF 1.52 ORNLFF 1.60 CONCYL 1.96

Separate, with full utilization RSVR 1.27 SWPL 1.22 SWPL 1.31
of any auxiliary values ORNLFF 1.27 RSVR 1.23 RSVR 1.31

UTLBX 1.33 ORNLFF 1.33 ORNLFF 1.47
SWPL 1.38 PLYSS 1.41 PLYSS 1.64
PLYSS 1.43 CONCYL 1.43 UTLBX 1.96
CONvYL 1.48 UTLBX 1.56 CONCYL 1.96

Maximum integration with a RSVR 1.00 RSVR 1.00 RSVR 1.00
conventional building ORNLFF 1.07 SWPL 1.10 SWPL 1.19

SWPL 1.21 ORNLFF 1.12 ORNLFF 1.21
UTLBX 1.23 PLYSS 1.37 PLYSS 1.61
PLYSS 1.32 CONCYL 1.38 UTLBX 1.93
CONCYL 1.39 UTLBX 1.51 CONCYL 1.93
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Estimated Costs

Table 2 is a compilation of the installed costs estimated for

each concept, less the required water and heat exchanger brine which are

common to all concepts. Three rated water volumes and three degrees of

integration with other building structures are considered in this table.

Details of the development of these costs are presented in

Appendix A. It should be noted that some concepts were not designed to

the precise chosen water volumes because of standard commercial sizes of

some materials. In these cases a slight variation was tolerated and the

unit cost, in $ per rated cubic foot, was utilized in Table 2. This

allows comparison on basic concept merit, and assumes that the selected

rated water volumes are chosen somewhat arbitrarily.

The data of Table 2 was used in the compilation of rankings in

Table 1.

Figure 1 graphically illustrates the relative unit costs of the

concepts as a function of rated water volume. For this comparison the

unit costs were positioned at the actual rated volumes rather than being

rationalized to the specific nominal volume ratings.

Technical Performance Considerations

In.the course of Phase I investigations, several contrasts became

evident in the performance aspects of candidate materials and concepts, as

follows:

(1) Ice inventory monitoring - The ACES control system

depends on the measurement of tank water level for

automatic ice inventory management. Changes in

water level during ice formation are not uniform

among the concepts because of tank configurations.

Theoretical values of water level changes are

presented for comparison in Table 3.



TABLE 2. ESTIMATED OVERALL COSTS OF CONCEPTS FOR
ACES ENERGY STORAGE ASSEMBLIES

Heat exchanger, 40,000 BTU per hour

Rated Water Concept Designation
Volume, ORNLFF RSVR SWPL PLYSS CONCYL UTLBX
cu.ft. Fig. 1 Fig. 2 Fig. 3 Fig. 4 Fig. 5 Fig. 6

Basic cost, free standing 500 $4,480 $4,040 $4,230 $4,370 $4,360 $3,910

2000 9,200 7,840 7,510 8,410 8,220 8,960

4000 14,200 11,500 11,100 13,200 15,300 15,300

Basic cost less maximum 500 3,740 3,720 4,040 4,200 4,360 3,910
auxiliary value

2000 7,630 7,050. 7,000 8,120 8,220 8,960

4000 11,500 10,200 10,200 12,800 15,300 15,300

Basic cost less maximum 500 3,140 2,940 3,550 3,880 4,080 3,630
cost reduction through
integration 2000 6,420 5,740 6,300 7,840 7,940 8,680

4000 9,400 7,800 9,250 12,530 15,060 15,060
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Heat exchanger: 40,000 Btu per hr
Water, brine cost not included
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FIGURE 1. UNIT VOLUME COST OF SIX TANK CONCEPTS, FOR MAXIMUM
INTEGRATION WITH A BUILDING - 3 TANK SIZESINTEGRATION WITH A BUILDING - 3 TANK SIZES



TABLE 3. BASIC PERFORMANCE PARAMETERS OF CONCEPTS FOR ACES ENERGY STORAGE
ASSEMBLIES, AS CONFIGURED FOR PHASE I EVALUATIONS

Increase in Water Surface Ratio, External Surface
Reference Elevation at 9 Percent Area of Insulation/Rated Capability

Concept Figure Volume Expansion, inch Volume, sq.ft./cu.ft. to Support
Designation Number 500 2000 4000 500 2000 4000 Earth Cover

ORNLFF 1 6.3 6.3 6.3 1.45 0.82 0.69 Yes, slight

RSVR 2 2.4 3.5 4.2 1.34 0.85 0.67 No

SWPL 3 4.7 5.7 5.9 1.07 0.68 0.56 No

PLYSS 4 7.4 7.4 7.4 1.11 0.68 0.56 No

CONCYL 5 17 17 17 1.30 0.75 0.67 Yes, considerable

UTLBX 6 11 11 11 1.44 0.90 0.64 Yes, considerable
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(2) Energy loss with R40 insulation - Both R value of the

insulation and the extent of the external tank insula-

tion surface are important. The surface area-to-volume

ratios of the concepts also are not uniform, and are

presented for comparison in Table 3.

(3) Energy loss with deteriorated insulation - There appears

to be controversy and a limited factual basis for the

prediction of long-term effective thermal conductivities

of insulation materials, especially those subjected to

earth burial. All concepts included in this report

utilize plastic foam insulation. Phase 1 costs are

estimated for molded bead board polystyrene. However,

the more costly extruded polystyrene foam board (skin-

board), which has an integral closed cell skin, and which

is purported to maintain lower conductivity, could be

utilized. However, this substitution is not readily

accomplished in the ORNLFF concept. The proprietary

Foam-Form blocks -used in this concept typically are

coated, on-site, with a waterproofing material, the

effectiveness of which is not readily determined.

(4) Watertightness - All the concepts depend on a waterproof

film, either as an applied coating or as a flexible

liner to be installed. For films, a polyvinyl chloride

plastic of 0.020-inch thickness was initially selected,

because of its common use in swimming pools. It is

believed capable of a 20-year life, especially as it is

not subject to mechanical abuse, is not exposed to the

ultraviolet radiation of daylight, and operates primarily

at a refrigerated temperature. However, one swimming

pool contractor declared that 90 percent of residential

pools 3-4 years old leak at a rate of 1/4-inch per day.

If this allegation is true and is a characteristic of

liner material and fabrication rather than the (swimming
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pool) application, then it might also be applicable

to ACES installation. If the tank were to leak,

energy inventory monitoring under the present control

plan would be difficult at best. A more substantial

liner film such as 0.030-inch PVC or chlorinated

polyethylene rubber, such as Hypalon, both available

at higher cost, might be used.

In concrete structures, watertightness would be

affected both by basic permeability of concrete and

by any cracks which form. To counter these effects

an elastic coating is often applied. The coating

may be relatively thin for permeability control, but

must be substantial in thickness to be capable to

stretch and remain impermeable across cracks in the

concrete wall. This would be a topic for experi-

mental investigation if Concepts UTLBX or CONCYL are

to be developed.

Contacted Manufacturers and
Commercial Interests

Firms which supplied information relative to Phase I for materials

and constructions practices appear in Appendix B.
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CONCLUSIONS

Based on the Phase I work performed and the evaluations thereof,

Battelle concludes:

(1) Concepts have been identified which offer modest

cost reductions when compared to the reference

concept utilizing Foam-FormR blocks..

(2) Cost reductions and concept cost rankings are

affected significantly by the degree to which

the concept is integrated into other building

structures.

(3) The concepts depend on materials and methods that

vary widely with respect to confidence in cost

estimates, quality assurance, and capability for

longevity.

(4) Although the presented concepts conform to require-

ments of the work statement, there are significant

differences in secondary performance aspects,

including:

(a) The change in water surface elevation as ice

is formed, which affects energy storage

management (see Table 3)

(b) The surface area of the exterior, R40 insulation

(see Table 3)

(c) The surface area of insulation at or above

ground level

(d) The capability to support earth covers or

substantial external top loads (see Table 3).
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RESEARCH APPROACH

The major activities of the Phase I evaluation consist of the

following consecutive steps, which are described below.

* Acquisition of information

$ Origination of concept elements and concepts

o Screening of elements and concepts

a Preliminary development and design of concepts

e Preliminary cost estimation for concepts

9 Cost ranking of concepts.

Literature Search and Preliminary Calculations

The project team reviewed pertinent sections of the ACES report,

ORNL/CON-43, for familiarity. Limited literature searches were conducted

on key topics such as insulation, tanks, reservoirs, membranes, plastic

pipe, and ice. Fundamental computations were made to lend definition to

the scale of components, such as the general tank size range and the length

and spacing of heat exchanger elements for the specified heat rates.

Origination of Concepts

Ideas were solicited from a broad range of Battelle's multidisci-

plinary staff, using group and individual creative sessions. Battelle

researchers with a mechanical engineering background contributed heavily

to the creative efforts, but specialists in plastics, concrete, and soil

mechanics also made important contributions. A common practice in idea

solicitation activities is to limit applied constraints. As a result, a

broad range of ideas tend to be generated.
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Screening of Concepts

The unconstrained concepts were then screened to eliminate those

that did not appear to be technically or economically feasible. For

example, although fiber-reinforced plastic tanks are commercially available,

i.e., for underground gasoline storage, their basic cost eliminates them

from further consideration. For example, a 5350 cu.ft. tank is quoted at

$33,000. Similarly, although vacuum for insulation seems to be "free", the

necessary structure (or filler) and the dual wall shells are expensive.

Only the concepts that passed the screening process are presented

in this Phase 1 evaluation.

Preliminary Design Analysis of Concepts

Each of the concepts that passed the screening process was

subjected to the basic computations necessary to define the tank size and

configuration judged necessary. Chosen tank sizes were the extremes

specified in the work statement, namely 500 and 4000 cubic feet rated

water volumes, and an intermediate size, 2000 cubic feet. In some cases,

designing tanks for exactly the chosen rated water volumes was an incon-

venient constraint. In those cases it was assumed that cost/gallon rather

than absolute total cost would be compared to determine the concept ranking.

The cost of the heat exchanger is believed to have only moderate influence

on the concept ranking, and only an intermediate sized unit, rated at

40 KBTU/hr, was considered.

Where appropriate and practicable, knowledgeable specialists,

within and without Battelle, were consulted to aid the preliminary design

process and to help make judgments of feasibility.

Design assumptions and bases for cost estimating for each of the

reported concepts appear in Appendix A.
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Preliminary Estimation of
Cost for Each Concept

Once the fundamental designs were defined, installed costs were

estimated. In this procedure, 1980 manuals of the Rober Snow Means

Coir.pany, Inc.* were used as a source of basic construction cost data.

!owever, such data generally relate to large projects and are applied for

trade union workers. Accordingly some judgmental adjustments were applied.

For example, installation of 1-inch PVC pipe by a plumber is estimated to

be roughly $6 per foot in the manuals*, but such cost is not believed

applicable to the heat exchanger. Actual cost values that were used in

the estimates are listed in Appendices A and C. Where important and prac-

ticable, actual cost estimates or quotations from potential suppliers of

materials and services were sought.

For each concept the assembly was first considered to be a separate,

stand-alone entity, and corresponding costs were estimated. Subsequently

the resulting structure was examined for possible auxiliary value that might

be inherent in the design and subject to eventual exploitation. Finally,

the cost effects of integration with other structures, placing the assembly

adjacent to or within a conventional building structure at time of construc-

tion, were considered. In these analyses it was basically assumed that the

primary structure would bear all appropriate fixed costs and ordinary

building costs. The ACES assembly was assumed to be able to share any part

of the structure without cost, to the extent that (1) basic costs were not

increased and (2) useful space was not occupied. Direct cost increases and

all values lost through space occupancy are subtracted from integration

savings. For example, if the assembly is placed under a building, it is

assumed that the portion of the building above the storage tank would have

needed only a footing, a wall to grade level, and a grade slab, if the tank

had not been installed. Many permutations of structure-ACES tanks are

possible, of course, and only the most favorable have been considered.

* (1) Building Construction Cost Data, 1980.
(2) Building Systems Cost Guide, 1980.
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Appendix A lists the assumptions that were made and the individual

cost elements for each of the reported concepts.

Cost Ranking of Concepts

Cost ranking is simply the listing of the concepts in 
order of

their estimated cost; the lowest cost concept being 
listed first. Where

actual rated water volumes deviated slightly from the nominal target values

(in order to obtain convenient integer size material 
units or modules),

unit costs of dollars per rated cubic foot were used 
to normalize the

absolute costs to the specific nominal rated sizes.

Table 1 presents the resulting concept ranking for lowest overall

cost for (1) tanks separate from any building (free-standing), 
(2) tanks

from which maximum auxiliary value can be derived, and 
(3) tanks which are

integrated with a conventional building to the maximum extent. Also

included in Table 1 are cost ratio factors which allow 
comparison of

concepts and effects of integration for each rated volume.
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GENERAL COST COMPARISONS

In the process of selecting specific detailed conceptual designs

to be evaluated in detail, it was both possible and necessary to make

comparisons of three basic elements of the systems. These three elements

are:

e Insulation

o Heat Exchanger

o Structures.

General discussions of the research findings in these three areas are

presented in the following paragraphs.

Insulation

The requirement for R40 insulation is a major cost element in

all ACES concepts. A comparison of costs for low-cost insulation materials,

which might be applicable to ACES and which are commonly available, is

presented in Table 4. Note that the commercially available form of some of

these materials is not exactly an R40 rating.

TABLE 4. GENERAL COST COMPARISON OF COMMON INSULATIONS

Insulation Thickness, $/ft2 @ R40
Material inch R Value (Rationalized)

Vacuum -- - (0)

Glass wool 12 38 $0.4*

Molded bead polystyrene 10 40 1.1

Cyanurate polyurethane 6 40 1.8

Extruded polystyrene skinboard 8 43 2.3

Foam-Form()block (2 units) 40 2.8

* One place decimal units are used where greater certainty should not be
construed.
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The use of vacuum was briefly considered. Vacuum has been used

in relatively large cryogenic applications, where a honeycomb or silica
gel powder is used to support the pressure load between the necessary
shells. The problems of fabricating a large vacuum structure and main-
taining the vacuum are evident. Therefore, vacuum was judged not to be
cost effective, and was not considered further.

Glass wool is also difficult to exploit. Its low basic cost is
offset in this application by the need to exclude moisture, and an absence
of any inherent mechanical strength. Concept PLYSS of this study does,
however, consider its uses in an above-ground tank. Glass wool also might
eventually be considered as an alternative cover lid insulation where
physical support and a vapor barrier can be provided effectively.

Molded bead polystyrene is of great interest for ACES applications.
This is the material used for Foam-Form blocks, and it is frequently used
in subsurface perimeter insulation for buildings. Its compressive strength
is adequate to support substantial hydrostatic loads under flexible plastic
liners. Its long-term insulating value in moist and freeze-thaw environments
has not been clearly established, however. In one reported experimental
installation, a 1-inch thickness of bead board was exposed for 10 years as
subsurface highway insulation. The R value at the end of the 10-year period
was found to be 67 percent of the initial value, and moisture content had
increased to nearly 10 percent by volume. In this experiment, extruded
polyester skinboard also was installed for 10 years. The R value at the
end of the l0-year period was found to be 90 percent of the initial value.
This characteristic for moisture adsorption is alleged also to apply to
polyurethane insulations, even though they too are commonly used in under-
ground perimeter applications.

Material degradation is a complex subject, involving physical
phenomena not readily analyzed, but the long-term cost/performance ratio
may eventually be an important issue in ACES applications.

* ASTM Special Technical Publication 660, pp. 234-260.
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Heat Exchanger

Another significant cost element in all ACES concepts is the heat

exchanger. Thermal conductivity of a plastic tube wall is a key factor,

especially in applications where high heat transfer rates are required,

where total pipe lengths are long, and where maximum ice coatings are

relatively small. For metal tubes,.as an ice coating forms, the conduc-

tivity of ice becomes the dominant factor, and the (higher) conductivity of

the metal becomes relatively insignificant. However,. a conductivity much

less than that of ice (1.3 Btu per hr per foot per.F), increases the total

length of tubing required, and consequently material and labor costs are

greatly increased. The thermal conductivity of four common pipe materials

is compared to that of ice in Table 5.

TABLE 5. THERMAL CONDUCTIVITY OF COMMON PIPE
MATERIALS COMPARED TO THAT'OF ICE

Material K, Btu/hr/ft/F

Ice 1.3

PVC - Type I 0.085

Medium Density Polyethylene 0.22

Steel 30

Copper 220

Unfortunately, the advantage of greater thermal conductivity of

polyethylene is offset by two significant disadvantageous attributes:

(1) the pipe is not rigid and is thus less manageable and (2) solvent

welding, known to be cost-effective, reliable, and durable, is not

applicable. Joints must be mechanically joined or fusion bonded.
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It may be possible to (1) improve the effective thermal conduc-

tivity of PVC by modifying the formulation or (2) to improve the rigidity

and manageability of polyethylene pipe by formulation. These possibilities

appear to be areas for subsequent investigation which presently do not

affect concept ranking.

Structures

Many of the concepts considered for ACES applications depend on

discrete, rigid wall shells to contain the water and support hydrostatic

loads. Phase I investigations considered and abandoned the following

familiar container structures because of high cost.

(1) Concrete stave silos

(2) Poured-in-place concrete cylinders

(3) Fiberglass reinforced plastic tanks

(4) Steel tanks

(5) Corrugated steel bilt-together structures.

Two important familiar container structures which were judged

promising are:

(1) Large diameter, reinforced concrete pipe, and

(2) Prefabricated utility boxes, or "manholes" as

they are also terred.

These two structures are incorporated in proposed Concepts CONCYL and UTLBX,

respectively.
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SIX STORAGE ASSEMBLY CONCEPTS,
DESCRIPTIONS, AND COMMENTS

Concept ORNLFF

Figure 2 illustrates the ACES storage assembly concept described

in the ORNL/CON-43 report. This concept is presented in this report as a

reference basis for cost comparison.

Description

An in-ground tank is shown, although an above-ground tank could

be considered. An excavated hole receives a poured concrete footing and

a gravel/sand fill to present a smooth level floor. Specialized proprietary

plastic foam blocks are then assembled on the footings. Tongue and groove

features facilitate alignment, and mitering or' lapping is accomplished at

tank corners so that the important internal cavities will connect. Into

these communicating passages, steel reinforcing rods are placed and concrete

is poured. This procedure unifies and strengthens the structure. An avail-

able 11-inch-thick block provides an integral R20 rating and is the obvious

choice for ACES.

The polystyrene block unit, 11 x 16 x 48 inches, can be cut to

1-foot lengths but is more cost-effective in 2-foot wall length increments.

The effective wall height increment is, of course, 16 inches.

On the floor of the tank, insulatior, of R40 rating is placed.

Ten-inch thickness of molded bead polystyrene is assumed. To achieve the

required R40 rating in the walls, a 5-inch layer bf molded bead polystyrene

foam plank is cemented to the walls.

Within the resulting insulated tank, a fitted waterproof flexible

plastic liner is positioned. A concrete slab Floor is poured on top of the

lower section of the liner. Steel hooks are cist into the floor slab and

project from the upper surface. Plastic ropes, attached to these hooks,

* Foam-Form Canada Limited.
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extend vertically upward and are attached to structure at the top of the

tank. The heat exchanger coils are attached to these ropes. As ice forms

on the heat exchanger the buoyancy forces are transmitted to the ballast

to prevent the heat exchanger from progressively rising out of the remaining

water.

The heat exchanger is formed of shaped modular coils, fabricated

of extruded thermoplastic pipe and designed to transmit thermal energy at

the required rate to and from the tank. Above the water surface another

layer of plastic foam insulation panels serves to complete the insulating

envelope. Pre-cast reinforced concrete decking rests atop the reinforced

walls to complete the structure. An access port is incorporated in the

deck to allow periodic tank inspection.

Comments

Regarding technical and cost effectiveness of the concept, the

following observations are made:

(1) The concept appears to be generally cost effective

and is obviously feasible as demonstrated in actual

ORNL applications.

(2) The commercially available foam blocks are a useful

building material, eliminating need for concrete

forms and providing a substantial insulating value.

The long-term R value degradation is not a reported

property, however.

(3) The concrete ballast, as well as floor, roof, and

wall insulation all serve to enlarge the outside wall

dimensions, and increase cost. Outside walls are

estimated to cost $3.80 per square foot, installed.

(4) The attachment of heat exchanger tubes to plastic

ropes by twisted metal wires (as described in the

ORNL report) will perhaps be costly to implement.
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(5) The reinforced walls and strong decking contribute

to valuable integration benefits.

(6) A substantial thickness of earth cover on the deck

for larger tank sizes would comprise large loads

requiring very large deck beams.

Concept RSVR

Figure 3 illustrates an alternative concept that is essentially

a covered reservoir that uses the surrounding soil structure to support

and contain the water.

Description

A shaped cavity is formed in the earth by cut and fill excavation,

as is common in residential swimming pool construction. A 45-degree slope

is usually the steepest incline that is attempted with common earth struc-

tures, although in this application the insulation panels and water pressure

may contribute stability to steeper inclines. A concrete ballast slab is

cast on the cavity floor. To obtain the required mass and slab distribution

for ballast beneath the heat exchanger, it will be necessary to extend the

concrete slab beyond the finished floor area. The bottom portion of the

inclined earth walls must be replaced and shaped after the ballast slab is

in place. Flanged, threaded iron fittings are embedded in the concrete

ballast slab to connect with the heat exchanger structure.

When the concrete slab is poured, a shaped, reinforced concrete

sill is formed around the tank perimeter at or above grade. An important

feature incorporated into this sill is a molded plastic strip designed to

receive and hold the upper edge of the flexible tank liner.

In the shaped cavity, fitted planks of plastic foam insulation

are loosely placed. During placement, specialized "finders" will be

temporarily placed through the insulation and into the ballast attachments.

A prefabricated, fitted flexible plastic liner is placed in the

resulting cavity and attached at the sill. Above each ballast attachment,



E~~~~xchan Roger , _ _ / A < . t ~~~Sill , concrete

'c / '"Insulation, plastic

ttachment/

I ~~Boo
t se a l an d c la mp

SLieSlab, concreteX Lin er, viny l
--/ ! Liner

d > angerFill, gravel

* t, _ b 5) ~FIGURE 3. BASIC ARRANGEMENT, CONCEPT RSVR

ret? e B.o~~~~~ ~ 4af~~~~~ \-^~c- ^~~,~,in plostc w



29

as located by the "finders", the liner is cut and sleeved boots are solvent

welded into place. Within the boot a strong cylindrical rod or pipe is

placed, engaging the threaded ballast flange beneath the floor insulation.

The sleeve is then sealed to the rod with sealant compound and clamps.

The heat exchanger is fabricated from round plastic pipe, posi-

tioned and supported in a mesh grid partition of plastic coated wire chain

link fence fabric. Across the bottom of each mesh partition the ice buoyancy

load is transmitted from the mesh through a structural beam to the ballast

attachments. At the top of the tank the heat exchanger and the top insula-

tion are attached to the decking or flooring. For outdoor installations

the decking could be panels of roll-formed galvanized steel.

Comments

Feasibility and cost considerations for this concept lead to the

following observations:

(1) The concept appears to be generally cost effective

and technically feasible.

(2) Applicability of the concept requires favorable

soil structures, which may not be present in all

locales.

(3) Penetrations through the plastic liner, as required

for attaching the heat exchanger to the ballast,

are a common practice. However, leakage might occur

at these points.

(4) A large expanse of decking is costly, not likely

capable to support substantial external loading, and

exposes a large insulated surface area to ambient

grade level temperatures.

(5) Forming the concrete sill around the top periphery

is a difficult procedure.
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Concept SWPL

Figure 4 illustrates a variation of the previous concept.

Description

This concept was formulated to overcome problems identified in

Concept RSVR. It essentially conforms to common residential swimming pool

construction. Instead of continuing the inclined wall slope to the earth

surface, a ledge is formed on which prefabricated steel panels and braces

are erected. Discrete masses of concrete are poured as pads to stabilize

the panels and associated bracing. After the excavated earth is backfilled

against the outside of the steel walls, a reinforced concrete sill is formed

around the entire perimeter. The remainder of the assembly is identical to

that of Concept RSVR above.

Comments

The following contrasts to Concept RSVR are evident.

(1) Although the steel panels are costly ($18 per perimeter

foot plus installation), the reduced cost of the decking

and the sill, because of a smaller top opening, offset

the high cost of the panels.

(2) The capacity of the sill to accept external loads would

be relatively low if it were placed directly on filled

earth. However, the sill can be cast to be integral

with the upper portion of the steel wall and bracing

structure. This can possibly provide the necessary

perimeter strength and stability.

(3) The overall exterior surface area of insulation for a

given tank size is reduced, as is the top area at the

ground surface.
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Concept PLYSS

Figure 5 illustrates a concept intended to exploit the low cost

of glass wool insulation.

Description

An above-ground tank is constructed of stressed-skin plywood

panels, inside of which glass wool is placed. Four identical panels,

10 feet high, are prefabricated and are assembled at the site on a

prepared concrete grade slab. Steel straps span the floor area and are

attached to the lower edges of the panels to restrain the horizontal

hydrostatic load against the panels. Across the straps, a 10-inch thick-

ness of plastic foam plank insulation is placed to present a smooth base

for the fitted flexible plastic liner.

The heat exchanger is formed and supported in mesh as in previous

concepts, but the framed support structure is formed of pipe attached to

the tank walls above the highest water line. At this level the cross

members also brace the wall structure. Diagonal and horizontal bracing

at frame edges unitize the frame structures to accept buoyancy loads.

An insulated lid is constructed of wood framing, vapor barrier,

glass wool, plywood sheathing, and composition shingles.

The exterior may be painted, stained, or covered with a finish

siding material.

Comments

This concept, although meeting basic ACES requirements, might

have limited geographical applicability for the following reasons:

(1) Installation appears limited to above-the-ground

or within-basement applications. However, in

some locales, in-ground wooden foundations and

basement walls have been constructed. In-basement

applications are likely not cost-effective if

redundant walls are required.
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(2) Such a large structure is likely to be unsightly

and may violate existing residential codes and

ordinances.

(3) A footed slab may be required for load capacity

and thus reduce cost-effectiveness further.

(4) Extensive surface area is exposed to air

temperatures.

(5) Longevity is questionable.

Concept CONCYL

Figure 6 illustrates a completely prefabricated concept based

on a large reinforced concrete pipe that could be produced in several U.S.

locations with the integration of several existing technologies and the

commitment of significant investment capital.

Description

The structural wall of the tank is a 10-foot reinforced concrete

cylinder, 4 inches thick, with steel reinforcement. Concrete circular

partitions and end plates will be custom fabricated and factory assembled

into the cylinder to complete the tank structure. These bulkheads signifi-

cantly increase the structural strength of the cylinder. The end plates are

positioned inward from the ends of the cylinder, and necessary plate-to-

cylinder sealing is accomplished by extruding a polymerized grout into

aligned, keying grooves of the two members. The inner surfaces of the

cylinder and end plates of the tank are then coated with a polymer material

of low permeability, to provide watertightness. The considerable elongation

capability of this polymer material is expected to satisfactorily bridge any

small cracks that may develop in the concrete.

The heat exchanger is formed by placing straight lengths of rigid

plastic pipe through aligned holes of the end plates and partitions. The

ends of the pipes which extend into the cylinder end spaces are then joined

together with fittings to complete the flow paths. Seals are provided by

O-rings where the tubes penetrate the end plates. The O-rings are placed

and retained in plastic liners that are embedded in the end plates during

manufacture.
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Using the same manufacturing equipment, cylindrical concrete tanks

can be cast in various lengths to meet designed volume specifications. The

practical limit of length for transportability is about 32 feet, and required

water volumes greater than 2000 cubic feet would require field assemblies of

two cylindrical sections, placed end-to-end to save insulation costs.

The tanks will be transported on special trailers which have the

equipment necessary for emplacement. The concrete structure is positioned

in the excavation on a prepared bed of fill and plastic foam insulation. The

remaining insulation is then applied and held in place by the earth backfill.

Comments

(1) A completely prefabricated assembly is provided.

(2) The shape provides a substantial change in water level

for ice inventory sensing.

(3) The shape and strength provide a basic ability to

support earth and vegetative cover.

(4) The technology for pipe wall manufacture is available,

but not developed.

(5) Numerous seals must function properly to achieve water-

tightness. Also, an applied elastic coating to eliminate

permeation and bridge hairline cracks that are expected

to form will be of substantial cost, and may need to be

thicker than assumed.

(6) Factory manufacture of the assembly may provide benefits

in cost and quality assurance not available in on-site

construction.

(7) The 32-foot length is longer and heavier than pipes

normally made and delivered.

(8) The multiple units required for sizes above 2000 cubic

foot represents a cost penalty.

(9) The concept does not offer significant auxiliary cost

benefits or the ability to share other necessary

building structures.
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Concept UTLBX

Figures 7A and 7B illustrate a modular concept based on use of

prefabricated box sections similar to those presently manufactured for

prefabricated utility boxes, or "manholes".

Description

The primary tank structure is formed of rectangular, open-ended

shells of reinforced concrete, similar in size, weight, and shape to the

utility enclosures presently provided, under strict functional specifica-

tions, by specialized manufacturers throughout the U.S. The shells are

assembled end-to-end at the site, capped, and held together by tensioning

members. Commonly a waterproof seal is placed at the joints and, although

the concrete has not been found to crack, a waterproofing coating is

factory-applied to interior surfaces to negate permeability.

The heat exchangers are factory assembled in the individual

modules, using vertical lengths of plastic pipe which are fastened to the

upper and lower module walls. Coupling of the heat exchangers is accom-

plished at the site as the modules are assembled.

The sections and ends of the shells are transported to the site

and placed in an excavated hole on a prepared bed of fill and insulation,

using delivery equipment standard to this industry. When the assembly is

complete the sidewall and top insulation is applied and held in place by

the earth backfill.

Comments

Feasibility and cost considerations lead to the following

observations:

(1) The concept appears generally cost effective.

(2) No significant extension of current practice is

required to fabricate or install the concrete

structures.
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(3) Strong, dense, reliable structures result from the

vibration of the prefabricated structure during

concrete placement.

(4) The stringent quality control measures that are

required for utility enclosures are available for

quality assurance.

(5) Factory manufacture may provide benefits in cost

and quality assurance not available in on-site

construction.

(6) The structure is capable of supporting moderate

earth cover.



41

SUMMARY - PHASE II

After reviewing the Phase I findings, ORNL selected the following
three concepts as subjects for the Phase II detail design developments.

(1) Concept ORNLFF - An assembly, envisioned in ORNL/CON-43

report, has a tank that is site-constructed of modular

Foam-Form( blocks, which receive a poured, reinforced

concrete fill and provide an integral, R-20 insulating

value.

(2) Concept SWPL - An assembly which depends largely on

earth for support of a water-containment membrane

liner and which makes substantial use of components

used for residential swimming pools.

(3) Concept UTLBX - An assembly which uses large precast
concrete structures for tank sections. Similar

structures are used for underground housings for

public utility equipment, and are termed utility

boxes or "manholes".

Designs

For each concept, approximately ten tanks were designed, ranging
from 500 to 4000 rated cubic feet, as specified. For each of the selected
tank sizes, five heat exchangers were designed, ranging from 18,000 to
60,000 Btu per hour heat transfer rates, as specified.

Costs

Table 6 presents estimated costs for complete, free-standing

energy storage assemblies of each concept, for four tank sizes, and for
heat exchangers providing the least and greatest heat transfer rates. It
should be noted that the tank sizes are not of identical volumes, due to
limitations in available sizes of modular building components. Also, for
concepts ORNLFF and UTLBX, distances from the installation site to the con-
crete precast plant and to an available lifting crane affect the finished
cost, as indicated on this table and elsewhere in Tables C-1 and C-3.



TABLE 6. ESTIMATES OF TOTAL COST AND UNIT COSTS FOR THREE
CONCEPTS AS DESIGNED IN PHASE II, FOR 4 TANK SIZES

(Free-Standing Configuration)

ORNLFF* SWPL UTLBX
Tank Heat Exchanger, Tank Heat Exchanger, Tank Heat Exchanger,
Size, Btu/hr Size, Btu/hr Size, Btu/hr
cu.ft. 18,000 60,000 cu.ft. 18,000 60,000 cu.ft. 18,000 60,000

Estimated Total 520 5,900 6,830 510 5,500 6,140 500 6,620 7,230

Cost, $
1,080 7,660 8,660 1,260 7,390 8,030 1,000 9,190 10,140

1,840 9,490 10,430 2,190 11,200 11,890 2,000 15,220 15,960

3,960 14,960 16,020 3,920 17,900 18,590 4,000 27,760 28,830

Estimated Unit 520 11.4 13.1 510 10.8 12.0 500 13.3 14.6

Cost, $/cu.ft.
1,080 7.1 8.0 1,260 5.9 6.4 1,000 9.8 10.7

1,840 5.2 5.7 2,190 5.1 5.4 2,000 7.9 8.3

3,960 3.8 4.1 3,920 4.6 4.7 4,000 6.9 7.2

* Distances from concrete precaster and from lifting crane home base are assumed to be 100 miles each.

See Tables C-1 and C-3 for effect of other distances.
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Cross comparisons between the three concepts can perhaps best be

made in Figures 8 and 9, which present the estimated cost data in graphic

form.

For concepts ORNLFF and SWPL, it may be advantageous to plan and

construct the energy storage assembly as part of an associated building.

Placing the assembly adjacent to the building may allow certain structural

and procedural costs to be combined and shared, for a modest reduction in

overall cost. Also, the deck surfaces may be of utility (as for a patio
or carport floor), thus reducing the effective cost of the energy storage

assembly. These and other integration possibilities were investigated and

discussed in Phase I. (See pages 7, 8, A3-A6, A14-A15.)

Performance

Several general design characteristics were presented in Phase I,

Table 3. Detailed analysis performed during Phase II resulted in recogni-

tion of an additional design characteristic of critical importance: the

ability of the heat exchanger tubing to support the buoyancy load of the
ice. Analytical methods do not provide accurate determinations of tube

loads and tube strengths, and yet tube size and tube support configurations

exert considerable influence on overall costs. The Phase II designs are
based on optimistic load and strength assumptions in the interest of low

cost, and these assumptions may require verification by experimental

evaluations.

For concepts ORNLFF and SWPL, substantial cost increments are
associated with tank covers, which in the strictest sense are "nonfunctional".
The covers were designed to withstand external loads of 50 pounds per square
foot or more. This capacity will not accept appreciable earth cover, but is

adequate for a number of domestic uses.

A substantial cost increment is also associated with the elastomeric

coating used to waterproof the walls of the precast tank modules of the UTLBX

concept. The requirement for this coating is perhaps only statistical, and
might also be the subject of experimental evaluation.
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CONCLUSIONS - PHASE II

From the detail design work and investigations of Phase II, the

following additional conclusions are formed:

(1) The estimated costs for ORNLFF and SWPL energy

storage assemblies are not significantly

different except for large tank volumes, where

ORNLFF is lowest.

(2) The estimated costs for UTLBX energy storage

assemblies is substantially greater for all

sizes, although the difference diminishes for

small sizes.

(3) The favorable quality control of the pre-fabricated

UTLBX concept and its ability to support substantial

earth cover are offset by substantial delivery and

placement costs.

(4) The ability of thin-walled heat exchanger tubes to

withstand loads and stresses of this application

are not readily established, and may ultimately

influence overall costs significantly.

(5) For free-standing assemblies the structure required

to cover the tank, although "nonfunctional", is a

major cost factor. This factor alone can affect

the cost-ranking of the concepts.
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RECOMMENDATIONS - PHASE II

Based on the evaluations and findings of this program, Battelle

suggests that ORNL consider in detail the following aspects of ACES energy

storage assemblies.

(1) Experimental evaluations should be made to

determine the effective strength of heat

exchanger tubes in resisting static buoyancy

loads and impacts from dislodging ice chunks.

(2) Further consideration should be given to the

practical implications in ACES applications

of:

(a) In-service degradation in R-factor of

insulations of lowest initial cost.

(b) Less than absolute water-tightness.

(3) For the ORNLFF concept, consideration should be

given to using walls of greater height than

originally contemplated, in order to obtain a

more favorable surface area/volume ratio. The

reductions in material cost and heat loss rate

may justify the more difficult excavation and

installation procedures that are required.

(4) In constructing prototype units, the detailed

knowledge of specialized contractors should be

utilized, particularly regarding the installation

of:

o Foam-Form - blocks

® Membrane liners, and

® Swimming pool walls.
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RESEARCH APPROACH

For Phase II, the major activities consisted of the following

consecutive steps:

* Identification of preferred concepts

* Detailed analyses of selected concepts

* Identification of capable manufacturers

and suppliers

* Preparation of drawings and instructions

* Cost estimation.

Identification of Preferred Concepts

On January 20, 1981, the Phase I results were reported to ORNL

in the interim report which forms the first section of this summary report.

After review of the information, ORNL identified three concepts for Phase II

detail design, which were:

(1) ORNLFF - The reference concept which uses a special

modular foam block, filled with concrete at the site.

(2) SWPL - A concept which uses swimming pool components

to build in-ground tanks.

(3) UTLBX - A concept which uses precast concrete modules

for tank walls.

Detailed Analysis of Concepts

For each of the concepts chosen, detailed computations were made

to establish the configurations, materials, and methods to be used.

Arrangements and structures were conceived and evaluated in terms of cost,

load-carrying ability, and expected durability. Permutations arising from

the independent variables of water volume and heat rate were computed and

tabulated. Consideration was given to the external load level that should

be provided in an exposed surface deck, and a value of 50 pounds per square
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foot was established as a reasonable minimum. As each component was

selected there was brief but aggressive consideration for lower cost

alternatives. In this manner the general arrangements were progressively

formulated and finalized.

Identification of Potential Suppliers

Although general determinations had been made in Phase I as to

available materials and components, additional information was sought to

further assure that favorable selections were made. For heavy materials

it was determined that these would be available at frequent distance

intervals throughout the nation, and in the quantities required. Brief

comparisons of features and costs of competitive products were made. Also,

in the case of the large precast concrete modules, a principal user, Bell

Laboratories, was consulted.

Typical suppliers of products and services applicable to these

concepts appear in Appendix E.

Preparation of Drawings and Instructions

Drawings were prepared for each of the concepts, with tabulations

to indicate the dimensions, capacities, and instructions to be used in

constructing assemblies of required water volumes and heat rates. To the

extent practical, specifications and possible sources were indicated in a
parts list format.

Sequential instructions were written for the procedures necessary
in installing the energy storage assembly, for each concept. These proce-
dures appear in Appendix D.

Cost Estimation

For each of the three concepts, cost estimates were prepared

using the available tank sizes closest to the nominal volumes of 500, 1000,

2000, and 4000 cubic feet, with both the smallest and largest heat exchangers

(18,000 and 60,000 Btu per hour).
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To the extent possible, actual quotations, estimates, and pub-

lished prices of potential suppliers were used. For other cost estimates

the manuals of the Robert Snow Means Company, Inc.* were used.

It should be recognized that appreciable uncertainties can arise

in this type of cost estimating. A considerable variation may eventually be

expected in the overall cost quotations from different types of contractors,

depending on their size and policies regarding overheads, wages, profit and

markup of material costs. Also, for the precast concrete tank modules there

would be costs that must be amortized locally, such as one-time engineering

and tooling costs and possibly continuing costs of tooling maintenance and

storage. Some of these factors were considered to be beyond the scope of

the program, and reasoned judgments were necessarily made. The cost esti-

mates are believed adequate for the purposes intended, and can of course be

refined when cost quotations are obtained.

The tabulations of cost estimates appear as Appendix C.

DISCUSSION OF CONCEPTS AS DESIGNED FOR PHASE II

General Design Characteristics

The reference report ORNL/CON-43 and the applicable work statement

(RFP P1365) served as the basis for this investigation and design activity.

The water volume and the heat transfer rates are to be considered independent

variables, ranging from 500 to 4000 cubic feet and 18,000 to 60,000 Btu/hr,

respectively.

It is perhaps axiomatic when designing structures for low cost that

functional requirements be well defined and that design margins be kept small.

Some aspects of the ACES energy storage assembly cannot be clearly established

by analysis, and some load/stress calculations can only be approximated. In

specifying the three selected assembly concepts, assumptions have been made,

but for any specific application the following factors deserve further

consideration.

o The actual temperature of the ice-forming surface,

as ice inventory approaches the maximum and mineral

concentration of the remaining water may become high

* (1) Building Construction Cost Data, 1980.
Building Systems Cost Guide, 1980.
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* The load capacity and creep of ice

* The effect of ice chunks breaking free during the

melting mode of operation

* The statistical probability for leaks, considering

the unequivocal requirement for water tightness

* The acceptability of a large deck surface of

"corrugated", galvanized steel.

These factors are discussed in the following discussions, and

future refinements of judgment should be based upon experience that is

well monitored.

Heat Rate

Minor adjustments in the heat exchanger computational methods

of the ORNL report were mutually agreed to be advisable. As with most

heat exchange computations, practice and theory may deviate substantially.

Information was not found which would enable definitive computation of

heat rates after the adjacent ice "logs" begin to merge, and this is

assumed to be the design point (78 percent ice inventory at square lattice

spacing) controlling the heat exchanger tube length, even though ice inven-

tories up to 95 percent are desired. Experience may show the greater tube

lengths or greater brine flow rate than indicated may be required.

It was noted that computations were not particularly sensitive

to brine concentration and a 35 percent methanol brine was eventually

considered a "standard". Also, so long as a turbulent flow pattern is

assured the resistance to heat flow of the inner convective film is not

significant, generally amounting to only about 3 percent of the total.

Durability

As specified, 20 years was considered to be the minimum goal

for useful life. Corrosion of metal parts and similar attritional

degradations of plastic and concrete parts would seem to be the primary

threats to longevity, apart from any abrupt fracture of stressed parts,

which is considered separately.
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Corrosion

Corrosion of metal parts is influenced by the presence and inten-

sity of such components as

* Oxygen

* Temperature

* Moisture, particularly wet/dry cycles

e Ionic materials in solution

a Dissimilar metals (galvanic action).

Within the insulated shell of the energy storage assembly the time-average

temperature is favorable. The basic rate of chemical reaction at 32 F

should only be half that at 50 F, which might be considered the time

average ambient temperature in the applicable temperate zone. And although

oxygen solubility of water increases as temperature is reduced, there is no

turbulence or convection to promote substantial, continuous oxygen absorption

by the water. Also, an oxygen scavenger such as sodium sulfite could be

periodically used, if necessary. There is no wet/dry cycling which breaks

the oxide film to intensify the corrosion rate.

With these factors considered, galvanized steel has been identified

as a suitable low cost material, and extensive use has been made of it in

the detailed design of the concepts. The common zinc thickness available

from hot dipping (2 ounces per sq.ft.) has been specified for all critical

components.

Degradation

Low temperature and absence of ultraviolet radiation from sunlight

are favorable conditions for the important membrane liners of two of the

Phase II concepts, if algae and bacterial growth can be controlled as assumed.

Experienced swimming pool contractors express the belief that without the

sunlight and mechanical abuse of ordinary applications, a 20-year life should

be obtainable. On the other hand, concern was expressed that slight leakage

can be expected in most pool liners after 3-4 years, of the order of 1/4 inch

per day. The rate does not apparently accelerate and the cause may be
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mechanical abuse rather than material property attrition, but such an event
would have serious consequence for the proposed ACES monitoring system.

The lowest cost commercial liner is 20 mil PVC. A 30-mil thickness is
commonly available at extra cost and rugged, industrial tank liners could
also be used.

Solvent welding is strongly recommended for plastic tube connec-

tions. This low cost method, properly executed, produces integral joints

which are truly fused rather than adhesive bonded. In contrast, the use of

push-on mechanical fittings with clamps (as with polyethylene piping) depends

on sustained stresses in the materials, which can lead to eventual splitting

of the tube along the extrusion knit line.

One of the Phase II concepts depends on concrete walls for water

containment. Bare concrete was considered because of claims that the nature

of the reinforced, vibrated concrete makes the permeability and leakage nil.

However, in the interest of low cost, the thickness of the concrete walls
has been reduced to a minimum consistent with proposed domestic applications.

Yet plain water of unsaturated mineral content might eventually leach the
cement from inside surfaces to a significant extent. For this reason and

for the sake of assuring water-tightness even if hairline cracks develop, a
fluid-applied neoprene coating has been specified for the interior concrete
surfaces, at significant cost penalty.

Structural Strengths

To the extent possible, published load and stress ratings were

used for all structural components. Heat exchanger tubing is discussed
separately, below. For plain structural steel a working stress in tension,

compression, or flexure was assumed to be 20,000 psi, with 12,000 psi

assumed for shear. Concrete, except as specified otherwise, was assumed

to have a 2000 psi compressive strength. Other capacities are variously

stated at appropriate points of discussion.
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Heat Exchanger

Basic Heat Transfer Characteristics

The design computations for the heat exchangers of this investi-

gation are based on the methods used in the ORNL/CON-43 report (Section 4.3).

The general equation for the heat extraction rate is:

TW - TB

HEV R

where

HEV = rate of heat extraction from the tank, Btu/hr, also

necessarily equal to the heat rating of the system

evaporator

TW = temperature at the ice/water surface, where ice is

forming, 32 F for pure water

TB = mean bulk temperature of the brine medium, given

as 15 F

R = overall resistance to heat flow.

The 32 F temperature at the ice surface could perhaps be questioned.

With water of high mineral content there may be a progressive increase in

the mineral concentration as the ice inventory increases, and the freezing

temperature may consequently be depressed. However, as in most heat exchanger

computations there is not sufficient accuracy to justify great refinements,

and 32 F was assumed valid.

The elements contributing to the resistance are (1) the convective

film at the tube interior surface, (2) the insulating resistance of the tube

wall, and (3) the insulating resistance of the ice coating. Because ice is

forming on the log surface with essentially no temperature gradient, heat

transfer resistance due to an exterior convective film coefficient is not

appropriate. Heat need not be convected away. For circular ice logs with

the entire perimeter exposed to water, the theoretical heat flow resistance

is of the following form:
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where

a = total active length of heat exchanger tubing, ft
hi = convective heat transfer coefficient at tube/brine

interface, Btu/hr/sq.ft./F

d = inside diameter of tube wall, ft

Do = outside diameter of tube wall, ft

D = maximum ice log diameter, also the center-to-center

tube spacing, ft

Kp = thermal conductivity of tube wall, Btu/hr/sq.ft./F

KI = thermal conductivity of ice coating, 1.29 Btu/hr/sq.ft./F.

This basic theoretical expression applies only so long as the

entire log surface remains in contact with water. In the hypothetical case,

with "square" lattice spacing and uniform ice coatings, the ice logs would

begin to merge at 78 percent of ice inventory, beyond which the wet surface

area of the log declines and the design computations become problematic.

If tubes were to be spaced at the vertices of equilateral triangles rather

than squares, the merging would occur at 91 percent total volume. However,

in this case flat wall boundaries cannot be approached uniformly by such

tube spacing and the actual volume fraction would be somewhat less than

91 percent. Moreover, the general accuracy of heat transfer computations

and the accuracy of available, necessary parameters makes further computa-

tional precision only acadenic. For the purposes of this investigation,

"square" lattice spacing is assumed and the critical design point (maximum

heat transfer resistance) is considered to be where the ice logs just touch,

theoretically (78 percent ice inventory).
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In general, turbulent flow should be provided for efficient heat

transfer, in which case the following expression is customary:

/ 0.4*

h.d = .023 kf Re 0 8 . (for R > 2000)

and

R = dvp
e p

where

kf = thermal conductivity of fluid, 0.237 Btu/hi/sq.ft./F

for 35 percent methanol/water solution, and not greatly

influenced by brine concentration

R = Reynold's number

= viscosity of the fluid, lb/ft/hr

p = specific heat of the fluid, Btu/lb/F

v = mean velocity of the fluid, ft/hr

p = density of the fluid, lb/cu.ft.

d = inside diameter of tube wall, ft.

The velocity of the fluid is governed by the brine flow rate and

the available cross-sectional area, as follows:

v = Ap
Ap

and

HEV

Cp T

and

-ad2
A = N - ,

* Some authorities suggest an exponent of 0.3 fi)r cooling and 0.4 for
heating. If so, the convective resistance would increase approximately
50 percent for methanol brine, but this comp(onent remains minor.
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where

M = mass flow rate of fluid, lb/hr, as provided by the

brine pumping system

A = gross cross-sectional tube area available for brine

flow, sq.ft.

AT = change in fluid temperature, given as 4 F (13 F inlet,

17 F outlet)

N = number of parallel branches available for fluid flow,

as necessary to avoid excessive pumping power losses.

The maximum permissible pressure drop of the heat exchanger

circuit was stated as 6 psi, which forms the following constraint:

2gdaPf 2gd (6 x 144)
max fpv 2 fpv2

and

f =64 (For R > 2000 and smooth plastic surfaces)
Re e

where

L = length of tube in each individual brine branch or

circuit, ft, equal to a/N

f = effective friction factor

g = acceleration due to gravity, 4.17 x 108 ft per hr2.

Finally, for "square" lattice spacing of tubes, the water volume

of the tank exerts an influence on the heat extraction rate through the ice

coating thickness as ice logs just touch (theoretically) as follows:

D= 1.09 V

where

V = rated volume of water, cu.ft., expanded by freezing

to approximately 109 percent the initial volume.
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Using these expressions, heat exchanger determinations were made.

Because of interrelationships, iterative solution is necessary, with the

following general results:

(1) Thermal conductivity of the tube wall is important

only when it is significantly less than that of

ice. There is no merit associated with high con-

ductivity (as with metallic tubes) but significant

penalty is associated with low conductivity.

(2) Tube size/length relationships favor generally small

tubes of thin walls, as might be surmised, and tube

structural strength, as discussed below, becomes of

major importance.

(3) The effect of brine concentration is minor.

(4) The resistance of the inside convective film is

minor, so long as turbulent flow is maintained.

Tube Material Comparisons

The logical choice for tube material, considering the primary

objective of low overall cost, rests among the common thermoplastics used

in extruded commercial pipe. A general comparison of pertinent properties

of candidate materials can be made from Table 7. The data was collected

from various sources and substantial inconsistencies became evident.

Also, thermal conductivity is not easily quantified and generally

of little interest to most users and suppliers. A variety of compounding

modifiers are used, with effects on properties such as conductivity and low

temperature impact strength.

The most common plastic material for pressure piping is PVC Type I.

Availability, low cost, and flexural strength are offset by low thermal

conductivity and low impact strength at low temperatures (which may be

critical if ice chunks dislodge and strike the piping).

Polyethylenes offer good impact strength and thermal conductivity

but have low flexural strength. Moreover, the product form (semiflexible,

coiled) is not readily manageable for ACES applications where straight,



TABLE 7. PROPERTIES OF COMMON PLASTIC PIPE MATERIALS

PVC Type I PVC Type I High Medium
ASTM Normal Impact High Impact CPVC Density Density
Test PVC 1120/PVC 1220 PVC 2110 CPVC 4120 Polyethylene Polyethylene Polypropylene ABS

Resistance to Methanol/ -- OK OK OK OK OK OK OK

Water Brine at 13 to
85 F

Thermal Conductivity

Btu/hr/ft/°F C177 0.085 0.109 0.023 0.27 0.22 0.11 0.15

Ratio to Ice 0.065 0.084 0.018 0.21 0.17 0.085 0.12

Flexural Strength D790 15,000 11.500 15,600 3,700 2,800 8,500 10,000

(Room Temperature),
psi(a)

Modulus of Elasticity D638 400,000 320,000 423,000 120,000 70,000 150,000 310,000

in Tension (Room
Temperature), psi

Izod Impact; ft lb/ D256 0.47 1.47 1.8 4.6 -- 0.3 1.4

inch notch @ 32°F

Bulk List Price of Base -- 1.6 1.6 5.4 1.6 1.5 1.4 2.1

Resin, V/cu.in.(b)

Product Form -- Straight, Straight, Straight, Coiled, Coiled, Straight, Straight,
Rigid Rigid Rigid Flexible Flexible Rigid Rigid

Solvent Weldable -- Yes Yes Yes No No No Yes

(a) Generally a strain, rather than fracture limit.

(b) Reference: Plastics Technology, March 1981.
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parallel pipe runs are needed. Also, tube connections must be made

mechanically (with clamps) or by heat welding; both approaches are judged

less desirable in this application to solvent welding, which is low cost,

dependable, and durable.

Polypropylene and CPVC have no outstanding properties to commend

them for this application.

ABS suggests interesting possibilities, especially due to its

high relative thermal conductivity and impact strength. However, ABS

tubing is not as commonly available as PVC and will cost more per unit

length, due to the basic cost of the resin and perhaps to a scarcity of

willing suppliers.

Figures 10, 11, and 12 represent the basic interrelationships

of heat rate, water volume, tube length, and number of branch circuits

necessary, as computed from the foregoing methods, for three appropriate

thermal conductivities, for a favorable pipe size, and for a 35 percent

methanol brine concentration. In all cases the flow is turbulent (R > 2000)

and the pressure drop does not exceed 6 psi. The primary heat flow resis-

tances derive from the tube wall and the ice coating, while the inner

convective film is of minor importance. Note that the effect of Reynold's

number is not severe. For a given volume, as heat rate increases and the

pressure drop increases so that an additional branch circuit must be added,

a step increase in length is only of the order of 10-20 feet, or not more

than approximately 2 percent.

* The pressure drop is found to be largely due to tube length, rather than
elbow bends, but in this application it is also very sensitive to the

4 75
actual tube ID (proportional to d 7). Tube is usually specified by OD
and wa7? thickness, and the bore can theoretically be much below nominal.
On the other hand, the manufacturer wants to conserve material and is not
likely to provide maximum wall thicknesses. Also, a considerable range of
pressure drop is predicted among the various heat exchangers, up to 6 psi
nominal. Thus the pressure/flow rate characteristic of the brine pump
must be considered for proper flow rate.
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A comparison of the figures shows that the polyethylene (PE) and

ABS tubes can be substantially shorter than the more common PVC tube. For

example, for a 2000 cubic foot rated water volume and a 40,000 Btu/hr heat

rate, the theoretical total tubing lengths required for PE, ABS, and PVC

are, respectively, 1040, 1070, and 1240 feet. Also the brine volume within

the tubes are 47, 60, and 70 gallons, respectively. The tank volume occu-

pied by the heat exchanger is in no case greater than 3 percent, and may

therefore be neglected.

Commonly available rigid PVC appears the most logical material

choice, in spite of the greater lengths needed. The common availability,

strength, and solvent weldability are believed to yield the greatest cost

effectiveness and reliability. Lengths of heat exchanger tubes specified

in the Phase II detail designs are based on the (lower) conductivity of the

common PVC grade, material designations PVC 1120 and PVC 1220. A decision

to substitute high impact grade PVC 2110 with its higher conductivity

(1.28 ratio) could provide a conservative design margin, or all specified

lengths could be reduced approximately 10 percent.

To aid in the necessary interpolations for Phase II design,

Figure 13 was prepared, which is merely a revised expression of Figure 10,

with "best fit" lines and a continuum of water volume rather than heat

rate.

Tube Strength Under Buoyancy Loads

As ice forms on tube surfaces, considerable buoyant forces are

developed. These forces must be transmitted to the tank structure so

that the heat exchanger does not progressively lift itself out of the

water and so that the water level change can be monitored for indication

of the ice inventory fraction. Although vertical heat exchanger tubes

were considered in some Phase I studies, the important concepts now depend

on horizontal tubes, which consequently require consideration of tube

bending strength.
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The simplest basic situation is shown below, where an ice coated

tube is held by two restraints. The unit loading (buoyancy) is proportional

to the ice volume. If the ice log is assumed capable of carrying a sustained

load, considerable beam strength is available, because the buoyancy load

increases only in proportion to Do while the section modulus increases in

proportion to D . However, ice is subject to creep, especially near 32 F.

Tube Ice

/ (Water)

D <0 D

a - b |< a

A most conservative design approach would be to assume that the

tube must resist all bending moments. Consider the selected 1-inch PVC

tube, which has the following properties:
3Section Modulus: 0.064 inch

Flexural Strength: 11,500 psi (room temperature, ASTM D790).

For a maximum working stress of 7500 psi, the maximum applied moment should

not exceed 40 ft lbs. For the situation shown the maximum bending moment

for the cantilevered end can be expressed as follows. (The bending moment

at the center will be less until dimension "b" exceeds 2.8 times dimension

"a". For designs with more than two supports, this ratio declines toward

2.0.)

For the cantilever:

M - wa

and

w 2 D ( 62. 4 D 2 ,w D (62.4 - i. :4Dw 1.09 0
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where

M = the applied bending moment, ft lbs

w = the uniform unit load, lbs/ft

a = the effective overhang, ft

Do = the outside diameter of the ice log, ft.

Resulting in:

max D

which for M = 40, as computed above, results in:

4.5
max Do

The actual loading would be somewhat greater than calculated, because of

the horizontal section of the ice-coated pipe which must run transverse

to the main pipe to reach the next run. This represents an additional

concentrated load at the main pipe's end. The effect of this additional

load can be taken into account by regarding the length of pipe outside the

support as the distance to the tank wall, which is greater than the actual

pipe length.

From Phase II data the tube spacing (and thus Do ) can be seen to

range from roughly 0.7 to 2.7 feet, with an average of roughly 1.25 feet.

Thus for the tube to carry the entire bending load the maximum permissible

overhang would average 3.6 feet, and decline to as little as 1.7 feet. On

the other hand, with the important factor of creep neglected, ice is capable

of supporting roughly 200 psi in flexure. If such stress level could be

depended on, the critical minimum overhang might be postulated to be roughly

4 feet, as shown below.

* Review of the Properties of Snow and Ice, University of Minnesota,
Institute of Technology, Engineering Experiment Station, July 1951.
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For low cost, it is important that the tube supports not be over-

designed. In the Phase II designs, optimistic tube support overhangs and

spans have been chosen. Ultimately it may be necessary to determine experi-

mentally the support distances that are permissible and, if necessary,

(1) reduce the distances and spans, (2) increase the tube size and conse-

quent section modulus, or revert to metallic tube materials.

An optimistic approach has also been taken in regard to the shear

and contact stresses of tubes due to ice loads. It is assumed that a large

part of the ice load is transmitted directly to the support structure rather

than through the tube itself. This assumption may have various degrees of

validity among the Phase II concepts, depending on the particular nature of

the tube support systems, as will be discussed further.

Implementation of Design Equations

The foregoing computations allow the required tube length and

tube spacing to be determined, given the heat rate and water volume, but

implementation of the values generally requires compromise. Seldom will

the "D" value result in integer numbers of layers or columns of tubes, yet

integer values are generally needed. Also, the number of parallel tube

runs influences the configuration of the branching circuitry. The cost of

the generally larger supply and return piping must be considered and the

individual branch circuits must offer equal resistance to brine flow to

obtain the desired heat transfer rate.
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Each of the concepts has descriptive drawings and tables which

show the chosen tube spacing intervals and the number of runs in the brine

circuit branch. These values were chosen in the following manner:

(1) For the desired water volume and heat rate the

total tube length was determined from Figure 7.

(2) For the desired length the resulting equivalent

number of tube runs that are needed in each branch

circuit was determined, as follows:

A Ay
n - 1.09 VN

where

A = final, expanded area of the water cross-

section, transverse to the tube axes, sq.ft.

A = total length of tubing desired, ft

V = rated water volume, cu.ft.

N = the number of branch circuits indicated by

Figure 10*.

(3) The resulting "n" value was rounded to a desirable value

as follows:

(a) No reduction greater than 5 percent was allowed.

(b) Even integers were most favored, because supply

and return connections can then be adjacent.*

(c) For 2 and 4 branches, an "n" value consisting of

an odd integer plus 1/2 (i.e., 17-1/2) was

considered favorable, because one underwater run

can then be shared by two circuits, and the supply

and return connections can then be adjacent.

* Subsequent adjustments to tube length may cause slight pressure drop
increase. If the number of circuits is initially close to the next
higher number, the next higher number should be used.

** The schematic flow paths are illustrated by the heat exchanger drawings
of the Phase II concepts.
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(d) An odd integer was considered acceptable for

3 branches or less, requiring that supply and

return connections be at opposite ends of the

tank. [For 4 branches or more, the added

(large diameter) pipe run is better replaced

by the small runs necessary to obtain an even

"n" value.]

(4) After choosing a final "n" value (runs per branch),

the adjusted equivalent tube length t and tube

spacing D were computed.

(5) Where appropriate, the resulting D-value was used to

determine adjusted vertical and horizontal spacings

(Dv and Dh) which would best supply integer numbers

of layers and columns of tubes, to obtain the total

number of runs required.

Obviously, departures from the ideal "square" tube spacing are

necessary, and the degrees of nonuniformity can best be seen from the

tabulated values on the detail drawings of the concepts. It is, of course,

most severe at large tube spacings. However, tubing could be added in such

configurations at little additional cost, if so desired, to more certainly

assure desired heat rate.
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Concept ORNLFF

The ACES tank concept reported in ORNL/CON-43 is designated
ORNLFF for the purposes of this report. Only minor changes and additions
have been made to the design as envisioned in the ORNL report, and the
selected configurations appear in detail as Battelle drawing ORNLFF-3481
(two sheets).

Phase II Design Features

The design features envisioned in the ORNL report served as the
basis for the Phase II detailed design, with one notable exception: the
tube support structure, as discussed below.

Basic Tank Dimensions. In discussion with ORNL staff and contrac-
tors it was initially agreed that excavations should not be much greater
than 8 feet, so that common work practices and equipment could be utilized.
For conservation of wall materials alone, of course, a cube is desirable,
which would require wall heights up to 18 feet. As a reasonable compromise,
a wall height of 7 block-modules (9' 4") is used throughout. Two-foot
increments of outside wall dimension have been selected.

Ideally the ballast and auxiliary insulation should not be placed
within the tank walls, because of the incurred cost ($20 per block unit,
finished). However, attempts to provide an R-40 insulating rating and
reasonable structural integrity with an external ballast and insulation
arrangement were not successful, because of difficulty in insulating the
necessary wall footer.

In the preliminary design considerations of Phase I, pilasters
for long length walls were believed necessary. Later investigations
indicate that none are needed for the length/height combinations considered
here.

Ten tank sizes have been selected to span the required range of
volume, as indicated on the detail drawing.
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Liner. In discussions with a supplier of polystyrene insulation,

it was found that flexible polyvinyl film will often "attack" the styrene,

and it is customary in the building trades to apply kraft paper for physical

separation. Although a paper material might be used here, a polyethylene

film was selected for durability under moist conditions.

In the ORNL report a layer of sand was considered for protecting

the liner during placement of the concrete ballast. It would seem that a

substantial thickness of sand would be required to offer adequate protection

and that two layers of asphalt building paper would not only be less wasteful

of tank volume but also would provide for side wall protection.

For attachment of the upper edge of the liner, the "snap-in"

arrangement commonly used in swimming pool construction is selected. An

aluminum extrusion receives the liner edge feature and distributes the

applied load to the insulation at an acceptable stress level. The elevation

of the liner edge provides for a theoretical margin of 1.3 inches above the

ice/water level at 100 percent ice.

Tube Support Structure. Anchoring the heat exchanger tubes to

the ballast is of significant importance in both cost and performance

considerations. The spacing of tube supports, which is necessarily inter-

related with tube size (section modulus), is governed in this concept by

the positions of the joints of deck sections, and chosen intervals do not

exceed 68 inches. As a result, the median number of cables is found to be

50, with roughly 250 tube attachments to be accomplished. Therefore the

attachments must be reliable and of low labor intensity. Although ORNL

experience with plastic ropes has been satisfactory, stranded stainless

steel cable is selected, for the following reasons:

(1) The axial stiffness of the wire cable will maintain

tube positions without cable pretension, and strong

ceiling attachments are not required.

(2) Prefabricated wire loops and swaged attachments for

tube support are strong, reliable, and quickly

placed.
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(3) The basic material costs are favorable. The 1/8-inch

cable, with a rated strength of 1700 pounds, costs

approximately $0.25 per foot, and the swaged sleeves,

$0.05 each.

The cable eyes are placed on a concrete reinforcing rod and
embedded directly in the ballast, to avoid intermediate loops and attach-
ments. A plastic tube is installed on each cable assembly to avoid
accidental damage to the cable where it enters the concrete. The tubes
also serve to visually indicate that the anchor rod is at the proper depth.

The cable is supported at the top by attachment to galvanized
steel tubing, which also supports the ceiling insulation. Wire ties,
pre-positioned between the overhead deck sections, serve as hangers for

the tubing. Thin-wall conduit, 1/2 inch, is selected for its common avail-
ability, low cost, and adequate beam strength for the loads and spans

required.

The individual, wire-formed anchors for the heat exchanger tubes
are attached at intervals to the cables with swaged aluminum sleeves. Two
turns of wire and a close clearance fit are provided in the anchors to help

assure low contact stresses for the thin wall plastic tubes. If desired,

extensions of some sort might be added to the anchor, to engage the ice and
transmit loads directly to the cable rather than through the tube.

Restraint Nets. Two horizontal nets of nylon are provided to
help prevent large, unattached ice chunks from striking heat exchanger
tubes in rising to the surface. The nets are placed at approximately the
1/3 and 2/3 depth levels to prevent any single chunk from generating
substantial kinetic energy. The nets are designed to be attached to steel
tubing at the tank edges, although direct attachment to the heat exchanger
tubes might be considered.

Deck. Consistent with the ORNL report, precast concrete decking
is selected for the tank cover. A rugged, permanent structure is thus
provided. Costs will be substantial, however, especially at remote,

dispersed installations, due to the heavy equipment needed to transport
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and place this material. Long span, roll formed steel decking, covered

with lightweight concrete might be a favorable alternative in some instal-

lation locations, especially if a central load-bearing beam or wall could

be provided.

The deck thicknesses were selected to provide at least a 50 lb/

sq.ft. external load. The resulting dead weight of the deck is from 45 to

60 lb/sq.ft.

Manufacturing Methods

The ORNLFF concept uses components which are available commer-

cially, except for the wire-formed tube anchor, and no new or complex

manufacturing methods are required.

The Foam-Form blocks are a patented, commercial product, now

manufactured only in several locations. Manufacture is not difficult or

especially costly. Substantial increase in demand might be met by added

manufacturing locations or licenses, but difficulties incident to a single

proprietary source also might develop.

The tube anchor is intended to be formed of pregalvanized wire

and could be made by any capable wire-forming firm. In large quantities

the unit cost should be low, in the order of $0.30 each.

Installation Methods

Conventional methods also generally apply to the installation of

the ORNLFF assembly concept. The Foam-Form blocks do require special

procedures, but these are not difficult and are well developed.

An outline of sequential procedures for installing the complete

energy storage assembly appears in Appendix D.
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Cost Factors

Costs are estimated for four tank volumes, with both the smallest
and largest heat exchanger for each. Detailed estimates appear in Appendix C,
and comparisons to other concepts can be made from Table 6 and Figures 8 and 9.

The major contributors of cost for two tank sizes are listed in
Table 8, from which inferences can be made.

The Foam-Form walls are the single largest cost element, for both
tank sizes. Next, at least for the example travel distances, are the overall
deck costs, followed by the auxiliary insulation costs. Remaining costs are
more or less scattered among contributors, which are each less than 9 percent
of the total cost.

For the large tank, the deck material and auxiliary insulation rise
in cost as a fraction of the total. This is due to (1) the long deck span
and (2) an unfavorable surface area/volume ratio of the tank shape. An
increase of tank depth would improve the area/volume ratio, but it would also
affect a number of other design and cost factors. A detailed investigation
would be necessary to determine if any cost benefit would result.

Capable Suppliers and Installers

For all the important components needed for this assembly, potential
product suppliers are designated as part of the drawing parts list.

There are apparently only a few contractors now familiar with
installation of the Foam-Form blocks. However, instructions supplied by
the block manufacturer are thorough, special equipment is not required, and
any capable concrete contractor will be able to build the walls. Two
contractors now experienced with the block are listed in Appendix E.

Prestressed concrete decking is produced in many metropolitan areas.
Some manufacturers do not now produce the narrow (24 inch and less) sections
which are convenient for this application, but easily could if sufficient
demand developed. Some, but by no means all, of the suppliers of narrow
decking are listed in Appendix E.
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TABLE 8. SIGNIFICANT COST CONTRIBUTORS, ORNLFF
CONCEPT (REFERENCE TABLE C-1)

Rated Water Volume, cu.ft. 520 3,960

Base Cost, with 18K heat exchanger $5400 $14,210

Excavation 6.9% 4.2%

Footer 4.4 3.0

Walls (complete) 31.1 27.6

Auxiliary insulation 8.7 16.0

Liner 6.5 6.2

Ballast slab 5.6 8.3

Deck

Material 6.7 17.91

Delivery @ 100 miles from factory 4.6 20.7 3.5 25.8

Placement @ 20 miles from erector 9.4 4.4

Heat exchanger, 18K

Cables and installation 2.0 2.5

Tubing 3.0 2.8

Additions, to obtain 60K heat rate

Tubing 5.6 1.4

Hangers 4.1 1.1

Elbows 4.1 0.8
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Concept SWPL

Battelle drawing SWPL-3181 (two sheets) illustrates the require-

ments and features of a concept which uses components of common residential,

in-ground swimming pools for an energy storage assembly tank structure.

Phase II Design Features

The specified design differs from the original arrangement

suggested in Phase I as follows:

(1) The beam which accepts the heat exchanger buoyancy

load is now cantilevered diagonally upwards along

the sloped pool walls.

(2) The floor anchors are moved as closely as practical

to floor edges.

(3) The beam which spans the tank center is eliminated.

(4) A reinforceo concrete "rim" is placed along the

base of the steel wall panels, to improve the

support of deck and sill loads.

Basic Tank Dimensions. The basic height of the prefabricated

wall panel, 42 inches, establishes the vertical wall height of the tank.

Particular soil characteristics might allow various pitches for the sloped

surfaces, but a 45-degree slope was selected after discussions with swimming

pool contractors. To conserve materials and surface area from which energy

is lost, a generally square outline is preferred. Finally, the tank depth

is selected to be as great as possible with consideration of the floor area

remaining for ballast and the length of the support beam cantilevers. The

cantilevered section of the beam is found to be a critical design factor.

The common commercial increment of wall panel length is 2 feet,

although 1-foot lengths are available. For 2-foot increments and a generally

square outline, ten tank sizes serve to span the required range of volume.

The basic depths are 6, 7, and 8 feet.
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Tank Walls. The wall panels shown for the tank are standard

swimming pool components available from several manufacturers. Steel

sheets are stiffened at the top and bottom edges by shaped flanges and at

intervals along the length by added vertical members. A-frame braces hold

the wall erect and some have features for convenient adjustment to a plumb

condition after main anchoring is complete,

Ordinarily the panels are erected on a ledge of undisturbed earth,

shimmed to the proper elevation and secured by steel stakes driven into the

ground. The anchor stakes are mounded with concrete so that the structure

is stiffened and loads are transmitted to the earth at low unit pressure.

Generally, for swimming pool applications, the wall is placed back from the

earth edge where the sloped descent begins. For ACES purposes this ledge

has been eliminated, to simplify the contour which receives the insulation

and to preserve tank volume and floor area.

At the base of the wall panel a reinforced concrete rim is pro-

vided to stabilize the panel and to sustain the dead weight of the deck

and external loads placed on the deck. The concrete rim will serve to

distribute these loads.

Along the top of the wall panel, a reinforced concrete sill is

formed. The sill provides beam strength to the wall panels, to resist

water pressure, and provides a durable, rigid base for the deck.

Ballast. To anchor the heat exchanger, a concrete slab with

vertical steel posts is provided, beneath the membrane liner and floor

insulation.

Liner. As described for the ORNLFF concept, a film of polyethylene

is used to physically separate the liner and the insulation.

The anchor posts penetrate the liner, and "boots" must be carefully

installed to achieve and maintain water-tightness. This procedure is routine

for industrial liner suppliers but may initially represent a quality control

problem among swimming pool contractors, until experience is gained.
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An aluminum rim coping is provided to receive and hold the edge

of the liner, as in the ORNLFF concept. The vertical load of the rim is

supported by the insulation and lateral attachment is made at intervals

along the wall panels. The theoretical level of the ice surface at 100

percent ice fraction is 1 inch below the liner edge.

Tube Support Structure. Partitions of chain link fence fabric

are provided for support of the heat exchanger tubes. The mesh is attached

along the bottom edge to a beam member, which is formed of steel channel.

The beam is attached to the anchor posts with steel brackets and bolts.

Some of the brackets are pre-positioned, but the outermost brackets are

carried by the beam and are bolted down (from above) as part of the final

installation of the heat exchanger.

Inability to place the anchor posts closer to the tank edges is

a significant design problem. The distribution of buoyancy forces can be

expressed as a "pressure" for the projected horizontal area of the pool,

proportional to the ice/water depth. Although this pressure declines at

the tank edges, where the depth decreases, the loads must be supported by

cantilevered members: the beam ends and (in the transverse direction) the

heat exchanger tubes. In each.case the basic material strength and beam

section modulus must together be adequate. The horizontal extent of the

sloped tank wall is variously 34, 47, and 58 inches for the respective

depths of 6, 7, and 8 feet. The anchor post centerlines are an additional

6 inches from the floor edge, for a maximum cantilever length of 64 inches.

The basic bending strength of the tube/ice member was treated separately

in the section titled "Heat Exchanger". The strength required of the steel

beam is a function of the number and position of the partitions and the

tank depth. For these designs and for a maximum stress level of 20,000 psi,,

a 3 inch, 6 pound per foot steel channel is adequate. Peak moment generally

will occur near the angled joint, and therefore a full strength joint is

required. Although cantilevers are generally inefficient, no more suitable

alternative for this concept was conceived.

The general direction of the chain link mesh must be vertical in

this case, where it is horizontal in fences, because the basic strength is

unidirectional. Although efforts were made to do so, the standard "tension"
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applied to fence mesh was not established. As a result, it was necessary

to examine the basic strength of the wire and the directional pattern of

loading, and a peak load rating of 300 pounds per foot was estimated for

9-gage material (.148-inch wire, as measured over applied coatings). The

vertical load is transmitted to the beam by standard fencing attachment

features, but a variation is required for the inclined sections. Here the

mesh must be cut to match the wall slope and the cut ends must be tied for

strength. The tension bar along this edge is not trapped as it is when in

a horizontal or vertical position, and the ties to the beam must hold the

tension bar in place (see drawing insert, sheet 1). The ties are free to

slide along the beam and the resulting force vector must be accepted by

horizontal tension in the mesh, requiring any multiple piece mesh sections

to be securely spliced.

The overhead attachments of the mesh serve only to allow handling

of the mesh/heat exchanger assembly, support its weight, and stabilize the

structure. J-bolt attachments to the deck are selected,

As ice forms around the tubes, considerable ice/mesh engagement

results. This may be a very favorable attribute of this support structure.

As ice melting begins, the substantial buoyancy forces may be transmitted

directly from the ice to the support structure, rather than through the tube.

The contact stress of the tube wall deserves consideration.

Basically the tube is initially contacted only at two points, where the

mesh wires cross the tube surface. Of course, as ice forms and the buoyancy

load increases, the ice immediately surrounding the tube and mesh contact

should decrease the load concentration. As the ice begins to melt, however,

this support is lost, and an ice fracture that causes high tube load may

then be of consequence. Short, inexpensive plastic sleeves could be placed

on all the tubes at the mesh partitions, if this were to be a critical

failure mode and the tube strength is otherwise adequate. Such an addition

is not now specified.

Any manifolds that are needed for multi-branch heat exchangers

are intended to be mounted to the mesh partitions.
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Restraint Nets. As with the ORNLFF concept, two horizontal nets
are provided to prevent large, unattached ice chunks from striking heat
exchanger tubes in rising to the surface. The nets are tied to thin-wall
conduit and to the mesh partitions.

Deck. Roll-formed, galvanized steel is selected for the tank
cover. The tank spans and the load capacity of the sill/wall-panel/rim
system make a concrete topping of dubious feasibility. The exposed stee"
surface with its grooves may be a basic detriment to the concept. The
grooves could probably be filled with lightweight concrete to present a
smooth surface if desired. Also, there is one style of long span, roll
formed deck which does not present deep grooves (Style LS, H. H. Robertson
Company), but this is presently only a "catalog" item that is not generally
available.

The deck is laid in 12-inch section widths, progressively across
the tank. Ceiling insulation is supported by thin steel angles which are
pulled upward and attached to the steel decking at the insulation joints.
Hanger wires extend through holes drilled in the deck. Wire of sufficient
gage is used so that only simple loop "eyes" need be formed to hold the
load. The drilled holes are caulked to avoid water entry, and the corrugated
ends of the deck are closed with formed rubber strips which are common for
this purpose.

As the heat exchanger partitions are approached, their temporary
supports are removed and the J-bolt attachments are made,

The deck sections are secured to the surrounding concrete sill
with power-driven studs. In heavier gages the deck sections may have to be
pre-drilled as part of this procedure.

The specified deck sections are selected to provide at least
50 lb/sq.ft. external load. The central beam that was considered in
Phase I for reduction of deck costs was found not to be feasible for this
load level, and full span decking of greater thickness and gage is selected.
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Manufacturing Methods

This concept also uses generally available components, except

for the anchor parts. These parts are shown as they probably would be

made for prototype and early production assemblies. For greater quantities

the detailed methods of manufacture might be refined, but the consequent

cost reduction would not be great in the context of this investigation.

For the chain link mesh and its attachments, factory methods

might eventually replace the field operations of cutting, splicing, and

tying the mesh to the welded steel beam. These more efficient methods

also would not appreciably reduce the total, overall cost.

Installation Methods

The procedures and requirements of installation for this particular

concept are also generally conventional. Most of the operations are presently

performed by swimming pool contractors, and the remaining operations are not

greatly dissimilar.

An outline of the sequential procedures for installing the complete

energy storage assembly appears in Appendix D.

Cost Factors

Costs are estimated for four tank volumes, with both the smallest

and largest heat exchanger for each. The detailed estimates appear in

Appendix C, and comparisons to other concepts can be made from Table 6 and

Figures 8 and 9.

The major contributors of cost for two tank sizes are listed in

Table 9, the greatest of which are the steel wall panels, the insulation,

and the deck. As the tank size increases, the insulation and deck costs

become even more prominent. Here the deck predominates all the cost factors,

even exceeding by more than $2000 the cost of the equivalent sized concrete

deck of the large Foam-Form tank. However, the dead weight of a concrete
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TABLE 9. SIGNIFICANT COST CONTRIBUTORS, SWPL
CONCEPT (REFERENCE TABLE C-2)

Rated Water Volume, cu.ft. 510 3,920

Base Cost, with 18K heat exchanger $5500 17,900

Excavation 6.2% 3.2%

Ballast slab 3.1 3.5

Pit shape refinement 5.5 2.3

Wall panels, in place 20.7 13.1

Wall panel support rim 3.6 1.8

Sill, concrete 6.5 3.7

Insulation 13.6 17.9

Liner 8.5 7.0

Deck, installed 11.1 33.0

Heat exchanger, 18K

Beams 2.9 2.8

Tubing 3.1 1.1

Additions, to obtain 60K heat rate

Tubing 5.6 2.4

Elbows 3.6 0.7
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deck prevents its consideration for the SWPL structure. There seem to be

only two alternatives, both of which are compromises:

(1) Provide for midspan deck support. A structural beam

would require substantial end supports, which prob-

ably should extend deep into the ground. Also, the

beam would be difficult to insulate. A load-bearing

partition would be structurally simpler, but would

complicate the heat exchanger and liner.

(2) Reduce the external load rating required of the deck.

At less than 50 lb/sq.ft. rating it may be necessary

to deny most human access, and general utility of the

deck is lost. However, although local snow loads must

be considered, a low deck load rating would probably

suffice to support the solar collectors that are con-

sidered for enhancement of the ACES system in northern

climates.

Capable Suppliers and Installers

The parts list of the SWPL-3181 drawing (sheet 1) indicate possible

suppliers of all the important components of this concept.

Contractors which build swimming pools similar to the tanks here

considered are many and widespread. Extensions of their skills and methods

will be required, but the typical work crews necessarily have multiple skills

and should adapt readily to the added procedures that are required.

A compilation of possible sources for components appears in

Appendix E.

Concept UTLBX

Battelle drawing UTLBX-3981 (three sheets) illustrates the require-

ments and features of a concept which uses large precast concrete shells for

an energy storage assembly tank structure. Similar prefabricated modules

are now used as underground "manholes" by public utility companies. For
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these structures the joints between modules are usually horizontal. However,

success has also been obtained when modules with vertical joints are held

together with steel tension rods, and this arrangement is the one considered

herein.

The Hartford Concrete Products Company of Hartford City, Indiana,

was very helpful in developing information needed for this investigation.

The configurations of the precast tank sections are based on their neces-

sarily brief study of feasibility. Bell Laboratories of Chester, Pennsylvania,

was also quite helpful in discussing (1) general aspects of sealed manholes

and (2) geographic locations of capable pre-casters.

Phase II Design Features

Two important revisions have been made to the arrangement as

suggested in Phase I.

(1) The components which close the ends of the tanks are

now cup-shaped rather than plate-like. A knowledgeable

pre-caster expressed concern for the strength and safe

shipment of a flat concrete plate of this size and shape.

Also, although some installation procedures may have been

simplified somewhat, the plate closures represented

sections to be lifted, placed, and sealed that possess

no encompassed volume, or "payload". Although only

short flanges would need to be provided to achieve ade-

quate strength, full 250 cubic foot rated sections are

selected, to minimize costs.

I
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(2) Vertical placement of the heat exchanger tubes is

changed to horizontal. In one basic sense, a

vertical tube direction is perhaps ideal, allowing

buoyancy loads to be resisted by tension rather

than bending. Also, when ice melting begins, the

ice logs are held either by the looped ends of the

pipes or by the ceiling structure, and no substan-

tial impacts of ice chunks on tubes should occur.

However, cost penalties arise. The average numbers

of tube runs, elbows, and attachments would be

increased. Also, the various positions of tube

attachments are essentially infinite, although

definable for a particular application, and this

may be difficult to contend with. Although some

practical scheme for vertical tube axes may

ultimately be found, the present design specifies

horizontal axes.

Basic Tank Dimensions. Considerations of a number of factors,

which include present practices of manufacture, transportation, and instal-

lation, lead to the selection of 250 rated cubic feet as a basic module

size, with inside dimensions of 96 x 96 x 53 inches and walls of 5 inch

thickness. Up to a total capacity of 2000 cubic feet the modules are

joined end-to-end in 250 cubic foot increments. From 2000 to 4000 cubic

feet, a 500 cubic foot increment is provided by dual, equal length tanks

that are adjacent to each other. If finer increments are required, the
modules could be provided in 200 and 300 cubic foot sizes (by relatively

simple auxiliary tooling inserts) to obtain increments that would be

essentially 100 cubic feet for single tanks and 200 cubic feet for dual

tanks.

The 5-inch wall thickness has been estimated to be the practical

minimum for this basic arrangement, and does not allow for the heavy

vehicle loads withstood by the utility manholes.
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Tank Module Joints. The tank modules nest together by means of

bell and spigot joints common to this type of construction. As part of

this joint a groove is formed to receive a specialized elastic sealant

material, which forms a compliant, adhesive joint as the modules are pulled

together.

Tension Rods. At the four corners of the tank module, steel

tension rods with connecting features are provided, to allow the modules

to be pulled together and unitized. These rods are of a type commonly

used in "post-tensioned" building structures. Their substantial axial

loads must be distributed to the concrete over a reasonable thrust area,

and this fact accounts for the "chamfers" of tank interior corners. These

features intrude into the useable interior space but are believed preferable

to a complication of the exterior contour of the tank modules.

Normally the tube space around the tension rod is pumped full of

grouting, both to develop full, rated strength and to protect the steel

from corrosion. A 20-year life expectancy may not require that this opera-

tion, with its specialized pump, be performed.

Tank Waterproofing. There appears to be some controversy over

the need for auxiliary waterproofing of the tank wall. Both a major manu-

facturer and the major user of tank modules claim that the effective

permeability of sound walls is nil, due to the dense structure that results

from the vibrated concrete. Tests are claimed to have shown no water

penetration for a 3-year immersion in water.

The walls can, however, develop hairline cracks which will allow

water leakage if full penetration occurs. This would most likely be caused

by an imperfectly prepared or unstable base. The compliant foam base of

this application should provide very uniform support pressure.

A waterproofing coating for the walls will contribute substantial

cost. A suitable coating material must be elastic at 32 F and of signifi-

cant thickness, if it is to accept and bridge any cracks which form, A

40-mil, fluid-applied neoprene coating is specified, at an estimated cost

of $1.50 per square foot, which perhaps is optimistic.
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Tube Support Structure. Horizontal steel beam members are

provided to support the heat exchanger tubes and their buoyancy loads,

except for the 500 cubic foot tank which is discussed separately below.

The tubes are positioned beneath the beams so that an only thrust load

is produced and tube attachments are only incidental. Reactions at the

ends of the beams are transmitted to vertical steel members at the tank

walls. The steel members and the associated fasteners are specialized,

proprietary components which allow infinite positioning and provide strong

clamping action.

For long tanks with close tube spacing, a progressive attachment

of tubes in their final position is not possible, and a special procedure

is planned. The snap-in tube hangers are intended to be easily moved in

the lateral direction. The tubes can then be placed closely together

temporarily during assembly, and then be moved to their desired positions

after the workers withdraw to the tank ends.

Although the number and placement of the tube supports is

generally optional, the tubes which extend into the end sections must

necessarily be cantilevered.

For the 500 cubic foot tank a special tube support system is

required, because the heat exchanger must be free-standing to allow the

two tank modules to be assembled around it. Sheet 2 of the detail drawing

describes the planned structure. A steel frame is assembled on which two

lengths of chain link mesh are attached. The heat exchanger tubes are

inserted through the mesh at the desired average spacing and elbows and

cross connections are applied. When complete, the assembly is placed into

the left end tank module, which will contain connections for the brine

supply and return lines, and the right end tank module is installed.

Buoyancy loads are accepted by thrusts of the heat exchanger structure

against the tank ceiling.

Restraint Nets. As with the other concepts, two horizontal nets

are provided to restrain large ice chunks which could become loose.
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Manufacturing Methods

The only specialized method involved in this concept is the

important prefabrication of the concrete tank modules, which is presently

used for utility manholes and similar large precast components.

Large basket-like structures are formed of reinforcing steel.

Some manufacturers hold the members together with wire ties while others

weld them together, and it is important that the steel remains properly

positioned in subsequent operations.

The reinforcing assembly is placed into a large, complex steel

mold. While a carefully controlled concrete mix is applied, the entire

unit is vigorously vibrated to assure a dense, void-free structure.

Curing is accelerated by added heat and by insulation against

heat loss, so that the residence time on the mold is shortened.

The mold usually is constructed to be collapsible, so that

"draft" need not be provided and undercuts are possible. It is common

for a variety of inserts to be placed as part of the manufacturing proce-

dure, such as threaded fasteners or sleeves to receive conduit or pipe.

Also, thin sections can be provided, to allow optional "knock-outs".

Installation Methods

Perhaps the least costly method of placing the large tank modules

is by use of the manufacturers' specialized "stick boom" trucks. The boom

must have sufficient head room to lift the module and capacity to reach to

the center of the intended position while supporting the weight. Some of

the manufacturers do not have capacity for sections of the dimensions and

weights considered here, but there is no known reason to prevent the build-

ing of such equipment if demand for it is sufficient.

An outline of the sequential procedures for installing the

complete energy storage assembly appears in Appendix D.



97

Cost Factors

Costs are estimated for four tank volumes, with both the smallest

and largest heat exchanger for each. The detailed estimates appear in

Appendix C, and comparisons to other concepts can be made from Table 6 and

Figures 8 and 9.

The major contributions of cost for two tank sizes are listed in

Table 10. Obviously the tank modules are prominent, along with costs for

waterproofing and placement. Delivery could assume considerable importance

for many locations distant from tank manufacturers. However, it could be

theorized that many other concrete precasters might add such large modules

as these to-their lines, if demand was expressed, and that mean delivery

distances would then diminish. Also, with heavy demand, manufacturers might

become more resourceful and competitive than at present, where a commercial,

noncompetitive interest is usually being served.

In this concept also, large tank volumes are penalized in insula-

tion costs, due to unfavorable area/volume ratios for the nominal, 8-foot

water depth.

Capable Suppliers and Installers

Important suppliers of precast utility manholes are well distributed

throughout the nation. Figure 14 shows the approximate locations of present

manufacturing sites, although others may also exist. Appendix E lists the

identified sources.

Generally the manufacturers arrange for delivery and often for

placement. There is merit, of course, in assigning responsibility to one

party. Near any urban area, however, there should be an erection contractor

capable of placing the tank units, the maximum weight of which is 7-1/2 tons.

The only other specialized part is the snap-in tube hanger, which

can readily be produced by any injection molder. Several are also listed

in Appendix E.
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TABLE 10. SIGNIFICANT COST CONTRIBUTORS, UTLBX
CONCEPT (REFERENCE TABLE C-3)

Rated Water Volume, cu.ft. 500 4,000

Base Cost, with 18K heat exchanger $6170 26,260

Excavation 10.9% 5.0%

Insulation 13.8 19.2

Tank modules

Basic module, FOB 31.8 31.4

Membrane waterproofing 8.1 7.7
56.2 51.7

Delivery @ 100 miles from factory 4.1 4.8

Placement @ 20 miles from erector 12.2 7.8

Tank joint sealant 0.9 2.7

Manhole and cover 4.1 1.0

Backfill and grading 4.9 1.7

Heat exchanger, 18K

Support structure 5.7 3.4

Tubing 2.8 0.8

Additions, to obtain 60K heat rate

Tubing 4.7 1.6

Elbows 3.7 0.5



Notes:

(1) Numerals indicate full ACES annual coefficient of performance for a
1800 sq.ft., well-insulated house. Reference: ORNL-DWG 79-16634.

(2) Other manufacturing sites may exist.

FIG 1 O T U VAULL AC ES
RELATIVE TO REGIONOT APPLICABLE

FIGURE 14. LOCATIONS OF PRECAST UTILITY VAULT MANUFACTURING SITES,
RELATIVE TO REGIONS OF FULL ACES APPLICABILITY
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TABLE A-1. PRELIMINARY DESIGN OF CONCEPT ORNLFF, 3 SIZES

Description - Site-constructed, in-ground tank, Foam-Form( walls, polystyrene
auxiliary insulation, vinyl liner, internal concrete ballast,
thermoplastic pipe heat exchanger.
(Ref.: ORNL/CON-43 Report, page 75 and Figure 2)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 600 2400 4800

(Heat exchanger 5%,
water expansion 9%,
head space 6%)

Wall height, gross

Block units, Foam-Form blocks* 7 7 7

Feet 9.33 9.33 9.33

Wall height losses, ft, due to

Insulation (2 @ 10 in.), top and bottom 1.67 1.67 1.67

Ballast, 8 inch .67 .67 .67

Net wall height, ft 7 7 7

Required net inside dimensions, if square, ft 9.3 18.5 26.2

Wall thickness @ R-40 rating, ft 1.33 1.33 1.33

Outside wall dimensions, if square, ft 12 21.2 28.9

Selected outside wall dimensions, ft 12 x 12 22 x 22 28 x 30

Net gross volume, cu.ft. 609 2618 4850

Actual rated water volume, cu.ft. 507.5 2182 4042

External surface area of insulation, sq.ft. 740 1790 2760

Surface/volume ratio, sq.ft. per rated cu.ft. 1.45 0.82 0.69

Water level elevation increase @ 9 percent 6.3 6.3 6.3

volume expansion, inch

* OFoam-Form Canada Limited.
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TABLE A-2. PRELIMINARY COST ESTIMATE OF CONCEPT ORNLFF, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 507.5 2182 4042

Cost item/reference basis Cost, $

Excavation 310 410 550

$280 plus $1.5 per cu.yd.*

Footer 200 320 390

$65 per cu.yd.

Gravel fill, 8 inch 100 100 150

$8 per cu.yd., $100 min.

Walls, R-20 integral insulation, reinforced 1680 3080 4060
concrete, waterproofed

$20 per block ($3.8 per sq.ft.)

Added pilasters, block, reinforced grout fill -- 900 900
(2 per wall x 4 walls)

$12 per vertical lin. ft.

Insulation, floor, roof, walls for R-40 rating, 390 1200 1960
polystyrene molded bead board, 10/10/5 inch,
respectively

$0.11 per board ft. plus

$0.16 per sq.ft.

Liner, PVC, 20 mil 250 410 550

$150 plus $0.25 per sq.ft.

Concrete floor with hooks, 8 inch 190 580 990

$70 plus $55 per cu.yd.

* The practice followed in estimating these cost data is to round off many of
the multipliers to the nearest 10¢, e.g., $1.5 in lieu of $1.50; and round off
the resulting product to the nearest $10, e.g., $310 in lieu of $313.80.



A-3

TABLE A-2. (CONTINUED)

Heat exchanger, 40,000 BTU per hr, 820 950 1020
in place, ready

$100 plus $0.8 per lin. ft.

Deck, precast reinforced concrete slabs
with one porthole and cover (no earth
cover permitted)

4 inch - $150 plus $2.5 per sq.ft. 510

6 inch - $150 plus $4 per sq.ft. 1940 3460

Backfill, grade

$50 plus $1 per perimeter ft. 100 140 160

Total cost (less water, brine) $4,550 $10,030 $14,190

Cost per rated cubic foot $8.97 $4.60 $3.54

Auxiliary values, as-constructed (see
assumptions which follow)

As an on-grade slab (patio) 220 730 1260

$1.5 per sq.ft.

As a footed, on-grade slab 750 1700 2540
(garage, carport)
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TABLE A-2. (CONTINUED)

Cost reduction through integration with
building (see assumptions which follow)

Excavate with other necessary -280 -280 -280
excavation (this factor is
incorporated below)

Outdoor tank, sharing exterior 1 Wall
wall/walls with a 7-foot -530 -720 -870
basement. (Auxiliary values
above could be added here, if
desired, except subtract $11 2 Walls
per foot of shared wall for -680 -1160 -1460
footed slab.)

Indoor tank, sharing exterior 1 Wall
wall/walls with footed grade -940 -2290 -3730
slab building

2 Walls
-1080 -2590 -4050

3 Walls
-1220 -2780 -4370

4 Walls
-1360 -3020 -4690

Lowest Resulting Net Cost With Integration $3190 7010 9500

(Indoor tank, sharing 4 walls)

Lowest Resulting Cost/Volume Ratio, $6.29 $3.21 $2.35
$ per cu.ft.
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Basis for Auxiliary Values and Cost Reduction
Through Integration - Concept ORNLFF

The assumptions made and values used for this concept are:

(1) Excavate with other necessary excavation - The

mobilization and demobilization cost ($280) may

be deleted.

(2) Outdoor tank, sharing exterior wall/walls with a

building having a 7-foot basement

(a) One wall might be shared with any building of

sufficient size. Two walls might be shared

with an L-shaped building.

(b) Delete footer excavation mobilization ($280)

plus pro-rata footer cost.

(c) Increase wall thickness from 8 to 12-inch block

for added strength and to provide ledge for

necessary decking. ( = $1 per sq.ft. = $7 per

lin. ft.)

(d) Increase wall height from 7 to 9.33 feet @ $3.5

per sq.ft. = $8 per lin. ft.

(e) Delete Foam-Form( wall @ $3.8 per sq.ft. = $35.5

per lin. ft.

(f) Increase R-20 auxiliary insulation to R-40 @ $0.11

per board foot = $5.1 per lin. ft.

(g) Delete pro-rata backfill and grading costs.

(h) Assume initially that pilasters are not increased

in number or size. (Lack of earth backfill and

habitation of adjacent area may negate this

iassumption eventually.)
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(3) Indoor tank, under inhabited or accessible space that

would ordinarily have been built on a footed grade

slab.

(a) One or more walls might be shared if building

is of sufficient size. Four shared walls

implies that the building will be identical

in plan form to the tank.

(b) Delete footer excavation mobilization ($280),

pro-rata footer cost, and backfill and grading

costs.

(c) Delete gravel fill cost.

(d) Delete 3 foot laid up block wall (average frost

depth ) @ $7.5 per lin. ft.

(e) Delete ground slab @ $1.5 per sq.ft.

(f) Delete deck

(g) Add beam for wood-framed overhead floor (not

required for small tank): $8 per ft.

(h) Add framed floor joists and 2 ply sub-floor

@ $1.8 per sq.ft. (includes access port).

(i) Add vapor barrier at $0.15 per sq.ft.

(j) Add lid insulation support ($10-40).
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TABLE A-3. PRELIMINARY DESIGN OF CONCEPT RSVR, 3 SIZES

Description - Site-constructed, in-ground tank, earth-supported walls, poly-
styrene insulation, vinyl liner, external concrete ballast,
thermoplastic pipe heat exchanger, galvanized steel deck.
(Ref.: Figure 3)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 600 2400 4800

(Heat exchanger 5%,
water expansion 9%,
head space 6%)

Selected dimensions of pool at 6 x 16 x 16 8 x 24 x 24 8 x 32 x 32
liner, H x W x L, ft-(at top)

(Resulting floor dimensions at 4 x 4 8 x 8 16 x 16
liner, W x L)

Net gross volume, cu.ft. 672 2220 4780

Actual rated water volume, cu.ft. 560 1850 3983

Area of liner, sq.ft. 356 788 1342

Area of lid, sq.ft. 256 576 1024

Area of insulation, sq.ft. 700 1490 2470

External surface area of 750 1570 2650
insulation, sq.ft.

Surface/volume ratio, sq.ft. 1.34 0.85 0.67
per rated cu.ft.

Water level elevation change at 2.4 3.5 4.2
9 percent volume expansion,
inch
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TABLE A-4. PRELIMINARY COST ESTIMATE OF CONCEPT RSVR, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 360 1850 3983

Cost/item/reference basis Cost, $

Excavation 310 410 550

$280 plus $1.5 per cu.yd.

Sloped wall refinement and sill form 400 490 590
preparation

$200 plus $3 per perimeter ft

Gravel/sand fill, 8 inch 100 100 100

$8 per cu.yd., $100 min.

Ballast

Hold-down fittings 50 80 130

$5 each (placed)

Concrete floor

$70 plus $65 per cu.yd.

7 x 7 x 0.7 plus 4 pads 300

14 x 14 x 0.7 390

22 x 22 x 0.5 650

Sill, hand formed, with reinforcement

2.5 x 0.7 ft 440 640 830

$6 per perimeter foot

Insulation, floor, roof, and walls, R-40 1020 2180 3610
rating, polystyrene molded bead board,
10 inch

$1.46 per sq.ft. ($0.11 per board
ft plus 10 percent scrap plus
$0.25 installation
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TABLE A-4. (CONTINUED)

Liner, PVC, 20 mil

$150 plus $0.25 per sq.ft. 240 350 490

Heat exchanger, 40,000 BTU per hr, 820 950 1020
in place, ready

$100 plus $0.8 per lin. ft

Beam, wood, preservative treated

20 ft, 4 x 14 inches (2 member) 100
@ $5 per ft

28 ft, 9 x 12 inches (3 member) 280
@ $10 per ft

36 ft, 12 x 12 inches (3 member) 430
@ $12 per ft

Deck, roll formed steel, galvanized

20 gage; 3-inch pattern 630 1220

$50 plus $1.6 per sq.ft.

16 gage; 3-inch pattern 2870

$50 plus $2.3 per sq.ft.

Grade, cleanup 120 150 170

$50 plus 0.8 per perimeter ft.

Total cost (less water, brine) $4,530 $7,250 $11,440

Rated volume, cu.ft. 560 1850 3983

Cost per rated cubic foot $8.09 $3.92 $2.87

Auxiliary value, as-constructed (see
assumptions which follow)

As an unfinished, on-grade slab (patio) 360 730 1220

$1 per sq.ft. of deck
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TABLE A-4. (CONTINUED)

Cost reduction through integration with
building (see assumptions which follow)

Excavate with other necessary -280 -280 -280
excavation (this factor is
incorporated below)

Outdoor tank, sharing exterior -280 -280 -280
wall/walls (no substantial
additional savings)

Indoor tank, within exterior walls -1240 -1940 -3690
of building that would otherwise
be built on a footed grade slab

Lowest Resulting Net Cost with Integration 3290 5310 7750

(Indoor tank)

Lowest Resulting Cost/Volume Ratio, 5.88 2.87 1.95
$ per cu.ft.
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Basis for Auxiliary Values and Cost Reduction
Through Integration - Concept RSVR

(1) As an on-grade panel the metal decking requires a finishing

layer, such as poured concrete (must be light weight, as with

vermiculite aggregate), and the full slab value of $1.5 per

square foot is thus reduced to $1. The 50 pounds per square

foot loading required for passenger vehicles is not attainable

economically, at least with the two larger tanks, and auxiliary

value as a footed slab is not present.

(2) Excavate with other necessary excavation - The mobilization

and demobilization cost ($280) may be deleted.

(3) Outdoor tank, sharing exterior wall/walls with a building

with footed grade slab - The savings of sill and grading

costs are offset by the added thickness of wall required to

support the deck.

(4) Indoor tank, under inhabited or accessible space that would

ordinarily have been built on a footed grade slab.

(a) Building must be of sufficient size to allow footers

to be placed well away from all tank edges.

(b) Assume a framed wood floor with vapor barrier essentially

cancels a ground slab with gravel fill at $1.8 per sq.ft.

(Beam cost, as needed, remains.)

(c) Delete the deck but not any beam.

(d) Reduce the sill cost from $6 to $3 per lineal foot.

(e) Add lid insulation support ($10-40).
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TABLE A-5. PRELIMINARY DESIGN OF CONCEPT SWPL, 3 SIZES

Description - Identical to Concept RSVR except with 3.5 ft vertical steel panel
walls at perimeter, with bracings, as in conventional residential
swimming pool construction. (Ref.: Figure 4)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 600 2400 4800

(Heat exchanger 5%,
water expansion 9%,
head space 6%)

Selected dimensions of pool at 11 x 11 x 7 20 x 20 x 8 27 x 27 x 8
liner, H x W x L, ft (at top)

(Resulting floor dimensions at 4 x 4 11 x 11 18 x 18
liner, W x L)

Net gross volume, cu.ft. 634 2511 4860

Actual rated water volume, cu.ft. 528 2093 4050

Area of liner, sq.ft. 319 800 1275

Area of lid, sq.ft. 121 400 730

Area of insulation, sq.ft. 512 1299 2160

External surface area of 564 1427 2257
insulation, sq.ft.

Surface/volume ratio, sq.ft. per 1.07 0.68 0.56
rated cu.ft.

Water level elevation change at 4.7 5.7 5.9
9 percent volume expansion, inch
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TABLE A-6. PRELIMINARY COST ESTIMATE OF CONCEPT SWPL, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 528 2093 4050

Cost item/reference basis Cost, $

Excavation 320 420 560

$280 plus $1.5 per cu.yd.

Sloped wall refinement 270 300 330

$200 plus $1 per perimeter ft.

Gravel/sand fill, 8 inch 100 100 150

$8 per cu.yd., $100 min.

Ballast

Hold-down fittings 50 80 130

$5 each (placed)

Concrete floor

$70 plus $65 per cu.yd.

7 x 7 x 0.7 300

14 x 14 x 0.7 390

22 x 22 x 0.5 650

Walls, bracing, backfill 980 1700 2260

$100 plus $20 per perimeter ft.

Sill, 6 x 18 inch, with reinforcement 200 350 470

$4 per perimeter ft.

Insulation, floor, roof, and walls, R-40 rating, 750 2080 3300
polystyrene molded bead board, 10 inch

$1.46 per sq.ft. ($0.11 per board ft
plus 10 percent scrap plus $0.25
installation)
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TABLE A-6. (CONTINUED)

Liner, PVC, 20 mil 230 350 470

$150 plus $0.25 per sq.ft.

Heat exchanger, 40,000 BTU per hr, 820 950 1020
in place, ready

$100 plus $0.8 per lin. ft.

Beam, wood, preservative treated -- 120 270

$10 per ft.

Deck, roll formed steel, galvanized 360 900 1490

3 inch, 20 gage

$50 plus $1.6 per sq.ft.

Grade, cleanup 90 120 150

$50 plus 0.8 per perimeter ft.

Total cost (less water, brine) 4470 7860 11,250

Rated volume, cu.ft. 528 2093 4050

Cost per rated cubic foot 8.47 3.76 2.78

Auxiliary value, as-constructed
(see note below)

As an unfinished, on-grade slab 190 530 930
(patio)

$1 per sq.ft. of deck
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TABLE A-6. (CONTINUED)

Cost reduction through integration with
building (see note below)

Excavate with other necessary -280 -280 -280
excavation (this factor is
incorporated below)

Outdoor tank, sharing exterior -280 -280 -280
wall/walls

(No substantial additional
savings)

Indoor tank, within exterior walls -720 -1270 -1880
of building that would otherwise
be built on a footed grade slab

Lowest Resulting Net Cost With Integration 3750 6590 9370

(Indoor tank)

Lowest Resulting Cost/Volume Ratio, 7.10 3.15 2.31
$ per cu.ft.

Note: Assumptions are identical to those of Concept RSVR, preceding, except
sill cost is not reduced.
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TABLE A-7. PRELIMINARY DESIGN OF CONCEPT PLYSS, 3 SIZES

Description - Site assembled, above-ground tank, wall panels of stressed skin
plywood with glass wool insulation, vinyl liner, rigid frame heat
exchanger support, thermoplastic pipe heat exchanger.
(Ref.: Figure 5)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 600 2400 4800

(Heat exchanger 5%,
water expansion 9%,
head space 6%)

Wall height losses, ft, due to

Upper brace space 1 1 1

Floor insulation, 10 inch 0.7 0.7 0.7

Selected exterior panel height, ft 10 10 10

Net wall height, ft 8.3 8.3 8.3

Required net inside dimensions, if 8.6 17 24
square, ft

Wall thickness at R-40 rating, ft 0.94 0.94 0.94

Selected outside wall dimensions, ft 10.5 x 10.5 19 x 19 26 x 26

Resulting nested panel dimensions, ft 10 x 9.5 10 x 18 10 x 25

Net gross volume, cu.ft. 608 2415 4804

Actual rated water volume, cu.ft. 506.6 2013 4003

External surface area of insulation, 564 1372 2255
sq.ft.

Surface/volume ratio, sq.ft. per 1.11 0.68 0.56
rated cu.ft.

Water level elevation increase @ 9 percent 7.4 7.4 7.4
volume expansion, inch
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TABLE A-8. PRELIMINARY COST ESTIMATE OF CONCEPT PLYSS, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 506.6 2013 4003

Cost item/reference basis Cost, $

Excavation 290 290 300

Grade slab 310 800 1500

Formwork @ $1.2 per ft

Pour, finish slab @ $1.5 per sq.ft.

Walls, stressed skin plywood, 3/4-inch 1510 2850 3960
skins, prefabricated $4 per sq.ft.

Insulation 520 1140 1940

Walls, roof of glass wool @ $0.7
per sq.ft.

Floor of polystyrene molded bead
board, 10 inch @ $1.3 per sq.ft.

Reinforcing structure; cross ties at bottom, 120 400 1120
cross braces at top and associated frames
for heat exchanger support

Liner, PVC 20 mil 260 390 530

$150 plus $0.25 per sq.ft.

Heat exchanger, 40,000 BTU per hr, in-place, 820 950 1020
ready

Lid/roof. Shed roof of wood framing, plywood 470 1510 2600
sheathing, vapor barrier, and composition
shingles

$3 per sq.ft. plus $10 per foot of
beam as needed

Exterior painting 80 140 270
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TABLE A-8. (CONTINUED)

Total cost (less water, brine) 4380 8470 13,240

Rated volume, cu.ft. 506.6 2013 4003

Cost per rated cubic foot 8.65 4.21 3.31

Auxiliary value, as-constructed (see
assumptions which follow)

1 Wall
As a framed, sheathed, wood wall, 170 300 420
8 foot high

$16 per ft

Cost reduction through integration with
building (see assumptions which follow)

Excavate with other necessary -280 -280 -280
excavation (this factor is
incorporated below)

Outdoor tank, sharing exterior -450 -580 -700
wall/walls

Indoor tank, in a building (no
savings, and possibly slight
additional costs incurred in
buildings of one story, due
to redundancy of structures)

Lowest Resulting Net Cost With Integration 3930 7890 12,540

(Excavate at time of other
necessary excavation)

Lowest Resulting Cost/Volume Ratio, 7.76 3.92 3.13
$ per cu.ft.
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Basis for Auxiliary Values and Cost Reduction
Through Integration - Concept PLYSS

(1) No footer is included for the ground slab. Some codes
may require one.

(2) Excavation with other necessary excavation would eliminate
the mobilization and demobilization charge ($280).

(3) The sheathed plywood walls could be used for attaching a
light structure such as a carport, but only one wall is
likely to be useful.

(4) Integrating the wall of an outdoor tank with a served
building would require substantial strengthening of
conventional wall structures and little savings would
result.

(5) Integrating the tank as an indoor unit would require a
sub-basement slab, and walls, and a framed, load bearing
deck that would provide no substantial net savings and
may increase costs.
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TABLE A-9. PRELIMINARY DESIGN OF CONCEPT CONCYL, 3 SIZES

Description - Prefabricated, in-ground assembly, horizontal-axis concrete
cylinder with factory installed heat exchanger.
(Reference Figure 6)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 555 2220 4440

(Heat exchanger 2%,
water expansion 9%,
no head space)

Chosen inside diameter, ft, 10.0 10.0 10.0

Required net inside length, ft. 7.07 28.0 56.0

Length additions, ft., due to 2.0 2.5 2.5

End recesses, 2 @ 6 inches

End bulkheads, 2 @ 6 inches

Middle bulkhead, heavy, 6 inch each

Cylinder length, ft. 9.0 30.5 2 @ 30.5

Cylinder wall weight (4 inch), lbs 14,610 49,500 2 @ 49,500

End bulkhead weight (6 inch), total, lbs 11,780 11,780 2 @ 11,780

Lightweight middle bulkhead weight, lbs 1 @ 200 4 @ 200 8 @ 200

Heavy middle bulkhead weight, lbs 5890 2 @ 5890

Total concrete structure weight, lbs 26,590 67,920 2 @ 67,970

Heat exchanger, 40 KBTU/hr

Required active tube length, ft. 900 1062 2 @ 575

Number of tubes 128 38 2 @ 21

Required gross length, ft. 1200 1200 2 @ 680

Number of elbows 256 76 84
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TABLE A-9. (CONTINUED)

Area of insulation, sq.ft. 562 1340 2440

External surface area of insulation, sq.ft. 652 1490 2670

Surface/volume ratio, sq.ft. per rated cu.ft. 1.30 0.75 0.67

Water level elevation increase @ 9 percent, in. 17 17 17
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TABLE A-10. PRELIMINARY COST ESTIMATE OF CONCEPT CONCYL, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 500 2000 4000

Cost item/reference basis Cost, $

Excavation 370 540 800

$280 plus $1.5 per cu.yd.

Concrete structure at $0.06/lb 1600 4080 8160

Insulation, ends and cylindrical shell, R40 770 1830 3340
rating, polystyrene molded bead board, (Butted
10 in. ends)

$1.37 per sq.ft. ($0.11 per board ft
plus 10 percent scrap, plus $0.16
installation)

Cost of heat exchanger pipe, $0.20 per ft. 340 270 310
plus $0.40 per elbow

Installation of pipe and elbows, labor rate 380 150 170
$15 per hr

Seal inside surface, $0.60 per sq.ft. 310 750 1500

Plastic inserts and "0" rings, $1 each 260 80 80

Transportation and installation in excavation 250 400 800

Grade cleanup, $50 plus $1.5 per cu.yd. 80 120 200

Total cost (less water, brine) $4360 8220 15,340

Rated volume, cu.ft. 500 2000 4000

Cost per rated cubic foot $8.72 4.11 3.84

Auxiliary value, as-constructed None None None
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TABLE A-10. (CONTINUED)

Cost reduction through integration $-280 -280 -280
with building

Excavate with other necessary
excavation

(No other substantial reductions
are evident)

Lowest Resulting Net Cost with Integration 4080 7940 15,060

Lowest Resulting Cost/Volume Ratio, 8.16 3.97 3.77
$ per cu.ft.
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TABLE A-11. PRELIMINARY DESIGN OF CONCEPT UTLBX, 3 SIZES

Description - In-ground tank, site assembled of prefabricated reinforced concrete
modules, joined with steel coupling bars, modular prefabricated
heat exchanger. (Reference Figure 7)

Target rated water volume, cu.ft. 500 2000 4000

Target gross volume, cu.ft. 555 2220 4440

(Heat exchanger 2%,
water expansion 9%,
no head space)

Number of reinforced concrete tube 2 8 16
section modules of dimensions:

Inside: 10 ft high
7 ft wide
4 ft long

Outside: 11 ft high
8 ft wide

4.5 ft long (unnested)

(End dimensions 11 ft high x 8 ft
wide, 6-in. thick, reinforced)

Module arrangement 2 sections 8 sections 8 sections
in-line, in-line, adjacent to
plus 2 ends plus 2 ends 8 sections,

plus 4 ends

Overall length of concrete assembly, ft 9 33 33

Total concrete structure weight, lbs 32,000 86,000 2 @ 86,000

Heat exchanger, 40 KBTU/hr

Required active tube length, ft 900 1062 2 @ 575

Required gross length, ft 980 1250 1400

Area of insulation, sq.ft. 615 1610 2340

External surface area of insulation, sq.ft. 720 1800 2550

Surface/volume ratio, sq.ft. per rated cu.ft. 1.44 0.90 0.64

Water level elevation increase @ 9 percent, in. 10.6 10.6 10.6



A-25

TABLE A-12. PRELIMINARY COST ESTIMATE OF CONCEPT UTLBX, 3 SIZES

Nominal rated water volume, cu.ft. 500 2000 4000

Actual rated volume, cu.ft. 500 2000 4000

Cost item/reference basis Cost, $

Excavation 360 530 600

$280 plus $1.5 per cu.yd.

Concrete structures

Tube sections 810 3240 6480

Ends 630 630 1260

Coupling bars, steel 30 120 240

Nuts, steel 40 40 80

Sealing @ $0.6 per sq.ft. 250 740 1480

Assembly labor at site 70 220 440

Insulation, ends and rectangular cross-section 810 2120 3090
shell, R40 rating, polystyrene molded bead
board, 10 in.

$1.32 per sq.ft. ($0.11 per board ft.
plus 5 percent scrap, plus $0.16
installation)

Heat exchanger pipe and elbows 280 350 380

$0.2 per ft. plus $0.4 per elbow

Heat exchanger assembly 230 270 290

$15 per:hr.

Transportation and installation in cavity at site 250 500 750

Grade, cleanup -150 200 250

$50 plus $1.5 per cu.yd.
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TABLE A-12. (CONTINUED)

Total cost (less water, brine) $3910 8969 15,340

Rated volume, cu.ft. 500 2000 4000

Cost per rated cubic foot $7.82 4.48 3.84

Auxiliary value, as constructed None None None

Cost reduction through integration $ -280 -280 -280
with building

Excavate with other necessary
excavation

(No other substantial reductions
are evident)

Lowest Resulting Net Cost with Integration $3630 8680 15,060

Lowest Resulting Cost/Volume Ratio, 7.26 4.34 3.77
$ per cu.ft.



A-27

COMPILATION OF THE ELEMENTAL CONSTRUCTION COSTS
USED IN THE OVERALL COST ESTIMATES OF APPENDIX A

The basic construction and material costs used for the overall

cost estimation of Appendix A are compiled below. When judged necessary or

advisable, deviations from these values were permitted. In general, costs

include delivery and installation.

Item Cost

Backfill, grading $50 plus $1.5 per cu.yd.

Beam, wood, preservative treated

4 x 14, 2 member $5 per ft

8 x 12, 2 member $8 per ft

9 x 12, 3 member $10 per ft

12 x 12, 3 member $12 per ft

Concrete, poured $70 plus $65 per cu.yd.

Concrete, prefabricated
structures, reinforced

Large cylinder $0.06 per pound, plus $170 plus
$0.16 per rated cu.ft. for
delivery, installation

Utility box modules $0.045 per pound, plus $200 plus
$0.25 per rated cu.ft. for
delivery, installation

Sealing for above $0.60 per sq.ft. of interior
surface

Decking

Concrete, precast, reinforced

4 inch $150 plus $2.5 per sq.ft.

6 inch $150 plus $4 per sq.ft.

Steel, roll-formed, galvanized

3 inch, 20 ga. $50 plus $1.6 per sq.ft.

3 inch, 16 ga. $50 plus $2.3 per sq.ft.

Excavation $280 plus $1.5 per cu.yd.
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Item Cost

Floor, wooden, joists with 2 ply $1.8 per sq.ft.
sub-floor (less perimeter support)

Gravel/sand $8 per cu.yd., $100 minimum

Heat exchanger, assembled, in place, $100 plus $0.8 per lin. ft.
ready

Wall

Concrete block

8 inch $3.5 per sq.ft.

12 inch $4.5 per sq.ft.

Foam-Form block (with reinforced, $20 per block ($3.8 per
concrete fill, waterproofing) sq.ft.)

Plywood panel sandwich $4 per sq.ft. of wall

Steel, swimming pool (with bracing, $100 plus $24 per perimeter
sill, backfill)

Insulation

Polystyrene molded bead board $0.11 per board ft. plus
$0.16-$0.25 per sq.ft.

Fiberglass batt, 6 inch $0.35 per sq.ft.

Liner Assembly

PVC, 20 mil $150 plus $0.25 per sq.ft.

Hypalon, 36 mil $150 plus $0.60 per sq.ft.

Pilasters, block, reinforced grout fill $12 per vertical foot

Roof, wood framed, with composition $3 per sq.ft.
shingles

Slab, concrete

Footed (3-foot depth) $1.5 per sq.ft. plus $11
per perimeter foot

Plain $1.5 per sq.ft.

Vapor barrier, PE, 4 mil $0.15 per sq.ft.
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APPENDIX B

LISTING OF MANUFACTURERS, COMMERCIAL
INTERESTS, AND ASSOCIATIONS WHICH

PROVIDED PHASE I INFORMATION

Blocks, Foam-Form(

Foam-Form Canada, Ltd. (Manufacturer)
Scarborough, Ontario, Canada

Kern, Daniel (Contractor)
Toledo, Ohio

Kaylor Brothers (Distributor)
Findlay, Ohio

Concrete

American Concrete Institute
Detroit, Michigan

Portland Cement Association
Pittsburgh, Pennsylvania

Concrete, Pipe, Large

American Concrete Pipe Association
Vienna, Virginia

National Precast Concrete Association
Indianapolis, Indiana

Ohio Concrete Pipe Association
Columbus, Ohio

Pre-stress Concrete Association
Chicago, Illinois

Price Brothers
Dayton, Ohio

Reliance Universal, Inc.
Columbus, Ohio

Concrete, Poured Walls

J. L. Poured Walls, Inc.
Blacklick, Ohio
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Concrete, Sprayed

Allentown Pneumatic Gun Company (Gunite)
Allentown, Pennsylvania

Gene Fausnaugh Associates, Inc. (Contractor)
Columbus, Ohio

Concrete, Utility Boxes, Prefabricated

Hartford Concrete Products, Inc.
Hartford City, Indiana

Insulation, Polystyrene, Rigid

Dow Chemical Company (Skinboard)
Midland, Michigan

Gilman Brothers (Bead-board)
Gilman, Connecticut

W. R. Grace Company
Cambridge, Massachusetts

Insulation, Polyurethane, Rigid

Elliot Company of Indianapolis, Inc.
Indianapolis, Indiana

Polyurethane, Rigid (Spray-On)

Gusmer Corporation
Old Bridge, New Jersey

Rubicon Chemicals, Inc.
Geirmer, Louisiana

Witco Chemical Corporation
New Castle, Delaware

Liners, Tank

Abco Pool Industries, Inc. (PVC)
Flushing, New York

Bel-Aqua Pool Supply, Inc. (PVC)
New Rochelle, New York

Fabrico (PVC)
Chicago, Illinois
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Liners, Tank (Continued)

Rad Associates
Salem, Ohio

Staff Industries (Industrial, Commercial)
Upper Montclair, New Jersey

Mesh, Steel, Coated

Acco Industries, Inc.
Monessen, Pennsylvania

Anchor Fence, Inc.
Baltimore, Maryland

Atlantic Steel Company, Chain Link Division
Atlanta, Georgia

Colorguard Corporation
Rariton, New Jersey

B. L. Downey Company, Inc.
Cicero, Illinois

National Fence Mfg. Co., Inc.
Toledo, Ohio

U.S. Steel Supply - Cyclone Fence
Chicago, Illinois

Pipe, Plastic

Bristolpipe, Bristol Corporation
Bristol, Indiana

Charlotte Plastics
Charlotte, North Carolina

Harvel Plastics, Inc.

Plastic National Systems, Inc.
Seguin, Texas

Polyvinyl Piping Company
West Chester, Pennsylvania
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Pools, Swimming, and Components

Clayton and Lambert Mfg. Co. (Steel Panels)
Buckner, Kentucky

Heldor Associates
Clifton, New Jersey

KDI Sylvan Pools, Inc.
Doylestown, Pennsylvania

Major Pool Equipment Corporation
Clifton, New Jersey

Ohio Clearwater Pools, Inc. (Sales, Installation)
Columbus, Ohio

Overly Mfg. (Aluminum Plate)
Greensburg, Pennsylvania

Quality Pools (Sales, Installation)
Columbus, Ohio

Statewide Pools (Commercial Only)
Columbus, Ohio

Swimming Pools of Ohio, Inc.
Columbus, Ohio

Steel, Structural Products

Ben-Tom Companies, Inc.
Columbus, Ohio

Clayton and Lambert Mfg. Company
Buckner, Kentucky

Major Pool Equipment Company
Clifton, New Jersey

Palmer-Donavin Mfg. Company
Columbus, Ohio

Wheeling Corrugating Company
Wheeling, West Virginia
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Tanks, Concrete

Babbert, E. C., Inc.
Canal Winchester, Ohio

C & B Design Systems, Ltd.
Charlotte, Michigan

Marietta Concrete Company
Marietta, Ohio

Roger Dunbar, Inc.
New Paris, Indiana

Tanks, Reinforced Plastic

Allegheny Plastics
Corropolis, Pennsylvania

Associated Fiberglass Engineers
Fort Worth, Texas

Owens-Corning Company
Toledo, Ohio

Proform, Inc.
Minneapolis, Minnesota

Resin-Fab Corporation
Belding, Michigan

Tanks, Steel

Brown-Minneapolis Tank Company
St. Paul, Minnesota

Smith, A. O. Co. - Harvestore Products
Arlington Heights, Illinois

Stanwade Metal Products, Inc. - Rad Division
Hubbard Ohio.
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APPENDIX C

COST ESTIMATES FOR THE ENERGY STORAGE
ASSEMBLY DESIGNS OF PHASE II

TABLE C-1. COST ESTIMATE OF CONCEPT ORNLFF, 4 SIZES

Reference Drawing ORNLFF-3481

Nominal rated water volume, cu.ft. 500 1000 2000 4000

Actual rated water volume, cu.ft. 520 1080 1840 3960

Cost item/reference basis

Excavation (no haul-away) 370 390 520 600

$280 plus $1.5 per cu.yd.

Footer 240 290 340 430

$100 plus $60 per cu.yd.

Gravel fill, 8 inch 100 100 100 140

$8 per cu.yd., $100 min.

Walls, Foam-Form, with reinforced 1680 2240 2800 3920
concrete, waterproofed

$20 per block ($3.8 per sq.ft.)

Added insulation, floor, roof, and 470 800 1210 2270
walls

$0.11 per board ft material plus
$0.16 per sq.ft. installation

Interliner, 4-mil polyethylene 40 50 60 90

$20 plus $0.05 per sq.ft.

Liner, PVC, 30 mil 350 460 590 880

$150 plus $0.50 per sq.ft.

Rim coping 60 70 80 90

$40 plus $0.5 per ft.

Building paper shield, 2 ply 40 50 70 110

$20 plus $0.12 per face sq.ft.
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TABLE C-1. (CONTINUED)

Ballast slab, 8 inch 300 460 640 1180

$100 plus $55 per cu.yd. plus
$30 per cable row

Deck

Material, FOB

6 Inch - $2.5 per sq.ft. 360 640 1000

10 Inch - $3.2 per sq.ft. 2540

Delivery 2.5X1 2.5X1 2.5X1 5X1

$2.5 per load per one way
mile (X1)*, 40,000 lbs max.
per load, $200 minimum

Placement 460+ 480+ 500+ 570+

$400 plus $2.5 per one way 2.5X2 2.5X2 2.5X2 2.5X2
mile (X2)*, plus $10 per
section

Grouting and Hanger Placement 110 120 140 190

$100 plus $0.2 per joint ft.

Ceiling Conduit 40 60 70 150

$20 plus $1 per foot

Access Hatch, $30 30 30 30 30

Backfill, grade 100 120 140 160

$50 plus $1 per perimeter ft.

Subtotal before heat exchanger 4750+ 6360+ 8290+ 13,350+

2.5X1+ 2.5X1+ 2.5X1+ 5X1+

2.5X2 2.5X2 2.5X2 2.5X2

* Where X, = distance of site from deck manufacturer.
X2 = distance of site from lifting crane home base.
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TABLE C-1. (CONTINUED)

Heat exchanger, 18,000 Btu per hour

Cables, in place 110 150 150 220

$40 plus $4 each

Tubing 160 170 190 200

$0.3 per foot

Hangers, installed with tube 120 130 110 140

$1 each

Elbows, installed 120 90 70 50

$1 each

Manifolds (None required)

Flexible hose, 1-1/2 inch 20 20 20 20

$2 per ft.

Restraint net, installed 100 120 140 210

$80 plus $0.1 per sq.ft.

Methanol, $2 per gal 20 20 20 20

Subtotal 650 700 700 870

Heat exchanger, 60,000 Btu per hour

Cables, in place 170 240 230 360

$40 plus $4 each

Tubing 460 510 380 400

$0.3 per ft

Hangers, installed with tube 340 390 570 610

$1 each
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TABLE C-1. (CONTINUED)

Heat exchanger, 60,000 Btu per hour (Continued)

Elbows, installed 340 260 220 160

$1 each

Manifolds, installed 60 60 60 60

Flexible hose, 2-1/2 inch 50 50 50 50

$5 per ft

Restraint net, installed 100 120 140 210

$80 plus $0.1 per sq.ft.

Methanol, $2 per gal 60 70 70 180

Subtotal 1580 1700 1640 1,930

Base cost with 18,000 Btu per hour $5400 7160 8990 14,210
heat exchanger

Travel distance additions, per mile

To deck manufacturer $2.50 2.50 2.50 5.00

To crane home base $2.50 2.50 2.50 2.50

Addition for 60,000 Btu per hour $ 930 1000 940 1060
heat exchanger

Cost factor, $/rated cu.ft. $11.4 7.1 5.2 3.8

@ 100 mile distance from deck,
crane source, with 18,000 Btu
per hour heat exchanger

Cost factor, $/rated cu.ft. $13.1 8.0 5.7 4.1

@ 100 mile distance from deck,
crane source, with 60,000 Btu
per hour heat exchanger
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TABLE C-2. COST ESTIMATE OF CONCEPT SWPL, 4 SIZES

Reference Drawing: SWPL-3181

Nominal rated water volume, cu.ft. 500 1000 2000 4000

Actual rated Water volume, cu.ft. 510 1260 2190 3920

Cost item/reference basis

Excavation (no haul-away) 340 370 440 580

$280 plus $1.5 per cu.yd.

Gravel/sand fill, 8 inch 100 100 100 100

$8 per cu.yd., $100 minimum

Anchor posts, placed 120 120 270 360

$30 each

Floor slab, 8 inch, reinforced 170 250 320 620

$100 plus $70 per cu.yd.

Pit shape refinement 300 340 380 420

$200 plus $2 per perimeter ft.

Wall panels, in place 1140 1540 1860 2340

$100 plus $20 per perimeter ft.

Wall panel support rim, reinforced 200 240 280 320

$100 plus $12 per perimeter ft.

Backfill 50 70 90 110

$1 per perimeter ft.

Sill, reinforced, 3 foot 360 460 540 660

$100 plus $5 per perimeter ft.

Insulation, floor, walls, ceiling 750 1350 2180 3200

$1.50 per sq.ft. ($.1L per board
ft plus 10 percent scrap plus
$0.25 per sq.ft. installation)
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TABLE C-2. (CONTINUED)

Interliner, 4-mil polyethylene 50 70 90 120

$20 plus $0.05 per sq.ft.

Liner, PVC, 30 mil 470 680 880 1250

$200 plus $0.50 per sq.ft.

Rim coping 60 70 80 90

$40 plus $0.5 per ft.

Seal boot; installed 40 40 90 120

$10 each

Deck, installed, with seal closures
and hatch

3 inch, 18 ga. @ $3.4 per sq.ft. 610

4-1/2 inch, 18 ga. @ $3.7 per 1340
sq.ft.

6 inch, 16 ga. @ $4.5 per sq.ft. 2380

7-1/2 inch, 12 ga. @ $7 per sq.ft. 5900

Subtotal 4760 6580 9980 16,190

Heat exchanger, 18,000 Btu per hour

Partition channel beams 160 190 340 510

$40 each plus $3 per ft.

Hold-down brackets, bolts 60 60 140 180

$15 each position

Fence fabric, attached 110 150 300 500

$5 per partition per horizontal
foot

Tubing 170 170 190 200

$0.3 per foot
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TABLE C-2. (CONTINUED)

Heat exchanger, 18,000 Btu per hour (Continued)

Elbows, installed 100 80 70 60

$1 each

Manifolds (None required)

Flexible hose, 1-1/2 inch 20 20 20 20

$2 per foot

Restraint net, installed 100 120 140 210

$80 plus $0.1 per sq.ft.

Methanol, $2 per gal. 20 20 20 30

Subtotal 740 810 1220 1710

Heat exchanger, 60,000 Btu per hour

Partition channel beams 160 190 340 510

$40 each plus $3 per ft.

Hold-down brackets, bolts 60 60 140 180

$15 each position

Fence fabric attached 110 150 300 500

$5 per partition per
horizontal foot

Tubing

$0.3 per foot 480 510 580 630

Elbows, installed 300 240 220 180

$1 each

Manifolds, installed 60 60 60 60

Flexible hose, 2-1/2 inch 50 50 50 50

$5 per ft.
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TABLE C-2. (CONTINUED)

Heat exchanger, 60,000 Btu per hour (Continued)

Restraint net, installed 100 120 140 210

$80 plus $0.1 per sq.ft.

Methanol, $2 per gal. 60 70 80 80

Subtotal 1380 1450 1910 2400

Base cost with 18,000 Btu per hour $5500 7390 11,200 17,900
heat exchanger

Addition for 60,000 Btu per hour 640 640 690 690
heat exchanger

Cost factor, $ per rated cu.ft., $10.8 5.9 5.1 4.6
with 18,000 Btu per hour heat
exchanger

Cost factor, $ per rated cu.ft., 12.0 6.4 5.4 4.7
with 60,000 Btu per hour heat
exchanger
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TABLE C-3. COST ESTIMATE OF CONCEPT UTLBX, 4 SIZES

Reference Drawing: UTLBX-3981

Rated water volume, cu.ft. 500 1000 2000 4000

Cost item/reference basis

Excavation (no haul-away) 670 810 990 1300

500 plus $1.5 per cu.yd.

Gravel fill, 6 inch 100 100 100 120

$8 per cu.yd., $100 min.

Insulation, installed 850 1570 3020 5040

$1.40 per sq.ft.

Tank sections

Modules, FOB 2460 4240 7800 15,600

End, $1230 each (includes
$250 for waterproofing)

Center, $890 each (includes
$170 for waterproofing)

Delivery 2.5X 1 5.0X1 7.5X 1 12.5X1

$2.5 per load per one way
mile (X1)*, 40,000 lbs
max per load, $200 min.

Sealant 50 150 350 700

$50 per joint

Placement 700+ 800+ 1000+ 2000+

$600 plus $2.5 per one way 2.5X2 2.5X 2 2.5X2 2.5X2
mile (X2)* plus $50 per
section

Manhole and cover 250 250 250 250

* Where X1 = distance of site from tank section manufacturer.
X2 = distance of site from lifting crane home base.
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TABLE C-3. (CONTINUED)

Backfill and grade 300 300 400 440

$200 plus $2 per perimeter
foot

Subtotal 5380+ 8250+ 13,910+ 24,450+

2.5X 1+ 5.0X1+ 7.5X1+ 12.5X1+

2.5X2 2.5X2 - 2.5X2 2.5X2

Heat exchanger, 18,000 Btu per hour
(Note that special construction
is used in 500 cu.ft. tank)

Vertical supports, installed -- 60 120 240

$15 each

Horizontal supports, installed -- 240 320 480

$20 each

Prefabricated structure 350 -- -- --

Tubing 170 180 200 210

$0.3 per ft.

Hangers, installed -- 70 80 160

$1 each

Elbows and couplings, installed 130 70 60 60

$1 each

Manifolds (None Required)

Flexible hose 1-1/2 inch 20 20 20 40

$2 per ft.

Restraint net, installed 100 110 140 280

$80 plus $0.1 per sq.ft.
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TABLE C-3. (CONTINUED)

Methanol, $2 per gal. 20 20 20 30

Subtotal $790 770 960 1500

Heat exchanger, 60,000 Btu per hour
(Note that special construction
is used in 500 cu.ft. tank)

Vertical supports, installed - 60 120 240

$15 each

Horizontal supports, installed -- 400 560 800

$20 each

Prefabricated structure 350 -- -- --

Tubing 460 520 520 620

$0.30 per ft.

Hangers, installed -- 360 200 240

$1 each

Elbows and couplings, installed 360 200 150 180

$1 each

Manifolds, installed 60 60 60 80

Flexible hose 50 50 50 100

$5 per ft.

Restraint net, installed 100 110 140 280

$80 plus $0.1 per sq.ft.

Methanol, $2 per gal. 20 .20 20 30

Subtotal $1400 1720 1700 2570
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TABLE C-3. (CONTINUED)

Base cost with 18,000 Btu per hour $6170 9020 14,870 26,260
heat exchanger

Travel distance additions, per mile

To tank section manufacturer $2.5 5.0 7.5 12.5

To crane home base $2.5 2.5 2.5 2.5

Addition for 60,000 Btu per hour $610 $950 $740 $1070
heat exchanger

Cost factor, $ per rated cu.ft. $13.3 9.8 7.9 6.9

@ 100 mile distance from tank,
crane source, with 18,000 Btu
per hour heat exchanger

Cost factor, $ per rated cu.ft. 14.6 10.7 8.3 7.2

@ 100 mile distance from tank,
crane source, with 60,000 Btu
per hour heat exchanger
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APPENDIX D

INSTALLATION PROCEDURES FOR THE ENERGY
STORAGE ASSEMBLY DESIGNS OF PHASE II

Installation Procedure for Energy
Storage Assembly for ACES System

Concept ORNLFF (Dwg. ORNLFF-3481)

General Considerations

(1) Consult the manufacturer's literature for general

instructions particular to the use of the modular

blocks. (Foam-Form Canada, Limited)

(2) Plan the basic layout arrangement to accommodate

the likely route for brine supply and return lines

and desired deck elevation. Earth cover is not

permitted.

Procedure and Requirements

(1) Excavate to the indicated dimensions. The footer

and gravel fill must rest on undisturbed earth.

Earth may be used to produce the footer form, but

the bottom must be flat and the corners square to

obtain footer stability.

(2) Place the footer.

(a) Steel reinforcement is required, as specified.

(b) A keyway must be formed in the surface of the

footer as indicated. Tie wires to engage the

re-bar atop the first block course are

recommended.

(c) The footer must be flat and level. Water in a

clear plastic tube can be used to assure that

the four corners are level to the desired

accuracy.
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(3) Place the gravel fill to a level flush with the

footer surface.

(4) Place, reinforce, and fill the block walls.

(a) Block junctions at corners are to be properly

mitered or lapped to obtain strong concrete

cores.

(b) Wall courses must be straight, plumb, and level.

Bracing will be required at tank corners and

probably at 6-foot intervals along the walls.

Consult the block manufacturer's instructions.

(c) Reinforcing steel is required along the top of

each block course and vertically in each block

core. Breaks are to be lapped no less than

12 inches. Breaks in the horizontal bars are

not permitted within 18 inches of the corners.

(Bars must therefore be bent or welded at

corners.)

(d) Corrugated ties should be inserted in the top

course (see drawing). Also, provision should

be made at this time for brine supply and

return pipe holes.

(e) Concrete shall be of 4- to 5-inch slump, with

5/8-inch aggregate (7/8-inch maximum). A

carefully placed, dense pour is required

(2500 psi minimum). Pumped concrete (2- or

3-inch hose) is recommended, with lateral

agitation of vertical re-bars during placement.

Provision should be made for placement of blocks,

bracing, reinforcement, and concrete in one

continuous operation. Also, concrete must not

be allowed to "free-fall" for more than two

block heights, to avoid damage to the blocks.
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(5) Install auxiliary insulation inside the tank on the

walls (5 inch thick) and on the floor (10 inch thick).

(a) Gaps between insulation panels shall not be greater

than 3/16 inch wide. If greater gaps occur, they

must be bridged with 24-gage galvanized steel

strips, or other suitable material, held in place

during liner placement by duct tape. Gaps on the

gravel side of the floor insulation shall not

exceed 1/2 inch.

(b) Mastic may be used to hold the vertical insulation

panels against the wall blocks. (Dow Chemical

Company Styrofoam Mastic #11 or equivalent).

(6) Install the Interliner and Liner.

(a) Form the rabbet necessary to receive the rim coping.

(b) Assure that the floor and walls do.not contain

foreign material or any projections capable of

damaging the liner. Vacuuming may be necessary.

(c) Place the interliner film with overlaps as necessary

for complete cover of the insulation, holding it in

place temporarily with tape. (This film prevents

chemical interaction of the liner and insulation).

(d) Attach the rim coping to the metal straps with

self-drilling sheet metal screws.

(e) Place the liner, possibly using-a vacuum cleaner to

remove trapped air, and assure that the rim coping

attachment is secure.

(7) Install the ballast slab.

(a) The liner is to be protected with two layers of

asphalt building paper. Lay the paper with 50%

overlap, shiplap fashion so that concrete flow

will not disturb it. The paper must extend up

the side walls. If necessary this extension can

be reduced to one layer.
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(b) The slab must be steel reinforced, as specified.

(c) Prepare and set the anchor cables.

(1) Consult the main drawing (sheet 1) and the

heat exchanger drawing (sheet 2) to determine

the number and spacings required.

(2) Eyes for cables must be formed to the required

dimension and the swaged sleeve (P/L item 11)

must be carefully installed with the proper

tool to obtain the required strength.

(3) The specified plastic tube sleeves are for

strain relief of the cable and for providing

visual assurance that the anchor rod is at the

required depth in the slab.

(d) A dense, flat, level slab of specified thickness is

required. The re-bars used to anchor the cable

eyes must be at the required depth and breaks are

to be carefully positioned so that no cable eye is

within 3 inches of a break.

(e) Cables must be accurately positioned and the cable

tubes must be plumb. There must be contact between

the cable eye and anchor rods; lift the cables

against the rod for the concrete set time.

(8) Install the deck.

(a) Before proceeding, place the long and bulky mate-

rials (pipe, conduit, and insulation) into the tank.

Spare materials probably should also be included.

(b) The wall concrete must be adequately cured before

deck placement.

(c) Tempered hardboard strips should be laid atop the

wall to relieve contact stresses. Consult the deck

supplier.
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(d) Place the deck sections. Note that the direction

of lay is not optional and that hanger wires are

to be accurately placed in deck joints directly

above the cable rows, as specified (see drawing).

Note also that two tank sizes require slight over-

hang of the beginning and end deck sections (see

table on drawing).

(e) An access hatch opening is required. If the opening

requires only one cut section, only temporary support

of the two cut lengths will be required. (The grout

key will provide permanent support, once cured.)

(f) Place stiff mortar dams at the ends of the grout

slots and fill the end holes of the deck sections.

(g) Thoroughly fill the grout key slots with a 3/1

sand/cement grout mix.

(9) Erect the ceiling insulation.

(a) Position the insulation sheets against the deck with

rows of thin-wall conduit, held with the previously

placed wire ties.

(b) Remove unneeded insulation and scrap pieces.

(10) Progressively mount and connect the heat exchanger tube

runs and the conduit and restraint nets.

(a) Install the appropriate number of oval sleeves (and

perhaps spares) before attaching the cables to the

overhead conduit.

(b.) The wire-formed tube anchors must be firmly swaged
to the cables with the tube runs and conduit in place.

(c) Install the restraint net (as specified by the

drawing) as the tube runs are installed.
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(d) At the end of the tube runs make connections in a

pattern that provides (1) the correct number of

flow branches and (2) the correct number of runs

per branch. Connections are to be made by solvent

welding (cementing), using good practices and mate-

rials required by this craft. (Fresh and adequate

quantity of cement, cleanliness, chamfering of tube

corner edges, etc.).

(e) Supply and return manifolds, if required, may be

mounted to the cables or to the overhead conduit

runs.

(11) Leak test the heat exchanger (only after a 2-hour minimum

joint drying time).

(a) Purge the air from the tube branches by forceful

water flows.

(b) Pressurize the branches at 10 psig for no less than

1 hour, with no visible leakage permittedo

(12) Connect the supply and return piping to the heat exchanger

with flexible hose, so arranged that slight movements will

not unduly stress the piping.

(13) A lockable access hatch cover must be provided and must be

kept locked.

(14) The ice-free water level is specified on the drawing. For

close tube spacings some tubes may initially be above this

water level.
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Installation Procedure for Energy
Storage Assembly for ACES System

Concept SWPL (Dw9. SWPL-3181)

General Considerations

(1) Assure that soil conditions at the proposed site are

suitable for producing a shaped pit and that the basic

water table will be below the pit floor.

(2) Plan the basic layout arrangement to accommodate the

likely brine supply and return route and to arrive

at the desired deck elevation. Earth cover is not

permitted.

Procedure and Requirements

(1) Excavate the rough shape of the pit.

(a) Cut-and-fill excavation is permissible but will

require thorough compaction.

(b) The panel walls, sill, and floor slab will require

sound bases, preferably undisturbed earth.

(2) Install the base slab.

(a) The slab is basically a rectangle, but has enlarge-

ments around the anchor post positions, which vary

in number.

(b) A sound base with 6-inch gravel fill is to be

provided.

(c) The anchor posts are to be accurately placed and

maintained in position during concrete placement

and finish (see "Anchor Layout" inset of drawing).

Protect the threaded holes of post tops from damage

and foreign matter.
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(d) Note that re-bar rod pieces are used in each anchor

post and that these must engage the concrete.

(e) The slab must be steel reinforced, as specified.

(f) The slab is to be essentially flat and level.

(3) Erect the panel walls.

(a) The earth ledge beneath the wall panels must be

sound. Compact as necessary.

(b) The uppermost edge of all wall panels must be at

the proper height above the concrete slab surface

(H + 12") and must be level and plumb throughout.

For large tanks it will be necessary to use water

in a clear plastic tube to level the panels to the

necessary accuracy. Vertically shim the wall panels

as necessary, using brick or slate pieces.

(c) Clearances (2 inches minimum) must be provided under

all lower wall panel edges and all A-frames to allow

concrete to engage and support these members.

(d) Note the screw anchors required along the top edges

of wall panels.

(4) Place the concrete wall panel support rim.

(a) Steel reinforcement is required, as specified.

(b) A stiff (3" max. slump) mix is to be used, which is

to be driven under and into all panel wall edges

and around all A-frames and stakes.

(5) Backfill

(a) Backfill is to be progressively compacted, but only

after concrete has cured adequately, and not to the

point of distorting or dislocating wall panels.

(b) Sand is a preferred backfill.

(6) Place and form the concrete sill plate.

(a) Tie wires may be used to hold form work against

panel walls.
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(b) Steel reinforcement is required, as specified. It

is particularly important that re-bars be bent or

welded for the four tank corners and that other

breaks be lapped adequately.

(7) Finish and smooth the pit walls to the necessary shape

and dimensions.

(8) Place insulating foam of walls and floor.

(a) The foam must be accurately fitted. Gaps are

undesirable and must not exceed 3/16 inch on the

liner side. If greater gaps are necessary they

must be bridged by 24-gage galvanized steel, or

other suitable material, held in place by duct

tape during liner placement. Gaps on the opposite

side of the floor must not exceed 1/2 inch.

(b) A hot wire is suggested as an accurate, effective

means of cutting foam panels.

(c) The vertical panels can be temporarily held in place

with mastic or double faced, pressure sensitive tape.

(d) Note that a rabbet is required around the top edge

of the vertical panels, which must be accurately

formed to suit the rim coping and provide the proper

rim elevation.

(9) Install the interliner and liner.

(a) Assure that floor and walls do not contain foreign

material or any projections capable of damaging the

liner. Vacuuming may be necessary.

(b) Place the interliner film with overlaps as necessary

for complete cover of the insulation, holding it in

place temporarily with tape. (This film prevents

chemical interaction of the liner and installation.)

(c) Attach the rim coping, using the specified strap and

self-drilling sheet metal screws.



D-10

(d) Place the liner.

(1) A vacuum cleaner may be used to remove trapped

air.

(2) When the liner is placed as accurately as

possible, cut holes or slits to accept the

anchor posts.

(3) Clean the anchor post and the adjacent liner

surface and install the seal boots, using

materials and practices recommended by the boot

manufacturer. Sealant is to be inserted between

the boot and anchor post. Narrow strips can be

cut from the boot before assembly to provide the

necessary additional material needed under the

clamp (see drawing, section A-A).

(4) Assure that the liner/rim coping attachment is

secure.

(10) Build the heat exchanger.

(a) It will be necessary to erect an overhead frame

adjacent to the tank in order to build the heat

exchanger.

(b) Assure that the channel beams (P/L Item 10) fit the

anchor posts. Also pre-position the hold-down

brackets (P/L Item 9) near the welded bends of each

beam. Place the remaining brackets on their corre-

sponding anchor posts, allowing for intended beam

position and omitting the clip and small bolt, which

are unnecessary for these positions.

(c) Attach the chain link mesh along each channel beam

as specified. Note that the mesh is to be applied

with the selvages vertical (whereas for fence appli-

cations the selvage would be horizontal). Individual

lengths of the mesh should be carefully overlapped

and securely spliced, using fencing "hog rings" or

heavy tie wire (galvanized).
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(d) Insert the tension bars (P/L Item 11) along the top

edge, lift the partition, check the "R" dimension,

and adjust as necessary.

(e) Examine the heat exchanger drawing (sheet 2) and plan

for locations of any supply and return manifolds that

may be necessary. These are to be mounted on the

mesh partitions, and eventually connected to supply

and return lines with flexible hose.

(f) At this time it may be advisable to make an inventory

of the tubing to be used in the heat exchanger. An

accounting of the initial length, the scrap, and the

remainder can help assure that the full designed

length is installed.

(g) When all partitions are complete and erected, insert

lengths of tube into the mesh at appropriate intervals

and spacings. Note that tubes are to be only half as

far from walls as from each other. It is not important

that tubes be spaced at identical intervals. It is

important that (1) spacings be closely similar,

(2) full total length be provided, and (3) the top,

bottom, and side boundaries be closely approached with

tubes (half the tube-to-tube spacing).

(h) At the ends of the tubing runs, make connections in a

pattern that provides (1) the correct number of flow

branches and (2) the correct number of runs per branch.

Each branch should contain approximately the same total

tube length (requiring that short tube runs be distributed

among the branches). Connections are to be made by

solvent welding (cementing), using good practices and

materials required by this craft (fresh and adequate

quantity of cement, cleanliness, chamfering of tube

corner edges, etc.).
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(11) Place the heat exchanger in the tank.

(a) The heat exchanger assembly will require support

from the temporary overhead frame until decking is

installed.

(b) The beams will need to be jockeyed into position

under the previously placed brackets and a makeshift

tool used to hold, place, and tighten the hold-down

bolts of the main brackets. Only moderate torque

need be applied.

(12) Leak test the heat exchanger (only after a 2-hour minimum

joint drying time).

(a) Purge the air from the tube branches by forceful

water flows.

(b) Pressurize the branches at 10 psig for no less than

1 hour, with no visible leakage permitted.

(13) Connect the supply and return piping to the heat exchanger

with flexible hose, arranged so that slight movements will

not unduly stress the piping.

(14) Install the ceiling insulation and metal decking.

(a) The insulation panels are to be installed generally

along the direction of the tubes.

(b) The deck is installed progressively, one 12-inch

section at a time, with the insulation pulled up

and attached as shown, using the metal angles

(P/L Item 7) and wire.

(c) At each mesh partition, J-bolts are used for support,

at the specified intervals. It is not necessary or

desirable to "tighten" these bolts.

(e) A lockable access hatch must be provided in the deck,

approximately as shown, and this hatch must be kept

locked.

(e) The perimeter of the deck must be sealed by the

specified closures and caulk and must be attached

to the sill. Power driven studs are recommended.
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(f) Deck sections should preferably be fastened to

each other along the seams. This is best accom-

plished by "button-punching", which keys the

sections together (consult the deck supplier).

(15) Finish grade and cleanup.

(16) The ice-free water level is specified on the drawing.

For close tube spacings some tubes may initially be

above this water level.
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Installation Procedure for Energy
Storage Assembly for ACES System

Concept UTLBX (Dwg. UTLBX-3981)

General Considerations

(1) Assure that conditions at the proposed site are suitable.

The basic water table must be below the pit base. Vehicle

travel across the tank cannot be permitted.

(2) Plan the basic layout arrangement to accommodate the likely

brine supply and return route.

(3) Coordination of supply deliveries and work teams will be

required to minimize the (costly) use time of the lifting

equipment needed for assembly.

Procedure and Requirements

(1) Excavate to the indicated dimensions.

(a) Note that considerable space is required at tank ends

for assembly.

(b) Undisturbed earth is preferred for the gravel base.

(2) Install a sand/gravel base and tamp to a dense, flat, level

surface. Use of water in a clear tube is recommended for

leveling of the larger tank sizes.

(3) Install the floor insulation.

(a) Gaps are undesirable and shall not exceed 1/2 inch.

(b) Stakes may be necessary at the perimeter to maintain

position during subsequent operations.

* The 500 cubic foot tank consists only of two end sections and receives
a free-standing heat exchanger assembly (see drawing, sheet 4); alter
the procedures as necessary.
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(4) Place the center tank sections.

(a) Each bell and spigot joint must be clean and primed

to receive the specified joint sealant (consult

manufacturer). Adequate sealant is to be used;

strips should be butted tightly and not stretched

in length.

(b) The tensioning rods are to be torqued before crane

cable tension is relaxed on the section being

assembled.

(5) End tank sections cannot be placed until the heat exchanger

has been completed.

(6) Install the heat exchanger.

(a) Determine the number of full length heat exchanger

"runs" and place these (and possibly spares) on the

floor of the tank sections, along with the conduit

to be used for the restraint nets.

(b) Mount the vertical column support members in the

positions indicated by the drawing (sheet 1). The

tops of the columns are to butt against the concrete

steps of the tank sections.

(c) Beginning at the center of the tank, mount the upper-

most horizontal support beams and attach the correct

number of tube runs using the slideable plastic

hanger clips (P/L item 12). If tube spacing is large

and tubes can therefore be permanently positioned,

special stainless steel hangers (Unistrut P/N A2613)

can be substituted. (Temporary support of tube ends

will be necessary during this procedure, to avoid

tube damage.)

(d) Mount the next lower horizontal support and the corre-

sponding tubes, and continue downward and outward to

completion. As part of this procedure, mount the

conduit specified for holding the restraint nets at

the tube layers nearest the 1/3 and 2/3 depth levels.
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Also tie the nets into place, at frequent intervals,

beneath the tube "layer" and in a manner that will

not restrict the lateral tube movements that will

later be necessary.

(e) With all tube supports, tubes, and nets mounted,

position the tubes laterally to the desired spacing.

For long tanks this may require a special rake-like

tool to reach into the tank and "comb" the tubes

into position.

(f) At the ends of the tubing runs, make connections in

a pattern that provides (1) the correct number of

flow branches and (2) the correct number of runs

per branch. Connections are to be made by solvent

welding (cementing), using the good practices and

materials required by this craft (fresh and adequate

quantity of cement, cleanliness, chamfering of the

tube corner edges, etc.).

(7) Leak test the heat exchanger (only after a 2-hour minimum

joint drying time).

(a) Purge the air from the tube branches by forceful

water flows.

(b) Pressurize the branches at 10 psig for no less than

1 hour, with no visible leakage permitted.

(8) Connect the supply and return piping to the heat exchanger

with flexible hose, so arranged that slight movements will

not unduly stress the piping.

(9) Place the end tank sectionso

(a) Heat exchanger tubing must not be struck and damaged.

(b) Each bell and spigot joint must be clean and primed

to receive the specified joint sealant (consult

manufacturer). Adequate sealant is to be used;

strips should be tightly butted and not stretched

in length.
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(c) Each tensioning rod is to be torqued and retorqued

at least twice before crane cable tension is relaxed.

The interval between torquings is not to be less than

3 minutes. Torquings are to be continued until no

movement is experienced.

(d) Insert the tension rod grouting. A grout pump will

be required. (Consult tension rod manufacturer.)

(10) Install the side, end, and top insulation, and the entry

tube, while backfilling.

(a) Gaps between insulation panels are undesirable and

must not exceed 1/2 inch.

(b) Panels are to be lapped at corners for full 10-inch

insulation thickness, all around.

(c) Backfill must not displace nor seriously distort

the insulation.

(d) Grading vehicles must not pass over the tank proper.

(e) Consideration must be given to any hazards posed by

the tank access port and surface lid. Locking is

desirable.
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LISTING OF POTENTIAL SOURCES FOR MATERIALS,
COMPONENTS, ASSEMBLIES AND SERVICES FOR THE

ACES ENERGY STORAGE ASSEMBLY CONCEPTS OF PHASE II

Note: The firms listed herein are presented only as typical sources of

the goods and services required. No preferential endorsement or

exclusion of other possibly qualified firms is implied.

General

Hose, flexible

Minor Rubber Co., Inc.
Bloomfield, New Jersey

Pacific Echo, Inc.
Torrance, California

Insulation, Polystyrene, Rigid

Gilman Brothers
Gilman, Connecticut

W. R. Grace Company
Cambridge, Massachusetts

Liners, Tank

Major Pool Equipment Corporation
Clifton, New Jersey

Staff Industries (Industrial, Commercial)
Upper Montclair, New Jersey

Net, Plastic Mesh

Fablok Mills, Inc.
Murray Hill, New Jersey

Midlakes Mfg. Co.
Knoxville, Tennessee
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Pipe, Plastic

Bristolpipe, Bristol Corporation
Bristol, Indiana

Bunnell Plastics, Inc.
Mickleton, New Jersey

Charlotte Plastics
Charlotte, North Carolina

Colby Plastics
Anaheim, California

Cresline Plastic Pipe Co.
Evansville, Indiana

Harvel Plastics, Inc.
Easton, Pennsylvania

Plastic National Systems, Inc.
Seguin, Texas

Polyvinyl Piping Company
West Chester, Pennsylvania

Slocomb Plastic Pipe Co.
Georgia (205) 886-2353

ORNLFF Concept

Anchor, Wire-formed

AA Wire Products Company
Chicago, Illinois

Heckmann Building Products, Inc.
Chicago, Illinois
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ORNLFF Concept (Cont'd)

Blocks, Foam-Form®

Manufacturer:

Foam-Form Canada, Limited
Scarborough, Ontario, Canada
Fort Collins, Colorado

Distributor:

Kaylor Brothers
Findlay, Ohio

Contractors:

Mr. Daniel Kern
Toledo, Ohio
(419) 531-4609

Insulated Building Systems
Port Orange, Florida
(904) 788-0760

Cable, Aircraft (and associated parts, tools)

Sava Industries, Inc.
Pompton Lakes, New Jersey

Loos and Company
Pomfret, Connecticut

Deck, Concrete (Narrow)

Price Brothers (and licensees)
Dayton, Ohio

Span-Deck Manufacturers Association
Franklin, Tennessee

Manufacturer:

Southern Cast Stone Co., Inc.
Knoxville, Tennessee

Erector:

Davis Contractors, Inc.
Knoxyille, Tennessee
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SWPL Concept

Deck, Roll-Formed Steel

Bowman Construction Products
Heidelberg, Pennsylvania

USS Roof Deck
Birmingham, Alabama

Wheeling Corrugating Company
Wheeling, West Virginia

Mesh, Steel, Coated

Anchor Fence, Inc.
Baltimore, Maryland

U.S. Steel Supply - Cyclone Fence
Chicago, Illinois

Seal, Boot

Staff Industries
Upper Montclair, New Jersey

Flexi-liner Corporation
Pasadena, California

Walls, Prefabricated Steel

Heldor Associates
Clifton, New Jersey

Major Pool Equipment Corporation
Clifton, New Jersey
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UTLBX Concept

Concrete, Utility Vaults, Prefabricated, by location and
headquarters (see also Figure 10)

Arizona, Phoenix

Utility Vault Co., Auburn, Washington
(206) 839-3500

Arkansas, Little Rock

Dalworth Quikset, Fort Worth, Texas
(817) 477-2134

California, Los Angeles

Associated Concrete Products, Santa Ana
(714) 447-7470

Brooks Products, El Monte
(213) 443-3019

Utility Vault Co., Auburn, Washington
(206) 839-3500

California, San Francisco

Utility Vault Co., Auburn, Washington
(206) 839-3500

Colorado, Denver

Amcor, Inc., Ogden, Utah
(801) 399-1171

Arco Concrete, Inc., Arvada
(303) 428-5021

Connecticut

DitulliO and Sons, Inc., Milford
(203) 878-6511

Rotundo and Sons, Avon
(203) 673-3291

Georgia, Atlanta and Dalton

Southeast Precast Concrete Products, Atlanta
(404) 938-6556
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UTLBX Concept (Cont'd)

Idaho, Idaho Falls

Amcor Inc., Ogden, Utah
(801) 399-1171

Illinois, Chicago

Utility Concrete Products, Plainfield
(312) 437-7880

Indiana, Hartford City

Hartford Concrete Products, Inc., Hartford City
(317) 348-3506

Minnesota, Minneapolis

Elmore Concrete Products, Minneapolis

Missouri, Kansas City

Barbour Concrete Co., Independence
(816) 796-3344

Pennsylvania, Philadelphia

Miller Concrete Products, Philadelphia
(215) 644-9300

Penncast Corporation, Marietta
(717) 426-1911

Texas, Fort Worth, Houston, Arlington

Dalworth Quikset, Fort Worth
(817) 477-2134

Utah, Ogden

Amcor, Inc., Ogden
(801) 399-1171

Washington, Seattle

Utility Vault Co., Auburn
(206) 839-3500

* ** ** *
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Major Specifier and User of Concrete Utility Vaults

Bell Laboratories, Chester, Pennsylvania
Mr. Richard Mayo
(201) 386-3000, Ext. 2074

Framing, Steel (and associated parts)

Unistrut Corporation
Wayne, Michigan

Hanger, Injection Molded Plastic

Ashland Products Company
Chicago, Illinois

Jaco Manufacturing Co.
Berea, Ohio

Product Components Corporation
Mt. Vernon, New York

Sealant, Joint

Concrete Sealant Company
New Carlisle, Ohio (Dayton).
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