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CHAPTER 1

OVERVIIEW AND CONCLUSIONS

1.1 Background

In response. to the nation's need to conserve energy, a number of pro-
grams have been directed toward reducing our consumption of energy.
An important part of these programs is the. improved use of  thermal
energy storage (TES) systems These systems can conserve energy in -
three ways: : o

(1) by-increasing the efficiency of'rhe device or process;
(2) by recovering energy-that would normally be lost, and

(3) by providing a means for matching variable patterns of
energy demand and availability, which are presently
out of phase .

A number of programs have been devoted to developing advanced TES systems.
Some of this work. has been spensored by the Department of Energy (DOE) -

and some has been ‘conducted by industry. Because of the large number

of programs and the range of possible uses for employing thermal stor- - -
age to conserve energy, a number of potentially successful approaches
are-opén to the DOE. However, the field is presently so crowded with
candidates, that it is d1ff1cult ‘to identify the most promising systems
and applications. Therefore, a method was needed for evaluating these
diverse technologies on a common basis so that pr10r1t1es could be
establlshed for further research and development

;;gmmpbjectives of the Study

The primary objective of the study was to provide DOE with a method for:
evaluating the first cost of diverse advanced TES concepts on a cémmon
basis. For a total sample of at least 20 baseline and advanced TES
technologies, the methodology developed was to be applied in the calcu~ .
lation of actual cost and performance measures. :

1.3 General Approach

° Selection of Reference Applications

We. began this program by developing a classification scheme. for the
different’ uses of thermal energy storage. This scheme was developed '
by considering the different kinds of programs sponsored by DOE. and: -

by evaluating the various mechanisms of energy loss that were amenable’
to reduction by use of advanced TES concepts.



Work on the development of TES has focused on five types of application
areas: )

(1) electric power generation, with solar input in which TES
is used to store energy for use during cloudy periods
or at night;

(2) conventional fuel-fired electric power generation, in whlch
TES is used to improve load factors;

3) cyclie losses,.in which TES is used to reduce losses that
occur when devices start and stop;

(4) batch losses, in which TES is used to recover.waste heat;
and :

(5) source/éink~mismatch, in which TES is used to increase the
efficiency of processes that are dependent upon ambient
temperatures.

These have been applied variously to commercial processes; transportation,
.space heating and cooling, water heating, and generation of electricity.
From the array of possible applications of TES and uses for the stored
energy, the residential and commercial HVAC applications that consume
significant amounts of energy were selected for detailed con81derat10ns.
Applications for which advanced TES systems were costed are:

(1) solar hot air or hydronic space heatlng of res1denceq
using diurnal storage;

(2) solar space heating, cooling, and water heating of residences
and small apartment buildlngs using diurnal and seasonal

storage;

(3) ‘solar cooling of residences with absorptlon air conditioners
using diurnal storage;

4) off—peak electric space heating of‘residences;i
(5) off-pcak clcetric cooling of residences;
(6) passive solar ﬁeating of residences; and
(7) community sized storage for ceoling.
Baselinebsystems for these applications were also costed., In addition,

for some baseline systems, relationships between storage capacity and
cost. were developed.



These applications in residential heating and cooling were selected
because DOE is sponsoring other programs to analyze the costs of TES
technologies applied to power generation and industrial energy conser-
vation.

° Specification of Operating Characteristics and Baseline Systems

Before the performance of various advanced TES concepts -could be com-
pared, these technologies would have to be incorporated into systems
designed to meet specific operating characteristics. Thus, for each
reference application, specifications were developed for storage capac-
ity, output rate, and output temperatures.

For each of the nine xeference applications, baseline systems were de-'
fined incorporating current technology and practice. These provided

the basis for comparison with the advanced TES technologies.

o Advanced TES Technologies

The advanced TES technologies currently being developed can be classified
under three .conceptual approaches to thermal energy storage. Within
these approaches, twelve specific TES technologies were. considered.

- Chemical Heat Pump TES

-Chemlcal heat pump TES systems store énergy by u31ng vapor-pressure
differences to drive chemical reactions in different directions with

the absorbing or releasing of heat. Thig 1s done by wmaintaining two
reservoirs, each containing one of the storage system chemicals at differ-
ent temperatures by adding or removing heat. Typically, during charging,
heat is added to a high-temperature reactor separating the two storage
media while heat is rejected from a low-temperature. reactor while condens-
ing one of the media. The energy released during charging can be used -
for space or water heating. Discharging the system is accomplished by
cooling the high-temperature reactor while heating the low-temperature -
reactor until the vapor pressure of the condensed medium is greater than
.the vapor. pressure of the combined media in the high-temperature reactor.
The condensed media then evaporates and the vapor recombines with the
higher temperature medium giving off heat. The energy removed fronm ithe
high-temperature side is used for space or water heating. The energy
added .on the low-temperature side will come either from outdoors, in
which case the system acts like a conventional heat pump, .or from cooling
‘building air, thereby providing air conditioning. "These systeéms are
applicable to a range of applications from residential to commerciail.

‘Three advanced TES concepts based on chemical heat pumps were considered:

. EIC Corporation: Methanolated calcium chloride is heated to
drive off methanol, which is condensed to store energy.

1-3



Rocket Research: Sulfuric acid is concentrated by
boiling off water which is condensed to store’ energy.

Martin Marietta: A proprietary ammoniated salt slurry
is heated to drive off ammonia, which is condensed to
store energy.

— Phase Change TES

Phase change systems are designed to store a major part of their energy
content at a constant temperature. This is done by using materials that
have a phase change temperature at a suitable level (e.g., spacé heating:
80°F - 150°F or space cooling: 32°F - 50°F). This is desirable for

two major reasons. First, the volumetric energy storage capacity is
likely to be better than sensible heat storage systems. Second, system
efficiency is improved by minimizing the upper or lower temperature re-
quired for charging. These systems are primarily suited for residential
or small commercial applicationms.

Seven advanced TES concepts based on this system were considered:

Dow: Salts wh1ch change phase at various tempcratures are
encapsulated in aerosol type containers.

‘Franklin Institute: A salt (trlmethylamine) in a liquid is
dissolved or crystallized by circulating an immiscible fluid.

University of Delaware: Glauber's salt mixturco arc
encapsulated in long sausage-like plastic cylinders.

Clemson University: A salt (sodium thiosulphate) in a liquid
is dissolved or crystallized by circulating an immiscible fluid.

Monsanto Research: Cross-linked polyeﬁhyiene undergoes a
solid phase change. : '

Suntek: Calcium chloride is encapsulated in building blocks
with an epoxy coating.

Brookhaven: Phase change materlals are micro- encapsulated
and mixed w1th concrete to make building blocks.

- Aquifer TES

This system involves pumplng large amounts of heated or cooled water into
aquifers . (large areas of porous media underground) to store energy on

a seasonal basis. Energy is removed by pumping the water out of the
aquifer and passing .it through heat exchangers. The energy to heat or
'cool the water comes from sources such as 1ndustr1al or electric power



plant waste heat, solar inputs, or from normal seasonal changes. These
systems are suitable primarily for large-scale installations.

Two systems based on this concept were considered:
_DRI: Water cooled by heat exchangers in Jamaica Bay off

Long Island is stored in winter to cool JFK A1rport in
the summer.

Texas AG&M: Water chilled by evaporative cooling is stored
underground in the w1nter to provide cooling to a community
in the summer.

In many cases these systems were only in the laboratory stage of develop-
ment. Therefore, it was necessary to take laboratory systems and project
them to complete systems incorporated into an HVAC installation suitable
for the reference applications. With the cooperation of all the
contractors involved, we were able to develop schematics that contained
size and operating characteristics for the major elements of each system
for each applicable reference appllcat1on.

e Definition of TES Module

In order to provide an analytical framework for the cost and performance
comparisons, three components of a TES system were defined:

(1) the input section c¢onsisting of cowponents that collecet
energy and transfer it to the storage module;

(2) the storage module, including all components required
to receive, store, and transmit the energy for use; and

(3) the application section consisting of all portions of
the system required to extract energy from the storage
‘module and pass it to the point of final use.’

When the storage module is defined in this way, all circulation pumps
and piping external to the basic storage system are considered part

of the input or application section. Reference applications are defimned
so that both the baseline systems and the advanced TES technologies are
based on the same heat~transfer methods. This means, for example that
TES systems based on hydronic or liquid input and output are compared
with a baseline system based on the same heat-transfer methods. Since
the major differences among these systems are isolated in the storage
module, ‘a valid comparison can be made cons1der1ng only that portion of
the system.

Although the primary analysis was concentrated on the relative cost of
the TES module per 106 Btu energy produced, some external hardware and
operational parameters are affected by characteristics of the TES. 1In
order to reflect the attendant cost differences, additional analysis was
required concerning:
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(1) the effect of high storage temperatures on solar collector
costs; '

(2) the effect of low storagé temperatures on compressor first
cost and operating costs; and

(3). the effect of chemical heat pump C.0.P. and collector
temperature on storage size and collector area.

For each of these aréas,cost differentials were developed for incorpora-
tion in the costing of the systems involving solar input or use of a

compressor run off-peak to generate coolness for air conditioning.

e Estimation of Costs

The estimates in this report are generally equivalent to ex-factory

_ costs. They include burden on labor but do not include manufacturers’:
margin on materials, which could add between 15% and 25% to the cost de-
pending on the application. In addition, items which pass through a
distributor and installer could add an additional 40% to 60% to the price
paid by the end user. This comparison is clouded, somewhat, by the
fact that some systems are site- erected while others are factory-
assembled. However, when comparing costs within an application, this
difference can be ignored. The methodology for making these cost
estimates is described below.

Cost estimates were derived for each TES system application and baseline
case to reflect the costs of manufacture, transportation, installation,
and maintenance. They do not include mark-up from intermediaries such
end prices charged to the consumer. All costs are expressed in 1978
dollars.

Materials costs were estimated in three ways:

(1) Parts such as pumps and motors were assumed to be obtained
from manufacturers of these items for a range of quantities
so that cost sensitivity to production volume could be assessed.

(2) For items such as motor controls, sénsors and relays that
are used in a wide variety of applications, catalog prices
were used.

(3) Some items are not currently manufactured. Process steps
for fahrication and assembly werc defined and labor, iuvest-
ment and raw materials costs estimated for commercial pro-
duction volumes.

Labor costs for fabrication and assembly were direct labor costs plus

burden. For assembly of purchased parts,a burden of 1007 was added to
.direct labor costs. For conventional fabrication and assembly, a:
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‘burden of 1507% was applied. Some cases involved advanced or even
presently unavailable fabrication technology; in these instances the
burden on-direct labor cost was 200%. In all cases, ex-factory costs
for labor include a pre-tax profit of 12 187 as would likely be the
goal of mature businesses.

In some cases where quotes for production items such as Megatherm were
obtained directly from a contractor, the markups used may be inconsistent
with the analysis described above in that the initial selling price of
these systems appears to include a substantial profit that is consistent
with a fledging industry that has made a substantial investment in the
development of a product. Thus, it is likely that the baseline costs
will drop for some of these systems as production rates increase and
competition is introduced from other products. This is especially

true for the Megatherm units and for the units employing ceramic bricks
-for off-peak electric heating. The ceramic brick system cost, however,
‘may not decrease significantly due to the fact that these units have
been manufactured for some years in Europe. With Megatherm costs,
estimates based on the .system .components indicate that a cost reduction
of from 10% to 25% of the quoted prices may be pos51ble as production
quantities are increased. - »
In addition to estimating the actual cost to manufacture the units,
estimates were made of the cost of transportation of the system to the
site and installation at the site. 'In some cases these systems are factory
assembled and shipped as complete units, needing only to be charged with
heat storage material at the site; while, in other cases the systems are
essentially built from scratch at the site using one fabricated element.

Finally for each system application and baseline case, we attempted to
estimate the type of maintenance charges that would be associated with
the system during a 20-year life. These cost estimates were made by
comparing the equipment with similar equipment used in other appllcatlons.
The system complexity, the number of elements of different types such as
pumps and controls, and factors such as the likelihood of corrosion wetre
considered in making these final estimates.

After completing the analysis of each system, the cost data collected were
generalized in order to develop cost estimating tools that could be
applied to other systems. This was done by plottiug the cost of different
components versus size or by developing rules of thumb based on different
aspects of the systems size and relating them to cost. '

These cost estimates considered only first cost. Operating costs (except
for maintenance), life cycle costs, etc. were not within the scope of °
this project. The inclusion of a system as a baseline does not imply
that it is economically viable. 1In addition, costs associated with land
use, certification, insurance requirements, etc., were not included but
should be evaluated for those systems considered to merit future deveiop-
ment efforts. ’ :



1.4 Summary.of Results

On the following pages, a number of tables are presented that give
total estimated costs for thermal energy storage modules compared with
a baseline system for different applications. In addition, for the
impact on cost due to different mean collector temperatures and to
chemical heat pump C.0.P. are presented.

Within each "Application' category, the cost of the baseline system can

be compared with the cost of the advanced technologies. It is not mean-
ingful to compare, directly, costs for systems sized for different applica-
tions because the systems are different in many operational respects.

Thus, since the economic viability of a particular system must really

be considered only in terms of the cost of the baseline system with

which it is competitive, no attempt has been made to provide an overall
ranking. In addition, new developments may reduce the cost of an

advanced system to the point that it will be competitive.

In all casés, the cost estimates are based on the assumption that the
products are being.sold in a mature market structure. The price
estimates were made assuming that the product had been fully developed
“and manufactured in quantlty for a period of time. This assumes that
normal competitive forces are at work in the market place so that items
are priced competitively. Start-up business opportunities are not taking
a higher than normal profit to offset initial development costs or to
satisfy requirements of venture capitalists for a high rate of return

on investment dollars in the early stage of product sales.

e Residential Solar Heating

. Cost estimates for storage for residential solar heating are presented in
Table 1-1. Three different.phase~change systems were costed for this

. application and compared with the.appropriaté baseline systems. For hot
air.systems, a rock bed storage system based on Solaron specifications
was used, and for hydronic svstems, atmospheric pressure water storage
was selected.

The University of Delaware system was the only system with a cost lower
than.that of the baseline system. However, it has the disadvantage that
the output.temperature (around 85°F) io qignifibantly below the normal

- standard of 100°Fto 120°F and, therefore, would require a much higher
flow rate of air than normal in order to maintain an acceptable discharge
" rate.  This involves higher blower cost, larger air ducts and higher
power consumption for blowers. ) ' '

The Dow system has ‘a delivery rate that is below the %ate specified. It
would be possible to redesign the system by increasing the surface-to-
volume ratio of the cans that are used to contain the heat storage material.
However, this would involve a cost penalty for the system.
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| TABLE 1-1
STORAGE FOR RESILENTIAL SOLAR HEATING

A) Hot Alr EXCEPTIONS TO

CODE # CONTRACTOR TYPE OF SYSTEM °  ESTIMATED COST*($) COST ($)/106B§u SPECIFICATIONS
B3  Baseline Solaron Rockbed ST 1,268 : © 3170 _ ;None
11  Dow Chemical__Macroencépsulated PCM . ‘ . » Delivery rate
S Mg(NO3), .6 Hp0 + NH4 NO3 2,512 - . - . 6280 - 30,000 Btu/hrbA
13 University Plastic Encapsulated PCM _ : : .
of Delaware Na2S04 . 10 H20 , ‘ 822 - - 2055 " Output temperature
' ‘ =~ 85°F ‘ -

e Storage Capacity: 400,000 Btu
e Discharge Rate: 50,000 Btu/hr
e Output Temperature 100°F °

® Diurnal Cycle

B) dydronic

B2 Baseline Atmospheric'Preésure ' 1,743 - - 4358 - None
: Water Storage ’ ’ '

12 Clemson Immiscible fluid - 2,684 6710 None-
University ~Najy S903 & Marcol- '

* Cost to user including installation.



The Clemson system is more expensive than the baseline hydronic system.
This differential would be reduced if an intermediate heat exchanger - is
not required, but the cost of additional heat transfer fluid plus larger
heat exchanger surface areas in the house due to the poorer heat transfer
properties of o0ils would tend to offset this gain.

® Chemical Heat Pump Systems

Table 1-2 compares the cost of the three different chemical heat pump
systems costed with a baseline system for each of four HVAC applications.*
The baseline system used for this comparison was hot water storage coupled
with an Arkla absorption air conditioning system.

For the diurnal applications, both residential and commercial, the systems
were sized to provide approximately 50% of the HVAE loads with solar input.
In addition to developing cost estimates for the thermal energy storage
modules themselves, estimates were made of the solar collector area
required for the different applications in three different geographic
regions (Boston, Albuquerque, and Fort Worth). For the chemical heat

pump systems, two different mean annual collector temperatures were
assumed.. For the baseline water storage systems, a mean collector
temperature of 100°F during the heating season and 200°F during the
cooling season was used. As can be seen from the results summarized in
Table 1-3, the cost differential between the baseline case and the chemical
heat pump system will not be offset by savings in collector area. For

the commercial system, similar results can be expected. Other factors,
such as maintenance and safety considerations, may suggest that the
baseline system would be more attractive for this application.

In one configuration the chemical heat pump could be driven with an auxiliary
fuel-fired system when solar inputs were not available. This would reduce
the cost of operation when compared with the baseline system and would help
to pay back the first cost differential. A more detailed study is required
to evaluate these operational considerations.

A similar analysis to estimate the impact of heat pump COP and collector
temperature was carried out for the seasonal storage case. The collector
areas and storage requirements for these cases are ‘also summarized in
Table 1-3. In this application, the chemical heat pump appears to have

an advantage both in storage capacity and solar collector areas. This

is also evidenced by the cost estimates shown in Table 1-2, which reflect
the cost for thermal energy storage modules alone, plus cost estimates with
solar collectors added. It should be noted that the Rocket Research

% These are comparisons of first cosl only. Because one system is less
expensive than another should not be interpreted as meaning that either
is cost effective for the application. No analysis of operating benefits
was included in this study.
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~ DIURNAL

. SEASONAL

. COMMERCIAL - RESTDENTTAL __ COMMERCIAL - , RESIDENTIAL
Lo STORAGE STORAGE’ STORAGE . . MODULE:' PLUS STORAGE MODULE PLUS
MODULE ($) MODULE ($) _MODULE ($) - COLLECTOR($) MODULE($)  COLLECTOR($)
Baseline (water
storage plus _ . : : ] :
absorption A.C.} 77,600. 12,300 224,600 317,400 36,500 44,500
EIC Corp. 71,900 - - - 46,200 53,700
Martin Marietta | 69?700 - - - = -
Rocket Research | 94,700 19,800 167,200 173,500 25,000 32,500

TABLE 1-2 SOLAR SPACE HEATING, COOLING, AND WATER HEATING

APPLICATIONS USING CHEMICAL.HEAT PUMPS



COLLECTOR AREA (FTZ)

BASELINEX , A CHEMICAL HEAT PUMP A
| (WATER STORAGE) . COLLECTOR @ 300°F - COLLECTOR @ 200°F
BOSTON o o185 ' 270 - , " 185
ALBUQUERQUE - .90 . - 102 - 74
FORT WORTH ' 12 . | 158 - 115

* Collector @ 100°F winter and 200°F in summer

A. 'Cdllecpor Area for 50% Solar Residential Diurnal Storage System

BASELINE . : A .
(WATER STORAGE) . "~ °° CHEMICAL HEAT PUMP
STORAGE - COLLECTOR STORAGE COLLECTOR
(106 Btu) . Area (Ft2) : (10°Btu) - . : Area (Ft2)
' BOSTON . :
Residential 28.3° | - 580 o 9.1 590 .
Commercial 159.6 5560 . o 36'0'. © 3910
[ALBUQUERQUE .
Residential 14.9 . 260 - 5.6 ' 4 200
Commercial 312.3 3030 65.5 ' 2280
FORT WORTH _ : - :
Residential . 15.4 370 . 9.0 ) 330
Commercial | . .368.3 ) 5330 ' . 98.8 . 3770
AVERAGE VALUE ° : ' : ' ]
Residential .. 19.5 400 . 8.0 - - 380
Commercial .280.1 . 4640 . . 65.0 ) . 3320

B. Collector Area for 100% Solar Seasonal Storage System’

TABLE 1-3 SOLAR COLLECTOR AREA ESTIMATES FOR VARIOUS SYSTEM CONFIGURATIONS
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configuration that was actually costed utilized low cost storage Eanks
for the sulfuric acid. If the tanks are found to be insufficient due to
corrosion constraints, the cost of the system could be increased sig-
nificantly. However, a substantial margin -still exists between the cost
of the baseline system and the chemical heat pump system.

In order to estimate the collector area and storage size, the performance
of the systems was modelled. For each system the configuration which met
the seasonal loads with the minimum collector area was selected. Rocket
Research® indicates that there is a minimum cost configuration which uses
more area and less storage. Our model using monthly average weather data
shows a minimum cost with zero storage. A more detailed analysis using
hourly weather data is needed to resolve the difference. = We estimate
that the reduction in cost will be less than 20% of the estimates given.
A similar reduction should result for both the baseline and the chemical
heat pump system. '

e Residential Solar Cooling with Absorption Air Conditioner

Table 1-4 .compares the cost of the Monsanto system and a baseline system
using pressurized hot water for residential solar cooling coupled with

an absorption air conditioner. The cost projected for the Monsanto

system is below that of tlie baseline system shown. - However, the cost

per million Btu"s of both systems are much higher than the $4000 to $6000
guidelines typically used, especially when it is considered that the storage
capacity is not all converted to useful air conditioning due to the fact that
~that the COP for typical absorption air condltloners is in the range of

0.6 to 0.7. :

e Residential Off-Peak Electric Space Heating

Table 1-5 compares a residential-sized unit utilizing all off-peak electric
energy for space heating. The baseline in: this case is the TPI ceramic
brick unit, which 1s presently available commercially in the United States
in a size somewhat larger than the size shown here. .TPI intends to make

a unit of the specified capacity available in the near future and the
pricing is based on their estimates for a unit”of this size.

* E. C. Clark et al., Sulfuric Acid and Water Chemical Heat Pump,
Chemical Energy Storage Program, Contract 18-495 B, Sandia Corporation,
1978.
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TABLE 14

STORAGE FOR RESZDENTIAL SOLAR COOLING WITH ABSORPTION'AIR'CONDITIONERé,

CODE# _CONTRACTOR TYPE OF SYSTEM ESTIMATED™ COST($)
B4 Baseline Presstrized Hot _ 5,940
: ’ Water (Megatherm) ' '
14 Monsantc Phase Change ' 3,630
Cross=Linked
Polyethylene

e Thermal 5torage Capacity: 250,000 Btu (Hot)
e Discharge Rate: 35,000 Btu/hr
e Output Temperature: 200°F

e Diurnal Cycla

* o
Cost to user including irstallation.

-EXCEPTIONS TO

COST($)/1C6Btu " SPECIFICATIONS
23760 ‘None
14520 None
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TABLE 1-5

STORAGE FOR RESIDENTIAL OFF<PEAK ELECTRIC SPACE HEATING

'CONTRACTOR

Baseline

Dow
Chemical

University of
Delaware

. TYPE OF SYSTEM - ESTIMATED COST*($)

_Hééted Ceramic
Bricks (TPI)

Phase Change
Macroéncapsulated
Mg(N03)2 - 6 Hy0

Plastic Encapsulated
Phase Change Material
Nap S04 10 H20

e Storagé Capacity: 400,000 Btu

® Discharge

Rate: 50,000 Btu/hi

e OJutput Témpérathré: 100°F

e Diurnal Cycle

*: . . : L. '_"-,.-,.4..' A L
Cost to user including installation.

1,090

1,583

822

. EXCEPTIONS TO

COST($)/10%Btu =~ SPECIFICATIONS
2725 Delivers @ 140°F
: Includes blower
3,958 Delivery rate’
oo 30,000 Btu/hr
Output témpératﬁre

2050

= 85°F



The Dow system costed had a price higher than the baseline system and,

in addition, will deliver at a rate less than that specified. As noted:

above, to increase this delivery rate would result in a higher cost system.’

With the Dow system, there do not seem to be opportunities for significant

cost reductions unless other containers can be found. The University of
Delaware system has a competitive first cost, but this will be offset

 partially by the larger air ducts and air handling equipment required

due to the lower supply temperature

e Residential Off—Peak Electric Cooling

Table 1-6 shows estimated costs for coolness storage using off-peak
electricity. The baseline for this application is an ice system patterned
after an A. O. Smith unit. It consists of a tank containing a long coil
on which ice is formed during charging of the system. The cost estimate for
the University of Delaware system i1s lower than the baseline system. The
_eutectic material used melts in the temperature range between 50°F and
55°F, and will deliver air at about 58°F during most of a cycle. The
system at that temperature does not provide for dehumidification of the
air. However, University of Delaware personnel indicate that the de-
humidification that occurs at night during charging provides adequate
daytime humidity levels.

The Franklin Institute‘system, although it is somewhat more expensive
than the baseline system, does provide an operating advantage in that
the phase change occurs at 42°F. This means that the temperature of the
fluid introduced into the cooling coil in an air duct will be between’
45°F and 50°F. This is .a value that matches current HVAC practice. Because
" the system is charged at a temperature higher -than the baseline system,
the operating efficiency of the system is higher. This translates
into two cost differences..

First, a system charging an ice unit must use a larger compressor with
a higher first cost. Offsetting this hdrdware cost differential partially
. is the fact that the Franklin Institute system will require a larger heat
exchanger in the air duct coil because the temperature differential. be-
tween the fluid and the air being cooled is smaller than with the ice
system. However, a net difference of $100 to $200 in favor of the
Franklin Institute system will still result. Thus, the total installed
cost of the two systems will be reasonably close. In addition, the Franklin
Institute system may be expected to yield a cost savings on the order
of $50 per year for a typical installation based on an analysis of the
compressor requirements and ut11121ng the ORNL* annual average energy
consumption for air conditioning of 4,400 kilowatt hours. per year and an
electricity cost of $.04 per kilowatt hour. Thus the Franklin Institute
approach using immiscible fluids appears to offer advantages over the
'baseline case.

% Eric Hirst, Oak Ridge National Laboratory, persondl.communication, 1978.
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TABLE 1-6

- . STORAGE FOR RESIDENTTAL COJLING USING OFF-PEAX ELECTRICITY

. , . .
CODE# CONTRACTOR ¢ TYPE OF SYSTEM ESTIMATED COST §§)
B8 Baseline- Ice ‘ ' 1,205
8 University of Phase Chénge . 642
Delaware - 10 H 20
us Chorlde Salts)
-1 Franklin Immlsclble fluids 1,487
Institute Trimethylamine -

Dowtherm J

e Storagé Capacity: 200,000 Btu
e Discharge Rate: 35,000 Btu/hr
e Output Temperature: 60°F maximum

Diurnal Cycle

B

*
Cost to user including installation.

- .EXCEPTIONS TO

COST($)/106B;u" SPECIFIGATIONS
6025 Temperature to
air duct: 32°F
3210 'Deliveréd air @
60°F minimum
7435 None



® Passive Residential Space Heating

Two passive storage‘systems* are compared in Table 1-7. These systems
both employ building materials impregnated with a phase change material
to increase their thermal storage capacity. The phase change materials
typically melt at room temperature to provide a substantial amount of

energy storage capability in the comfort range. In this case, the cost
per million Btu's was obtained by offsetting the cost of the block with
storage material by the cost of the block without storage material. °

The Suntek system has a significantly lower cost per Btu's than does the
Brookhaven system. However, the useful storage capacity of the Suntek
block may be less than the indicated energy storage capacity because of
limitations on the rate at which energy can be removed from the block.

We estimate that a reasonable value for energy transfer from the block
(based on natural convection and a “radiation loss to the rest of the room
with a temperature difference of 1U°F) is approximately 10 Btu's per hour
assuming discharge from one face only. This would mean that a block would
take a week to give up its total heat capacity. If the storage capacity of
the Brookhaven blocks more closely matches the useful capacity of a block,
the cost of this type of storage system per million Btu's is higher than

the normal $1000 - $2000 target for hot thermal storage devices. The major
cost in these systems is the cost of containing the heat storage material

in the block. The more reasonable approach to creating a building block
with storage would appear to be to use a smaller amount of material, perhaps
4 to 6 pound of phase change material incorporated directly in the block with-
out any form of encapsulation.

e Aquifer Storage for Space Cooling

Table 1-8 summarizes three different cases using aquifer storage for
seasonal cooling applications.**vThe cost per million Btu's for these
systems is a fraction of the cost for the system considered before.  The
‘differences between systems #18 and #19 are primarily due to the fact
that the Desert Reclamation Industry system utilized deep wells with a
larger diameter than the Texas A&M installation. This depends on the
characteristics of the aquifer being utilized for storage.

* Since the completion of the first phase of this program, the Suntek
approach as costed has encountered technical difficulities and the
Brookhaven program has concluded without identifying promising micro-
encapsulated systems. These results are included to provide reference
prints for future work.

*#% These costs are dependent on a number of factors and are included
to indicate the apparent promise of this type of storage. However,
to adequately assess the real cost, a number of socio-economic and
environmental questions beyond the scope of this project need to
be addressed. Such studies are currently in progress under DOE
sponsorship.
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TABLE 1-7

PASSIVE STORAGE FOR RESiDENTIAL SPACE HEATING

ESTIMATED COST*($)

.. CODE# CONTRACTOR . TYPE OF SYSTEM PER BLOCK cosT($) /108Btu** COMMENTS

Bl Baseline .Concreté Block . 1.72 ' _ N/A A 60 Btu/block

» - . : - with 10°F cycle

15 Suntek' - Phase Change 4.53 A '2,020 ‘ 1450 Btu/block,
CaClj . 6-H20 : . o ‘no insulation
impregnated
blocks

16 Brookhaven Phase Change - _ 7.05 15,680 400 Btu/block,

: Microencapsulated . no insulation

CaCly + 6 Hy0

*
Cost to user including installation.-

%%
Offset by baseline (See Figure 5-1).
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CODE#

17

18

19

TABLE 1-8

STORAGE USING AQUIFERS FOR COOLING

CONTRACTOR SYSTEM SIZE (B=u) ESTIMATED COST*($)

' Desert Reclamation . 200x107 : 4,258,503
Industries .
Texas A&M - 43107 126,956
Desert Reclamation 4%10° 233,260
Industries

Cost to user including installation.

cosT($) /10%Bty

21

© 32

58



e Summary Results

Table 1-9 summarizes the results for the systems costed. 1In this table
are shown not only the totals for each system, but also a breakdown by
major system elements so that each system element can be compared di-
rectly with the others. The number in the upper left-hand corner of
each block indicates the percent of system installed cost represented
by each element. Also shown are estimates of the maintenance cost re-
quired for the different systems. These are bdsed on an analysis of
the different system elements and a comparison of the maintenance typi-
cally required by similar devices in other applications. '

The chemical heat pump systems can be charged with a fuel-fired unit
leading to a lower operating cost for systems which were less than 100%
solar. These savings were not considered in the project.

1.5 Report Organization

The following chapters and two appendices describe in more detail the
results discussed in general here. '

Chapter 2 discusses. the derivation of the classification scheme used to
define the range of TES technologies and applicatioms, illustrates ‘the
specification of typical operating characteristics that enable a com~
parison of competing technologies, and discusses the rationale for the
selection of reference applications for detailed analysis.

In Chapter 3, the general costing methodology is explained. Chapter 4
describes the TES module that provided the analytical framework for
cost comparisons and summarizes system characteristics, operational
parameters and costs of each application of the advanced TES concepts,
In Chapter 5, similar information is given for the baseline systems.

Chapter A analyzes the effect of input storage temperature requiremerits
on solar collector hardware costs and the input temperature réequire-
ments of off-peak electric storage systems on compressor operating
costs.,

In Chapter 7, the effects of chemical heat pump COP and collector
temperature on storage size and collector area are considered.

Following Chapter 7 are two appendices containing back-up data on costs

of system elements (Appendix I) and generalized cost data for use in
estimating costs of other TES systems (Appendix II).
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TYPE CHEMICAL HEAT PUMPS

. 4.5 - 4.6 | .05 . -2 '
INSULATION c / / "/ y 7 0/ rd
256 |~ 2059 |7 32150 " "50 36 232 47

9

CONTRACTOR 1 EBIC 2. FIC l3§ MM Lz. RRC L 5. RRC 6. RRG 7. RRC

INPUT ' ' Solar '

CYCLE - Piurnal easonall Diurnal[ Seasonal J Diurnal

SIZE ' Large Small ' La:ge A Small Large ' Smail

OUTPUT Space Heating, Cooling, and Water HHating

STORAGE 4.0 6.1 ~[9.6 ~ 4.0 2.1 To.6 0.1

MEDTUM A ,//’EEZ; o ,//5;30[ 4277 ////;;; 526 '////:;:

CONTAINER - | B 27.1/ 42.1 , 9.4, P0.0 . N8.4 “l2.s 10/1
' ' A9454 5464 | 30490 1497 | 4598 _,//5I;;o 2008

0.4 0.2

Lol

7.7 20.8 17.2 h3.7 7.0 6.0 4
HEAT - 5 / / // / / /
EXCHANGE 27098 |~79620 . 42000 |~%6820 |7 4249 43554 !~ 3655

~4]

0.4 0.6 1.3 0.2 6.1 0.3 0.2
FLUID E / / / 1 / / e
. 256 256 .~ 940 250 | -7 34 250 34

e |4 2.27 '6// 4.7 4.7 14.8 ry
FIPING /137- 1030 1 4802 /oz.o 1165 |,~74540 | “116s

9.7 13.8~  [2.3 5.3 4.9 .0 6.2
RLOWERS & G / / / / ,
MOTORS - 6977 1765 ¥~ 8550 5642 | 1224 5642 |~1224

1
: ~ . . _
MOTORS <" 809 ¢~ 537 |~T1297 | 5520 | 2715 | 5520

W2 > A
g
\

5.1.7 |4.8- | 6~ l6.0 20.4 6.8 ps5.7
CONTROLS 1 / ~ / / - / /
- 3686 /zzzo 4167 |~ 6423 | ~ 5098 6u21 | 5098

- i g e 7
INSTALLATION 3 0.2~ 13.8 .- }3/ 10)9/' y 71/ . 19-/J/
- 7345 /6391 < 7559 ~11661. 5369 |~ AARS 3859

TOTAL 71868 | 46182 | 69720 | 107178 | 25014 - | 94690 . | 19831

MAINTENANCE 4501 3657 6000. " 7025 [ 1431 | 6717 - 1090 -

TABLE 1-9 DETAILED SUMMARY OF COST ESTIMATES FOR ADVANCED TES TECHNULOGLES
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XA

CHANG

TYPE PHASE E MATERIALS ) e AQUIFER
CONTEACTOR 8. U.of D. |9. F.I._ _ {10. pow |11. DOW !.12. cu. |11 U.of n] 14. M.R. 15. SUN. ]16.B.N.L. 17.D.R.'1.ha. TeAgs EQ.D.R.I.
INPUT Electrical A Solar Environmental "

CYCLE Diurnal Seasonal }
SIZE Small . Co_mmunity'l Largh

. QUTPET Cooling Heating Cooling . Heating Cooling
STORAGE y 8.6 33.1 28.7 19.9 9.9 28.6 22.8 70.6
MED IUM 60 128 524 720 533 81 1039 621 498/ - - -

' 37.7 16.5 43.1 52.0 13.5 38.8 62.3 ]
CONTAINER 242 246 683 1207 363 319 2261 B B B B

2.3 .7 Z.5 2.0 0.5 2.7 160 54.2

TION . - - - -
INSULATIO 15 11 40 50 14 ~22 35 /1472
WEAT 6.7 31.3 _ _ 8.2 _ 10.7
EXCHANGER - 100 - - 840 - - 350000 25000
H 66_~ 1.6
E * ELUID - 4 - - 44 - - - - - - -
-A .
T A - . !

PIPING - / - - / - 1 - - y 17.6 3.3_ i

; 6 2 6 ~112360 22363 7665
A BLOWERS & - - - - - - - - - - - - |
N MNOTORS

s - .

F  puMps - 26 - - 14.4 - - - - 8.4 21.4 5.4

E HOTORS 386 386 359600 7163 12639
R ' :

] 11 12.8 b4~ 2.8 6.7 8.5 1.0 _ _ 6.6 8.9 3.2~
CONTROLS 70 190 70 70 180 / 35 780200 11291 7440
INSTALLATION 39.7 21.7 15} 14.5 12.0 40.1 7.0 23 29.4 742 521 V174 _—
COST 255 322 266 265 322 330 254 625 720743156343 66139 /ﬁms
TOTAL 642 1487 1583 2512 2684 822 3630 2718 7055 4258503 126956 233260
MALNTENANCE 33.30 109 54 77 354 43 176 60 0 75000 4082 3265

TABLE 1-9 DETAILED SUMMARY OF COST ESTIMATES FOR ADVANCED

TES TECHNOLOGIES (Continued)
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CHAPTER 2

jDEFiNITIONNOF.REFERENCE OPERATING CHARACTERISTICS

2.1 ’'Introduction

In -order to compare the -costs .of different -systems it is first necessary
‘to size ‘those systems to meet the operating characteristics of specific
applications. Only then can a direct comparison of .storage capacities
be made on .a:meaningful basis. The :thermal energy storage module must
include .all features necessary to make it perform as required. "Thus,
for .example, it is not .meaningful «to compare the cost of the storage
media on a $/million ‘Btu capacity :basis because of the :total thermal

- energy storage cost. This program began with the development of -a class-
ification -matrix for different TES applications .and the .specification -of
typical operating requirements for .the more important uses of thermal
energy storage within each class. The major program .emphasis was on
residential -and commercial applications of TES where significant energy
can be saved in the near :term. {Other programs .are analyzing .costs of
TES when used for power -genération -and ‘industrial energy ‘conservation
and, ‘therefore, these .applications were considered to beé outside the
-scope of .this pregram. ) -

The remainder of this chapter describes the classification matrix, the
typical operating characteristics required to determine system -config-
urations for costing on .a common ‘basis, .and the rationale for concentrat-
ing on the -applications selected. :

ro



2.2 Derivation of ‘Classification Matrix

In order to develop a classification matrix, we first conducted a literature
survey, collecting many references in the area of thermal energy storage,
and, in addition, reviewed the presentations made by contractors at the

- first annual meeting of TES contractors in Cleveland in 1976. bEased on

this survey, we identified six general areas of work in the development

of TES applications. (These are summarized in Figure 2-1.) The categories
are:

e Theory: This refers to those efforts that are involved with the
theoretical analysis of the various aspects of using thermal
storage. These studies include basic heat transfer calculations,
work on defining the pertinent thermo-physical propertico of hcat
storage materials, development of standards to be applied to testing
of thermal storage devices, and general planning studies to identify
and analyze specific applications for thermal storage..

e Solar: Thermal storage is used to make it feasible to utilize the
"free" energy provided by the sun. Since the sun shines only
periodically, it is desirable to provide a means for storing its
energy for use during cloudy periods or at night.

e Electric Power Generation: This relates to the use of storage to
assist the utilities in improving their load factors by displacing
peak demands to off-peak time. ‘This can be done either by employing
thermal storage at utility sites to generate electricity or to store
electric power in the form of heat on the custumers side of the
meter. This may or may not save energy, but it will make the
operation of the utilities more cost effective.

e Cyclic Losses: This refers to the use of storage to reduce the
losses which occur when devices start and stop. Typically these
losses occur because of the fact that it is necessary for a device-
to '""get up to speed" before it reaches peak efficiency, or because
losses occur at the end of a cycle due to the wasting of energy that
is put into thc system to bring it to its normal operating conditione.
Some of these losses can be avoided by using storage so .that energy
can be added to the system.using a smaller capacity device and longer

" on cycles and extracted on an intermittent basis as required.

e Batch Losses: This refers to the use of storage to make it possible
to recover waste heat. In an industrial application, this may
occur when a furnace is heated up to dry or cure a material being
processed and then cooled down to extract the material. The heat
normally lost during the cool down period can be stored and recycled
to save energy. In a similar application, heat dumped by a generating
process can be recovered and stored so that it will be available as
required for other applications such as space heating or water
heating of residences.
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e Source/Sink Mismatch: This covers situations in which storage is
used to improve the efficiency of processes which are dependent
on ambient temperatures. For example, an air conditioner will run
more efficiently when its condensor temperature is lower. Therefore,
by running the air conditioner at night and charging a cool storage
container, a higher operating efficiency can be obtained. In
another example, water can be cooled in the wintertime and stored
to serve as a source of space cooling in the summertime.

Figure 2-2 presents a function matrix which provides a basis for cate-
gorizing the various thermal energy storage technologies based on the
uses for storage as defined in Figure 2-1. On one axis of this matrix
are the five categories. The other axis contains specific end uses
employing storage. The category "utility" refers to the generation of
electricity. '"Space hHeating," "water heating'" and "space cooling" are
the primary users of energy in the residential and commercial sector.

As shown in Table 2-1, 35% of the total energy use in 1970 was consumed
by the residential and commercial sector. 22% of the total energy was
used for space heating, water heating and space cooling. Transportation
is another major .energy user. 15% of total energy use in 1970 went to
propelling cars. Finally, various commercial processes consumed roughly
40% of our national energy. These are broken down in Table 2-1 into

six major categories, which accounted for 197 of the total. Many of these
commercial processes are continuous rather than batch type and as such
do not lend themselves to the use of energy storage. However, because
of the large amount of energy that may be used in a single operation,
storage targets do exist which can result in saving substantial amounts
of energy. ‘ :

The breakdown of functions shown in Figure '2-2 encompasses the TES programs
currently undéerway. Tor illustration a number of these are shown in the
proper categories. In the future additional uses for storage may be
identified and the end use axis can be extended. The general breakdown
along the horizontal axis should include any type of storage system.

-For. each category of the function matrix, a variety of different sizes -

of applications exists. For example, solar space heating may be used in
systems ranging from the small single family dwelling to a large community
system. The economics of the .appropriate choice of a thermal storage
technology for these ranges of applications will vary. In addition to

size, the length of time the energy is stored also will affect the choice

of the appropriate technology.: Therefure, 1t 1s necessary tor each

category of the matrix to identify a range of applications which will
.include the different TES technologies. The definition of these performance
characteristics is part of Task B.
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FIGURE 2-2  FUNCTION MATRIX

GENERAL ENERGY SOURCE

POWER

S-¢

- END USE SOLAR GENERATION '. CYCLIC LOSSES 'BATCH,LossEs SOURCE/SINK TiME'MISMATCH
Utility - hot rocks ° | - hot rocks
- latent heat latent heat
.of fusion of fusion '
Space - - hot water | - electric fuel fired aquifers with | - storage heat pump
- Heating - macroencapsu- | resistance - furnace with industrial - ACES (Annual)’
' "lated materi- .storage storage ‘waste T
als - furnace :
- thermocrete ACES (weekly)
Water - hot water electric. flue loss ) $£2g3e¥aterA
Heating water y
heater
Sﬁace - CES storage heat storage heat --aquifers. with coolihg
€ooling - form stable pumps pumps . ponds :
polyethylene storage air - storage heat pump
conditione - ACES (Annual)
ACES (weekly
Transpor- storage 'storége
tation driven assisted
‘Stirling - fuel fired.
engine Stir]1ng
- . engine. :
Commercial | -' Desiccant - brick factory :
Processes _drying o




% of % of
1 ‘ , 1970 U.S. 1970 U.S.
|SECTOR ‘ . Energy Use*. SEGMENT Energy Use*
Residential and Commercial 35 Spacé Heating 14
Water Heating 4
: A/C 3
Refrigeration 2
‘ r ubtotal 24
Manufacturing - ' ' - 40 . Chemicals 5
Primary Metals 5
Petrqleum'Pfoducts 3
| Péper 2
Stone, Clay Products 2
Food ‘ 2
“Subtotal 19
Transportation - 25 Cars 15
} \
TOTAL - 100 58

*

Based on 1970 Primary Energy llse of Approximately 70 quads.

TABLE-2‘1 MAJOR ENERGY STORAGE TARGETS
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2.3 Cost Performance. Measures

In order to. compare the performance of various TES technologles on a
.common cost basis, it is necessary to - -incorporate these technologies in
systems. designed to meet the operating characteristics of specific
applications. ‘Due to. the economy of scale. which usually: results in
proportionately lower costs for larger systems, measures such as $/kW or
-;$/kWh for different systems cannot be directly compared unless the systems
have approximately the same performance characteristics. Therefore,

for this analysis, reference applications and output performance require-
- ments: have: been defined for " HVAC applications for thermal energy ‘
storage (see. Table 2-2 ). These appllcatlons cover the various systems
currently under- developmént. By estimating costs for ‘systems incerporating
specific TES technologies, it is possible to reallstlcally compare the
costs of different types of TES systems since they will be used im the
same- application and: will be sized to. provide the same performance.

Thus, the values in-this table: can be the basis for cost/performance
measures. :
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ENERGY STORAGE (Btu)

"HEAT EXCHANGER

TEMPERATURE

DELIVERY RATE
APPLICATION . DIURNAL SEASONAL (Btu/hr) .. (°F) -USE
Residential 200,000 4 X 100" 35,000 , 60 Space Cooling
. 400,000 8 X 109 '50,000 : 100 Space Heating
100,000 - 20,000 , - -120 Water Heating
Commercial 8 X.10% to |65 X 106 to 1 X 106 to ‘
80 X 106 1 X 109 10 X 106 1 60 .Space Cooling
8 X 106 to |65 X 106 to 1 X 100 to : ‘
80 X 106 1 X 10% 10 X 106 ] 109 Space Heating
1.5 X 106 | - .3 X 106 120 Water Heating
Community = |1 x 109 to 10 X 106 to o _ '
' 500 X 109" 5 X 109 : .- . 60 -Space Cooling
- 1 X 109 to 10%x 106 to | . . .
500 X 109 5% 109 "10C Space Heating

TABLE 2-2 REFERENCE APPLICATIONS
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CHAPTER 3

--COSTING METHODOLOGY

3.1 . Introduction

- The following chapter will cover the methods.we have employed in deter-
mining the costs and prices of each of the energy storage systems covered
in this project. To a:large extent, the costing of any complex.system
involves the generation or collection of data on the elements of a system
‘and then the aggregation of this data into a cost. This study posed one
additional requirement; the method of data generation or collection needed

~ to be consistent between similar systems and allow comparison between the
prices of all the systems. ‘ '

Due to the dissimilarities between the different energy storage systems,
a variety of separate cost/price factors had to be treated. Although
most .of these factors apply to each of the storage systems, we found a
number of instances where one or more of these factors did not apply and
frequent instances where the relative importance of these factors varied
- from system to system. The cost/price factors discussed in this chapter
include: ' '

Purchased Parts

Factory Costs

" Construction

Factory vs. Field TLabor
Transportation

Price vs. Cost
Quantities

Maintenance

in discussing each of these factors separately, the reader should recognize
that they are highly interactive.

3.2 Purchased Parts

Almost all of the energy storage systems’ included in this study involve
parts purchased from suppliers. An example, representative of.-many of the
systems, is pumps and motors. For the most part, no supplier - of storage
systems would consider fabricating these components from raw materials
simply because there is a well developed industry in this country that can
and will provide pumps and motors at costs lower than those at which
storage system suppliers can fabricate them. Therefore we have assumed
that in each instance where a component of one of the systems is a commod-
ity item, system suppliers will elect to purchase it rather than manu-
facture it. ' . ’
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In deriving costs for purchased parts, we employed three methods. The
first of these involved obtaining quotations from manufacturers of the

item in question. For pumps and drives, we specified to the manufacturers;
the fluid to be pumped, flow rate, head, plus any other operating charac-
teristics which are critical to the performance of each of the systems
treated. In addition, we requested that they provide costs for a range of
quantities of these elements. Since different systems are expected to be
emplaced at differing annual rates, we wished to obtain cost data which
would permit us to gauge the sensitivity of the overall system costs to
variations in the costs of its elements and the volume of systems produced
in a given period. In addition, since many of the different energy storage
systems contained pumps and drives, we were able to collect from suppliers,
the cost of a range of pump sizes and types al a vatriety of different quan-
tity levels. This information is contained in the tables and graphs of the
appendix of this report. :

A second source of information on the costs of purchased parts are catalogs
available from a variety of industrial suppliers. A typical example of the
types of commodity items that would have been costed from catalogs includes
motor controls, sensor relays and the like. For the most part, the types
of items that we elected to cost from catalogs are those that are used in

a large variety of different situations and whose cost is relatively stan-
dardized from one application to another and one manufacturer to another.
Motor starters in general are rated by their size and can be used in any

of the storage systems where their size is appropriate. Most manufacturers
of these types of commodities are reluctant to provide quotations simply
because such information is so readily available from catalogs.

As a third source of cost information, we utilized a technique called
simulation. Some elements of some of the systems are not currently manu-
factured items. As a result, they cannot be costed on a volume basis with
traditional methods.. In such instances, we presumed that the item in
question could be produced in commercial volumes and based our cost analysis
on existing products which are now produced in processes similar to those
applicable to the item in question. As an example, the Martin Marietta
system described in case number 3.consists of a steel tube heat exchanger
in a pressure rated vessel. This construction is similar to conventional
heat exchangers and to tube bundle type boiler systems. In developing
the cost to fabricate this system, we developed the process steps that
would be required in fabricating and assembling such a unit and estimated
the labor, investment and raw material costa that wuuld be necessary to
produce the annual volumes required.

The simulation method of determining costs was used in instances where
elements of systems do not now exist commercially and in almost all field
installation cases. Wherever it wae practical to do so, we utilized
supplier quotations and catalog data. .



3.3 Construction

In all of the larger energy storage systems covered by this project, as
well as many of the smaller systems, some portion of the cost derives

from work which must be performed on site. Cases 15 and 16 by Suntek

and Brookhaven, for instance, are passive energy storage systems which
utilize special filled blocks which are assembled as walls. The manufac-
turing sequences for the individual blocks are performed in a factory but
the installation sequence would replicate the construction of a block wall.
To estimate the masonry work required to install these walls, we used

labor costs for ground face blocks. We selected ground face blocks because
the special filled blocks must be handled in the same manner as the ground
face blocks; e.g., damaged blocks cannot be used and care must be taken in
handling blocks to insure that physical damage is avoided.

Similarly, in any of the system installations which required plumbing,
electrical connections, the installation of special structures, excavation
and filling work or the application of field coverings, we utilized labor
categories, labor rates and productivity rates common to the domestic
construction industry. For the most part, these rates were obtained from
the 1978 edition of the Robert Snow Means Company publication, Building
Construction Cost Data. Costs thus derived were, where possible, checked
‘against similar cost in the Construction Publishing Company edition of
Building Cost File — Eastern Edition. As an example of this cross check,
the labor cost to install these special filled blocks using Means data ‘is
$1.40 per square foot and using the Construction Publishing Company data
is $1.386 per square foot.

3.4 Factory Costs

There are three components generally included in factory or plant costs.
‘'These are material, labor and burden. The material element covers the costs
of all components, raw materials and direct supplies that a firm must pur-
chase in order to fabrlcate or assemble a product. In our analysis, we

have listed the material costs for each of the energy storage systems being
evaluated. ' ' '

The labor costs for factory manufactured systems or subsystems have been
treated in a different manner. For each system, we have posed a process
which could be used to accomplish the fabrication and assembly tasks
necessary to manufacture the components of each system. We have based
these processes on currently available technologies or on reasonable
extrapolations of current technology. After developing each of the pro-
cesses, we then estimated the manpower that would be required as direct
labor to fabricate or assemble the system components at the volume levels
anticipated for each of the systems. 1In most instances, we also assumed
that more than one manufacturing facility would be responsible for satis-
fying national demand. This was particularly the case with systems which
would otherwise . have high transportation costs.

* Robert Snow Means Company, Inc., Building Construction Cost Data 1978.
36th Edition, Duxbury, Masas., 197%.3




We ‘then prepared plant and investment cost analyses for three different
types of manufacturing situations. In the first of these, we used those
systems which essentially required the factory assembly of purchased parts.
In this analysis, we determined that a burden rate on direct labor of

100% yielded ex--factory costs which contained profit margins of from

12 to 18% before taxes.. Since this is not an atypical profit goal of
mature businesses, we applied this rate to all of the systems requiring
only assembly activities. For products requiring conventional fabrication,
or fabrication and assembly, we found that a burden rate of 150% of direct
labor was required. Lastly, in a small number of cases where the technol-
ogy of fabrication was advanced or where it was not clear that the needed
technology is developed now, we used a burden rate of 200%. This rate
corresponds. with those used by firms whose products require large con-
tinuing engineering or research and development expenditures.

In each situation, we attempted to aim .the ex-factory cost so that the
plant yielded a profit before taxes in the range of 12 to 18%. We recog-
nize that some of the systems being analyzed may, in their early marketing
stages be able to command higher profit percentages due to the high market
acceptance that new, novel, efficient energy systems are likely to have in
a period of high energy costs. We could not realistically determine what
these "extra" profits might be or how long they might remain in force
until competition from other systems forced them to more normal levels.

We also recognized the possibility that some of the energy storage systems
being evaluated might not be economically attractive. In such instances,
using "ordinary' plant profit scenarios, these systems would tend to be
highlighted as uneconomic, Our analysis assumes that each system is

being fabricated and installed in a mature market and that each system
must compete with other viable mature alternatives. On this basis, any
system whose economics are favorable is likely to enjoy a high market
share, a growing market share or above ordinary profits.

Our results do not assume that each of the energy storage systems being
evaluated will compete with one another at the same time. Some of the
more advanced systems could conceivably take many years to perfect while
less sophisticated systems might- be constructed later this year. For
every system we have assumed that one or more production and marketing
organizations will be sufficiently interested in them to put them into
production.

3.5 FacLury Verpus Fileld Labor

All of the systems covered by this study include both factory and site
costs. In general; thc smaller systems contain a high proportion of

. factory cost and the larger systems a high value for field labor. As a
_general rule, we have tended to maximize the factory content of any of
the systems where an option was available. The reasonsfor this are as
follows. Traditionally, the efficiency of site labor is lower than that
of factory operations. Various studies that have been performed cite
weather, supervision and strong unionization as being key factors in the
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disparity. In addition, where tasks are repetitive or where the accuracy
of operations is an important issue, it is usually more cost effective to .
invest in equipment which aids an operator in performlng repetitive or
~accurate tasks.

In a plant, management.can provide labor saving devices to move, maneuver
and operate on the materials and systems being fabricated. They can pro-
vide quality control measures at various stages of the operation to insure
that the product is being fabricated in-a manner that will insure its

proper operation. They can simulate operations on portions of the systems.
and correct defects before the units are shipped. In short, they can
manage the products that are shipped from the plant.

In a system where field erection and fabrication are a significant portion
of the cost, labor saving devices except for material handling are less

in evidence. Most testing is performed at the conclusion of a project
with the result that defects, when they are discovered, can be difficult
to repair. Usually, there is little opportunity to replace significant
portions of a system with the result that field "fixes' must be made.

Although efforts are made to control the quality of field activities,

these efforts frequently depend on the experience of the field supervisors.
To a large extent, the inspections consist of visual checksof work performed
rather than the physical testing that can and is performed in most manu-
facturing plants.

Nevertheless, there is, for each system, at least a minimum quantity of

field labor that is required to install and connect the systems. In our
analysis and generation of costs, we have attempted to integrate the maximum
quantity of assembly and fabrication in a plant environment so that field
problems are.held to minimum quantltles

3.6 Transportation

All of the energy storage systems included in this project involve a need to
transport materials, components or packaged portions of the systems from one
location to another. In the first instance, purchased components such as
pumps, motors, control elements, etc., are shipped by the various suppliers
to assumed assembly or fabrication plants. To avoid the necessity of
creating transportation estimates at this step, we requested all of the g
quotations with delivery costs 1nc1uded

‘Similarly, when an installation contractor either picks up material at his
supplier or transports a system from his place of business, a tranoport
cost is involved. In this instance, we have included such costs in the
labor elements associated with each installation.
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The one area in which we had to prepare a set of separate estimates for
transport of each of the systems involves the movement of a system from

~ the fabrication or assembly factory to the dealers or wholesalers premises.
"In these instances, we estimated the quantity of material to be shipped

and based on those estimates and ordinary I.C.C. rate schedules applied
the transportation costs as a percentage of the ex-factory cost.

In a small number of the larger systems, such as those being proposed

by the Desert Research Institute, we have assumed that the major components
of the system will be transported directly from the fabrication plant to
‘the sites. In these instances; the components of concern will undoubtedly
be engineered for a.specific project so that intermediate parties and
storage locations will not be necessary.

3.7 Maintenance

In most mechanical, chemical and electrical systems, or combinations of
these, the costs necessary to maintain the components and system as a
whole can be statcd as an annual percentage of thesystem's first cost.
Typically, these percentages range from a low of 2% for electrical com-
ponents in the power supply loops to a high of 15% for ''disposable"
components of certain types of chemical-mechanical components.

As examples, home hot water heating systems, independent of other appliances
and locally available from many retail outlets, have a typical life of

5 to 15 years, with the national average being approximately 7% years.
During the span of a water heater's useful life, little if any maintenance
is performed on it except for . the replacement of defective elements. Under
the large majority of circumstances, these defective compounents are detected
during the warrantee period and are repaired at no cost tu the user. During
ity life,a large number of factors affect its utility and ultimately its
life. First, the unit is subject to thermal cycling which breaks down the
tank lining. Given time, such breakdown will cause penetration of the lining
and corrosion of the tank. .If not repaired, the tank will ultimately leak.
Second, dissolved elements in the supply water will '"coat out" on the elec-
trodes and the lining. Most tanks provide for such coating by oversizing
the electrodes but even with this provision, time will reduce the efficiency
of the heater system. Third, the electrodes themselves, after prolonged
periods of thermal cycling and coating buildup will begin to harden and/or
develop "hot spots' which in time lead to breakdown both mechauically in the
electrude and electrically in the electrode, its connectors and in the insu-
lation. ' :

Similarly, other environmental factors affect the tank insulation, the outer
casing, the control section and in thc case of gas fired heaters, the piping
controls and burner section. The result of these gradually accumulating
defects-is that when one of these defects reaches a critical stage requiring
service, it does not pay to service the unit (in most cases) since other
elements of it will fail in the near future. The most prevalent remedy is



to repldce the unit with a new water heater. This effectively displaces
the maintenance costs to one lump figure which is the replacement cost.
Using the 7% years as the average life, the replacement cost stated as
an annual cost of maintenance is 13.3%.

An alternate example displaying the other extreme of maintenance cost
would be analogous to power equipment and wiring in a home. Typically,
maintenance costs tend to stabilize at approximately 1 to 2% annually of
.the first cost of the system. Typically, the failures which occur in '
these systems are either the result of a malfunction in a connected unit
such as a short circuit in a washer, dryer or other appliance which burns
out a fuse or circuit protector or a failure at an extremity of the system
such as in a switch or receptacle. Very rarely does the power box con-
nections or the wiring itself fail although such 1nstances are 1nc1uded

in the maintenance cost allowances.

To establish realistic maintenance costs for the components of the Advanced
TES Systems, we must treat the different components that make up each of
these systems and establish appropriate costs for each element. Based on
experience in other industries, we estimate these costs as follows:

Component ‘ ) : Service ' % of.First Cost to

. _— ' Be Assigned for Upkeep
Container - no liquid Heat Sink - solid material 17*
Container - treated water Heat Sink - water based 4% - ;
‘Container - untreated Heat Sink - water based 8%*
Container - liquid chemical Heat Sink - c¢hemical based . B%8

non caustic . ‘

Container - liquid chemical Heat Sink - chemical based 12%%

caustic

* These percentages are standard for operating tegperatures
between 34°F and 200°F. For each additional 50°F extension
to either end of this range, add 1% to upkeep.

Insulation - unprotected Thermal barrier . 47
indoors
protected Thermal barrier 2%
indoors ‘
protected Thermal barrier 4%
outdoors
protected. Thermal barrier 3%
in-ground
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- Component

Heat
Heat
Heat
Heat
Heat
Heat

Heat

Exchangers
Exchangers
Exchangers
Exchangers
Exchangers

Exchangers

Transfer

Fluid

Heat

Transfer

Fluid

) Heat

Transfer

Fluid

Heat

Transfer

Fluid.

Piping
. Piping

Piping

Piping

Pump/ Blower
Pump/Blower

Pump/Blower
Pump/Blower

Motor

~Control Elcments

Resistance Heaters

Cabinetry

air to air

water to air

water to
water

air- to

chemical
water to
chemical
chemical

air (other)

untreated
water
treated
water
chemical

air systems
untreated
water
treated

water

chemical

air -
untreated-
water .
treated
waler
chemical

Service

Entry
Entry
Entry
Entry
Entry
Entfy

Media

or
or
or

or

or

or

Media

Media

" Media

exit
exit
exit
exit

exit

exit

Prime/Mover
Prime/Mover

Primé/Mover

Prime/Mover

to
to
to
to

to

to

sink
sink
sink
sink
sink

sink

% of First Cost to
Be Assigned for Upkeep

5%
8%
6%

4 to 10%
4%
8%
6%

6 to 15%
1%
7%
15%
3%

It should be noted that the maintenance pe:éentages described above include '

the cleaning of the cbmponents on a regular basis where required, change

out (as in the case of media) on a regular basis and/or the replacement upon

failure of elements (as in the case of ‘resistance heaters).
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CHAPTER 4

DESCRIPTION. OF SYSTEMS

In this chapter, each system is described and the assumptions made in
estimating its costs. such as method of assembly materials costs, operation
characteristics, etc., are described. 1In Section 4.1, the definition of
the "thermal énergy Storage module" as used in this study is presented.
The individual modules are discussed in Section 4.2. '
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4.1 Definition of TES Module Costed

In order to develop cost estimates of various systems on a common basis,

‘it is necessary to define a thermal energy storage module so that similar
input and outputs from a control volume around the module would be suit-
able for the different advanced technologies being considered. ‘In general,
a thermal energy storage system can be divided into three -parts as shown

in Figure 4-1. The input section consists of those parts of the system
which collect the energy to be stéred and transfer it to the storage module.
The storage module itself consists of all the components required to
receive the energy. from the input section and to transfer it to the appli-
cation plus those components required to store the energy over the desired
period of time. The control system components such as thermostats, con-—
tactors, etc., required for this process would be included as part of the
storage module. The application section of the thermal energy storage sys-
tem includes those portions of the system required to extract the energy
from the heat storage system and pass it to the point of final use. When
the storage module is defined in this way, all circulation pumps and pipes
external to the basic storage system fall either on the input or application
side. Heat exchangers required to transfer energy from the input to the
storage medium or from the storage medium to the heat transfer system for
transmission to the app11cat10n are considered to be part of the storage
module itself.

For heating and cooling applications for most active systems, the storage
module can be represented as shown in Figuie 4~2, 1n this case, several
different paths are provided for transferring energy from the input to the
load either to the TES module around it, or extracting heat or cnergy [rum
the TES module and transterring it to the luad. The external piping at
ducts, the devices for circulating the energy from the input to the luad,
the collectors on the input side, the heat exchangers on the load side, and
the control system operating the various pumps, blowers, valves, etc. are
common to all storage heating and cooling systems. However, for heat trans-—
fer loops which involve liquids for inputting and extracting energy from the
TES module, pipes and pumps will be used with liquid pipe input devices such
as a liquid solar collector or a Freon~to-liquid heat exchanger for inputting
coolness and a liquid air type hcat exchauger on the load side. On the other
hand, an air based heat transfer system would require blowers, ducts and
motorized dampers, air-to-air hcat exchauge, ailr type solar collectors or
air-to-liquid heat exchangers on the input aide. The coot of these systems
will be diftrerent and some will be better suited for new installation

while others will be better suited for retrofit applications. For the
purposes of this study, these portions of the systems are considered to

be outside of the thermal energy storage module and the differences in

cost of the input and load side heat cxchange systems will generally be
neglected. However, the effect of input temperature requirements on the
cost of the solar collector system and input temperature requirements on
the hardware and operating cost of a compressor for applications involving
coolness storage have been analyzed.
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Neglecting these differences can be justified because systems requiring
similar heat transfer methods will be compared with baseline systems
utilizing similar transfer systems. -Thus, for example, a heating system
which utilizes a hydronic or liquid input and output, will be compared
with a baseline system utilizing water as the ‘storage medium, while "a
thermal energy storage system, using air as the heat transfer medium
will be compared with a rock bed storage system which utilizes air as
the heat transfer medium. Thus, similar systems can be compared against
each other and an appropriate baseline case for each class can be used.

There are basically four types of systems whlch have been cons1dered for
this study, they are: ’

chemical heat pumps;
active phase change;
aquifer;

passive phase change. =

Each of these systems can be incorporated in a thermal energy storage‘
module, as described above. However, the degree of ‘complication of this
system within that module varies considerably, depending on the type of
system.

The chemical heat pump systems require a low temperature source-sink for
charging and discharging the system. This source-sink must be available
at a temperature of approximately 50 F to put heat into the system when

it is being discharged and to provide a sink for heat when the system is
being charged. This requires a completely separate heat transfer system
from that which is used to input energy to the system and to extract
energy from the system. It will include heat exchangers, piping and
ducting, controls and circulating pumps.or blowers. Passive systems,

on the other hand, consist of a building material impregnated with a

phase change heat storage medium which requires no input or output devices
other than those which occur naturally. There are no controls because

the system charges or discharges depending on ambient -conditions and
cannot be controlled. Despite their differences, all of these systems

can be incorporated into a system which includes a thermal energy storage
module as defined above. Neglecting the heat transfer loops for inputting
and extracting energy, units sized for the same application can be costed
and costs compared on a roughly equlvalent basis.

For the purposes of this study, the low temperature source-sink for chem-
ical heat pumps was assumed to be air at a temperature of 50°F in the
winter time and 80°F in the summer. time. The choice of temperatures are
somewhat arbitrary; however, the 50 F value is marginal in terms of opera-
ting characteristicé for some sxstems while others can operate with ambient
temperatures much lower than 50 The 80 value is a reasonable mean for
summer type conditions. :

uns



Choice-of air as the source-sink media, rather than water was made because
it is clear that air will always be available for any installation as the

source-sink media; whereas, applications where water can be used for this

purpose are limited. Since the other systems being.costed can all be used
in any location, we selected a source sink media which meets the same re-

quirements for the chemical heat pumps systems.

The major impact of the use of air rather than groundwater for the project
lies in the costs of the air to liquid heat exchangers and air handling
equipment as contrasted to the costs of wells, piping, pumps, and liquid to
liquid heat exchangers. Rough estimates indicate that the groundwater
hardware would be more expensive. S
The use of groundwater has an operational benefit in that it extends the
utility of chemical heat pumps to colder rlimates where the night air is
not usable. It also would improve the storage density for systems limited
by cooling storage capacity. In our analysis we found that this condition
occurred in Forth Worth, but not in Boston or Albuquerque. If groundwater
were used with the baseline system, a cooling tower would not be needed
and the storage temperature could be reduced saving collector area and
storage volume due to the reduced standby losses.

In the following section, each of the systems costed is described in more
detail. The baseline systems are described in Chapter 5 in a similar
fashion. o



4.2 Description of Advanced TES Systems Costed

4.2.1 ‘EIC Corporation (Configuration 1)

e Application

This system (see Figure 4-3) is designed to provide space heating, space
cooling, and water heating for a small apartment building. It uses a
diurnal storage system and solar input to meét 50% of the annual total
building load. : o

® System Description

The storage module consists of two vacuum tanks containing calcium chloride
racks, which also serve as heat exchangers, plus a tank for storing
condensed methanol. The pressure in the system will always be less than
atmospheric at normal operating temperatures. Two calcium chloride
tanks are used to permit switching from one to the other so that the
unit can be charged at the same time that it is providing heating or
cooling. The heat exchangers containing the calcium cloride are fabricat-
ed from conventional, finned tubing used in convection radiator systems.
The calcium chloride is packed in the spaces between the fins and held
in place with a light-weight metal box. Four passes of heat exchanger
tube are used per module. These are manifolded together within the
vacuum tank container and a single inlet and outlet provided. The
‘container is a large horizontal tank with a flanged end to permit access
- to the calcium chloride modules. The storage container for the methanol
" -is a 2,660-gallon ASME vacuum tank mounted horizontally. This tank

is 6.5 feet in diameter and 10.7 feet long. A system of ducts and
.motorized dampers plus solenoid values is provided to permit various
modes of operation. The duct work in this system is an add-on to a

' basic heating system required for charging and discharging this system
during these different operational modes. Therefore, it is included as
part of TES module. The air to methanol heat exchangers are positioned
directly in the air ducts. No secondary heat transfer loops were used
in this case.. Methanol 1s not classified as a refrigerant according to
the existing standards. If it were determined.that a secondary heat
transfer loop is required, the addition would have a significant impact
on the cost of the system. : :

e Installation

It was assumed that this unit.would be installed indoors. The calcium
chloride heat exchanger modules would be shipped to the site and installed
in the tanks. An allowance was made for hooking up the plumbing and
electricals as necessary at the site. The methanol container would .
also be installed at the site, but would come as a package, with saddles
for support, insulation and pumps and some controls mounted on the unit.
Cost estimates for this system are presented in Table 4-1.

4-7



Collector

Diurnal — Solar

Small Apartment Building

® Pressure 10—700 mm Hg

Storage Capacity — 8 x 106 Btu
Discharge Rate — 1 x 106 Btu/Hr.

'
260°F 280°F ‘@ T = 250°F
<) ® 14,000 Ibs/unit
E=E= CaCl,
== e 3,200 galtons/unit
N = =1
- 2" dia x 50’
L[> Aluminum
: = == e— %" dia x 50"
. > === 'L_$ Aluminum
. 2% diax 200 =
Copper \ ~ >~
) 2
o -b———* > }—
140°F 160°F o
. i —g Solar
L Insulatioon Water
150 gpm e 270 F2‘ —# Heater
® 320 ft : :
Load T=113F ——» Load
1 v 4 '
] 31,000 . T - 209F
CFM _| 22,200 CFM 27,850 CFM  _|
¢ I =’
8P "059 T80 T:
H 30°F
' _ %" dia x 200 ———
j =fMax53200CFM - Aluminum Insulationy
ML (g ® 2s60Gaton . 1208 - ¥ dia x50
ang - "ASME Vacuum Aluminum
Outside Tank - J———
T = 50F Winter ® Unlined
T = 80°F Summer ® 6.5 Diameter ‘Methanol Pump
x 10.7' Long ¢ Sgpm

® Standard Construction
® Positive Displacement

FIGURE 4—3 EIC CORP. (CONFIGURATIQN #1)



TYPE: - CHEMICAL HEAT PUMP

CONTRACTOR: : EIC Corporation (Code #1)
INPUT: - Solar’

STORAGE CAPACITY: 8 X 107 Btu

DISCHARGE RATE:.  1X10® Btu/hr o

(%)
STORAGE MEDIUM A 5 2840 4.0
CONTAINER - B 19464 57.1
INSULATION . c 256 0.4
HEAT EXCHANGERS D 27098 37.7
FLUID E . 256 0.4
PIPING AND DUCTING F ' 3137 £.4
BLOWER & MOTOR G - - 6977 9.7
PUMP & MOTOR it 809 1.1
CONTROLS I 3686 5.1
" INSTALLATION COST J 7345 10.2
SYSTEM COST 71868 . 100%
COST OF MAINTENANCE ‘ 4501
" "PER YEAR
NO. OF SYSTEMS 6000
PER YEAR ' .

Table 4-1

COST SUMMARY - EIC. CORPORATION
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® Operating Characteristics

This system will operate over a range of ambient temperatures without
any significant effect on the delivery or output of the system.
Because the process involves the condensation of methanol rather than
the chemical capturing of methanol by another salt, the lower the
ambient temperature the more rapidly the methanol can be condensed. .
However, lower temperatures limit the storage content. Since methanol
will not freeze over the normal operating temperature range this is
not a consideration. However, as noted above, should a secondary heat
transfer loop be required, the effective storage capacity of the unit
as well its cost would change. ' ' '

~!
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4.2.2 EIC Corporation (Configuration 2)

e  Application

This configuration (see Figure 4-4) of the EIC Corporation system

is applicable to a residence with seasonal storage using solar input.

The system is designed to meet 100% of the space heating, space cooling,
and water heating loads. _ ' '

e System Description

This system is quite similar to the system costed as Configuration 1.

In this case the storage module is essentially the same, but the heat
exchange system has been redesigned to deliver energy at a rate

-appropriate for-a single family dwelling. The tanks were costed for

outdoor installation, using insulation covered with a waterproof cementitious
coating. : ' :

e Installation

. With the exception of locating the tanks outdoors, the installation of
this system would be the same as Configuration 1. Cost estimates are.
shown in Table 4-2..

e Operating Conditions . o ' i,;

Operating conditions are the same as those for Configuration 1.
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FIGURE 4—4 - EIC CORP. (CONFIGURATION #2)
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TYPE:
' CONTRACTOR:
INPUT:

CYCLE:

STORAGE CAPACITY:

DISCHARGE RATE:

CHEMICAL HEAT PUMP

EIC Corporation
- Solar

Seasonal -

8 X 106 Btu

50,000 Btu/hr

(Code

#2)

(%)

!

STORAGE MEDIUM A $ 2840 6.1
CONTAINER 3 19464 42.1
INSULATION C - 2059 4.5
HEAT EXCHANGERS D 9620 20.8
FLUID E 256 0.6 .
PIPING AND DUCTING  F 11030 2.2
BLOWER & MOTOR G 1765 3.8
PUMD & MOTOPR H 537 1.2
CONTROLS. 1 2220 4.8
INSTALLATION COST J 6391 13.8
SYSTEM COST 46182 100%
COST OF MAINTENANCE

"PER YEAR 3657
NO. OF SYSTEMS ,

PER YEAR 1000

Table 4-2

COST SUMMARY - EIC CORPORATION (CONFIGURATION 2)
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4.2.3 Martin-Marietta

e Application

The Martin-Marietta system, shown in Figure 4-5, is designed to provide
space heating and cooling, and water heating for a small apartment build-
ing using diurnal storage and solar input. The system was sized to meet
50% of the yearly loads with solar.

® System Description

This system utilizes two tanks filled with a proprietary liquid ammoniated
salt for the high temperature reactors. During charging, the salt in
these containers.is heated, driving off the ammonia, which is condensed

at around 115°F and collected in a steel pressure vessel. The pressure
in this case runs significantly above atmospheric. At 250°F, pressure

in the high-temperature reactors is 200 PSI. This is beyond the normal
rating for propane standard tanks. In addition, the construction of

this storage reactor requires the installation of a large tubular heat
exchanger. In order to allow for installation and servicing of this heat
exchanger, we assumed . a flanged connection on one end of the tank. This
required a custom.tank, and therefore, the costs were based on the pressur-
ized tank curves shown in Appendix TT, '

The heat transfer system used in this case involves a secondary heat trans-
fer loop to carry heat and coolness from the storage module to the HVAC
system. We have assumed that the heat storage module and all portions of
the system coulalning ammonia must be located outside the dwelling as
required by existing ASHRAE codes for ammomia-bascd cooliuy systems.

- The tanks were insulated and covered with a cementitious waterproof coating
for outdoor installation.

e Installation

In estimating the cost-of installing the system, we assumed that the tanks
would be shipped to the site empty and filled with heat storage medium
after being installed. An allowance was made for hooking up ducts, heat
exchangers, piping and electricals. It was assumed that much ol Lhe
valving wao mounted and prewired at the factory and thus that minimal
field work would be required. The installation costs include both factory
and field costs. Cost cstimates are given in Table 4-3.

® Operating Conditions

The system as shown should provide space heating and cooling at a reason-
able temperature and rate for typical HVAC systems. However, in order to
avoid excessive pressures and temperatures while charging in the summer

time, it may be necessary to provide a cooling tower to keep the condensing
temperature low enough to completely charge the system under these conditions.
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TYPE:

CONTRACTOR:

INPUT:

CYCLE:

STORAGE CAPACITY:

DISCHARGE RATE:

CHEMICAL HEAT PUMP

Martin Marietta (Code #3)
Solar

Diurnal

8 X 10°

1 X 10% Btu/hr

STORAGE MEDIUM A $ 6700 9.6
CONTAINER B 20490 29.4
INSULATION c : 3215 4.6
HEAT EXCHANGERS D 12000 17.2
FLUID E 940 1.3
PIPING AND DUCTING F 4802 6.9
BLOWER & MOTOR G 8550 12.3
PUMP & MOTOR H 1297 1.9
CONTROLS I 4167 6
INSTALLATION COST J 7559 10.8
SYSTEM COST 69720 100%
COST OF MAINTENANCE

"PER YEAR 3798
NO. OF SYSTEMS

PER YEAR 6000

Table 4-3

COST SUMMARY - MARTIN MARIETTA
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4.2.4 Rocket Research Corporation (Configuration 1)

e Application

In this configuration (shown in Figure 4-6) solar input is used to provide
heating, cooling, and water heating to a small apartment building using

a seasonal storage system. The system is designed to meet 100% of the
HVAC loads.

@ System Description

This system uses two large tanks to store concentrated sulfuric acid

and water. Both of these tanks are at atmospheric pressure, although

the reaction that stores or liberates heat takes place under vacuum
conditions. In order to charge or discharge this system, pumps are used
to pump fluid back into the tanks against a pressure regulator. This
arrangement significantly reduces the cost of the storage system. In

the design of the seasonal system, it was assumed that the use of large
tanks, which are installed outdoors without insulation, assures that the
temperature of the acid in the storage tank will stay below 120° or 130°F.
This is accomplished in part by using a heat exchanger to recover some of
the heat being returned to the tank during the charging period. Although
not required by code, secondary heat exchanger loops are utilized in this
design in order to make it possible to heat the building either directly
from the solar collector or from discharging storage. This does remove
the possibly undesirable requirement for circulating concentrated sulfuric
acid through the heating ducts. Cost estimates are given in Table 4-4.

@ Installation

As with other large-scale installations, most assembly of this system is
done on-site. It was assumed that large tanks and other components were
shipped to the site and mounted on appropriate foundations. The installa-
tion was completed by hooking-up the electricals, plumbing, and ducting

as required and charging the system with acid and water shipped to the
site in trucks.

@ Operating Conditions

Storage capacity of the system is dependent on the temperature of the
source and sink. The operating conditions assumed should be conservative
in terms of the sizing of the various storage components. However, the
cost of the system is dramatically affected by the use of atmospheric
storage vessels [or the water and particularly for the acid. If it is
found necessary to replace the inexpensive tank used with a more expensive
corrosion resistant tank due to higher than anticipated temperatures in
this tank, the cost of the system will increase dramatically.
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TYPE: CHEMICAL HEAT PUMP

CONTRACTOR: Rocket Research Corporation (Code #4)
INPUT: Solar
CYCLE: Seasonal

STORAGE CAPACITY: 65 X 106 Btu

6

DISCHARGE RATE: 1 x 10" Btu/hr (%)
STORAGE MEDIUM A $ 4277 4.0
CONTAINER B 21497 20.0
INSULATION C 50 .05
HEAT EXCHANGERS D 46820 43.7
FLUID E 250 0.2
PIPING AND DUCTING F 5040 } 4.7
BLOWER & MOTOR G 5642 3:3
PUMP & MOTOR H 5520 5.2
CONTROLS I 6421 6.0
INSTALLATION COST J 11,661 10.9
SYSTEM COST 107,178 100%
COST OF MAINTENANCE

"PER YEAR 7025
NO. OF SYSTEMS 1000

PER YEAR

Table 4-4

COST SUMMARY - ROCKET RESEARCH (CONFIGURATION 1)
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4.2.5 Rocket Research (Configuration 2)

e Application
This system (see Figure 4-7) is sized to meet 100% of residential

heating, cooling and water heating loads using solar inputs and seasonal
storage.

e System Description

This system is similar to that described in Section 4.2.4 except that the
HVAC system has been resized to provide heating and cooling at a rate
consistent with residential use and the amount of storage is less. Cost
estimates are given in Table 4-5.

e Installation

We assumed that these systems would be installed indoors.

® Operating Conditions

Storage capacity of the system is dependent on the temperature of the
source and sink. The operating conditions assumed should be conservative
in terms of the sizing of the various storage components. However, the
cost of the system is dramatically affected by the use of atmospheric
storage vessels for the water and particularly for the acid. If iL is
found necessary to replace the inexpensive tank used with a more expensive
corrosion resistant tank due to higher than anticipated temperatures in
this tank, the cost of the system will increase dramatically.
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TYPE: CHEMICAL HEAT PUMP

CONTRACTOR: Rocket Research (Code #5)
INPUT: Solar
CYCLE : Seasonal

STORAGE CAPACITY: 8 x 106 Btu

DISCHARGE RATE: 50,000 Btu/hr Heating and Cooling

(%)

STORAGE MEDIUM A $ 526 2.1
CONTAINER B 4598 18.4
INSULATION (6 36 0.1,
HEAT EXCHANGERS D 4249 17.0
FLUID E 34 0.1
PIPING AND DUCTING F 1165 4.7
BLOWER & MOTOR ¢ 1224 4.9
PUMP & MOTOR H 2715 10.9
CONTROLS I 5098 20.4
INSTALLATION COST I 5369 21.5
SYSTEM COST - 25014 100%
COST OF MAINTENANCE 1431

PER YEAR
NO. OF SYSTEMS 1000

PER YEAR

Table 4-5

COST SUMMARY - ROCKET RESEARCH (CONFIGURATION 2)
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4.2.6 Rocket Research (Configuration 3)

e Application

This system (see Figure 4-8) was sized to provide diurnal space heating
and cooling plus water heating for a small apartment building using solar
input. The capacity shown should be appropriate for meeting 50% of the
load.

e System Description

This system is functionally similar to the system described in Section
4,2.4,

In this case, because the system operates with diurnal storage, we
assumed that the storage tanks would cycle through a high temperature and
thus that more expensive glass lined tanks would be required. Cost
estimates for the system are given in Table 4-6.

@ Installation:

It was assumed that this system would be installed indoors.

e Operating Conditions:

Storage capacity of the system is dependent on the temperature of the
source and sink. The operating conditions assumed should be conservative
in terms of the sizing of the various storage components. Ilowever, the
cost of the system is dramatically affected by the use of atmospheric
storage vessels for the water and particularly for the acid. If it is
found necessary to replace the inexpensive tank used with a more expensive
corrosion resistant tank due to higher than anticipated temperatures in
this tank, the cost of the system will increase dramatically.
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TYPE: CHEMICAL HEAT PUMP

CONTRACTOR: Rocket Research (Code #6)
INPUT: Solar
CYCLE: Diurnal

6
STORAGE CAPACITY: 8 x 10 Btu

DISCHARGE RATE: 1x 106 Btu/hr Heating €A
STORAGE MEDIUM A $ 526 0.6
CONTAINER B 21320 22.5
INSULATION g 232 0.2
HEAT EXCHANGERS D 43554 46.0
FLUID E 250 0.3
PIPING AND DUCTING F 4540 4.8
BLOWER & MOTOR G 5642 6.0
PUMP & MOTOR H 5520 5.8
CONTROLS 1 6421 6.8
INSTALLATION COST J 6685 7.1
SYSTEM COST 94690 100%
COST OF MAINTENANCE

"PER YEAR 6717
NO. OF SYSTEMS

PER YEAR 6000

Table 4-6

COST SUMMARY - ROCKET RESEARCH
(Configuration 3)
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4.2.7 Rocket Research (Configuration 4)

@ Application

The system (see Figure 4-9) is sized to provide 50% of residential space

heating, cooling, and water heating loads using solar input with diurnal
storage.

e System Description

This system is functionally similar to the system described in Section
4.2.6. As with the commercial diurnal storage system we assumed that
the storage tanks would cycle to a temperature of 400° and thus that a
glass lined tank would be required. The HVAC system is sized for a resi-
dence. Cost estimates are presented in Table 4-7.

e Installation

We assumed that this system would be installed indoors.

® Operating Conditions

See Section 4.2.4.
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TYPE: CHEMICAL HEAT PUMP

CONTRACTOR: Rocket Research (Code #7)
INPUT: Solar
CYCLE: Diurnal

STORAGE CAPACITY: 400,000 Btu

DISCHARGE RATE: 50,000 Btu/hr 05
STORAGE MEDIUM A $ 26 0.1
CONTAINER B 2008 10.1
INSULATION C 47 0.2
HEAT EXCHANGERS D 3655 18.4
FLUID E 34 0.2
PIPING AND DUCTING F 1165 5.9
BLOWER & MOTOR G 1224 6.2
PUMP & MOTOR H 2715 15.9
CONTROLS I 5098 25.7
INSTALLATION COST J 3859 19.5
SYSTEM COST 19831 100%
COST OF MAINTENANCE

"PER YEAR 1090

0

NO. OF SYSTEMS 36000

PER YEAR

Table 4-7

COST SUMMARY - ROCKET RESEARCH
(Configuration 4)
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4.2.8 University of Delaware (Configuration 1)

e Application

This system stores coolness developed from electrical input during a
diurnal cycle (see Figure 4-10). The system is sized for small buildings
or residences. In this application, off-peak electricity is used to

cool down a storage device at night. During the day, coolness could be
extracted from storage to provide air conditioning.

e System Description

A eutectic mixture which contains sodium sulphate decahydrate modified
by the addition of sodium chloride and potassium chloride so that it
melts at 55°F is used as the storage medium. This is cycled through

a temperalure range from 40 to 60°F to provide the required coolness
storage.

The mixture is packaged in long cylindrical plastic chubs 2" in diame-
ter and 22" long. These chubs are supported in self stacking racks which
contain 11 chubs per unit. Air passes over the surface of the plastic
material which serves both to contain the heat storage material and to
provide heat exchange contact between the heat storage material and air
which is used as the heat transfer fluid. Cost estimates for this

system are given in Table 4-8.

e Installation

This system is assembled at the site, utilizing plastic chubs which have
been filled with storage material at the factory and put into the self
stacking plastic racks for shipment. Each rack containing 11 chubs
weighs approximately 40 lbs. During the assembly process the contractor
takes the chubs and racks which have been purchased as a separate item,
stacks the racks to obtain the appropriate shape, fabricates a plywood
enclosure using plywood purchased locally, insulates the enclosure using
locally purchased insulation, installs inlet and outlet air ducts and
temperature control devices, and encloses the complete package with a
second layer of plywood to cover the insulation. In some cases, a sepa-
rate foundation must be provided to support the heat storage unit.

e Operating Conditions

The surface area of the chubs gives adequate heat transfer to cool at

an acceptable rate. However, the melting point at 55°F is higher than
suitable for providing dehumidification of conditioned air. University
of Delaware personnel believe that the dehumidification which occurs at
night during charging of the system provides adequate daytime humidity
levels.* Typical HVAC practice requires a 45° coil in contact with the

* G.R. Frysinger, J. Slinkowski, and A.M. Barnett, ''Commercialization of
Storage-Assisted Air Conditioning Using Phase Change Materials," ASHRAE,
Winter Meeting, 1979.
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“Chubs" 23,6 Ibs Medium in
.003"’ Plastic Film
/ 2 Dia. x 22" Long.

/ Plywood Enclosure
75 Stacking Plastic 108 2
Racks. 11 Chubs Per Rkk.\ (6 x 2’ x 5.5 High)
825 Chubs Per Module. * -
3000 Ibs. »——.—4
ll:::'czesc(t)i?:.1 OHZO .- / Fiberglass Insulation
>—- ~<
»..< o 1082
e (T = 40°F)
S—
Lo
n——
e
Input ’ Load
| —
® Residence
® Storage Capacity: 200,000 Btu
® Discharge Rate; 35,000 Btu/hr
® (ff-Peak Electric Cooling
FIGURE 4-10 | UNIVERSITY OF DELAWARE (CONFIGURATION # 1)

! (CODE # 18)
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_air being cooled in order to provide for dehumidification. If a eutec-
tic with a lower melting point were used in the present configuration

so that humidification did occur, the system would have to be redesigned
in order to provide a mechanism for removing the condensation as it
collected on the heat transfer surfaces. In addition, the buildup of
condensation might require additional heat transfer surface, due to the
limiting effect of the moisture on the surface.* :
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TYPE: PHASE CHANGE MATERTAL

" CONTRACTOR: . University of Delaware (Code #8)
INPUT: Electric
CYCLE: Diurnal -

STORAGE CAPACITY: 200,000 Btu

DISCHARGE RATE: 35,000 Btu/hr Cooling ' (2)
STORAGE MEDIUM A $ 60 N B 9.3
CONTAINER B | 242 . L 37.7
INSULATION c 15 o 2.3
" HEAT EXCHANGERS - D | - -
FLUID : E I'_ - _

PIPING AND DUCTING F - -

BLOWER & MOTOR N - | -
PUMP & MOTOR H - N -
CONTROLS 1 _ 70 1 11

INSTALLATION COST. J 255 : 19,7

SYSTEM COST 642 : 100%

. COST OF MAINTENANCE

"PER YEAR - ‘ 33.30
NO. OF SYSTEMS : 90,000
PER YEAR
Table 4-8

COST SUMMARY - UNIVERSITY OF DELAWARE (CONFIGURATION 1)
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4.2.9 Franklin Institute- System

The Franklin Institute System utilizes off-peak electrical energy to
generate coolness which is stored for residences on a diurnal basis.

e System Description

This method (see Figure 4-11) employs crystallizing and dissolving

phase change media in water, using materials which dissolve endothermally
and have large coefficients of solubility with temperature. Energy trans-—
fer occurs by c1rcu1at1ng 0il which is cooled ‘through this water-based
storage medium.' The oil in this case is immiscible and droplets which
are formed float through the heat storage solution and return to the top
of the tank where they are separated and recirculated. A cooling coil

in the top of the tank cools the oil to charge the system. The system

is discharged by circulating the oil through a heat exchanger external

to the thermal energy storage module where it is heated and returned
through the heat storage medium to be cooled again.

The system consists of a 350 gallon mild steel tank which has been insu-
lated. Because the system operates at atmospheric pressure and the tank
does not require a coating, a thin gauge steel tank can be used. A stan-. -
dard evaporator coil with a three ton capacity is positioned in the top

of the tank. During charging this coil is used to cool the Dowtherm

which collects at.the top of the tank. A circulating pump forces the:
Dowtherm into the bottom of the tank where it passes through a nozzle
which generates a large number of small droplets. These droplets pass
through a diffuser and float through the heat storage material, trimethyl-
amine, to the top of the tank, thereby cooling the heat storage material.
Cost estimates are given in Table 4-9.

e Installation

This system was costed assuming that the complete unit charged with heat
storage material with appropriate controls and circulating pump was fac-
tory assembled and shipped to the site. Thus, the only field installa-
tion required was a hook-up of lines to the compressor and to the duct
heat exchanger plus normal wiring which would be similar to that involved
in installing an air conditioning system.

. ‘Operating Conditions

During operation, this device should provide adequate cooling, both in
terms of the temperature of the cooling media in the‘air duct coil and in
terms of delivery rates. The major operating question relates to whether
the formation of an emulsion between the oil and the storage solution can
be avoided by the use of a stainless steel mesh separating the two mate-
rials. Should an emulsion form which limits the performance of the system,
it will be necessary to provide a mechanism for recharging the system
periodically with fresh material. This cost would have to be considered
as part of the maintenance of the system. Since trimethylamine solutions
are toxic and volatile, outside location is preferred. Also, the melted
medium cannot be used directly in a fan coil. o
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Compre#sor

Pressure Cut-Off Switch

’ " " 2800 gph % hp Pump Aluminum Housing
-Pressure Relief

'SWit'Ch'\". 3 A

) - Dowtherm oL ' ' '
. zo'Gallgns . \ 1T 1 . / Evaporator 3 Ton Aluminum

127

{ " Load

P

' 20 1bs Stainless Mesh .

] 350 Gallon Tank Mild Steel,
/ ><> / 3'2""x 6" x 12 Gauge . -

e
C
\—
. : “ - B - : A ‘lnsulationT=35°Fz
© 210 Gallons \ : : Sl : “A=‘75 ft

1200, %" Steel Pipe‘

21 8% Aquecb-. //
- Trimethylamine \\ ~1 -

"(TMA) (1835 Ibs
Sol- 400 Ibs TMA ‘ . = ‘ S
43°F mp.) 3 o= . :

® Residence C
® Storage Capacity: 200,000 Btu

" ® Discharge Rate: 35,000 Btu/hr.
® (Off-Peak, Electric Space Cooling )

“"FIGURE 4—11  FRANKLIN INSTITUTE (CODE #9)
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TYPE: PHASE CHANGE MATERIALS

CONTRACTOR:  Franklin Institute (Code#9) -
INPUT: ~  Electric
CYCLE: Diurnal

STORAGE CAPACITY:

200,000 Btu

COST SUMMARY - FRANKLIN INSTITUTE

4-35

DISCHARGE RATE: 35,000 Btu/hr Cooling )
STORAGE MEDIUM LA $ 128 8.6
CONTAINER ‘B 246 16.5
INSULATION - C 11 7
HEAT EXCHANGERS =~ D 100 6.7
“FLUID E 98 6.6
 PIPING AND DUCTING F 6 4
BLOWER & MOTOR: G - -
PUMP & MOTOR H 386 26
CONTROLS I 190 12.8
INSTALLATION COST J 322 21.7
SYSTEM COST 1,487 100%
COST OF MAINTENANCE
"PER YEAR 109
NO. OF SYSTEMS 90, 000
PER YEAR
Table 4-9



4.2.10 Dow Chemical (Configurdation 1)

Shown in Figure 4-12, this system utilizes a phase change material to
.store off-peak electricity in the form of heat. for use in space heating
of residences.

e System Description

This system utilizes a mixture of magnesium nitrate hexahydrate as the ¢
heat storage medium. This medium is contained in self stacking aerosol
cans, approximately 2-3/4" in diameter by 7-1/2" tall. 3,600 of these
cans are required for the system storage capacity specified for resi-
dential heating. These cans are stacked 7 rows high with a baffle as
required to provide a multi-pass air flow through the unit. A sheet
metal housing encloses the cans and provides for -support of the system.
It was assumed in the design that the baffles were attached to the exter-
nal housing and the housing was supported rigidly so that by stacking the
cans on top of the baffle and 6n top of each other, the system would be
strong enough to maintain the spacing once the cans had been placed prop-
erly. The system was insulated and surrounded with a second sheet metal
housing. 1In operation, hot air is blown through the system to charge

it and room air is passed through the system, as required, for space

- heating. Cost estimates are given in Table 4-10. .

e Installation

In the costing of the system it was assumed that it would be assembled

on site, rather than assembled at the factory and.shipped as a unit.

This assumption was made because the assembled weight of the unit is so
large that it could only be handled by riggers if it was shipped as a
single unit. In addition, the reinforcing necessary to make it struc-
turally strong enough to he shipped assembled would have added signi-
ficantly to the cost of the system. The configuration described above
assumes that as the unit is built at the site the reinforcing of the sheet
metal housing will be sufficient to hold the cans in place since the only .
force on them will be air flowing through the system. ~During the instal-
lation, the base of the system will be put in position. Next, columns

two cans high will be placed at appropriate intervals on the base, and

a baffle would be placed on top of the cans and attached to one side of
the supporting structure. Three more layers of cans will be stacked up,

a second baffle put in place, and finally two more rows of cans added

to the top. The system will then be screwed together with sheet metal
screws and bolts as required to assemble the support angles to the sheet
metal housing. Next, the insulation will be applied to the outside and

a sheet metal housing installed. :
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. Aerosol Cans, Self Stacking
- Shell . . .224’ Dia. x .63’ High
4.8"x 28 x 7' High ' ] 1800 Cans/Unit

L

. ‘ .
e e e ] »
2 .
Baffles
s Insulation
. , T= 25§°F
Diffuser Heat Storage Material ' 134 fr
Mg (NOS)2 . EH20 . 3276 lbs

Residence

Storage Capacity: 400,000 Btu .
Discharge Rate. 30,000 Btu/hr

Off-Peak, Electric Space Heating (Dlurnal)

FIGURE 4-12 DOW CHEMICAL (CONFIGURATION # 1) (CODE # 10}



TYPE: PHASE CHANGE MATERIALS

CONTRACTOR: Dow Chemical (Code #10)

INPUT: ' Electric

- CYCLE: Diurnal .

STORAGE CAPACITY:

DISCHARGE RATE:

400,000 Btu

30,000 Btu/hr Heating.

(%)

STORAGE MEDIUM A $. 524 33.1
CUNTAINER B. 683 43.1
INSULATION c 40 2.5
HEAT EXCHANGERS D - -
FLUID E - -
PIPING AND DUCTING  F - -
BLOWER & MOTOR G - -
PUMP & MOTOR H - -
CONTROLS I 70 4.4
INSTALLATION COST J 266 16.8
SYSTEM COST 1583 100%
COST OF MAINTENANCE 54

"PER YEAR-'
NO. OF SYSTEMS 40,000

PER YEAR

Table 4-10 -

COST SUMMARY - DOW CHEMICAL
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e Operating Conditions

Output curves for this system indicate that the capacity indicated for
the amount of storage material shown is accurate and that the delivery
temperature is acceptable for standard space heating systems. The only
.operating limitation appears to be the delivery rate. We feel that’
to provide adequate system response for a typical space heating system,
" a delivery rate of 50,000 Btu's per hour for.a typical residence
‘requiring this kind of a device is minimal. The cost-of the DOW System
would be 1ncreased if it were necessary to provide surface area to
deliver energy at this increased rate, as the system with the given
surface to volume ratlo will only de11ver at a rate of 30,000 Btu' S per
hour.
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4.2.11 Dow Chemical (Configuration 2)
® Application

In this system solar energy is stored for heating of re31dences using a
diurnal cycle.

® Storage Mechanism

The system in this case (see Figure 4-13 ) is similar to that
_described in Section 4.2.10. The only difference is that more cans are
'rGQulred and a different heat qtorage material is utilized:. In ‘this
case, the heat storage material (magnesium nitrate hydrate - plus
ammonia nitrate) melts at atemperature of 126°F. Cost estimates are
given in Table 4-11. - '

e System Description
(See Section 4.2.10)

¢ Installation

(See.Section 4.2.10)

e Operating Characteristics

(See Section ~4.2.10)
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Aerosol Cans, Self Stacking
.224' Dia. x .63’ High
3600 Cans/Unit

—— = ~ ‘.1;

A Shell
7. 10.3'x 3.0' x-7° High

4
] et eed i i e ey .
. i , : Baffles
. ) - . .
! . o o : ) Insulation’
- . / _ . T=170
Diffuser ' .. Heat Storage Material ) 250 12
. : Mg (NO3)2 . 5H20 + NH4N03, 6545 Ibs :

Residence . - : .
' Storage Capacity: 400,000 Btu
Discharce Rate: 30,000 Btu/hr
. Solar Space Heating (Diurnal)

FIGURE 4-13 DOW CHEMICAL (CONFIGURATION # 2) (CODE #11) -



TY?E:  _ PHASE CHANGE MATERTAL

B CbNTRACTOR: Dow-Chemical (Codé #11)
fIN?UT;  Solar |

CYCLE:V . Diufnal

. STORAGE CAPACITY: 400,000 Btu

~ 'DISCHARGE .RATE: 30,000 Btu/hr Heating . SN ¢'9)

. — T™ —
. STORAGE MEDIUM A | 8 720 .. .28.7

‘CONTAINER .~ B 107 . ] 52,0

INSULATION ¢ | . s0 20

HEAT EXCHANGERS . D = .| - o -

FLUID ~ - .- E | = o -

PIPING AND DUCTING. F | . =~ = . SR

PUMP & MOTOR .~ H e -

CONTROLS - . * .. -1 o0 o 2

INSTALLATION -COST J 365,," —— . 14.3

. SYSTEM COST Cooas12 0 o | 100y

COST OF MAINTENANCE. . :
'PER YEAR _ _ 77

- .NO. OF SYSTEMS: - S
PER' YEAR _ : 36,000

Table 4411

COST SUMMARY - DOW CHEMICAL (CONFIGURATION 2)
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4.2.12 Clemson University

@ Application

This system is designed to provide space heating to residences using
solar input on a diurnal basis. The system could also be designed for
use as an off-peak electric storage schem using either resistance or
heat pump input.

e System Descriptionj

. In the system shown in Figure 4-14 the heat transfer fluid is circulated
-through- the thermal storage medium as dispersed droplets due to a
diffuser fitted into the base of the storage tank. Heat is added to or
removed from the system by direct contact of two immiscible fluids. The
heat storage material (sodium thiosulfate) is an aqueous solution

which has a substantial heat of crystallization.that occurs at 118°F.

An external pump circulates Exxon Marcol 72 through an external heat
exchanger and then through the heat -storage tank either heating the

heat storage material or extracting heat from the heat storage material
depending on the operatlng mode.

The system consists of a 355 gallon glass lined steel tank which contains
the heat storage-solution. Heat exchanger and pump are mounted with the
tank and-the unit is shipped as a single device. Costs estimates are
presented in Table 4-12. :

e Installation

Installation in this case involves simply attaching the heat transfer
systems from the load and input. to the heat exchanger ‘which is external to
the system and bringing power to a control box mounted on the device.

e Operating Characteristics

This system delivers energy at a sufficient rate and temperature for
normal HVAC system conditions,  The major question concerning its long
term operation.as with the Franklin Institute System is whether mixing
between the two fluids will eventually form an emuls1on.' If the

unit has a limited operating life due to a break-down or a mixing of the
‘two fluids which require that they be changed periodically, this must be
accounted for in the routine maintenance of the system and must be
allowed for in the design of the hardware.
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Insulation; T = 135°F
A =80 ft2 :
. Glass Lined Steel Tank:

/ 350 Gallons
o : 3.25' Dia. x 6’ High

/ -

Na.28203 Solution; o
4440 |bs
P .
’ Marcol 72 Total Volume Including Space
NazHPO4 . i Above Solution Piping, and Heat Exchanger

is 35 Gallons

/\ Diffuser

= og0F
. TD =98 oF
T Lo T.=133"F
Input T = 70°F < .
: : [==——— Plastic Tubing: .
S el Z o 1"’ Diameter x 10’
Side Tc =160 F /
. T.=113%F
Sholl and Tubs : ns ,
Heat Exchanger
Tp = 100°F N :
Load 32 gpms

T - 130°F side

'TD = Temperatures During Discharging
Tc = Temperatures During Charging

. Residence
Storage Capacity 400,000 Btu
Discharge Capacity 50,000 Btu/hr
Solar Space Heating (Diurnal}

FIGURE 4-14 CLEMSON UNIVERSITY (CODE #12)
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g TYPE:  PHASE CHANGE MATERIALS

CONTRACTOR: Clemson Univeréity (Code #12)
INPUT: Solar
CYCLE: Diurnal

STORAGE CAPACITY: 400,000 Btu

DISCHARGE RATE: 50,000 Btu/hr Heating (%)
STORAGE MEDIUM A § . 533 - 19.9
CONTAINER B . 363 , 13,5
INSULATION C 14 0.5
HEAT EXCHANGERS D 840 31.3
FLUID - , E , Y 1.6
PIPING AND DUCTING F .| - 2 | -
BLOWER & MOTOR G : - o
PUMP & MOTOR H . 386 . 4.4
CONTROLS ' 1 ' 180 6.7
INSTALLATION COST J 322 12.0
SYSTEM COST 2684 _ o 100%
COST‘OF MAINTENANCE 354

"PER YEAR
- NO. OF SYSTEMS ' 36,000
PER YEAR
Table 4-12

COST SUMMARY - CLEMSON UNIVERSITY
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4.2.13 University of Delaware (Configuration 2)

® Application:

In this application heating of a residence is provided on a diurnal
basis by solar input to a storage system.

® System Deseription:,

‘This system utilizes the configuration described in Section 4.2.8 (see
Figure 4-15). In this case, sodium sulfate decahydrate is used without
‘melting point depressants to provide space heating rather than space
cooling. The heat storage material melts at a temperature of approximately
88°F. The system utilize$ 3,700 lbs of sodium sulphate decahydrate mixture-
contalned in 1,100 chubs mounted in racks and stacked as described

earlier. Cost estlmatcs are glven in Table 4-13. ‘

@ Installation:

The installation of the system is the same as described in Section 4.2.8.

@ Operating Characteristics:

The low melting point of the heat storage material in this case will
only provide delivered air at a temperature of between 80 and 85°F
depending on the state of the charge of the system. It will, however,
deliver at a rate sufficient to heat a normal dwelling. However,

the air flow rate required to deliver the energy at a sufticient. Btu/hr
rate is too hlgh for a normal dwelling. Larger blowers and ducts would
be required than in a normal installation and air currents through.a
room might be objectionably high -due to the circulation rate.
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100 Stacking Plastic

Racks. 11 Chubs Per Rack™ i

1100 Chubs Per Module.
4000 Ibs

NaySO, . 10 H,0 Mixture

Eutectic

“’Chubs” 3.6 Ibs Medium in
.003* Plastic Film
2" Dia. x 22" Long.

Input

/ Plywood .Enélosure .
,/ 160 12 ‘
" (=4’ x 6’ x 4’ High) .
>~.< / Fiberglass Insulation
—— o1 160n2
: . 160 ft°
’ (T =110°F)
—
o
—
—
»— =" | Load
S

® Residence
' ® Storage Capacity: 400,000 Btu
Delivery Rate: 60,000 Btu/hr .
Solar Space Heating {Diurnal) - '

FIGURE 4-15 UNIVERSITY OF DELAWARE (CONFIGURATION # 2)
’ (CODE #13)
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TYPE: PHASE CHANGE MATERTALS

- CONTRACTOR: University of Delaware (Code #13)
INPUT: - Solar
CYCLE: Diurnal

- 'STORAGE CAPACITY: 400,000 Btu

j pISCHARGE RATE: " 50,000 Btu/hr Heating , .- (2)
STORAGE MEDIUM A s 8L 9.9
CONTAINER B |, 319 | . 38.8

-INsﬁLAT;ON' - c : 22, L L 2.7
HEAT EXCHANGERS . D = - ' -
FLUID B b - - -

PIPING AND DUCTING  F . - ’ -

BLOWER & MOTOR = G | - 4 _
PUMP & MOTOR © H : - -
CONTROLS I 70 _ 8.5
INSTALLATLUN COST J- 330 40.1

SYSTEM COST 822 . 100%

COST OF MAINTENANCE ' '

"PER YEAR : . 43
NO. OF SYSTEMS 36,000

PER YEAR : “
Table 4-13

COST SUMMARY - UNIVERSITY OF DELAWARE (CONFIGURATION 2)
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4.2.14 Monsanto Research  System

e Application

This system provides for heating and cooling of 'a residence, using
solar input on a diurnal basis. The system is designed to operate

at storage temperatures between 250 and 285°F.* Cooling of the building
will be done utilizing an absorption air conditioner. Heating will be
provided directly using a liquid-to-air type heat exchanger.

® System Description

Form-stable polyethylene pellets which melt at approximately 265°F are.
utilized to store the energy in this case (see Figure 4-16). Heat is
transferred into the system and out of the system using an ethylene glycol
solution. Flow is downward through the system during charging and is
reversed during discharging to maintain a thermal stratification in. the
polyethylene pellets. The tank in the system is a pressurized ASME
pressure rated steel tank with the capacity of 450 gallons. An

expansion tank is provided to allow for the expansion and contraction

of the ethylene glycol and polyethylene during the heating and cooling
cycle. Cost estimates are presented in Table 4-14.

e Installation

In costing this system it was assumed that the container would be

shipped to the site, Lnstalled, and then charged with heat storage
material.

e Operating Characteristics

This system should prov1de outputs for both heatlng and cooling at
reasonable temperatures and rates.

* "Form-Stable Crystalline Polymer Pellets for Thermal Energy Storage,"
ORO/5159-10 prepared by Monsanto Research Corporation for the U.S.
Energy Research and Development Administration, July, 1977.
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Steel Pipe %"’ Dia. x 20 ft

. Expansion Tank

/ A=9ft2
A

45 Gallons Steel

Insulation T_= 300°F

L Residence
L Storage Capacity

"Heating: 400,000 Btu _
Cooling: 250,000 Btu (I lot Side)*

® Discharge Rate

Heating: 50,000 Btu/hr
Cooling: 50,000 Btu/hr

*to Absorbtion Air Conditioner.

NN

e Steel Tank @ 30 psi
o 450 Gallons
e 3.6’ Dia x 6’ High

Internal Baffles (7 Cbncentric)

~

Insulation @ 300°F, 90 ft°

2210 tbs Form Stable
Polyethylene

1590 Ibs (200 Gallons)
Ethylene Glycol

FIGURE 4-18 MONSANTO RESEARCH (CODE # 14)
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TYPE: PHASE CHANGE MATERIALS

CONTRACTOR:‘ Monsanto Research (Code #14)
INPUT: Solar
CYCLE: - Diurnal

STORAGE CAPACITY: 400,000 Btu

DISCHARGE RATE: - - 50,000 Btu/hr  Heating and Absorption Cooling
g - ' (%)
' STORAGE MEDIUM A - § 1,039 : 28.6
CONTAINER B 2,261 ' 62.3
INSULATION ’ c 3B : 1.0
HEAT EXCHANGERS D - o -
" FLUID E - : -
PIPING AND DUCTING  F 1 - 6 : o
BLOWER & MOTOR ¢ - - -
PUMP & MOTOR .  H - ] -
CONTROLS . I 35 | 10
INSTALLATION COST ~ J | 254 7.0
SYSTEM COST 3,630 100%
COST OF MAINTENANCE
'PER YEAR 176
NO. OF SYSTEMS S
PER YEAR 1,000
Table 4-14-

COST SUMMARY - MONSANTO RESEARCH

4-51



4.2.15 Suntek System

o.'Apglication:

This system provides heating for residences using solar input on a diﬁrnal
basis. Energy is picked up from the sun as. it is available and released
without control to the dwelling (see Figure 4-17). : :

e System Description:

The Suntek blocks are fabricated using pumice blocks or low density
foamed concrete blocks. First, these blocks are fitted with a tube and
are coated with a urethane tar sealant or filled epoxy. Next, after

the coating is cured, the block is evacuated, and heat storage material’
is injected back into the evacuated block utilizing the same tube.
Finally, the tube is cut off and the hole sealed with a plastic plug.
Each 8X8X16 concrete’ block stores approximately 1,450 Btu's which

are liberated during the phase change between 74 and 79°F. Thus, for a
'storage capacity of 400,000 Btu's, a wall with 276 -blocks would be required.
A beadwall is used for insulating the system against nighttime losses.
Costs for this system are estimated as shown in Table 4-15.

‘@ Installation. : _ _ . .

In costing the installation of this system we assumed that the blocks
would be installed using butyl rubber compound applied in a bead on

two surfaces of the block. Labor rates were based on the installation

of face brick which cannot be chipped as opposed to concrete blocks which
can be handled more roughly.

e Operating Conditions:

i

When used in'a Trombe wall configuration where solar energy falls
directly on the blocks and heats them to a temperature greater than the
phase change temperatureythis system will provide passive heating to the
dwelling as the temperature of the dwelling falls below the phase change
_temperature. However, the rate at which heat is conducted through the
blocks and transferred to the dwelling is comparatively low, so that the
heat storage capacity of the system can only really be utilized over a
period of several days. Therefore, on a daily basis, the effective storage
capacity is less than the ideal capacity. Also, at night when heating
is requlred a back-up heat source may be necessary in order to maintain
the dwelling at an acceptable temperature level., ‘)
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. Overhang Blocks Summer'Sun

/

.Sun

///_

Beadwall Insulation ——— o '
(A = 245 f12) : |

Thermocrete Blocks, 12 Ibs CaCl, ® 6 H20/Block :

Interior

/77777
e Each Block: 4 x 8" x 16", Stores 600 Btu in Phase Change

At 74—.799‘F, Weights 30 Ibs.

® Wall: 10° x 60’ Contains 667 Blocks ,
® Heat Transfer by Natural Convention and Radiation

Residence

Storage Capacity: 400,000 Btu

Discharge Rate: Variable = 10,000 Btu/hr or Less
Solar Heating (Diurnal)

FIGURE 4—17  SUNTEK (CODE # 15)

4-53



TYPE: : .

. CONTRACTOR:
AINPUT:
CYCLE:

STORAGE CAPACITY:

PHASE CHANGE MATERIALS
Suntek_‘ (Code #15)

Solar (Passive)
Diurnal

400,000 Btu

DISCHARGE RATE: - (%) .
STORAGE MEDIUM A $ 621 228
CONTAINER B - -
INSULATION' c 1472 54.2
HEAT EXCHANGERS D - -
FLUID E - -
PIPING AND DUCTING . F . - -
BLOWER & MOTOR G - -

- PUMP & MOTOR H - -
CONTROLS I - -
INSTALLATION COST . J - 625 23
SYSTEM COST 2718 100% |
COST OF MAINTENANCE

"PER YEAR 60
NO. OF SYSTEMS . 30X106 blocks
PER YEAR :

Table 4-15

- COST SUMMARY - SUNTEK
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4.2.16 . Brookhaven System

® Application:

The system shown in Figure 4-18 is designed to provide passive heating
for a single family residence using solar input on a diurnal basis.

® System Description:

This system utilizes concrete blocks fabricated  using microencapsulated
heat storage material to replace some of the .aggregate. Calcium chloride
hydrate was used as the media for the system costed. Since each block
has a capacity of approximately 400 Btu's, 1,000 blocks are required for
a storage capacity of 400,000 Btu's. In this case, the system is charged
from the inside, utilizing warm air in the building, rather than charged
by the sun falling directly on the external surfaces of the block as in
the Suntek System. This requires that the ambient air temperature on the
. inside of the building reach a temperature of 80° or more in order to
provide -adequate heat transfer to the blocks. The system is discharged

- automatically when the temperature of the building falls below the phase
change temperature of approximately 75°F. An estimate of the cost of
this system is ‘given in Table 4-16.

.® Installation:

For costing purposes, it was assumed that these blocks could be intalled
using techniques suitable for standard concrete blocks. Installation
costs include mortar and labor.

v

@ Operating Conditions:

If this is used as a completely passive system, the temperature
differential required for charging and discharging of this system implies
that portions of the building are overheated during the day. As with
‘the Suntek System, the delivery rate is low compared to the heat storage
capacity of the blocks, so that it may not be possible to utilize the
complete storage capacity over a single diurnal cycle.
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Insulation (not

TW = 78°F
- [
Tair = 68°F

® 8" x 8" Concrete Blocks, 25 Ibs Each

o Filled With 6.25 Ibs Microencapsulated
CaCI2 .6 H20

Each Block Holds 400 -Btu

1000 Blocks for 400,000 Btu

Delivery Rate Depends on Temperature
Difference Between Room and Wall,

Included in Cost)

INNAN YN NNANARRRANNNNN

S S S

® Residence

® Storage Capacity: 400,000 Bru

® Discharge Rate: Variable Btu/hr Probably Less Than 10,000
® Space Heating, Fossil Fuel Input (Diurnal) '

FIGURE 4-18  BROOKHAVEN (CODE # 16)

4-56



TYPE:

CONTRACTOR:

INPUT:

CYCLE:

STORAGE CAPACITY:

DISCHARGE RATE:

PHASE CHANGE MATERTIALS

Brookhaven National Laborétory (Code #16):

Furnace (Passive)

Diurnal

400,000 Btu

"PER YEAR

STORAGE MEDIUM . A $ 4981 70.6
CONTAINER B _ _
. INSULATION C _ _
HEAT EXCHANGERS D _ _
PLUID E _ _
PIPING AND DUCTING - F _ _
BLOWER & MOTOR G - —
PUMP & MOTOR H. - _
CONTROLS I _ _
INSTALLATION COST J 2074 29.4
SYSTEM COST 7055 100%
COST OF MAINTENANCE .

NO. OF SYSTEMS
PER YEAR

30X108 blocks

COST SUMMARY - BROOKHAVEN NATIONAL LABORATORY

Table 4-16
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4.2.17 Desert Reclamation (Configuration- 1)

@  Application:

This system provides cooling on a seasonal basis for a community size
installation using input from the environment.

® System Description:

Figure 4-19 shows a system sized to meet the requirements of a terminal
of JFK Airport. It utilizes a field of 40 wells to store chilled water
to provide cooling during the summer time. In the winter time, the '
water is chilled utilizing either cool water from Jamaica Bay or water
supplied from cooling towers already in place.at the airport and pumped
"into 20 chilled water wells. During the summer, this chilled water is
pumped through a heat exchanger to provide cooling to the building and
then passed into another group of wells where it can be stored until it
can be cooled again the following winter. Table 4-17 presents cost
estimates for the system shown.

@ Installation:

The major installation requirements for the system are the drilling of
the 40 wells which are 36" in diameter and the installation of the

~ piping connecting the well field with the cooling system of the building.
This work is all done at the site including wiring of all controls

using techniques that are standard for this type of -fabrication.

@ Operating Conditions:

This system as originally proposed utilized chilled water stored aL 35°F
to provide the cooling. Due tn the requirements for a cecondary heat
exchanger between the well water and the cooling fluid in the air
conditioning system, -the delivered temperature of the cooling water to
the air conditioning system will be 50°F, if a reasonably sized heat
exchanger is used. Decreasing this temperature to the 45°F level with

" the secondary heat exchanger will add to the cost of the system, however,
as indicated in earlier sections, 45°F is the maximum acceptable tempera-
ture for dehumidification of air according to standard HVAC system design
practice. If the well water can be pumped directly to the air conditioning
system, then there is no problem with the delivery rate capabillty of the
system or the temperature of the cooling fluid.
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. 8'" Motorized Gate Valves
57" Dia: x 310" Long 80 Required

- 1500 gpin, 20 req’d. | -
500, 8'* Dia. Pipe/Well : ' . Load - A
: ‘ .
' - o :Ihssop ‘ T T = 50°F

. I @ Heat Exchangers
——————

1500 gpm, 20 req’'d

‘ISOb gpm, 20 req'd.

500°, 8”" Dia. Pipe/Well
30" Dia., 500’ 30" Dia., 500’
® Warm Water Wells
® 20 Required
® 400 ft Deep
A: Charge
B: Discharge
® Commdnity_ Sized System
e Storage Capacity: ‘200 X 109 Btu
e Discharge Rate: 288 x 108 Btu/hr
o Environmental Input Space

Cooling (Seasonal)

FIGURE4-19  DESERT KECLAMATION IND. (CONPIGURATION # 1)
' - (CODE #17)
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TYPE: AQUIFER

CONTRACTOR: Desert Reclamation _Industries (Code #17)
INPUT: , Environmental
CYCLE: .. .. :. -.Seasonal’

STORAGE CAPACITY: 200 x 10° Btu

DISCHARGE RATE: 288 x 10° Btu/hr Cooling %)
' STORAGE MEDIUM A s - . -
CONTAINER - B | - , -
INSULATION c ‘ - o -
HEAT EXCHANGERS D - 350,000 8.2
"FLUID - E° - ' -
'PIPING AND DUCTING  F 112,360 ' 2.6
BLOWER & MOTOR = G ' - -
PUMP & MOTOR H 359,600 8.4
CONTROLS I 280,200 6.6
INSTALLATION CUSYT J 3,156,343 74.2
SYSTEM COST : 4,258,503 4 100%
COST OF MAINTENANCE _ .
"PER YEAR . - . 75,000 .
NO. OF SYSTEMS ,
PER YEAR S 1
 Table 4-17

COST SUMMARY - DESERT, RECLAMATION iNDUSTRIES(CONFIGURATION 1)
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4,2,18 Texas A&M System

® Agglication:

‘The Texas A&M System is sized to provide cooling for a 1arge apartment
complex on a seasonal basis using environmental input.

e System Description:

This system utilizes_ three wells (see Figure 4-20). Two wells store
cool water and one well stores warm water after it has been used to
cool buildings. Cooling of the water is done using a spray pond during
the winter. Whenever ambient temperatures are such that water at a cool
enough.temperature can be produced, it is circulated through the spray
pond from the warm water storage well, cooled at the spray pond, and then
injected into the chilled water storage wells. During the summer time
when cooling is required, water is pumped from the wells directly to

the cooling system of the complex. Cost estimates for this system are
given in Table 4-18.

o Installation:

The major installation requirements for the system are the drilling of
the three wells and the installation of the piping required to connect
the wells to each other and to the load. Standard installation tech-
niques for this type of apparatus were used in costing the system.

‘e Operating Conditioms:

The major limitation on this system is the ability to produce cool water

in. the winter time. The system presently being developed by Texas A&M

is designed to provide 50°F water to the load. This is slightly warmer

than normally acceptable in air conditioning applications.- If the system
were utilized in an area where the weather was cooler in the winter time,
cooler .water could be produced and the output temperatures from the well
would be acceptable.
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c9-Y

Valves*

2 1c
2 g
4 6”

. *Motor Operated Gate

Valves

X From Load’

Circulation Pump
600 gpm @ 25’
" Head

' - 'T=65°F
Sand Filter-200 gpm

L

I b T 2000’
' 10" Dia., PVC
@__

. valve || 250 gpm @ 25' Head cj

c

Float L Injection Pump : g

re !
\_ ‘ ,
Flow ® E ' C ' D - .
- ) To Load
D g E (8 E T = 50°F
Yy 1 N ) )
C, 7 ( AN 4&
150’ Deep Production_ A B’A . ' Care M
Well w/650 gpm Pump . 1000’ 8" Dia., PVC _
——— e s —_—— — - —_— 200, 6" Di}a.,PVC
I K
I | .
' ! Outside TES Modul
' Spray Pond . | utside odule
. . Since Equivalent to
| 50 @1 l ) Collector
I I ' .
| | © L
- | | Injection Wells
| 100° | ea. 150’ Deep With 650 gpm
i | Well Pumps
e e e J
[ 31 . : - |
1300
[ cC 8"~ Dia. PVC ' ‘ , I
3.2x 107 ‘Gallons Used For Storage
A — Filling Pond From Production Well ® Large Apartment Building
B — Ctilling Water ® Storage Capacity: 4 x 109 Btu
C — Filling Injection Wells With Chilled Wazer ® Discharge Rate: 10 x 108 Btu/hr
D — Ckilled Water to Lcad b

E — Pond to Production Well

Environmental Input, Sbace Cooling

FIGURE 4—20 TEXAS A&M (CQDE #18)



TYPE:

AQUIFER

CONTRACTOR: Texas A&M University (Code #18)

INPUT: Enyironmentai

CYCLE: Seasonal

STORAGE CAPACITY:  4X109 Btu |

DISCHARGE RATE: 10106 Btu/hr Cooling (%)
‘ , -

STORAGE. MEDIUM A S8 - -

CONTAINER B _ B

INSULATION C _ B

HEAT EXCHANGERS D _ N

FLUID E _ _

PIPING AND DUCTING  F - 22,363 . 17.6

BLOWER & MOTOR G - | -

_ PUMP & MOTOR H : 27,163 21.4
CONTROLS I : 11,291 8.9
INSTALLATION COST J . 66,139 52.1
SYSTEM COST 126,956 100%
COST OF MAINTENANCE

"PER YEAR - 4,082
.
NO. OF SYSTEMS 1
PER YEAR

COST SUMMARY - TEXAS A&M UNIVERSITY

Table 4-18
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4.2.19 Desert Reclamation (Configuration 2)

e Application:

This DRI System was sized to provide cooling on a seasonal basis for a
large apartment complex utilizing environmental inputs.

® System Description:

This system utilizes two wells (see Figure 4-21). Chilled water is
supplied by an external source, either from a cooling tower or from a

body of chilled cool water such as the ocean. As much cool water as .
possible is stored during the winter time. During the summer time, this
chilled water is pumped through a heat exchanger-and used to cool the

load. - The warmed water is stored in the second well until the following
season when it is withdrawn and cooled whenever ambient conditlons permlt.
Costs are estimated as shown in Table 4-19.

® Installation:

Thls system is 1nsta11ed using procedures similar to those descrlbed in
Section 4.2.17. :

@ Opérating,Conditions:

The same considerations in the Operation of thls system apply as- those
descrlbed in Section 4.2.17. '
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Shell anci Tube 6’ Motorized Gate Valve
4 Required

800 gpm

800 gpm ' Heat Exchanger

T =65°F Load - : :
. : 6’ Dia. x 1500’ Total
: ] ’ ' T= 50°F For System
A
_IJ B " B . ' .

_ (s}
Tg = 35°F

A A
. - (o]
Tg = 60°F

® Warm Water Well ® Chilled Water Wel|
® 1 Required - ® 1Rqg'd
® 400 ft Deep ® 400 ft Deep

® Spacing: Minimum

200 ft

A: Charge
B: Discharge

Large Apartment Buildin

Storage Capacity: 4 x 10¥ Btu
Discharge Rate: 10 x 106 Btu/hr
Environmental Input

.Space Cooling (Seasonal)

FIGURE 4-21 DESERT RECLAMATION IND. (CONFIGURATION 2)
. (CODE # 19) '
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TYPE: = ~ AQUIFER"

‘CONTRACTOR: Desert Reclamation Industries (Code #19)

'INPUT: Environmental
CYCLE: ' Seasqnél

STORAGE CAPACITY: 4X109 Btu

. DISCHARGE RATE:  10X10® Btu/hr Cooling - - (%)
STORAGE MEDIUM A ' - ' , -
CONTAINER ~ B - ! .
CINSULATION - C - -
HEAT EXCHANGERS D - 25000 10.7
FLUID ‘ E - S -
PIPING AND DUCTING  F 7665 - . 3.3
BLOWER & MOTOR e - ‘ -
PUMP & MOTOR B . 12680 | 5.4
CONTROLS - I 7440 | 3.2
INSTALLATION COST 3 180475 - 77.4

* SYSTEM COST 233,260 " 100%
COST OF. MAINTENANCE

"PER YEAR _ - 3,265
NO. OF SYSTEMS : :
'PER YEAR . 1
Table 4-19

COST SUMMARY - DESERT RECLAMATION INDUSTRIES (CONFIGURATION 2)
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CHAPTER 5

BASELINE SYSTEMS

5.1 Introduction .

In order to provide a basis for evaluating the different advanced TES
systems, a baseline system has been identified for each of the applica-
tions described in Chapter 4. The baselines have been sized so that
each baseline matches one or more of the applications for which the
advanced technologies have been sized and costed. In this Chapter,
these baseline systems are described in detail and cost estimates are
summarized.



5.2.1 Passive Storage Systems (Code #Bl)

Passive storage systems utilize a phase change material encapsulated in
a standard building material such as a concrete block or ceiling tile.
The baseline for this case is an equivalent building material without
the PCM storage capability. In.order to calculate the cost of adding the
storage, the storage capacity of the PCM-impregnated building material
is offset by the storage capacity of the building material without PCM
and the cost of the block with storage capacity is offset by the cost
of the:material:without storadage capacity. This can then be uSed<to
calculate the cost of storage for a particular installation. Figure
5-1 shows the meéthod applied to the Suntek and Brookhaven Systems as’
"costed during this program. It should be noted that the costs used are
the installed costs of the different systems. : ‘ ‘



Block With . . Block Without

pcm _ : pem |
- Cost = $pcm , Cost = $B
Storage Capacity = Qpcm Storage Capacity = QB
; $ cm $B
Cost/Btu = _P___TT)—
. pcm B
. 1 2 3
Suntek Suntek Brookhaven Baseline
Price/Block ) s ~
‘(installed) €)) ' 9.86 4.53 7.05‘ 1.72
' 4

‘Storage Capacily (Dtu) 1450 1450 . 400 60

Cost ($)/106 Btu offset :
by baseline 5860 2020 15,680 - 0.

lTrombe wall with Beadwall insulation.
2Without insulétion.

3Interior uninsulated wall,

4Based on 30 1b Block cyeling through 10°F differential,

FIGURE 5-1 PASSIVE SYSTEM BASELINE



5.2.2 Diurnal Solar Storage for Space Heating - Residential Installation
with Hydronic System (Code #B2) '

The system chosen as the baseline in this case, consists simply of a

large steel tank containing hot water. This system, shown in Figure

5-2 for a 400,000-Btu capacity, consists of a 803-gallon tank lined with

a coating to prevent corrosion. It contains water,which-is cycled through
a temperature range of 100°F to 160°F. The tank is insulated and covered
with a sheet metal jacket. A cost estimate for this system is shown in
Table 5-1. ’ ’ :
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Insulation

Area =129 ft2’ 803 Gallons
T = 160°F Atmos.pheric Steel Tank, Lined
48" Dia. x 100"
Indoors
~s%——— Charging
b 4
—_— Discharging
=—————m= Charging
" «ag——— Discharging
77 77777
Foundation
® Residencc _
® Storage Capacity, 400,000 Btu
_® Discharge Rate, 50,000 Btu/hr
® Solar Hydronic Space Heating (Diurnal)
FIGURE 5-2

SOLAR HYDRONIC SPACE HEATING WITH DIVURNAL STORAGE



Item Cost

$
STORAGE MEDIUM: . Vater , 0
" CONTAINER: . e 803 gallon tank with suppofts | .1,051
. : and transportation S :
o Lining 129 ft @ $2.50/ft2 323
o Jacket 129 ft’ @ $.37/ft2 o © 48
INSULATION: 129 £t? @ 160°F ($.20/£t%) - 26
HEATVEXCHANGER: ' ' 0
HEAT TRANSFER SYSTEM: - . ~ 0
CONTROLS ; ' 1-Thermostat : 35
TOTAL COMPONENT COST: ' : 1,483
 INSTALLATION: e Labor - 8 hr @ $20 © 160
l ' e Foundation : : 100
TOTAL , o o o 1,743

o

TABLE 5-1 HYDRONIC SOLAR SPACE HEATING BASELINE COSTS’
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/

5.2.3 Diurnal Solar Space Heéting for Residences Using Hot Air (Code #B3)

The system chosen for this application is the Solaron rockbed heat storage
system. Costs were derived based on design inputs from Solaron and
quotes obtained from local vendors plus Means Data Book for 1978.%

" The general design of the system costed is shown in Figure 5-3. This
system is fabricated on site using readily available construction
materials. The basic container is an 8" thick reinforced concrete wall.
Near the bottom, forms are used to make air passages. Similar passages
are made at the top of the container. The inside surfaces and the floor:
of the concrete container are lined with rigid fiberglass insulation.
The insulation recommended is 5" thick for indoor applications, and

- 8" thick for outdoor applications. Sheet rock is placed over the bottom
to distribute the load of the rock. 8" X 8" X 16" concrete beam blocks
are spaced across the bottom of the container on top of the sheet rock.
These blocks are "U" shaped and permit the air to circulate throughout
the bottom of the container. Metal plaster lath is placed on top of the
beam blocks to support the rock,which serves as the primary heat -storage
medium. The rocks are 1/2" to 1-1/2" pebbles,which can be purchased
locally. The container is filled with this material to within a few
inches of the top and is covered with a plywood and 2" X 4" panel,which
contains fiberglass insulation. The lower portion of this cover is
sheathed with sheet rock to insure that no materials that may- give off
resin come in contact with the air.

During use, cool .air is always introduced at the bottom of the container
and hot air at the top. Thus, during the charging cycle, hot air comes
in at the top and cooler air is removed from the bottom. During discharge,
cool air is introduced at the bottom and hot air removed at the top.
According to the manufacturer, excellent stratification is obtained in
the storage material in this fashion. The average temperature of the
device is said to go from the top stofage input temperature to ambient
temperature during a normal use cycle. However, in practice, a somewhat
smaller temperature differential is likely. Therefore, we have utilized
a figure of 85°F to 140°F in calculating the storage capacity required.
Based on the bulk density of this type of material, approximately 20
Btu/°F-ft3 can be obtained from this storage system.

‘Cost estimates were developed for three different system sizes. ;The
system specifications are summarized in Table 5-2 and the costs are given
in Table 5-3. Table 5-4 gives a detailed breakdown of the costs for
one smaller system as an illustration of the costing procedure used.
Using these figures, a curve which relates storage capacity to cost for
rockbed storage systems was developed. This is shown in Figure 5-4.
The cost ranges from $3.40 per cubic foot for a residential size system
to $1.80 per cubic foot for a system sized for a large apartment. These
are installed costs including normal overhead and profit-which would be
charged by .a contractor to fabricate the device. This figure compares
with a value of $3.00 to $4.00 per cubic foet given by the Solaron.

* Robert Snow Means Company, Inc., Building Constrdction Cost Data
1978.36th Edition Duxbury, Mass., 1978,
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. Fiberglass Batten
2" x 4"

= I /0.5 Plywood

0.5"" Sheet Ropk

NN

. 0.5" — 1.5" Pebbles
8" Reinforced
Concrete ————

=~

" Rigid Fiberglass Insulation

SN AN Y
A

5" indoor .
8" Qutdoor
L7777 77 7777 7 7 777 777 N7 777777777
8 x 8" x 16" Cé)ncrét ' \ Metal Lath
Beam Blocks : ) U.S.G., Junior Diamond Mesh.

(3.4 Ib/yd?)

FIGURE 5-3 SOLARON ROCKBED STORAGE SYSTEM
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STORAGE MEDIUM{ ’ 18 tons 45.5 tons o 365 tons

'CONTAINER: - 7.2'X10'X5"  13'X14'X5'  30'X49'X5'
; C high ’ high (includes (includes
o ‘ cover supports) cover supports)

COVER:

o Plywood (ft2) , 144 | © 364 2940

e Sheet rock (ft°) ' 72 - 182 ' 1470

o 2" X 4" (£) ., 50 100 800

e Metal lath (ft°) 72 182 ‘1470

e Bond beam blocks 60 o 150 , 1180
INSULATION:

o 5" urethane (ft’) , 244 452 . 2260

e 3-1/2" fiberglass (ft”) 72 : 182 . 1470

NOTE: Fabrication and instrallation labor included in costs.

TABLE 5—2 ROCKBED. STORAGE SYSTEM GENERAL SPECIFICATIONS



Cost ($) for System Size Indicated
. o 6 ‘ 6
Element 400,000 Btu 1 X 10° Btu 8 X 10. Btu
Storage Medium. 90 - 228 - 1,825
" Container - 692 1,340 5,935

Cover - . 116 . 245 ' 2,017
Insulation 335 - L 633 E o 3,306
Controls ' 35 -70 . 140
TOTAL A 1,268 2,516 13,223

TABLE 5-3 COSTS.OF SOLARON' ROCKBED STORAGE SYSTEM-
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. TABLE 5-4

400,000 BTU ROCKBED STORAGE .COST DETAILS

Storage Medium: 18 tons @ $5.00/ton

Container: 7.2' x 10' x 5" high,

8" reinforced concrete.
Assumed cost of two
walls partially offset
by cost of concrete
block wall and 4" of
additional concrete .
required for floor.

Top (excluding
insulation):

plywood 6 sheets 4'x8'
@ $11.50 ea

Sheet rock 3 sheets
4'x8' @ $352 ea
2"x4"°50'*@ $.22/ft
Labor $.35/ft.2

- Bond Beam Blocks
60 @ $.66 ea.
Metal Lath 3.4 1b/yds
(black) (installed)
Sheet rock: 3 sheets
4'x8' @ $3.52 ea

Insulation: Sides agd Bottom,

244 ft.
installed
top, 72 ft.2 @ $.25/
ft

@ $1.30/f£t.2

Controls: 1-Thermostat

Installation: Installation of Blocks

& Gravel **
1 driver with truck

plus 2 laborers
1 hr. @ $62/hr.

Total Cost

*

k% -

All lébor includes overhead & profit, ﬁaterials are delivered prices.

Assumes crew on site for other work.
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Cost ($) Total ($)
" Breakdown for Element
90
555
69
11
11
25 116
40
24
11
327
18 335
35
62
1268



Z1-¢

Cost (103 Dollars)

~

—
E-3

—
N

-
(=]

! | R | I L L L. L

.- 2 3 4 5 - . @ 7 8 9 10

Storage Capacity (106 Btu)
Based on:

e 1100 Btu/ft3
® Temperature range: 85°F—140°F

- FIGURE5—4 ROCKBED STORAGE COSTS



5.2.4 Pressurized Hot Water Storage.for Solar Space Cooling (Code #B4)

" The Megatherm pressurized hot water storage system was selected as the
baseline storage system for applications utilizing stored solar energy
to run absorption air conditioners for space cooling. The Megatherm
system as shown in Figure 5-5 consists of a large steel tank equipped-
with two heat exchangers. The heat exchanger positioned near the bottom
of the tank inputs energy from the solar collector. The temperature on
the input side is 300°F." The top heat exchanger inputs energy to the
absorption air conditioner as required at a temperature of 200°F. The
output heat exchanger is equipped with a tempering valve,which mixes
outgoing hot water with incoming cool water to maintain a constant tem-—
perature on the outlet side. This system is suitably insulated for
temperatures of this size and is surrounded" "by a sheet metal enclosure.
Control of the input is done by a pressure switch,which mechanically
senses the pressure in the tank and shuts off the input when the temper-
ature as 1nd1cated by the pressure switch reaches a predetermined level.

Cost estimates were obtained from Megatherm for three d1fferent system
sizes. The system shown in Figure 5-5 is sized for a residential cool-

: ing'appl;catlon. Two other systems: -one sized for a small apartment
building -and the other sized for a large apartment building were also
costed. The specifications and costs .for these systems are shown in
Table 5-5.. A graph relating the cost of this solar energy storage system
utilizing pressurized hot water versus capacity is shown in Figure 5-6.
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Tempering Valve

) Load

"

Pressure Switch

Heat Exchanger . . . .

ASME Steel Pressure Tank -
575 Gallons
48" Dia. x 6’

@

= ,' >
_l
Input | g _lnzsau(l)%til:on .
f’ ‘ ' , - 10072
1 1 ‘L\
_ \ S
L \
/777 Va4
® Residence ' )
® Storage Capacity: 250,000 Btu
® Discharge Rate: 50,000 Btu/hr
® Solar Space Cooling (Diurnal) '

FIGURE 6-5 BASELINE SOLAR COOLING
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Size

Storage Capacity Input/Output - Input/Outpﬁt

12,465 each

TABLE 5-5

MEGATHERM COSTS ‘FOR PRESSURIZED HOT WATER

STORAGE FOR SOLAR SPACE COOLING

NOTE: Add 10% to cost shown to allow for transportation
. and inSCallationf

5-15

52,0000

(Gallons) (Btu) Rate (Btu/hr) Temperature (°F) Cost’ $/l06-BtU'
575 250,000 . 50,000 300/200 h 5,400 21,600
2,233 1x10° 200,000 300/200 10,900 - 10,900
. Two Tanks @ 12 X 106 2.4 X 0% 300/200 4,300



91-5

. Cost (103 Dollars)

[ _ . ]

5 . R T
- Storage Capacity (106 Btu)

Nate: - Add 10% to cost shown to allew for t-ansportation and installation.

FIGURE 5—-6 COST OF MEGATHERM SYSTEM VS SIZE FOR USE WITH :
SOLAH INPUTS FOR ABSORPTION AlR—CONDlTlONING



‘5.2.5 Solar Heating and Cooling System for Diurnal and Seasonal
Storage Applications (Code #B5)

.The system used as the baseline for this .application is shown schemat-
ically in Figure 5-7. The basic storage element is a large tank con-

taining water. The type of tank chosen and the place where it is in-

stalled, depend on the type of application. The following tank types

and locations were used in this sstudy: :

e residential diurnal - unpressurized stell tank'located
indoors; '

. ® commercial d1urna1 - unpressurlzed steel tank _located
outdoors; :

e residential season - unpressurized.steel tankfbnfied‘
e commercial seasonal - prestressed concrete tank 1ocated
above ground. i g

For the seasonal storage application, a cylindrical polyethylene liner
was used to separate theé hot storage for solar air conditioning from

the warm storage used for space heating and water heating. This would

be fabricated as a large cylinder, which could be suspended from the
inner walls of the outer container. It was assumed that this ‘separator
would be partially fabricated in a factory from 5-foot wide, continuously
extruded polyethylene sheets. Final assembly at the sitewould involve .
snapping tougether the final seam te make a cylinder and. suspendlng 1t
from the walls of the outer tank.

For the ditirnal StorageAabplicatipn, the tank was sized based on the
requiremerit for cooling, using 25° temperature differential from 205°

to 180°F. For the seasonal storage case, the model described in Chapter
6 was used to estimate-the amount of storage required. 1In this case ‘the
inner container was assumed to cycle between 180° and 200°F and the

outer container from 200°F to ambient :temperature. The tank is insulated
in the seasonal case to achieve an average standby loss of less than 2
Btu/hr/ft2 using.5 inches of polyurethane foam. In the diurnal storage

~ case, standard fiberglass insulation was wused. For outdoor installations
- a waterprodf cementitious coating was assumed. ‘ : ’

The hot water supplied by the storage system is used either to provide :
space and water heating directly, or to drive anmn Arkla absorption air
conditioner. Cooling was provided to the Arkla unit by :a conventional
cooling ‘tower.

The system configured in this way provides performance equivalent to that
of the chemical heat pump systems analyzed in earlier sections. The : ‘
details of the elements chosen for estimating the cost of specific sys-
tems, which can be compared directly with chemical heat pump systems, are
shown in Tables 5-6 through 5-11.
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8T1-¢

Domestic e} ) _M
H_ot Water Water

T =70°F

. | o
S \ Twinter -_100°F
, . (/_‘ : « Tsummer = %5°F

T=45% —»| |a—T=55°F

(il

Storage . : o .
. | . {unpres- - e L
B surized) % | : . \
| — : g e " Cooling Tower -
' A

Far Seasonal Storage, a ; : Arkla Absorption ' -
Cancentric Polyethylene VAir Conditioner
Cylinder is Used to Separ- ’

ate Two Zones. The Outer

Zone is Maintained Between

Ambient and 200°F and the

Inner Zone Eetween 180

and 200°F.

FIGURE5-7 BASELINE SYSTEM FGR COMPARISON WITH CHEMICAL HEAT PUMPS



Storage Medium:

Container

Insulation

Installation

Residential HVAC'System'éost

*Used for sizing tank.

Water

)

207 ft2

v16607ga110h steel tank,
unpressurized = -
. Téemperature differentials’

~ summer: 205-180°F*

- winter: 130-100°F-
Installed indoors:@ . -
Lining. 207 ft2 at '$2. SO/ft2
Jacket 207 fe2

at '$0.27/£¢2
Foundation

Labor 2 men/crane
4 hours at $100/hr.

Subﬁotai.

_Totai

TABLE 5-6 RESIDENTIAL SIZED DIURNAL SOLAR SPACE
- HEATING AND’COOLING - BASELINE COSTS..
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at $10. 37/ft2

| Cost ($)

0

1340

570
80

60

200
400
10,160

12,760



- Tanks i - 2 tanks installed outdoors
- Temperature differentials¥*
® summer ~ 205-180°F**
e winter - 130-100°F
- Capacity.16,700 gallons each
- Cost - (total) : : : :
- @ Tanks (steel, unpressurized) . - 12,970

e Insulation at $1. 85/ft2 o 3,840

® ZRC coating at $2. 50/ft2 N 5,180

¢ Installation : . 4,000

Subtotal - 25,990

Commercial HVAC System Costs 51,590
- Total $77,580

*These are working tank temperature differentials. 'Assuming a well
stratified storage tank and temperature drops of 30°F through the
heating system and 25°F through the chiller, inlet temperatures to

. the collector will average below 100°F in the winter:and 200°F in
the summer,

**Summer differential used for sizing tank.

TABLE 5-7 .COMMERCIAL SIZE DIURNAL SOLAR SPACE HEATING
' AND COOLING - BASELINE COSTS
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Storage Container

~ Tank (36,900.gallons) o A 13,400
® Unpressurized steel ’
® Buried

Tank Installation - , - 3,000
Polyethylene Separatlon ‘Sleeve ' _
@ Material 650 ft2 x 1/8" at $1/1b ' ‘ 430
e Factory assembly . © 250
° Transportatlon : R ) 50
@ Site erection - s o 140
Insulation (1595 ftz) o 5,700

e 5 inch urethane
e Cementitious coating

o $3.56/ft2
ZRC Coating (Rust Proof) 3,330
27, 2
@ 1330 ft4 at $2.50/ft" .
Subtotal = 26,300
Residential Sized HVAC System (Arkla) = - 10,400
e 3 tons cooling plus cooling tower S o
® Pumps, blower, heat exchanger
piping, controls, and installation
Total © $36,500

TABLE 5-8 RESIDENTIAL SIZE SEASONAL STORAGE SOLAR SPACE
HEATING AND COOLING - BASELINE SYSTEM COST
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Storage Container

'Tank (342,000 gallons)
- @ Prestressed concrete
d-AInstalled

Polyethylene Separation Sleeve

@ Material: 2400 ft2 x 1/8" at $1/lb

e Factory assembly
e Transportation .
@ Site Erection (crane plus crew)

Insulation (5831 £t2)
e 5 inch urethane
e -Cementitious coating
e §3. 56/ft2

‘ Waterproofing at $0.57/ft2

Subtotal

Commercial Sized HVAC System (Arkla) '
@ 50 tons cooling plus cooling tower
@ Pumpe, blower, heat cxchanger, piping
‘controles; and installation

Total

© 145,000

1,600
500

. 200
1,000

21,300

3,400

173,000

51,600

. 224,600

TABLE 5 9 COMMERCIAL SIZE QFAQONAT STORAGE 'SOLAR SPACE
HEATING AND COOLING — BASELINE SYSTEM COST.
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Arkla Absorption Cooler Model WF36 - - . S 3,300

Cooling féwer:(lolton) o '1,250
Heat Exéhénéers 350 ft2 (fiﬁned tube)- | : 365
Piping . .~ ' ' - . v':'?‘T. 204
- Blower (2 speed: 2212 - 1536 CFM) | . . . _.952
Pumpé (3).1i, 12, and 7.2 gpm e 874
Céntrols‘ - A ‘ _ o "f’j ';‘  At_.tl,O6Q.
Installation | . 2,151
10,156

TABLE 5-10. BASELINE COSTS FOR RESIDENTTAL SOLAR
~ 'HVAC SYSTEM I
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Commefcial HVAC System Costs

- Arkla Absorption CoblérI(ZS ton,unitsy N $29,§60
Cooling Tower | ' ' : i : .: .5;000'
Hgat Exphangers 6767 ftz, finned tube L A 3,340
Piping' o | ' '  - '1;35Q
Blower 2‘$peed (36;870 - 30;720 cfﬁ)_ o 3,520
Pumps 2 at 180 gmp $1168. | .; - 1,650

1 at 120 gmp $480

Conttols . o . '4’ . 1,580

Installation - » . o 5,750
51,590

TABLE 5-11 - BASELINE COSTS FOR COMMERCIAL SOLAR HVAC
. SYSTEM : '
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5.2.6 Storage of Off-peak Electric Energy for gydronic Spaee Heating (Code #B6)

_A pressurized water system was chosen as the Baseline for this case. A
typical unit is shown in Figure 5-8. This unit is based on Megatherm’
storage heaters. It uses an electric heater positioned near the bottom
of the tank to charge the system and a 'water-to-water heat exchanger near
the top of the tank to extract energy. The extraction side is fitted
with a tempering valve to maintain a uniform. outlet temperature. The
temperature from the system is regulated to provide water at a minimum
value of 100°F. The temperature. in the tank reaches. ‘a maximum of 280°F
and is controlled with a. pressure switch,which is’ adjusted so that it
shuts the system off at- 280 F.

Cost estimates obtained from Megatherm for this system are shown in
Table 5-12. A range of values was costed and, ‘using the data provided,

a curve relatlng cost to size was developed This is shown in Figure
5-9. ' :
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QOutput z . : LR S ] - . o
. . ~Pressure Switch L . _Heat Exchanger

Insulation
T = 300°F

Tempering Valve ——— gl

-Electric Power |

TN a—
‘ 777 \\\\_ o T77
. ' ‘ Electric Heater

ASME Pressu ré
Vessel

Assumptions

® Temperature Range: 280 — 120°F

® Minimum Temperature Difference Across Heat
Exchanger is 20°F

® Minimum Output Temperature is 100°F

FIGURE 5-8 MEGATHERM OFF-PEAK ELECTRIC SPACE HEATER FOR

HYDRONIC APPLICATIONS
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Lz-s"

Cost(103 Dollars)
N
=3

T

-
©
|

' l

Storage Capacity (106 Btu) ‘

'the-: - Add 10% to cost shown to allowr f6r transportation and insta[lation.

FIGURE 5—9 COST OF MEGAL HERM OFFPEAK STORAGE SYSTEM VS. SIZE
FOR HYDRONIC SPACE HEATING . A



- Minimum

HEATING USING HYDRONIC SYSTEM (MEGATHERM)

NOTE: Add 10% to cost shown to allow for transportation
~and’ installation.

5-28

o Storage ] - Output
Size Capacity  Input Rate Output Rate Temperature Cost
“(Gallons) - (Btu) - ° (kw) (Btu/hr) °F (%)
363 400,000 17 50,000 100 5,000
853. . 1 x 10° 43 1.25 X 10° 100 7,400
6,764 8 x 10° 320 - 1x10® 100 22,000
TABLE 5-12 (COST OF PRESSURIZED WATER STORAGE FOR OFF-PEAK ELECTRIC



'5.2.7 -Of f-peak Storage of Eleétricity'for Forcédeir,Space Heafing-(ccde #B7)

The 'baseline system used in this case is based on the units sold by TPI
Corporation.: - This -unit is a modification of the Creda unit which is
manufactured in England. A schematic showing the important features

of this sytém is shown in Figure 5-10. The system utilizes ceramic
bricks:.cast in a special shape that makes air passéges and provides holes
for heating elements and temperature controllers when the bricks are-
stacked up. For a storage capacity of 400,000 Btu's, approximately

1400 pounds of bricks are required. These bricks are cycled through a.
temperature range of approximately 200°F to 1380°F " The system is equipped
~with a double motor-operated bypass damper,which in initial operation

is set so that the air blown through the unlt_passes straight through
~without going through the hot bricks. A temperature controller on the-
outlet side senses the air temperature and slowly opens the bypass damper
"letting a small amount of air pass through the bricks. This air ‘then
rejoins the main air stream and heats it to the desired outlet temper-
ature of 140 F. As the unit is discharged, the bypass dampers open

more .and more, passing more air through the bricks and less through

the straight paths. This varying air path provides a constant outlet
temperature,:  Also shown in the figuré is a estimate of the installed

- cost of a'sYstem based on the price to the installer quoted by TPI.
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Air Passages Formed in Bricks

/ \ ' : Insulation
7 X : : // T = 1450°F
. Bricks ' I T ’ »
® 14001b "~ I I I l | ' I B . Resistance Heaters
® 16 Ib/Brick i O O O O O‘ | O 7 in Bricks in Preformed

I .
\ ’ | . | . . I Grooves
| | I R B / o

T

, — T, = 140°F
. ’ Minimum
\ Motor Operated
Blower K ) By-Pass Damper
1100 cfm '
® Residence
~ @ Storage Capacity: 400,000 Btu
® Discharge Rate: 85,000 Btu/hr
® Off-Peak Elertric Heating (Diuriial)
® Cost: - .
' To Installer ’ $800
To Customer - $960°
Installation (4 hr @ $20/hr) $ 80
_Shippiny . $ 50

Total $1090

FIGURE 5-;1.0 REPRESENTATIVE CERAMIC BRICK HEAT STORAGE UNIT FOR
OFF-PEAK RESIDENTIAL SPACE HEATING ' .
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5. 2 8 Off-peak Coolness - Storage: Us1ng Ice for Re31dent1a1 Space Coollng(Code #38)

jThe system plcked as the baseline.is based on a unit currently be1ng
~developed by A. 0..Smith Corporation. This unit, shown schematically
in Flgure 5-11', utilizes a standard. unpressurlzed lined steel tank con--
tainlng ‘a’ large copper c011 which is connected to the air conditioning .
compressor. In order .to charge this sytem, the coil is used as.an
evaporator and the  compressor runs to build up ice on thé coil.  An ice
bank control made by Ranco senses the thickness of the ice and shuts off
the system when the unit is fully charged. . In the fully charged state,
there is still a certain percentage of water surrounding the ice. 1In
‘order to discharge. this system, a circulating pump takes the chilled .
water which is -in contact with the ice and circulates it through a coil.
mounted in the cooling duct. This provides a constant 32°F temperature
to the ‘air conditioning duct. Cost estimates for this system are given
in-Table 5-13. : R ‘ - .
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Compressor

Yy

T=2. .

A Load

300 Gallon Unpressurized,
Lined Steel Tank

loe Bank Control

3/8" Dia. x 488’
Copper Tubing

' Je—— |nsulation
Area =.68 ft
T =32

2

. 6gpm

Residence . R
Storage Capacity: - 250,000 Btu

" Delivery Rate: 35,000 Btu/hr.
Off-Peak Electric Cooling (Diurnal)

FIGURES—11  RESIDENTIALSIZED OFF-PEAK SPACE COOLING STORAGE
.- USING ICE L
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. 'TABLE 5-13

_COST. OF RESIDENTIAL SIZED. OFF-PEAK COOLNESS.
_ STORAGE USING ICE e

COST $
Storage Medlum - N P ) . o
(Ice) .0
Contalner ) : .
300. gallon 1ined tank ungressur;zedf o _ 880
Jacket 68 £t2 - @ $ 37/ft ' S 25
Insulation S . o _
68 ft2 @ 12/ft2 -

"'Heat Exchanger" :
" Materials 3/8" tubing X 488' copper

Coe $.14/ft . 1.
"Labor .5 hr @ $30/hr T co- 15
Piping- 10'X1/2" copper @.S. 42/ft IR 4
':Clrculatlng “Pump 6 gpm ':'; E 70
Control o f h o ' h
vIce Bank Control Lo o 20
f‘Total (Components) 'Afv - A o " e 1090
»i'Installation 3 hrs. @ $20 o
n”Shlpping ' 05/ of materials ' . o 55
Total "~ 7 1205
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5.2.9 fo:peaﬁElectric Coolness Storage Using Chilled Wafer for Small .-
Apartment Buildings (Code #B9)

The system chosen in this case utilizes a buried tank to store chilled -
~water for space cooling (Figure 5-12). The tank was sized assuming that
the water could usefully cycle through a temperature rarige of 38-50°.
Since this was a diurnal application, an insulation with a R factor of &4
was used. This insulation was assumed to be coated with a cementitious
"~ covering and water proofed. 80,000 gallons are required for this appli-

cation. The tank is quite similar to that used for space heating using
seasonal hydronic storage except that the insulation value is smaller due

to the diurnallapplication. Cost estimates for.the installed tanks are
given in Table 5-14. ' '

During this analysis, a comparison was made between using chilled water
storage and ice storage for larger appl1catlons because the size of the -
ice tank required would be significantly smaller than that required for
" chilled water. The calculations indicated that a tank size of 10,000
gallons would be adequate for ice storage based on a storage capacity of
- 6,000 Btu/cubic foot of storage capacity, while 80,000 gallons would be
requlred using chilled water. The installed cost of the storage modules
for the two systems differs by a factor of six, with the. ch111ed water
system costing approximately $42, 000 and the ice systemn, also based on
a buried tank, costing approximately $8,000. However, data on the cost
of the compressors and ice-making heat pump required to charge these
systems at a charglng rate of 750,000 Btu/hr indicated that the chilled
water equipment was much less. expensive than the ice-maklng equlpment.
Data from Turbo Refrigeration for an ice-making unit sized to th1s
specification gave a cost of $55,000 for: the. cooling equipment, while
a Carrier quote for the same size installation based upon chilled water
indicated an equipment cost of $16,000. Thus, the total installed cost
for the chilled water system ($58, 000) would be .slightly less than that
‘for the ice-making system. It is possible for larger installations that
this trend would be reversed ($63,000). In addition, the ice-making -
equipment is still in the developmental stages, whereas the standard
chilled-water compressors have been used for a long time. Therefore,
it is possible that the slight cost advantage of the chllled water sys-
tem will be lost in the future. o :
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_ Ground Level ‘

R4 Urethane

Cementious Cnatihg. .

Waterproofing
Area = 2111 ft2

‘FIGURE 5-12

“ . Insulation. —— L

- 80,000 Gallons

28’ Dia. x 17’ ngh

. Atmospheric Pressure
Lined

Asumptlon .

A4 Useful Temperature Range 38 50 F

Small Apartment Burldmg
“Storage Capacity: 8 x 10"Btu
Discharge Rate: 1 x 106 Btu/hr
Off-Peak Cooling (Diurnal)

OFF-PEAK CHILLED WATER COOLING STORAGE FOR SMALL

"APARTMENT BUILDINGS USING A BURIED TANK
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Cost (%)

CONTAINER:

e Steel unpressurized tank ~:' ' o . 28,100
e 17 ft high X 28 ft dlameter : .
e 80,000 gallons

2

. -Llning e $2 50/t for 2,111 £ 5,280

INSULATION: . -

Urethane R=4

Cementitious coating

Waterproofing : :

Sides and top 2,111 ft @ $1 67 . B - 3,530

INSTALLATION: - S o S o 5,100

o anluding excavation and back fllling assuming
no blasting necessary

TOTAL: - S . 42,010

TABLF. 5-14- ~ COST OF DIURNAL COOLNESS STORAGE FUK UFF-
: ' . PEAK ELECTRICITY FOR SMALL APARTMENT
- BUILDINGS. USING CHILLED WATER ~

5-36



CHAPTER 6

S EFFECTS OF STORAGE TEMPERATURES ON HARDWARE AND
OPERATING. COSTS OF ELEMENTS OUTSIDE THERMAL STORAGE MODULE

_6.l;vIntroduction

' The primary analysis done during this. program has concentrated on the
cost of the thermal energy storage module itself. Actually, however,
some hardware costs and operating costs are affected by characteristics
of  the thermal energy storage system. Three specific cases are treated
in this study: . ' '

@ Effect of .high storage temperatures on collector cost: For
. solar systems the storage temperature affects the cost of the
collectors required. due to the reduced solar collector effi-
-clency translates to.a requirement for a larger solar collector:
- area and higher priced collectors. This is a hardware cost.
It does not relate to. operating characteristics of the system
once the 1n1t1a1 hardware has been purchased.

® Effect.of low storage temperatures on compressor costs: - Low
temperature storage devices fort storing-  coolness using off-
peak electricity .cost more to operate when the storage temper-.
ature is lower due to the reduced‘air conditioner$efficiency.f~

o‘,Ettect of chemlcal heat pump C.0.P. and collector temperaturev
on storage size and collector area. .

‘In this chapter the first two areas are considered and an analysis pre-
sented for evaluatlng the effect of these differences on the cost of
the total storage system 1nclud1ng input and output characteristics.
Chapter 7 deals specifically with the third area for chemical heat
pumps. »



6.2 Effect of Solar Temperature on Solar Collector Costs

In order to estimate the solar collector costs for -storage temperatures,
we first developed a relationship between the collector cost per’
million/Btu's per year collected versus storage temperature averaged .

in such a way as to provide an estimate of the cost differential for

an average U.S. installation on a relative basis. Clearly in some
climates and applications the actual impact on costs will be less, while
in others it will be. greater depending on the actual climatic variations.
This analysis. was carried out utilizing an ADL computer simulation which
‘generates annual collector efficiencies u31ng actual weather tapes for
d1fferent areas in the country.

For this analysis three different collector types were utilized.

Figure 6-1 shows the instantaneous efficiency curves for these three
collectors. . The babellne, two pane, flat black collector is representa-
tive oftoday s low-~temperature  collectors. The one pane, selectlve,
evacuated collector is a collector which is not actually marketed today.
Its characteristics, however, match closely those of the Corning
evacuated tube collector. It isyin effect, a continuous model -of an -
evacuated tube collector which has discrete tubes. .A third collector,
the concentrating collector, is based on Suntec's SLATS collector. Using
these collector efficiency curves, the ADL computer simulation was run
for Albuquerque and Boston for the months of December and June and
different outlet temperatures and average collector efficiencies on a
monthly basis were obtained. Thesé results are.plotted in Figure 6-2.

It can be seen that the data for the different months fall on approx1mately
the same line. We,therefore, assumed that these curves for the two
months shown are representative of the other months of the year. In
order to simplify the analysis, the curves for Boston and Albuquerque
were averaged. producing a.single curve. The average annual insolation

on a surface at an ‘angle equal to the latitude is 750,000 Btu's per year
per square foot for Albuquerque and 500, 000 Btu's per square foot per year
for Boston. We therefore used an average insolation.figure of 625,000
Btu's per .square foot per year to match the averaged collector curves
obtained from Figure.6-2. These average curves are shown in Figure 6-3.
Finally, using a price of $10./square foot for the baseline collector

and $20 per square foot for the evacuated and concentrating collectors we
obtained the curves shown in Figure 6-4,which relate the cost to collect
one million Btu's per year to the storage temperature. We then used

this curve to estimate the cost of a collector system for different
storage systems requiring different storage temperatures.
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Efficiency

Monthly Collection Efficiencyi

60

40

- 20

FIGURE 6—2 | MONTHLY COLLECTOR EFFICIENCIES FROM ADL COMPUTER SIMULATION

1.0

Concentrating

04 | Evacuated —————
Baseline
] - Flat Plate
02 |
1 . 1 : ! 1 i
0 05 " 1.0 15 20
AT °F
S Btu/hr ft2 .
FIGURE 6-—1 INSTANTANE'OUS COLLECTOR EFFICIENCIES
— : : : - .
\ . ' ' ——-—— Baseline Flat Plate
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Table 6-1 summarizes the collector costs for solar input systems other
than chemical heat pumps which were costed. The first section contains
residential sized storage systems. In general, the cost for solar col-
lectors, except for the University of Delaware, are all equal to or:
greater than the baseline case. As these storage systems all had ini-
tial costs (except for the University of Delaware) greater than the
cost of the baseline system, the solar collector costs tend to increase
the cost differential. 1In addition, the collector costs are four to '
ten times greater than the cost of the baseline system. Thus, this
differential solar collector cost in many cases overwhelms any smaller
differences in costs between the storage systems themselves.

The other group of storage systems includes only the Monsanto System
for storing high temperature heat for absorption air conditioners. 1In
this case the baseline collector and the Monsanto collector costs are
the same so that the original comparison of cost is unaffected by the

collector cost. . ' ’ 4

It should be noted that these numbers were based on average values and
may unfairly penalize applications in areas where the ’annual collector
efficiency is higher than the average. However, the general trend of
cost increases due to the use of higher collection temperatures will

" ‘apply regardless of the collector efficiency used and, because of the
magnitude of the cost differencés, even a substantial improvement in
average collector efficiency would still involve a substantial collector
cost penalty for the higher temperature storage systems.
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" TABLE 6-1

.+ COLLECTOR COSTS FOR ADVANCED TES TECHNOLOGIES.IN REFERENCE APPLICATIONS
'CODE # ~CONTRACTOR .  TEMP(°F)  STORAGE | . $/10%tu/yr COLLECTOR |
\ : , S CAPACITY (Btu) ' @ STORAGE TEMP. -COST* ($)

Residentidl Sized Systems for Space Heating

B Baseline 160 400,000  s1. 8320
11 pow 10 o . 59 S g0
12 Clemson wo v 57 oo 8320
13 vetpn 110 o Y | 6130

Residential Sized Systems for Spéce Cooligg
‘B Baseline 300 250,000 (Hot side) . - 75 - . 5475

14 . Monsanto 285 A " o L 73 | 5329

* To fill storage in one day if'daily'collection equal to annual rate —+ 365~déys.



6.3 Effect of External Costs on Coolness Storage for Off-Peak Use

The baseline system for coolness storage of off-peak electricity utilizes
ice melting at 32°F, while the advanced system proposed utilizes an
immiscible fluid system which has a melting point of 43°F. - This
differential in melting point has two different influences on the

cost external to the storage module. First, there is an initial
hardware cost differential,which results from the requirement for a
compressor with a higher horse power rating to deliver the same cooling
capability and second there is an off-setting cost:advantage to the

ice system since it can use a smaller heat exchanger in the cooling duct
due to its 1lower storage temperature. Utilizing the procedure for '
estimating heat exchanger cost, described in Appendix B, we projected -

a cost differential of $42 dollars for the system costed during this
program. For a compressor sized to meet these requirements, we

estimate that the cost differential for the compressor operating at the
-colder temperatures will be about $200. . This gives a net differential
in favor of the Franklin Institute System of ‘$150. in hardware costs.

In addition to this differential, there will be -an on-going cost savings
resulting from the use of the warmer storage temperature. This can be
estimated as follows. Figure 6-5 presents a curve relating EER to
evaporator temperature for the Westinghouse PDO5A model compressors.

We have used this model as the basis for operating cost comparisons.

The suction temperature (Freon temperature in the evaporator) for the

ice storage is approximately 20°F while the suction temperature for the
Franklin Institute case is estimated to be 35°F with an 8° differential
between the suction temperature and the melting temperature of  the storage
material. From the curve for the Westinghouse model shown,’ the EER 1s 8.5
for the lower suction temperature and 10.6 for the higher temperature.
This is equivalent to an operating difference of 8.6 watts input. In
order to estimate the value of this energy input differential, we have
used data from ORNL*, which projects energy use for central air
conditioners. This data projects a value of 4, 390 kilowatt hours per

year usage for an average residential air conditioner in the year 1985.
Since the 45° operating temperature for the Franklin Institute System

is representative of a typical compressor system. without storage, its
hourly consumption can be used to calculate operating time of 1330

hours per year. This gives a kilowatt hour/year differential of

1,085. Using a cost for electricity of 4¢ per kilowatt hour gives a _
cost savings of approximately $43. a year.  Based on the cost differential
between the two systems as summarized in Table 6.2, this operating savings
will yield a payback period for the additional costs of the energy
conserving Franklin Institute module of 4 years. This is a reasonable
value to promote commercialization of the system and future cost reductions
could make the design even more attractive.

* Eric Hirst, Oak Ridge National Laboratory, personal communication,
1978. ' 4
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CPERATING AND INITIAL COST

TABLE 6-2

- DIFFERENTIALS FOR COMPLETE OFF-PEAK COOLNESS STORAGE SYSTEMS

Cost 6f .
" Storage ($) Eardware Total : Years to Pay
Module Lifferential ($) Differential ($) Back @ $42/vyr
Baseline 1170 - -
Franklin Institute. 1487 - =150 ~ +167 4




CHAPTER 7

CHEMICAL HEAT PUMP ANALYSIS

7.1 Introduction

In order to provide a valid basis for comparing the cost of a chemical

heat pump system with an equivalent baseline system, an analysis was

carried out to determine the charécterlstics of a baseline and chemical

heat pump system that would meet the’ same design requirements. Both
systems were designed to handle heating] cooling, and water heating loads.
for a residential and commercial case. In one case, diurnal storage systems,
which would be capable of meeting 50% of the system loads using solar inputs,
were used. In the second case, a 1007 seasonal storage system capable of
"meeting all system loads with solar inputs was used. The analysis consid-
ered 3 different geographic areds represented by Boston, Albuquerque, and
Forth Worth. The following sections describe .in more detail the approach,
the basis for the various assumptions, and the results.

7.2 Diurnal Storage Case

7.2.1 Déscription‘of Baseline System

The baseline system consisted of an atmospheric water storage system used
to provide hot water and space heating directly.-and an absorption air
conditioning unit driven by the hot water to provide space cooling. The
characteristics of the Arkla unit used are shown in Figure 7-1. An average
cooling COP of 0.7 was ‘used in the analysis. . It was'assumed that the tank
was insulated sutticiently so that standby lusses wete uegllglble The
system is shown schematically in Figure 7-2. :

In the analysis of the diurnal storage case since a relatively small
volume of water was used, it was assumed that the mean collector tempera-
ture was 100°F in" the winter and 200°F in the summer. These temperatures
were utilized with the collector performance curves shown in Section 7.4
to obtain the month input for the different geographic regions. 1In
practice the thermal storage system will cycle thréugh a temperature
‘range and the water returning from the heating or cooling system will
* be at a temperature 25-30°F below the peak storage temperature. Main-
taining stratified storage and pumping cooler water from the bottom of
the storage tank to the collector, results in mean collector temperatures
- equal to or less than these valves. The approach used to obtain the
collector area required for a 50% solar system is shown in Table 7-1.

7.2.2 Description of Chemical Heat Pump'System

' The Rocket Research sulphuric acid storage system was used as the basis
for the analysis of chemical heat pumps. The system used is shown
schematically in Figure 7-3. During operation the system is charged by
boiling sulphuric acid to increase its concentration. - Space and water
heating are accomplished either by the heat rejected during charging

or by discharging. : '
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3-Ton Capacity
75°F :
o e —
- 80°F
. ~
L7
) g ~ 1 ' 1
170 180 190

200
Inlet Temp (°F) '

FIGURE7-1 PERFORMANCE OF ARKLA UNIT MODEL #WF36
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”AFor each-cit§:
® Assume collector area.
o ‘Assuming coollng C.0.P. of 0. 7 calculate total.monthly

1oads from Sectlon 7.4.

. Us1ng collector eff1c1enc1es and insolation data- from
Section 7.4, calculate annual eriergy collected fot.
mean collector temperatures of '

~ Boston: June through September . = 200°F
: . . October through May - ~~ 100°F
-Albuquerque: May through September..~ ZOOQFl.
: - October through April 100°F:
Fort Worth: ~ March through November - 200°F

December through February. 100°F
. Calculate percent of load met by solar..

e Repeat using different area to find-percent of
load met by solar as a function of area.

o -Estimate area required for 50% salar Sysfpmt

TABLE 7—1 SUMMARY OF METHODOLOGY FOR ESTIMATING .
DIURNAL PERFORMANCE OF WATER STORAGE SYSTEM
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The percent of collected energy which goes to the condenser varies with
state of charge.- In the analysis of the diurnal storage case, we have
used a mean value of .45 as suggested by Rocket Research.

The charging temperature .also varies with state of charge. For the diurnal
case, mean temperatures of 200°F and 300°F were used to bound the probable
range of temperatures. -

As in the water storage case, an estimate was made of the collector area
required to meet different percentages of the residential load with solar

for each city. The approach used is shown in Table 7-2.

7.2.3 Results for Diurnal Storage Case

Using the method described above, percent solar was estimated for several
areas. The results are shown in Figure 7-4 and Table 7-3. In some cases .
at the 200°F mean temperature, the chemical heat pump system requires

less collector area. However, the differences are not significant when
compared to the cost of the storage module. At‘high.temperatures, the
direct solar system requires less collector area due to the reduced
collector efficiencies. ’ ) )

For the commercial case, similar results would occur. Although the cooling
load is a higher percentage of the total load than the residential case,
the poorer cooling COP of the CHP systcem will offset any gain from the
slightly reduced collector efficiency of the water storageé system.

7.3 Seasonal Storage Case

7.3.1 Description of Baseline System

For the seasonal storage system two tanks were assumed. One tank was

" maintained between a temperature of 180 and 200°F and the other tank
was maintained at a temperature of less than 200°F. The hot tank was
used for providing cooling. Space heating and water heating were taken
from either tank depending on the appropriate temperatures. Two tanks
.were used in this case, because of the difficulty of raising a large
tank to the temperature required for air conditioning on a short-term
basis. It was assumed that the hot tank was positioned inside the
cooler tank so that standby losses were dependent only on the temperatures.
of the outside tank. The system was insulated to give a heat loss of
less than 2 Btu/hr/ft2 on an annual basis. This 1s achieved using 5
inches of urethane foam insulation. Again, cooling was accomﬁlishedhby
using an Arkla absortion unit with a COP of 0.7. The residential and
commercial loads and the collector.efficiencies used are.discussed in
Section 7.4.

* E. C. Clarket al., Sulfuric Acid and Water Chemical Heat Pump/Chemical
Energy Storage Program. Contract 18-495 B/Sandia Corporation 1978.



For each city:

® Assume collector area.

. ®. Use mean value of 55% of collected energy to storage
- and 45% to low temperature sink. :

® For each month assume as much as 1.45 times collected
energy can be used for space and water heating if
required.

e TFor each month assume as much as 0.45 times collected
energy can be used for cooling if required.

@ Calculate annual energy collected using monthly collector
efficiencies and insolation data from Section 7.4 and
mean collector temperatures of 200° F and 300°F to
bound probable range.

@ Calculate percent of load met by solar.

@ Repeat using dlfferent area to find percent of load met
as a function of area.

@ Estimate area required for 507% solar system.

TABLE 7-2 SUMMARY OF METHODOLOGY FOR ESTIMATING DIURNAL
PERFORMANCE OF CHEMICAL HEAT PUMP SYSTEM
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FIGURE 7-4 COLLECTOR AREA AS A FUNCTION OF PERCENT SOLAR
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, ) Area (ftz) for
Calculated % Solar '50% Solar from
P : Figure 7-6
Area Direct — Direct -CHP CHP
2 Solar - Solar T=300°F |T=200°F
(ft7) ) )
Boston 200 .54 . .40 ,
' . 185 - 270 185
300 .72 .51
Albuquerque AA100 ' .56 .48
. . 90 102 74
200 .92 1 .73 '
Fort Worth 100 .40 .37
- . . ' 125 158 115
200 .78 .56

TABLE 7-3 RESULTS. FOR RESIDENTIAL APPLICATION
' IISING DIURNAL STORAGE

" 7-9




The approach used to estimate required area and storage capacity is

shown in Figure 7-5 .  The methods begin by guessing collector area,
. storage volumes, and storage initial temperaturé for a starting month.

At least 1 weeKs storage for the worst cooling month is required. Next,
using the collector efficiency for the initial temperature, the energy
collected in the next month is calculated. The loads including standby
losses are subtracted from the collected energy and new temperatures are
calculated. These temperatures are used to estimate the collector efficiency
for the next month and the process above is repeated. All months are
treated in this way. Finally the initial temperatures are compared with

the final values and the temperature excursion of the two storage containers
during the year : is examined. If the temperatures are the same and the
‘water storage temperature has cycled between the limits given above, the
solution has been found. If not, new guesses are made and the process
repeated. - ’

7.3.2 Description of Chemical Heat -Pump System

The chemical heat pump system used is similar to that shown in Figure 7-3.

In the seasonal storage case, however, the system includes a heat exchanger
to recover some of the energy which would ordinarily be lost in the charg-
ing of the system, due to the fact that a large storage tank is used. In
addition, because of the requirement for meeting 100% of the loads, a

heat exchanger for heating hot water running directly off the solar collector
is utilized. THis also requires the use of a larger water storage tank

than would be used in the diurnal system. In order to carry out the analysis,
the characteristics of the chemical heat pump system were represented

by the curves shown in Figures 7-6 and 7-7 and the apprupriate value
selected for each month depending on the state of charge. These assumed

a minimum condensing temperature of 130°F to provide domestic hot water.

The method of solution is shown in Figure 7-8. An initial guess of the
" required storage, the collector area and the percent of charge on the

- first month is made. Then the program steps through on a month-by-month
basis using the percent of charge to obtain the collector temperature and
corresponding efficiency. A unique solution is found when the storage
unit cycles from zero to 100 percent charged and the fiual percent
charged is the same as the initial guess.

.7.3.3 Seasonal Storage Results

The two seasonal storage models described above were computerized and
solutions found - for the residential and commercial loads shown in

Section 7.4. The results are shown in Table 7-4. In all cases but. Boston-
residential, less collector area was required by the CHP system. Boston
water storage was better, because of the extremely poor collector per-
formance at elevated temperatures during the winter months when the
residential load (space heating) peaks. '

For the costing portion of this project "representative" values were ob-
tained by arithmetically averaging the three cities. These values are
also shown in Table 7-4.
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Inputs

Monthly space heating, cooling
and water heating loads

Cooling C.O.P.

Standby loss coetficient

Collector efficiency vs temperature
on mtf‘nlhlv basis

Start

Guess
® Collector Area’
® Storage Volumes
V, and vy
@ Initial Storage
Temps. T| and T2

Calcutate
T, <200 ves new T,

Computer

® Using 1’, catcutate
available solar for high
temperature storage

@ Subtract loads

—Yes — no

if al
excess to V,
is Tl < mn

ves

Excess to Vz

1

Using T.,, calcutate solar
avaﬁable 10 V2

Repeat for
next month

"—

® Subtract remaining loads trom Va

® Calculate new T,

Al
Konihs

no

Done
?

yés == STQOP

Comments

V| is high temperature storage
180°F € T, < 200°F; must meet
ot jeast 1 week of worst month
load T

V2 is low temperature storage
T, <200°F

Ambient (for losses) = 50°F
year round (buried tank}

Al coofing from Vv,

Space Heating from V2 unless
Ty < 110°F

Water heating from Vz uniess
T, <160°F .

Loads Include:

Space and water hcating if
Tz high enough

Losses

Finisher if:

Initial and final values of
T4 and T2 are equal

V‘ tempeiature cycled trtween
180 and 200°F

V2 temperature cycled to 200°F

FIGURE 7-5 FLOW CHART OF SEASONAL STORAGE ANALYSIS METHODOLOGY

FOR BASELINE CASE
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FIGURE7-6 FRACTION OF SOLAR ENERGY COl__LECTED
WHICH GOES TO STORAGE AS A FUNCTION
OF PERCENT OF STORAGE AVAILABLE
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Chemical Heat Pump/Chem/cal Energy Storage Program. Contract 18—-4958,
Sandia Corporation, 1978.

FIGURE 7—7 MEAN COLLECTOR TEMPERATURE AS A FUNCTION
OF PERCENT OF STORAGE AVAILABLE
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Inputs

Monthly Space Heating, Water
Heating and Cooling Loads
(Section 7.4)

Collector Efficiency vs.
Temperature (Mean) on Monthly
Basis (Section 7.4)

Mean Collector -Temperature vs.
Percent Storage Available
(See Figure 7.7)

Instantaneous COP vs. Percent
Storage Available (See Figure
7.6) :

Standby Loss as Percent of Energy
to Storage (10%)

Monthly Insolation (Section 7.4)

Program Steps Comments

Guess Total Storage Content Re-
quired (BTU's)

Guess Percent of Storagé Available
for Starting Month

Guess Collector Area

Calculate Collector Temperature e Assumes State of Change at
. ’ Beginning of Month Applies
for Whole Month
Calculate Collected Solar from
Corresponding Efficiency

If State of Charge is such that
Condensing Temperature is Less
than 150°F (Percent Charge Less
than 22) and the Heating Load

is Greater than Zero, take Water
Heater from Direct Solar

If Condensing Temperature is. e When H = 0 Assume it is Summer
Greater than 150°F or H = 0 and Water Heated While Supply-
use as much of Condenser Heat ing Air Conditioning

as Possible for Space and/or
Water Heating . ’ .

Take Balance plus Cooling Load

- from Storage

Calculate Percent Charge at End
of Month

Repeat for All Months

If Final % Charge Same as Initial
Guess

v

and

" Storage Cycled from.0 to 100%

Charged During Year Solution
Finished

otherwise

Make New Guesses and Repeat

FIGURE 7-8 CHEMICAL HEAT PUMP SEASONAL STORAGE ANALYSIS METHODOLOGY
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vl-L

Baseline:
Water Storage . Chemical Heat Pump
Storzge (ft3) )
Collector Collector C.0.P. Storage
Area (ftz) ~ Hot Warm Area (ftz) o (106 Btu)
Boston )
Residential _ 576 - 1,160 4,775 590 C1.14 - 9.05
Commercial 1 5,563 - | 22,100 . 23,500 3,910 ©1.56 36.00
Albuquerque } . v
Residential 257 |- 1,780 2,250 202 1.21 | 5.60
' Commercial 1 3,025 81,500 37,500 2,280 1.25 | 65.50
Fort Worth N : S
. Residential ' 365 2,620 2,170 334 | 0.90 9.00 -
Commercial 5,334 65,600 - 51,000 3,765 I 1.16 98.8
Value Used»in Costing
Residential L 400 ‘1,850 | 3,048 - 375 - | 8.0
Commercial ' 4,641 56,400 37,300 3,318 O R 65.0

TABLE 7—4z ESTIMAfES OF STORAGE SIZE AND COLLECTOR AREAS FOR BASELINE:-
AND CHEMICA® HEAT PUMP SEASONAL STORAGE SYSTEMS -




7.4 Description of Load Data Used

In order to estimate the performance of the two different types of storage
systems in. real applications it is necessary to make estimates of typical
residential and commercial loads for the three different regions. For

the residential .case, the space heating and cooling loads were estimated
assuming a heating load of 10,000 Btu's/°day and cooling loads of 15,000
Btu's/®°day for a typical residence. Using degree days heating and degree
days cooling data' from published references for Boston, Albuquerque and .
Fort Worth, typical heating and cooling loads were projected. - The water
heating load was calculated based on HUD recommendations for solar water
heating systems. These criteria are summarized in Table 7-5 and the actual
data is shown in Table 7-6 for the three cities considered.

Commercial loads were estimated by scaling the residential . load curves
to include proportionally higher air conditioning loads based on the
ratio of air conditioning and space heating loads to total loads for
typical residential and apartment buildings drawing on Arthur D. Little,
Inc., proprietary data. The water heating load was estimated at 20
times the residential use. This is consistent with the HUD* design
requirements for a 20-unit apartment building. The final load curves
used for this analysis are shown in Figures 7-9, 7-10, and 7-11.

In order to estimate the actual energy collected in these different regions,
a typical solar collector was selected and the collector efficiency
estimated as a function of collector temperature for different months for
the differenﬁ cities. The actual method used in making these estimates was
the ¢ method, which has been described by Klein.** The solar collector used was
an Owens Illinois Sunpac concentrating collector with characteristics shown
" in Figure 7-12. Utilizing this instantaneous collector efficiency curve .
and the solar incidence value shown in Table 7-6, the data shown in Figure
7-13 was obtained for the different cities. These were used to calculate
the total energy collected in any month during the analysis described’
above. **¥

* Sheet Metal and Air Cbﬁditioning Manufacturers' Association. Funda-
mentals of Solar Heating. Correspondence course prepared for the
Department of Energy under contract EG-77-C-0l1- 4038 Reprinted August
1978. :

*% Klein, S.A., "Calculation of Flat Plate Collector Utlllzablllty,
Solar Energy 21(5): 393~402, 1978.

dede : .
The ¢ method is most accurate when collector inlet temperatures are

reasonably constant. Wide swings about mean temperatures may, give
actual efficiency values which are lower than those shown. Therefore,
the seasonal estimates are more accurate than the diurnal.

7-15
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Residential (Single Family Dwelling)

® Heating ;
Heating Degree Days(l)/Ménth.x 10,000 Btu

: Degree Day
e Cooling

Cooling Degree_Days(z)/Monfh x 15,000 Btu
Degree Day

(3)

e Water Heating

70 gallops/day through 90°F rise

Commercial (20 Unit Apartment Building)
o Heating and Cooling
ADL Estimates based on proprietary data,

'® Water Heating

(3)

20 Tiies Reéidential Use

(1)

U.S. Department of Commerce, Environmental Sciences Service
Administration, Environmental Data Service. Climatic Atlas of
the United States. June 1968.

(2)

Conway Research, Inc., 1972 Site Selection Handbook, Vol. 2,
Industry Guide to Environmental Planning. Pages 231-284, 1972.

(3)

Sheet Metal and Air Conditioning Contractors' Association. Funda-
mentals of Solar Heating. Correspondence course prepared for the
Department of Energy under Contract EG-77-C-01-4038. . Reprinted
August 1978. :

TABLE 7-5 BASIS OF ESTIMATED. BUILDING LOADS
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TABLE 7-6 BOSTON CLIMATIC.& LOAD DATA (Residential)

~(4)

‘sotar ‘P | oecree @ | ppere® | mEarine® cooLing )
: . INCIDENCE ©DAYS . DAYS LOAD - | LOAD (COLD Btu)
- MONTH 103 Btu/thz _COOLING | . - COOLING 10° Btu 10% Btu
fan 23.74 | 1088 | = -0- '10.88 | -0~
Feb 27.69 - 972 o 9.72 b -o-
Mar . 37.16. 846 - ,8}46¢ - --o-
Apr 39.90 513 -0- ; '5.13 - -0-
Mey 45.27 208 6 - 2.08 | '.6.09A
un 46.72 | 36 ‘ 155 . 7 0.36 ©2.33
Jul 47.53 - -0- 20 | -0- " | 4.03
fug 44.21 9 . - 2711 | 0.09 ' 4.065
sep | 42.57 60 132 " 0.60 1.98
Y 137.66 316 15 RT 0.23
Nov. 22.88 603 1| 603 | o2
pec - 20.74 983" ~0- i 5.83'_ -0-
OTAL|  436.07- 5634 849 | 56.34 12,3

NOTES:

@

(3) ¢
(4)
(5
(6)

(l) Solaron Corporation Application Engineering Manual Edition No. 3,

October 1978, pp. 110. 23 110.64.

U.S. Department of Commerce, Environmental Sciences Service Administration,

Enviroimental Data Service. (Climatic Atlas of the Upited States. June 1968.

Conway Reeearch Inc. 1972 Site Selection Handbook, Vol. 2, Industry
Guide to Environmental Planning. 1972, pp. 231- 284

Heating Load =
Cooling Load =
Hot Water Load

*(10,000) (DDH)
(15,000) (DDC) .

(70,000) (8.35) (30)
1.58 x 10° Btu/Mo.
18.9 x 106 Btu/Yr.
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TABLE 7-6 {(Continued)

ALBUQUERQUE CLIMATIC & LOAD DATA (Residential)

&) S

(@
(3

(4)
(5)
(6)

.SOLAR | pecree () DEGREE(3) ‘mEaTING COOLING
e INCIDENCE DAYS. . DAYS LOAD = LOAD (COLD Btu)

"MONTH| 103 Bru/Ft? COOLING . COOLING 10° Btu 105 Btu ‘
Tan 52.03 930 |- | 930 o -

Feb ss.81 | 703 - '_' 0- - | 203 | “0-

ar 66.48 595 5 5,95 ' 0.075.

Apr 68.29 288 . -0- 2.88 -0-

May 70.40 s1 | .. 2 ' '.;0.81 S b;3§

jun 67.59 S YL o -0- N 4.155
lut 66.92 | -0- | 414 - | e

hug 68.43 -0- 282 - | 4.23

Kop 67.25 Y 1 S0z | 2.3

et 66.18 | 229 o -0- a2 | -

Nov' 54.94 642 Co-0- 6.42-A ‘ n- =0-

Dec 49.54 868 ' -0- . 6.63' : ‘A-o% 
‘roraL]  751.86 4348 | . 1153 4348 17.295

(1) solaron Corpdration. App11cation Engineerinnganual Editiou No. 3,

‘October 1978, pp- 110.23-110.64.

U.S. Department’ uf Commerce, Env1ronmenta1 Sciences Service Administratlon,

Environmental Data Service., . Climatic Ag gs of the United States. June 1968.
Conway Research, Inc. 1972 Site Selectlon Handbook Vol. 2 Indistry "

.Cuide to Euvironmental Planning. 1972, pp. 231-284.

(10,000) (DDH)
(15,000) (DDC)

(70,000) és .35) (30)
1.58 x 10° Btu/Mo.
18.9 x 106 Btu/Yr.

Heating Load
Cooling Load
Hot Water Load
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TABLE 7-6 (Continued)

FORT WORTH CLIMATIC & LOAD DATA (Resdential)

sorar M pEGREE (%) DEGREE > HEATING 4 cooLIng )
INCIDENCE DAYS DAYS LOAD LOAD (COLD Btu)
MONTH| 103 Btu/Ft? COOLING COOLING 106 Btu 105 Btu
i 34.70 614 =G 6.14 —0-
Feb 37.80 . 448 | 6 4.48 0.09
bar 48.98 319 2 3.19 0.315
hpr 47.80 99 n 0.99 1.065
May 52.81 -0- 195 ~p- 2.925
Jun 55.47 0 546 -0- 8.19
Jul 58.42 ~0= 606 e 9.09
hug 58.39 . 456 - 6.84
Sep 52.15 -0- 382 0= 5.73
Dt 49.46 65 171 0.65 2.565
Nov 38.83 324 36 3.24 0.54
dee 34.23 536 1 5.36 0.015
OTAL|  569.03 2405 2491 24.05 37.365

NOTES:
(1) Solaron Corporation. Application Engineering Manual. Edition No. 3,
October 1978, pp. 110.23-110.64.

(2) U.S. Department of Commerce, Environmental Sciences Service Administration,

Environmental Data Service., Climatic Atlas of the United States. June 1968.

(3) Conway Research, Inc. 1972 Site Selection Handbook, Vol. 2, Industry
Guide to Environmental Planning. 1972, pp. 231-284.

(4) Heating Load = (10,000) (DDH)
(5) Cooling Load (15,000) (DDC)

(6) Hot Water Load (70,000) (8.35) (30)
1.58 x 10° Btu/Mo.
18.9 x 106 Btu/Yr.
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FIGURE7-10 MONTHLY SPACE HEATING, COOLING, AND WATER HEATING LOADS FOR ALBUQUERQUE
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FIGURE 7-11 MONTHLY SPACE HEATING, COOLING, AND WATER HEATING LOADS FOR FORT WORTH
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Source: Owens—lllinois Sales Literature

FIGURE 7-12 INSTANTANEOUS COLLECTOR EFFICIENCY
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FIGURE 7-13 COLLECTOR EFFICIENCY AS A FUNCTION OF TEMPERATURE
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. - APPENDIX I.A
‘STORAGE MEDIA

" SYSTEM - . MATERIAL = QUANTITY (1bs) COST BASIS ¢/LB  COST' ($)- - SYSTEM TOTAL ($)
EIC Corp. - cHQOE 17,500 .. 8.2 140 =

- caCl, 28,000 . s . 1400 .
f 2 U A S . ' 32840
A2 . ) A . | o ,
EIC Corp. = ' CHjoH °© - 17,500 . 8.2 © 1440
caCly 28,000 s 1400
. A3 R ‘ ' o | —_

— : L - _ o E - $2840

Martin Marietta - . Ammonia - 7854 gallons S A 4550

Compound B - 71,420 - 3 7 9143
A - < | o o I e 36700
Rocket Research . H9S04 (93%) 171625 - . 3 . .. 3949 .
HpSO4 (10%) . 6€57000.. - - - - .51 329
§4278

* Price supplied by Martin Marietta



APPENDIX I.A (Continued)
- STORAGE MEDIA -

SYSTEM . . - .  MATERIAL QUANTITY (lbs) - COST BASIS ¢/LB  COST (§) SYSTEM TOTAL (%)

" Rocket Research Lo “H2S04 (93%) - 16,200 . o3 486
| HgS0, (10Z) '8,085. . .5 . 40

A6 . . , o | 8526

Rocket Research ‘ , H9S04 (93%) 16,200 - 3 ' 486

H2S04 (10%) 8,085 .5 : 40

AL . S 4 , §526
Rocket Research - "HpS04 (93%) 810 .3 .24
| | HyS0, (10%) W4 . 5. - 2

$ 26



- APPEND=X I.A (Continued) -
STORAGE MEDIA -

© SYSTEM

*~MATERIAL ' QUANTTTY (1bs) COST BASIS:$/LB- COST ($) = SYSTEM TOTAL (§)

A8 . o
- University of Delaware Nésoa.loH2

o 1,920 S L3 L 2s -
Borax . 90 . 20 18 =
Thickenef s 180- . . - 3 “A'- '_'5 .
oNaCl, ¢ 187 SR LY T
KCL - o7 3 Y T 60 -
Franklin Institute ' :22%(wt) Aqueous 400 (1835 1bs Sol) .7 -7 128 - 12,128
_ v " Trimethylamine ‘ o : '
A10 - L e - e
Dow -Chemical Co. " Mg(NO3)-6H20 3276 . . ' R L . 524 . 52,524

AL o S |
Dow Chemical Co. h Mg(NO3)‘6H20 3273 16 ' 524 ' -

NH4NO3 - 3273 6 . . 196 . - 72,720



~ APPENDIX I.A (Continued)
STORAGE MEDIA-

sYsTEM - . MATERIAL  -QUANTITY (Ibs) -COST BASIS ¢/LB . COST (§)  SYSTEM TOTAL ($)
A12 | DR S o - -
Clemson University . Na25203.5H20- 4440 : - 12 ) - 533 _ . 533

A13 o : | . | -
University of Delaware - NaZSO4,1OH20 . 3520 ' 1.3 o - 46 -

Borax - - 120 . 20 o 24 ' -
Min-U-Gel 360 - 3. o1 - . 81

Al4 A ; , : .
Monsanto Research . Polyethylene . 2210 ' .29 641 =

Ethylene Glycol 1590 .25 398 . 1039

Al5 : . L : , : .
Suntek a . Block . . - 16.5 ' 3 7 . .50 -

C5Cl2° 6H20 ) z5 . zﬁs‘fA .82 ': -
© Nucleating Agent .6 - 12 .08 -
Cmew 1 w  Lel -

Total/block : ' ' ‘ : 220 |

Fabrication'includihg' ‘ -
~filling block & sealing ‘ ‘ 5 .. .05

Total for 276 blozks . = - - - o 2.25° . 621



APPENDIX I.A (Continued)
STORAGE MEDIA -

| SYSTEM “MATERIAL: _QUANTITY (1bs) .COST BASIS ¢/LB' . .COST ‘($) - SYSTEM TOTAL (%)

‘Al6 C S o S
Brookhaven National Lab. - Block ~ ' 25 = . ‘ .45 A -

CaCly-6H20 ~ '6.25 .~ = 2.5 . 156 B

MicroenéapSQv o : . T
lation 6.25 - 70 . o 4.75

' Total/Block - . . . 4981 - 4981

Total for 1,000}b1acks



Kéy

Code

Bl

B2

B3

‘B4

a)

By
.a)
b’

b)

. c)r.

T b)

e)

APPENDIX I.B
CONTAINER .

' Descfigtion

" CaCly salt container. (tank only)

- 2 vacuum tanks at 3200 gallons

- each with flanged ends for salt
bed access. 2 @ $6850

Methaﬁbl.container~2660

_steel vacuum tank
j(insulatéd) $5764

CaClznsélt.container (ténk only’

"~ 2 vacuum tanks at 3200 gallons

each w1th flanged ends for salt.
bed. access. ‘2 @ $6850

, Mefhanbl'éontainer 2660 gallon
‘steel vacuum tank. $5764 .

High temperature reactors

2 tanks- @. 4400 gallons

(from ‘Appendix II) $4780 each -

Hx 4800 ft steel tubing-l"
plus‘fabrication'Z @ $2760'

»Ammonia condensate recelver
.-5280 gallons

(from Appendlx II) $541O

'8125 gallon water storage tank
-unpressurized steel with ZRC 1ining

U 84073

'15;440 gallon unpressurized

steel tank with liner $9024..

Glass-lined Pfaudler tanks for

absorber and separator 2 @,$4200I'

- Cost per  System

$19,464 -

$19,464

$20,490

. $21,497 .



- Key

Code

B5

B6

B7

.aj

b)

<)

a)

b)

)

- absorber and separator

a)

b)

<)

APPENDIX I.B (Continued)
_CONTATNER

Description

Cost per System

1000 gallon Nalgene
polethylene tank with cover
and support - $1150

1900 gallon unpressurized sfeel

tank with liner $2438

Glass lined tanks (Pfaudler)'fbr
absorber and separator, 50 gallons
2 @ %500

1000 gallon Nalgene
polyethylene tank with cover
and supports $1160 °

1900 gallon (Pfaudler) glass lined
steel tank $11760

Glass lined (Pfaudler)tanks for
320 gallons 2 @ $4200

50 gallon Nalgene

polyethylene tank with cover

and support $58

95 gallon (Pfaudler) glass lined
tank $950

50 gallon glass lined (Pfaudler) tanks
for absorber and separator $500 each.

1<7

$4,598

$21,320

'$ 2,008



' APPENDIX,I.B (Continued) .

CONTAINER
Key '

Code Description _— ' . Cost per System '

. B8 a)Plastic stacking racks - $75 o ' 242
b)Plastic film for chubs - $15 '

c)Plywood encloser - $38

d)Ducting - $28 :

e)Cost of making chubs - $86

B9 a)350 gallon mild steel tank with welded in steel . 246
mesh and a jacket to protect 1nsu1at10n

B10 a)l800 .224' dia. x .63' high aerosol cans and - ‘ 683
contract filling of these cans - $450
b)22 gauge galvanized steel sheets for outer
shell - $200
c)Diffusers and spacers - $14
d)2 units of ducting 12'x12' of 1" length - $19

Bl1 3)1600 274 dia. x ‘63' hlgh aerosol. cans and contract 1,307'
filling of these cans - $900 ‘
b)22 gauge galvanued steel sheets for outer shells -
- §372
c)Diffusers and spacers - $16 :
d)2 units of ducting 12"x12" of 1' length - $19

B12 a)Unpressurlzed steel tank ' .- 363
350 gallons with llnlng ' S
b)lefuser - §3

B13 a)Plastic stacking raékf-- $100
b)Plastic film for chubs - $20
c)Plywood enclosure = $56
c¢)Ducting - $28
e)Cost of making chubs - $115

Bl4  a)450 gallon 30 psi steel tank with 7 concentric $ 2,261
internal steel baffles. Cost includes outer
jacket to protect 1nsu1at1on

I-8



APPENDIX I.C -

INSUILATION
REFERENCE # WHERE
AND . INSULATION - | S o . L
VENDOR -  __USED . . TEMP (°F) ~  AREA (FT2)  PRICE ($/ft.2) COST/SYSTEM (3$)
Ei ‘ A o ' o o o .
EIC Corporation CaCl; Container 27Q°F : . 854 - ' . 30, $256
‘Methanol tank 3 . - ' ' A
(included with tank) . :
. . $256
' EIC Corporation, CaClp Container (outdoors) 270°F ' 854 . 2.40 ... $2050
’ ' Methanol tank o ) ' I L .
(included:with .tank): .- - . : o . L - o 4
' ' R - ~ - $2050
Martin Marietta 2 tanks outdoors © .-300°F - 450 o 2.60 ' '$2340 .
' ' 1 tank outdocrs A A 12C°F . 700 - ©1.25 ' 875
$3215 °
C4 . A , T o } ' . .
Rocket' Research ~ Absorber & Separator 400°F - . 75 ‘ . .60 A ‘$"45

Glass Heat Exchanger AAOQ°F A o 8 .60 5



oT-1

APPENDIX I.C (Continued)

INSGLATION
REFERENCE #  ~ WHERE
AND S I:NSULAT'ION . o : B
VENDOR ' USED- . . . TEvP (°F)  AREA (FT2) = PRICE ($/ft.2) 'COST/SYSTEM ($)
c5 I = » R | |
Rocket Research. - Absorber & Separator = 400°F 35 o 60 ' $21
' Glass Heat Exchanger 400°F . 25 - .50 15
36
Rocket -Research 'Absorber & Separator  '400°F - .. . 75 - .60 , $45
o Glass Heat Exchanger - 400°F 25 N .60 15
' .Acid Storage Tank C400°F 250 - . .60 ‘ 150
‘Water Storage Tank 130°F 145 : 15 22
$§232
Rocket Research .  Absorber & Separator 400°F .35 . .60 . ‘ $ 21
) -GlaszHeat EXchanger 400°F- ) .8 '. .60 5

Acid Storage Tank 400°F  ©30. - .60 | 18
' Water Storage Tank  .130°F - .20 - .15 3

SR o R L o Y,
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REFERENCE #
AND

" VENDOR

Cc8

. University of

Delaware

c9 .

Franklin InstituteA

C10
Dow Chemical

Cl1l :
Dow Chemical

C1l2
Clemson University

C13 '
University of
Delaware

Cl4 - .
Monsanto Research

Cl1l5

° Suntek

APPENDIX I.C (Continued)

WHERE
INSULATION .
USED

Plywood Enclosure

Tank
Sheet Metal Enclosure
Sheet MetalAEncldSure'
TankA

Plywood Enclosure

Steel Tank & Expansion
Tank :

Readwall

INSULATION

TEMP (°F) . AREA .(FT?) PRICE (§/£t2) . COST/SYSTEM (%)

40
35
250
L70
135

. 110.

300

108

75

13¢

250

80

160

99

245

.14

.14

~.30

.20

.18

14

.35

6.00

15
11
40

50.

14 -

22

35

1472
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APPENDIX I.C

HEAT EXCHANGERS DELiVEREp

CONTRACTOR' . : ‘ ESTIMATED COST/
CODE - NAME | DESCRIPTION AREA  SYSTEM

D1 EIC Corporation : Finned Tube: Condensing Methanol 3100 $1865
: : ' : to air - Methanol condenses @ 113°F. '

Air in @ 80°F, out. at 105 F 22, 200 CFM

6 X 10° Btu/hr

Finned Tube: Ethylene Glycol to air 1125 $ 788
Ethylene Glycol in @ 140°F, out @ 160°F -
Air in @ 70°F, cut @ 100°F '
9 1 X 10% Btu/nr.
e 32700 CFM
® 148 gpm

Finned Tube: Ailr to evaporating 1725 © $1115
methanol. Air in @ 50°F, out @ 30° ¥
methanol evaporating @ 20°F
" e 6 X 102 Btu/hr
® 27650 CFM

_Heat Exchanger in CaCiz tanks - ©$20,710
9200 ft finned tubing +
_supports, boxes, & assembly

Shell and Tube: Methanol vapor to - 400 $2620
Ethylene Glycol methanol in @ 180°F,
out @ 160°F Ethylene Glycol in @
100°F, out @ 140°F

® .200,000 Btu/hr

$27,098 -



€T

APPENDIX ‘I. D (Contlnued)

HEAT EXCHANGERS

CONTRACTOR : S I - . ESTIMATED

~ DELIVERED
- COST/.’

CODE - _NAME . - LESCRIPTION - - __ AREA .

D2 EIC Corporation " .. Finned Tube: Condensing methanol - . 181
‘ "to -air methanol condenses @ 113°F .
Air in @ 8C°F out @ 105°F
‘e :35,000 3tu/hr
e 1290 C.%.

Finned Tube: Ethylene Glycol to 56
air.. Ethylene glycol in @ 140°F out
@ 160°F air in @ 70°F out @ 100 F .
@ 50,000 Btu/hr
e 1536 p,F M.
e 7.4 gpm

Finned Tube: -Air to evaporating - 101
methanol. Air in @ 50°F, out @ 30°F
methanol evaporating @ 20° F
‘ ¢ 35,000 Btu/hr;
e 1,613 CFM

Heat Exchanger 'in CaCly tanks . -
1840 ft finned tubing +
.supports, boxes, and assembly

ca ) : - Shell and Tube: -Methanol vapor to - 20
' ‘ o " Ethylene Glycol. »Metﬁanol vapor in :
@ 180°F, out @ 160°F. Ethylene Glycol
in @ 150°F. out @ 170 F
e 10, 000~ Btu/hr

 SYSTEM.

$274 -

$205 -

$230 |

. $8,570 ¢ -

$340.

'$ 9,620
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 APPENDIX I.D (Continued)

HEAT EXCHANGERS

A o o S ; - DELIVERED
- CONTRACTOR S T - ESTIMATED . costT/
CODE : NAME . - . DESCRIPTION . - _AREA- '~ SYSTEM

D3 L ‘ Martin Marietta . Note exchanger in ] HTR 1nc1uded
‘ "w1th tank

- - Condenser: Ammonia to,Glycol : - 238 : . 81700
R "Ammonia condensing : A ‘
@ 115°F -Glycol in
@ 85°F, out @ 110°F
49 gpm '
"Heat Exchange Rate: .
6 X 102 Btu/hr.

Evaporator: Glycol to Ammonia o255 $1800
- - Ammonia evaporating . : a :
@ 20°F -Glycol in @
45°F, out @ 25°F
62 gpm i,
- Heat Exchange Rate
6 X 10° Btu/hr.

‘Heating Coil:- Glycol to air 2090 $1315
o " . Glycol in @ 125°F, ' : :
out @ 100°F 118 gpm .
Air in @ 70°F, out G
100°F 31400 C¥M
11X 106-Btu/hr..

Condensing ReJect Heat Coil:
' Glycol to air- Glycol in
@ 110°F out @ 85°F 57 gpm
Air in @ 80°F, out @ 95°F .
37,000 CFM .6 X 106 Btu/hr.



ST-I -

CODE "

D3 (Cont.)

APPEMDIX I.D (Continued)

" HEAT EXCHANGERS

‘CONTRACTOR C D - 'ESTIMATED

NAME . DESCRIPTION - AREA
"Martin Marietta . Cooling Coil:" Air to Glycol. Air 933

‘in @ 70°F, out @ 55°F
3700 CFM

Glycol in @ 25° F, out
@ 45°F 62 gpm

.6 X 105 Btu/hr.

Water Heatlng Un1t Ammonia wvapor: 450
Glycol (assume - '
= 5 Btu/hr ft2°F)

- Ammonia in @ 200°F,
‘out @170°F

Glycol in @ 150° F, out .
at 190°F

Heat Exchange'rate =
100,000 Btu/hr.

Total

DELIVERED

) cosT/
" _SYSTEM

'S 683

$2900

° . $12,000
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CODE

D4

CONTRACTOR
NAME

Rocket Research

APPENDIX.I.D (Continued)

JEAT EXCHANGERS

ESTIMATED
DESCRIPTION - AREA
Shell and Tube (Glass: 650
Ethylene Glycol- Sulphuric
Acid
Ethylene Glycol: In @ 105°F,
out @ 115°F
e 300 gpm
Sulphuric Acid: In @ 130°F,
out @ 110°F.

Area = 650 ft2 @ 44/ft2 $28, 600
@ 130 gpm.

Shell and Tube Evaporator Water: 812

‘Boiling @ 350°F
Eythylene Glycol In @ 50° F out

at 38°F
. e 6 X 107 Btu/hr.
@ 150 gpm

Shell and Tube Condenser Water:» f250
Condensing @ 130°F “

-Ethylene Glycol: In @ 105°F,

out @ :115°F
®» 6 X 10° Btu/hr.
e 13i9 gpm

Shell and Tube (Glass) Recuperator 74
Sulphuric Acid to Sulphuric Acid

Sulphuric Acid, in @ 70°F, out @ 155°F
Sulphuric Acid, in @ 215°F, out @ 130°F

'DELIVERED

COST/

SYSTEM ,

$28,600

$ 4,756

.$ 1,767

$ 3,267



AG

_APPENDIX I.D (Continued)

HEAT EXCHANGERS
. | . - ) . A ~ DELIVERED
CONTRACTOR .- ESTIMATED CoOST/

- CODE NAME : . DESCRIPTION - ) - __AREA . SYSTEM

. D4 (Cont.) -Rocket Research Shell and Tube Water Heater . ‘ 400 - $ 2,620
' . Vapor to Ethylene Glycol ‘ : :
Vapor in @ 1.80°F, out @ 160° F
Ethylene Glyco. in @ 100°F,
out @ 140°F - o
- @ 200,000 Btu/hr.

Shell. and Tube Water Heater 12.5 ' $ 265
Ethylene Glycol to Ethylene’ Glycol -
" Ethylene Glycol, in @ 220°F, out
@ 180°F - .
Ethylene Glycol in @ 100° F, out
@ 140°F
e 200,000 Btu/hr
15 gpm

: Finned Tube: FEthylene Glycol to Air 6333 - . $ 3,627
Ethylene- Glyucl in @ 120°F, out @
105°F -
Air, in at . 80°F, out @ 110°F
e 1 X 106 Btu/hr.
‘e 119 gpm -
e 30,720 CFM

Finned Tube: Ethylene Glycol to Air 3200 . $1,919.
Ethylene Glycol, in @ 50°F, out @ '
80°F, Air, in @ 70°F, out @ -
55°F. o
" e 6 X 109 3tu/hr.
e 150 gpm
e 36,870 CFM.

.. - Total <©-.- $46,820



~ CONTRACTOR

Rocket. Research

8T-1

APPENDIX I.D (Continued)

- HEAT EXCHANGERS

DESCRIPTION

Shell and Tube (Glass): Ethylene
Glycol - Sulphuric Acid
Ethylene Glycol: In @ 105°F, out
@ 1:5°F
Sulphuric Acid: In. @ 130°F, out
@ 110°F.

e 50,000 Btu/hr

¢ Ethylene Glycol 15 gpm

e H»SO4 6.5 gpm

Shell and Tube Evaporator
Water: Boiling @ 35°F
Ethylene Glycol: In @ 50°F,
out @ 38°F ) S

e 35,000 Btu/hr

o 8.7 gpm

Shell and Tube (Glass): Recuperator
Sulfuric Acid, - Sulphuric Acid
Sulfuric Acid, in @ 70°F, out @
155°F Sulfuric. Acid, in @ 215°F

@ 215°F, out @ 130°F

Shell and Tube Condenser:
Water condensing @ 130°F

Ethylene Glycol, in @ 105°F, out @ 115°F

e 35,000 Btu/hr.
e 6.9 gpm

ESTIMATED

DELIVERED .
COST/

SYSTEM :

$1,782

$ 551

$ 594

$ 288
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o CONTRACTOR -
CODE - NAME

D5 (Cont.) Rocket Research

APPENDIX I.D (Continued)

HEAT EXCHANGERS

: o ESTIMATED
. DESCRIPTION ____AREA

DELIVERED
COST/

Shell and Tube Water Heater 20
Vapor to Ethylene Glycol -
Vapor in @ 180°F, out @

160°F ' _ -

Ethylene Glycol in @ 100°F, out

. @ 140°F

® 1c,ooq Btu/hr.

" Shell and Tube Water Heater -1

Ethylene Glycol to Ethylene Glycol
Ethylene Glycol: in @ 220°F, out @
180°F _ ' ,
Ethylene Glycol: in @ 100°F, out @
140°F.

® ‘10,000 Btu/br.

I gpm

-Finned Tube: Ethylene Glycol to air 317

Ethylene Glycol, in @ 120°F, out @
105°F. : V
Air in @ 80°F, out @ 110°F

e 50,000 Btu/hr

e 6.9 gpm

e 1536 CFM

Finned Tube: Ethylene Glycol to air 187
Ethylene Glycol, in @ 120°F, out 105°F
Air in @ 80°F, out @ 110°F

¢ 35,000 Btu/hr.

o 818 : :

e 2150

SYSTEM

'$343

$ 66

$348

$277

. $4249
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CODE

D6

CONTRACTOR
" NAME

~ APPENDIX I.D
HEAT EXCHANGERS

Rocket Research

DELIVERED

Vapor to Ethylene Glycol
Vapor in @ 180°F, out @ 160°F
Ethylene Glycol in @ 100°F, out @
140°F

° 200,000thu/hr.

e 15 gpm

_ ESTIMATED cosT/
DESCRIPTION AREA SYSTEM
Shell and Tude (Glass): Ethylene 650 $28,600
- Glycol- Sulphuric Acid - '

.Ethylene Glycol In @ 105 F,
cut @ 115°F.

a 30C gpm A
Sulphuric Acid: .In @ 130° E, out
@ 110°F.
Area = 650 ft2 @ $44/ft2 $28,600

» 130 gpm
Shell and Tube Evaporator Water: 812 $ 4,756
Boiling ® 35°F :
Eth}lene Glycol: In @ 50°F, out @
38°F. |

e 6 X 10° Btu/hr.

o 150 gpm
Skell anc Tube Condenser Water: . 250 $ 1,767
Condensirg @ 130°F
Ethvlene Glycol' In @ 105°F, out
@ 115°F. '

e 6 X 10° Btu/hr.

e 119 gpm
Shall‘and Tube Water Heater: . 400 $ - 265
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: . CONTRACTOR
CODE ' NAME
D6 Rocket Research

APPENDIX I.D (Continued)
HEAT EXCHAGNERS

.DESCRIPTION

Shell and Tube Water Heater:
Ethylene Glycol to Ethylene Glycol
Ethylene Glycol in @ 220°F out @
180°F. Ethaylene Glycol in @ 100°F
out at 140°F. '

® 200,0G0 Btu/hr
e 15 gpnm

Finned Tube- Ethyiene Glycol to Air
Ethylen= Glvcol, in @ 120°F, out @
105°F air; in at 80°F, out @ 110°F.

e 1 X 19% Btu/hr
o 119 gom '
& 30720 CFM

Finned Tube: Ethylene Glycol to
air. Ethylene Glycol: In @ 50°F,
out @ 38°F. Air, in @ 70°F, out
@ 55°F.

e 6 X 10° Btu/hr.

¢ 150 gpm

@ 36,870 CFM

DELIVERED
ESTIMATED - cosT/
AREA SYSTEM
12.5 $ 265
6333 - 3627
3200 _$1;919

TOTAL . $43,554
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D7

APPENDIX I.D
" HEAT EXCHANGERS

CONTRACTOR - | ' - ESTIMATED

NAME . DESCRIPTION ‘ AREA
Rocket Resea~ch Shell and. Tube (Class): Ethylene . 37.5

Glycol - Sulphuric Acid.
Ztaylenz Glycol: In @ 105°F, out
@ 115°F. .
" ‘Sulphuric Acid: In @ 130°F, out @
110°F. , .
e 50,000 Btu/hr.
@ Ethylens Glycol 15 gpm
e H»504 5.5 gpm

Shell and Tube Evaporator 47 .4
. Water: Boiling @ 35°F. ,
. Ethylene Glycol: In @ 50°F, out g
@ 38°F. -
e 35,000 Btu/hr.
e 8.7 gpm

Shell and Tube Condenser 14.6
Water condensing @ 130°F ,
Ithylene Glyccl, in @ 105°F,
out @ 115°F. ‘
e .35,200 Btu/hr.
.® 6.9 gpm )

DELIVERED
COST/

SYSTEM

$ 1,782

$ 551

$ 288
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APPENDIX I.D (Continued)

HEAT EXCHANGERS

DELIVERED
COST/

SYSTEM

CONTRACTOR . : ESTIMATED
CODE NAME ' DESCRIPTION AREA
D7 Rocket Research‘ Shell and Tube Water Heater 20

Vapor to Ethylene Glycol
Vapor in @ 180°F, out @
160°F,.
Ethylene Glycol in @ 100 F
" out @ 140°F
° 10,000 Btu/hr.

Shell and Tube Water Heater 1
Ethylens Glycol to Ethylene
~ Glycol :
‘ Ethylene Glycol: in @ 220°F,
out @ 180°F ‘ :
Ethylene Glycol: in @ 100°F,
out @ 140°F. ‘
e 10,000 Btu/hr..
e 1 gpm

Finned Tube: Ethylene Glycol to 317
air- Ethylene Glycol, in @ 120°F
‘out @ 105°F.
Air in @ 80°F, out @ 110°F.
e 50,000 Btu/hr

e 6.9 gpm
e 1536 CFM

$ 343

$ 348
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CODE

CONTRACTOR
NAME

D7 (Cont.) Rocket Research

D9

D12

D17

D19

Franklin Institute

Clemson University

Desert Reclamation

Desert Reclamation

ATPENDIX I.D (Continued)

HEAT EXCHANGERS

ESTIMATED
DESCRIPTION - - AREA

Finned Tube: Ethylene Glycol 187

to air.

Ethylene Glyecol, in @ 120°F,
out 2 105°F.
Air in @ 80°F, out @ 110°F.
e 35,000 Btu/hr.
e 8.3 gpm
e 2150 CFM -

TOTAL

Freon evapcrator - 3 ton

Shell and

tube - ethylene glycol-therminol 60 111

Ethylene glycol: In 140°F; out 130°F; 3.4 gpm ‘

Therminol

: In 123°F; out 133°F; 32 gpm

Young #78)8-AR-1P, 50,000 Btu/hr

Shell and
Water: In
Water: In
Patterson

Shell and
Water: In
Water: Isa

tube: water-water 150,000
35°F; out 60°F; 23,100 gpm

65°F; out 59°F; 38,600 gpm

Kelly, 3 @ $116,500, 2.88 x 1G%Btu/hr

tube: water-water , 5,192
35°F; out 60°F; 800 gpm
65°F; out 50°F; 1,340 gpm

Young #3020-8R-1P, 10 x-10®Btu/hr

DELIVERED
COST/

___SYSTEM

$ 277

$3,655

- 100

840

350,000

25,000
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Code

El
E2
E3
4
E5
E6
E7
E9

E12

APPENDIX I.E

HEAT TRANSFER FLUIDS

Contractor

EIC Corporation
EIC Corporation
Martin Marietta

Rocket Reéearch“

- Rocket Research

Rocket Research

Rocket Research

Franklin Institute

Clemson University

Description

Ethylene
Ethylene
Ethylene
Ethylene
Ethylené
Ethylene

Ethylene

Exxon Marcol 172

"I-25

glyéol
glycol
glycol
glycol
glycol
glyéol

glycol

Dowtherm J

Amount
(gallons) Cost ($)
256 512
256 512
470 940
125 250
17 34
125 250
17 34
20 98
35 44
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'CODE. KEY AND

CONTRACTOR

F1l
EIC Corporation

2 .
EIC Corporation

F3

‘Martin Merietta

F4 : .
Rocket Research

APPENDIX I.F

PI2ING AND DUCTING

PIPE (P).OR DUCT (D) - TOTAL ($)
AND SIZE LENGTH (FT) COST ($) FOR SYSTEM
. P, 2 1/2",Copper ‘ 200 920
P, 2", Aluminum 50 46
P, 1/2" Aluminum - 120 19
D, 36" X 36" 40 1152
D, 24" X 26" ‘50 1000
TOTAL 13137,
P, 3/4" Copper 200 140
P, 1/2" Aluminum 170 26
D, 12" X 12" 90 864.
TOTAL. , 1030 -
P, 1 1/2" dia. Copper 1200 430
P, 2 1/2" dia. Copoer 300 1380
P, 3" dia. Steel . 100 . 420
P, 1" dia. Steel 250 60
D, 36" X 46" 40 1312
D, 24" X 36" ‘50 1200 °
TOTAL 4802
P, 2" Duriron 200 1000
P, 2 1/2" Copper . 200. 900
P, 2" Copper .200 620
D, 36" X 44" 75 2520

TOTAL 5040
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CODE KEY AND®

CONTRACTOR

F5

* Rocket Research

Fb6 .
Rocket Research

F7

" Rocket Research

PIPE (P) OR DUCT (D)

APPENDIX I.F (Continued)

PIPING AND DUCTING

LENGTH (FT)

P,

P,
D,

. W v .

[w s o s o B o]

AND SIZE

1 1/2" Duriron
3/4" Copper
12" X 15"

2" Duriron

2 1/2" Copper
2" Copper

35" X 55"

1 1/2" Duriron
3/4" Copper
12" X 15"

50
200
75

100
-200
200
75

50
200
75

COST ($>

215
140

- 810

TOTAL

500
900
620

2520

TOTAL

215
140
810

TOTAL

TOTAL ($)

FOR SYSTEM

. 1155

4540

1165
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CODE KEY AND
CONTRACTCR

"F17

F9
Franklin Institute

F12

Clemson University

Fl4
Monsanto Research

Desert Reclamation

F18
Texas A&M

F19
Desert Reclamation

APPENDIX I.F (Continued)

PIPING AND DUCTING 

PIPE (P) OR DUCT (D)
AND SIZE

P, 3/4", Steal
P, 1", PVC

P, 3/4", Steel

P, 8", Steel

P, 30", Steel

, 6", PVC

P
p, 8", PVC
P, 10", PVC

P, 6", Steel

LENGTH (FT)

20

10

20

10000
1000

200
2300
2000

1500

COST ($) -

75500
36860

5400
9223

112600

7665

TOTAL ($)
FOR SYSTEM

112360

22363

. 7665
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CODE

Gl .

G2

CONTRACTOR
NAHME

" EIC Corporation

EIC'Corporation

a)

b)

c)-

a)

b)

c)

- APPENDIX I.G

BLOWERS AND MOTORS

DESCRIPTION

31,400 CFM (air) at 2"
static peerless blower

P402 DWDI
15 HP motor & drive

22,200 CFM (air) -
price from curves

Appendix II

27,650 CFM (air)

. price from curves,

Appendix II

1536 CFM (air) .
price from Appendix II

1290 CFM (air)
price from Appendix II

1610 CFM (air) - .
price from Appendix IT -

PRICE NUMBER OF DELIVERED
PER UNIT UNITS PER SYSTEM  COST PER SYSTEM
$2753 1 $2753
1935 1 1935

2289 1 2289

$6977

592 1 592

576 1 576

597 1 597

$1765
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CCDE

G3

G4

G5

CONTRACTOR
NAME

APPENDIX I.G (Continued)

ELOWEERS AND MOTORS

DESCRIPTION

Martin Marizatta

Rocket Resea:ch_‘

Rocket Research

a)

b)

)

b)Y

31,400 CFM. (air) at
2" gstatic Peerless
Blower #FH02 DWDI, 15

H.P. motcr

37,000 CPM (air) €
2" static pressure

from cost curves

30.720 CFM 15 hp
motor & drive
Feerless Elcwer
P4C2 DWDI

36,870 CFM 20 hp

motor & drive
[oprice from
Appandix II)

1536 CFM 3/4 hp

. meter &.drive.

(price from
Appendix IT)

2150 CFM 1 hp-
motor & drive
(price from
Appendix II)

PRICE
PER UNIT

$2753

5800

2753

2889

‘592

632

NUMBER OF

DELIVERED®
COST PER SYSTEM

UNITS PER SYSTEM

$2753

5800."

$8553

2753

¢ 2889

$5642

592

632

$1224
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APPENDIX I.G (Continued)

BLOWERS AND MOTORS

NUMBER OF
UNITS PER SYSTEM

DELIVERED
COST PER SYSTEM

KEY CONTRACTOR o . _ PRICE
CODE NAME DESCRIPTION ~ ~  EER UNIT
G6 Rocket Research a) 30720 CFM $2753

15 hp motor &
drive Peerless
Blower P402 DWDI

b) 36,870 CFM 20 hp 2889 -
motor & drive '
(price from

~ Appendix II) -

G7 Rocket Research a) 1536 CFM 3/4 hp . 592
motor & drive
(price from
T : Appendix II)

b). 2150 CFM 1 hp 4 632
motor & drive
{price from
Appendix II) .

1

$2753

2889

$5642

592

632

$1224
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APPENDIX I.H
PUMPS AND MOTORS

KEY ‘ . CONMTRACTOR ’ ' ’ PRICE - NUMBER OF - DELIVERED

CODE __ NAME . - _DESCRIPTION PER UNIT UNITS PER SYSTEM COST PER SYSTEM
H1 . EIC Corporation a) 5 GPM of methanol %277 1 $277

. (100%) at 32’ head

" (constant displacement)
Burks close-couplied
standard coastruction

b) 150 gpm Echylene Glycol 532 o1 532
price from Appendix II
TOTAL $809
H2 EIC Corporation a) 5 GPM of methanol 277 1 : 277
: (100%) at 30' head - ‘
‘(constaat displacement)
Burks close-coupled -
" standard comstruction
b) 7.4 gpm ethylene glycol 260 . 1. 260
price from Appendix II .
TOTAL . $§537
H3 Martin Marietta a) 118 gpm Ethylene Glycol 477 ) 477
’ . (from Appendix II) -
b) 71 gpm Ethvlene Glycol .
. (from Appendix II) . 396 o 396
c¢) 87 gpm Ethylane Glycol

(from‘AppEndix I1). . 424 424

$1297
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KEY
CODE

. H4

CONTEACTOR
" NAME

Rocket Research

a)

b) -

c)

"

e)

APPENDIX I.H

PUMPS AND MOTORS

(CGontinued)

PRICE

DESCRIPTION

NUMBER OF DELIVERED

130 gpm conc.
Sulphuric Acid, Gould
Alloy 20 (2 speed)
(basic price + 10%) .

300 gpm Ethylene Glyéol
(2 speed) (pricz from

Appendix II)

150 gpm Ethylene Glycol
(price from Appendix II)

2 gpm condensate pump
positive displacement.
(estimate)

119 gpm Ethylene Glycol.
(price from Appendix IT)

61733

869

532

175

PER _UNIT UNITS PER SYSTEM COST PER SYSTEM
2 $3465
1 869
1 532
1 175
1 479

TOTAL = $5520
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APPENDIX I.H (Continued)

PUMPS AND MOTORS .

KEY CONTRACTOR
CODE NAME® LESCRIPTION
HS Rocket Research a) 6.5 gpm, conc.

b)

c)

e)

Sulphuric Acid, Gould

Alloy 20, (2 speed)

8.7 gpm, Echyl=zne
Glycol (price from
Lppendix ID)

.1 gpm, condensate pump
(price estimzted)

6.9 gpm, Ethylene
Glycol (price from
Appendix II)

15 gpm,. Ethvlen2 Glyzol
2 speed) (price from
Appendix II;

PRICE NUMBER OF DELIVERED

PER UNIT UNITS PER SYSTEM COST PER SYSTEM
$855 2 $1710
289 1 289
100 1 100
- 286 1 286
330 1 330
TOTAL $2715
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CONTRACTOR

~ KEY
' CODE NAME
H6 Rocket EKesearch

a) ’

b)

c)

d)

e)

DESCRIPT ION

APPENDIX I.H (Continued)

PUMPS AND MOTORS

PRICE
PER UNIT

NUMBER OF

UNITS PER SYSTEM -

130 gpm conc.
Sulfuric Acid,

‘Gould Alloy 20,

(2 speed) (base
price + 10%)

300 gpm Ethylene

Glycol (2 speed)

(price from Appendix
I1) ’

150 gom Ethylene
Glycol (price from
Appendix IT)

2 gpm Condensate

Pump positive

119 gpm Ethylene

" Glycol (price from

Appendix II)

1733

-869

532

175

"displacement (estimated)

479

"
4

11

TOTAL

DELIVERED
COST PER SYSTEM

$3466

869

532
175

479

$ 5521
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KEY

CODE

H7

CONTRACTOR
NAME

Rocket Resezrch

a)

b)

c)
d)

e)

APPENDIX I.H (Continued)

PUMPS. AND MOTORS

NUMBER OF

UNITS PER SYSTEM

" (2 speed) (price from
- Appendix IT)

" PRICE

DESCRIFTION PER UNIT
6.5 gpm conc. " $855
Sulphuric Acid .
Gould Alloy 20
(2 speed)
8.7 gpm Etaylene 289
Glycol (price '
from Appendix II)
.1 gpm condensate .
pump (price estimated) 100
6.9 gpm Ethylene 286
Glycol (price from
Appendix 1II)
15 gpm Ethylene Glycol 330

2

TOTAL

DELIVERED
COST PER SYSTEM

$1710

289

100

286

330

- $2715
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CODE

H9

H12

H17

CONTRACTOR
NAME

Franklin Institute

Clemson University

Desert Reclamation
Industries

_APPENDIX I.H (Continued)
PUMPS_AND MOTORS

NUMBER OF

DELIVERED

PRICE
DESCRIPTION PER UNIT
46.7 GPM of Dowtterm J, 386
at 30'head Burks close-
coupled centrifugal
standard construction-
374G 6 - 1-1/2 pump
3/4 pump HP, 1750 RPM
motor ' .
- 46:7 GPM of Exzon Marcol 385

at 30'head Burkes close-
coupled centrifugal
standard construction
374G 6 - 1-1/2 pump

3/4 pump HP, 1750 RPM
motor :

1500 GPM of well water at 8990
100' head crane Deming

vertical turbin= pumping

unit. 14" two-stage bore
assembly. 100' of 10"

column and 1-1/4" shaft.

Surface discharge head
SD10-10-16 1/2

50 HP, 1750 RP¥ motor with
nonreversible rachet

UNITS PER SYSTEM

1

40

COST PER SYSTEM

$386

386

359,600
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KEY -

CONTRACTOR -
GODE . 'NAME
H18 Texas
A &M
"University
H19 Deserxz
Reclamation
Industries

inued)

APPENDIX I.3 (Cont

PUMP3 AND MOTORS

'NUMBER OF

DELIVERED

DESCRIPTION PRICE ‘PER UNIT

.a)629 GPM of water at 25'
head Paco end suction
centrifugal type L4070-5,
bronze fitted with seal - °
5 HP, 1750' RPM motor close-
coupled unitype

b)250 GPM of watar at 25'
head Pacc 2570-5, bronze
fitted with seal .o
2 HP, 1750 RPM motor close-

" coupled unitype

c)650 GPM of well water at
150' head crane Deming ver-
tical turbine pumping wunit.
10" 4-stage bore assembly.
150' of 8" column with 1".
shafting. Surface discharg
head SD88 - 16% 40 HP, 1750
motor with non -eversible r

- 800 GPM of well water

at 10D' head crane

Deming vertical turbine
pumpipg unit. 10"

3-stage bore assembly.
100' of 8" column with

1" shefting .
Surface dischargs head

SD 88-12

30 HP, 1750 RPM motor withk
non reversible rachet

'779.00

544.00

8610.00

e
RPM
achet

6340

- UNITS PER SYSTEM

1.

"",COST PER SYSTEM

779.00

544.00

25,830.00

27.163.00

12,680.00 .

12,680.00
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APPENTIX I.I

CONTROLS
KEY " ' . : B TOTAL -($)
" CODE ) CONTRACTOR DESCRIPTION ITEM COST ($) FOR SYSTEM
I1 EIC Corporation 1-1/3 ho contactor for 5 gpm methanol pump 40 .40
SN 1-30 gpm contactor for L50 gpm glycol pump - 56 56
3-15 hp-starters for blowers _ 116 - : 348
8-2 1/2" ‘Solenoid valves : 175 1400
2- 1/2" motorized ball valves 200 400
2- 1/2" solenoid valves o 35 70
6- motorized dampers . . 110 660
2- thermostats ' .81 : . 162 -
1- controller (25 elements) (5 in cabinet) " 550
_ 3686
12 EIC Corporation 1-1/3 hp contactor for 5 gpm methanol pump 40 40
’ 1-10 amp contactor fcr 24 gpm glycol pump 40 40
3-1/3 ap contactor for blowers ) ' 40 120
8-3/4" solenoid valves ' 40 . 320
2-1/2" motorized ball wvalves = 129 . 258
2-1/2" solenoid valves : . 35 . .70
6-motorized dampers , 110 . 660
2-thermostats . : ' g 81 ' ' 162

l-controller (25 elements) (5 in cabinet)" : 550

2220
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CODE

I3

14

CONTRACTOR

Mertin Marietta

.Rockét Research

APPENDIX I.I (Continued)
CONTROLS

DESCRIPTION

3-20 amp coatactors for pumps
3-15 hp starters for blowers

- 8-2 1/2" solenoid valves

2- 3" motorized ball valves

1-. expansion va’ve

6—- motorizeé campers

2-thermostats .

I-controller (24 elements) (6 in cabinets)

2-2 hp startars for 130 gpm H2804 pump
(2 speed)
1-15 hp starters for 30,770 CFM blower
1-20 hp starter for 35870 CFM blower
1-5 hp starter for 300 gpm pump (2 speed)
1-2 hp starter for 119 .gpm pump
4-3 way 2" HzS04 valves
4-3 way. 2 1/2" ethylene glycol valves
1-2 way 2" H2S80,4 valve
1-2 way 1/2" -ethylene glycol valve
2-thermostats
1-4 hp starter for 150 gpm pump .
1-10 amp contactor
4-motorized dampers
l-controller (24 elements) (8 in cablnet)

ITEM COST ($)

49
116
175
400

. 50 -
110 -
81 .

675
220
450
35
" 81
55
40

110

TOTAL ($)

FOR. SYSTEM

147
348
1400
800
50
660
162
600

_4167‘
432

116
116
230
45
2700
880
450
35 -
162
55
40
440

720

6421
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KEY

CODE

I5

16

CONTRACTOR

Rocket Research

Rocket Research{

APPENDIX I.I (Continued)
CONTROLS

DESCRIPTION ITEM COST ($)

2- 1/2 hp starters for 6. 5 gpm H2804

pump (2 speed)

1-3/4 hp starter for 1536 CFM blower

1-1 hp starter for 2150 CFM blower ‘
1-3/4 hp starter for 15 gpm pump (2 speed)
1-1/2 hp starter ~or 8.7 gpm pump

1-1/2 hp starter Zor 6.9 gpm pump

1-10 amp contacto=

- 4=3 way 1 1/2" H2304 valves -~ 600

4-3 way 3/4" ethylene glycol valves 110
1-2 way 1 1/2" H2304 valve

1-2way 1/2" ethvlzne glycol valve

4-motorized dampers - 110
2-thermostats 81
l-controller (24 elements) (8 in cablnet)

2-2 hp starters for 130 gpm HéSO4 pump
(2 speed)

1-15 hp starter for 30,770 CFM blower

1-20 hp starter for 36870 CFM blower

1-5 hp starter fcr 300 gpm pump (2 speed)

1-2 hp starter for 119 gpm pump

4-3 way 2" H2S504 valves ' 675
4-3 way 2 1/2" ethylene glycol valves 220
1-2 way 2" HpSO4 valve 450
1-2 way 1/2" ethvlene glycol valve 35
2-thermostats’ : 81
1-4 hp starter for 150 gpm pump ° 55
1-10 amp contactor - - _ .40
4-motorized dampers 110

- 1=controller (24 elements) (8 in eabinet)

TOTAL ($)

FOR SYSTEM

80
40
45

216
40
40
40

2400

440

400
35

440

162

720

5098
432

116
116
230

45

2700
880
450

35
162

55

40
440

720
6421
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KEY

CODE

17

CONTRACTOR

-Rocket Resezrch

APPENDIX I.I (Continued)

: CONTROLS

DESCRIPTION ITEM COST ($)

2-1/2 hp starters for 6.5 gpm_
H9304 pump (2 speed):

1-3/4 hp starter .for 1536 CFM blower - -

1-1 hp starter for 2150 CFM blower.

1-3/4 hp starter for 15 gpm pump (2 speed)
1-1/2 hp starter for 8.7 gpm pump

1-1/2 hp starter for 6.9 gpm. pump

1-20 amp contactor T

4-3 way '1 1/2" H2SO4 valves . | 600
4-3 way 3/4" ethylene glycol valves 110
1-2"way 1'1/2" HS04 valve

1-2 way 1/2" ethylene glycol valve
4-motorized dampers 110
2-thermostats_ . ' 81

-1-controller (24 elements)

(& in cabinet)

TOTAL ($)
FOR SYSTEM

80
40
45
216
40
40
40
2400
440
400
35
440
162

720

5098
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APPENDIX I.I (Continued)

CONTROLS
KEY ‘
CODE CONTRACTOR DESCRIPTION
I8  University of 2- thermostats @ $35 ez,

Delaware

19 Franklin Institute 1-3/4 hp contactor for 46.7 gpm pump

1-pressure switch
1-thermostat

l-controller (3 elemehts)'(l in cabinet)

110 Dow Chemical 2- thermostats @ S35 ea
’ _ (no cabinet)

I11 Dow Chemical ' 2- thermostats @ $35 ea
; ' : : (no cabinet}.

I12 Clemson University 1-1 hp contactor for 50 gpm pump
‘ 1- thermostat : '
1- controller {2 =lements)
(1 in cabinet)

I13  University of Delaware 2- thermostats
(no cabinet)

I14 Monsanto Research 1- thermostat
(no cabinet)

" ITEM COST ($)

70
40
10
. 35
90
70
70
40
35
105
70
35

-

I17 Desert Reclamation . Inc. 40%-50 hp starters for 1500 gpm pumps @ 420 ea 16800

160-8" motorized ball valves @ $1400 ea

160#%%-10 amp contacto;s;@ 40 ea
"'1- controller (360 elements)
(200 in cabinets)

* in banks of‘4— $16,600 in controller cost
**% in 4 cabinets -$6400 in controller cost

224000
. 6400
33000

TOTAL ($)

FOR SYSTEM

175

70

70

180
70
35

280200 .
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APPENDIX I.I (Continued)

CONTROLS

KEY
CODE CONTRACTOR DESCRIPTION
I18 Texas A & M 5 hp starter for 600 gpm pumps
‘ 2 hp starter for 250 gpm pump
40 hp starters for 650 gpm pumps @ 190 ea
-2-10" PVC gate valves, motorized @ 1700 ea
2-8" PVC gate valves, motorized @ 1400 ea
" 4-6" PVC gate valves, motorized @ 800 ea
8-10 amp contactors @ 40 ea .
1~ controller (21 elements)
(13 in cabinets)

1-
1'_
3-

119 Desert .Reclamation Inc.2-30 hp starters for 800 gpm pumps @ 190 ea

4-8" motorized gate valves @ 1400 ea
4-10 amp contactors @ 40 ea
1- controller (10 elements)

(6 in cabinet)

ITEM COST

($)

55
46
570
3400
2800
3200
320
900

- 380
6400
160
500

TOTAL ($)
.FOR SYSTEM



APPENDIX I.J.

- INSTALLATION
KEY
CODE DESCRIPTION ] » COST PER SYSTEM
[ .
Ji Cost to install system on site. Included §7345.
: functions are:
a) Build foundations for CaClz tanks and
methanol tank.
b) Final assembly of CaClz units
¢) Install three tanks, two pumps, three
blowers, three heat exchangers
d) Erect and hang air ducts
e) Connect piping and electricals
f) Charge system
g) Transportation to site from contractor's place
J2 Cost to install system on site. Included 6391
functions are: :
a) Build foundations for CaCl? tanks and
" methanol tank. T
b) Final assembly of CaCl) units
"c) Install three tanks, two pumps, three
blowers, three heat exchangers
d) Erect and hang air ducts
¢) Counnect piping and cleotricale
f) Charge system
g) Transportation to site from contractor's place
J3 Cost to install system on site. Included .1559
functions are:
a) Build foundations and install storage
medium and ammonia tank
b) 1Install three heat exchangers, three pumps,
three blowers
c¢) Erect and hang air ducts
d) Connect piping and electricals
e) Transportation from contractor's place to site
J4 Cost to install system on site. Included functions

are: ' 11,661
a) Build foundations for conc. H2SO4 and
© dilute HpS04 tanks :
b) TInstall H2S04 tank
¢) Install water tank
d) Install heat exchangers, pumps, and blowers
e) Erect and hang ducts

-f) Connect piping and electrléals

g) Charge system ‘
h) Transportation to site from contractor's place.
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APPENDIX I.J

INSTALLATION
KEY : < : '
CODE DESCRIPTION COST PER SYSTEM
J5 Cost to install system on site. Included 5369
- functions are:
a) Build foundations for conc. H2S504 and
dilute H»SO4 tanks
b) 1Install H2S04 tank
¢) Install water tank '
d) 1Install heat exchangers, pumps, and blowers
e) Erect and hang ducts
f) Connect plplng and electrlcals
g) Charge system
h) Transportation Lo site from contractor s place
J6 Cost to install systemion site. Included : 6685
functions are: . :
a) Build foundations for conc. H2S504 and
. dilute H2504 tanks '
b) 1Install H2S504 tank
¢) 1Install water tank .
d) Install heat exchangers, pumps, and blowers
¢) Erect and hang ducts
f) Connect piping and electricals
g) Charge system ' :
h) Transportation to 31te from contractor's place
J7 Cost to install system on site. Included . 3859

functions are: :
.a) Build foundations for conc. H2504 and
dilut'e H2S04 tanks
b) Install H2504 tank
c) - Install water tank
d) 1Install heat exchangers, pumps, and blowers
e) Erect and hang ducts
f) Connect piping and electrlcals
g) Charge system
h) Transportation to site from contractor's place
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 APPENDIX I.J (Continued)

INSTALLATION
CODE. DESCRIPTION . o : COST PER_SYSTEM

J8 . ‘Cost to install system on site. o o © 255
a)Build foundation support ' ' ’
b)Arrange chubs and racks
c)Install plywood. enclosure (double wall)

"d)Hook ‘up input and output ductlng
e)Connect electricals
f)Transportatlon to house from contractor s place

-J9 ° .Included in the cost are: . ‘ o - 322
‘ . a)Cost.of assembling piping, evaporator and pump in shop
b)Work done - on site such as build foundation, 1nsta11
. unit; hook up piping, charge system, connect electricals
c)Transportation to house from cdntractor's place

J10 Cost to install system on"site. ) o © . 330
a)Foundation support ’ - '
b)Install cans and the enCIOSure
- ¢)Hook up input and output duct;ngA
d)Connect electricals . ‘ A

A"e)Transportation to house and into the basement

J11 Cost to install system on site: ' $ 488
a)Foundation support - 1
b)Install cans and the enclosure
c)Hook up input and output ductlng
d)Connect electricals
e)Transportatlon to house and into the basement

J12 ~Cost includes: : - - 3292
- a)Assemblies: pump, heat exchanger, expansion tank
b)Foundation for the unit
c)Install tank
-d)Hook up piping
*. e)Connect electricals
f)Charge system :
g)Transportatlon from contractor s place
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" APPENDIX I.J (Continued)

- ' INSTALLATION
“KEY . I 5 o . S
GODE -~ 'DESCRIPTION =~ . . o o COST PER SYSTEM

- J13 -Cost to install system on site: . .- 330
a)Build foundation support ' '
- b)Arrange chub and racks
¢)Install plywood enclosure (double wall)
"d)Hook up input and output ducting
e)Connect electricals . ‘
"f)Transportation to house from contractor's place _

- J14 " Cost to install system in residence: . R 254
: ) a)Install steel and expan51on tank ‘
'b)Foundation ’
" c)Connect piping and electrlcals
d)Charge system
'e)Transportatlon from contractor S place to re51dence

77315 Lay block wall of 276 blocks . - o . 625
*  Apply butyl adhesive bonding agent . : :

. J16.:°  Lay block wall of 1000 blocks - . ° o 3,074
* Apply type N mortar : e ‘ ’ ‘ S

317 . - a)Drill 40 wells, 400. ft. deep 24" dia. o 3,156,343
" b)Install filter:and three pumps h ' ‘
c)Machine trenching and backfill
d)Connect electricals .

J18 - a)Drill 3 wells 150 ft. deep 12" dia. o .66,139
: .b)Install filter and three pumps o :
c)Machine trenching and backf111
d) Connect - electrlcals

J19 '-'a)Dr111 2. wellu, 400" ft. deep 24" dxa B : 7 $180,475
' .. ~b)Install one heat exchanger and two pumps S '
' ¢)Machine trenching -and backf111 ' :
- d)Connect. electrlcals
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APPENDIX II

GENERALIZED COST DATA

APPENDIX II.A PRICE AND PROCUREMENT CONSIDERATIONS FOR CHEMICALS USED
IN HEAT STORAGE SYSTEMS

This section of the report deals with price and procurement considerations
for the various chemicals used in selected heat storage systems. It begins
with a general discussion of purchasing considerations and includes comments
on the availability of the chemicals under consideration. Finally, a
description of the approach used in estimating delivered costs for the

heat storage chemicals is presented, in conjunction with a brief discussion
of the importance of transportation cost to the delivered cost figures for
certain chemicals.

1. General Procurement Considerations for Heat Storage Chemicals

The procurement process involves a series of decisions which begin with

the choice of material to be used in a.given process. Indeed, a major
element of this study is the selection of a number of viable heat storage
systems, based on their relative cost effectiveness. For many of the systems
the chemical costs represent a significant portion of total cost and,
therefore, have a marked impact on system viability. Selection of an
effective heat storage system based on chemical materials which are readily
available at low cost is an important objective.

Once the choice of material is made on the basis of expected chemical
availability and heat storage cost effectiveness, the next decision is
whether to make or buy the material. For nearly every system considered
the estimated chemical requirements are small relative to U.S. production
of these chemicals. This suggests that manufacturing the chemicals would
not be practical, with the possible exception of forming a hydrated
salt from anhydrous material.

Once the decision ‘has been made to purchase the chemicals required, several
additional considerations arise relating to the choice of by-product or
virgin material and to the choice of individual suppliers. The first
choice will be made on the basis of both by-product availability and the
-purity requirements of the heat storage system. The choice of supplier

may involve a number of considerations including a) the possibility of
dealing directly with the producer ralher Lhain with middlcmen, b). the
issue of having alternate sources of supply and therefore, splitting the
order among several purchasers and, finally, c) geographic considerations
in which preference may be given to either a local supplier or to suppliets
who.are in a position to minimize transportation costs. ‘
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To summarize, there are four basic considerations which should go into
the purchasing decision:

e Current and future availability of the chemical,
e Purity or quality requirements for the intended use,
" @ Technical service requirement and availability, and

e Delivered price of the chemical.
Although the delivered price of the chemical has a significant impact on
the economic viability of the heat storage system, consideration of price
alone assumes that sufficient quantities of the chemical will be availablc
in the required purity and that the amounts required will be small enough,

compared Lo total demand, to have no effect on price. As will be discussed,
this is not always the case.

2. Product Availability

Based on estimated sales volumes for the individual heat storage systems
as well as the material requirements for these systems, estimates were
prepared of the potential annual demand for the heat storage chemicals
considered. Where information on U.S. production of the individual
chemicals was available, heat storage demand was compared with production
to arrive at an estimate of the share of U.S. output potentially required
for heat storage applications. The results of this analysis are shown

in Table II.A-1l. For purposes of this analysis, heat storage demand levels
of less than 57 of U.S. production were considered to be inconsequential.
This eliminated from consideration all chemicals for which information ‘
was available except for sodium thiosulfate, trimethylamine, and calcium
chloride.

Based on the sales estimates for the Clemson University and Franklin
Institute systems, demand for sodium thiosulfate and trimethylamine will
exceed recent production figures for these chemicals by 219% and 29%,
respectively. The relatively limited avallablllty of these chem10a1q
may thus present a problem. -

In another example, based on a sales estimate of 4,000 units per year,
the EIC Corporation heat storage system would require 160,000 tons of
anhydrous calcium chloride annually. Sales of the system would also
translate to an annual requirement of about 100,000 tons of methanol.
These quantities represent 137 and 3%, respectively, of 1976 U.S.
production of these chemicals. While the 3% figure for methanol may be
worth noting, this level of additional demand would be unlikely to
significantly disrupt methanol markets. On the other hand, in the case
~of calcium chloride, incremental demand amounting to about 13% of current
production would be likely to force supply and demand out of balance and
drive product prices higher.
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TABLE II.A-1

TOTAL CHEMICAL DEMAND FOR INDIVIDUAL7STORAGE SYSTEMS .

Estimated 1976 Demand as

.Estimated . Chemicals . Estimated Total Productjion a Percent
System System Sales © - Used . Chemical Demand - Volume® of Production
(units/y;.) S ’ (1,000 tons) (1,000 tons)
EIC Corporation 4,000 QH3OHA , 100 3,121 3
R ' CaCl, 160 A 1,200 = , 13
Martin Mgrietta : 363000 o MgCl2 : 9 . n.a. M
caCl, o1 1,200 1
A NH; 17 16,464 0.1
* EIC Corporatiomn 6,000 CH3OH' ' : 53 : 3,121 2
_ , CaCl2 : . 84 : 1,200 7
Rocket Research Corp. 6,000 ‘ H2804 33 ’ 33,001 0.1
o N H2804 17 o ’ 33,001 :05
Martin Marietta 6,000 Mg012 A 30 ; ‘n.a. M
.‘CaC12 37 . ' . 1,200 3
' NH, : 57 . 16,464 0.3
" Chemical Energy Specialists. 36,000 :MgC12.4H20 .23 .(13 t.t. anhyd.) n.a. M
- Rocket Research Corp. 1,000 - HZSO4 275 . 33,001__ 1
University of Delaware 90,000 Na2504.1OH20 95 (42 t.t. anhyd.) 1,260 3
Borax . 4 : 900 0.4
Min-U-Gel 8 n.a. U
NaCl, 4 - 42,000 0.03

kel : 15 ' 315 .5
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TAELE II.A-1 (Continued)

TOTAL CHEMICAL DEMAND FOR INDIVIDUAL STORAGE SYSTEMS

| , o  Estimated 1976
Estimated Chemicals : Estimated Total Production

System o System Sales : Used Chemical Demand Volume®
. ‘ . (units/yr.) =~ = ' (1,000 tons) - (1,000 tons)
Brookhaven National Lab. 30 x 106 CéClé@6H20 94 (47 t;f; anhyd.) 1,200
) blocks .

Key

‘a. Production reported on anhydrous ba31s unless otherwise indicated.

b. 1974 production estimate.

-'ec. 1975 production estimate. .
- L. Unknown; supply likely to represent a constraint.
- M. Unknown; supply may represent a constraint.

U. Unknown; supply unllkely to represent a constralnt

Source: Arthur D. Little, Inc., estimates based on published data.

Demand as
a Percent
of Production
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_ System’

Franklin Institute -
Dow Chemical

Dow Chemical

Clemson University

University of Delaware

Monsanto Research Corp.

Suntek Research Corp.

~ TABLZ II.A-1 (Continued)

TOTAL CHEMICAL DEMAND FOR INDIVIDUAL STORAGE SYSTEMS

Estimated

Chemicals
System Sales Used”
(units/yr.) ‘
90,000 N(CH3)3 |
40,000 Mg (NO,) , . 6H,0
36,000 Mg(N03)2.6H20
. ITTH 4NO‘B
36,090 . NaZSZQ3sSH20
36,000 Na2504
Borax
Min-U-Gel
- B0
1,000 h.d.p.e.
Ethylene glycol
30 x 106 Pumice Cement
blocks

CaClﬁ.6H20
BaCl~.6H20

Estimated Total
Chemical Demand

Estimated 1976 - -

Production
Volume

-Demand as
a Percent

(1,000 tons)
18
66 (29 t.t.
59 (26 t.t.
59 o
80 (51 t.t.
32
2
6
32
1
i
240

180 (90 t.t.

(1,000 tons)

' l4é
anhyd.) n:a.
anhyd.) n.a.

. 7;185

anhyd.) 16

1,260

900

n.a.

d

1,560
1,680

anhyd.) 1,200

5 (3 t.t. anhyd.) n.a.

Urethane/Coal Tar 6

of Production

129
M
M
1
319

g d o w

.06
.06



Although of lesser consequence, the alternative EIC Corporation system

for which sales of 6,000 units per year are anticipated would have methanol
and calcium chloride requirements representing 2% and 7%, respectively,

of 1976 U.S. production of these chemicals. Here again, the 2% is hardly
worth noting but the 7% is cause for some concern.

Finally, there .are several chemicals for which production volume is not .
available and where supply may be a constraint: magnesium nitrate,
magnesium chloride, and barium chloride.

In examining the likely longer-term availability of the various heat

storage chemicals considered, no severe shortages (other than those noted
above) are expected in the foreseeable future. On the other hand, several

of the chemicals, including calcium chloride, sodium sulfate, and sodium
chloride may be produced as co-products or by-products of other operations
and, if quality is acceptable, may be available at prices below those for
virgin material. A slower general rate of price increase for these chemicals
is the one discernable price trend one sees here. ’

3. Estimated Delivered Cost for Heat Storage Chemicals

As an important input to the total cost of the heat storage systems under
study, estimates of delivered prices for the chemical materials were
prepared (see Table II.A-2). In preparing these estimates, certain assumptions
were made, including delivery of the chemicals Lo a Midwest U.S. lecation,
and transportation costs of 53¢ per gallon or 1¢ per pound for products

sold on an F.0.B. basis (which was the case for most of the chemicals).

It was also assumed that hydrated salts of such chemicals as calcium chloride
and magnesium chloride were prepared on-site in order to realize significant
transportation cost savings. Although preparation of the desired hydrated
form may be difficult in some cases, it was assumed that this step could

‘be carried out with relatively simple equipment for a fraction of a cent

per pound. ' '

The delivered cost of the chemicals varied widely from a low of 1.3¢

per pound for sodium sulfate decahydrate up to 29¢ per pound for high-
density polyethylene resin, and 80¢ per pound for the urethane/coal tar
sealant which is called for in the Suntek Research Corporation system.

The. product prices were prepared on the basis of published list prices

and direct telephone contact with producing companies. fCompaniec contacted
included Ashland Chemical Co., E.I. Du Pont de Nemours & Co. (Inc.),
Tenneco, Hercules, and McKesson Chemical Co.

Transportation costs become relatively significant for those products
with low values per unit weight. Those chemicals for which estimated
transportation costs account for 20% or more of delivered cost included
anhydrous calcium chloride (20%), sulfuric acid (23%), Min-U-Gel (33%)
and sodium chloride (33%).

II-6



TABLE II.A-2

_SUMMARY OF CHEMICAL PRICES USED IN SYSTEM COST ESTIMATES

(cents/1lb unless noted)

Chemical

- Ammonia, Anhydrous
Ammonium Chloride.

- Ammonium Nitrate

Barium Chloride, Hexahydrate
Calcium Chloride, Anhydrous
Calcium Chloride, Hexahydrate
Ethylene Glycol

High-Density Polyethylene
Magnesium Chloride, Anhydrous
‘Magnesium Chloride, Tetrahydrate
Magnesium Nitrate, Hexahydrate
Methanol-

Methanol

Min-U-Gel

Potassium Chloride

Sodium Borate (Borax):

Sodium Chloride : .
Sodium Sulfate, Derahvdrate :
Sodium .Thiosulfate, Pentahydrate
Sulfuric Acid

Sulfuric Acid

Trimethylamine
Urethane/Coal Tar Sealant
‘Exxon Marcol 72

Grade

“fine"
"fertilizer'

94-977%
"industrial"
927 .

99%

917%
"chemical"
"technical"
"chemical"

93%
10%
100%

Delivered

,Pricea

6 .
14
6
14
5 .
2.5
25
.29
15
9.
16 :
54¢/gallon
49¢/gallon
3
3
20
3
1.3
12
3
0.5
31.5
80-95 . ,
"$1.25/gallon

a. Assumes delivery to midwest location; hydrated salts prbduced
on-site from anhydrous material.

‘Sourc¢e: Arthur D. Little, Inc., estimates based on published data and

industry contacts.
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Producers, : . .
~are listed in Table II.A-3. Direct contact with major suppliers is. generally

1]

: _Generalisources of information 'on chemical suppliers and producers are

the "OPD Chemical Buyers' Directory," the "Directory of Chemical
'" and the '"Chemical Week Buyers' Guide Issue.' These sources

the best approach to developing ‘data on price and availability.

-
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"TABLE II.A-3

SOURCES OF INFORMATION ON CHEMICAL SUPPLIERS

"OPD Chemical Buyers. Directory," Schnell Publishing Company, Inc.,
100 Church Street, New York, New York 10007

"D1rectory of Chem1ca1 Producers," Stanford Research Institute,
Menlo Park, Ca11forn1a 94025 ‘

"Chem1ca1 Week,‘.Buyers Guide Issue," McGraw-Hill Iﬁc.,t
1221 Avenue of the Americas, New York, New York . 10020

I1-9



APPENDIX II.B CONTAINERS

1l. Nonstandard. Items

Container costs for special fabrications must be obtained either by
getting quotes from vendors or by making a detailed list of materials
and assembly operations, obtaining material prices and estimating
assembly labor required. The assembly labor is then priced to include
overhead and profit. Different costs/hr are used depending on the
degree of automation likely. We have used standard crews

from the "1978 Means Cost Data" handbook when applicable or the

"~ following:

‘o $20/hr Standard Factory Labor
° 325/hr ) ' Intermediate volume production equipment
@ $30/hr -Sophisticated production equipment

‘2. Tanks

Many systems utilize various types of tanks. . Figures IIL.B-1 through
II.B-7 present cost data for a range of sizes and types.

II-10
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Cost (dollars)
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FIGURE II.B-3 DELIVERED COST OF UNPRESSURIZED AND UNLINED
STEEL TANKS
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Cost = 8310,6 + 2.07 Capacity

5 ' 10 - 15 : 20 95
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FIGURE II.B-5 COST OF GLASS LINED TANKS
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3. Installation of Underground Tanks

Estimates of the installation costs of underground tanks were made for
three different tank sizes. A graph showing the installed cost versus
tank size is shown in Figures II.B-8. These installation costs assume
that a hole would be excavated for the tank, the bottom would be prepared
for the tank, the tank installed, and the hole back filled and compacted.
The estimates were made using the Means Cost Data book to estimate the
cost of excavating an amount of material based on the size of the tank
for each tank utilizing trucks to carry the dirt and a clam shell to

dig the holes. Standard labor rates were used which include typical
contractor overhead and profit for an installation of this kind.
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Figure II.B-8 Cost to Install Tanks Under Ground

II-19



APPENDIX TT.C TINSULATION

In order to estimate the cost of insulation in different types of storage
devices, relationships have been developed between the cost per square

foot of insulation and the temperature of the storage system. These
relationships are based on an assumed standby loss rate. Figure IL.C-1 shows
these relationships for diurnal storage systems. For this comparison a
value of 14 Btu/hour / ft° loss was selected as a standard rate. This

value is the loss rate suggested in the new standard for water heaters.

Four different curves are presented in Figure II-C.l. Non rigid and rigid
fiberglass have been selected as the standard insulation on indoor
applications. This insulation is good for a temperature up to approximately
400°F. Above this temperature composites must be used, and the cost

per sq. ft. would increase somewhat more rapidly. Insulation for outdoor
tanks is based on the use of rigid polyurethane attached to the device

and covered with a cementitious coating to provide sealing. The tanks that
are below the ground are assumed to have a waterproof coating over the
cementitious coating. The values of insulation cost per sq. ft. include

not only the materials but also the time required for installation and
normal contractor overhead and profit.

In order to use this curve when costing a specific system, the surface
area of the container being insulated is calculated based on its dimensions.
Next, the maximum temperature of the storage device is estimated. Finally,
the appropriate curve in the figure is selected in order to find the

cost per unit area for insulation which corresponds to the storagc
temperature. For indoor tanks the surface area used should include the
entire tanks container surface including top and bottom. For outdoor

tanks above the ground only the surface area not in contact with the
ground should be used because during diurnal cycles, the heat loss through
the bottom is negligible compared to storage capacity of the device.

Buried tanks do not need to be insulated for diurnal storage unless part
of the tank is at or very close to the surface. In this case that

portion of the tank within five feet of the surface should be insulated
utilizing the curve shown for buried tanks.

For seasonal storage the insulation cost depends on whether the applica-
tion is for heating or cooling. In the case of heating, an insulation
value of R-30 is used for the tank. For temperatures normally egcountered
in this type of application, heat losses of 2 Btu per hr. per ft~ for

tank surfaces above ground and 1 Btu per hr. ft~ for tanks below ground
represent reasonable mean values. In treating seasonal storage the
actual size of the storage tank should be scaled up to allow for this

loss rate and the period of time over which the energy is to be stored.
The costs associated with above ground and below ground installations

on a per square ft basis are shown in Table II.C-1.
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Figure II.C-1 Insulation for Diurnal Storage
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Cooling applications for seasonal storage should use an insulation value
of R-18 and the system should be scaled to allow for hegt loss of .5 Btu's
per hr per ft~ for buried tanks and 1 Btu per hr per ft for tanks above
ground. When utilizing ice as the storage medium, .2 and .4 Btu's per

hr ft° respectively should be used for chilled water systems. A different
factog is utilized for this case because with an average ground temperature
of 50 F, the temperature difference for ice systems is somewhat larger
than the average temperature if a chilled water storage system is
utilized. Storage temperature differences were neglected for heating
systems because for this case the differentials betgeen typical

storage temperatures and an earth temperature of 50 F are large compared
to differences in maximum storage temperature likely to be encountered in
practice. Table II.A-1 also presents cost factors to be utilized for
insulation costs for seasonal storage cooling applications.
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TABLE II.C-1

SEASONAL STORAGE INSULATION DATA

Below Grpund“

Above Ground .

Loss Rate, .Costz B tos§ Rate . .Costz,
- (Btu/hr ft7) ($/ft7). (Btu/hr ft7)  ($/ft7)
Heating (R-30) 2 3.56 N 3.56
Cooling Ice;.(Rélg) 1 2.75. 5 2,75
Cooling Chilled - - , - '
Water (R-18) A 2.75 ' .2 : 2.75
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APPENDIX TI.D HEAT EXCHANGERS.

"~ A generalized method for estimacing the cost of different types of heat
. exchangers has been developed, based on the NIU heat exchanger design °
method. This method utilizes the effectiveness of the heat exchanger
to obtain an estimate of transfer units and from this to calculate the

heat -exchanger surface area for the particular application. The
effectiveness is based on the temperature differences across the heat
exchanger. Once the area has been obtained an equation 1s used to
calculate the cost of the desired heat exchanger These equations are.
summarized in Table II.D-1. ’ '

The step-by-step procedure for obtaining the estimated heat exchanger
cost is as follows:

? Specify the heat exchanger by utilizing reasonable temperature -
drops across both fluid streams based on desired temperature
drops throughout the storage unit and balancing the heat flow
thermodynamically. This is done by using the heat capacity of
the two fluid streams, their flow rates and the temperature
»dittereﬁces to obtalu the desired hecat exchange rate.

e Calculate the requ1red effectlveness by d1v1d1ng the temperature
difference of the stream having the maximum temperature (ATmay)
change hy the nverall temperature difference across the heat
exchanger (ATg). - The overall temperature difference is defined
as the difference between the two inlet temperatures as shown
in Figure II.D-1. Nextn’ ie'calculated by dividing the temperature
drop across the stream having the minimum temperature drop
(ATpin) by the temperature drop across the stream with the
maximum temperature drop (ATmax). Using these two values, the
number of transfer units for the particular design is obtained
from Figure II.D-2.

e Calculate the area of the heat exchariger reduired to give the
necessary heat transfer surface from the equation

A = Neu Cpip
S U. '
where Cpin is equalhto the heat flow rate divided_by the maximum
temperature differential and U is the overall heat transfer

coefficient which is obtained from Table II.D- 2 for the approprlate
case. : » .
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‘TABLE II1.D-1"

HEAT EXCHANGE COST EQUATIONS

TYPE - RANGE OF AREA (Ft2) COST ($)*
Standard -Shell. & Tube 0 < A< 100 66A =33
‘Standard Shell & Tube 100< A -< 200,000 17.14-84
Glass :Shell & Tube A in jumps of 135 ft? 5,500/unit

0-< A < 10,000 175 4 .545 A

Finned Tube

i

% Note: Cost in.1978 .'dbllars accurate to + .10% for .OEM 'purchases:.
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Nomenclatgre}

To1s Te2: inlet and out temperatures

of cooler fluid -

Twl, Ty2: inlet and .outlet temperatures

" of warmer fluid
Me: mass floﬁ rate of cooler fluid
my,: mass flow rate of wa?mer fluid
To = Tyl f Tcl
if

Twl = Ty2 < Te2 - ?cl

»Fhen ATpax = Te2 = Te1

ATmiﬁ Tyl — Tw2

if
Twl = Ty2 ™ Tey = Tel

then ATp,x = Twl - T2

ATpin = Tel = Te2

FIGURE II-D-1 NOMENCLATURE
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FIGURE II-D-2 TRANSFER UNITS AS A FUNCTION OF EFFECTIVENESS
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TABLE II.D-2

CONDUCTANCE FOR VARIOUS HEAT EXCHANGER CONFIGURATIONS

TYPE OF HEAT U Btu
EXCHANGER FLUIDS hr ftZ°F
Standard Shell & Tube Water-Lthylene Glycol 200
Standard Shell & Tube Water - Heat Transfer
0ils 30
Glass Shell & Tube Concentrated H2SO4
- Ethylene Glycol 150

Standard Shell & Tube Ethylene Glycol
Evaporated or Con-

densed Fluid 160
Standard Shell & Tube Water Condensed Water 250
Standard Finned Tube Air- Ethylene Glycol 10
Standard Finned Tube Air - Condensing Fluid 12
Standard Finned Tube Air - Evaporating Fluid 20
Standard Shell & Tube Vapor - Liquid 10
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® Substitute the area calculated in this way into the appropriate

equation from Table TI.D-1 to obtain the estimated heat exchanger
cost.

The relationships which relate cost to area have been derived for this
program by obtaining quotes for heat exchangers which meet the design
requirements of the different systems. These quotes were obtained

from various sources. The fit of the actual data for heat exchangers

to the curves given in Table II.D-1 provides an accuracy of plus or minus
10% of the estimated cost. These prices are for heat exchangers
purchased only in large quantities.
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APPENDIX II-E

HEAT TRANSFER FLUIDS

The pricing used for heat transfer fluids is described in Appendix II.A
Heat Storage Material.
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APPENDIX II.F
PIPING AND DUCTING

Cost curves relating pipe cost/ft to diameter for different materials
are presented in Figure II,F-1. These are based on quotes from vendors
for OEM quantities.

For costing ducts a figure of $.20/circumference inch/linear foot may be

used to estimate the cost. This value was derived as shown in Table

IT.F-1 assuming 1 elbow every 25 feet. Use a maximum velocity of 100 feet/
sec in commercial installations and 50 feet/sec for residential applications.
A minimum duct size of 12" X 12" im practical.

Table II-F-2 describes the procedure for sizing pipes.
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TABLE II, F-1

DUCTING COST ESTIMATE VALUE

SIZE PERIMETER $/25" ELBOW ($) TOTAL ($) (8/in ft)
24X28 104 450 54 504 .19
12X12 48 250 30 280 +23
28X39 134 550 66 616 .18
42X60 204 900 108 1008 .20

Average .20
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TABLE TII.F-2

DETERMINATION OF PIPE DIAMETERS

In order to determine the correct pipe diameter, one must specify the
following:
flow rate

total pressure drop
total pipe length.
Using this information, one can determine the necessary diameter using

Figures B-F-2 or B-F-3 depending on the flow rates involved. An example
of the procedure employed is given below.

Problem: determine the required pipe diameter for the following
set of conditions

Ah = 30 ft of Hy0 (maximum)
flow rate = 70 gpm

pipe length = 90 ft

30 ft Hp0

Method of Solution: calculate Ah/1 = :
90 ft pipe

= .33 ft Hp0/ft pipe

on the abscissa of Figure II, F-2, locate the flow
rate of 70 gpm; follow this line to the
intersection of the calculated value of

Ah/1 on the ordinate read pipe diameter

from diagonal line to Lhe right of the given
point

Solution: 1 1/2" diameter pipe

In sizing piping for these analyses, we have used a standard pressure

drop of 30 ft of water in all piping. This value has then been used as
the basis for calculating pump and motor sizes in costing these items.

In some residential applications pipe sizes will be large enough using
1/2" - 1" pipe to use 6 ft of water pressure drop. This will result in

a lower pump cost. For larger systems with long pipe runs, the addition-
al cost of the pipe offsets the higher pump cost so the 30 [L [igure

is more appropriate. '
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APPENDIX II.G
BLOWERS AND MOTORS

We studied each storage module to determine the need for blowers and we
defined blower specifications such as air or ammonia blower, single or
variable speed blower, static pressure. Price quotations were obtained
for blowers, motor and drive, OSHA belt -guard, and vibration rail base.
Prices obtained were in 1978 dollars and were based on forecasted units
requirement per -year.* -Prices are delivered prices, and are F.0.B. factory
price plus, on average, 4% more to cover freight within a 600 mile radius
area. Prices inc¢lude blower, variable inlet vane control, if required, -
motor and drive, vibration rail base ‘and OSHA belt guard, if required.

The graph attached can be used to determine budget prices for different -

- capacity (CFM) requirements: 1i.e., air blowers.

*Discounts on prices run as follows:

5% for quantities 10 to 20 units
10% for quantities 21 to 100. units
15% for quantities above 100 units.
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 APPENDIX IT.H
PUMPS AND MOTORS

Having determined the fluid pumped, flow rate and head requirement for
"each pump, we obtained quotes for the pumps, motors, bases and guards.

The prices obtained were in 1978 dollars and were based on forecast un1ts
per year. * Prices are delivered prlces, and are F.0.B. factory

prlce plus; on average, 4% more to cover freight within a 600 mile radius
area. Price includes pump, motor; base and guard if required. Figure
II1.H-1. . can be used to determine budget prices for different capacity (GPM)
requirements = i.e., methanol, ethylene glycol and Dowtherm J.

*Discounts on prices run as follows:

5% for quantities 10 to 20’uﬁits'
10% for quantities 21 to-100 units
' 15% for quantities above 100 units.
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APPENDIX II-I

CONTROLS

.I. Controls

Estimating the cost of controls can only be done after all other system
elements have been defined.and sized. The first step in the costing
procedure is to identify the various control elements in the system. -
These fall into four basic categorles which are:

® Sensors
e Power acéuated valves and ducts dampers
@ Contactors
® Motor starters
Each of these elements is discussed below.

® Sensors:

.Table II.I-1 shows the different types of sensors.which are normally
cncountered in thermal storage systems and a cost to be used with each
type of sensor. These costs represent an average value for different
kinds of sensors, based on cost estimates received from various vendors.
Three different kinds of thermal controls are shown. The simplest is a
bimetallic switch normally used as a safety switch rather than for normal
cycling switching. The thermal switches can be used as thermostat
controls. Thermocouple controllers are more expensive and are typically
used when a precise level of control is required. For most thermal
storage devices this level of control complexity is not necessary.

® Power Actuated Valves and Motorized Ducts:

Table II.I-2 presents cost of various types of motorized valves and duets.
- The cost of the one most closely matching the particular application or
an interpolated value between two should be used for cost estimating.

e Contactors:

_ Contactors are used to apply power to most devices requiring more than
an ampere to start them. Typically they would be used for larger power
actuated valves, heating elements etc. The smallest unit is suitable
for starting a 1 1/2 horse power motor or less, which can be started
with a direct contact. Larger motors should be started with the devices
shown below. Table II.I-3 contains contactor costs.
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.

., TABLE IT,I-1

SENSORS

Bimefallic'SWitch

Thermal Swifch (bellows- type)
Thermocouple Conﬁfpllers |
Pfessuré éwitcﬁ

Level Switch

Fusible Link

II-42
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TABLE 1I,T1-1

' POWER ACTUATE VALVES & DUCTS

Solénoid  K : o .TA. | Cost ($)
/2" - : e | 35
11/2" ‘ o o112

Moté;ized Dampers' . A

"16 1b-in (maximum duct area.

12 ££.2) :’ 110

.40 1b~in (maximum duct area ' )
30 ft.2) ' 115

Ball Valves
1 T g
1a/4" B | 170
11/2" | : , 183
2" o - 200
4 | : ‘ | 1321
6" S . 1875
Gate Valves (Ste.el)- | |
6" | - 828
8" - - . 1389
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Amperes -

10 -
20
30
50
100
150

300

. TABLE 1IT, I-3

CONTACTORS

-NEMA 00
NEﬁA 0
NEMA l.
NEMA 2
NEMA 3
NEMA 4

NEMA 5

II-44
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e Motor Starters

Table II,I-4 presents coSt'for one and two speed motor starters in different

size ranges. Three speed starters are approx1mately twice as expensive
. as two speed starters. .

Some systems may require special‘nphgorrOéive'materials or other re-
strictions resulting from the type of material used in the storage system.

In these cases, it is necessary to get specific information from a suppller
of the device required.

@ Controllers .

Controllers were estlmated at $10 per element plus $60 per 1tem ‘mounted
in a cabinet.

T1-45.



TABLE TI.I-4 .

MOTOR STARTERS

" Full Voltage Starters

HP 5
1.5-2 . S ' 45
3-5 o ) - 55

“7.5-10 0 - - 62
10-25 - ; o116
25-50 | 190
40-100 | o 421
75-200 S 985

'Two~SEeed‘Starters

-3 | } ' ' 216
-1 1/2 o | 230
10-20 | L 398
25-40 : TV
4075 - B 1520
75150 '» | . 2990
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‘Distribution of ANL/SPG-11

Internal:
.G. Asbury o J.J. Roberts .
.J. Croke , ANL Contract Copy -
.B. Krisciunas o ~ ANL Libraries (5)
.S. Macal _ _TIS Filés (6)
.E. Massey - : ' .
.0. Mueller (180)

External:

DOE-TIC (27)

Manager, Chicago Operations and Regional Office, DOE

Chief, Office of Patent Counsel, DOE-CORO .

President, Argonne Universities Assoc1at10n _

Energy and Environmental- Systems D1v151on Review Commlttee.
W.C. Ackermann, U. Illinois

Angino, U. Kansas :

Egan, Environmental Research and Technology, Inc.

Gordon, U. Notre Dame

. Hogan, Harvard U. .

Poundstone, Consolidation Coal Company

. Roddis, Jr., Charleston, S.C..

Rohlich, U. Texas at Austin

‘Schmidt, Booz, Allen, & Hamilton .

. Stukel,. U. Illinois

1bb0ns, Office of Technology Assesamcnt, U.S. Congress

. Kash, USGS, Reston, Va. .
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