b=

ENERGY

TECHNOLOGY

THIRD ANNUAL PROCEEDINGS OF
THERMAL ENERGY

STORAGE CONTRACTORS’
INFORMATION EXCHANGE
MEETING

DECEMBER 5-6, 1978
SPRINGFIELD, VIRGINIA

ORGANIZED BY SANDIA LIVERMORE LABORATORY
- FOR

) U.S. DEPARTMENT OF ENERGY

’ Assistant Secretary for Energy Technology
Division of Energy Storage Systems
Washington, D.C. 20545




Available from:

National Technical Infarmation Service (NTIS)
U.S. Department of Commerce

5285 Port Royal Road

Springfield, Virginia 22161

Price: Printed copy: $15.00
Microfiche: $3.00




-

[ ’ I | pist Catogory UC 948
ENERGY
| TECHNOLOGY

THIRD ANNUAL PROCEEDINGS OF
- THERMAL ENERGY

STORAGE CONTRACTORS'

INFORMATION EXCHANGE

MEETING

DECEMBER 5-6, 1978
SPRINGFIELD, VIRGINIA

ORGANIZED BY SANDIA LIVERMORE LABORATORY
FOR

) U.S. DEPARTMENT OF ENERGY

Assistant Secretary for Energy Technology
Division of Energy Storage Systems
Washington, D.C. 20545




PREFACE

Thermal storage technologies can contribute significantly to achievement
of the goals set forth in the National Energy Act by facilitating the shift from
scarce petroleum base fuels to more abundant energy sources such as coal and
nuclear and by reducing total national energy use. Specifically, thermal storage
technologies permit more efficient and economical use of intermittent energy
sources and off-peak electrical power for applications in which there is a timing
mismatch of energy supply and demand. In addition, thermal storage and trans-
port will allow more extensive use of industrial and utility waste heat to fulfill
needs currently provided by primary fuels.

In recognition of the energy savings potential of such applications, the
Department of Energy has chartered the Division of Energy Storage Systems
(STOR) to promote the development of thermal energy storage technologies at the
national level. Overall management of the National Thermal Energy Storage Pro-
gram is centralized in the Chemical and Thermal Storage Branch of STOR, while
the day-to-day project management and implementation of DOE policy has been
delegated to the national laboratories.

Under the direction of C. J. Swet at DOE headquarters, the Thermal Energy
Storage (TES) Program has been divided into the following subprogram elements:

1. The Low Temperature Thermal Energy Storage (LTTES) Program
managed by Oak Ridge National Laboratory--the objective is the
development of sensible and latent heat technologies for application
temperatures under 250°C.

2. The High Temperature Thermal Energy Storage (HTTES) Program
managed by NASA Lewis Research Center--the objective is the
development of sensible and latent heat technologies for application
temperatures greater than 250°C.

3. The Thermochemical Energy Storage and Transport (TEST) Program
managed by Sandia Laboratories, Livermore--the objective is the
development of reversible chemical reaction technologies for appli-
cations over the full temperature range.

Additionally, Argonne National Laboratory reports directly to DOE headquarters
on the use of thermal storage for electric load leveling behind the meter.

Because of the decentralized management and wide variety of projects being
funded under the auspices of the Thermal Energy Storage Program, this Annual
Contractors Information Exchange Meeting has been organized to give program
participants a chance to place their individual project activities in perspective




and to give government planners responsible for the commercialization of energy
technology an overview of the TES program content. This is the third in the
series of annual meetings for this program and this document provides a record
of the proceedings. Each of the projects funded over the last fiscal year is
described in this document but due to time constraints, only selected presenta-
tions were made from the podium.

Sandia Laboratories, Livermore was pleased to organize the meeting and
assemble this documentation. It should be noted that the project reports which
make up these proceedings were prepared by the responsible subcontractors--no-
technical editing or evaluation has been performed by Sandia.

William G. Wilson, General Chairman
Third Annual Thermal Energy Storage
Contractor's Information Exchange
Meeting
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LOW-TEMPERATURE THERMAL ENERGY STORAGE
PROGRAM OVERVIEW

David M. Eissenberg

1. INTRODUCTION

The Low-Temperature Thermal Energy Storage Program is a research
and development program managed for DOE/STOR by the Oak Ridge National
Laboratory.” As program manager, ORNL has responsibility (in consulta-
tion with énd with the concurrence of DOE/STOR) for planning the low-
temperature storage effort, awarding subcontracts to implement the plan,
maintaining technical and fiscal control of the subcontractors, disseminat-
ing the results obtained, and assisting in the transfer of the mature
program elements to demonstration and commercialization. The bulk of the
program is carried out through subcontracts with industrial research and
development laboratories, universities, research institutes, and other
national laboratories, with some support work carried out at ORNL.

In this overview, the LTTES Program objectives and scope are defined
and the long-range implementation plan for achieving program goals
described. Specific projects underway in support of program goals will
be described in subsequent papers, either in summary form by ORNL-LTTES

program staff or in more detail by contractor representatives.

2. PROGRAM OBJECTIVES

The objectives of the LTTES Program are to carry out research
and development on new technologies for storing thermal energy as
low-temperature sensible and latent heat, and to develop, test, and
demonstrate cost-effective systems for collecting, storing, and dis-
charging thermal energy which will have significant national impact on

energy conservation in the near- and mid-term.




3. SCOPE

3.1 Storage Technology Thrust Areas

The LTTES Program is directed toward the development of thermal
energy storage (TES) technologies and systems which are applicable to
the near-term (by 1985) and mid-term (1985-2000). It excludes refine-
ments of existing systems. The program is divided into three technology
thrust areas:

(a) Geological storage: seasonal sensible heat or cold storage in

natural underground aquifers, ponds, and subsurface earth
(b) PCM storage: decentralized daily/short-term latent heat or cold
storage, utilizing devices incorporating phase-change materials (PCM's)

(c) Waste energy reuse: industrial heat reuse involving either sensible

or latent-heat storage.
Of these three thrust areas, storage in underground aquifers has been
further identified by DOE as having significant near-term national
economic/conservation potential. As a result, a major expansion of work
in the geological storage thrust area is planned in FY 1980; this proposed

expansion is reflected in the long-range implementation plan.

3.2 Application Areas

Low-Temperature TES application areas include residential and com-
mercial space conditioning (heating and cooling) and industrial, commer-
cial, and agriéultural process heat. Space conditioning applications
include dispersed systems (individual buildings) and central systems
(district heating). Process heat applications include within-plant cas-

cading and transfer of cascaded prodess heat between plants.

3.3 Energy Sources

Heat sources to be exploited include (1) waste heat discharged to

the environment from industrial or utility operations, (2) heat cogenerated

in conjunction with electric power production, (3) solar heat, (4) heat




generated during utility off-peak periods either by heat pumps or directly
by resistance heaters, and possibly (5) natural environmental heat such
as from geothermal.

' Sources of cold include those (1) generated by mechanical or
absorption air conditioners operating on either solar heat or of f-peak
electricity, (2) environmental cold collected by exchange with the
ambient atmosphere during the winter, and possibly (3) reject from low-
temperature industrial operations as in food processing.

The mating of these sources with a particular storage mode (geologic
structures or phase-change materials) depends on the intended applica-

tion of the stored energy.

4. IMPLEMENTATION PLAN

The implementation plan is a description of the logic for present
and future directions in the LTTES Program. It reflects the program
scope (including the technology thrust areas, applications, and energy
sources) and describes an appropriate sequence of tasks for each thrust

area and work element.

4.1 Geological Storage

Storage of hot or cold water in underground natural geological
formations can bridge the seasonal gap between a heat or cold surplus
period and a later heat or cold demand period. The attractiveness of
the concept lies in utilizing geological formations for storage without
significant alterations other than providing suitable input and output
devices. |

Aquifers, ponds, and subsurface artificial and natural cavities
containing hot or cold waters and the earth itself all appear to have
potential for seasonal storage of heat or cold. Of these, aquifer stor-
age appears to have-the greatest short-term potential with ponds and

cavity storage considered as backups. An investigation of pond storage




underway in Europe by the International Energy Agency, with funding
assistance provided by DOE/STOR, will be monitored as a part of this
program. Previous work on earth storage will be reviewed and a new
program initiated, if justified.
In order to guide development of technology for aquifer storage

’ to the stage where commercial systems can be designed and built, a
comprehensive, multi-element, long-range aquifer R&D program is proposed

’ that is aimed at uncovering and resolving critical technical, economic,

‘ and institutional issues. Eight work elements are included in this
aquifer R&D program:

(a) techno-economic studies: Application surveys to identify and

locate seasonal storage applications both nationally and, in more
detail, in specific regions; analysis of the value of seasonal
storage for specific applications; feasibility studies of proposed
aquifer storage systems; designs and cost estimates for proposed

aquifer storage projects; parametric studies to determine
sensitivity of the cost of aquifer storage to the principal cost
components; development of a national plan for implementation of
aquifer storage technology '

(b) experimental field tests: Development and operation of pilot size

aquifer storage well systems to demonstrate overall technical
feasibility, to develop good operating methods, to uncover and
resolve operational problems, to test novel components, and to
acquire a data base against which to develop and test mathematical
models for predicting performance of new systems

(¢) mathematical modeling: Development of mathematical models for pre-

dicting aquifer storage characteristics, including thermal recovery

efficiency, hydraulic behavior, geochemical behavior, and structural

\
‘ integrity over multiple-storage cycles
(d) support R&D: Experimental small-scale studies aimed at increased
i
\

understanding of specific areas of aquifer behavior during storage

cycles, including geochemical research, structural mechanical research,

and physical modeling of complex well systems




(e) technology development: Development and testing of aquifer storage

system components, where not already commercially available or where
optimization for the aquifer storage system is indicated, including
systems for capturing winter cold and transferring it to aquifer
water, down-well pumps, well casings, heat exchangers, systems for
unplugging wells, systems for monitoring well performance, etc.

(f) environmental and institutional analysis: Generic analysis of pos-

sible impacts on the environment of aquifer storage systems and
experiments; site-specific analyses of planned systems, where appropriate;
analysis of the legal implications of aquifer storage, ownership of
stored water, usage restrictions, etc.

(g) prototype systems: Aquifer selection, preliminary site analysis,

test-well drilling and hydrological testing, well site selection,
well system design and cost estimate, well construction, preliminary
testing, performance testing with heated or cooled water over one or

more seasonal cycles, incorporation into application system

(h) demonstrations: Site selection, conceptual design and cost estimate,

final design, and cost estimate.

4.2 Daily Short-Term Latent Heat Storage for Building Heating and Cooling

The efficient utilization of solar energy and of off-peak electricity
for space heating and cooling of residential and commercial buildings will
require storage of either heat or cold to supply thermal loads during the
time interval when energy is either unavailable or more expensive. These
periods can rahge from several hours to several days. Storage elements
for such applications could be in the form of central modular units, with
forced convection charging or discharging, or they could be incorporated
as part of building structures, as for example applications to passive
solar, with natural convection and radiation supplementing or replacing
forced convection for either charging or discharging. The storage in
each case could be either as sensible heat or as latent heat, or a combina-
tion of the two. At the present time, it is possible to store thermal
energy (either heat or cold) using commercially available heat storage

systems with water or inexpensive solids as the storage medium in either




modular or structural storage units. However, these systems are of
limited application because of the large storage volumes required, the
high initial cost, and the inherent thermodynamic inefficiency associated
with sensible heat storage.

The LTTES Program focﬁses on identification, development, and proto-
type testing of novel cost-effective systems that store low-temperature
thermal energy as latent heat. Applications will be for individual
building space conditioning, with the transformation temperatures for
systems of interest in the range of 5°C to 250°C. Both modular systems
and those involving incorporation of the phase-change materials in build-
ing structures will be developed. The emphasis in each case will be on
developing reliable, safe, commercially available systems that are both
cost-effective in terms of the value of the stored energy and are capable
of national application.

‘The approach to be followed in achieving this goal is to explore

alternate system concepts for each application and then to select from

these the one or more that appear on the basis of available information

to have significant economic and conservation potential. New concepts

will be identified by maintaining current awareness of technical develop-
ments and needs, issuing RFP's aimed at specific applications, and in

some cases accepting unsolicited proposals. Concepts selected for develop-
ment will be periodically reevaluated to insure continuing promise compared

with alternate systems.

4.3 Waste energy reuse

Energy conservation through the recovery, storage, and later reuse
of large quantities of low-temperature heat is the third thrust of the
LTITES Program. This thrust differs from the first two in that its
emphasis is not on the development of new thermal storage technology but
on the demonstration of new applications of thermal storage (uéing new or
conventional storage technology) to improve energy conservation. The
approach is to uncover instances in existing industries (including electric
power generation), where the application of thermal storage will allow the

recovery and use of energy that otherwise would not be available and

where such application would have a wide national impact. As examples are




found, suitable demonstration projects will be developed and built and
used to publicize both that specific application and applications similar
to the one demonstrated.

The sources of energy to be utilized include industrial waste heat,
cogenerated heat from electric utilities, and winter cold (captured in
water by heat exchange with the environment). Applications include reuse
as process heat in the same plant, use in other nearby plants or agricul-
ture process heat, and use in district heating or cooling systems. Projects
which utilize new thermal storage technologies being developed in the other
thrusts of this program will be coordinated to insure timely development

and demonstration.

5. FUTURE DIRECTIONS

The Low-Temperature Thermal Energy Storage Program is an important
element of the national energy program. As stated in the objectives, it
is focussed on making a significant national conservation impact in the
near—~ to mid-term. To achieve that objective, truly cost-effective
practical storage systems of many types need to be developed, which not
only contribute to energy conservation, but do so within the constraints
of the marketplace. This requires that our solutions be accepted by
industry, regulatory agencies, and the consumer as the solutions of
choice.

It is not clear which of the systems now being developed with funds
provided by DOE/STOR/LTTES meet that test. Convincing DOE of the merits
of a new technology is a necessary first step, but that is not sufficient
if the goél is to bring the technology successfully to the marketplace.
Thus, as the LTTES Program advances toward its objectives, the concepts
being funded and those proposed for funding will be subjected to increased
scrutiny with regard to their true market potential aside from the tech-
nical merits of the concepts. Although there may be many storage systems
emerging as winners in the future, there most likely will be more con-

cepts discarded than accepted.




SEASONAL STORAGE
G. D. Brunton

For presentation at the Third Annual Thermal Energy Storage Contractors'
Information Exchange Meeting, December 5-6, 1978

I am going to present a status report on those LTTES seasonal storage
projects (principally aquifer storage) that are not being covered by
separate presentations at this meeting.

S. W. Yuan and A. M. Bloom of George Washington University have
completed a final draft report on the storagé of thermal energy in the
earth. This report has not been published. No additional work has been
contracted for at this time. |

Chin Fu Tsang at LBL has completed modeling daily storage cycling
into,and from an aquifer. LBL hosted an aquifer storage workshop in
Berkeley, May 10-12, 1978. - LBL will issue a bimonthly newsletter for
aquifer storage projects. In FY 79, LBL will use the data from the
Auburn University field experiment to verify the '"CCC" mathematical model.

TVA-Knoxville and 4Chattanooga has contracted to survey the TVA
service area for potentialyenergy storage applications with an emphasis
on aquifer storage. TVA geohydrologists will do a parametric study of
aquifers and’aquifer storage with the objective of determining a priori
the suitability of various types of aquifers for thermal energy storage.

A request for proposal has been issued which covers the research,
development, and construction of a prototype doublet aquifer storage
systeﬁ near Bellingham,>Washington. The date for receipt of the proposals
is December 18, 1978. ;

Two one-man-year sized projecﬁé are underwaybfor FY 79 at ORNL. The
first project is an economic analysis of aquifer storage by E. C. Fox.
This analysis, although generic in character, will include a cost evalua-
tién of chilled water aquifer storage at JFK Airport. Tﬁe second project
is the development by the Energy Division of a generic environmental impact
analysis for aquifer thermal energy étorage.

This summary has covered the status, not the results, of our current

aquifer storage projects. In addition to these activities, we have




organized a technical review committee for’aquifer storage projects.

The first meeting of the committee was held in Denver on November 6, 1978.
Professor Stanley Davis, University of Arizona, is committee chairman.
Committee members are Professor Ramey, Stanford; Professor Langmuir,
Colorado School of Mines; Dr. Walters, consultant; and Dr. McClain, ORNL.

The committee will meet biannually.
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HOT-WATER FIELD TEST

PROJECT SUMMARY

Project Title: Experimental Study of the Storage of Thermal Energy in
Confined Aquifers

Principal Investigator: F. J. Molz, A. D. Parr

Organization: Water Resources Research Institute
: Auburn University
Auburn, Alabama 36830
Telephone: (205)-826-5075

Project Objectives:

(1) To inject heated water into a confined aquifer, store it for a
period of time, and pump it out.

(2) To record water temperatures and hydraulic heads during the
injection-storage-recovery cycle.

(3) To determine to the extent possible the feasibility of storing
thermal energy in confined aquifers.

Project Status: The first of two 6-month injection-storage~recovery cycles
has been completed. Relevant data have been collected and are being
analyzed. During the injection period a clogging problem occurred.
This problem did not, however, prevent attainment of the research
objectives. Presently the injection phase of the second injection-
storage-recovery cycle has been completed. During this injection
the clogging problem was significantly reduced.

Contract Number: 7338
Contract Period: FY 1978, continuing
Funding Level: $287,000

Funding Source: Department of Energy, Division Of Energy Storage Systems
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HOT-WATER FIELD TEST
by

A. David Parr, Fred J. Molz,
Peter Andersen and Vincent Lucido

ABSTRACT

The concept of using confined groundwater aquifers for the tempo-
rary storage of large quantities of hot water has been proposed as a
feasible choice for total-energy systems. The Watef Resources Research
Institute of Auburn University is performing a series of field exper-
iments whefein this concept is being tested. To date, one preliminary
experiment and omne six-month injection-storage-recovery cycle have been
completed.

The preliminary experiment involved the injection and recovery of
about 7570 M3 (2 million gallons) of water. The injection water was
obtained from the effluent discharge canal of a power plant and had an
average temperature of 37°C (98.6°F). The ambient temperature of the
formation water in the confined storage aquifer was about 20°C (68.0°F).
The injection, storage, and recovery periods were 420, 1416, and 2042
hours, respeétively. The recovery period was terminated when the water
temperature reached 21°C (69.8°F). About 67 percent of the injected
eﬁergy was recovered. Clogging of the soil around the injection well
posed é major problem during the injection period. The high level of
suspended solids in the injection water was judged to be the primary

cause of the clogging.

1Respectively, Assistant Professor of Civil Engineering, Alummi Associate
Professor of Civil Engineering, and Field Engineers, Auburn University,
Auburn, Alabama.




The second experiment involved the injection and recovery of about
54,900 M3 (14.5 million gallons) of water. During this experiment the
injection water was obtained from the formation water of an unconfined
aquifef at the experimental site. The water was pumped from the uncon-
fined aquifer, heated to a temperature of about 55°C (131°F), and
injected in the confined storage aquifer. The injection, storage, and
recovery periods were 1900, 1213, and 987, respectively. The recovery
period was terminated when the water being withdrawn from the storage
aquifer fell to 33°C (91.4°F) which was 13°C (23.4°F) above the ambient
water temperature in the confined aquifer. At this point about 65
percent of the injected energy was recovered. The clogging problems
that plagued the preliminary experiment were significantly reduced
during the second experiment. This was apparently‘due to the relatively
low level Qf suspended solids of the injection water. Periodic back-
washing of the injection well also contributed to the improvement.

A second six-month injection-storage-recovery cycle is presently
underway. It is being perfdrmed in essentially the same manner as the
first cycle. The injection period has just been completed and the
average specific capacity of the injection well is significantly better
than in the previous experiment. This is encouraging since it appears
that the degree of clogging will stabilize at an’accebtable level when
water low in suspended solids is uséd for injection. It still remains
to be seen, however, what effects higher temperatures will have on the
hydraulic conductivity of typical formatién soils. Efficient total-
energy systems would use injection water with temperatures as high as

200°C (392°F).
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INTRODUCTION

This paper presents the results of the second hot-water injection-
storage-recovery experiment performed by the Water Resources Research
Institute of Auburn University. A detailed discussion of the experi-

mental site and the preliminary experiment is given by Molz, et al. (1978)*.

BACKGROUND

The experimental field site is located near Mobile, Alabama. The
confined aquifer in which the hot water was stored has a vertical thick-
ness of about 21.3 M (70 ft) and is located between 39.6 M (130 ft)
and 61.0 M (200 ft) below the surface. A fence diagram showing the

location of each of the wells is given in Figure 1.

SCALE (FELTH
‘w00

SAND
SAND WITH  GRAVEL
cLay

SIFF CLAY (OLBE)

Figure 1. Fence Diagram Constructed from Well Logs

The original injection well was located at the intersection of the two
principal planes in the fence diagram. A new injection well was con-
structed for the second experiment. Its location is indicated in the

well-field layout shown in Figure 2.

* ,
Molz, F.J., Warman, J.C., and Jones, T.E., "Aquifer Storage of Heated
Water: Part I - A Field Experiment," Ground Water, AWWA, Vol. 16,

No. 4, July-August 1978.
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Figure 2. Well-Field Layout

The injection well screen extends from the upper confining layer about
half-way into/the storage aquifer. With the exception of Well 11, the
obéerVation wells are screened in the storage aquifer below the upper
confining layer and are fully penetrating. Thermiétqrs are located

at 6 depths in Wells 1 through 10 and in the middle of the aquifer in
Wells 12 éhrough 14. Well 11 extends only to the upper confining layer
and is screened in the unconfined aquifer region. This well serves to

monitor the temperatures in the unconfined aquifer.
SECOND EXPERIMENT

Beginning March 18, 1978, formation water was pumped from the
unconfined aquifer, circulated through a boiler where it was heated,
and injected into the confined storage aquifer. The ambient water
temperature in the storage aquifer is 200C (68°F) and the average
temperature of the injected water was 55°¢ (1310F). A schematic of

the injection system is shown in Figure 3.
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Figure 3. Schematic of Injection System

The injection rate varied from about 12.6 1/s (200 gpm) to 6.3 1/s
(100 gpm) depending on the degree of clogging. Clogging was reduced
by periodically backwashing the injection well. The backwashing pro-
cedure involved stopping injection and pumping two or three hundred
gallons ffom the injection well with a éubmersible pump. This loosened
the silt particles around the well screen and increased the specific
capacity of the injection well.

The injection period continued until June 5, 1978. A total
volume of 54;800 M3 (14.5 gallons) was pumped into the storage aquifer.

Figure 4 shows the cumulative volume injected versus time. The jagged

portions of the line correspond to either power outages or to backwashing

operations. The cumulative energy injected was nearly proportional
to the cumulative volume injected since the injection temperature

was relatively constant at 55°¢ (l3loF).
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Figure 4. Injection Volume versus Time

The storage periqd extended from June 5 to July 26, 1978. Figure 5
shows two—dimensional’isothérms interpoléted from the readings in Wells
1, 3, 4, 7; and 8 at the beginning and end of the storage period. The
estimated pofe velocity of 0.052 M/day (0.17 ft/day) is from left to

right in the figure.
1790 hrs 2907 hrs
BEGINNING OF STORAGE PERIOD END OF STORAGE PERIOD

|

| 30M
1 .

]

Figure 5. Isotherms at Beginning and End of Storage Period
Thevrécovery‘period began on July 27 and ended on September 5, 1978.
1978. Water was withdrawn from the storage aquifer at a rate df
15.8 1/s (250 gpm). The cumulative outflow as plotted versas time
in Figure 6 indicates that.the outflow rate was quite constant. The‘
temperature of the recoveryrwater decreased with time from 55°C (131°F)

as shown in Figure 7. Withdrawal was stopped when the recovery

17
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temperature equalled 330C (91.40F). At the end of the recovery period

about 65 percent of the injected energy had been recovered. This is

’

shown in Figure 8 where the energy recovery factor, E /E, , is

out’ in
1.0 —r—T—T—7—r—7—
0.8} -
06| -
E out
- L
Ein
04} —~
u -
02 -
- -
o) P T B
S8 45 38 25 1S
TEMPERATURE (%)
Figure 8. Energy Recovery Factor as a

Function of Temperature
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plotted versus temperature.( It is apparent from Figure 8 that the
l energy recovery factor would have well exceeded 0.65 had the withdrawal

| continued to a temperature level below 33°C (94.1°F).
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U. S. DEPARTHEMT OF ERERGY

THIRD AMNUAL
THERIIAL ENERGY STORARE COMTRACTOR'S IMFORWATION EXCHAMGE MEETING

PROJECT SU!MMARY

Project Title: Storage of Cold Yater in Groundwater Agquifers for Cooling
Purposes - Phase Il

Principal Investigator: Donald L. Reddell, Richard R. Davison

Organization: Texas A&l Research Foundation
‘ FE Box H :
College Station, Texas 77843
Telephone: (713) 845-3931

Project Objectives: Design, develop and demonstrate a working prototype system
in which water is pumped from an aquifer at 70°F in the winter time, chilled
to a temperature of less than 50°F, injected into a groundwater aquifer,
stored for a period of several months, pumped back to the surface in the
summer time, and used to air condition buildings. :

Project Status: This project is divided into two phases as follows:

Phase I - This phase consisted of construction of the facilities for the
study. A pumping well and injection well were drilled and equipped.
A cooling pond for chilling the water was constructed. Pipelines were
jnstalled to connect the wells and cooling pond. Observation wells
were drilled to observe water pressure and temperatures at various
distances from the wells. '

Phase 11 - This phase was initiated in October of 1978 and consists of
operating the project. As of December 1, 1978, two million gallons of
water had been injected. This water is being pumped back out at the
present time to test all instrumentation. Ye will begin injecting cold
water shortly and continue until the end of March. From June through
August the cold water will be recovered, and then the cycle repeated
during 1979-80 and 1980-81. '

Contract Number: 7836

Contract Period: October 1, 1978 - September 30, 1981
Funding Level: $300,000 |
Funding Source: Department of Energy
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DESCRIPTION OF WORK

A 5,000 ft2 cooling pond has been constructed capable of chilling an average
of 100 gpm from 70°F to 40°F for a 5-month period. The pond is lined with a
butyl rubber liner to prevent seepage. Water will be pumped from a well into the
pond where a 600 gpm pump will circulate water through a series of spray nozzles
during periods when the wet-bulb temperature is lass than 50°F. Once the water
in the pond reaches a temperature of less than 50°F, 100 gpm will be taken from
the pond and injected into a second well. The water will be chlorinated and
passed through a sand filter prior to injection.

Two wells have been drilled at the research site. The wells were completed
in the shallowest groundwater aquifer in the area, the floodplain alluvium which
exists extensively along the Brazos River. Dense clay from 22 to 38 feet appar-
ently forms a slowly permeable caprock for the sand and gravel aquifer. Thus,
the aquifer must be analyzed as a leaky-roof, confined aquifer. The water level
in the sand and gravel is about 25 feet deep.

Both of the wells were constructed in an identical manner. The well was
drilled using a reverse circulation rotary drilling rig. Surface casing was set
and grouted to a depth of 18 ft. A fiberglass casing and well screen was used
for 2 reasons: (1) to prevent corrosion and to allow strong chemicals to be
used to remove any incrustations or plugoing material and (2) to allow hot water
of several hundred degrees Fahrenheit to be injected without loss of strength.
Stainless steel could have been used, but it would have been more expensive.

A short-term pumping test (24 hr) was conducted on both of the wells. The
injection well was capable of yielding 185 gpm with a 14-foot drawdown and the
pumping well yielded 425 gpm with an 8-foot drawdown. Preliminary values of
hydraulic conductivity are 600 ft/day at the injection well and 750 ft/day at the
pumping well. The storage coefficient was 7.2 X 10=% and 1.05 X 10-2 at the
injection and pumping well, respectively. The values of hydraulic conductivity
are large, but typical of the values expected for this aquifer. The values of
the storage coefficient indicate that the aquifer in the vicinity of the injection
well is a confined aquifer; while the aquifer in the vicinity of the pumping well
is responding more like an unconfined aquifer. A more detailed pumping test
analysis using 'leaky aquifer' techniques will be required to finalize values for
hydraulic conductivity and storage coefficient. Observation wells have been
drilled near both the pumped and injection wells.

TECHNICAL ACCOMPLISHMENTS AND PROBLEMS ENCOUNTERED

The Phase I part of this project was for construction of the project and
aquifer evaluation only. No data have been collected to date, except for the
pumping test to evaluate aquifer parameters. These results were described in
the previous section. No problems were encountered except those of weather and
well drillers and manufacturers not supplying their goods and services on time.
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An injection period was initiated on November 15, 1978 in which water was
pumped directly to the inijection vell and injected without aeration. Throudah
November 27, 1978, two million gallons of water were injected with no apparent
difficulty. This test was done to develop backaround data on the injection pro-
cess prior to aerating the water. The groundwater has a natural iron content o
about 7 to 9 pom. lhen aerated, this iron tends to precinitate out and could
cause a plugging problem in the aquifer.

Although there was no aeration of the water recently injected, there was
apparently sufficient oxygen in the aquifer, well and pipeline to cause an iron
precipitate to be formed at the injection well. We are presently pumping the
two million gallons out of the aquifer and analyzing the water quality. 'le
believe it will be to our advantage to aerate the water prior to injection and
let the iron precipitate be removed in the cooling pond. This will eliminate it
as a potential plugging problem.

DESCRIPTIOM OF PLAMNED “ORK

‘ The construction of the project is essentially complete. By the latter
part of Hovember or first of December, we should have enough cold weather to
make a substantial amount of cold water. At that time, we will begin injecting
chilled water. This will continue until the latter nart of !larch or first of
April. lle will then leave the water stored for a few weeks and then begin to
pump the cold water out of the ground. An evaluation of the thermal losses will
be made.
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Project Title:

PROJECT SUMMARY

JFK Airport Aqu1fer Storaqe Project: Test Well Drilling
Program

Principal Investigator: M. E. Singer

Organization:

Project Goals:

Project Status:

Contract Number:
Contract Period:
Funding Leve1: 

Funding Source:

New York State Energy Reéearch and Development Authority
Albany, New York 12223
Telephone: 518—465—6251

The prOJect goal is to determine the thicknesses, lateral
extent, depths, and stratigraphy:of the aquifers underly-
ing the JFK Airport, Long Island, New York. This project
‘was initiated as a result of a proposa1‘and preliminary
study by Desert Reclamation Industries of the feasibility
of storing cold water in aquifers under the airport for
seasonal use in the chilled-water air-conditioning system
in the airline terminal buildings.

The borehole dr1111ng prOJect is completed. The Jameco- ,
Magothy aquifer ranges in thickness from 87 to 177 ft under
the .JFK airport. The aquifer is overlain by the Gardiners'
Clay and underlain by the Magothy Clay Unit, both of which
act as . impermeable seals for the aquifer. Initial tests on
samples of the Gardiners' Clay indicate that subsidence and
upheaval due to removal and storage of water in the aquifer
will not be a problem at the airport.

UCC Purchase Order No. 11Y13571V
September 1, 1978, to June 1, 1979
$65,000

-0ak Ridge National Laboratory
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Storing winter cold for air conditioning is now being studied for

technical and economic feasibility under a joint U.S. DOE and NYSERDA grant

at JFK Aifport. Thekcold will be stored in an extensive confined aquiferf
The Concept, suggestea by Henry'Hibshman’of Desert Reclamation Industries,
entails the withdrawal of aquifer water in the win£er dﬁring off peak hours,
cooling. it by emplbying winter.cold air and storing it in‘the aquifer at
36°F to 38°F."During the air conditioning season the cool water will be
withdrawn to supply the chilled water for air conditioning at 45°F. Watéf
will then be recharged into the graund at another locatioh or discharged inta
Jamaica Bay at a warmer temperature. |

A @emonstration system will be designed’for the broadest application
béth within New York State and nationwide. The JFK site offers the opportun-
ity\td study a large installation in an urban setﬁing. The project will
address peak air conditioning capacity load of 24,000 tons. As with typical

?

commercial sites the air conditioning load is large in relation to its heating

load. This is dué to the concentration of peOpie, machinery, lighting and

working hours concentrated between 7 a.m. and 7 p.m. Design of the ACES

aquifer system will minimize peak load requirements and maximize off peak

utilization. The system will employ\hyb:id operating modes to optimize the

‘utilization of the stored cool water from the aquifer and minimize on peak

pumping requirements. This might include the production of ice during off

peak hours to meet peak midday energy requiremenis.
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The program is a four phase investigation and demonstration of the
technical and economic feasibility of storing winter cold for air conditioning.
Phase I, a preliminary engineering and economic evaluation of the overall
phan, was completed by September 1978 thru the combined effort of Desert
Reclamation Industries and Dames and Moore. The Phase I investigation con-
sidered alternative methods of cooling the aquifer water (air vs Jamaica Bay
water), the use of the cooling towers and dry bulb heat exchangers, developed
preliminary cost estimates and addressed the technical feasibility of below
and above ground systems. However, it did not investigate in detail alternative
heat exchangers, institution and environmental barriers, or the cost of inter-
connection with the JFK power plant. Also, geohydrological data were not
available on the extent and water quality of the aquifer, nor on permeability
and transmissivity of the aquifer needed to refine the cost analysis of the
number of wells required and to analyze the potential of subsidence. Phase Ia,
Ib and II are designed to answer these questions. The feasibility study, how-
ever, suggested a potential installed system payback of 3.5 to 8 years.

Phase Ia and b are now in progress. New York State ERDA is manéging
Phase Ia, an exploratory drilling program at JFK Airport. Phase Ib being
performed by Oak Ridge National Laboratory, is a review of the engineering,
ecconomic and technical studies from Phase I and Ia. It also includes an
environmental impact analysis, and an analysis of the above grcund system.
NYSERDA, in cooperation with ORNL, has assembled a team consisting of Desert
Reclamation Industries, the Port Authority of New York, United States Geological
Survey, Dames and Moore and the Warren George Drilling Company to conduct
the well drilling study. Drilling of four, 4" diameter test borings (see
figure 1 for locaticns) and observation wells started on September 27, 1978

and was completed on November 2, 1978.




The purpose of the exploratory drilling was to refine the economics
of the well system, determine the water quality of the aguifer, and to

determine if there is potential‘subsidence‘of the soil over time. The four

“wells range in depth 429 to 500 feet as shown in Table 1. of particular -

;ihtere§t was the thickness and compressibility of the confining stratum,

the Gardiner's Clay unit; and the thickness, permeability and transmissivity
of the Jameco and Magothy aquifers. The four drilling sites were chosen to

'

identify the extent of the aquifers (see figure 1 for locations).

Samples were taken at intervals ranging from 10 to 30 feet (more

’detailed samples were taken in the Gardiners Clay). Samples were logged

and inspected for lithology, and drilling rates recorded on site by Desert.
Reclamation Industries (DRI), Dames and Moore and the United States Geological
Survey (USGS). The‘USGS also, geophysically logged tﬂe holes for resistivity,
spontanéoﬁs potential,‘gammé aﬁd qalipér. Samples wereiiaboratbry tésted
by Dames ahd'MOOre for moisture density,’ hydrometer measurements, consolidation,
permeability and sieve analysis. Port Authority personnel provided‘gﬁidance
during the arilling program.

/ihe Warren GeorgefDrilling Company performed the dfilling. They
ﬁsed a standérd fotéting drill bit, lined the/hole‘with UoP Johnson reverﬁ

clay, and took split 5pooﬁ,sample using an Osteéerberg Piston Sampler. Logs

were also kept by the driller on the general characteristics, thicknesses

and types of materials, and the drilling characteristics of the material

" encountered. A 4" diameter PVC casing was installed which included a 20 foot

screen in the.Jameco formation. The casings were gravel and sand packed and

cemented.’ The wells were then developed so that Water samples could be taken,

\
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The thickness of the Gardiners Clay formation as revealed in the
drilling program ranged from 93 feet in the farthest east boring (well #3),
and from 86 feet in the south (well #2), to 53 feet in the west (well #1),
to 44 feet in the north (well #4). The slope of the formation was from
north, northwest to east, southeast direction.

The Jameco Magothy aquifer on the other hand, slopes from northeast
to sbuthwest. The thickness ranged from 177 feet in the farthest west boring
to 87 feet in the east, and from 159 feet in the south to 148 feet in the
north. Of particular interest was the highly permeable Jameco (estimated
permeability from 215 to 2,000 gpd/feet2?) with thicknesses of 30 to 40 feet
in well #1, 50 to 60 feet in the most southernly point, 70 to 80 feet in
well #3, and 90 to 100 feet in the well #4. Highest permeability was in
the boring #3.

These permeability data indicate an ideal confined aquifer, having
a thick consolidated confining aquitard. It appears that subsidence should
not be a major problem. However, the analyses are not éompleted and addi-
tional study will be required to confirm this in the site specific location.

Following completion of Phase Ia, the future studies will refine the
economics, technical feasibility, institution relations and potential
environmental effects of the cold water aquifer ACES program at JFK. These
phases will be as follows:

Phase II - Implementation of pilot well system to examine technical
feasibility, the environmental effects and institutional aspects of adding
heat or cold to JFK aquifer. Demonstration pumping of the well system to
determine optimum removal and recharge flow rates.

Phase III - Implementation of project to provide 25% of JFK air

conditioning requirements.




i / , : Phase‘IV‘; Implementation of project to provide 100% of JFK air
’ \ | \ conditionihg requirements. |
In order’to move the project qhead from Phasé Ib to Phase II, ORNL,
~ NYSERDA and the Port Authority must define in detail the aoné and,below‘
ground economics, resolve all legal and institution respoﬁsibilities, coh—
ductkap\environmental assessment étudy, and determine how the rest of the
project,will be financed and managed. |
The Port Authority is particularly‘conCerned about the potential for
spil subgidence d;e to withdrawal of water. This issue,ié being addressedr
in’Phase ia. Also of concern is fhe Iégal reséonsibi}ity if damége results
from this project. Finally, the Port Authority, as with many commefcial
facilities in Ngw York City, gives its tenant long term energy cost'plus’
contract leases usually 25 years and greater. Energy and maintenance costs -
are included in this lease and the Port Authority is reluctant to reopen
negotiations with their tenant in order to finance future phases. —Therefbré,
questions on how t§ finance a fullyéqale project remain unresolved.
At this point in time, the storing of céld water in an aqﬁifer under
JFK Airport apéears attracfive from an econoﬁic ana techniéal poiﬁt of view.

prefully, current studies will resolve and technical, economic, and environ-

mental issues that must be settled in order proceed with Phase II.
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TABLE 1

DETAILS OF HYDROGEOLOGIC UNITS AT JFK AIRPORT
' - BASED ON EXPLORATORY BORINGS -

Approx. Elevation of Top of Unit

«Thickneép (ft.) ' i (ft. above m.s.l.)
__Hydrogeologic Unit Boring 1 | Boring 2 Boting 3 . Boring 4 | Boring 1 Boring 2 Borlng k] Boringd_
£i1) and Mcadow Mat 24 20 19 15 429 +10 | 40 +10
‘Upper Glacial Sand 108 90 105 T +5 =10 9 ) -5
cardinera Clay ‘ 93 , 86 / 53 Y Y ‘—193 o -100 7 -114 9102
VJdmec0~Magothy Aquifer 87 159 . ‘ 177 148 -196 -186 1-167 -145
Magothy Clay Unit 48 49 85 70 -283 ~345 -344 -294° )
wagr Magothy Sand ‘ 36 16 21 , 17 o —331 ’ -394 -429 -364
Raritan Clay Member it - —_:-' , __-_-_-_ : =367 -430 -450 ~381

TOTAL BORING DEPTH 449 ; an 500 429

£e
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u. S. DEPARTMENTVOF ENERGY

| , THIRD ANNUAL
THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

" Title: Evaluation of Thermal Energy Storage for the Proposed Twin Cities -

District Heating System '

Principal Investigator: Charles F. Meyer -

Organization: General Electric Company —TEMPO
Center for Advanced Studies
P.0. Drawer QQ ‘
Santa Barbara, California 93102
Telephone: (805) 965-0551

Project Objectives: To evaluate the technica] and economic feasibility of |

Incorporating thermal energy storage components (primarily based on the
annual cyc]eg into the proposed Twin Cities District Heating Project.

Project Status: The principal effort to date has been gathering information
~ - from a number of studies which have been or are still being conducted
- on various aspects of a proposed cogeneration/district heating project
for Minneapolis-St. Paul. The study of principal interest, whose
results have not yet been completely reported, is being conducted by the
Swedish firm Studsvik Energiteknik AB (formerly AB Atomenergi). They
have developed a DH system configuration which includes. production of
hot water by power plants and peaking boilers; transmission pipeline
networks; and distribution systems for the urban and residential areas
of the Twin Cities. Studsvik will be a major subcontractor to TEMPO on
this TES study.

Contract Number: UCC 7604

Contract Period: 14 August 1978 - 30 June 1979

" Funding Level: $131,244.00

Fuhding Source: Department of Energy, Division of Energy Storage Systems, k

via Oak Ridge National Laboratory
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PURPOSE

Earlier studies have shown that annual-cycle Thermal Energy Storage can
significantly improve national opportunities for conserving substantial
amounts of energy, with concomitant reduction in environmental pollution,
through large-scale cogeneration of electricity and heat. This project will
utilize the results of an ongoing study of large-scale cogeneration and dis-
trict heating for the Twin Cities (Minneapolis-St. Paul, Minnesota). Com-
paring the capital requirements and fuel consumption of a specific cogenera-
tion/district heating system which does not include TES to those of a system
with TES, serving identical heat loads, will provide a measure of the value
of annual-cycle TES.

BACKGROUND INFORMATION

A major series of studies is underway to evaluate the feasibility of
installing a new, large district heating (DH) system in the Minneapolis-St.
Paul metropolitan area. It would be based upon cogeneration of power and
heat by Northern States Power. Among the leading sponsors and participants
in the studies are the Minnesota Energy Agency, Northern States Power Com-
pany, and DOE/ORNL. Also participating are several other governmental agen-
cies, utilities, universities, and a number of contractors and consultants.

The proposed new DH system would not send out steam, as is the universal
practice in large DH systems in the United States, but hot water, as is the
common practice in Europe. A Swedish firm, AB Atomenergi/Studsvik Ener-
giteknik, under a DOE/ORNL contract, is preparing the general description of
the system, based upon their experience with European systems (Karnitz and
Rubin, 1978).

Supplying space heating, tap water, air conditioning (absorption cycle),
and low-temperature industrial process heat needs from a central source is a
more efficient way to use fuel than to burn it in many small furnaces and
boilers. A particularly efficient central source is a plant cogenerating
power and heat.

Neither American nor European DH systems now employ thermal energy
storage to any substantial extent. This situation may be attributed to three
principal factors:

® Fuel has been cheap and plentiful

e District heat has been produced largely by dedicated boilers,
not by cogeneration

® Annual-cycle TES components have only been suggested, not
demonstrated.

The first of these factors changed dramatically in 1973. The second is
changing, principally because electric power plants using thermal cycles can,
with well-understood design modifications, produce power and useful heat
instead of wasting two units of heat for each unit of power generated. (Some
fuel energy must be reallocated from generating electricity to increasing the
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-ers, indicated by the area at the lower ri

temperature of cooling water to a level which is useful for district heating.)._
The third factor is being changed by DOE/ORNL projects such as the ones ’
reported at these meetings, and by comparable work overseas (Warman: and Molz,
1977 Werner and Kley, 1977). ”

Configurations so far proposed for the Twin Cities district heating
system have not included TES except that which is incidental to use of large
hot-water pipelines; hot water has a high energy density, compared to steam, .
and the DH system has significant thermal inertia. ‘

TEMPO studies beginning in 1972 have shown that TES could greatly improve
the opportunities for conserving substantial amounts of energy (with concomi-
tant reduction in environmental pollution) through large-scale cogeneration
(Meyer, Hausz, et al, 1976). If large-scale annual-cycle TES were available,
it could solve the mismatch problem which limits the amount of cogenerated

"heat for which a market can be found. The mismatch problem arises because

electricity must be generated in instantaneous response to demand (no feasible
way to store electricity is available); and demands for heat seldom correspond
to electric generation in time, location, or magnitude. The largest potential
market for cogenerated heat -is space heating — an annual-cycle load.

PROJECT DESCRIPTION o |
 The nature of the annual heat load for Minneapolis-St. Paul is shown in

. Figure 1, based on a Studsvik draft report of November 1978. The high peak
Joad (some 2600 MW thermal) occurs during the space-heating season. Note that

slightly less than 60 percent of the peak heat load would be met by cogenera-
tion.  Boilers capable of handling more than 40 percent of peak load would be
installed; during much of the year, they would stand idle. Additional boil-
ight-hand toe of the load curve, \
would be used when peak demand for electricity requires that steam otherwise
used to produce district heat be used to turn turbines and generate electric-
ity. - o ' , : N

In Figure 1, an area to the right of the load curve has been sketched to
i1lustrate the benefits of annual-cycle TES. It is enclosed by a dashed 1line
and captioned "stored heat." (Note that the load curve shows power level;

areas under the load curve represent energy.) The stored-heat area is equal
to the sum of the areas above the 50-percent-of-peak ordinate value, plus the

small area under the right-hand toe of the curve, plus a. 25-percent margin to
‘allow for loss of heat while in storage. Thus, the amount of stored thermal

energy represented by the sketched-in area is enough to meet peak heat loads
with no boilers and with 20 percent less cogeneration capacity. It follows
that use of annual-cycle TES could reduce capital investment by an amount
equal to the total cost of boilers plus about 20 percent of the cogeneration
capacity. These capital savings are one measure of the value of TES — of how
much one could afford to pay for TES. ,

\ The sketch of Figure 1 represents a caSe in which cogeneration piants
would operate more of the time and produce more heat during the course of a
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Figure 1. Annual heat load duration curve for Minneapolis-St. Paul
(adapted from Studsvik report).

year than is currently proposed. The optimal shape of the dashed curve would
be determined by the efficiency and reliability of the cogeneration plants.
Ideally, all the heat needed for district heating would be produced by highly
efficient plants generating base-load electricity, and operating at full load
for 10 or 11 months of the year. The stored-heat area shown in Figure 1
would then move downward and to the right, becoming more flattened; the total
cogeneration capacity could be reduced by another 20 to 40 percent. Fixed
charges for capital equipment would be amortized over more of the year,
further reducing the cost of both electricity and heat.

Fuel consumption is reduced, and coal (orknuclear fuel) is substituted
for 0il and gas, when heat is produced from cogeneration rather than from




heat-only boilers. The estimated fuel savings due to'district heating,

“supplied by a combination of cogeneration and heat-only boilers, are shown
in Figure 2 for two scenarios for DH systems that do not include TES. These

savings will increase when TES is included, because the amount of heat pro-
duced by cogeneration will increase and fuel consumption in heat-only
boilers will decrease. ‘ ‘

SAVING IN GAS AND OIL

MILLION BARRELS

Y 11
\ \:f::gx'::::m :

40 —
NET SAVING 30
— MILLION BARRELS
20 —

SCE\NAnlb A ——/

SCENARIO/S _/

EXTRA COAL
' EXTRA'COAL 23 MILLION -
S18MILLION “BARRELS !
BARRELS G  EQUIVALENT :

(Source: Studsvik) ;
Figure 2. Twin Citjes fuel savings due to district heating, 1980-2000.

Beneficial effects to be expected from annual-cycle TES in reducing
capital investment, fixed charges, and fuel consumption in central plants’
have been discussed. Another area where significant cost savings may be

realized is the transmission network, illustrated in Figure 3.

Heat Storage Wells (i.e., aquifer TES) would be located at the River-
side Plant shown in Figure 3. (For purposes of this study, availability of

‘aquifers is assumed.) For cogeneration on a large scale, TES at the central

plant should be large enough to accept all hot-water production that exceeds
immediate demands, and to supply hot water demands that exceed production.
(Dependable storage will make possible the elimination of cooling towers or
water for condensers, and thus both the capture of all useful heat produced
as a byproduct of electric generation and the saving of the substantial cost
of condenser cooling systems.) : :

TES will also be 16tated along the major pipelines, at nodes and termi-
nals, to help smooth Toad fluctuations and permit the pipelines to be oper-
ated at high capacity factors. The TES will also increase system reliabil-
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\\ RIVERSIDE PLANT

MISSISSIPP! RIVER

(Source: Studsvik)

Figure 3. Cogeneration plant and hot-water transmission pipelines
for Minneapolis district heating system.

ity, serving as a backup in case of central-station or pipeline outage
(Hausz, 1977).

Figure 4 illustrates schematically the Heat Storage Well concept of
annual-cycle TES at Tow cost and low heat loss. Two water wells are drilled
deep enough — say, 500 to 1000 feet — to provide sufficient hydrostatic head
to maintain superheated water in liquid form, and to avoid aquifers used for
water supply. The two wells of the doublet comprise a closed hydraulic sys-
tem; water pumped from one well is injected into the companion well, several
hundred feet away. The heat-storage medium is the porous rock comprising the
aquifer and the water filling the pores, together with the relatively imper-
vious aquifer cap and bottom. The energy storage 'capacity is very large —
the aquifer may be 100 feet thick, and the hot water may extend 300 or more
feet radially from the well — and costs essentially nothing. The TES capac-
ity — the rate at which heat can be stored or withdrawn from storage — is
determined by the size of the wells, the pumps employed, and the flow param-
eters of the aquifer. A reasonable estimate is that a Heat Storage Well
doublet may have a 20-megawatt thermal capacity. Multiple wells are employed
to obtain Tlarger capacities. Thus, in contrast to most TES components, only
the power capacity determines the cost of storage.

Somewhat as with root cellars and ice caves, natural rocks and sand
insulate the hot water stored in an aquifer. Three-fourths or more of the
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Figure 4. Schematic diagram of Heat Storage Well doublet operation.

~stored heat would appear to be recoverable after six months or longer (Meyer,
Hausz, et al, 1976; Tsang,r1977). This remains to be demonstrated on the
necessary scale, with water injected at temperatures above 100°C..

RESULTS , , | |
No quantitative results have been obtained. Due to various delays, data
on the proposed systems (Scenarios A-and B) have not yet become available.

Studsvik, as a subcontractor on this project, has commenced work on char-
acterizing the expected fluctuations of the Twin Cities heat loads. Data on
hour-by-hour fluctuation of the heat loads to be served in the Twin Cities
being unavailable, Studsvik is applying statistical data from Stockholm to
characterize the Twin Cities heat load fluctuations (the climates are similar).
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FUTURE ACTIVITIES

When adequate data to describe the heat sources, transmission network,
and heat loads of the reference systems are available, the effects of incorpo-
rating TES components into the system will be analyzed. Based on very rough,
preliminary analysis, the expectation is that use of TES will reduce or elimi-
nate the auxiliary peaking and backup boiler capacity needed without TES;
reduce the size of pipelines; conserve perhaps 10 to 20 percent of the fuel
energy required without TES, with accompanying savings in fuel cost and envi-
ronmental impact; decrease system investment cost by 5 to as much as 15 per-
cent; substitute coal burned in central plants for oil that would be burned
in auxiliary boilers; and make more flexible the siting of future cogeneration
plants by eliminating the need for cooling towers or water for condenser
cooling.

An interesting question will be the application of Heat Storage Wells to
handle short-term (hourly to daily) fluctuations in heat loads. It has been
pointed out that the cost of aquifer TES is determined almost entirelx\by the
required capacity — the maximum rate of injection or withdrawal of hot water.
To handle short-term fluctuations superimposed on annual-cycle requirements
may require substantially more capacity than the annual cycle alone. Conven-
tional TES components such as steel tanks (accumulators) used in a few
European DH systems may prove superior to aquifer storage.
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DAILY/SHORT TERM STORAGE PROGRAM — OVERVIEW*

R. J. Kedl, LTTES Program
Oak Ridge National Laboratory

INTRODUCTION

Development of short-term thermal energy storage systems has been

a major thrust of the LTTES Program since its inception. A wide variety

- of concepts are, and have been, under development. They are directed

toward the sterage‘of solar energy (active and passiVe) and off-peak elec-
tricity, and involve the storage of either heat or cool. Although these
efforts are principally thrusted toward building heating and cooling,

they could also find application in the industrial and agricultural
sectors. The emphasis has been on the use of phase-change materials
(PCM's) as the storage media, although some efforts involving sensible
heat storage have been supported. In addition, generic efforts in sup-

port of concept development are underway.

PROGRAM DESCRIPTION AND STATUS

Prcjects in short-term storage can be classified into the following
technology "areas:
-Storage in Building Materials
‘Modular Storage Units
-Macroencapsulated PCM s
-Bulk Containment of PCM's
*Supporting R&T

Bulldlng Materials. This implies the addition of PCM's to “conven-

tional" building materials (concrete blocks, wall panels, ceiling t11es),’
thus, the building may serve as its own storage component. In this con-
cept the room surface involved would be maintained at a temperature slightly
above ambient temperature. Thermal tfansport‘to the living space would be

accomplished through‘natural thermal convection and radiation. The radiation

*Research sponsored by the Division of Energy Storage Systems, U.S. Department
of Energy under contract W-7405-eng-26 with the Union Carbide Corporation.

By acceptance of this article, the publisher or recipient acknowledges the U.S.
Government's right to retain a nonexclusive, royalty—free license in and to any

copyright covering the article.
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component offers the prospect that occupants may experience a physiological
perception of comfort at less-than-normal ambient temperatures. Develop-
ment of these materials is directed primarily toward active and passive
solar applications and to the use of off-peak electrical energy. Current
efforts (see Table I) have been confined to the development of concrete
blocks ébntaining PCM's.

Macroencapsulated PCM's. This storage category implies the containment
p g

of PCM's in capsules (cans, sausages, bottles, etc.) which are in turn
stacked in some manner in a large tank/vault that serves as the TES module.
Heat transfer is accomplished by pumping the thermal transport fluid'
(1iquid or gas) through the matrix 6f capsules. Development of these
modules is directed toward the active solar application and to the use of
off-peak electrical energy. A summary and status of the LTTES Program in
this area is shown in Table II.

Bulk Containment of PCM. This storage category implies the con-

tainment of PCM in the storage module in bulk form. Advantages to this
storage category are that the PCM contained in this geometry is in its

most compact form and that economies may be realized because of the elimina-~
tion of one layer of PCM containment when compared to macroencapsulation.
The‘problem with this storage category is that some novel technique must

be devised to add or remove heat. Response to this problem has been

varied, with several rather clever techniques proposed. Development of
these modules is directed toward the active solar application and to the

use of off-peak electricity. A summary and status of the LTTES Program

in this area is shown in Table III.

Supporting R&T. The efforts described in this category are generic

and fundamental in nature and are in support of concept development. In
general, these efforts are confined to the identification and evaluation
of PCM's, nucleation and crystallization studies of PCM's, and analytical/
physical modeling of thermal transport mechanisms. A summary and status

of the LTTES Program in this area is shown in Table IV.




Institution

Brookhaven Nat'l. Lab.

Suntek Res. Associates

TBD

Ly

Table I.

Storage in Building Materials

Project Description

PCM added to concrete building blocks
Emphasis on polymer concrete

CaCl,°6H50 dispersed in concrete
building blocks

RFP to develop advanced building
materials capable of storing heat
by virtue of PCM's included

Status

+Project Summary in Proceedings
+Identified small polymer concrete
containers filled with PCM's and
sealed, then inserted into precast
holes in conventional concrete blocks
as a technically attractive concept
*LTTES Program readjustments required
dropping this effort

‘Final report will be written

-CaCly chemically attacked cement
*Project terminated :
*Final report received

*To be issued in 1979
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Table II.

Institution

Dow Chemical Company

Univ. of Delaware —
Inst. of Energy Conversion

Univ. of Delaware —
Mech. Engr. Dept.

Modular Storage — Macroencapsulated PCM's

Project Description

Macroencapsulated PCM's for several
temperature ranges

Glauber's Salt Mixture in Chubs
Cool Storage for Off-Peak
Electricity

Macroencapsulated PCM's for tempera-
tures from 90°C to 180°C

Status

*Active project
‘Project summary in proceedings

*Active project
*Project summary in proceedings

«Active project

-Project summmary in proceedings
+Funded by Conservation and Solar
Applications

Technical management transferred
to STOR (LTTES Program)




Table III. Modular Storage — Bulk Containment of PCM

Institution Project Description o Status
Clemson Univ. Immiscible Flu1d~— Direct Contact .Active project
with PCM Concept i ‘ <Project summary in proceedings
Franklin Res. Inst. TES by means of Heat of Crystallization in Sat- -Project completed
- urated Aqueous Solutions , -Final report published

(TID-28330)
.Several methods of

thermal transport to/from
TES module were investigated
.The problems encountered
involved solids transport and
deposition

General Electric Rotating Drum Concept -Active project
‘Project summary in proceedlngs
-Funded by conservation and
solar applications
‘Technical management transferred
to STOR- (LTTES Program)

Monsanto Res. Corp. Form-Stable Polyethylene (chemically cross- *Project completed
linked) as TES5 Media . .Final reports published(ORO/
) 5159-10 and ORNL/Sub-7398/4)
-TES media developed was chem-
ically and physically stable
(250 1bs cycled 632 times)
-Estimated selling price based
on large volume production
about 34¢/1b

Univ. of Dayton Form—-Stable Polyethylene (radiation cross- *Project under negotiation
‘ linked) , This is an effort to reduce the
cost of form-stable pclyethylene
by using radiation as the cross-
linking mechanism

6%
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Oak Ridge Nat'l. Lab.

Oak Ridge Nat'l. Lab.

Oak Ridge Nat'l. Lab.

Oak Ridge Nat'l. Lab.

Oak Ridge Nat'l. Lab.

Pennsylvania St. U.

Univ. of Nevada -
Desert Research Inst.

Villanova Univ.

Table 1V. SﬁpportingﬁR&T

Computer Modeling of Melt/Freeze
TES Process

Experimental Thermal Transport Studies in
Melting~Freezing System

ThermalVCycling~Facility for Testing Pro-
totype TES Units (liquid thermal transport
fluid) ’
Thermophysical Properties & Evaluation of

PCM's :

Crystal Structure of PCM's and Nucleators

Computer Modeling of Solid Sensible Heat
TES Units

Nucleation and Crystal Growth Studies of
Salt Hydrates

Materials with Solid-State Transitions
for TES

*Active project
*Project summary in proceedings

*Active project
‘Project summary in proceedings

*Active project
*Conceptual design completed

*LTTES Program readjustments
required dropping this effort
*Project summary in proceedings

*Project completed
*Results to be published in Acta
Crystallographica

*Project completed
*Final report published (NSF-RANN-
AER-75-16216)

*Project completed

*Project summary in proceedings

*Final report to be published
(NSF-RANN-AER-75-19601)

*Project completed

*Project summary in proceedings

«Final report to be published
-Identified several potential materials
All had technical problems (e.g.,

high vapor pressure) and moderately
high costs




U.S. DEPARTMENT OF ENERGY

THIRD ANNUAL | o
THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

PROJECT SUMMARY
Project Title: Thermal Energy Storage Subsystem for Solar Heating and Cooling
Applications (Rolling Cylinder Thermal Storage System)

Principal Investigator: C. S. Herrick
‘Program Manager: R. F. Thornton
Organization: General Electric Corporate Research & Development

P. O. Box 8 ‘

Schenectady, NY 12301

Telephone: (518) 385-8267

Project Objectives: Develop and construct an instrumented proto;typer rolling
\ cylinder thermal (latent heat) storage system.

Project Status: Phase I of this project is subdivided as follows:

1. Analyze mathematically the interior and exterior heat transfer
behavior of the rolling cylinder.

2, Conduct laboratory tests on small scale cylindérs to measure the
effects of system variables on performance,

3. Select construction materials based on an evaluation of corrosion
problems. . '
4, Develop a computer model describing the behavior of a rolling

cylinder thermal storage system.

5. Design, build and instrument a prototype rolling cylinder of about
200,000 Btu capacity using Glauber's salt (NaZSO 4-10H20).

Phase II, not included in the present funding, will be proposed as a follow-on
" contract. This phase will consist of comprehensive calorimetric testing of the
prototype system.

This contract began on August 1, 1978. Work is proceeding well on several
tasks, but none were sufficiently close to completion at this writing to warrant
| reporting the results. " : :

\ | Contract Number: EM-78-C-05-5759
Contract Period August 1978 to October 1980

Funding Level: $373,600

| ~ Funding Source: Department of Energy, Division of Solar Energy




THERMAL ENERGY STORAGE SUBSYSTEM FOR SOLAR HEATING AND COOLING APPLICATIONS
(Rolling Cylinder Thermal Storage System)
General Electric Corporate Research and Development
Schenectady, NY 12301
Contract No. EM-78-C-05-5759
Carlyle S. Herrick, Principal Investigator
Roy F. Thornton, Program Manager

August 1978 to October 1980
OBJECTIVE

The overall objective of this program is to develop the technology and the
engineering data required to implement rolling cylinder thermal energy storage in
solar energy systems. The purpose of this contract is to design, and build a large,
approximately 200,000 Btu prototype in an instrumented calcrimeter. During the
first year of the contract, the thermal characteristics of the system will be
carefully defined and designs will be developed for the prototype rolling cylinder
device and for its associated test equipment. During the second year of the
contract, the prototype and test equipment will be constructed and preliminary
checkout accomplished. A follow-on contract will be proposed the third year
during which the prototype will be tested for its performance characteristics.

CONCEPT

A rolling cylinder thermal storage system using the latent heat of fusion of
Glauber's salt would be considerably smaller and lighter in weight than a sensible -
heat storage system using water or rocks and is essentially isothermal. A water
system operated over a temperature range of 20°F could store 1200 Btu/cu ft and a
rock bed system could store approximately 700 Btu/cu ft. In contrast a Glauber's
salt system could store 10,000 Btu/cu ft. Thermal energy storage could be used
with solar collectors, heat pumps or air conditioners to reduce fuel and electrical
bills and provide load leveling and fuel energy conservation.

Many of the problems with thermal energy storage systems using the latent
heat of fusion of salts are solved by the rolling cylinder concept. A cylindrical
container lying on its side, rotating slowly around its cylindrical axis provides just
enough stirring action to keep the internal temperature uniform and very close to
the wall temperature. Under these conditions crystallization occurs on nuclei in
the liquid and not on the cylinder wall. The usual layer of solid does not build up on
the cylinder wall, so heat transfer rates remain high as crystallization proceeds.
Over 200 complete freeze-thaw cycles have been demonstrated prior to this
contract on a laboratory scale rolling cylinder charged with Glauber's salt. Figure
1 shows a schematic of the rolling cylinder thermal storage device. A nucleator
has been developed which reliably initiates crystallization without significant
supercooling.

Glauber's salt (sodium sulfate decahydrate) has been used to illustrate the
capabilities of the rolling cylinder apparatus. It was chosen because of its low cost
and high latent heat of fusion, however, the rolling cylinder concept is broadly
applicable to a wide range of materials.
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FUTURE ACTIVITIES

During the first few months of this contract the internal heat transfer
behavior of a rolling cylinder phase change heat storage device will be studied
analytically and experimentally. Based on these studies and on solar heating
systems requirements a design concept will be chosen. A detailed design of a
prototype rolling cylinder thermal storage system will be prepared at the end of
the first contract year, During the second year of the contract, the prototype will
be built and instrumented. The mechanical and electrical operation of the
prototype and its test equipment will be checked. Testing of the prototype,
including freeze-thaw cycling and rate calorimetry, will be proposed as a third year
follow on to the present contract.

References

1. Herrick, C. S., Golibersuch, D. C., "Qualitative Behavior of a Latent Heat
Storage Device for Solar Heating/Cooling Systems", General Electric
Company Report No. 77CRD006 (March 1977)

2, Herrick, C. S., "A Rolling Cylinder Latent Heat Storage Device for Solar
Heating/Cooling", submitted to Journal of ASHRAE, (August 1978)

3. Zarnoch, K. P., Herrick, C. S., " Latent Heat Storage in a Fifty-Five Gallon

Rolling Cylinder", General Electric Company Report 78CRDI175 (August
1973).
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LTTES ANNUAL TECHNICAL STATUS REPORT

PROJECT SUMMARY

Project Title >
"Life and Stability Testing of Packaged Low-Cost Energy Storage Materials."

‘Name of Contractor:

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

Name of Principal Investigator:

Dr. Galen R. Frysinger

Current Contract Period: ;
September 1, 1978 - October 31, 1979

Objective:

The package integrity of the "CHUB" packaged materials will be tested to
experimentally verify the ability of the package to retain the moisture within
the salt mixture. The life and stability of the packaged material will be verified
by thermal eycle and performance measurement. ’

Description of Work:

"CHUB" packages are prepared by Du Pont for mechanical and terﬁperature

stability tests. Immediate goal is a qualified "CHUB" for performance life testing.

Technical Accomplishments and Problems Encountered:

Pre-contract work indicates excellent weight retention by "CHUB" package
laminates and the ability to meet handling and mechanical requirements.

Deseription of Planned Work:

Verification of weight retention and mechanical integrity will proceed with
larger "CHUB" lots. ‘ '

Thermal eyeling and performance testing will continue through the year
contract period.

Funding Level:
$146,000.00

Funding »Source:

Department of Energy, Division of Enérgy Storage Systems
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The CHUB low-cost thermal energy storage component has a wide range of

applications as an air stream entrained integral heat exchange/storage unit.

The first illustrations indicate examples of storage assisted air ccnditioning
and heat pump applications making effective utilization of off-pleak electrical
power for heating/cooling thus saving the utility fuel and generation facility costs.
The CHUB may also be used with active air solar collector systems for daytime
storage of heat to provide extended house heating during periods of no solar
insolation. Likewise, as a passive solar system, the CHUBs can be directly
irradiated by sun energy, thus storing the thermal energy for later use within the
dwelling. The CHUBs also have applications in storing the heat in the dwelling to

increase the thermal mass by phase change transition.

The second illustration shows the concept of storage assisted air
conditioning.  This application, which is the closest to commercialization,
integrates the thermal energy storage with a conventional air conditioner providing
the capability of using off-peak electrical power for residential cooling. The daily
house heat gain is removed into thermal storage. The heat is rejected at night by
the air conditioner using off-peak (lower cost) electricity, the heat being more
efficiently rejected against the lower outside ambient temperature. The thermal
energy storage capacity is thus renewed to absorb the next day's heat gain. The net
result from the utility's point of view is that the air conditioning compressor's
electrical demand is shifted from the daytime hours to nighttime hours where the
utility's load demand is reduced. In this appliecation, during the house cooling mode,
the fan is under thermostatic control and circulates the house air over the frozen

CHUBs to remove house heat during daytime periods to meet cooling requirements.
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At night the compressor operation removes stored heat first freezing the CHUBs

and thus preparing the house and the thermal energy storage rnodules for the next

day's operation.

’I‘he next 111ustrat10n shows a thermal energy storage module consisting of 64

CHUBs capable of storing 10,000 Btu's. The CHUBs are assembled w1th self-

stacking hardware and inserted into the duct adjacent to the air h&ndl’ing equipment

just downstream from the cooling coil.

The photograph of the CHUB component shows four umts - the two on the

rlght—hand 51de being frozen and the two on the left-hand 51de being thawed For

the application of the storage assisted air condmomng, the transition point has

been adjusted to 55°F for humidity control.

The composition of the CHUB materials and their performance are shown in
" the next illustration. The seasonal system rating of 50 Btu's/lb. of CHUB matei'ia.l
is based on,the requirements for the worSt—day design criteria, even though it must
be realize\d that the average air conditioning day throughout the season would

involve only a shallow cyele , i.e., only partial melting of the CHUB material.

A typical residence (1,800 - 2,000 sq. ft,) would require 27 modules (270,000
Btu's) which would have a nominal weight of 5,400 1bs. and require a volume of 125
cu. ft. within a 5-ft. cube. The cost for providing this home thermal energy storage

unit for stoi'ageﬂassisted air conditioning is broken out in the last illustration. A

total material cost of $205.90'is related to an installed selling cost to the consumer -

of $595.80, which is a three-five year payback to the consumer if the utility passes

on 30-40% of its savings to its customer.
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THERMAL ENERGY STORAGE MODULE

(PROTOTYPE DESIGN FOR STORAGE ASSISTED AIR CONDITIONING)
20" CUBE
64 - 20 INCH LONG BY 2 INCH DIAMETER "CHUBS"
10,000 BTU
200 LBS.
50% AIR FLOW VOLUME

2,160 BTU/CU. FT.

60




61




62




Pa\ckagj ng

"CHUB" COMPONENT

Materials

Sodiufn Sulfate Decahydrate R '
(Composition per U.S. Patent # 3,986,969, October 19, 1976)

Weight

} Percentage
NazSO4 | ‘ 32.8
H20 \ ) : 41 .7

{ NaCl , , 6.7
k, NH,C1 o S : 6.2

4 :
Nucleating Agent: Borax 2
Thickener: Minugel F.G. 7
pH Stabilizer: Boric Acid ‘ 1.
0

Dispersing Agent: Tetrasodium Pyrophosphate

Multi-ply laminate (DuPont) heat sealed and paékaged using "CHUB" machine
Performance
Cal/gm Btu/1b.

Glauber's Salts T e 108
(90°F Theoretical)’ ’ ; -

StabilizedoGlauber'sx Salts 45 80
(55°F Theoretical) "

Laboratory Calorimetric Data : 35 63
(Multi-cyeled) ' :
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Unit
$/Ton
$/House

%

All

Materials

76.26
205.90

34

Part I - Distribution of Costs by Type

Fabrication
-Direct

20.53
55.43

9

Fabrication

- Overhead

43.44
117.29

20

Shippin,
25.80
69.66

12

Profit
54.64
147.52

25

Total

220.67

595.80

100




. Projéct Status:

THIRD ANNUAL THERMAL ENERGY STORAGE CONTRACTOR S
INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

’

Project Title: Experimental investigations of thermal flow in freezing
' and melting systems '

Principal Investigator: Ralph M. Deal*

OrganizatiOn: Oak Ridge National Laboratory
" Building 9204-1, M.S. 3
P.0. Box Y
Oak Ridge, TN 37830 ' '
Telephone: (615) 483-8611, extension 3-5700

Project Objectives:‘

(A) Assessment of a computer model for thermal energy storage for phase
change materials (PCM) .

(B) Collection of fundamental data on heat transfer in freezing and
freezing processes in a varlety of materlals

(C) Provide'a facility for the testing of proposed PCM materials

(A) A facility is operating with temperature control for each of two « .
thermal reservoirs and recording of temperatures on a millivolt
recorder.

(B)' The use of a laser as a probe to measure gradlents in the 1iqu1d phase
has been tested and shows promise.

(C) An LSI-11 computer system to take data and analyze it and- to control
the experiment is now being tested.

Contract Period: FY 1978
Funding Level: $30,000

Funding Source: Division of Energy Storage Systems, U.S. Department of Energy

*Guest at ORNL on sabbatical leave from Kalamazoo College, Kalamazoo,‘
Michigan. ‘ . ' \

' Research sponsored by the D1v1s1on of Energy Storage Systems, U.S.
Department of Energy under contract W-7405- eng—26 w1th the Union Carbide

- Corporation.

By acceptance of this article, the publisher or recipient acknowledges the
U.S. Government's right to retain a nonexclusive, royalty—free 11cense in and to
any copyright covering the article.
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PROGRAM PROGRESS DURING FY 1978

Starting in July 1978 the following results have been obtained:

1. The Experimental Facility. An experimental facility has been built
for the investigation of heat transfer in materials undergoing phase trans-—
formations. The initial experimental cell for the phase change materials
(PCM) is a one-in. thick Plexiglas box of inside dimensions 4" x 6" x 3 1/2",
one 4" x 6" face of which is an aluminum plate closely coupled to a set of
copper tubes through which thermostated water is forced (see Fig. 1). The
facility allows the thermostated water to come from either of two 55-gal drums
at different temperatures (see Fig. 2). Bare copper-constantan thermo-
couples are located 1/2", 1", 1 1/2", and 2 1/2" from the aluminum face. The
reference junctions are located in a highly regulated water bath.

Data collection so far has been limited to recording thermocouple
voltages on a 1-MV recorder through a crossbar scanner. An LSI-11 data
acquisition, processing, and control system is nearly ready to be added to
the facility. It will allow selective gathering of data and control of the
temperature of the aluminum face to fit any desired schedule. The LSI-11
system runs with a foreground/background monitor- in RT-11. Twenty-eight K
of core and two floppy disks provide program and data storage; a serial inter-
face is included to allow further storage on a remote computer. Forty analogue
input channels are amplified to give a full 12-bit conversion of 0-10 mv, cor-
responding to a few tenths of a degree F. Two analogue and two digital out-
puts allow control of the temperature of each reservoir.

2. A Potential Thermal Gradient Probe. Studies of the deflection of
a laser beam upon travelling through the liquid phase show promise as a
method of exploring the temperature gradients in the system.

a. No convection case. Assume the aluminum face is up and is pro-
viding heat to melt the PCM. To the extent that Plexiglas is a better
insulator than the PCM, the thermal gradient will be vertical throughout
the cell and uniform at a given distance down from the face. A horizontal
beam of light in the z direction passing through w cm of the 1liquid PCM will
emerge from the PCM with a net deflection of a:

. "pem . w O (Mpey)
sin o = —2= sin Jo -
o oy

air

where y is the vertical direction. The integral is over the path, and so
averages the vertical component of the gradient of the log of the refractive
index over that path. With judicious choice of cell width, w, for a given
temperature gradient, deflections can be easily measurable, yet the variation

in the distance from the aluminum face over the path can be kept within 1 or 2 mm.

b. Convection case. If the cell is oriented so that the aluminum face is
vertical, convection currents dominate the thermal transport through the liquid
during melting but seem to conform to paths that preserve a zero component of
the temperature gradient parallel to the face in the horizontal direction. A
laser beam along that direction will allow exploratlon of the thermal gradients
in the liquid.
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3. ‘Results to Date. Initial studies have been directed towards assessment
of a thermal energy storage program wirtten by Alan Solomon of ORNL (see the
paper in this proceedings by Solomon). Results shown in Fig. 3 indicate the .
degree of agreement between the computer predictions and experimental results
for ‘an abrupt increase of the temperature of the aluminum face from below to
above the melting temperature of n-octadecane, a simple wax. The initial
temperature of the solid wax was 68°F; the temperature to which the aluminum
face was taken was 105°F. The computer model was rin with literature values
for the thermal properties of n—octadecane and 'a time step of 0.0005 hrs
with 84 subintervals in the 3 1/2" depth of the cell. The experimental curves
in Fig. 3A show the temperature of each probe over nearly eight hrs. The
computer output curves in Fig. 3B show temperatures calculated at the same
R position as the experimental probes except that the highest probe, 1/2'" from
| the aluminum face, is modelled by plotting calculated temperatures at three

positions, 11/24", 12/24", and 23/24" from the aluminum face. Note the shift
in the time of melting at each of these three positions. The position of the
thermocouple itself is in the range 11/24" to 13/24" from the aluminum face,
the uncertainty arising from some bends in the wire despite the tension main-
tained on the thermocouple wires. With some care, convection can be minimized
with the aluminum face on the top of the cell. More elaborate assessment
studies await the expension of the computer code to include convection.

4., Plans for Future Experiments. Eventually, various PCM's will be

taken cyclically through a variety of temperature schedules to assess the
model and to provide primary data for the assessment of proposed systems

for low temperature thermal energy storage. , /
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’ B o U.S. DEPARTMENT OF ENERGY

’ o : THIRD ANNUAL
| THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

| - | PROJECT SUMMARY

Project Title: ANL Storage Assessment and Field Test Program
, Princiba] Investigator: Joseph G. Aébury

Organizationr Argonne NationaT Laboratory
‘ 9700 South Cass Avenue
~Argonne, I11inois 60439

' Project Objectives: The objectives of the assessment program are to analyze
. storage technologies that interface with electric supply systems to: %)
determine their cost-effectiveness, <7) specify commercialization
strategies, and i¢i) define R&D needs and opportunities.” The objectives
of the field test program are to evaluate the performance of near-commer-
cial and advanced customer thermal storage technologies under U.S.
operating conditions. Customer acceptance, load-leveling benefits, and
development needs will be determined. ‘ o

Project Status:

‘Assessment Program: Comprehensive assessments of storage resistance
heating, storage air conditioning, storage heat pump, solar/storage/
resistance, and solar/storage/heat pump technologies have been per- ..
formed. Alternative strategies for commercializing customer storage
have been analyzed and reported. Work is underway on comparisons
of after-the-meter storage technologies and before-the-meter tech-
nologies (pumped hydro, compressed air, thermal electric batteries).

Solar storage concepts, 1hc1uding seasona] and stratified thermal’
storage have been analyzed. A general theory to specify and analyze
the role of storage in solar-thermal applications is being developed.

. . . B | .
Field Test Program: Electric storage heating systems are being installed
; Tn residences in Maine and Vermont. Roughly twenty (20) sample and
twenty (20) control residences will have been equipped in each state
| ~ before the end of the 1978-79 heating season. Data will be collected
| and preliminary benefit-cost analysis performed during FY 80. A
| » thermal storage test facility will be established at Purdue University
‘ during FY 80.

Contra;t Number:

‘ | Assessment;Prdgrém: 'ANL 189 #49961
- - Field Test Program: ~ ANL 189 #49897

Contract Period:

Assessment Program:  FY 76 - FY 8]
Field Test Program: FY 78 - FY 8]
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INTRODUCTION

This project, which is supported by the Technical and Economical Analysis
Branch and the Thermal Storage Branch of the Division of Energy Storage Systems,
is divided into two main program areas: i) an assessment of storage technologies
in electric load leveling and solar energy applications and ii) an experimental

evaluation of thermal storage devices.
I ASSESSMENT OF STORAGE TECHNOLOGIES

Storage for Electric Load Leveling

Electric load leveling is one of the most important applications of
energy storage technology. To assess the technical and economic feasibility of
energy storage for electric load leveling, Argonne has performed case Studies of
the benefits and costs of alternative storage technologies in specific electric
utility service areas. Here, we report the results of the analysis of three
after-the-meter (customer) thermal storage technologies -- space heating, space
cooling, and domestic water heating -- and two before-the-meter (utility)
mechanical storage systems -—- underground pumped hydro storage (UPHS) and

compressed air energy storage (CAES).

Method. A case studies approach was used to evaluate the marginal savings and
costs of each storage technology in representative electric utility service
areas. (The method and general approach have been described in more detail
elsewhere.l'z) The ANL cost allocation model SIMSTOR is used to calculate
the utility savings associated with each storage technology. SIMSTOR uses

hourly load and tri-hourly weather data (in the case of customer TES systems)

74




together with the storage system performance characteristics to generate load

profiles over the full annual (8760 hours) cycle. It then calculates the

,1ncremental utlllty capltal and fuel costs to meet the increnental loads.

SIMSTOR 1ncorporates a storage charge/discharge optlmlzatlon routine and a load

dispatch model and observes operating constraints such as scheduled and forced
outages and the cycle time of each type of generating unit. The model also
calculates ttansmission and distribution system costs for dispersed energy

storage systems. Storage system cost data were obtained from system vendors,

- HVAC system distributors and inStallers,'and research and development groups.

Study Results. Ut111ty benefits depend on such storage characteristics as:

storage eff1c1ency, storage dlscharge perlod, charge/dlscharge ratios, and
agg;egate 1nstalled storage capacity (Mwh). Here we present results for two
representative utilities: a small winter—-peaking New England utility and a
large,Summer-peaking Midwestern utility. Figures i ahd 2 show annualized
marginal benefits ($/yr/kWh) for storage systems having 10-hour discharge

periods and representative device'efficiencies. The utility benefits, which

-represent annualized marginal capital cost saVings plus levelized fuel savings,

are shown as a function of installed storage capacity.

To'ptovide a consistent basis for comparingﬁthebstorage technoliges, we
used utility cost of\money in calculating the annualized ﬁtility benefits and
the storage equipment cests; This is equivalent to assumiﬁg utility ownership
of the customer TES systems, although in practice this need not be the case and{
from the point of view of the utility, may not be desirable. ’The annualized -
Storage system costs are’show to the right in each figure. For the CAES and
UPHS systems, the costs are representative of the-large scale sYstems (8,000 to

10,000 MWh) located in favorable geological’settings.
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In the winter-peaking service area (Fig. 1), the TES spade heating
system shows the greastest benefits at low market penetration. Here the TES
system provides transmission and distribution (T&D) benefit§ that are not
provided by the central station UPHS and CAES technologies. The TES T&D
benefits gradually decrease, until at 400 MWh, additional sterage produces
nighttime peaks on the distribution system. The maximum benefits occur at
that capacity where the marginal benefit curve intersects the marginal cost
curve. The savings and cost values presented in Table 1 correspond to these
optimum installed storage capacities for CAES and UPHS. The values presented
for TES space heating and water heating, however, correspond to market
saturation of these technologies. Table 2 shows the effect of different
storage technologies on a summer peaking utility having predominately coal-
fired intermediate generating plant. As shown in the table the fmcorporation
of CAES, involving oil fired gas turbines, causes an increase in oil

consumption for this particular utility,

Figure 2 shows results for the summer peaking utility, In this case
TES space heating does not save overall utility capacity but does improye the
operating characteristics of the generating plant mix. TES water heating
provides the greatest marginal benefits, howeyer, total capacity is severely
limited by the existing appliance stock. The interpretation of these curyes

parallels that given for the winter peaking utility.

On the winter peaking utility TES space heating proyides maximum net
utility benefits as well as the most favorable benefit/cost ratio, On the
summer peaking utility TES water heating has the best benefit/cost ratio and
TES space cooling provides the maximum net utility benefits and the second best
benefit/cost ratio, Current studies are extending these results to other
utility systems and proyiding sensitivity analyses of key storage and utility

characteristics.

76




"Table 1. COMPARISON OF STORAGE TECHNOLOGIES FOR WINTER PEAKING UTILITY

Storage o Peak - Ooil . Average  Storage ~  Net

Capacity - Reduction Sayings Benefits =~ Cost Benefits
Technology  (MWh) W) (103 bbls)  ($/yr/kWh)  ($/yr/kWh) (10 s/yr)  B/C
TES Space Heating  1062** 70 95 462 0.91  3.94 5.1
TES Water Heating  ~ 357** 0 58 10.25 2.96 2.60 3.5
'CAES - Daily 730% 77 82 5.02 13,00 1.48 1.7

UPHS - Daily 648* 59 125 5.26 | 3.14 1.37 1.7

*Installed capacity that maxlmlzes net system beneflts,\where net benefits equal total utility
benefits less storage costs.

**Installed capacity that corresponds to conversion of all ex1st1ng conventional appliances to storage
appllances.

Table 2, COMPARISON OF STORAGE TECHNOL%IES\EO‘R SUMMER PEAKING UTILITY

Storage Peak . 0il Average Storage ‘Net
Capacity Reduction - Sayings 'Benefits Cost - Benefits \
Technology (MWh) (MW) (103 bbls)  ($/yr/kwh)  ($/yr/kWh) (106 $/yr)  BLC
TES Water Heating  1,050%* 106 161  8.56 - 3.02 5.8 2.8
TES Space Cooling  9,480* 1,380 o323 6.86 - 3.45 32,29 2.0
TES Space Heating  5,450%* 0 - =109 1.28 0.97 L7111 L3
CAES - Daily 17,200% 1,950 - =925 3,58 3.00 9.94 1.3
UPHS - Daily 13,300+ - 1,320 655 3.7  3.14 8.39 1.3

LL

*Installed capacity that maximizes net system beneflts, where net beneflts equal total ut111ty
benefits less storage costs.

**Installed capacity that corresponds to conversion of all existing conventlonal appllances to storage
appliances. , .




Storage for Solar Applications

The ongoing Argonne system studies have analyzed the role of TES in a
number of important applications. Here, we describe two recent studies:
i) seasonal storage for 100% solar space heating of buildings,3 and ii)

stratified sensible heat storage for improved solar-thermal system performance.4

Seasonal Storage. In solar heating of buildings, load requirements occur

only over the winter season with the collector unit remaining essentially idle
during the rest of the year. Recently, a number of solar system designs have
been proposed, some built, that incorporate storage capacities on the order of
one or several months' supply. The rationale for these "seasonal" solar schemes
is to permit solar collection over a much greater fraction of the year, with
energy stored for periods extending over several months or longer before actually
being used to meet load. By improving utilization of the available solar input
over the full year, a seasonal system will reduce the collector area requirement
relative to that of a comparable diurnal system while providing the same total
energy to load. The resultant savings in collector area costs represent a major
economic benefit of seasonal storage. A second benefit is to lessen, or eliminate
altogether, requirements for a backup energy supply and the associated problems
of load management. Against these benefits must be weighed the added capital

cost of the seasonal storage unit.

We have analyzed seasonal solar systems consisting of conventional
flat plat collectors and a sensible heat storage medium. A concise system model
has been developed under the assumption of a fully-mixed, uniform temperature,
storage medium that permits efficient simulation of long-term (multi-day) system

thermal performance over the course of the year. With this model we have solved
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At

for the thermai perfo:mance of seasonal solar systems that are designed to
supply 100%‘of load without backup under "reference yeaf" weather conditions.
’kProvided the storage vessel is extremely well insulated, we find substantial |
oerformance gains for the seasonal over the diurnal system, with the annual
ftaction of useful;solar energy delivered to load greater by as. much as a factor

of two for the reference year conditions.
N

‘Based'on these performance and sizing findings we have\estimated unit
- break-even costs of seasonal storage by comparing the,caéital and fuel costs of
‘ conventional space heating technologies against those of seasonal solar(systems.
At costs below the break—even estimates, the seasonal solar system has an ‘
‘economic advantage over the conventional system. We have also made ‘cost compari-
| sons between seasonal and diurnal solatysystems.~ Results for Madison are shown
in Fig. 3. For the range of’collector costs and conventional system costs
considered in the paper, the corresponding storage breah-even costs range up to

a high value of about 15¢/gallon ($40/m3) for extremely well insulated

tanks, and high competing fuel costs.

Although the storage break—even costs are dependent on the costs assuned
for collectors and for the conventional technologies, the qualitatively low
range of estimates is symptomatic of a seasonal storage system. In simplest
terms, the value of each increment of stotage capacity is set by the cost
difference between the aggregate energy input’to sto:age (divided by storage
efficiency) and a comparable amount of competing conventionai_fuel. For a
seasonal system, thermal energy is cycled through the device only about once per
year, leading to a relatively low annual energy throughput and hence to a low

storage break-even cost. By contrast, in diurnal solar applicatins, energy is
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cycled through the storage device numerous times over the heating season,
increasing proportionately the total energy throughput and the storage break-even

cost.

Stratified Storage for Solar Heating. In solar heating systems employing

sensible heat storage (SHS), the collector losses tend to increase linearly with
the quantity of stored heat, thereby reducing the rate of solar heat delivery to
SHS and ultimate load. This tendency can be mitigated to a useful degree if the
SHS is stratified, with some additional improvement in the delivery of stored
heat to useful load. Two types of stratified SHS are approximately realizable
in practice, namely serial or time-ordered (exemplified by the rock bed) and

temperature-ordered (buoyancy-ordering in liquid tanks).

We have carried out an extensive analytical treatment of solar-thermal
systems embodying idealized unstratified (fully mixed) or stratified SHS.
Results from the theory provide a direct evaluation of the gains in sun-to-load
heat transfer from stratification for any combination of load and insolation
time patterns. Based on the analytic treatment we have developed simulation
models of eaqh type of stratified SHS. 1In general, we find three major features
of stratified systems that account for their performance gains over fully-mized

systems.

1. When the load draw of a solar-thermal system is reasonably constant
over the hours of collection and the heat exchange to load is effective, either
type of stratified SHS gives somewhat better collection efficiency than does the
fully mixed (FM) SHS. The main reason is that the stratified storage delays the
return of the warmed collector output to the collector inlet, thus giving

a head start to the stratified system which is never overcome by the FM system.
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flow.

_temperature than in the FM case. That is, more heat is delivered to load

'overn1ght and more heat will be collected the follow1ng day.

‘clearest for DHW-1like systems Consider such a system after an hour or several

: greater than the cold-water supply ( malns") temperature To. if a substantlal

The d1fference in collectlon eff1c1ency is typically only a few percent for
11qu1d-cooled collectors but may be much larger for air-cooled collectors.

The reason is that the strat1f1ed system is rather 1nsens1t1ve to the temperature
rise across the collector (AT)c wh1le in the FM-case performance degrades
substantially as (AT)c increases. The temperature rise (AT)c is typ1cally

relatively largelfor air collectors because of the small coolant heat-capacity

2. The most reliable advantage of stratified SHS in domestic-hot-water
(DHW) and similar systems is the discharge behavior during noncollection. The
stratified SHS delivers its stored heat with minimum load flow, and the more or

less f1xed overn1ght 1ntegral draw leaves the stratlfled SHS at a lower starting

3. Turn1ng to the spec1al aspects of temperature—ordered SHS, these are

of solar-heat collection w1th small load draw. Under these circumstances, even

the coldest reg1on of the TO—SHS, the bottom, may be at temperature substant1ally

load draw now begins, the influx of cold water is immediately avallable to the
collector, so that collectlon efficiency is abruptly increased. At the same
tlme, the hottest water ava1lable is be1ng delivered to the load so that both
collection and delivery of heat is simultaneously max1mlzed. The effect on
system eff1c1ency may be quite substantial as illustrated in Fig. 4. Most\
hot-water loads are intermittent in nature so it seems llkely that the realiza-

tion of TO-SHS would result in s1gn1f1cant 1ncreases in eff1c1ency for all
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applications such that daytime load is a major fraction of total load. Laundries,

schools, and car—wash establishments come to mind.

I1 EXPERIMENTAL EVALUATION OF THERMAL ENERGY STORAGE

The experimental evaluation program includes two principal activities:

i) the TES Field Test program and ii) the TES Test Facility.

Field Tests. By validating TES performance under actual U.S. operating condi-
tions, the field tests will: 1i) establish baseline cost and performance
characteristics for thermal storage technologies, ii) identify R&D needs for
adapting commercial European TES heating systems and for improving prototype
U.5. cool storage systems, and iii) establish cost and performance goals for

advanced TES concepts.

The ANL field tests are evaluating brick and hydronic storage heating
systems. The experiments are being conducted in two winter-peaking service
areas. The experiments will span two full heating seasons (78-79 and 79-80).
ANL has overall program management responsibility while the Universities of

Maine and Vermont are responsible for management of the local research efforts.

In Vermont, Central Vermont Public Service, Vermont Electric Cooperative,
and Green Mountain Power are cooperating with the University of Vermont in
testing 13 dispersed ceramic units, one central ceramic unit, and six central
hydronic units in 20 residences. A set of 20 control residences is also being
monitored. In Maine, Central Maine Power is working with the University of
Maine in testing 15 dispersed ceramic units. An equal number of control resi-

dences is being monitored.
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Data collected in the two experiments include: indoor and outdoor
temperatures, TES device load, and utility system load. Customer acceptance of
TES is also being determined through customer surveys. Both experiments involve

‘\close cbdperation with state utility regulatory commissions.

TES Test Facility. The thermal energy stérage test facility is being designed

to complement the TES field tests and to provide DOE, its contractors, and
‘others with a capability to evaluate advanced TES concepts and systems. In-
addition, the facility will be used to validate TES testing procedures and

standards.

" Purdue University has been selected as the test facility site. The test
facility will incorporate existing constant temperature rooms and a small
calorimeter chamber to be developed. Initially; sensible héat storagé,3ystem$
will be tested, but it is contemplated that heating and cooling storage Systems"

" of both sensible and latent types will be tested in the laboratory. The facility

shall be set up to handle testing assignments from ANL and DOE.

It is\anticipated that the ASHRAE testing standard cdrrently under
\develppment Qill be evaluated at the Purdue facility. The sﬁandard will be
exémined to deﬁermine'its suitability for evaluéting commercial and near—-commercial
TES systems and its appropriateness‘for duplication by commercial testing

laboratories and by TES manufacturers’ R&D laboratories.

\
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PROJECT SUMMARY

Project Title: Applications of Thermal Energy Storage to Waste Heat Recovery
in the Food Processing Industry

Principal Investigator: Wayne L. Lundberg

Organization: Westinghouse Electric Corporation
- Advanced Energy Systems Diyision
P. 0. Box 10864
Pittsburgh, Pennsylvania 15236
Telephone: (412) 892-5600

Project 6b3ect1ves To assess the potential for waste heat recovery in the
food industry and to evaluate prospectiye waste heat recovery systems
employ1ng therma] energy storage.

Proaect Status: The project tasks were:

(1) Waste heat availability and applications survey
‘u(2) Waste heat recovery system design. }

(3) Assessment of potent1a1 fue] and energy savings in the food
industry.

(4) Commercialization plan development

The project has been completed and the deve]opment of demonstrat1on plans is
proceeding.

Contract Number: EC-77-C-01-5002
Contract Period: 8/31/77 - 9/30/78
Funding Level: $96,195.00

Funding Source: Department of Energy, Division of Energy Storage Systems
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ADDITIONAL BACKGROUND

The project was conducted by Westinghouse with the cooperation of the H. J. Heinz
Company. Heinz arranged access to two of their manufacturing plants within the
Heinz U.S.A. Division and permitted Westinghouse personnel to analyze factory

and food system operations. Besides the selection of the two survey sites, a
waste heat availability study was performed at each site and recovery system
concepts were developed and evaluated.

DISCUSSION
Survey Site Description & Selection Rationale

The Heinz U.S.A. Division operates eleven factories engaged in a variety of
thermal food processes. Two of those factories, located in Pittsburgh and Lake
City, Pennsylvania, were selected as survey sites for the project. The Pittsburgh
Factory is a large multi-building facility employing over 2,000 production people
and specializing in foods processed with steam and hot water. The factory's

main products are baby foods and juices, canned soups and canned bean products.
At the Lake City Factory, approximately 150 employees are employed in the pre-
paration of frozen desserts. Lake City operations are conducted in a modern
single-story building having a total floor area of approximately 70,000 ft2.
These factories were selected as survey sites since their products and processes
are common to a large segment of the food industry — nearly 13% on the basis of
total energy consumption. This fact would lend attractiveness to any recovery
system concept stemming from the project since the potential for a significant
industry impact would be correspondingly large.

Waste Heat Availability Study

The Pittsburgh Factory operates several food systems that produce hot waste
water. To eliminate the possibility of product contamination, waste water

is not recycled nor is waste heat recovery currently attempted. Instead, the
waste water streams are collected by a drain system that transports them from
the factory via clear water and sanitary sewer systems. The factory waste heat
survey shows the individual waste streams flow at a variety of temperatures in
the 120 to 200°F range. When merged, the average stream conditions will be 145°F
at 720 gpm during first shift operations and 145°F at 550 gpm during second
shift. As an indication of waste heat availability, the waste streams could
yield 6.9 x 1010 Btu annually if their temperatures were reduced to 75°F by

heat exchange with incoming fresh water. This recovery potential is significant
representing nearly 6% of the factory's current energy demand.

The Lake City Factory has two independent refrigeration requirements — blast
freezing and cold storage. The refrigeration effect is provided by an ammonia
system driven by ten rotary and reciprocating compressors. On the discharge
side of the compressors, the condensers are arranged in two separate groups.
One graup primarily serves the blast freezer and its heat rejection therefore
peaks during production hours and subsides to a relatively low level during
off-production periods. The second group, however, serves a storage freezer
and its heat rejection rate is more uniform over the entire day. Thus, the
factory actually has two independent sources of refrigeration waste heat that
behave differently with time. They could therefore be linked with two indepen-
- dent waste heat applications whose energy demands also follow different time
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patterns. Waste heat availabhility estimates were performed for the Lake City

Factory using assumed ammonia vapor conditions, factory electrical consumption
data and compressor nameplate information. The estimates show an annual waste
heat availability at the condensers of 4.0 x 1010 Btu which is larger than the
factory's total energy consumption (gas and electricity combined) by approxi-

mately 50%. '

Waste Heat Applications

Three separate energy demands that could use the available waste heat were
selected for study at the Pittsburgh Factory. They involve the heating of
boiler make-up water, fresh water for food processes and factory clean-up water.
Thermal storage would be required in the latter case and conventional heat ex-
change in the make-up and process water cases. A clean-up water application
involving thermal storage also exists at the Lake City Factory and could be
supplied by the blast freezer refrigeration system. In addition, a continuous
demand (in cold weather) also exists for heated air which is blown beneath the
freezer floors to prevent soil freezing. This demand represents an ideal appli-
cation of waste heat from the storage freezer system.

Waste Heat Recovery System Design and Evaluation

Several recovery system concepts to satisfy the waste heat applications identified
above have been considered for use at the Pittsburgh Factory. A multi-building
system is shown schematically in Figure 1. In that concept, waste water streams
at various temperatures are collected from processes occurring in three produc-
tion buildings. The high temperature streams (i.e., those above 140°F) are
collected in the high temperature accumulator (HTA) while all low temperature
streams are channeled to a low temperature accumulator (LTA). The LTA and HTA
will be insulated and will serve as surge tanks between the waste water source

and application points. From the HTA, waste water flows on demand to the high
temperature heat exchanger (HTHX) located in the Power Building. At the HTHX,
heat .is transferred to incoming fresh water as it flows to various food processes.
when those demands diminish while hot waste water is still available at the HTA,
the system will automatically divert the flow of heated fresh water to storage.
Water that accumulates in storage during the production period would then be used
during third shift for clean-up purposes.

Waste water collected in the LTA will flow to two low temperature heat exchangers
(LTHX) also located in the Power Building and mounted in parallel. Waste heat
will be applied at that location to preheat fresh water for food processing and
for boiler make-up. The parallel heat exchanger arrangement is necessary 'since
the food processing and make-up applications require water. from two different
sources — on-site wells and the city water main, respectively.

Estimated materials and installation costs for the multi-building system total to
$359,400. Allowing an additional 15% for engineering brings the total system cost
to $413,300. At current fuel prices, the system will yield a return on investment
(ROI) of 34% per year and reduce factory energy consumption. by 5 - 6%.

*Pproduction operations generally extend over a one or two shift period. A
thorough clean-up is performed daily when production ends.
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A single-building concept for the Pittsburgh Factory is depicted in Figure 2.

In that system, hot waste water flowing at rate Wy will be pumped to a plate

heat exchanger where heat will be transferred to cold fresh water circulating at
rate Wg. Fresh water circulation from storage will occur whenever hot waste
water is available and the storage tank temperature is less than a set-point
value. With those conditions satisfied, energy storage will occur if Wp exceeds
the process flow rate, Wp. If WF is less than Wp, all heated fresh water will
flow directly to the food processes or to clean-up stations. System performance
studies have been completed and a sampling of results is presented in Figure 3.
For a particular heat exchanger size (UA = 750,000 Btu/hr-F), the effects of
retort cut-off temperature, Tcg, and the flow ratio, Wr/Wy, on ROI and annual heat
recovery are demonstrated. To the right of the peak in each ROI curve, WF exceeds
Wp and storage capacity is needed which adds a significant new component to the
total system cost. This, combined with the diminishing ability of increasing W
to increase heat recovery, causes the ROI decline after the peak is reached. As
indicated in Figure 3, the system design procedure should specify a minimum
acceptable ROI and system parameters (UA, Tcg and We/Wy) will then be selected

to yield that ROI with maximum heat recovery. :

For the Lake City Factory, two recovery system concepts have been evaluated. The
first system, shown schematically in Figure 4, will apply refrigeration waste
heat from the blast freezer compressors to heat fresh water for later use during
third shift clean-up operations. The system will be located in an existing water
distribution system at a point between the softener exit and the first clean-up
station take-off. The system heat exchanger will operate as a desuperheater and
under normal conditions, vapor will exit the unit with 5- 10°F of superheat

still remaining. The vapor will then flow to the existing condensers to com-
plete the heat rejection process. For low storage temperatures, the circulation
pump will energize sending water from storage to the heat exchanger and back to
storage. During production hours, heated fresh water will accumylate in storage
to be available for local clean-ups during production and for the general plant
clean-up when production ends. System performance predictions are presented in
Figure 5.

The second Lake City system would apply refrigeration waste heat to warm freezer
floor air. Its annual ROI is estimated at 12 - 14%. System details are presented
in the final report but they have been omitted from this paper primarily because
thermal storage is not a system feature.

CONCLUSIONS

Based upon the study, it appears that waste heat recovery from certain food
processes is feasible and can be performed economically using available, off-the-
shelf hardware. Extrapolating results from the Pittsburgh Factory and Lake City
studies to the canning and frozen food industries yields projected savings of

6.4 x 1012 Btu annually which corresponds to nearly 0.7% of the total energy
currently consumed annually by the entire Food and Kindred Products industry.

To further evaluate and optimize recovery system design and to determine actual
costs and benefits, demonstration projects should be undertaken. The projects
would be publicized widely within the food industry and the results would be

used effectively to acquaint the industry with system design and performance.
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U.S. DEPARTMENT OF ENERGY

THIRD ANNUAL
THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

Project Title:  Application of Thermal Energy Storage to Process Heat and Waste
Heat Recovery in the Aluminum Indusiry

Principal Investigator: L. B. Katter and R. L. Hoskins

Organization: Rocket Research Company
York Center
Redmond WA 98052

Project Objectives: Identify application of low-temperature energy storage
techniques in the primary aluminum smelting industry which
provide significant energy conservation at competitive
economics. QGuantify the projected national savings from
these applications.

Project Status:

Aluminum smelting plants reject very large quantities of waste heat ranging from
250°F to 400°F. During the initial phase of this study, a system has been identified
that can utilize this waste heat for comfort heating and hot water in nearby communi-
ties. Energy is stored as hot water in steel tanks or aquifers. Analytical trade-off
studies conducted for a site specific system (Intalco Aluminum Company and Belling-
ham, Washington) indicate that a single aluminum plant can provide heat for 12,000
equivalent residences and costs less than existing conventional fuels. A follow=-on
program .is being negotiated to conduct detailed analytical, economic, and imple-
mentation studies for Bellingham, Washington.

Contract Number: EC-77-C-01-5080

Contract Period: August 30, 1977 through October 30, 1978

Funding Level: $90,000

Funding Source: Department of Energy, Division of Energy Storage Systems
RRC-79-H-232
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APPLICATION OF THERMAL ENERGY STORAGE TO PROCESS
HEAT AND WASTE HEAT RECOVERY IN THE ALUMINUM INDUSTRY

The rapid rise in the price of imported petroleum initiated in 1974 has precipitated
an aggressive effort to develop energy conservation techniques in the United States.
Many techniques which have formerly been technically feasible, but economically
unattractive, deserve reevaluation against a background of rapidly rising energy
costs. In many cases, energy is rejected to the ecosphere at an otherwise usable
state simply because a use for this energy does not coincide with the time at
which the energy is available. The role of energy storage is to hold such energy
in a usable state until the demand for it arises.

"The primary aluminum smelting industry is a large user of prime (electtical) energy.
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Its waste energy streams are usually of low grade, but high magnitude. The very
large amount of low grade energy from this industry makes it an attractive subject
for conservation,

There are few uses for the low grade energy. Many of these are currently not
established needs, i.e., one could develop a use, but the use currently does not
exist. 'Large-scale heated greenhouse complexes, heated aquaculture, alcohol
distillation (for gasoline augmentation), and enhanced crop production through

open field soil warming are possible low grade energy uses which do not currently
exist. Space conditioning for human comfort is the only widely established demand
for large quantities of low grade energy. This end use is the only one which affords
direct and immediate reduction of the national dependence upon imported oil.
Comfort conditioning fends to be strongly cyclic in energy demand on a daily and
annual basis. Through energy storage, the utilization of the constant energy source
by a variable demand is enhanced.

A team composed of Rocket Research Company RRC) (as prime contractor) supported
by Intalco Aluminum Corporation and Bonneville Power Administration has conducted’
a defailed technical and economic evaluation of the benefits to be derived from
application of thermal energy storage techniques to process heat and waste heat
recovery in the aluminum industry.

The Intalco Aluminum plant in Ferndale, Washington, has served as a typical
aluminum plant for the study described herein. Infalco supplied detailed opera-
tional data on the plant and assisted in the evaluation of plant installation and
operation variables. Bonneville Power Administration, the supplier of electrical
power to the Intalco plant, supported the program economic analyses with data
on electrical power rates and availability on both a local and national level.
The program was initiated with a literature and aluminum industry survey. The
literature search and survey were aimed at determining the magnitude of potentially
recoverable waste energy on a national basis and in assuring that the Intalco Alu-~
minum plant was typical of those in the industry, so that detailed study results
obtained with their plant were valid on a nation-wide basis.

Following the national survey, review was made of the aluminum plant waste heat
sources. Based on preliminary engineering and economic analyses, the aluminum
waste heat source to be utilized for recovery was selected. A hot water district
heating system with hot water storage was established as the baseline application.
Test measurements were made at the Intalco Aluminum plant to verify the magnitude
of and temperature of the waste energy streams.




 utilized is produced at a constant rate 24 hours per day, 365 days per year. The

Following system definition, a detailed trade study was conducted to arrive at a
system configuration which represented an optimum utilization of the waste heat
from the Intalco plant (both from technical and economic viewpoints). Preliminary
cost analyses were conducted to determine the capital cost of installing the system.

The major waste heat sources in primary aluminum industry are the cast house, anode
baking ovens (prebaked anode cell plants), and the electrolytic reduction. cells.

The electrolytic reduction cells consume approximately 80% of the energy used in
the primary aluminum plants. This figure includes the fuel value of the carbon
consumed in the anodes. Considering only the energy used directly in the plant,
i.e., natural gas, fuel, and electricity, the reduction cells account for over 0%
of the energy consumed within the plants.

While the exact percentage varies widely from plant to plant, approximately 50%
of the total energy input to the reduction cells is converted to thermal energy and
must be removed from cell to maintain the proper cell operating temperature. Much
of this energy is picked up along with the air and pot gases by the primary air
pollution control system.

The gas temperature and the amount of energy entrained in the primary air pollution
control system gases varies, depending upon the cell type and the plant operating
parameters; however, the large majority of available energy ranges from 250°F to
400°F. The fotal quantity of waste heat available from 30 (of 31) aluminum plants
is 7.39 X 109 Btu/hr.

Of the various waste heat recovery applications examined, district heating via hot
water shows the greatest fossil fuel replacement potential. The waste heat available
and hence the potential for energy savings for the waste heat recovery application
is estimated to be over 80% of the total recoverable waste heat from the primary
aluminum plant sources.

District space and water heating systems using hot water have been widely used in
Europe and elsewhere for many years in both residential and commercial heating
applications. The energy sources for these systems have included dedicated boilers,
cogeneration with thermal electric plants, and in some limited instances, waste
heat recovered from nearby industrial process plants, In the United States, due

to the low cost of energy, district heating systems have been primarily for large
commercial applications and usually with steam.

The temperatures involved in the hot water district heating system vary from system to
system, depending upon somewhat arbitrarily chosen system operating constraints.

In Denmark, for example, by law, the maximum temperatures allowed in internal
installation are 194°F, The district heating temperatures compare very favorably

to the 185 to 300°F temperature, at which bulk of the recoverable energy in primary
aluminum plants is available. Figure 1 is a schematic of the system proposed for

the Intalco Aluminum Corporation plant with Bellingham, Washington as the user.

Energy storage plays an important role in efficient utilization of the recovered process
energy for district heating applications. As aluminum production is essentially a
a gontinuous process, the energy which could be recovered from the process and

energy requirements, however, of district heating systems vary widely on both a
daily and seasonal basis. An energy recovery system sized to handle the daily peak
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demand energy storage would be under-utilized during all but the peaking portion

of the demand cycle and would be unable to utilize the excess energy. Incorpor-
ation of energy storage in the district heating system reduces the peak energy demand
from the source and allows the same energy supply to meet the energy demands of

a greater number of users.

The same type of load leveling problems that occur on a daily basis also occur on a
seasonal basis. District heating requirements are higher during the winter months
than during the summer. Depending upon the location, the average energy demand
for the year (yearly load factor) is less than 35% of the peak load.

Six basic types of thermal energy storage systems were examined in detail for use
with the district heating system. These storage concepts were: 1) unpressurized
hot water in steel tanks (storage temperature less than 212°F); 2) unpressurized hot
water insulated heat storage ponds (less than 212°F); 3) moderately pressurized hot
water tankage (212 to 250°F); 4) aquifer storage (less than 250°F); 5) unpressurized
hot oil tankage; and 6) hot oil/rock hybrids (less than 275°F). Latent heat of
fusion and rock bed thermal storage systems were ruled out initially due to their
high cost. ' :

Each of the various storage systems was evaluated on the basis of the following
criteria:

a. Initial storage system capital cost == $/Btu of storage (bdsed upon
estimates shown in Figure 2).

b. Recurring maintenance cost -~ §/Btu/year (based upon initial cost
and industrial experience where applicable).

c. State-of-the-art (subjective evaluation of degree to which storage
system technology will be developed by the estimated wide—scale
implementation date (1985) for district heating system).

d.” Safety, reliability, and potential environmental hazards (subjective
evaluation).

e. Peak storage fémperafure capability.

f. Site applicability == extent to which storage system is site specific,
i.e., can only be used at some sites and not others.

g. Energy wutilization (evaluation of the effect of storage system on the
ability of system to maximize the energy recovery from the aluminum
plant, i.e., seasonal storage capabilify{. ’

h. Storage efficiency (evaluation of the extent to which energy placed
in the store can be recovered from the store). ‘

The site applicability of aquifers was based upon a very preliminary study of known
aquifers located in proximity to the various aluminum plants. The storage efficiency.
of aquifer storage systems was based upon efficiency estimates in the literature.
Thelsforage efficiencies of the other concepts were based upon detailed heat transfer
analysis. ‘
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Comparing the three best storage systems (unpressurized hot water in steel tanks,
aquifer storage, and heat storage ponds, respectively), the potentially lowest cost
storage system is aquifer storage. The limited number of proven applicable sites
and the fact that aquifer storage technology has not been reduced to engineering
practice, resulted in a decision to base the remainder of this study upon the
available technology of unpressurized steel tanks, recognizing that more favorable
(economically) systems may result when aquifer technology becomes proven. ORNL
is initiating a companion effort to investigate the pc)ssibi{ify of developing an
aquifer storage system for the Bellingham waste heat system.

Extensive design tradeoff studies have been performed for the example site,

Intalco Aluminum Corporation and the surrounding communities of Ferndale and
Bellingham, Washington, These tradeoff studies indicate that a heating 'demand

equivalent to 12,000 single=family residences can be supplied by the energy

from the Infalco site. Using a 30-year payback criterion (consistent with utility
lanning practice), the average cost of energy supplied over the system useful

ife is predicted at one-third the average cost of fossil fuel. The exact distri-
bution of this difference between savings to the customers and profit to the utility
is not within the scope of this engineering study; however, the study clearly shows
that the utilization of waste energy from aluminum plants is both technically and

economically attractive. Figure 3 shows the cost to the user for projected conven-
tional fuels vs. heat from the proposed district heat system. Other economic
indices for the 12,000 user case are: ‘

Net capital outlay $6.33 x 107 (1977 dollars)
Net present value $2.56 x 108 (1985 dollars)
Average return on investment 62.8%

Internal rate of return 17.1%

Net displaced energy » 1.37 x 1012 Btu/year

103




y0T

USER ENERGY COST AS A FUNCTION OF TIME

160

- 12,000 USERS
= ECONOMIC ASSUMPTIONS |
g w0 GENERAL INFLATION 5% PER YEAR
3 LABOR ESCALATION 6% PER YEAR
® BENERGY ESCALATION 10% PER YEAR
§ 120 . ,
o« , : /
S 10— . .
R | /
- /7
§ i I 1 FOSSIL FUEL
l ] .
g 60 ' _
b DISTRICT HEATING SYSTEM
& 1 / EQUIVALENT ENERGY COST
v 2 — 7 ——
1 o = |
1985 1990 1995 2000 2005 2010 2015

YEAR

Figure 3




- U. S. DEPARTMENT OF ENERGY

| THIRD ANNUAL -
THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

Project Title: Low Temperature Thermal Storage in Aquifers:Environmental
Assessment ’ ‘

Principal 1nvestigator: Elly K. Triegel

|
N

Organization: Environmental Impact Section, Energy Division :
: Oak Ridge National Laboratory ‘ .
P. 0. Box X. :
Oak Ridge, TN 37830 :
Telephone: (615) 483-8611, ext. 3-1423

Project Objectives: To determine the environmental research and documentation
needs of the thermal storage in aquifers project, including preparation
of the necessary programmatic environmental impact document.

Project Status: The goals of this environmental evaluation are to:

(1) determine the scope of the individual projects involved,

(2) identify the hydrologic, ecological, aesthetic, societal, economic,
and health and safety issues to be addressed and the research
needs of those issues,

(3) identify the documents required by the NEPA process,

(4) identify actions to reduce or mitigate environmental impacts,
and ’ i

(5) promote adequate discussion and jnterchange of environmental
information among industry, government, and public groups.

The project status is as follows:
(1) current projects funded by DOE and European programs have been
' reviewed with respect to their possible environmental impacts,
(2) concerns which may require additional characterization or research
have been identified,
(3) a document describing the environmental requirements of the project
‘ has been prepared,
(4) expected results in FY 1979 will be the preparation of the
necessary programmatic environmental impact document.

Contract Number:
Contract Period: FY 1978, continuing
Funding Level: $75,000

Funding Source: Department of Energy, Division of Energy Storage Systems

105




Environmental Aspects of the LTTES Thermal Storage in Aquifers Project

INTRODUCTION

The environmental responsibilities of the LTTES aquifer storage
project are centered in the NEPA (National Environmental Policy Act)
requirements for full consideration of environmental impacts in the
decision-making process. Specific documents (environmental
impact statements and assessments), research by DOE or its contractors
and environmental reports (ER) by the applicant are needed to fully
delineate potential impacts. Other requisite environmental reviews as
outlined in Federal laws and regulations are generally coordinated with

the NEPA procedures.

ENVIRONMENTAL RESEARCH

The research requirements inherent in the consideration of environmental
impacts may occur at any point in the NEPA process where unresolved
issues arise. In general, consideration of such requirements should
begin early in the project since the results may be needed for completion
of the Environmental Impact Statement (EIS) or Assessment (EA). Further
work may be necessary later if the resolution of the issue is found
incomplete or if new, unanticipated problems develop. Usually, it is
only possible to plan the first stages of the research program, particularly
in exploratory area where the underlying cause and effect relationships
are not known. The need for further work would then depend on the

outcome of the initial research.
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Environmental éohcerns which are likely to be éf partiéu}ar importance
in the aquifer storage prdject‘are‘summarized in Table 1 and diScussedr
below. It is the responsibility of the funding office in DOE, in
conjunction with the DOE environmental branch, to identify, fund, and
oversee the required research work.

The areas of potential environmental concefﬁ in aquifer storage
cover a wide range of fields, but are primarily centered in water qdality
and hydroiogic impacts. Consideration of those issues is necessary\to
énsure acceptable environmental design and conformance with éxisting

regulations, and to reduce the impacts on the environment.

Water Quality

Water quality in the aquifer is currently prbtected by Federal

‘drinking water standards and the EPA regulations on underground injections.

Quality may be affected by drilling or alterations due to temperature
changes. Interactions among the various chemical components may produce
unanticipated results, even when only one parameter is altered. Introduction

of oxygen could encourage bacteria growth in the aquifer, which may in

turn affect the pH and sulfide content of the groundwater. Chemical

additives have the potential to react with clays’in the formation,

altering the balance of cations in the water or the hydraulic properties

of the aquifer. Temperature changes affect solubilities of the aquifer's

minerals, introducting new species of dissolved solids into the groundwater.

Secondary effects from these and other reactions may also occur.
Characterizétions of these reactions may be approached by several

means. Past research and experience in the fields of geohydrology,

petroleum engineering and geothermal resources has produced a great deal
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of information which may be of use in the aquifer storage project.
However, some of the chemical conditions may not have been investigated,
particularly those of warm water temperatures coupled with shallow
depths and low pressures. In such cases, original research may be
needed on a laboratory or field experiment basis. Careful monitoring in
the initial aquifer storage projects would add to the research results

and provide site specific data needed for a complete evaluation.

Hydrologz

The hydrologic aspects of thermal storage in aquifers are closely
related and interact with the chemical effects. Chemical precipitation
and solutioning, bacterial growth and clay:water interactions may .radically
alter the flow regime in the aquifer. Conversely, the hydrology of the
System to a large extent controls the path of contaminant migration and
resulting chemical concentrations.

The hydrology of the aquifer must be related to the site specific
characteristics of the formation. Generalized information on thermal
and hydraulic behavior of aquifers can be developed from past work in
reservoir analysis and incorporated in computer models. Coupled with
site data from monitor wells, these models may be used to predict general
flow patterns, water levels, and temperature distributions. This
combination of field monitoring and computer modeling is useful in
assessing the potential for subsidehce, disturbance of surface water
habitats, thermal pollution, and local well yield alteratioﬁs. Unanticipated
impacts, such as leakage through the cap rock or through improperly

designed wells, must be detected through frequent monitoring of wells at

the site.
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Table 1. Possible environmental concerns in the
thermal storage in aquifers project.

Physical Environment

Water Quality

- pollution of aquifer by chemical additives or bacterial

growth ]
| o - contamination of surface water through accidental spills

or via groundwater :

- leaching. of minerals, affecting water quality :

- jnadvertant contamination of nearby heavily used aquifer through
leaky barriers or faulty well design

- thermal pollution of ground and surface waters

Hydrology
- chemical or thermal alteration of aquifer permeability,
’ affecting yields :
- interference with nearby users of aquifer
- alteration of groundwater levels, affecting agriculture,
river flows, wetlands

Atmospheric

- effect of cooling towers (in cold water storage) or escape of
steam to atmosphere (hot water storage) ' ,

Geology and Topology .

- subsidence of land surface due to pumping
- induced seismicity in faulted areas

Ecological
- effect on aquétic life due to alteration of water levels,

water temperatures

Human Environment

Socioeconomic.
- public resistance to possible drinking water contamination

- allocation of groundwater, particulary during droughts

- Safety ' | o
Occupational

- accidental spills of high-temperature fluids or steam under
pressure : '
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ENVIRONMENTAL REPORTS AND APPLICANT RESPONSIBILITIES

Environmental reports are generally supplied by the applicant and
provide the information necessary for fhe preparation of assessments
and impact statements. The level of detail required is commensurate
with the complexity of the problem and tﬁe ;ignificance of the impact.
Othef applicant responsibilities in the NEPA process include: (1) site
specific studies, primarily in the context of data gathering, to determine
the impacts of the proposed action; (2) consultation with Federal, |
regional, state, and local agencies to ensure that all concerns are
identified; (3) notification to DOE of any involvement by other Federal
agencies; (4) submission of applications for approvals in time to allow
complete environmental review; and (5) postponement of any actions which
would cause significant environmental impacts or which would foreclose

alternatives prior to the EA/EIS process.

NEPA DOCUMENTATION AND DOE RESPONSIBILITIES

In addition to environmental research, DOE has responsibility for
issuing any required NEPA documents for programs or projects it funds.
This responsibility entails providing guidance in ER preparation,
verifying the information and analyses provided in the ER, determining
the NEPA requirements for the project and independently preparing the
necessary documents. In general, the NEPA procedures should begin prior
to any action which would significantly affect the quélity of the
environment or narrow the range of alternative actions. The timing
should insure that the information gathered will provide a useful
contribution to the decision-making process, but still be late enough in

the planning to permit adequate and accurate analysis of the impact.
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NEPA review.

Environmental Assessments may require six to eight months for the entire
process, and impact statements from 16 to 18 months. Unless a negative
determination has ‘been made by tﬁe DOE Assistant Secretary for the

Environmeﬁt, it should be assumed that an EIS will be required prior to

any major policy decision or action in the project.

Several major factors may be considered in ranking the urgency of

the environmental work for the various aquifer storage projects:

(1) Timing. Detailed consideration should be given to those projects
which:» | |
(a) /have major decision points, preéluding further optibns,
within the next 1.5 years; or
(b) are scheduled for full scale demonsrations within
the next three years; or
(c) are expected to be commercialized with five years; or
(d) are expected to have environmental cohcerns whieh require
resolution times greater than the estimated impaét emergence

time.

(2) Adverse Effects. If signficant adverse effects are anticipated
or if they cannot be ruled out on the basis of current information,
and EA at the least is required.

(3) Magnitude. This includes consideration of the commercial

- potential, anticipated application, cummulative effects, site

impacts, and the extent of DOE committment in the project.
(4) Controversy. Assessing the'siéhificance'of an impact is to
some degree dependent on the reaction of the public, industry, ‘and

government. Projects which have been challenged in the past,

or are similar to those which have, may be more susceptible to
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Environmental Assessments

An EA is generally required for proposed DOE actions when it is
unclear whether a complete impact statement is required. As such, its
main function is to present information only in sufficient detail to
allow dete?mination of the necessity of an EIS. It should contain an
adequate description of the proposed action and the existing environment,
an assessment of the probable impacts, and a brief description of reasonable
alternatives. The format is similar to that of the EIS. DOE then
evaluates the Environmental Assessment and decides whether to proceed

with the EIS or prepare a negative determination (ND).

Envircnmental Impact Statements (EIS)

If it is determined by the Assistant Secretary for the Environment
that the project is a major action, significantly affecting the environment,
an EIS will be required (Section 102(2)(c) of NEPA). The impact statement
should include the following information:

(1) a summary ‘of the conclusions, any unresolved issues and

the relative merits of alternatives;

(2) a description of the proposed action;

(3) characterization of the existing environment to be affected;

(4) environmental impacts of the proposed action, including

mitigating actions and risks;

(5) unavoidable adverse environmental effects;

(6) irreversible and irretrievable commitments of resources;

(7) the relationship between short-term uses and long-term

productivity; and

(8) alternatives. A more complete description of the contents of

an EIS is given in 10 CFR, Section 1021.41.
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| j i A programmatic EiS or EA may be required in the thermal storage in’
& . aquifers program to assess the environmental impacts generic to this
series of DOE projects. Cumulative effects, impacts resulting from the
‘anticipated commercial deployment of the technologies, and any mnjor
uncertainties in the impacts should be considered in the prognamnatic
work. Subsequent individual projects may still require NEPA'documentétidn
of environmental impacts are thought to be significant and are not

covered in the pfogrammatic EIS/EA.’

In addition to‘preparation nf the EIS, DOE has the responsibility

(USuaily through the funding offiéé) to inform the public at various

_stages in the project and to hold public hearings if necessary.
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THE DOW CHEMICAL COMPANY
MIDLAND, MICHIGAN 48640

MACRO-ENCAPSULATION OF HEAT STORAGE
PHASE~-CHANGE MATERIALS

PRINCIPAL INVESTIGATOR: George A. Lane, Telephone (517) 636-0292

OBJECTIVES: 1) to assess the technical and economic feasibility
of encapsulated phase change materials (PCM's) for storing heat

in residential solar energy systems, and 2) to develop and evalu-
ate such encapsulated phase change materials.

TASKS'

1. Materials selection, including a llmlted literature
search, selection of candidate phase change materials,
and selection and characterization of encapsulatlng
materials.

2. Procurement of phase-change and encapsulating materials,
_encapsulation studies, and testing of the encapsulated
materials. '

3. Prellmlnary design and economic¢ evaluation of a resi-

dence-sized heat storage sub—system
All tasks have been completed./
CONTRACT NO.: EY-76-C-05-5217
CONTRACT PERIOD: 9—29-76 to 9-6-78
CONTRACT AMOUNT: DOE $175,000 |

PREPARED FOR: Third Annual,TES,Contractors' Information
Exchange Meeting, December 5-6, 1978, Springfield, Virginia.
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At the Second Annual TES Contractors' Meeting a reportl
was presented on the initial phases of this project: selection
~of phase change materials and encapsulant media, encapsulation
studies, materials compatibility, and storage unit modelling.
The balance of the effort on this program is now complete, and
is summarized here.

Table I lists the PCM's and encapsulants which were tested
in a sub-scale thermal storage unit. ASHRAE standard 94-77,

TABLE I
Encapsulated Phase Change Materials Tested

Phase Change M.P., AH, Cost, AH/Cost,

Material °C Cal/g ¢/1b Kcal/¢ Encapsulant
Mg (NO3) ,*6H,O 89 36 15 1.09 Drawn Steel Aerosol Can
: (est.)
Urea + NHuBr 76 36 30 0.54 Polypropylene Bottle
Mg (NO3) 2*6H,O0 52 30 10 1.36 R-2 Retort Film Pouch
+ NH,NO;
CaCl,*6H,0 27 46 5 4.17 High Density Poly-

ethylene Bottle

Methods of Testing Thermal Storage Devices Based on Thermal Per-
formance, was used as a guide in the design of this thermal
battery. Air was used as the heat transfer fluid. 1In addition
to the four storage units of Table I, a double-zone heat battery
containing CaCl,6H,0 encapsulated in steel aerosol cans and
‘Mg(N03)26H20/NHqN03 .autectic encapsulated in R-2 Retort Film
pouches, was assembled and tested.

Thermal battery testing, after aging, involved monitoring
the response in the outlet air temperature to a step change,

normally 35°C, in the inlet air temperature, bracketing the
fusion temperature of the PCM. 1In analyzing our results, data

were not used above (below) an arbitrary cutoff temperature,
the "maximum (minimum) charge (discharge) temperature". These
temperatures usually were selected halfway between the inlet
air temperature and the PCM melting point. Table II shows the
upper and lower set points for the inlet air and the cutoff
temperatures for each of the thermal batteries tested. The
discharge rate at the maximum or minimum discharge temperature
‘was adopted as the "design rate", g, or gp, and used in heat
storage sub-system design work.

l"Macro—EncapSulation of Heat Storage Phase Change Materials,"
Second Annual TES Contractors' Information Exchange Meeting,
Sept., 29 and 30, 1977, Gatlinburg, Tennessee.
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TABLE II

Upper and Lower Air Temperatures
for the Flve Thermal Batteries Tested

High ‘ Low :
Inlet Maximum Inlet  Minimum
: Melting Air Charge Air Discharge
Thermal Point ' Temp. Temp. Temp. Temp.
, Battery °C °C °C °C °C
CaCl,6H,0, 27 ~ 44.5 35.75 9.5 18.25
HDPE Bottles
Mg (NO3) ,6H0, 89 106.5 94.83  71.5 77.33
Aerosol Cans , ‘
Mg (NOs), 6H,0/ 50 67.5 58.75 32.5 41.25
NH4NO3j;, Plastic k
Film Pouches
Urea/NH,Br, 76 95.0 85.5 60.0 68.0
Polypropylene
Bottles
Double-Zone 27/50 61.0 49.75 16.0 21.6

Figures 1 and 2 show charging and discharging data for
the tests on CaCl,6H,0 in HDPE bottles. Similar curves were
obtained for each of the other PCM's studied. P

The areas between the inlet and outlet temperature pro-
files over the test times of charging and discharging were
used to determine the charge and discharge capa01t1es, using
the following equatlonS°

T T Tin+Tout
CC=m ( - —_—
C=m th(f (T1n Out)dt Lf C( Ta)dt)
T ’ T, T. +T
e ‘ ‘ a C _m c, in "out
DC=n th(fo, (Tout T.ln)dt+LfO (————-T,) 4t)
Where,
cc = Charge capacity, KJ.
DC = Discharge capacity, KJ.
il = Air mass flow rate, Kg/hr.
th = Air specific heat, KJ/Kg °C.
Tin = Inlet eir temperature, °C.
TOut = Qutlet air temperature, °C.
T = Ambient temperature, °C.
a ~ N
L = Heat loss coefficient.
T = Charging test time, hr.
T3 = Discharging test time, hr.
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This method of calculating capacities differs from that
recommended in ASHRAE Standard 94-77, but gives much more
realistic values.

Using the latent heat of fusion of the PCM, its solid
and liquid heat capacities, and the sensible storage capacity
of the storage unit structure, theoretical heat storage
capacities were calculated for each of the five thermal
batteries tested. Figure 3 gives a comparison for CaCl,*6H,0
of the measured capacities with these theoretical values.
Figure 4 shows the percent of the theoretical capacity achieved
in our tests. Similar curves were generated for each of the
other PCM's tested. For PCM's melting higher than CaCl,;6H,0,
larger heat loss corrections were necessary. In the case of
Mg (NOj3) ,6H,0 (m.p. 89°C), heat loss was so severe that the
cutoff temperatures had to be adjusted downward.

Table IITI compares the results obtained with the different
thermal batteries. After correction for heat losses, each test
configuration stored and discharged a high percentage of the
theoretical amount. An exception is the urea/NH,Br- battery,
which was inferior to the other batteries in the number of heat
transfer units. This PCM also showed partial segregation of the
eutectic at the end of the test.

TABLE IIT
Storage Test Results for Thermal Batteries

1

Capacity Design
PCM Percent Rate
Weight Air Flow CcC, DC of Theory du. qp
PCM (Kg) (Ft3/min) (MJ) (%) (MJ /h¥)
CaCl, 6H,0, 97 46 24.4 CC 101 - 0.73
HDPE Bottles 97 46 22.7 DC 91 0.84
Mg (NOj3 ), 6H, 0, 100 61 21.7 CC 98 1.09
Aerosol Cans 100 61 22.1 DC 97 0.62
Mg (NO3) 2 6H,0/ 86 59 17.1 CC 98 0.91
NH4NO;, R-2 86 59 17.7 DC 99 1.01
Film Pouches ,
Urea/NH,Br 93 55 18.7 CC 93 0.82
Polypropylene 93 54 14.6 DC 72 0.76
Bottles
Double 81/29 91 28.6 CC 90 1.80
zZone? ' 81/29 90 27.1 DC 85 1.04

@caCl,6H,0 in Aerosol Cans (81 Kg) and Mg (NOs;) ,6H,0/NH,NO;
Eutectic in R-2 Retort Film Pouches (29 Kg).
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The multi-zone heat storage unit has several potential
advantages. Higher grade heat can be collected during periods
of availability and stored in a higher-melting zone, then
lower grade heat can be collected over a wider period in
lower-melting zones. The higher grade energy can then be
used in applications needing a higher temperature. The low
grade storage can be used as a preheat or for uses with less
stringent temperature requirements, without degrading the high
temperature store. Collection can proceed for a longer period
of the day and under more overcast conditions. Heat transfer
fluid returns to the collector from the lower temperature stor-
age zone, cooling the collector and increasing the efficiency.
Operation of the two-zone unit under test conditions was quali-
tatively as expected. Under charge, both PCM's began to melt
at about the same time and were fully charged in roughly the
same time frame. The design rate was higher than for the test
unit containing only Mg(NOj;),6H,0/NH,NO; eutectic, and was
reached at a lower temperature. On discharge, the high tempera-
ture zone was exhausted well before the first bottles of the low
temperature PCM. The low temperature zone seems capable of
supplying heat at a "set back" level for a considerable time
period. ' _

On the basis of our test results and further computer model-
ling of storage sub-systems, six solar space heating concepts
were evaluated for performance and economics in a northern mid-
west climate:

A) Passive system using encapsulated CaCl,6H,0 storage and
conservatory collector.

B) Forced air system with CaCl,6H,0 storage battery and conser-
vatory collector.

C) Hybrid active/passive system with CaCl,6H,0 storage battery
and conservatory collector. ’

D) Forced air system with CaCl,6H,0 storage battery and conser-
vatory collector and parallel heat pump.

E) Forced air system with Mg (NO;),6H,0/NH,NO; storage battery
and flat plate collectors.

F) Forced air system with double zone storage battery (CaCl,6H,0
and Mg (NO;),6H,0/NH,NO3;) and flat plate collectors.

Table IV summarizes projected capital and operating costs of
these six concepts, along with comparable values for traditional
heating schemes. The solar fraction of the heating load was
estimated from available system modelling programs. Though these
projections have considerable uncertainty, certain conclusions
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TABLE v

Economics of Varlous Home Heatlng Systems

Yearly
Fraction , Mortgage 7 ,
of the Utility Insurance Operating
Heating Costs ~and Cost
‘ ' Capital Load $/Year Maintenance = §$/Year
Heating System - Cost , Solar A $/Year B A+ B
Passive Solar : 7,606 0.66 479 939 1,418
CaCl,*6H,0 Storage ’ ’ :
Conservatory Collector
Forced Air Solar
~CaCl,*6H,0 Storage ; , ,
‘Conservatory Collector ‘ : 7
Hybrid Solar

6,962 0.50" 704 = 859 1,563

‘CaCl;*6H20 Storage
Conservatory Collector

Forced Air Solar ‘ 8,762 0.50 493 1,081 1,574
CaCl,*6H,0 Storage ' ' -
with Parallel

Air-to-Air Heat Pump

Conservatory Collector

Forced Air Solar ‘ 11,052 0.46 760 : 1,364 . 2,124
Mg(NOa)z 6H20/NH,NO; ’ .

Eutectic Storage.

Flat Plate CollectorS'

Forced Air Solar o 10,819 0.54 583 1,335 1,918
Double Zone Storage ‘

with Night Setback

Flat Plate Collectors

Forced Air Solar | 9,980 0.51 . 690 1,232 1,922
Rock Storage ‘ : -
Flat Plate Collectors

Air-to-Air Heat Pump . 4,200 0.0 986 518 1,504

Electric Resistance 2,400 0.0 1,408 ' 296 1,704
Heat . ~ : ’
0il Fired Forced Air - 3,000 0.0 . 540 . 370 910

Natural Gas . . 3,000’ 0.0 360 370 ) 730




can be drawn. O0il and gas heated homes are less expensive to
build and operate than solar homes in this climate, if all
costs are considered. Solar homes with conservatory collectors
are competitive with resistance electric or heat pump equipped
houses. Solar homes with flat plate collectors are consider-
ably more expensive to build and operate. ~

System B, the forced air heating system with CaCl,6H,0
storage battery and conservatory collector, was selected for
system design work and solar house planning. The plan chosen
incorporates solar collection into the living space, as in a
passive system, yet maintains better the comfort level of active
solar designs. Heat collected is transferred via an air stream
to storage and from there to the rest of the heated space. The
vertical glazing system is covered with movable insulation at
night and during cloudy periods to minimize heat loss, and may
also be used to control overheating when the rate of collection
exceeds the storage rate and the load.

Figure 5 shows the storage battery design chosen. High
density polyethylene pipe was chosen as encapsulant to withstand
the pressure variations caused by freeze-thaw cycling, offer a
positive moisture vapor barrier to assure compositional stability
of the PCM, and be compatible with CaCl,+*6H,0. The storage battery
contains 5220 pounds of PCM, storing 360,000 BTU with a design
rate of 9,100 BTU/hr. The heating load was assumed to be 527 BTU/hr
°F, and the collector area 650 ft

Figure 6 is a floor plan of the solar home. The house is a
bi-level design, built ideally on a lot sloping from north to
south. The main entrance is at a stair landing midway between
the first and second floors. The livingroom, which acts as the
second stage of the collector, has a cathedral ceiling design.
This is an attractive architectural feature, and also adds height
to the hot air collection duct to allow additional thermal strati-
fication in the conservatory. The hot air collection duct is also
used as the cold air return for the heating system. The hot air
ducts act as the conservatory air supply for heat collection. An
outside vent is used to avoid overheating early and late in the
heating season. The entire south wall of the house is glazed
vertically for solar collection.

Six insulating shades are required, two single story shades
in each of the wings, and two double story shades in the living-
room/family room area. To maximize collection efficiency, each
shade will be controlled separately. For example, east shades
might be open from mid-morning into early afternoon, and west
shades from late morning to late afternoon.

This design is intended to demonstrate the best features

of both active and passive solar heating systems. It uses a
fan to transfer heat to and from storage, while it uses direct
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Figure 5
FULL-SCALE STORAGE UNIT

'CALCIUM CHLORIDE HEXAHYDRATE

ENCAPSULATED IN HDPE CYLINDERS
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Figure 6 (Part 2)

Plan of Solar Home
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solar gain to the living area, a feature commonly associated
with passive systems. It has the economic advantage of incor-
porating the collector glazing in the southern wall, coupled
with the thermodynamic advantage of low temperature collection.
The energy storage material is conveniently located in the
utility room, minimizing the architectural constraints of the
system.
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PROJECT SUMMARY

Project Title: Application of Low-Temperature Thermal Energy Storage in

the TVA Region

Principal Investigator: A. M. Manaker

Organization: Tennessee Valley Authority

1360 Commerce Union Bank Building
Chattanooga, Tennessee 37401 / )
Telephone: (615) 755-3345 oo

Projecf Objectives: The objectives of the study include (1) the identifieatiop

of potential sources and users of low-temperature thermal energy, such as
institutional heating and cooling and industrial processes, in addition to
TVA facilities, and (2) the identification of appropriate aquifer sites
for storage. Particular emphasis will be given to defining the criteria
for storage in aquifers. -

Project Status: The project has not yet started. When the project is

started, the following five tasks will be performed:

(1) 'Survey/thé TVA region for thermal energy producers.

(2) Develqpﬁent of criteria for storing'thermal energy in aquifers.
(3) Survey the TVA region for‘aquifef storagé system sites, |
4) ‘Sﬁrvey‘potential thermgl energy users in’the TVA region.

(5) Assess the oppbrtunities for thermal energy storage systemé in
the TVA region. : '
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Contract Period: December'1978 - September 1979

Funding Level: $90,000
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II.

III,

Purpose

The purpose of the project is to assess the potential low-temperature
thermal energy sources, possible aquifer storage sites for the energy,
and potential users of this energy in the TVA region. The project

work will emphasize the development of storage criteria in an aquifer.

Background. Information

Low-temperature thermal energy storage (LTTES) systems are receiving
considerable attention as a means of utilizing alternative energy
sources. Present LTTES concepts, for the most part, address the
application of such alternative energy sources as solar, waste heat,
and offpeak electricity. These sources are to be applied in the
residential, commercial, industrial, and agricultural use sectors
through sensible and/or latent heat storage at temperatures generally
below 250° c.

One potentially feasible method of storing the low-temperature energy
is in aquifers. Some typical cycles for aquifer storage are the
following:

A. Hot water daily storage: Hot water is injected during daytime
and produced during nighttime.

B. Hot water seasonal storage, semiannual cycle: Hot water is stored
in spring, then pumped out and used for air-conditioning in summer.
Then hot water is again stored in autumn and finally pumped out to
be used for heating in winter.

C. Hot water seasonal storage: Hot water is stored during warm months
and used during cold months for heating.

D. Chilled water seasonal storage: Chilled water is stored in cold
months and used during warm months for air-conditioning.

E. A two-well system: During the storage period, water is produced
from one well, heated, and then injected into the other well.
During the utilization period, hot water is retrieved from the
‘latter and the cooled used water is injected back into the former.

Project Description

The project consists of identifying, in the TVA region, (1) potential
sources of excess low-temperature thermal energy; (2) criteria for
storing thermal energy in aquifers; (3) potential aquifer storage
sites; and (4) potential users of the thermal energy. In addition,
the opportunities for LTTES in the TVA region will be assessed.

The project will be accomplished in the following five tasks:
A. TIdentification of energy producers: A regional survey will be

conducted of the Tennessee Valley Authority service area for
low~temperature thermal energy producers in the commercial,




IV.

industrial, institutional, and utility sectors. Fécilities/to

‘be considered are: central generating stations, industrial steam

plants, chemical processing plants, food processing plants, and
smelting operations. In addition, solar collectors will be '
considered as a heat source and the environmental temperatures
as a chill source. The approximate peak, daily, monthly, and
seasonal thermal energy production from each facility will be

identified and documented, along with sufficient data regarding

facility operation to assess the potential availability of energy

for storage over an extended period of years.

Development of- aquifer storage criteria: The criteria for trans-
porting and.storing low-temperature thermal energy in aquifers on
a seasonal, weekly, or daily basis will be developed. Areas to
be addressed in developing the criteria for aquifers are their

‘hydraulic properties, thermal properties, and geochemical properties.

Also, the general environmental impacts (e.g., ground water effects)
will be addressed. Conceptual storage system designs, siting
requirements, thermal transport methods, and interface design

conditions will be developed.

" Storage system site surveyi The specific siting requirements for

aquifer storage systems identified in the previous task will be
used as a basis for determining the availability of TES system

. siting areas in the TVA service area. Subsurface geology, topo-

graphical needs, and environmmental impact of the aquifer sites
will be determined. '

Survey of potential thermal energy users: A survey of the potential
users of stored low-temperature thermal energy will be made for

the TVA service area. The potential users may include: Tennessee
Valley Authority; private, municipal, and cooperative utilities;
comunities (district heating/cooling); schools, hospitals and other
institutions; and industries. o '

Pofential users will be grouped by location and type of usage to
indicate areas with maximum potential for implementation of thermal
energy usage. ‘ ’

Assessment of opportunities for thermal energy storage in the TVA
region: The results of the previous tasks will be assessed to
identify areas where suppliers, sites, and users may be combined

to allow the implementation of low-temperature thermal energy
storage systems. Technical constraints to actual implementation,
such as the problems of system energy imbalances and interconnecting
the three system components, will be identified and documented.

The project will be performed by a team of Tennessee Valley Authority
participants led by Energy Research and including the Divisions of
Water Management and Navigation Development and Regional Studies.
Acres American, Incorporated, will provide assistance to TVA on this
project. :

i

Results and Future Activities

Project is expected to be started in December 1978.
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| " PROJECT SUMMARY
Project Title: Thermophysical Properties and Behavioral Characteristics of
- Phase-Change Materials

/

brincipal Investigator: S. Cantor

Organization: 0ak Ridge Mational Laboratory
: ~ P.0. Box X
Oak Ridge, TN 37830 ‘
Telephone: (615)-574-5031

Project Goals: The project goals are (1) ascertain thermal performance of NapS0g-T0H2N
and other incongruently melting salt hydrates by calorimetric investioa-
tion of melting and freezing; (2) select compounds and mixtures suitatle
for isothermal heat storage within the range 90-250°C; selection is to
be based on laboratory evaluation as well as on economic and technical

~ screening criteria. ;

Project Status: Laboratory evaluation and measurements have been completed. Salt

‘ . Hydrates. By means of differential scanning calorimetry, the £H of -
fusion and of crustallization were determined for six salt hydrates.
For NaZSOh-loH 0 (Glauber's salt), AH of crystallization near the peri-
tectic“temperature is about 50% of the aH fusion; at lower temperatures,
a second phase transition occurs at the eutectic melting point of mix-
tures of ice and Glauber's salt. Similar thermal characteristics were
observed for NaAP207-'0H20, a higher melting analog of Glauber's salt.
Two other incongriiently melting compounds, CuS0Oa-5H,0 and Na,Baf “10H50
exhibited marked disparities between aH of fusion and of crystalliza-
tion. For Mg(NO,),-6H,0 (congruently melting) and MgCly 6H,0, which
melts almost congruentTy, the magnitude of the two enthalpies was'
equal. )

Phase-Change Materials for the Range 90-250°C — Organic Materials.
Using economic and technical screening criteria, three compounds
- (urea, adipic acid, phthalic anhydride) were selected for evaluation
by thermal cycling; at the melting point, only phthalic anhydride -
appeared to be thermally stable. Eutectic mixtures of urea with
inorganic salts and with biuret were identified; the urea-biuret mix-
ture was examined experimentally. Polyethylene and (isotactic) poly-

propylene, in form-stable configurations, may be potentially useful ¢
| \ - storage materials. , o ,

- : Inorganic/MateriaTS. The screening procedures identified MgCt,:
‘ o 6H,0 and three congruently melting anhydrous nitrate mixtures.”
| Megsurements.of MgCly-6H,0 and equimolar NaNQ —KNQ, indicated gen-
| . 3 3
erally favorable thermal behavior. | S

'Contract Number: Internal ORNL Account No; 3420-0801
‘ Contract Period: FY 1978 |

\

Funding level: 380,000,4

‘ Funding Source: 0ak Ridge National Laboratory
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I. INTRODUCTION

The background information for this project was discussed in last year's
proceedings. Since then a slight shift in emphasis has occurred — more intensive
investigation of inorganic salt hydrates. The shift was due, in part, to the
recognition that the differential scanning calorimeter (DSC) could yield accurate
exothermic (i.e., heat discharge) data. For salt hydrates, this instrument was
used to determine the apparent differences between AH of fusion and AH of crys-
tallization and how these enthalpies changed with thermal cycling. In evaluating
organic materials melting between 90 and 250°C, DSC measurement of time-and
cycle-dependent changes in AH of fusion proved to be useful for detecting thermal
decomposition. Measurements of exothermic changes also provide information about
supercooling. But, the shallow-pan configuration of DSC samples seems to increase
the extent of supercooling;2 it was, therefore, necessary to study supercooling
by more conventional thermoanalytic means, il.e., temperature~time plots.

II. SALT HYDRATES

Na,S0, 10H,0 (Glauber's Salt)

Preliminary DSC investigation2 showed that AH of solidification was considerably
less than AH of fusion initially measured. In the present study, three types of
samples were measured by DSC: NayS0,°10H,0 alone; Na,S0,°10H0 with borax, 2-9 wt %;
Na;50,4+10H,0 with 4 wt % borax and additidnal anhydrous Na,SO,. The third type of
sample was studied to determine if additional Na.SO, would promote equilibrium
(peritectic) solidification of N32804°10H20. A summary of experimental results
is as follows: (a) The enthalpy release, derived from the initial and subsequent
DSC exotherms for all three sample types, was roughly 30 cal/g of Na 504°10H20 in
the sample; this is about half of the enthalpy absorbed on first mel%ing.

(b) Continued cooling to temperatures less than -15°C led to the release, with
supercooling, of additional energy, often as much as 15 cal/g; immediate reheating
showed that this transition occurs just below -1°C, corresponding to the eutectic
‘melting temperature for a mixture of ice and Glauber's salt (and also, where
applicable, borax). (c) After the first thermal cycle, a relatively long period
(at least three days) at room temperature was necessary to recover the full storage
capacity of the 4-10 mg samples of Glauber's salt. (d) Anhydrous Na,S0, added to
Glauber's salt did not alter the pattern of enthalpy absorption and release
described by (a), (b) and (c). - (e) Borax, by-greatly decreasing the extent of
supercooling, seemed to prevent formation of Na5804°7H20; the heptahydrate is a
metastable phase melting incongruently at 24.3°C, and was detected only in samples
that did not contain borax. (f) Storage and discharge of energy at or near the
phase transition temperature (32°C) remained essentially constant at 30 cal/g

over the first few (daily) thermal cycles between 20 and 36°C; more frequent
continuous cycling, up to 400 times, decreased energy storage and discharge of
Na2504~lOH20 to a level value of 26-27 cal/g (see Figure 1).

The experimental results indicate that the heat-storage process differs from
the heat-discharge process. The reaction for storing heat slightly above the
peritectic, can be represented by equation (1):

. 10 10 .
[1 - ]NaZSO4(c) + 1;-Na SO zHZO(llq) (1)

32.4 + 6t
g 2°%4

Na2804°lOH20(c)
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2z, the mole ratio H,0: Na,SO, in solution, is 15.86, at 32.4°C;3 the peritectic
temperature. ReactIon (1) “describes the comversion of Glauber's salt to a solu-
tion saturated with respect to anhydrous Na,SO,. The pattern of energy discharge
in the DSC experiments can be interpreted in terms of two reactions:

*zHZO) Borax 24° CL Na S0

250, -10H 0(c) + less concd soln (2)

Coned soln (v“Na,SO

2774

S0 (c) + less concd soln + additional Na,SO,+*10H 0 . BN E))

Na 250,° 108,

2

Both (2) and (3) form Glauber's salt but reaction (3) is much slower. The slug-
gishness of (3) is inferred from the significant transition observed at -1°C,

the ice-Glauber's salt eutectic. This sluggish reaction can be attributed to an
encapsulating layer which limits reaction of Na,S0, with water to the slow process

- of solid-state diffusion. The DSC experiments provide information for an order-of-

magnitude estimate of the diffusion coefficient. Assuming that the radius or half
thickness of the Nay580 crystals is of the order of 0.0l cm (probably a high
estimate) and given that three days were necessary to convert all of the anhydrous
Nazso4 to Glauber's salt, we estimate a diffusion coefficient from the expression,
D= '12/4t = (0.01) 2/43. 86,400 ~10~10 cm2/sec. Diffusion coefficients in aqueous
liquids are about 10~5 cm /sec, ‘for solids, one would expect diffusion constants a
few orders of magnitude less which appears to be the case fn'this instance.

The hypothesis of an.encapsulating layer around the anhydrous Na;SO, was put
forth by Biswas> who suggested that the layer was composed of Na;S04+10H,0. Two
questions arise from this suggestion: what makes the decahydrate adhere so well
to the anhydrate and why doesn't it "seed" Glauber's salt from solution? A pos-
sible explanation answering these questions is as follows. When a thin layer of
decahydrate forms on the anhydrous salt, heat is evolved (-19.5 kcal/mole for AH
of hydration of Na SO, -10H 0),» raising the temperature of the crystal surface and
of the adjacent llquié Two effects would follow from the local temperature
increase: the hydrate layer would redissolve and more anhydrate would precipitate
out under the driving force of the retrograde solubility. The low diffusion constant
suggests that only part of the decahydrate redissolves; indeed, one could imagine
the first hydrate layer sandwiched by a layer of Na2804 which, in turm, forms
another hydrate layer and so on. The key property in this mechanlsm is the negative
temperature dependence of solublllty of Na,504.

The prime relevance of these measurements is that, for static latent-heat
systems, the energy (26-30 cal per g of Na SO, -10H 0) released by crystallization
of the aqueous phase will be the only energy tﬁat cin be reliably retrieved from ‘

,/storage. While this diminishes some.of the potential of Glauber's salt, it is of

such low cost that it still remains a very attractive and viable candidate even

. for static systems. In systems with provision for stirring, one can imagine full

and ‘unimpeded recovery of the stored energy, provided that the mixture always
contains some undecomposed Glauber's salt; if conditions are set so that equilib-
rium can be maintained between solution and both solid phases (Na SO4 and NaZSO'-
10H.0) then reaction (1) can be reversed isothermally by extracting energy from
the system.




\ Na§P297.10H20’ Mg(N03lz'6H20, M C12;§H2947CQSOA'SH20, Na *10H,0

28,2,:108,0

The results obtained for these five hydrates are summarized in Table A;
all, except Mg(NO3) *6H,0, melt incongruently.' Na9P207-10H20, whose phase
equilibriud'behav1or is"similar to that of Glauber's salt, exhibited similar
thermal effects; its higher peritectic temperature seems to permit more rapid
reaction between anhydrate and water than is the case for Na,50,+10H,0. For
Mg (NO;) 5*6H50 and MgCl,*6H,0 (the latter melts almost congruently) tge magnitude
of AH of crystallization equalled AH of fusion; CuSO4°5H20 and Na23407-10H20
exhibited marked disparity between AH of fusion and AH of crystallization.
Visual observation of the test-tube samples of the incongruently melting
hydrates showed that only MgCly+6H,0 formed enough liquid at its melting :
point to permit free convection. §a4P207'10H20, CusS0Q, *5H20, and Na,B,07°10H,0
exhibited small liquid volume fractionS upon melting; these 3 hydrates would
be very inferior latent-heat storage materials even if their supercooling problems
were solved. The results obtained for these five hydrates, as well as those
obtained for Glauber's salt suggest that peritectic solidification of hydrates
can be viewed as a dual process: crystallization from the liquid solution and
reaction of the lower hydrate (or anhydrate) with the solution; where AH of
crystallization appears to be less in magnitude than the AH of fusion, the
difference can be attributed to slower reaction rate between solution and the
lower hydrate. ' ’

IIT. HEAT-STORAGE MATERIALS THAT MELT BETWEEN 90 AND 250°C

A primary application for these materials is as heat sources for absorption
air-conditioning and for heat-engine (Rankine~cycle) driven air-conditioning
systems. For both systems, temperatures as high as 204°C can be usgd, the
exact temperature depending on the details of the operating system. A second
general area of application involves process heat at intermediate temperatures
for industrial (food, textiles, chemicals) usage. In particular, several big
volume chemicals are produced catalytically in which the catalyst functions
most efficiently over a narrow temperature interval; a latent-heat storage source,
at the required temperature could provide process control as well as aid in
conserving energy resources.

Organic Materials

Preliminary screening of organic compounas and the criteria used to select
candidates for evaluation were outlined in the previous report.l Although a very
large number have melting points in the desired range, very few organic chemicals
are sufficiently inexpensive, hazard-free and chemically stable towards decomposi-~
tion. Using $1.00/kg for the price of the bulk chemical? as the price limitation,
a number of materials were selected. The Merck Indexl0 was then used to check
melting points and decomposition behavior as well as hazardous or toxic attributes.
On the basis of this initial screening, three compounds (urea, adipic acid,
phthalic anhydride) and two polymers (polyethylene and polypropylene) were selected
for further consideration.

Urea, although at first appearing to be very attractive (cost: 15¢/kg; AH

of fusion: 57.8 cal/g) is unsatisfactory because of supercooling and because it
rapidly decomposes at its melting point, 132.7°C.
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Table A. Summary of Melting and Freezing Behavior Observed .
for Five Salt Hydrates

Results

Sodium pyrophosphate decahydrate,

Na,P,0,°10H,0. Melts incongruently

at 73 5°C to form the anhydrate.
Above 79.5°C, anhydrate exhibits
retrograde solubility.”

Magnesium nitrate hexahydrate,

Mg (NO3) o+ 6Hp0. Melts congruently

at 89.9°C.

Magnesium chloride hexahydrate,
MgCl -6H Melts incongruently
at li6 7 C to form tetrahydrate,
which, at 120°C, dissolves in
the liquid phase.

Copper sulfate pentahydrate,
CuS04+5H,0.  Melts incongruently
at 95 9° E to form the
trihydrate.

Sodium tetraborate decahydrate
(Borax), Na23407-10H20. Melts
incongruently to either the
tetrahydrate (at 58.5°C) or to
the metastable pentahydrate
(at 60.8°C).

AH of fusion = 59 cal g‘l. AH of crys-
tallization, 26-35 cal g-l, occurred in
the range, 40-66°C; if cooling scan
continued, another transition appears
at -0.4°C, the temperature of eutectic
melting of ice and Na4P 07-10H20.
Energy storing capacity fully recovered
by overnight annealing at 653°C. Test-
tube samples showed crystallizatiom
first occurring at 72-73°C.

AH of fusion = 36. 2 cal g 1, somewhat
less than reported® (38.2 cal g~ 1y,
AH of solid-state transformation =
2.9 cal g1 at 73°C. Experimentally,
AH of crystallization = -AH of fusion.

AH of fusion = 39.9 cal g~1, in good
agreement with com.plled6 value (40.3

cal g~1). Experimentally, AH of
crystallization = -AH of fusion. Two-
step melting (and freezing) not detected
in DSC. Test-tube samples showed two-
step melting; on cooling the melt,
virtually no supercooling occurred.

AH of fusion = 32 cal g-l. AH of
crystallization = 12-19 cal g=1
observed at 30-60°C. Test-tube experi-
ments showed crystallization from the
melt first occurring at 82°C; volume
fraction occupied by melt is relatively
small. CuSO4°+5H70 poor for isothermal
heat storage because of supercooling
and because small liquid volume will
not permit much heat-transfer by free
convection. ' '

M of fusion = 33 cal g~l at 60.8°C.
Crystallization detected (by DSC) at
-10 to -15°C. Borax, heated in test-
tube experiments to 70°C, showed little
or no melting; slow cooling to 35°C
showed no break in temperature-time
curve.
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- Adipic acid (melting pt: 152°C) has a heat of fusion of 59,6 cal/g (DSC
measurement in this study), does not supercool, but is relatively expensive
(90¢/kg);9 the price is governed in part by high-purity (99.7%) requirements
from nylon production. A 5-mg sample thermally cycled 77 times in the DSC over
the range, 135-160°C, showed no evidence of decomposition; however, the same
sample, when kept at 156°C for 25 hours, showed a 2% decrease in AH of fusion,
indicative of some thermal decomposition. Its high price and the detectable
thermal decomposition make adipic acid a very uncertain candidate for any
latent-heat-storage applications. If a somewhat lower melting eutectic mixture
did not decompose and if a less expensive (and likely, less pure) grade was
otherwise acceptable, then adipic acid could be considered .a more attractive
material.

Phthalic anhydride (melting pt: 131°C, AH of fusion: 36.3 cal/gll) would
be expected to be thermally stable because of its fused ring structure. The
excellent stability was verified by the absence of changes in the DSC spectrum
of a sample that was thermally cycled through its melting point 96 times. Super-
cooling of 5-mg DSC samples appeared to be about 20°; however, conventional
thermal-halt measurements carried out for 10~g samples showed virtually no super-
cooling. Because its price is 60¢/kgg, it cannot be considered as attractive as
other materials (MgCl;:6H70, form-stable polyethylene) that melt at nearly the
same temperature. :

Polyethylene, M. Pt., 125-135°C and Polypropylene (Isotactic), M. Pt., 155-165°C

Both polymers are relatively costly ( 70¢/kg), but good possibilities exist
for very low containment costs. By partially crosslinking the more crystalline
high-density form of polyethylene, it has been demonstratedl? that small
cylindrical (about 3 mm long, 1.5 mm diam) pellets retained their form upon
melting, i.e.,.the material acted as its own container. A packed bed of these
pellets in a large tank could be the basic storage configuration. A 114-kg lot
was cycled through 632 freeze-thaw cycles, 105-145°C, with practically no
sintering, and with little or no change in the heat of fusion (45 kcal/kg for
this particular material).12 In this instance, silane crosslinked material was
used but less expensive means of crosslinking is probably available by using
radiation.13 Polypropylene, in its highly crystalline (isotactic) form, has a
AH of fusion of 44 cal/g.14 Assuming that a form~stable product can be made
cheaply, then this polymer would be a potentially useful storage material for a
melting range 30° higher than that of polyethylene.

Urea-Containing Mixtures

The observation of fairly extensive decomposition at 133°C does not preclude
using urea at lower temperature in a congruently melting mixture. The only urea
mixture whose stability was checked experimentally in this study was the eutectic
with biuret; the eutectic composition contains 30 wt % biuret and reportedly melts
at 111°C.15 Biuret was chosen as the 2nd component because it is the principal
condensed-state decomposition product from urea; the reaction for its formation
can be written:

200(NH,) _t<1357C, NH,,CONHCONH,, + NH, (gas)

Urea Biuret Ammonia
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It was reasoned that urea in an encapsulated mixture, when heated to about
115°C would produce a small but sufficient amount of ammonia to halt the
reaction from proceeding further to the right. Samples of the eutectic
mixture were thermally cycled (range: 65-115°C) as many as 15 times in the

-DSC as well as maintained in the molten state at 114°C.for several hours.

Our results showed that the melting point was 104°C, the mixture super-
cooled, and the extent of decomposition was slight. The results obtained,
although mildly encouraging for the utilization of urea, should be viewed
cautiously. First, the testing of thermal decomposition was of a preliminary
nature and if precautions had not been taken to keep the temperature from
getting too high, more decomposition might have occurred; Rollet and Cohen-
Adadl reported that at 130°C and above, urea-rich mixtures became richer in
biuret. Secondly, the problems of supercooling and of hydrolysis persist.
There is little doubt that inleakage of moist air would readily decompose a
urea-biuret mixture at about 100°C. '

Urea forms congruently melting mixtures with several inexpensive inorganic
salts. Four are listed in Table B. Several nitrates also form eutectics but:
these could be hazardous; dry molten nitrates are strong oxidants, and although
urea cannot be considered a strong reductant, a dry molten mixture might react
violently. None of the mixtures given in Table B were examinéd experimentally
in this investigation. For any urea mixture to function as a latent-heat
storage medium, it would be necessary to: (a) maintain NH3 cover gas to limit
thermal decomposition, (b) find a reliable means of preventing supercooling,
(c) curtail the extent of hydrolysis, should there be inleakage of water or
moisture. -

Table B. Urea-inorganic salt eutectic mixtures

Composition Meiting point Reference

NaCl — Urea

9.8 —90.2 wt 7 112°C T a
KC1l - Urea :

10.9 — 89.1 wt 7 115°C a
KBr -Urga

20.5 — 79.5 wt Z, 109°C a

K,CO0q — Urea
14.8 — 85.2 wt 7% 102°C b

2. Nogaev, A. G. Bergman, and K. Sularmankulav,
Studies of the Interaction of Urea with Inorganic
Compounds (Russian), B. Imarakunov, editor (1964),
pp. /1-9. Cited in Chemical Abstracts 62, 9851b
(1965).

bA. G. Bergman and L. V. Velikanova, Russ. J.
Inorg. Chem. 12, 1038 (1967).




ino;ganic Phase-Change Materials

Perusal of bulk price39 established that, with rare exception, only
compounds of sodium, potassium, calcium, magnesium, barium, iron, ammonium
and aluminum, were inexpensive enmough (<$1/kg) to warrant consideratiom.
Barium compounds were deleted on account of toxicity. Ammonium compounds
and salts of organic acids (e.g. acetates) were not pursued further because
of probable thermal decomposition. When melting points were considered, the
number of candidates was reduced to nitrate mixtures, alkaline hydroxides,
AlCl3-containing mixtures and inorganic-salt hydrates.

Only hydrates melting between 90 and 120°C were considered because, at
higher temperatures, higher vapor (Hy0) pressures would almost certainly
require thicker-walled (and, therefore, more expensive) containment. All
of the inexpensive salt hydrates that melt above 90°C, melt incongruently.

As noted in the previous section, incongruent melting tends to be difficult
to reverse in a controlled manner. However, when MgClp:6H90 melts at 116.7°C
only a relatively small amount of tetrahydrate is formed, and at 120°C, the
tetrahydrate dissolves in the liquid phase; thus, MgClj*6Hy0 can be considered
as melting completely over a narrow temperature range. This hydrate appears
very favorable for isothermal heat storage: it freezes with little or no
supercooling; it costs about 15¢/kg; it is not hazardous, nor does it appear
to hydrolyze at or near its melting range. A possibly umsatisfactory charac-
teristic could be a tendency to cause stress-corrosion cracking; if this did
occur with inexpensive metals of construction, protective coatings, such as
fluorocarbons, might be applied to solve the problem.

.Among anhydrous inorganic materials, only congruently melting mixturesl®
were considered. Several eutectic mixtures containing AlCl, have attractive
thermophysical and chemical properties; however, in case of leaks (air or
water), stable solids [Al,03, Al1(OH),, etc.] would form very readily. Hydroxides,
especially the NaOH-KOH eutectic composition (50-50 mole %, m. pt. 172°C) are
inexpensive and possess favorable thermal properties; unfortunately, hydroxides
are likely to be corrosive to inexpensive metals of comstruction. Owing to
these considerations, neither AlCl,; mixtures nor hydroxides were experimentally
examined in this investigation.

Several relatively inexpensive, congruently melting, nitrate mixtures can
be constituted from the components: NaNO,, KNOB, and Ca(NO )2. The only such
mixture evaluated by DSC in this study was NaNO3-KNOj3, 46-5% wt %; AH of fusion
was found to be 24 cal/g; the mixture did not appear to supercool; its cost
is 19¢/kg estimated from prices for NaNOg (7¢/1b) and KNO3 (10¢/1b).9 At 1its
melting point, it should have a low decomposition vapor préssure; although the
vapor is predominantly oxygen, the mixture should be compatible with mild
steel because of a protective oxide coating.17 NaNO,-KNO; mixtures, as well
as most inorganic nitrates, are strong oxidizing agents. Hence, interaction
of nitrates with organics or other reducing agents would have to be prevented;
it would be inordinately risky to use a nitrate in conjunction with an organic
working fluid. 1In addition to NaNO,-KNO3, two other binary nitrate mixtures
(not experimentally checked in this study) may have isothermal heat storage
application at other temperatures of interest; these are listed in Table C.
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Table C.

binary nitrate mixtures

Melting points of congruently melting

[

Composition Melting point Reference?
NaNO3 —'KNO3 222°C Fig. 1047
50 © — 507mol %
NaNOB- Ca(N03)2 232°C Fig. 1050
71 7 — 29 mol™ 7%
' KNO3 —-Ca(N03)2 146°C Fig. 1050
66" — 34 mol”Z

3E. M. Levin, C. R. Robbins, and H. F. McMurdie
Phase Diagram for Ceramists, American Ceramic Soc.,
Columbus, Ohio, 1964.

Acknoﬁle@ggment.' The author thanks Dr. Jerry Braunstein, ORNL, and Dr. John Ricci,
Professor Emeritus, NYU, for their very helpful discussion of this work.
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Third Annual Thermal Energy Storage Contractor's
Information Exchange Meeting

PROJECT SUMMARY

Project Title: Low-Temperature Thermal Energy Storage
(LTTES) Program - ORNL, Bellingham Subsurface Heat Storage
Project. :

Principal Investigator: Denzel R. Cline

Organization: U.S. Geological Survey, Water Resources Division
1201 Pacific Avenue, Suite 600
Tacoma, Washington 98402
Telephone: (206) 593-6510

Project Objectives: Investigate the geology and hydrology of
the Bellingham area to determine the occurrence, yield, and
water-quality of any deep, undeveloped, confined aquifers that
may be used for storing and withdrawing waste heat from
aluminum processing.

Project Status: This project has four phases as follows:

1. Examine pertinent geologic and hydrologic data existing
in USGS and state agency files.

2. Review the sites and performance criteria
specifications for test-drilling and data-collection
programs of project consultants.

3. Collect geologic, hydrologic, and water—-quality data
on any existing permanent wells and during test
drilling, and perform tests on any major aquifers
“encountered,.

4. Write a report describing the geology and hydrology
of the area.
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The project status is as follows: .

(1) Some of the existing data have been assembled and
examined.

(2, 3, and 4) Work pending selection of prime contractor
by the Department of Energy.

Interagency Agreement No.:  EW-78-I-05-6109

Contract Period: FY 1979
Funding Level: $37,000
Funding Source: Department of Energy, Oak Ridge

National Laboratory




THIRD ANNUAL THERMAL ENERGY STORAGE CONTRACTOR'S

INFORMATTON EXCHANGE MEETING

PROJECT SUMMARY

Pfoject Title: Mathematical modeling of moving boundary problems
Principal Investigator: ‘A, Solomon
Orgenization: Oak Ridge National Iaboratory

Bldg. 970k-1

P.O0. Box Y

Oak Ridge, Tennessee 37830
Telephone: (615) 483-8611, X35048

Project Objectives: A) The further development of a computer

model of the moving boundary phase change process in the context

of a latent heat TES mechanism.
B) The derivation and analysis of analytical

tools for validating the computer model, and in support of

other aspects of the TES program.

Project Status: The project is divided into two phases as follows:

1) Determine those aspects of the computer program and of the
analytical support work that must be done in support of
the program,

2) Validate the program by a combination of analytical tools
and experimental comparisons.

The project status is as follows:

1) The computer program has been used and compared with a
variety of known analytical solutions and approximations
and has been found to be valid for all of the cases
tested. ‘

o) Comparisons with experimental results/arid calibration
of the program are now being carried out in cooperation
with the parallel work of R. Deal.

3) Analybical approximation methods are continuing to be
developed for a variety of problems of relevance to the

TES program.
Contract Period: FY 1978
Funding ’Level: ¢ 50,000
Funding Source: Department of Energy, Division of Energy Storage
Systems ‘ h




PROGRAM PROGRESS DURING FY 1978 .
During the 1978 fiscal year the following results were obtained:

1. Computer modeling, The weak solution [1] Stefan problem
computer program was applied to a number of test problems
and debugged. Among problems run were those with flux and
convection type boundary conditions including strongly
varying conditions. Particularly important results included
temperature profiles and heat balances for periodic heat
input at the boundary. Changes made included a boundary
condition discretization guaranteeing energy conservation in
the system. Parallel runs and debugging was carried out for
the multi-component computer program. Both programs are
one-dimensional allowing for slab, cylinder and spherical
geometries. Documentation, publication and distribution are
awalting the results of experiments being carried out for
the testing and calibration of the model,

2., Analytical model:.ng-meltlng time of a s:.mle body [2]. The
formila

be = ﬁ(ﬁifm (1+(.25va70 se)

for the total melting time of a PCM body subject to constant
boundary tempersture in any geometry was obtained. Comparison
with numerical simulations and other data indicates a sma2ll
relative error over the range of LHTES applications.

3. MNumerical simulation of a PCM wall [3],[{4t]. The thermal ,
behavior of a PCM wall subject to an external periodic input
was simulated. It was found that the least inner surface
temperature variation is obtained when the phase boundary
is maintained within the wall., Conditions guaranteeing this
were found, and lead to trade-off criteria between objectives
of heat stora.ge and building comfort.

4. Analytical rules of thumb [5]. Simple closed form approximations
to the solution of the Stefan problem of phase change in the
2-phase case were obtained for a semi-infinite slab. These
can be calculated on a pocket calculator of the HP-45 class
and have a small relative error over the range of LHTES
applications.

5. Derivation of upper and lower bounds. Using a variety of
techniques of mathematical analysis, upper and lower bounds
on the phase boundary location, heat storage and temperature

_have been found for a variety of problems. The bounds are
useful both in direct applications and for computer model
calibration.

6. A three dimensional computer program. A three dimensional
computer model based on pure conduction and using the method
of [1] has been prepared. The model is currently undergoing
calibration and debugging, and will be compared with results
of the experimental program underway.
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NOTATION
c PCM specific heat cal/gm-°C
H PCM latent heat cal/gm
L slab length, cylinder or sphericai radius cm
t P total melt time sec
Tw imposed boundary temperature ¢
T .  melting temperature | °c
AT=T-T o °c
St =ca T/H Stefan number (dimens‘ionless)‘
o’ thermal diffusivity cm2/ sec
J geometrical parameter (0 for slab, 1 for cylinder,
2 for sphere) (dimensionless)
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U. S. DEPARTMENT OF ENERGY

‘ THIRD ANNUAL ‘ ‘
THERMAL ENERGY STORAGE CONTRACTOR'S INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

Project Title: Development of Intermediate Temperature Thermal
Energy Storage Systems

Principal Investigator: Jerzy R. Moszynski

Organization: Department of Mechanical and Aerospace Engineering
University of Delaware
" Newark, Delaware 19711
Telephone: (302) 738-8141

Project Objectives: Identify suitable materials for thermal
storage in the temperature range, 100-300°C. Compile per-
tinent thermophysical data, as far as possible from existing
literature. Determine missing data as requlred Build and
test a scale model of a storage system using a selected mater-
ial. ;

Project Status: Preliminary cost and safety criteria have been
formulated. Test cells for -thermal cycling, calorimetric
measurements and measurements of thermal diffusivity have
been designed and built. Scrutiny of materials exhibiting a
phase transition in the temperature range of interest has
been completed. Through preliminary testing or calculations,
energy storage in salt hydrates and in liquid-vapor transi-
tions has been eliminated from consideration for the range
of interest. The choice has been narrowed down to four
candidate materials which are being submitted for final
approval to DOE. Thesa materials are: sodium-aluminum chlo-
ride NaAlCl,, zinc chloride 2ZnCl2, a eutectic mixture of
FeCl3 and NaCl and a eutectic mixture of NaOH and NapCOg.
Ih-depth characterization studies of approved materials will
proceed during the remainder of the first year of the contract.

Contract Number: EM 78 - 8 - 05 - 5760

Contract Period: April 1, 1978 - March 31, 1981

Funding Level: $286,200
Funding Source: . Department of Energy, Solar Heating and Cooling
, Division
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DEVELOPMENT OF INTERMEDIATE TEMPERATURE
THERMAL ENERGY STORAGE SYSTEMS
University of Delaware
Department of Mechanical and Aerospace Engineering
Contract Number: EM-78-S-05-5760

Principal Investigator: J. R. Moszynski

The ultimate objective of this project is the development of
optimized thermal energy storage systems in the temperature range
from 100°C to 300°C. Special consideration is to be given to the
needs of contractors developing absorption, adsorption and Rankine
cycle driven air conditioning systems. The first year effort is
directed at identification and characterization of suitable stor-
age materials.

Isothermal energy storage has been investigated at the
University of Delaware for several years. Low temperature appli-
cations aimed at "coolness" storage for air conditioning and
slightly higher temperatures up to about 35°C for solar space
heating have been focusing around Glauber's salt (sodium sulphate
decahydrate) with suitable additives. For high temperature stor-
age, in the range 250°C - 650°C with applications to power genera-
tion, eutectic metal alloys are being considered. These efforts
are being reported on elsewhere at this conference [1,2].

The present project covers the intermediate range with some
overlap at the upper end. Near 100°C prospective applications are
to absorption air conditioning and some dessicant systems, although
in the latter case stratified rather than isothermal storage is
preferable. In one application limited storage capability at
temperatures as high as 150°C would be helpful [3]. At the high
end, the Rankine cycle operating conditions are somewhat flexible
and a useful limit is presented by the performance of a non-
concentrating (evacuated tube) collector. Operating temperatures
of 175°C have been reported [4]; with 300°C representing perhaps
an achievable limit. As a result of these considerations the
following preferred (but not exclusive) temperature ranges were
chosen: 1) 110-130°C, 2) 150-170°C, 3) -~ 300°C.

The first step in the project was a rather complete litera-
ture search for prospective storage materials in the temperature
range of interest. To aid in the evaluation of possible candidates a
preliminary set of cost and safety criteria have been formulated.
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These are: a cost of $2 per 1000 kJ of storage capacity and a
requirement that the material or the products of its decomposition
or combustion be non-explosive and non-toxic. The first of these
criteria may well be relaxed in the light of system evaluation,
particularly in comparison with representative collector costs.

The safety criteria represents an ideal for household installations.
For commercial and particularly industrial applications the require-
ment is probably much too stringent in that, for example, potential
evolution of ammonia may be tolerated in an industrial environment.

The application of the above criteria narrowed down the choice
to a surprisingly limited group of materials, except for large
numbers of organic substances apparently available in each tempera-
ture range of interest. With very few exceptions these organic’
substances pose questions of stability which would require sub-
stantial experimental efforts to answer. For this reason they
were excluded from consideration under the present contract.

The next stage in the selection process required the con-
firmation or determination of the melting temperature and the heat
of fusion. To this end two special cells were designed and built.
One is designed to allow automatic repetition of heating and
cooling cycles, the other rather precise determination of the heat
of fusion. 1In contrast with conventional DTA and DSC instruments,
both cells allow measurements of macroscopic samples of up to
200-400 g. The cells are cylindrical. One is inserted in a
furnace whose temperature is automatically controlled. The other
is provided with an external guard heater, but melting occurs as
a result of heating by means of a central heater. Solidification
at varying rates occurs by adjusting the output of the guard heater.
The accuracy of temperature measurement in the second cell is #0.1°C
and that of the determinations of the heat of fusion is estimated
at *5%. -

The cell provides a digital record of readings of four thermo-
couples located respectively in the center of the internal heater,
on the inner cylindrical surface of the cell, in the thin outer wall
of the cell and on the inner surface of the guard heater. A plot
of a typical record is shown in the figure. The sample, in this
case a eutectic mixture of ferric chloride and sodium chloride, is
slowly heated to just below the melting temperature. A very small
input is provided to the central heater to compensate for losses.
When the desired conditions are achieved the power input to the
internal heater is increased in a step manner. As the sample melts,
the temperatures of both the inner and outer wall increase. When
melting is complete the rate of change of the outer wall tempera-
ture increases. At this point the outer wall is at the melting
temperature. The melting process begins when the inner wall reaches

the melting temperature. The power input during the melting interval,

after appropriate correction, yields the heat of fusion.
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Preliminary experiments using these cells have served to re-
duce the number of viable candidate materials still further. Thus,
for example, FeSO4 * 7H0 originally thought to be very promising,
was found to melt and dehydrate as expected at respective tempera-
tures of 68°C and 90°C. Upon cooling, however, the heptahydrate
did not reform but rather ferric sulphate and ferric oxide were
observed with an evolution of SO, and SO,. This occurred even in
an inert (argon) atmosphere. Similarly, experiments with
CasSO, + 2H,O failed to achieve rehydration upon cooling. These
difficulties have led to the conclusions, that at temperatures
substantially above 100°C, energy storage in salt hydrates is not
very attractive. This conclusion is reinforced by the fact that
if the water released is to be retained in the liquid state con-
tainment at high pressures would have to be provided for. If
the dehydration were to occur at atmospheric pressure large vapor
volumes would have to be allowed for. In the latter case storage
in the evaporation enthalpy of water would yield very nearly the
same storage capacity without the corrosion and rehydration diffi-
culties involved with a salt.

At the time of writing, prospective storage materials in
the temperature range of interest have been narrowed down to the
following list:

1. A eutectic mixture of FeClj and NaCl melting at 152°C
and solidifying at 142°C. It has a heat of fusion of 75 kJ/kg.
It exhibits some preventable decomposition into Fey03 and HC1l when
in contact with atmospheric moisture. Some chlorine evolves.

2. Sodium aluminum chloride, NaAlCl,, with a melting tempera-
ture of 159°C and a solidification temperature of 155°C. Repeated
cycling (30 complete heating/cooling cycles) shows no detectable
change. In particular there appears to be no evolution of chlorine.

3. Zinc chloride, ZnCl,y, melting and solidifying at 312°C
with a heat of fusion of 155 kJ/kg. Repeated cycling shows no
detectable change in composition.

4. Eutectic mixture of NaOH and NayCO3(92.8% molar NaOH)
melting and solidifying at 283°C with no detectable change after

20 cycles.

Somewhat inconclusive results were determined with urea,
the one organic substance selected for investigation. In one
series of tests after some 30 cycles the material, hermetically
sealed, was found to have decomposed leaving a white powder (possi-
bly cyanuric acid). At the same time the temperature plateau at
about 132°C indicating melting and solidification has disappeared
completely. In another series of tests under very similar con-
ditions the plateau is still present after some 40 cycles. Finally
during the calorimetric experiments, during which the sample was

152




/

also hermetically seaied\the enthalpy of,fusion was observed to

decrease from 258 kJ/kg to 40 kJ/kg during the first 20 cycles,

'suggesting,progressive decomposition.

; It should be pointed out that/thé current cost of the above
materials in bulk is in each case 'less than 25 cents per kilogram.

The use of~ehthalpy of vaporization for energy storage,is

suggested by the ready availability and containment materials of
at least two substances: water and ethylene glycol. Detailed

storage capacity comparisons were carried out assuming constant
volume and constant pressure storage. At constant volume the-
storage is not isothermal and comparison with sensible heat
storage is in order. Between 100°C and 300°C water has about
one half the storage capacity of a typical rock bed of the same
volume. The maximum pressure which must be contained ‘is about
8.6 MPa. Between 100°C and 200°C ethylene glycol has only about

1% of the storage capacity of rock but the maximum containment

pressure is about 0.1 MPa. As the maximum temperature is lowered,

the comparison of capacity with rock storage worsens while the

" containment requirements become less severe. At constant pressure

the demand for isothermal or nearly isothermal storage works in

favor -of evaporation enthalpy. Thus at 300°C water has five times
~‘the storage capacity of rock if the latter is limited to a 20°C
. temperature fluctuation. Ethylene glycol at 200°C has only one

fifth the capacity of similarly limited rock storage on the other
hand. These results indicate that in the temperature range of

" interest, evaporation enthalpy storage does not appear economi-
~cally feasible. ‘ o

‘ During. the remaining part of the first year of effort it is
planned to investigate the long term stability and compatibility
with possible containment. of the materials approved for such
continued study by DOE. , ‘ I :

References:
1. G. R. Frysinger:\ "Modules (Plastic Chub)."
\ See also: . ‘

‘Meakin, J. D., T. Stuchlik and F. A. Costello, "Coolness Storage
in a Sodium Sulphate Decahydrate Mixture," ASME paper 76 WA/HT-35.

2. G. E. Birchenall: "Thermophysical Property Management of Metal
Alloys." . : \ o :
See also: ‘ \ : \
Birchenall, C. E., "Heat Storage Materials," Final Report, ERDA
Contract No. E(11-1)-4042, College of Engineering, University of
Delaware, November 1977. - L

3. J. Wurm: Institute of Gas Technology, Personal Communication.

4. Survey of Solar Energy Products and Services = May 1975
Committee on Science and Technology, U. S. House of Repre-
sentatives 94th Congress lst Session, p. 13. Also personal

. communication from Mr. John Allen, Argonne National Laboratory.
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U. S. DEPARTMENT OF ENERGY

‘ THIRD ANNUAL
THERMAL ENERGY STORAGE CONTRACTOR'S/INFORMATION EXCHANGE MEETING

PROJECT SUMMARY

roject Title: ' "Studies of a Salt Hydrate Heat Storage System:
‘fincipaT Investigator: Dr. John Hallett

rganization: . Atmospheric Sciences Center
' Desert Research Institute
University of Nevada System
Reno, NV 89507 Phone: (702) 972-1676

roject Objectives:  To investigate salt hydrate storage systems from the
' ' ' viewpoint of attaining optimum power characteristics
during crystallization and meltdown.
roject Status: Completed as of August, 1973. FINAL REPORT to the
: National Science Foundation - "Studies of a Salt Hydrate
Heat Storage System". Being prepared for final publica-
tion by U.S.D.E. under new title, "Studies of Nucleation
and Growth of Hydrate Crystals with Application to Power
Characteristics of Thermal Storage Systems".

Crystallization of a one and two component system for thermal storage by fusion

eat of salt hydrates has been investigated for sodium sulfate (10H20), sodium thio-
sulfate (5H20) and sodium acetate (3H20). A continuous input of small crystals which
jrew and sedimented from the solution aimed to keep heat transfer surfaces crystal
free. The two component system utilized kerosene as the heat transfer fluid, which
vas circulated as 5 mm drops rising by buoyancy through the salt solution. Both of
these systems resulted, under appropriate operating conditions, in the formation of
secondary crystals to replace those which grew and sedimented. The one component sys-
Lem proved unreliable as occasional nucleation lead to significant crystals growing

on the heat transfer surfaces during cooling. The two component system functioned
vhen crystal concentration was sufficiently low (1.cm-3) to permit growth of crystals
f size large enough for sedimentation; otherwise crystals remained in suspension
throughout the cycle. The operating characteristics and thermal efficiency of these .
ystems was investigated for a laboratory and a pilot unit. From a study of the

iTot system using sodium acetate, optimum operating conditions for near constant
ower output were delineated. Detailed studies were made of solution nucleation,
econdary crystal production, Tinear crystal growth velocity and habit. Physical
roperties of the solutions were measured for both supersaturated and undersaturated
olutions. These included viscosity, refractive index and density.

srant Number: AER75-19601

rant Period: ’ July 1, 1975 - August 31, 1978 (includes 8-month no cost extensidn)
‘unding Level: $176,000 ‘ , ‘ ‘
‘unding Source: ; RANN, National Science Foundation
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PROJECT SUMMARY

Project Title: Immiscible Fluid - Heat of Fusion Heat Storage System
PrincipaT Investigators: D. D. Edie, S. S. Melsheimer and J. C. Mullins

Organization: Clemson University
Department of Chemical Engineering
Earle Hall
Clemson, SC 29631

Project Objectives: The primary objective is to evaluate the feasibility
of direct contact heat transfer in phase change energy storage using
aqueous salt systems. A secondary objective is to improve knowledge
and understanding of heat and mass transfer in direct contact aqueous
crystallizing systems. "

Project Status: In order to facilitate research into this energy storage
device, the project was divided into four major research areas:
(1) crystal growth velocity study on selected salts
(2) selection of salt solutions
(3) selection of immiscible fluids

(4) studies of heat transfer and system geometry.

The project status is as follows:

(1) A crystal growth apparatus has been designed and built. Crystal
growth data have been obtained for NagHPO4-7H20, NapHPOy-12H50,
Na2$0y* 10H»0 and NapC03*10H70 using this device. Data on
CaCl-6Hy0 and NapS$203-5H20 presently are being obtained.

(2) This study ‘is complete. Sodium carbonate and calcium nitrate
were found unacceptable for this storage system but sodium
thiosulfate, disodium hydrogen phosphate, sodium sulfate and
calcium chloride were found to be acceptable.

(3) A list of over 160 potential immiscible fluids has been reduced
to 12 promising candidates. The two most promising of these
fluids presently are being tested.

(4) This study is complete. It was found that while the number of
immiscible fluid diffusers did not change the storage efficiency,
increasing the storage container height did increase the storage
efficiency.

Contract Number: EY-76-5-05-5190
Contract Period: 6/1/76 - 11/30-78
Funding Level: $139,000

Funding Source: Department of Energy, Division of Energy Storage Systems
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,Backgrouhdi

| In optimizing the overall efficiency of bdth‘conventIOnal and

. nonconventional energy systems, the storage of thermal energy is

required. Heat of fusion systems clearly 'offer a great potential for
high density storage of thermal energy, but this potential has yet to

" be realized in practice due to phase segregation, slow rates of energy

transport, long term degradation, nucleation problems and the corrosive
nature of the systems. A novel approach, direct contact heat transfer
between the aqueous crystallizing solution and an immiscible heat transfer

' fluid, has been proposed as a possible solution to these difficulties (1,

2, 3). A feasibility study of this technique has been in progress in the
Department of Chemical Engineering at Clemson University since 1975. The
technical results of this research show the direct contact technique to
be promising. The essence of the technique is that a fluid, (lower in
density and immiscible with the aqueous salt solution) is used as the

primary heat.transfer agent. It is introduced at the bottom of the

storage vessel as a dispersed phase, and as bubbles of this fluid rise
through the vessel, it transfers heat to or from the salt sotution, and
also agitates the vessel contents. The heat transfer filuid is then pumped

through the remainder of the primary heat transfer loop (e.g., solar

collectors or heat pump exchanger and the air heating units of a residential
heating system). Figure 1 is a schematic of the(immiscible fluid - heat of

fusion storage system.

In order to facilitate research into this energy storage device,
research was divided into four major areas: ,

crystal growth velocity studies

selection of salt solutions

selection of immiscible fluids :
studies of heat transfer and system geometry.

W N =

\
\

All four of these studies are now nearly complete and work is well under-

“way on an energy storage demonstration unit with a 50 gallon capacity

which will be cycled over a significant period of time to study 'long term
degradation effects. Each of the four preliminary studies produced some
important results.

Results and Discussion:

'

1. Crystal Growth Velocity Studies

This investigation was, perhaps, the most fundamental of the four
major areas of study. Until this work no one had measured the interfacial
growth kinetics (how solid growth rate varies with solution temperature or
concentration) for the salt hydrates proposed for energy storage. ‘A
crystal growth apparatus was designed and built which provides both reliable
growth rate data and is still simple to operate. A schematic of the apparatus,
as well as the procedure used, is given in reference 2. The growth kinetics

" for NagHPOy-7H20, NagHPOL*12H20, NapS04-10H20 and Na2C03:10H20 have been

determined using this apparatus (1, 2). The results are plotted in Figures 2
and 3. ‘ | : ; 1




It is interesting to note the high growth velocity of sodium sulfate
decahydrate from an '"unmodified' solution of sodium sulfate. It is also
interesting to observe that at equal undercoolings, disodium hydrogen
phosphate dodecahydrate grows faster than the pentahydrate form. The
growth kinetics of NazS»03:5H20 and CaCly"6Hy0 are presently being
determined.

This study is providing basic interfacial growth data on energy
storage materials which can be directly used in accurately modeling both
the performance of direct contact storage devices as well as containerized
systems (4, 5).

2. Selection of Salt Solutions

In order to determine quantitatively the storage potential of the
various salt hydrate candidates an apparatus (similar to the schematic
shown in Figure 1) was constructed. The cylindrical plexiglass tank
held 1.252 of salt melt with a remaining 0.25f reserved for coalescence
of the immiscible fluid. A light hydrocarbon (Varsol) was pumped from
a storage reservoir, through an auxiliary heat exchanger where heat was
absorbed or released, and then was circulated through the salt solution
to simulate heating or cooling. The heat flux was calculated as a
function of time and an integration of this flux over the duration of the
cycle ‘gave the total heat transferred between the Varsol and the phase
change material.

Initially the system was calibrated using water as the storage medium
and Varsol as the heat transfer fluid. This calibration showed that when
a salt system was used a 2 to 5% error could be expected. Disodium
phosphate, calcium chloride, sodium sulfate, sodium thiosulfate, sodium
carbonate and calcium nltrate were compared over an identical temperature
cycle. Table 1 gives a comparlson of average storage efficiency of these
salts. This efficiency is calculated by dividing the actual heat removed
or stored in the phase change material by the amount of energy that could
have been removed or stored assuming equilibrium.

Sodium carbonate was found to be unacceptable because of both
nucleation difficulty and its inverse solubility in water. Calcium
nitrate was also ruled out because of excessive carryover using Varsol.

\ However, it is significant that four salts were found to be
acceptable for use as storage materials. Because of their various

crystallization temperatures, each of the four might be preferable
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depending upon the final application of the storage device. For
disodium hydrogen phosphate, the majority of its energy was transferred
above 34° C, for calcium chloride 27°C, for sodium sulfate 27°C and for
sodium thlosulfate 47°C. Thus, one would expect sodium sulfate and
calcium chloride to be useful in heat pump or solar assisted heat pump
applications whereas disodium hydrogen phosphate and sodium thiosulfate
may be applicable to direct solar energy storage. A rough cost estimate
for storage of 420,000 kJ using each of these materials was also made
and is given in Table 2. It is interesting to note that a similar sized
commercial storage unit using NapSOy is being test marketed by Solarmatic
of Tampa, Florida, for about $2200.




3. Selection of Immiscible Fluids

In this study a table of over 64 different heat transfer fluids was

_compiled from research on direct contact heat transfer and desalination

reported in the literature. To this list over 100 additional fluids were
added through fluid manufacturers suggestions and exhaustive search of
fluid property tables. This gave a list of over ‘160 potential immiscible
fluids for use in the direct contact storage system.

- Excessively h|gh cost, tOXlCIty or high density ruled out many fluids.
Also bench scale tests showed that high fluid viscosity (greater than 4-5 cp)
could also increase carry-over of -salt solution during cycling of the
storage system (1). It has been found that properly placed and sized screens
within the immiscible fluid can allow fluids with viscosities as high as
about 10 cp to be used. This gives the list of 12 remaining fluids that are
listed in Table 3. From this list the two most promising fluids (Exxon
Marcol 72 and Monsanto Therminol 60) are being tested with a solution of
disodium hydrogen phosphate as the phase change material. Each fluid is
being analyzed for salt carry-over durlng a week of continuous cycllng

L, Studies of Heat Transfer and System Geometry -

In order to design properly a prototype storage unit, heat transfer
and system geometry effects were investigated in a fourth phase of the
research. For this study a modular storage tank was constructed with a
volume of from 4.7 to 14.32 (depending on the tank height desired).

This system operated similar to the smaller unit used to select feasible
salt solutions. ‘A detailed schematlc is shown in Figure b4,

Calcium chloride, disodium hydrogen phosphate and sod|um sulphate
were tested in this apparatus. A column height of 30 cm gave average
storage efficiencies of 68.2% for disodium hydrogen phosphate, 61.4%
for calcium chioride and 47.8% for sodium sulphate. These values agree
closely with those found in the smaller unit. Even more significant was
the fact that reducing the number of diffusers from four to one did not
lower storage efficiency (see Table 4) and increasing the column height
from 30 to 50 cm increased storage efficiency by 6 to 17% depending upon

the salt used (see Table 5).

The device displayed exéellent3rétes of heat transfer. Table 6
gives typical volumetric heat transfer rate data. ‘

Also, this study has shown that the actual performance of latent
heat energy storage differs considerably from that of an ideal phase
change. Figure 5 shows the salt solution temperature during a typical
cooling run using a NapHPOy*12H,0 solution. Reference 6 contains a more
detailed discussion of this heat transfer and system geometry study.

’Descriptioﬁ of Future WOrk:

The remaining two potential immiscible fluids are to be tested and
any salt carry-over measured for final fluid selection. Also in the
crystal growth study the growth kinetics of NapSp03° 5H,0 and CaC12 6H,0
are presently belng determined. \
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These four studies have shown that the direct contact latent heat
storage system is feasible and gives excellent storage efficiencies.
Using the results of these studies, a 200f (55 gal) prototype unit is
under construction. It will have 6 inlet diffusers for the immiscible
fluid (comparable to the intermediate scale unit using a single diffuser)
and be 95 cm high. The unit will be automatically controlled by a Data
General Nova 1220 minicomputer system to cycle over a prolonged period
and yield long term performance data. A minicomputer has already been
programmed to provide on line system monitoring and data reduction. This
unit will provide accurate, large scale, long term performance data on a
direct contact - immiscible fluid storage device.
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Table 1. COMPARISON OF THE AVERAGE STORAGE EFFICIENCY
- OF VARIOUSkSALI'HYDRATES '

1 - : Salt . Efficiency (%)
| . Nazm?oll * "12H,0 76.9

2

CaCl, * 6H,0 | | 62.4
Na,SO, = 10H,0 51.2

N§2$20

3" 5H20 ' / 95.1

'Table 2.  COST ESTIMATE FOR STORAGE OF 420,000 kJ

u-zwoh EQCI » L SO~ Na,$,0

2 2 27273
Storage Capability (ki/kg melt), 248 123 159 199
experimentally based -
© Cost of Storage Material, water $325 $153 s 77 $415
) and nucleating agents excluded: .
Container Volume (m’)‘,,based onal.83m 1.27 2.53 2.16 1.39

height with 0.15 m reserved for
inmiscible fluld coalescence:

Container Cost, $0.37/¢: ' a7 $937 $802  $516
Cost of tmmiscible Fluid, Marcol 72 $3 s sel s
'Cosf ;;;};yﬁred House Volume, ) $ 3‘0‘ ‘S 69 $ 59 $ ?3
Miscellaneous, 15%: ‘ $130 5185 $150 $152

Total N $996 $1815 $1149 $1162

- Table 3. FEASIBLE IMMISCIBLE\FLUIDS

neltl ol La} Buenst Viscoslt
"_to:' ng » b —;_Ix p i

Fluld T, % T, Solubliity  Cest e,
Butyl Oleste -7 o -5 3.2
’ . e 2 Insoluble  $0.50A Ashland Cham.,
: CP Hall, Herwick
01 (2-athyl hexyl) . 2 199 .]- :.g: Insoluble Ashlend Chem.,
adipate : Y@ Sem 927 ] w.R. Grace & Co.,
| fizer. Chem.
ol (2-athyl hexyl) 237 27 7 1.0 Insoluble - Emery Ind.,
. szelate . @ Sem . c, Pfizer Chem.
Ol (n-hexyl) 216 205 .27 7.8 “insoluble  $1.814 CP Nall, Emery Ind., N
© szelate € 5ea € 20%C Ptizec Chom.
; - i tsobutyl -38 3 s K 5-6 cp lasoluble  $1.614 CPS Chem., CP Mall,
adipate @ lham @ 209 W.R. Grace & Co.
Bow-Corning $ilicone 0L -83 350 232 9% 18.9 tnsotuble  $5.30& Oow-Corning /
Q2-1132 ® 25%
. .
Exxon Marcol 72 . -9 185 .859 n.4 tnsotuble  $0.32/¢ Exxon
e 3¢
13opropy|-Myristate -5 - 152 6 (sgt) | tnsoluble  $2.272 Ewery Ind.
(EMEREST 2314) . 3
Wethyl Oleste -16 “228 F/] .879 5 (wst) lasoluble  $1.1MZ Ewery Ind.
(EMENEST 2801) @ Moe '
Therminol & . Pour Pt. 103 337 207 .91y :.30 $2.222 Monsanto
62 1o 90% 390 e 1%
68 A
Therminot 60 Pour Pt. 108 200 154 " A0 $1.938  Momsanto
-67.8 0% 3% @ W%
Transcal LT - 309 160 06k 6.9 Dritish Petrolews
(o) ® W% ® Mo
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Table 4. EFFECT OF NUMBER OF DIFFUSERS ON ENERGY STORAGE EFFICIENCY

Solution Height: 30 cm Storage Material: Na2504 . 10H20

Cycle Number of Superficial Efficiency

Number Diffusers Velocity percent
cm/sec

Cooling Heating

s1 “ 0.11 50.0 44.2
s2 0.15 50.9 45.5
S4 ) 0.10 49.5 44.4
S5 0.13 53.2 45.9
S6 1 0.11 49.2 47.0

Table 5. EFFECT OF SOLUTION HEIGHT ON EFFICIENCY OF SALT SYSTEMS

Diffusers: 4

Cycle No. Solution Height Superficial Velocity Efficiency
cm cm/sec percent
Cooling Heating
NaZHPOA . 12H20
P1 0.10 74.4 61.0
P2 30 0.12 73.2 60.1
P3 0.15 74.3 66.1
P4 50 0.11 ' 84.4 79.6
P5 0.13 76.9 73.1
Caf:l2 . 6H20
Ccl 30 0.11 60.5 62.0
c2 0.15 58.9 64.3
c3 50 0.11 73.9 77.5
c4 0.15 71.4 71.9
Table 6. EFFECT OF SUPERFICIAL VELOCITY ON AVERAGE HEAT TRANSFER
COEFFICIENT '
Solution Height: 30 em Diffusers: 4
Cycle No. Storage Material Superficial Velocity Heat Transfer Coefficient
cm/sec watts/L - °C
Cooling Heating
Pl 0.10 9.7 6.4
P2 NazHPO4 . 12H20 0.12 11.1 6.4
P3 ’ 0.15 11.8 11.6
Ccl : . 0.11 8.8 7.8
c2 CaCl, - 6H,0 0.15 11.1 13.2
S1 0.11 8.5 7.9
S2 NaZSOA . 10H20 0.15 6.9 9.7
S3 7 0.19 9.8 10.7
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HIGH EFFICIENCY THERMAL ENERGY STORAGE SYSTEM
FOR UTILITY APPLICATIONS

D. L. Vrable and R. N. Quade

General Atomic Company
San Diego, California

ABSTRACT

A concept of coupling a high efficiency base
loaded coal or nuclear power plant with a thermal
energy storage scheme for efficient and low-cost
intermediate and peaking power is presented. A
portion of the power plant's thermal output is
used directly to generate superheated steam for
continuous operation of a conventional turbine-
generator to product base-load power. The remain-
ing thermal output is used on a continuous basis
to heat a conventional heat transfer salt (such as
the eutectic composition of KAN03/N3N03/N5N02),
which is stored in a high-temperature reservoir
{538°C (1000°F)]. During peak demand periods, the
salt is circulated from the high-temperature
reservoir to a low-temperature reservoir through
Steam generators in order to provide peaking power
from a conventional steam cycle plant.

The period of operation can vary, but may
typically be the equivalent of about 4 to 8 full-
power hours each day. The system can be tailored
to meet the urilities' load demand by varying the
base-load level and the period of operation of the
peak-load system.

ELECTRIC UTILITIES are keenly interested in making
effective use of their installed capacity by
charging energy systems with off-peak energy. In
addition, it is important for the electric utility
industry to relieve the dependency on petroleum—
based fuel by shifting to coal and nuclear power
plants. Both of these objectives can be met by
utilizing thermal energy storage for intermediate
and peaking power.

The load demand on an electric utility grid
undergoes significant variations on a daily and
weekly basis. These demands are broadly cate-
gorized as base-load, operating an average of
12 to 24 hours a day; intermediate-load, averaging
about 4 to 12 hours a day; and peaking-load, oper-
ating up to about 4 hours a day. Since the avail-
able generating capacity must equal the peak
demands, a significant portion of that capacity is
unused during off-peak periods.

Smaller increments of capacity representing
lower capital costs and higher operating costs,
such as steam plants fired by natural gas, oil,
coal (particularly in older units), and, in recent
years, gas turbines, usually meet the intermediate
and peak power requirements. The newer,. larger,
fossil-fueled plants and nuclear plants, both of
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which represent relatively large capital investments
and have lower operating costs, usually meet base-
load demands. Sharply increased fossil fuel prices
have placed a heavy economic penalty on the
intermediate- and peaking-load plants and have
created an incentive for increased use of base-load
plants. Consequently, a means for storing energy
when the base-load capacity exceeds the demand and
for supplying this energy when the demand exceeds
the base-load capacity are high desirable. To
date, only hydro-pumped storage has existed for
this use.

Recently, a number of different concepts
involving thermal energy storage have evolved and
conceptual plant design studies have been initiated
to prove their feasibility and technical merit.

One such concept is to store of f-peak power in
pressurized hot water in an underground cavity (1).*
This stored hot water can be flashed to steam and
directed to a peaking turbine facility for genera-
tion of additional peaking power. References 2 and
3 discuss a thermal eénergy storage system using hot
0il for off-peak thermal energy storage. In this
system, steam extraction from the turbine is
increased during off-peak periods resulting in a
drop in power output. The steam heats oil through
heat exchangers as the 01l passes from cold tanks
to hot tanks. During the peak demand periods, the
oil flow is reversed and the stored heat is used to
preheat the boiler feedwater, releasing the extrac-
tion steam for expansion work in the turbine and
thus raising the power production. While these
electrical output changes are taking place, the
power plant's boiler runs under constant conditions.
A similar scheme is being studied by Electricite de
France in conjunction with several companies (4).

Compressed air storage systems have also been
considered to meet the utilities' peak energy
demands. References 5 and 6 discuss the various
studies of this method. 1In general, the compressed
alr energy storage (CAES) plant operates in a
utility network by using low-cost electrical power
(during low-demand periods) to power large electric
motors driving air compressors. '

The concepts of thermal energy storage pre-
sented thus far all have relatively low net plant
efficiency or low thermal storage efficiency.
Thermal storage efficiency is defined as the ratio
of the efficiency of the conversion from heat
source to the bus bar via the storage system to
the efficiency that can be obtained without the

*Numbers in parentheses designate References at
end of paper




* conventional steam cycle plant.

storage system. In addition, many of the concepts’
require certain geological considerations that
affect the siting .of the thermal energy storage
system.

In the future, it is expected that an
increasing portion of electrical demands will be
met by nuclear plants, which can take advantage of
the lower fuel costs and the large emergy resource
represented by domestic supplies of nuclear fuel.
The operating characteristics of available nuclear
plants make them particularly well suited to base-
loaded operation.

* The system proposed here utilizes a high-
temperature gas-cooled reactor (HTGR) steam power
plant coupled with a high-temperature thermal
energy storage system to generate peak power. The
approach was an outgrowth of a study using nuclear
process heat for petroleum refinery applications
(7, 8) in which a heat transfer salt was found to
transport heat very effectively. A portion of the
HTGR thermal output is used directly to generate
superheated steam for continuous operation of a
conventional turbine generator producing base-load
power. The remaining thermal output 1is used con-

tinuously to heat a commercially available heat
transfer salt, which is then stored in a high-
temperature reservoir [538° to 593°C (1000° to
1100°F)]. During peak demand periods, the salt is
circulated from the high-temperature to a low-
temperature [204° to 316°C (400° to 600°F)) reser-
voir through steam generators that power a
The period of
operation can vary, but typically may be the
equivalent of about 4 to 8 full-power hours each
day. The system can be tailored to the utilities’
demand conditions by varying the base-load level

- and period of operation of the peak-load system.

For example, a 2000-MW(t) HTGR could generate
approximately a 400-MW(e) base-load continuously
and an additional 1000-MW(e) peaking power for an
8-hour period.

The concept has three basic advantages:

1. The overall efficiency of the storage and
conversion systém is high, approaching that of the

base-load plant.

2. The heat source operates continuously at
maximum power, taking full advantage of lower fuel
cost.

3. The system can.utilize a high—technology
coal-fired heat source or high-temperature nuclear
reactors such as the HTGR, gas-cooled fast breeder
reactor (GCFR), and liquid metal fast breeder
reactor (LMFBR).

PLANT DESCRIPTION

The basic plant, consisting of the reactor
system, the intermediate heat transfer helium
system, the base-load steam system, the salt
storage system, and the peaking steam system,
is shown in Fig. 1. The concept uses the basic
reactor design planned for the commercial HTGR
steam cycle system.

Several system diagram variations can be
considered in coupling the reactor system, the
intermediate heat transfer helium system, the base-
load steam system, the salt storage system, and the
peaking steam system. Since the salt pressure is

~

_ tors.

‘equipment of the peaking plant.

Just slightly above atmospheric pressure, salt

Jleakage in the primary circuit is highly unlikely;

however, to -eliminate the safety issues resulting
from such a postulated accident, an intermediate
helium loop is employed. This approach allows
placement of the steam generators and salt heaters
outside the reactor containment and facilitates
access for maintenance or replacement.

The primary helium coolant flows down through
the reactor core, transferring heat from the
graphite reactor core to the primary helium
coolant. The primary helium transfers the absorbed
heat to the intermediate heat-transfer loop through
four equally sized helium/helium heat exchangers
within the prestressed concrete reactor vessel.

The intermediate loop is comprised of helium/steam
generators, helium/salt heat exchangers, and inter-
mediate loop helium circulators. The thermal emergy
transferred by the intermediate loop is delivered
simultaneously in parallel to the base~load steam
plant and the heat transfer salt storage loop. The
thermal energy delivered to the helium/steam gener-
ator is used directly to supply superheated steam
for continuous operation of a conventional turbine
generator producing base-load power. The remaining
thermal output continuously heats the heat transfer
salt, which is stored in large reservoirs. During
peak electrical demand periods, the hot salt is
circulated from the hot reservoirs through a
salt/steam heat exchanger to generate superheated
steam used by the turbine/generator conversion

The cold salt is
returned to the cold storage tanks. Cycle diagrams
for the base-load portion and the thermal energy
storage system peaking portion are shown in Figs. 2

tand 3, respectively.

BASE LOAD STEAM SYSTEM-The base load steam
system is modeled directly from the steam cycle
HTGR, using a reheat cycle but using an inter-
mediate loop. The steam generators produce super-—
heated steam at 513°C (950°F) and 16.6 MPa (2400
psia) and reheat steam at 537. 8°C (1000°F) and
3.8 MPa (550 psia).

Steam from the high-pressure turbine exhaust
passes through the primary helium circulator tur-
bines before being reheated for admission to the
intermediate-pressure turbine. Approximately 19%
of the intermediate-pressure turbine exhaust is’
routed to the condensing drive turbines for the
boiler feedpumps and intermediate helium circula-
The exhausts from the condénsing turbines-
flow directly to the surface condenser. The
remaining intermediate-pressure turbine exhaust is
admitted to the low—pressure turbine. Turbine
bleed flows are extracted from the low-pressure
turbine for three stages of closed feed water
heating and one stage of deaeration.

The low-pressure turbineé exhaust is condensed
by a surface condenser operating at 57 mm (2.25 in.)
of mercury. The heat load imposed on the condenser
is rejected through a natural draft evaporative
cooling tower. The circulating water system is
based on 24°C (75°F) dry bulb temperature, 50%
relative humidity, 11°C (20°F) approach temperature,
and 13.3°C (24°F) rise in the circulating water
temperature across the condenser. )

THERMAL ENERGY STORAGE SYSTEM - The candidate
heat storage fluids can ‘include several salt -
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Fig. 2 - Base load system
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Fig. 3 - Peaking

mixtures and some liquid metals. From the stand-
point of economics, operating experience, and

efficiency, only two molten salt mixtures were

considered. These were the eutectic mixture of

53 wt Z Na NOj, 40 wt % KNOj3, and 7 wt % Na NOj,
and the eutectic mixture of 54.3 wt % KNOj and 45.7
wt % Na NO3. Both salt mixtures have considerable
operating experience (9) and both have similar
thermophysical properties except for different
melting points. The lower melting point of the

. ternary mixture was favored for this study.

The heat storage system uses groups of four
hot and four cold tanks containing heat transfer
The top
surface of the fluid is covered with nitrogen at
slightly above atmospheric pressure.

The fluid is pumped continuously from the cold
tank, through twin heat exchangers [where it is
heated from 288°C (500°F) to 543°C (1010°F)], to
the hot tank at the rate of 2134 kg/s (16.9 x
106 1b/hr). During the 8- -hour period of each day
when peaking power is required, fluid is pumped
from the hot tank through twin steam generators
[where it is cooled to 288°C (550°F)] ‘to the cold
tank at the rate of 6400 kg/s (50.7 x 108 1b/hr).

.The capacities of the hot and cold tanks accommo-

date these flows are 73,600 m3 and 65,100 m3
(2. 's x 106 £¢3 and 2.3 x 106 f£¢3 ), respectively.
The heat storage system and its relationship
to the peaking system are shown in Fig. 3.
The heat transfer salt oxidizes and promotes
general corrosion of the ferrous alloys. Studies
have shown, however, that corrosion rates are

system cycle diagram

uniform and decrease with time (10-13). These
results substantiate the formation of a tenacious,
passive, oxide film, which is desirable. Up to
temperatures of 454°C (850°F), carbon steels have
been successfully used with virtually no corrosion.
- For higher temperature systems operating near

593°C (1100°F), stainless steels or heat-resistant
alloys are recommended by the supplier. They have
shown improved resistance to general corrosion over
carbon steels, and possess the strength required at
the elevated temperatures. ,

With a large system involving heat transport,
the potential for mass transport of chemical
spécies within the heat transfer salt is of concern.
If elements are removed from the structural con-
tainment materials and redeposited or absorbed at
different locations, design integrity could be
impaired. This phenomenon would not be anticipated

"in a heat transfer salt system. The tenacious,
passive oxide present on the metal surfaces should
act as a very effective barrier to diffusion of
interstitial elements such as carbon.

Data indicate that temperatures up to 593°C
“(1100°F) can be handled satisfactorily from a
corrosion gtandpoint, the salt decomposition
‘becoming the limiting factor at this level. The
low-temperature side of the loop thus.can utilize
carbon steel, but the high-temperature side will
require stainless steel or another alloy. .

PEAK LOAD STEAM SYSTEM - The peaking steam
cycle design is similar to the base~load steam
cycle with the following exceptions:

1. High-pressure turbine inlet conditions are

!
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482°C and 13.8 MPa (900°F and 2000 psia).

2, Intermediate-pressure turbine conditions
are 510°C and 3.8 MPa (950°F and. 550 psia).

3. Helium circulator drive turbines are
eliminated.

The lower temperature and pressure inlet
conditions of the high-pressure turbine are advan-
tageous since the turbine is operated in a cycling
mode. This results in less severe turbine casing
design conditions, which raduces the physical mass
of the machine. Conventional practice also indi-
cates that lower turbine inlet temperature and
pressure are desirable for turbines used in peaking
applications.

PLANT OPERATION

Unique to the HTGR/heat transfer salt peaking
plant are its two modes of operation: continuous
base-load and cyclic peak-load. The reactor system
portion of the plant follows the operation pattern
of the standard HTGR steam cycle plant. The
reactor core operates continuously at full power,
supplying thermal energy to both the base-load
system and the heat transfer salt thermal storage
loop.

The primary helium system, the intermediate
helium system, the base-load system, and the
thermal storage peaking-load system are each
divided into two completely independent loops,
allowing one-half of the total plant to operate
while the other portion is down for maintenance.

In addition, the heat exchangers (helium/heat
transfer salt and helium/steam) within one loop can
be taken out of service while those in the other
continue to function normally. This allows full

or partial base-load operation with full or partial
peaking system operation. Moreover, operation of
the base-load system only can be accommodated. The
peaking system cannot be operated alone since the
primary and intermediate helium circulator drive
turbines are driven by steam from the base-load
system.

The steam system portions of the HIGR/heat
transfer salt plant are similar in operation to
conventional base-load steam and peaking-load
steam plants.

ASSESSMENT WITH OTHER THERMAL ENERCY STORAGE
TECHNOLOGIES

While hydro-pumped storage has been the only
approach to utility storage of energy in widespread
use, several other concepts have been proposed.

The concepts selected for a relative technical and
economic assessment are steam storage, hot oil
storage, and molten salt sensible heat storage.
Although available data on energy storage are
extensive, only cursory cost comparisons are
possible. This results from insufficient costing
detail and assurance of consistent costing methods
used in the various investigations. The economic
information presented here is intended only for a
preliminary comparison of the various concepts. The
Electric Power Research Institute and ERDA addressed
an economic comparison between a variety of dif-~
ferent energy storage systems (14); however, the
HTGR/heat transfer salt systems had not been
introduced at the time of their study. The method
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of comparison introduced in Ref. 14 is based on
estimating the capital cost of the energy storage
system in two parts: the cost [$/kW(e)] of the
power-related equipment and the cost [$/kW-h] of
the energy-storage-related equipment. An inde-
pendent assessment of the HTGR/heat transfer salt
system was conducted by the Oak Ridge National
Laboratory (15). Using the costs developed by
General Atomic for the HTGR/heat transfer salt
power peaking plant, the Oak Ridge National
Laboratory conducted an economic assessment of
other types of thermal storage systems including
the hot oil system. Table 1 summarizes a compari-
son between the HTGR/heat storage salt system and
other near-term concepts. The power-related costs
for thermal energy storage systems are approxi-
mately the same. The storage-related costs,
however, favor the heat transfer salt and hot oil
system. Based on these comparisons, no clear
economic choice can be made without further design
studies to refine the cost estimates.

Table 1 - Expected Technical and Cost Characteristics of Energy Storage Systems
Hydro ™) Thermal
(a) —_—
Pumped Compressed (a) (a) )
Characteristics Storage Alr Steam 011 HTS

Commercial availabilitv Present Present Before Before 1985
1985 1985 and on

Economic plant size, MW 200-2000 200-2000 50-200 50-200 50-1000

Power-related costs, 90-160 100-210 150-250 150-250 200-250
S/uwic

Storage-related costs, 2-12 4~30 30-70 10-15 10-15
S/kW-hr (¢)

Efficiency, 7 70-75 -— 65-75 65-75 85-95

(a)
)
(c)

Information extracted from Ref. 14,
Information extracted from Ref. 15 adjusted to 1975 dollars.

Based on 1975 dollars.

In addition to comparing energy-storage
related costs and power-related costs, the storage
energy efficiency is also an important criterion.
The HTGR/heat transfer salt system has a storage
efficiency (defined as the ratio of the efficiency
of the conversion from the heat source to the bus
bar via the storage system to the efficiency
obtained without energy storage) of approximately
90%. This represents a significant increase over
the other methods of storage, and has additional
merit in terms of fuel conservation. The sizing
flexibility associated with the base load to peak-
ing load level also allows the HTGR/heat transfer
salt system to be taillored to a particular utility's
needs and system load characteristics.

Although further studies will be required to
assess the quantitative aspects of the HTGR/heat
transfer salt system, qualitative comparisons indi-
cate it is a viable concept and possesses advantages
over other near-term energy storage schemes.

CONCLUSIONS

The heat transfer salt thermal storage concept
makes highly efficient use of energy generated
during off-peak periods to provide electrical
generation for daily intermediate and peaking power
demands. The coupling of this concept with an HTGR
nuclear plant results in peaking power costs that




are competitive with fossil-fueled systems for this
application. 1In addition to potential cost savings,
the HTGR/heat transfer salt concept provides an
important means of conserving fossil fuels by sub-
stituting nuclear energy.

~ The system utilizes existing HTGR technology
as incorporated into the Fort St. Vrain plant and
the large HIGR design for commercial application.
Salt has been used on a smaller scale in commercial
applications under similar temperature conditions
for many years.

The concept's economic appeal results from high
efficiency, low fuel costs, and the economy of large
size. Except for very large utilities with geo-
graphically concentrated loads, the attractiveness
of the concept may depend on the utility's need for
additional base-load as well as peaking power. The
plant capacity can be adapted to a utility's peaking
power requirements by selecting an appropriate
base-load/peaking-load power split.

The efficiency of the thermal energy utiliza-
tion is approximately 90% of that for direct use
of the energy (without storage) in a modern steam
electric power plant. The thermal storage system
developed for this study may also be coupled with
other types of high-temperature heat sources such as
coal-fired fossil or the LMFBR and GCFR nuclear
plants, as well as solar systems having similar
high-temperature capability.
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HIGH TEMPERATURE THERMAL ENERGY STORAGE PROJECT
x | OVERVIEW

William J. Masica ' ‘
Manager, Thermal and Mechanical Energy Storage Project Office
o NASA Lewis Research Center

The DOE Division of Energy Storage Systems is responsible for
formulating and managing research and development in energy storage
technology. Major responsibility for project management in selected -
areas has been shifted to the DOE national laboratories and other
government agencies. As part of DOE's Thermal Energy Storage and
Transport Program, the NASA Lewis Research Center (LeRC) was given the
primary responsibility for the development of high temperature sensible

~and latent heat storage technology. Project management responsibility

for the DOE High Temperature Thermal Energy Storage Project was formally
delegated to NASA under an Interagency Agreement on January 17, 1977.
The Project is being managed within the Power Generation and Storage

Division at the NASA Lewis Research Center in Cleveland, Ohio.

The general objective of the High Temperature Thermal Energy Storage
Project is to develop the technology for cost and performance effective
thermal energy storage systems for end-use application sectors. The
technologies include all sensible and latent heat storage for
temperatures above approximately 2500C. Technologies for selected
applications will be developed to the point of -acceptance by the private

sector or for systems integration and field testing by a DOE end-use

Division. The Project's activities are accomplished principally through
contracts within the private sector to provide early and effective
transfer of technology. Government funds in support of the Project are
provided entirely by DOE. Activities are coordinated with complementary
projects and tasks being pursued by DOE end-use Divisions and national

Jaboratories, the Solar Energy Research Institute (SERI), the Electric

Power Research Institute (EPRI), the Tennessee Valley Authority (TVA),
and the Naval Research Laboratory (NRL).

" The structure of the High Temperature Thermal Energy Storage Project is

shown in Figure 1.  The project's current major activities are directed
toward electric utility, industrial process and reject heat, and solar
thermal power systems applications. The major activities support the

- DOE Thermal Energy Storage and Transport Program's FY 79 thrust and key

technology development areas. A summary of the Project's activities
follows. '
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Electric Utility Applications

Potential applications of high temperature thermal energy storage and
transport systems within electric utilities include peaking power
generation, process heat for in-plant and industrial use, and advanced
power generation systems. Current project activities emphasize thermal
energy storage for peaking power generation. Thermal energy storage
systems integrated with conventional coal power plants can displace
petroleum-fueled peaking power plants and, hence, reduce 0il consumption
within the utility industry. Thermal energy storage is also attractive
because many of its technologies have potential for early commerciali-
zation and are not dependent on site geology. The identification,
comparative evaluation, conceptual design, and analysis of candidate
systems for mid-term applications was initiated in FY 78. This is a
cooperative effort involving DOE's Divisions of Energy Storage Systems
and Electric Enerqgy Systems, EPRI, and TVA. The effort is being
accomplished principally under a system study contract competitively
awarded to the General Electric Company. (The status of this contract
is summarized in the Proceedings.) The results of this system study
will be used to perform a comparative evaluation of thermal energy
storage with other storage technologies, coal cycling plants, and load
management techniques. If feasible and justified, thermal systems will
be selected and required development and a preliminary engineering
design of a large scale field test in an operating utility will be
initiated.

Industrial Process and Reject Heat Applications

Many industrial applications have been identified where thermal energy
storage of process and reject heat for subsequent in-plant or off-site
use appears to be economically and technically feasible with significant
near-term conservation benefits, Assessment studies of food processing,
aluminum, iron and steel, paper and pulp, and cement industrial
applications were completed in FY 78. Results are summarized in the
Proceedings. Current plans are to continue these activities and proceed
with a development and technology demonstration program of selected
systems and applications. Request for proposals will be issued in FY
79. Selection criteria will emphasize applications which offer
significant potential for near-term 0il savings. Multiple awards are
anticipated.

Solar Thermal Power Systems Applications

The future impact and penetration of solar thermal power systems are
dependent on the development and integration of viable thermal energqy
storage systems, Plans are being developed with the DOE Division of
Central Solar Technology for a comprehensive thermal energy storage

technology development program matched to solar thermal power systems
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requirements and milestone schedules for FY 80-85. Inputs to the plan
are being provided by a task force consisting of representatives from
SERI, SLL, SLA, NASA-JPL, Aerospace Corporation, PRC Energy Analysis
Company, and NASA-LeRC. It is the intent of DOE to provide the draft
planning document to the private sector for information and critiquing.

In the proposed program thermal energy storage technologies will be
developed that provide either advanced alternatives offering improvement
over current baseline subsystems or baseline storage subsystems for
those applications which have no storage subsystems under development.

A summary of the draft program plan elements is shown in Figure 2.

Major program elements are diurnal storage for applications requiring
the use of storage on a daily cycle, short-term or buffering storage,
long duration storage, and supporting research and development for
advanced solar. technologies. : \ ‘

Based on the draft planning document, current emphasis with the High
Temperature Thermal Energy Storage Project is being directed toward
diurnal thermal energy storage for large steam Rankine systems and
thermal buffering storage for repowering. Depending on DOE solar
thermal FY 79-80 program priorities, development and technology

. demonstrations of storage subsystems for these two applications will be
initiated in FY 79. System definition studies will also be initiated
for small power diurnal and buffering storage applications. SERI's
Systems Analysis Branch will provide preliminary engineering
requirements for these storage subsystems. The requirements include
specific hours of storage duration, quantity of heat stored, fluid input
and recovery temperatures and pressures, heat transfer rates, heat
transfer fluids and value of storage criteria. In addition, a future
goal of SERI sponsored studies will be optimization of the value of
integrated solar/storage systems. :

Laboratory development efforts and engineering evaluations of advanced
storage technologies initiated in FY 78 will be continued and focused on
solar thermal power systems applications. These include an assessment
study of sensible heat storage in deep aquifers and caverns being
‘performed by the University of Houston and the development of advanced
latent heat storage concepts by Honeywell, Inc., Grumman Aerospace
Corp., NRL, and Comstock and Wescott, Inc. The status of each of these
efforts is in the Proceedings.

- Supporting Research and Technoldgx

Focused and exploratory research and technology studies will be
continued in FY 79. The objective of these activities will be continued
in FY 79. The objective of these activities is to establish a technical
base enabling the resolution of generic thermal energy storage problems
and the identification of new storage concepts and Project application
areas. Current emphasis is on thermal energy transport and very high
temperature (> 10000F) storage and advanced power conversion system
applications.
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A Tist of Project supporting research and technology activities is shown
in Figure 3. An assessment of storage systems using fluidized bed heat
exchangers will be performed under a competitively awarded contract now
being negotiated. Another activity will define promising high
temperature thermal transport applications and identify technology
requirements for future research and development efforts. Engineering
evaluations of a Tatent heat NaOH system fabricated by Comstock and
Wescott and a storage module using sodium sulfate fabricated by Calmac,
Inc. are being performed in-house at NASA-LeRC. The remaining
contractor-identified tasks are described in the Proceedings.
Currently, 20% of the Project's funding is directed toward supporting
research and technology.

This briefly summarizes the structure, activities, and status of the
High Temperature Thermal Energy Storage Project. Future activities will
be directed toward the identified principal thrusts with technology and
supporting research studies being conducted to the extent budgetary
constraints permit.
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PROJECT SUMMARY

. Project Title: Conceptual Design of Thermal Energy Storage (TES) Systems
| : for Near-Term E]ectr1c Ut111ty Applications

| - Pr1nc1pa1 Investigator: - Eldon W. Hall

‘Organization: | General Electric Company
Energy Technology 0perat1on
1 River Road
Schenectady, NY 12345

Project Goals: The project obJect1ve is to examine the field of proposed"
‘ concepts for thermal energy storage (TES) systems and
select, conceptually design, and analyze the most
prom1s1ng for near term electric utility applications.

, Project Status: The technical effort is divided into the following four
‘ - tasks: ' ' ,

Task I: System Selection .

Task II: Conceptual System Designs

Task III: Benefit Analysis

Task IV: Development and Field Test Program
‘ ' Recommendat1ons’

The project status is as fo]]ows: Tasks I and II have
been completed and Task III is nearing completion.

In Task I over forty TES concepts gleaned from the
literature and personal contacts were examined for
possible application on two reference plants, an 800
MWg high-sulfur coal plant, and an 1140 MW light

water nuclear plant. A preliminary.screening on near
term availability and applicability reduced the set to
twelve selections, some of which comb1ned the elements
of several concepts )

Of the twe]ve, four options were se]ected and further
analyses made to improve the performance. .

Conceptua1 designs of the four options have been
completed with heat and mass balances and plant Tayouts.

" Analyses have been made of the benefits to utilities,
“including the cost of electricity, and recommendations
will be made for further developments 'and tests.
‘Contract Number: NASA DEN3-12 and EPRI RP-1082-1
Contract Pefiod:4 January, 1978 - January, 1979
Funding Level:  $350,000 plus EPRI - $125,000
Funding Source: 'NASA/LeRC and EPRI
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I. PURPOSE

Thermal energy storage (TES) is one of several ways that an electric
utility could use to help meet peak load demands. Excess thermal energy
is stored during low demand periods for use during peak periods. The thermal
energy can be stored as hot water in pressurized containers, as sensible heat
in 0il, molten salt, rocks or other materials, or as latent heat in phase
changes materials.

Many concepts have been proposed both for storing thermal energy and
for combining the storage system with a utility plant. It is the purpose of
this project to examine the proposed concepts, evaluate them on a consistent
basis, select those that appear most promising, make a more detailed evaluation
through a conceptual design and analysis of performance and cost, and then make
recommendations for further developments and tests.

IT. BACKGROUND INFORMATION

There is a need in electric utility operation for an economic means of
supplying the varying demand for electric power. While there are seasonal and
weekly demand patterns, the daily load pattern is of primary concern in this
project. Load-following with conventional base load generating capacity may
not be the most economic way since its high capital cost and low fuel cost per
unit of energy delivered favor continuous operation.

One method for meeting peak load demands is the use of energy starage.
Energy storage has long been used in pumped-hydro form where off-peak power
moves water from a lower to an upper reservoir, and electricity is generated
during peak demand hours as the water returns to the lower reservoir through
a hydraulic turbine.

The final reports prepared by the Public Service Electric and Gas Company
of New Jersey (PSE&G), reference 1, identified and compared a number of energy
storage concepts including above- and below-ground pumped hydro, compressed
air storage, thermal energy storage, battery storage, and flywheel storage.
Thermal energy storage was identified as a potentially viable contender be-
cause of its technical and economic features and potential for early commer-
cialization.

A topical report summarizing the results of Task I of this project,
reference 2, has been completed. This document discusses the results in more
detail than reported herein and 1ists the references and sources of data used
in the project.

III. PROJECT DESCRIPTION

To be efficient, the thermal energy must be stored and used prior to
conversion to electricity. The TES system must therefore be tied closely to
the power plant. When used with steam generating equipment the TES utilizes
steam produced in the boiler (usually coal fired or boiling water reactor) or
from saturated water in a pressurized water reactor. The use of thermal energy
storage following the steam generator permits operating the steam generator at
nearly constant load; however, the turbine and generator must be sized for the
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. peak load This is in contrast to those storage systems which store energy

converted from electricity and operate the turb1ne generator at a constant
power Tevel. ,

While there are several ways that thermal energy could be converted to
electricity (e.g., gas turbines), the only one considered in this proJect is
the use of steam turb1nes

Storage Media

The materials considered for storage are listed in Table I.

TABLE I

MATERIALS FOR THERMAL ENERGY STORAGE

Hot water

011 ‘

Rock, iron, or other solids
‘Molten salt, sul fur, etc.
Phase change materials (PCM)

A1l systems are considered as high temperature systems since they must operate
near or above 5000F. In some cases combinations can be used, such as oil and
rock, where the o0il is used as the transfer medium. Except for hot water, heat
exchangers are required to transfer the energy between the material and the
steam. ,

_ Hot water can, of course, be stored directly and used either as hot
water or as a source of steam. Steam as such is seldom stored because of its
low density. When the energy of steam is to be stored and steam is required
as output, it is first condensed to hot water by mixing with water, stored,
and then flashed to steam for reuse.

Phase change materials (PCM) depend ma1n1y on the latent heat of fusion
between the solid and 1iquid phase for energy storage Liquid to gaseous phase
change has not been used because of the large gaseous storage vo]ume require-
ments. ,

Molten salts, sulfur, PCM, etc. still require considerabfe R&D effort
before they can be utilized in commercial or utility applications. .

‘Hot Water Containment

" Hot water containment is of two major categories: underground and above-
ground. Underground containment is based on geologic features that absorb most
of the containment stresses. The necessary geologic features, however, are not
available everywhere so that this category of containment is site specific and
not suitable for all locations. Aboveground containment, on the other hand,
can be located in many more places. Table II shows several d1fferent concepts

for stor1ng high temperature pressurized water.
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TABLE II
HOT WATER CONTAINMENT VESSELS

e Aboveground e Underground (UG)
- Steel Tanks - Hard Rock Cavities
- Prestressed Cast Iron e Concrete Supported
Vessels (PCIV) Liners
- Prestressed Concrete e Compressed Air Sup-
Pressure Vessels (PCPV) ported Liners
- Lined Salt Domes
- Aquifers

Aboveground steel tanks, when used for storing hot pressurized water, are
1imited in size for individual tanks because as the size increases the tank wall
thickness quickly goes beyond that which can be fabricated and used safely. Pre-
stressed cast iron vessels (PCIV) use modular sections that are shipped, then
field assembled using high strength cables to sustain the loads. The cables are
thermally insulated to avoid the high storage temperatures and thermal cycling
either by placing insulation between the vessel and the cables or within the
entire vessel. An alternative to the PCIV is the prestressed concrete pressure
vessel (PCPY) where high strength cables are used to prestress concrete walls.

Sensible Heat Containment

For sensible heat storage in solids (e.g., packed beds of rock) and heat
transfer liquids (e.g., 0ils and molten salts) at atmospheric pressure, steel
tanks are adequate. Very large storage volumes are required so multiple tanks
in modular sizes can be selected for cost and convenience. Most tanks are cylin-
drical with a height under 15m (50 ft) and diameters from 6m to 90m (20-300 ft).

Conversion to Electricity

Two ways are being considered for using steam (either stored or generated
from the storage) to produce peaking electricity. In the simplest case a '
separate peaking turbine is used to generate the peaking power and is shut down
during lTow power demand. In the other case, the main turbines are designed to
handle the peak load either with increased flow or reduced extraction for feed-
water heating and the reduced load is achieved either with reduced flow or by
increasing extraction with the excess energy transferred to storage. In the
first case of a separate peaking turbine, a higher ratio of peak to minimum
power. can be achieved.

The conversion of the stored thermal energy in pressurized HTW to steam
may be done in several ways. The following three were considered in this study.
In all cases the storage volume is nearly full of hot water at the beginning of
the discharge cycle.

(1) variable pressure, (2) Expansion, and (3) Displacement.
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In the variable pressure mode steam is drawn from the top and water in
the vessel boils to replace the steam as the pressure drops. Only a portion
of the water can be bofled off this way before the pressure drops to unaccept-

| .ably low levels. ‘ \

| In the expansion mode hot water is drawn from the bottom and water in
’ " the vessel flashes to steam to replace the volume of water withdrawn. A1l
the water can be withdrawn in this mode but an external flash evaporator must
be used to obtain steam and only a small portion of the water produces steam
and the rest must be stored in a separate containment vessel.

In the displacement mode the vessel is maintained completely filled with
water. Hot water is drawn from the top and replaced with cold water injected
at the bottom. As with the expansion mode the hot water is externally flashed
to steam. A sharp temperature gradient called a thermocline separates the hot
and cold water and can be the cause of the large stresses in the tank walls.

Concepts

A list of the concepts that were considered and the institution(s) and
the individuals associated with the concept are given in Table I1I. The
concepts are listed in the table according to the storage medium.

IV. RESULTS

Preliminary Screening
The purpose‘of the preliminary screening was io reduce the number of
concepts to twelve which could then be applied to reference coal and nuclear
plants for further evaluation and selection. The criteria used in this
selection were: L ' :
e Be compatible with near-term application
e Be economically viable in the mid-term
o Meet utility operational requirements
e Be diverse in type
e Be environmentally sound
| e Have consérvation potential
| e Be broadly applicable

e Have potential for future growth/improvement

Primary emphasis was given to the first four of these criteria in the first
screening and resulted in the twelve concepts shown in Table IV.
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HTW Concepts

1.

5.

Graz University (Austria)
Waagner Birg (Austria)
Siempelkamp GmbH (FRG)
Deutsche Babcock (FRG)

R&D Associates

. Ontario Hydro

Atomenergi (Sweden)

University of Houston
Subsurface, Inc.

General Electric-TEMPO

Other Sensible Heat Concepts

21.
22.

23.
24.
25.

26.

27.
28.
30.
.
32.
33.

EXXON Corp.

McDonnell Douglas
Rocketdyne

Martin Marietta
Honeywell, Inc.
Bechtel Corp.

General Atomic
ORNL

General Electric-Space Div.
University of Minnesota
Jet Propulsion Laboratory
Energy Conversion Engrg.
Boeing Company

University of Houston
Subsurface, Inc.

Phase-Change Materials Concepts

41,
42.
43.
44,
45.
46.
47.

48.

439,
50.
81.

Xerox Corp.

Naval Research Laboratory
Comstock & Westcott, Inc.
Inst. of Gas Technology
Clemson University
Honeywell, Inc.

Boeing Company

Grumman Corp.

General Electric-CR&D
Rocket Research Corp.

Swiss Federal Inst. for
Reactor Research

TABLE III
CONCEPTS CONSIDERED

Paul V. GI111

Georg Backmann

F. Schilling, L. GUlicher
E. Bitterlich

J. Dooley, S. Ridgway

A.G. Barnstaple, J.J. Kirby
Peter Margen

R.E. Collins
K.E. Davis

C.F. Meyer

R.P. Cahn, E.W. Nicholson

G. Coleman
J. Friefeld

F. Blake
J.C. Powell, R.T. LeFrois
William Stevens

R.N. Quade, D. Vrable
E. Fox, M. Sflverman

E. Mehalick

M. Riaz, P. Blackshear
R.H. Turner

Allen Selz

J. Gintz

R.E.
K.E.

Collins
Davis

J.A. Carlson

T.A. Chubb
B.M. Cohen

J. Dullea, H.
D.D. Edie
R.T. LeFrois
J. Gintz

A. Ferrara

H. Vakil, F. Bundy
E.C. Clark

M. Taube

PCIV

Concrete Stress Supported
Hard Rock Cavern

Air Supported
Hard Rock Cavern

Aqui fers

Aquifers

Hot Qil/Feedwater

Hot 011/Packed 8ed

O11/HITEC and Al11 HITEC
011/HITEC

011/Retrofit

HITEC/HTGR

0i1/Drained Bed

UG Rock Beds/Hot Air
Steel Plates

Molten Suifur
Refractory 8rick/Hg

011 1in Salt Domes

HX Subsystem
Salt/Terphenyl/Steam
NaOH

Carbonates

Immiscible Fluids HX

NaNO3 Slurry/Scrapers

Fluorides/Helium

HX Concepts
Immiscible Fluids HX

[mmiscible Fluids HX




TABLE IV
‘ TWELVE CANDIDATE CONCEPTS
| Selection '
| Number _ Feature(s) | Other Data
! 1 PCIV - Expansion Accumulator, 1 Evaporator
| ' 2 PCPY Variable Pressure Accumulator, etc..
3 Steel Tanks Displacement Accumulator, etc.
4 UG - Concrete Stress Transfer Variable Pressure Accumulator
5 UG - Comp. Air Stress Trans. Displacement/Feedwater Storage
6 UG - Comp. Air Stress Trans. Displacement/3 Evaporators
7 Aquifer. Feedwater Storage i
8  0il/Feedwater Storage Hot and Cold Tanks
9 - 0i1/Packed Rock Bed/Thermo- : o
: cline ‘ , Steam. Generator, Peaking Turbine
10 0iT1 and Salt Loops Steam Generator, Peaking Turbine
1 A11 Molten Salt Steam Generator, Peaking Turbine
12 PCM Materials ) Various Heat Exchanger Concepts

As it turned out, most of the concepts'shown in Table III are contained in
Table IV as variations to one or another of the selected twelve or as future growth
potential. Others are either not applicable or are not near-term-available.

Economic Comparison

An analysis of these concepts was then made to determine their capital cost
and the cost of electricity. Two reference plants were selected to which the TES
systems could be added for comparison - an 800 MW high-sulfur coal (HSC) plant and
an 1140 MWe 1ight water nuclear plant. To avoid problems in the boiler and ad- :
ditional costs of the HSC plant when varying the steam flow between charging and
discharging, the reheater was eliminated from the boiler in the reference HSC
plant. This elimination resulted in a three percent increase in heat rate and
seven percent 1oss in net power in the base case HSC plant to which the TES systems
could be added.

Various factors such as acceptable size, suitable temperatures, and unique
storage characteristics resulted in the selection of the following combinations
. of base plants and TES systems. The results are shown in Table V.
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TABLE V
ECONOMIC COMPARISON

Cost of
Base TES Cost Rank Electricity

Selection Feature Plant $/kw Economic Availability $/Muh
* ] PCIV-FWS NUC 923 6 4 130
2 PCPV-FWS NuC 1019 8 4 142

3 Steel-FWS NuC 1624 9 ] 213

* 4 UG-C-VARP HSC 649 1 3 99
5 UG-A-FWS NUC 775 5 6 114

6 UG-A-EVAP NUC 667 2 4 101

* 8 0i1-FWS NUC 670 3 5 103
* 9 0i1/Rock HSC 729 4 3 109
1 Salt/Rock HSC 927 7 4 132

The TES costs shown in column 4 are the incremental costs of the total plant
over the cost of the base plant divided by the incremental increase in net power
out over the base plant power. The economic ranking orders these costs sequentially.

The availability ranking is partly subjective and indicates groups that are
comparable on a scale of one (most near term) to ten (worst). Of the selections
in Table IV, selection number 10 is treated as all oil in number 9 and all salt in
number 11 and selection number 12 is ranked ten in availability. Selections 10 and
12 were not considered further.

The last column in Table V shows the cost of electricity for six hours of
peaking assuming that during charging the electricity is reg]aced by a coal fired
plant assumed to have a levelized cost of coal of 2.07 $/10° BTU based on a 30
year period and 1976 dollars.

Because it is very difficult and not intended here to make simple comparisons
of the TES systems with other type storage or peaking systems and many assumptions
were necessary to determine the values in Table V, the costs shown in Table V
should be used only for a rough ranking of the TES systems and not for comparison
with other systems.

Selection Options

Based on the economic analysis and the desire to cover a diversity of con-
cepts, the four selections indicated by an asterisk in Table V were selected for
a more detailed analysis and conceptual designs.

Preliminary capital cost estimates and a breakdown of the costs for the
TES systems are indicated in Figure 1 for the four selected options. These costs
are reflected in the cost of electricity shown in Table V. In all cases the
largest part of the TES system cost is in the turbine island for supplying the peak
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power. The lowest cost system, option A, and the one that has the lowest cost
of electricity uses an underground tank for storage of hot pressurized water

in combination with a HSC plant and separate peaking turbines. By using peaking.
turbines the power can be varied by + 50% from the normal baseload power.  This
system, however, is site specific and not applicable to all locations.

Option B uses oil and rock in aboveground tanks and heat exchangers and
is also based on a HSC plant and separate peaking turbines. While not site
specific long-term materials stability and compatibility are not yet fully
proven. « ‘

, Options C and D are both based on nuclear plants with feedwater storage
so that the power swing is limited to about + 20% from baseload normal power.
Option C stores hot water in a PCIV and Option D again utilizes an 0il/rock
system with heat exchangers. ‘

V. FUTURE ACTIVITIES

Conceptual designs of the four selected options will be completed and an
assessment will be made of the technical, economic, and operational character-
istics and potential benefit to the electric utility industry. Based on this
assessment, the market potential of TES will be estimated. ‘

" TES system components will be reviewed to determine the need for additional
tests or developments and recommendations will be made for programs that will
lead to early commercialization of thermal energy storage for electric utility

“applications. : S

VI. REFERENCES

1. (PSE&G) Public Service Electric and Gas Company, An Assessment of
Enengy Stonage Systems Suitable for Use by Efectrnic Utilities, Volumes 1, 2,
and 3, EPRI EM-264 ERDA E(11-1)-25013 Prepared for Electric Power Research
Institute and Energy Research and Development Administration; Newark, New Jersey,
July 1976. / :

2. (GE) General Electric Company—TEMPO, Conceptual Design of Thermal
Energy Storage Systems for Near Term Electric Utility Applications, Volumes 1
and 2, GE78TMP-60; Prepared for National Aeronautics and Space Administration,
U.S. Department of Energy, and Electric Power Research Institute; Santa Barbara,
California, October 1978. , ‘ :
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PROJECT SUMMARY .

Project Title: High Temperature Underground Storage of Solar Energy

Principal Investigator: R. E. Collins o | ‘ )

Organization:

Project Goals:

Project Status:

Contract Number:
Contract Period:

Funding Level:

Funding Source:

Energy Foundation of Texas
University of Houston
Houston, Texas 77004
(713) 749-3887

The objective of this project is to establish the feasibility
of high temperature underground thermal storage of energy and
arrive at a practical system.design.

- The project status is as follows:

(1)

(2)
(3)

(4)

(5)
(6)

EG-77-C-01-3974
September 1978 - August 1979
$377,245.00 |

Department of Energy, Division of Central Solar Technologyk

- are determined.

Numerical analyses of aquifer and cavern storage syﬁtems
are proceeding according to the program plan.

Geological feasibility survey has been completed.

The math model for cavern stability studies is in the
debugging stage.

Well design is underway and calculations to establish
sizing criteria to interface the well to heat exchangers
are being made.

Preliminary design of heat exchangers has been completed

Fina],overa11,design and economic evaluation will be
completed when component designs and operating parameters
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HIGH TEMPERATURE UNDERGROUND THERMAL ENERGY STORAGE

INTRODUCTION

The development of an efficient
method for storage of large quantities of
heat for use during future demand periods
could provide a significant impact on the
utilization of energy sources. Under-
ground storage of sensible heat by hot
fluid injection for subsequent eleectric
power production is under investigation in
this study. The basic requirement is to be
able to inject and store large volumes of
fluid heated to a high temperature
because large scale systems have lower
relative thermal losses and high storage
temperatures yield more efficient electric
power production. The two storage
systems under study are deep aquifer
storage of high temperature, high pressure
water and cavern storage of hot oil within
solution caverns in massive salt deposits.
Aquifer storage efficiency is reduced
because downhole pumping is required for
recovery. Also silica solubility and
deposition present a major problem at the
temperatures considered. For near term
application hot oil storage in a gravel
filled salt cavern with a nitrogen gas cap
appears most feasible.

RESEARCH TASKS

The overall objective of this study is
to evaluate the technological and eco-
nomic feasibility and to determine the
best total system design for underground
storage systems. The primary application
being considered is the production of
peaking or baseline electric power from a
solar power tower. Alternative uses are
storage of waste heat for power genera-
tion, distriet heating or process heat. The
major topies for study have been identi-
fied as: ‘

(1) Geological feasibility analysis -
identification of potential sites.

(2) Computer simulator studies -
evaluation of thermal and pressure
histories; conduction-losses, opera-
tional procedures.
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(3) Engineering problems - studies of
mineral solubility and scale forma-
tion, thermo-mechanical stresses,
eorrosion, ete.

(4) Economic evaluation.

(5) Total system design - integration of
storage system  with surface
facilities.

COMPLETED STUDIES AND RESULTS
TO DATE:

(1)  Geological Feasibility

On the basis of a preliminary
geological study using published data it
has been found that underground storage
of high temperature and high pressure
fluid is geologically feasible in approxi-
mately 80% of the United States, with the
exception of the West Coast and areas of
mountain intrusion. These geological
feasibility assessments considered deep
and shallow sedimentary aquifers, solution
cavities in massive salt deposits and
excavation cavities in erystalline and
massive rocks. Many of the areas
considered suitable for underground
storage coincide with regions of good
solar insolation or sites of significant heat
supply from industries or nuclear power
plants.

(2)  Preliminary Study of Cavern Storage
Operations

A simple mathematical model has
been used to study the operation of a
cavity heat storage system. The system
considered consisted of two caverns, one
hot and one cold, each ecavern being
partially filled with a gas (nitrogen) which
is compressed during injection. Expansion
of the compressed gas forces the fluid out
during retrieval. The hot cavern was
approximated as a spherically symmetric
heat source embedded in an infinite earth
of uniform thermal diffusivity. The
contents of the cavern were assumed to
be completely and uniformly mixed at all
times. Numerical integration of the heat




conduction equation and a coupled heat
balance equation for the cavern is used to
compute the temperature, the heat loss

‘rate, and the pressure as functions of

time.

At the end of one year of cychc
operation con51st1ng of injection during
the day and withdrawal at night the heat
lost per cycle was less than 4% of the
heat input per cycle for any cavern radius
less than 100 ft. at an injection flow rate
of 2000 gpm which corresponds to a
transfer rate of about 25 Mw (thermal).
The asymptotic value of the ratio of the
heat lost per cycle to the heat input per
cycle goes approximately as the radius
divided by the flow rate. Therefore, the
minimum ecavern size consistent with
desired storage performance should be
used in order to minimize heat losses and
provide for maximum power production.

A study of the pressure history and
pumping requirements using this simple
model showed. that the compressed gas
cap would not provide adequate flow rates
during prolonged retrieval periods as
might be called for in cloudy weather with
a solar system. Injection of more nitrogen
during withdrawal operations in order to
maintain the pressure is possible but the

pumping requirements are exorbitant due

to the work of compression of the gas.
Cavern pressure could be more easily
maintained by returning oil to the cavern.
This suggests that the optimum configura-
tion for cavern storage might consist of a
single cavern operating in a thermocline
mode.  The thermocline mode would
require two wells, one hot and one cold,
into-the cavern with "hot" oil injected and
retrieved through one well to the upper

portion of the cavern and "eold" oil

injected and retrieved from the lower
portion of the cavern through the other
well. This is illustrated in Figure 1.

Such a cavern would be filled with .
gravel, or coarse sand, to reduce the

required oil volume while maintaining
adequate heat capacity, to reduce convec-
tion effects in any upset and-to provide
some mechanical support and stability to
the cavern in the massive salt body.

Further study of the cavern storage
will address such a 'system in more
realistic fashion as w111 be described
below.

SALT GAS

HOT

COLD
SALT

CAVERN STORAGE

THERMOCLINE
‘Figure 1

(3) Study of Aquifer Storage Depth
Cons%ramﬁ and Pumping Require-.

ments

Simple analytical calculations have
been performed to provide a preliminary
evaluation of the back-flow capability of
an aquifer storage well. These calcula-
tions show that for a single storage well
artesian backflow is only possible from
small, totally enclosed aquifers. Down-
hole pumps could be installed to achieve
fluid retrieval. This technology is
currently being developed in the

193




geothermal industry. Even with downhole
pumps, the problem of mineral solubility
and scale formation, particularly silicate
minerals, appears to be a major problem
confronting aquifer storage systems.
Silica solubility in the vapor phase is much
less than in the liquid phase, therefore,
scale problems in the aquifer formation
and wellbore could be minimized if the
pressure of the fluid is not permitted to
drop below the vapor pressure of water at
the storage temperature. This require-
ment determines a minimum depth below
which the fluid will remain single phase.
This depth depends upon the storage
temperature, flow rates, flow periods, and
aquifer properties.

Once a storage temperature and
maximum flow rate have been selected
the most important variables are the
permeability and thickness of the forma-
‘tion and the value of the skin faector, S.
The value of S will in general depend
upon drilling and completion techniques
used to install the well since it is deter-
mined primarily by the reduced value of
the permeability near the wellbore. Any
silica deposition near the wellbore will
further reduce the permeability which
increases the skin factor and increases the
well depth required (or reduces the allow-
able flow rate).

Power requirements of the downhole
pump depend upon the depth, flow rate
and storage temperature. For example at
300°C and a flow rate of 2000 gpm using
typical aquifer properties the minimum
depth required is 5000 ft. and the pumping
power is more than 25% of the net
electric power which can be generated
from the retrieved hot water. An aquifer
with zero skin factor and very large
permeability would still have to be at
least 2800 ft. deep and the pump would
need about 9% of the available power.

At lower temperatures the minimum
depth and power required are reduced but
the dependence upon the variables is much
stronger. At 150°C and a flow rate of
500 gpm the minimum depth ranges from
a few hundred feet to a few thousand feet
depending upon the aquifer properites.
Power requirements could be very small
or as much as 15% or more.
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Aquifer storage at high
temperatures requires the use of downhole
pumps with large power requirements.
Therefore it appears that aquifer storage
will not be competitive for heat storage
for subsequent electric power generation.

(4) Cavern Leaching Plan

A preliminary cavern leaching plan
has been developed for constructing
solution cavities in massive salt deposits
based upon existing technology. The three
most important criteria necessary for
leaching a cavern are 1) a thick deposit of
salt, 2)plenty of fresh water, 3)a good
way of dispesing of brine (underground
injection, ocean dumping). Sale of the
recovered brine is also a possibility.

For a cavern with 8 million gallons
storage capacity, 48 million gallons of
fresh water would be required ecreating
55 million gallons of brine. Total leaching
time depends upon the fresh water flow
rate. At 500 gpm the leaching operation
would require approximately three months
depending upon how well the full flow rate
could be maintained. Elevated water
temperature could be used to accelerate
the process.

Control of cavern dimensions and
shape is achieved by control of injection
level through a moveable pipe and a
floating blanket of diesel oil on top of the
fresh water layer.

(5)  Preliminary Well Design

A preliminary well design for cavern
storage has been completed. Thermal
expansion is accomodated with expansion
joints. Steels and cements able to with-
stand the thermal stresses as temperature
is increased after completion are avail-
able. The storage wells can be con-
structed with off the shelf equipment.
Some details of design remain to be
worked out.

(6) Preliminary Study of Equipment for
Storage/Power System Interface

Preliminary studies of a thermal
storage system have been directed toward
a hot oil storage fluid coupled with a solar
power tower heat source. In most cases
the steam conditions from the central




receiver tower were fixed at 130,
500 1bs/hr, 650°F and 1465 PSIA as shown
in McDonnell Douglas Phase I Preliminary

Report. The conceptual design para-
meters for the thermal storage heater
(TSH) have been defined and the TSH heat

exchanger working surface area and .

estimated costs have been calculated for
several operating conditions. A charging
rate of 33.48 Mw thermal with a flow rate

of 2000 gpm at 600°F can be obtained
with two counterflow heat exchangers of

6000 sq. ft. each installed in parallel at a
cost of approximately $125,000.

Study of the conceptual design
parameters for the thermal storage steam
generator (TSSG) has been initiated. To
properly optimize the TSH and TSSG
design parameters, the impact on the
overall power cycle output capacity must
be addressed. ‘

(7)  Cost of Cavern Storage Operating in
ermocline Mode ‘

At this time, hot oil storage in a
gravel filled salt cavern with a nitrogen
gas cap appears to be the best system for
near term utilization. The preliminary
cost of such a system using 2 x10° gal of
oil is estimated at $4.6 million as shown in
Table I. The total heat stored in the

cavern would be about 1.5 x10% kwh
thermal with 28% of this in the oil and

‘the remainder stored in  the sand.

Optimum  storage size, primarily
dependent upon charging and discharging
rates, and periods, has not yet been
determined as the computer simulator for
this storage system is still being
debugged. \ ' ’

, TABLE L. .
Cost of Cavern Storage Operating
‘in Thermocline Mode

~ ' $ Mllllons

Wells (1 hot, 1 cold) 1.4
Cavern Leaching ; -

. Brine Disposal Well 6 : 4

- Heat Transfer Oil (2x10" gal) 2.0
Sand/Gravel Filling S |
Nitrogen Gas Cap .1
Surface Equipment , .3

Total $4.6

SUMMARY OF WORK IN PROGRESS

Currently several efforts are

- underway to finalize the overall design of

a thermal storage system. A computer

~ simulator for studies of thermal and pres-

sure history in the gravel filled cavern
system is being developed in order to
define the design parameters and optimum
operational procedures. The design of
surface equipment for a pilot plant
storage system is continuing. Also the

- major effects of larger scale operation

are being evaluated. An economie study
of the complete storage system is

underway.

In addition to the above design
effort, a computer simulator is being
developed to investigate the stability of
salt caverns at high temperature. This
simulator treats the salt and the cavern
contents as two visco-elastic fluids.
There is an extensive body of literature on
the plastic flow and creep of salt at high
temperatures and the cavern deformation
question has been studied for other
storage operations but none at the temp-
eratures contemplated here. It is hoped

" that maintenance of adequate cavern

pressure and gravel filling will provide a
stable cavern storage system.

TOPICS FOR FUTURE STUDY

In the investigation of high tempera-
ture underground thermal energy storage
it has become evident that several new
technologies should be investigated for
their impact on thermal storage feasi-
bility. The geothermal industry has been

,mfestngatmg non-steam power cycles

using binary fluids and dual cycles in order
to extract energy more efficiently from

- hot geotherma] fluids. These techniques

could also be used to increase the usable
energy contained in. a thermal storage
system. A major problem in the exploita~
tion of geothermal and hot dry rock
resources has been the uncertainty of
reservoir lifetimes. It may be economi-
cally feasible in the future to combine
underground thermal storage (from a solar

"or nuclear source) with geothermal or hot

dry rock systems. This could provide




higher temperature operation in some
cases and might extend the lifetimes of
the reservoirs. Another possible applica-
tion of storage is in combination with a
solar power/district heating cogeneration
system. ,
Direct heat exchange is being
investigated as a means of economic heat
recovery from geothermal fluids. The
main attraction of this approach is the
avoidance of scaling problems in heat
exchangers. Direct heat exchange in the
wellbore has been proposed as a method of
stimulating the production of geothermal
wells. The heat exchange fluid is injected
at the bottom of the well. Upon vaporiza-
tion the less dense vapor carries the
geothermal fluid out of the well. If
adequate flow rates could be obtained,
such a system might prove feasible for
aquifer storage of high temperature
water.
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Project Title:

PROJECT SUMMARY

Active Heat Exchanger System Development for Latent Heat
‘Thermal Energy Storage System

Principal Investigator: Richard T. LeF}ois

Organization:

Project Goals:

Honeywell, Inc. .

Energy Resources Center
2600 Ridgway Parkway
Minneapolis, MN 55413

Develop an active heat exchanger system, utilizing a
phase change thermal storage medium, where operating

characteristics are compatible with a 2500 to 3500C
~ steam power cycle.

Project Status:

This project is divided into five tasks as follows:

(I) Sodium nitrate was selected for the medium and two
heat exchanger concepts, i.e., a medified shell and tube
and a direct contract reflux boiler were recommended and
approved. ‘ '

(11) The TES Modules have been designed to test the
critical elements of the heat exchanger.

(IITI) Detailed designs are complete and bids are in
process for the construction of the heat exchangers.

~ (IV) The test phase will commence early in 1979.

(V) The draft version of topical report was de1ivered,
reviewed, and the final version is in process.

Contract Number: DEN 3-38k

Contract Period
Funding Levei:

Funding Source:

. May 1978 to May 1979

$235,541.00
NASA/LeRC
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ABSTRACT

This paper summarizes the program objectives and progress to date for Active
Heat Exchanger System Development for a Latent Thermal Energy Storage System.
The tasks required under this program include selection of a thermal storage
medium for large steam cycle power generation and the design and testing of

two active heat exchangers utilizing this medium. Sodium nitrate has been
selected from over 200 candidates for the storage medium, and two heat exchanger
concepts have been formulated from among eight considered. Small-scale experi-
mental models have been designed to test the critical elements of the heat

exchanger concepts. Testing will commence in the first quarter of 1979.

DESCRIPTION OF VIEWGRAPHS

The objective of this program is to design a phase change heat exchange system
compatible with a steam power generation system operating in the 250° to 350°¢
temperature range. To accomplish this, properties of a wide range of molten
salts were obtained from the literature and evaluated. Heat exchanger systems
from the chemical process industry were evaluated for applicability and perfor-
mance, together with several new concepts that were generated in house. Experi-
mental data obtained during the program will lead to better quantitative heat
transfer predictions upon which an improved heat exchanger system can be

designed.

Viewgraph 1 lists the tasks and the scheduled completion date for each. The
- first two tasks have been completed and reports submitted to NASA/LeRC de-
tailing this work. A topical report covering Task I has been prepared and is

awaiting final approval.

Viewgraph 2 is a summary table of the most attractive molten salt thermal stor—

age media. Over 200 candidate materials and mixtures melting in the 250° to
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400°C range were screened. Those materials that were chemically active, unstable,
or hazardous, either through liberation of toxic fumes or having an unproven
safety reéord, were rejected. Several of the materials were determined to be pro-
hibitively'expensive'or do n&t exist in sufficient quantities to meet considera-
tion for large-scale thermal storage system applications. Of the phase change

media candidates femaining, system performance estimates were made considering

the effects of latent heat, thermal conductivity and media cost upon the total

system cost. This resulted in the selection of a sodium-nitrate-based medium
as the most promosing candidate.

Viewgraph 3 lists-eight different heat exchanger concepts proposed to deal with
the problems associated with recovéring the latent heat of fusion from molten

salts. The configurations used for making system cost comparisions was a large

-storage system capable of delivering 1000 MW(t) for six hours. System cost

estimates were based upon Honeywell experience in building laboratory equipment,

the Solar Pilot Plant System Research Experiment and the designs for the solar

pilot plant.

Each of the systems was designed to utilize a diffefent technique of removing
the solids from the heat exchange surfaces, either through hydreﬂynamié forces,
shell-and-tube and jet impingement, abrasion or scraping. Aggressive remoVal of
solids from heat transfer surfaces tends to increase the size and complgxity ‘
of the exchangers, reéulting in increased costs. The passive tube intensive
system was also analyzed to provide a bench mark against which the other

systems could be compared.

' Viewgraph 4 illustrates one of two heat exchanger concepts recommended under

Task I for experimental study. The application. of 'a plated coating to a
polished surface shows promise of reducing the salt-to—heat—-exchanger adhesion
to the point where hydrodynamic forces can remove the solids. A small portion

of a shell-and-tube exchanger is being built to evaluate the parameters listed.
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Viewgraph 5 is a schematic diagram of the reflux boiler concept wherein water

is injected directly into the molten salt, which flashes to steam and condenses

on the outside of tubes in a shell-and-tube heat exchanger. This system

segregates the salt solidifcation from the heat exchanger surface and utilizes

the very effective direct contact boiling and condensing heat transfer coefficients.
A laboratory experimental model is being constructed to test these processes. The
model will operate in a batch mode rather than in a continuous flow to avoid the

high pressure, high temperature, low capacity pump requirements for the experiment.
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o

v

VIEWGRAPH 1

PROJECT WORK PLAN

- DESCRIPTION

'STORAGE MEDIA SELECTION

HEAT EXCHANGER CONCEPTS

LABORATORY MODULES DESIGN AND
TEST PLAN

" FABRICATION AND TEST]NG

'DATA ANALYSIS AND RECOMMENDATIONS

" FINAL REPORT

SCHEDULED
COMPLETION

~ 1ST MONTH

2ND MONTH

- 3RD MONTH

6TH MONTH

"THROUGH 10TH

MONTH
10TH MONTH

12TH MONTH
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VIEWGRAPH 2
STORAGE MEDIA SELECTION

MELTING

SALT MAJOR HEAT OF FUSION | SALT COST TES '
COMPONENT |  POINT SYSTEM COST COMMENTS
NO. (99 WT %) ©C) (kJ/kg) ($/kg) ($/kWh (V)
1 LiNo, 254 372 3.51 49 MELTING POINT TOO CLOSE TO
2.51) 39 LIMIT OF RANGE OF INTEREST —
ELIMINATE.
2 NaNo,, 282 212 0.53 26 FITS 8.6 MPa CHARGE/4.1 MPa
\ DIS CHARGE (12507600 PS).
3 Znc, 283 74 - 3.06 170 VERY HIGH SYSTEM COST ~-
ELIMINATE .
4 NaNO, 310 174 0.17 22 FITS 12.4 MPa CHARGE AND 6.9
MPa DIS CHARGE CYCLE (18007
1000 PSD).
5 NaOH 318 158 0.33 26 FITS 16.5 MPa CHARGE/12.4
MPa DISCHARGE CYCLE (2400,
1800 PSD.
6 NaOH 318 158 0.33 19 IF SYSTEM COULD BE DESIGNED
299 158 T0 UTILIZE THE HEAT OF TRANS (-
(HEAT OF TION.
TRANS ITION)
7 KNO, 337 116 0.33 30 FITS 22 MPa CHARGE/DIS CHARGE
, CYCLE (3200 PSD.
8 KOH 360 167 0.55 29 FITS SUPERCRITICAL CYCLE




VIEWGRAPH 3

HEAT EXCHANGER CONCEPTS EVALUATION.

€02

o TEMPERATURE , COSTS ,
~ CONFIGURATION LOSS . EXCHANGER | RATE | CAPACITY | SYSTEM
/ o YR $/kWh | ($/AMW) | ($/kWh) ($/KWh
DIRECT CONTACT - |
IR CT o 4 1.92 46.0 13.4 20.5
'SHELL AND TUBE 18 ‘1.52 | 44.7 13.4 20.9
REFLUX BOILER f | -
JET IMPINGEMENT 18 1.90 47.0 15.4 21.2
REFLUX BOILER - . ‘va n |
(SELF-PRESSURIZING) 13 238 50.2 13.4 21.7
TUMBLING ABRASIVE 18 360 | 57.7 | 13.4 23.0
- SHELL AND TUBE) | |
EXTERNAL SURFACE , ' | ' 4
EXTERNA 18 3.13 54.9 15.5 24.6
INTERNAL SURFACE a e o | e ‘
SCRAPER" : 18 27.50 20.1 13.4 46.9
PASSIVE TUBE s . .
INTENSIVE 18 8.63 94.1 1.5 | 272




VIEWGRAPH 4

LABORATORY EXPERIMENT
SHELL AND TUBE EXCHANGER

3

- r e m e mm - - e v m .. - .- T rorxYx

TEST PARAMETERS
e POLISHED AND PLATED SURFACES

EXCHANGER TUBING

e METAL-TO-SALT COMPATIBILITY ggEFSNH% D
e METAL-TO-SALT TEMPERATURE EFFECT PLATED OR COATED

o FLUID VELOCITY EFFECTS

204




VIENGRAPH 5

| " LABORATORY EXPERIMENT
_ CONTINUOUS FLOW REFLUX BOILER

PLANT STEAM
OUTLET

SHELL AND TUBE

CONDEN/S’ER /—\( N

FEED- >
WATER -

$ ¢ ¢ o ¢ o € ¢ ¢ e ¢ & o o e o]

WATER

INJECTION T
MANIFOLD J
DRIVE
— MOTOR
SALT SLURRY

RETURN

l W wmoLTENSALT
T SUPPLY
TEST PARAMETERS

o DIRECT CONTACT HEAT TRANSFER
o SALT CARRY OVER ’

~ o SOLUBILITY OF WATER IN MOLTEN SALT ;
o FLUID FLOW PROPERTIES OF SALT SLURRY
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| o 'PROJECT SUMMARY

Project/TitJe: Active Heat Exchanger System Development fof Latent Heaf
| : \ Thermal Energy Storage System /

Principal Invéstigator: R. Haslett, J. Alario, G. Yenetchi
Organization: Grumman Aerospace Corporation
‘ ' Bethpage, NY 11714

Telephone: (516) 575-3924/2433

Project Goals: Désign, build and test two active heat exchanger concepts

o which are best suited for latent heat thermal energy

storage systems for the utility industry.

Project Status: This project is comprised of five tasks as follows:

(1) Select suitable TES media and make one primary
recommendation. Identify candidate HX concepts,
evaluate their performance and recommend two for lab
testing. A '

(2) Prepare'detailed designs and test plans for two HX
concepts. ,

’ ‘ : (3) Fabricate the test hardware and perform laboratory
' ‘ ‘ tests. g , 2 :

(4) Ana]yzéfthe test data and make recommendations for
implementation. , 4 :

,(5) ’Iésde scheduled monthly reports, a topical and a
“final report. S '

’V Stétus is as follows:

(1) The primary TES media has been selected (chloride
salt eutectic, mp = 7259F) ‘ R ' :
- (2) Heat exchanger design concepts have been identified
and evaluated; three are candidates for detailed design
. / but two will be selected pending results of element
| S ~ adhesion tests. .

(3) Element adhesion test apparatus is being assemble
and tests will begin soon. '

(4) The Tiquid metal carrier direct contact HX concept
| : is entering detailed design. ‘ ‘

‘ | Contract Number: DEN 3-39 ;
Contract Period: June 13, 1978 to September 13, 1979
Funding Level: $225,000.00

‘ Funding Source:  NASA/LeRC
‘ ; / 207
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ACTIVE HEAT EXCHANGER SYSTEM DEVELOPMENT FOR
LATENT HEAT THERMAL ENERGY STORAGE SYSTEM

Introduction

Thermal energy storage is a promising method for extending the steam genera-
ting capabilities of both conventional fossil fuel power plants and advanced solar
thermal energy conversion systems. The concept is to store excess thermal energy
available from the steam boiler (or concentrating solar collector) during off-peak
demand periods and then use this stored energy to increase steam capacity during peak
load periods. In the case of a solar application this stored energy could
be substituted for the primery energy source during non-sunlight periods.

There aré two primary means of thermael energy storage which do not involve
chemical reactions. It can either be stored in sensible form by a temperature rise
in a suitable medium (e.g., water, oil, rock, etc.) or in the latent heat of phase
transformation from solid to liquid. The latent heat approach is attractive since
the heat absorbed per pound of storage material is much greater, which can result
in a more compact system. However, to obtain melting points and high heats of
fusion suitable for potential power plant applications, molten salts and salt eutectics
are the likely storage media and these can be troublesome.

A preceeding study for NASA-Lewis showed that a latent thermal energy storage
system which utilized a conventional tube and shell heat exchanger for salt contain-
ment was both technically and economically feasible. The study highlighted the fact
that suitable latent heat media are inexpensive and that the major portion of the
cost is the passive heat exchanger system, whose size (and cost) is directly influ-
enced by the required heat transfer area. In a passive design, this heat transfer
area in turn is adversely affected by the high thermal resistence of the solid PCM
media. ILarge areas are needed to effect efficient heat exchange.

Recognizing this shortcoming, significant performance and cost benefits should
be realized if active heat exchanger concepts can be developed which prevent the
buildup of a solid layer of salt on the heat transfer surfaces. The overall objective
of this program is to design and demonstrate two active heat exchanger concepts which
are best suited for latent heat thermal energy storage systems for the utility in-
dustry. Test modules will be designed for a storage capacity of 10 Kw; - hr and a
heat transfer rate of 10 Kw.

TES Media Selection

Fossil fueled electric utility plants can use low temperature stored energy
for feedwater heating as discussed in our previous study. Solar plants will require
stored energy to boil and superheat the steam used to generate electricity during
evening hours. To achieve acceptable plant efficiency requires high pressure steam
(2&00—3600°psi) which means boiling temperatures above 343°C (650°F) with superheating
up to 1050°F. ] . :

To cover these utility requirements phase charge materials (i.e., salts) with
melting points from about 550°F to 1200°F were considered. Teble 1 lists the salt
medie which were judged reasonable candidates since they also possessed other important
qualities such as: availability in quantity, low cost, good corrosion characteristics
and few handling problems. ‘
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‘ The PCM recommended as the primary one for this study is 14.5 KC1-22.3NaCl
63.2 MgClo which melts at 385°C (725°F). This salt was chosen since its behavior

‘ - should be representative of chloride systems which are expected to be important
o in moderate to high temperatdre TES applications. Unususally detailed containment
| " information is available indicating low corrosion and specifying purification tech-
- “pniques. The thermal properties of the salt are very good, much better than for
‘ hydroxides or nitrates, and it is neither toxic, caustic, or oxidizing: The re-
quired constituent salts are inexpensive and readily availeble in large quantities.
| Some possible drawbacks are that this salt does have relatively large volume change
on fusion and that MgCly, tends to form a hydrate MgClo « 6H0 if the anhydrous salt
is exposed to moist air. However, it is not felt that these are serious from a
point of view of overall system operation. Proper container design can accommodate
the density change and demonstrated purification techniques can remove all signi-
ficant traces of water. ’ ‘ :

The other salts which are recommended as alternatives for this test program
are KOH and NaNO3. Although they melt at distinctly lower temperatures (680°F
for KOH and 585°F for NaNO3), these salts could be used in combination with & ‘
chloride eutectic to extené the temperature range of interest to feedwater heating
or they could service lower temperature boilers. Hydroxides and nitrates are
already in use as heat transfer and storege media. While neither of these salts
has thermal properties that compare with chloride salts, both do have certain ad-
vantages which recommend them to continued study, particularly for the temperature
range of interest. Specifically the ability of NaNo3 to passivate steels could be

important in active designs where slight atmospheric contamination of the salt is
possible. \ ‘ ‘

No problems regarding long-term stability or kinetics of transformation are
expected with any of these selts. Vapor pressures for all the salts are low at
the temperatures of interest, which simplifies contalnment vessel construction.
Supercooling does occur with some chloride salts (particularly ZnCls), however,
it is not expected to occur with the;specific eutectic chosen.

Active Heat Exchanger Concepts

The types of active heat exchangers considered could be grouped under three
generic categories: (1) wmechanical scrappers, (2) vibrators and (3) slurries.
The screper concepts consisted of transleting blades, internal tube rotating blades,
~ external tube rotating blades and rotating drum with a fixed scraper blade. Vibrator
concepts‘dealt with either mechanical or ultrasonic vibration of the heat transfer
| ‘ surfaces or the heat transfer fluids. The, slurry design consisted of a direct con-
B ~ tact heat exchange between & liquid metal carrier fluid and the molten salt storage
media. ‘ , : :

Of the concepts considered,‘the‘following three‘offered the most advantages
' over a completely passive design alternatlve, including lower cost per Kwhr of
; . storage. ‘ ‘ \

o Direct contact heat exchanger .
o Nitrogen bubble tubulator
‘o Rotating drum scraper
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A final choice between the last two concepts will be made after coupon adhesion
tests are run between several tube materials and the chloride salt eutectic. The
high operating temperatures preclude the use of available non-stick coatings,
which have service temperatures below 500°F, and the bubble turbulator relies on
low adhesion forces to be effective.

Direct Contract Heat Exchanger

— A preliminary design of the test module for a liquid metal/molten salt direct

- contact heat exchanger has been completed and the detailed design is proceeding.

The concept for the demonstration test module is shown in Figure 1. Heat is stored
in the chloride salt eutectic by electric heaters in the bottom of the tank, which
are used to simulate a fluid heat source. Natural convection facilitates melting.
During the usage cycle heat is removed from the salt by direct contact heat transfer
with a liquid metal carrier fluid (Pb Bi eutectic) within the heat exchange reservoir.
The molten salt is pumped into the bottom of the liquid metal reservoir where because
of its lower density (102 1b/rt3 vs 624 1b /rt3) it rises through the metal giving

up 1ts heat. At the same time the heated liquid metal is pumped from the heat ex-
changer reservoir to an external heat exchanger. Here the metal is cooled by a
flowing water heat sink and then returned to the reservoir. As the solid salt
agglomeration rises in the contact heat exchanger reservoir, it is directed over

the edges and falls back into the salt mass at the bottom. A separate holding tank
for the molten salt could be provided to permit sensible heat extraction from the
solid salt if desired.

The demonstration module requires 270 lbs. of the chloride salt eutectic at
a flow rate of .34 GPM. The specified carrier fluid is Lh.5% Pb 55.5% Bi eutectic
(mp = 257°F) with a flow rate of 3.9 GPM. The quantity of liquid metal is determined
by the height of the reservoir required to insure solidification of the salt (1.5 ft)
and the associated plumbing. It would not significantly be impacted by the increased
thermal energy storage capacity needed for larger systems since only the mass flow
rate is important. About 340 lbs. of metal are required for the demo module. As
with all of the molten salt heat exchanger concepts, a dry nitrogen geas blanket is
provided to minimize atmospheric contamination.

Gas Bubble Turbulated Heat Exchanger

This concept, shown in Figure 2, relies upon relatively week adhesion between
the solidifying salt and the heat exchanger tubes. At temperatures below about 500°F
standard non-stick coatings such as Teflon can be used. The higher temperatures of
this application, however, (725°F) require highly polished metal surfaces (nickel or
rossibly stainless steel tubes) and a clean, dry environment. The tubes at the top
of the unit are always submerged in a molten salt slurry and contain the fluid to
be heated. As the salt solidifies, the turbulating action of the nitrogen gas
bubbles; help to break up and dislodge the solid pieces. The solids fall to the
bottom of the tank where they can then be remelted during the chayging cycle.
Electrical heaters are again used to simulate the fluid heat source and flowing
water is the heat sink for this demonstration unit.

The detailed design effort is being delayed pending the results of element
tests which are being run to determine adhesion characteristics of certain tube
materials with the specified chloride salt eutectic. Based on published results
with floride salts, highly polished nickel is the primary choice. Various stainless
steels will also be evaluated. The backup to this concept is the rotating drum
scraper described below. S '
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Rotating Drum Scraper

The rotating drum scraper concept is shown in‘Figure 3. The fluid to be
heated passes through the order annulus while the molten salt is sprayed onto the
surface of the rotating drum where it solidifies. Salt which still adheres to the

~ drum after 180° of rotation is removed when it contacts a fixed scraper blade.

Thus, & clean heat transfer surface 1s continually available for the salt spray.
The solidification rate depends strongly upon the overall heat transfer coefficients

" ingide the drum and the angular rotation. High values of each are desired. In

this case, adhesion of the salt to the drum surface will maximize the total heat
extraction from the salt by also permitting sensible heat removal. ‘

A major mechanical design consideration igs the requirement of two leak tight
geals for each rotating drum. To avoid contamination of the salt, these seals
would be of the gas pressurized type. The gas would be the same ag that used for
the inert gas blanket above the salt and any leakage would be out of the system.
Standard rotating fluid couplings could then be used in the heat sink fluid system
away from the salt container. . o : ‘

The major advéntage’of\the rotating drum séraPEr compared with other scrapers
is the capability of discharging subcooled solid rather than partially solidified

.slurry, hence increasing the specific heat storage capacity of the salt.

Future Effort

The following tasks are scheduled over the next ten months:
o Finalize all detailed designs
o 'Fabricate and assemble all hardware for the two test modules

o Evaluate performance

o Report results
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HEAT OF THERMAL CONDUCTIVITY
COMPOSITION | FUSION, AH,_ SPECIFIC HEAT 103 X CAL/SEC °C CM DENSITY HEAT
| SALT ELEMENT | MELT POINT WEIGHTX | CAL/GM CAL/GM™C {BTU/HR FT °F) GM/CC (LB/FT3) STORAGE
A<B-C °CF) A B8 cCc | (BTULB) SOLID (Cp,) LIQUID (Cyy) | SOLID (k)  LIQUID (k) |SOLID (05) LIQUID (5 | KkW.HR/FT3
{ NaNo, 07(@686) [100 - _ | a35081) | .45 44 1.35 145 | 226 1.90 3.23
. | (33 (.35) (141) (19) -
NaOH 318(606) 1100 - _ | 76 (136) 48 50 2.20 2.20 2.83 1.76 7.05
(53) (53) (180) (108)
- [KeKNO, " 320 (608) 45 9585 26.21 (47) .28 29 1.15 1.15 211 1.85 1.82
‘ (.278) (.278) (132) (116)
KOH 360 (680) 100 - - 32.1 (67.6) .32 .36 2.20 2.20 2.04 173 2,14
' : (53) (.53) (127 (108)
KCINaCleMgCl, | 385(725) | 145 223 32| TO.L(126)| 5 248 36-38  19-24 | 225 1.63 8.08
‘ (87-92)  (47-59) | (140) (102)
NaCl-BaCl,-MgCl,| 418 (784) 284 318 398| 81.6(146) 19 21 3.6-38 1.9-2.4 2.76 212 7.36
‘ (87-92)  (47-59) | (172) (132)
NaCl-MgCl, 450 (842) 60 40 - 111 (199) .22 .24 3.6-38 2.27 2.23 1.61 8.1
' (87-92)  (55) (139.1) (100 :
CaCl,°KCloNaC! 465 (869) 645 65 29 | 77.6(139) 21 23 36-38 1.9-2.4 2.15 1.85 5.46
(87-92)  (47-59) | (134) (115)
NaCl-CaCl,, 500 928) |33 67 - — 67 (121) 20 24 3.6-38 2.44 216 1.89 475
‘ (87-92) (59 (134) (118)
KCisNaCl-CaCl, 504(939) | 5 29 66 | 6701200 | .26 24 3.6-38 2.39 2.15 1.90 4.7
, , 1. ' (87-92)  (s8) | (134) (119) _
kei-cact, - | 600 2 | 688 B2 - | 77030 | 40 21 3638 19-24 2.10 169 4,32
' 1 v (87-92)  (47-59) (131) (106) -
KCI - CaCl, | 640 (1184) | 29.2 708 - 68.3 (123) 19 21 36-38 19-24 213 1.90 4,25
‘ (87-92)  (47-59) (132) (118)
IKC! - NaCt 658 (1216) 56.1 439 98.9 (177) .23 24 | 3.6-3.8 1.9-2.4 2.06 153 4,93
bl N k - _87-92)  (47-59) (129) (95) 23
TABLE 1

Candidate PCM Salts With Property Data
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" Project Title: Development of a Phase-Change Thermal Storage System

| TechnicaT Director: R. E. Rice

Funding Source:  NASA/LeRC

PROJECT SUMMARY
Using Modified Anhydrous Sodium.Hydroxide for Solar
Electric Power Generation ,

Principal Investigator: B. M. Cohen

Organization: Comstock & Wescott, Inc.
- 765 Concord Avenue
Cambridge, MA 02138
Telephone: (617) 547-2580
Project Goals: Study analytically and experimentally the performance
~of a phase-change TES unit operating in the
mid-temperature range, develop a preliminary design, and
estimate the manufacturing cost. \
Project Status: The project comprised the fo110wfng phases:

(1) Measurement of physical properties of‘the TES
medijum. «

(2) Development of a reference design using a
previously developed computer model.

(3) Design, construction, and testing of a 1/10 scale
model TES system.

(4) Development of a preliminary design of a TES unit
and manufacturing cost estimate.

Status‘is as follows:

The work of the project has been completed and the final
report submitted in draft form.

Contract Number: NAS3-20615:
Contract Period: March, 1977 to January, 1979
Funding Level:  $124,395.00
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INTRODUCTION

In the generation of electric power from solar heat by means of a heat
engine, storage of heat is necessary in order to make the power genera-
tion system independent of the solar insolation. The heat storage ele-
ment of such a system is one of the more costly elements, and the cost
goals for thermal storage have not yet been achieved.

One approach to thermal storage for solar-electric systems which offers

a possibility for reducing the cost of storage is the use of thermal
storage media which undergo phase changes between so0lid and liquid states
or between two solid states within the operating temperature range,
making the latent heats of the phase changes as well as sensible heat
available for heat storage and retrieval.

This project has comprised an analytical and experimental study of the
physical and operating characteristics of a phase change thermal stor-
age system suitable for use in a solar total energy system whose solar
collectors operate in the mid-temperature range, and estimation of its
manufacturing cost.

HEAT STORING MEDIUM

The heat storing medium used in this work is tradenamed Thermkeep* and
has the following composition:

Anhydrous NaOH (commercial grade) 91.8% by wt.
Sodium nitrate 8.0%
Manganese dioxide 0.2%

The commercial grade of NaOH commonly contains 1-2% of sodium chloride,
1/2-1% of sodium carbonate, and smaller amounts of other salts and
hydroxides.

Salt baths of similar composition have been used industrially for many
years at temperatures of 750 K and higher for metal cleaning and descaling.
These baths are contained in large steel tanks. When the advantages of
anhydrous NaOH as a phase change heat storage medium were recognized, this
composition was used because of this existing industrial experience with
the containment and stability of the material.

As a heat storing medium, Thermkeep has been under development for several
years. Two commercial applications have been developed to the point of
limited preliminary field testing. The first of these is an electrically
heated off-peak storage device for domestic space heating designed espe-
cially for use with heat pumps. The second is a thermal storage water
heater for commercial use which also uses off-peak power. Both these de-
vices operate at a maximum temperature of approximately 725 K.

* Registered trademark of Comstock & Wescott, Inc.
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As a heat storing medium, Thermkeep has the advantages of

... high heat storing capacity with latent heats of fusion
and a solid state phase change in the temperature
range 566 K to 507 K,

... chemical stability and insignificant vapor pressure
at temperatures up to 750 K,

... stability in contact with air allowing the venting
of containment vessels to the atmosphere,

... compatibility with steel for containment and heat
exchangers up to 750 K,

... low cost and ready availability; and
... large scale industrial experience as a metal cleaning
,salt.

THERMAL STORAGE UNIT

The thermal energy storage (TES) unit used in this project consists of
a cylindrical steel vessel containing the Thermkeep, surrounded by
thermal insulation.

Heat is charged into storage, and withdrawﬁ from storage, by means of a
single heat exchanger immersed in the Thermkeep. The heat transfer
fluid is Therminol-66 (T-66), a petroleum based liguid which does not

“undergo a phase change. During charging, the T-66 enters the heat ex-

changer at the top and exits at the bottom. During discharging, the
direction of flow is reversed.

The heat exchanger consists of a number of coiled steel tubes which are
manifolded together at the top and bottom inside the vessel, forming
parallel flow paths for’ the T-66. Figure 1 shows the heat exchanger,
containing 25 coils, used in the experimental scale model TES unit de-
scribed below. :

The Thermkeep undergoes an increase in volume as it melts and to accommo-

‘date this, a clearance space must be allowed at the top of the vessel.

This space is open to the atmosphere through a "breather" tube which
allows air to enter and leave during cycling, and which insures that

the vessel operates unpressurized.
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SCOPE OF WORK

As a result of a prior contract from the Sandia Laboratories at Liver-
more, a computer model was available which describes the dynamic be-
haviour and calculates the manufacturing cost of a TES unit of the type
described above. As the initial step, this computer model was modified
and simplified to make it more suitable and economical to use in this
project.

The work included the following tasks:

1. Experimental determination of the effect of accidental
contact between Therminol-66 and Thermkeep at tempera-
tures up to 613 K. '

2. Determination of physical properties of Thermkeep:
thermal conductivity, density and specific heat of
the solid and liquid phases; heat of transition
between phases; viscosity of the liguid phase.

3. The development of a reference design, using the com-
puter model, of a TES unit having the following oper-
ating characteristics:

.. Storage capacity of 3.1 x 10% kJ between
516 K and 584 X

.. Maximum charge rate 1.8 x 106 kJ/hr with
T-66 inlet temperature 584 * 2 K

.. Maximum extraction rate 1.0 x 10° kJ/hr
with T-66 inlet temperature 516 + 11 K
and outlet temperature 582 + 2 K.

4. The design and construction of a subscale TES system, of
one-tenth the scale of the reference design. The sub-
scale system includes a test bed to permit testing under
operating conditions consistent with the operating char-
acteristics.

- 5. The operation of the subscale TES system under a range of
conditions and the collection of experimental data.

6. Correlation of the experimental data with results predicted

by the computer model, and revision until satisfactory agree-
ment was attained.

7. A preliminary design of a full-scale TES unit and estimation
of its manufacturing cost.
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PROJECT DESCRIPTION

| , The computer model referred to above is formulated around the TES design

| concept described above and predicts the response of the TES unit to any
specified charging and discharging conditions including those of a speci-

| fied solar daily cycle. In addition, it computes the manufacturing cost
of the unit. '

Figure 2 describes the specified solar daily cycle. Heat from the solar
collectors is delivered to the TES unit by way of the heat transfer fluid
T-66 at a temperature of 584 t+ 2 K, and at a varying flow rate. Heat
delivery starts at T4, increasing to a maximum of 500 kW at noon, and
‘decreasing to zero at Tl. The thermal demand of the power generator
starts at T3 and remains constant at 250 kW until T2. No power is gen-
erated from T2 to T3. Heat is withdrawn from storage. from T3 to T5, and
from T6 to T2. Heat is charged into storage from T5 to T6 at a maximum
rate of 250 kW.

Reference Design

The computer model was used to produce a Reference Design of the TES
unit which would meet the operating specifications, and which was opti-
mized on the basis of manufacturing cost and a Figure of Merit which
is defined as ‘ : .

, %
o +9 * 0,

s

where Oo is the daily heat output from storage, Q is the daily heat loss

‘to the ambient, and QA is the daily auxiliary heat which is added to the

output flow of T-66 during discharge to maintain its temperature within
the required range of 582 * 2 K. Qp is arbitrarily limited to 10% of Q.

One-Tenth Scale Model

The Reference Design was used as the basis for the design of a 1/10 Scale
Model TES unit which was built and tested. The scaling procedure adopted

‘ left the height of the unit unchanged, and decreased the cross section to

: one-tenth. This procedure leaves each heat exchanger coil and the associ-

w ated Thermkeep unchanged, while reducing the number of coils by the scaling

, factor. The Scale Model thus has a substantially greater surface to volume

’ ratio than the full size unit, and it was impractical to cdntrol’insulation
heat loss by means of insulation alone. The Scale Model was therefore
equipped with an electrically heated shroud which permitted the thermal
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gradient within the insulation to be controlled, and thus reduce heat
losses according to the scaling factor.

The Scale Model was instrumented with temperature sensors, and provided
with accessory equipment to produce the required flows of T-66 at the
required temperatures, and to follow automatically the requirements of
the solar daily cycle.

‘Experimental Program

The test program consisted of four types of tests:

1. Charging and discharging at several different T~66
flow rates.

2. Stand-by tests to determine axial heat flows through
the Thermkeep, heat exchanger, and vessel walls.

3. Cycle tests consisting of alternate charging and dis-
charging at constant T-66 flow rates.

4. Cycle tests in which the charging and discharging
corresponded to the solar daily cycle shown in Fig-
ure 2, with rates reduced by the model scaling factor.

In all cases, the experimentally determined data were correlated with
results predicted by the computer model for the purpose of establishing
the reliability of the computer model as a design tool. Altogether 65
experimental runs were thus correlated. ”

Figures 3 and 4 show the results of one typical correlation. The test
consisted of three consecutive cycles. Each cycle consisted of a dis-
charge phase followed by a charge phase. During the discharge phase T-66
at approximately 516 K and at a flow rate of 0.1 kg/sec (2 gallons/min)
entered the bottom of the unit; these conditions were maintained for four
hours. Then, for one hour (during which preparations were made for the
next phase), there was no flow. During the charge phase T-66 at approxi-
mately 584 K, and at a flow rate of 0.1 kg/sec entered the top of the unit;
these conditions were maintained for four hours, followed by one hour of
no flow. Following this the next cycle was started.

Figure 3 shows the temperature of the T-66 at the outlet vs. time, during
the discharge phase and the charge phase of the third of the three consecu-
tive cycles, as measured, and as predicted by the computer model. Figure 4
shows the internal temperature distribution of the TES unit (Thermkeep
temperature) from top to bottom at the end of the third cycle, as measured
and as predicted.

The agreement between the measured and computed results are considered to

be satisfactory, and the computer model is believed to be a reliable tool
for the analysis, design, and fabrication cost prediction of phase change
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TES units of the physical type described herein. The model can also be
used to represent other non-phase change heat transfer media, and other
phase change storage media for which the necessary thermal and physical
properties are known.

The small deviations between measured and computed results are believed

to result first, from a few secondary physical effects which are not fully
taken inte account in the computer model, and second, from some degree of

inaccuracy in the temperature-enthalpy data for Thermkeep, which were used
in the computer model. i ,

Preliminary Design

The final step in. the project was the use of the computer model to optiﬁize
a preliminary design of a full scale TES unit which meets the performance
specifications when operating on the solar daily cycle, and which utilizes
auxiliary heating of the T-66, in order to maintain its temperature within
the specified range of 582 * 2 K, during the discharge phases. The auxil-
iary heat is limited to 10% of the daily output from storage.

The principal variables affecting performance and cost of the TES unit are
the quantlty of Thermkeep and the surface area of the heat exchanger. - The
design was optimized to provide what was believed to be the best balance
between the figure of merit and the manufacturing cost of the unit.

The estimate of manufacturing cost is based on a materials cost and a fab-
rication cost for each component. Materials costs are based on 1977 prices.
Fabrication costs are based upon the actual fabrication costs of two Therm-
bank Electric Water Heaters which are similar in basic design, although
smaller than the TES unit. Therefore, the computed fabrication cost is
representative of production in very small numbers of units.

The principal features of the Preliminary Design are given below:

Vessel (steel) height and diameter 2.35 m
Heat exchanger (steel)

Tube diameter .635 cm

Tube length ) 27.7 m

Number of tubes 280
Insulation thickness .609 m
Overall height and diameter 3.o6m
Weight of Thermkeep 18000 kg
Total weight 27300 kg 6
Daily output (solar cycle) 3.01 x 10" kJ
Insulation loss 3.25%
Auxiliary heating, QO 10.2%
Figure of merit .882
Manufacturing cost $33,700
Specific cost $11.2/MJ
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PROJECT SUMMARY

Project Title: Mathematical Modeling of Thermal Energy Storage in Aqﬁifers'
Principal Investigator: Chin Fu Tsang

Organization: Lawrence Berkeley Laboratory
/ 1 Cyclotron Road
Berkeley, California 94720
Telephone: (415) 843-2740

Project Objectives: To use numerical models and other methods to: (1) study
and understand the hydrodynamic and thermal behavior of ‘an aquifer under
a variety of possible situations when used for hot or chilled water storage;
(2) estimate the efficiency of storage and retrieval; and (3) model field
experiments. ' ‘ '

Project Status: -

1. A numerical model has been developed to examine a variety of situ-
ations associated with thermal energy storage. Therfollowingvcases

have been studied:

(a) annual cycle - seasonal storage
(b) semi-annual cycle /
(c) a well partially penetrating the aquifer
(d) storage df water of differént temperatures
(e) the effect of a clay lens in the aquifer
(£f) inhomogeneity of the aquifer
(g)  chilled water storage
. (h) a two well system
(i) the possibility of consolidation’or uplift
(3) ' natural regional flow
2. LBL organized and was the site of the Workshop on Thermal Energy
Storage in Aquifers held May 10-12, 1978. '

3. LBL assumed the responsibility of compiling and publishing a bi-
monthly Aquifer Thermal Energy Storadge Newsletter.

4. Work was initiated to model a field experiment. Well test analysis
was begun on data collected from Auburn University field experiments
to verify aquifer parameters and geometry.

Contract-Number: W7405-Eng 26

Contract Period: Continuing

Funding Level: $110,000.00

Funding Source: Department of Energy, Division of Energy Storage Systems.
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MATHEMATICAL MODELING OF THERMAL ENERGY STORAGE IN AQUIFERS
Lawrence Berkeley Laboratory

Introduction:

The development of practical and low-cost methods for storing large
volumes of thermal energy is of fundamental importance for the utilization
of solar energy as well as the implementation of total energy systems. The
concept of hot water storage wells was suggested by Rabbimov, Umarov and
Zakhidov (1971), Meyer and Todd (1973), and others. The basic concept is
to store the large volumes of hot water that have been produced in conjunction
with electric power plants, solar energy collectors and other heat generating
systems and use it in periods of heat demand. This would not only recover
normally wasted energy, but would also greatly reduce thermal pollution
around power systems. In addition, success of this type of energy storage
would facilitate the implementation of large-scale total energy systems
in which utilities would produce and market both electricity and useful
heat.

The objective of the present study is to use numerical models and
other methods to: (1) study and understand the hydrodynamic and thermal
behavior of an aquifer under a variety of possible situations when used
for hot or chilled water storage; (2) estimate the efficiency of storage
and retrieval; and (3) model field experiments.

Description of Work and Technical Accomplishments:

The current project makes use of a numerical model developed at the
Lawrence Berkeley Laboratory to investigate hot and chilled water storage.
The model, called "CCC" for Conduction, Convection and Compaction, is
based on the Integrated Finite Difference Method. It computes heat and
mass flow in three-dimensional, water saturated, porous systems while
concurrently simulating the vertical deformation of the system using
the one-dimensional consolidation theory of Terzaghi. Thus, the
following physical effects are included in the calculations: a) effects
of temperature on fluid heat capacity, viscosity and density; b) heat
convection and conduction in the aquifer; c¢) effects of regional ground-
water flow; d) spatial variations in aquifer properties; and e) gravita-
tional effects. The numerical model has been validated for examples for
which analytical or semi-analytical solutions are available (e.g., Theis,
1935; Avdonin, 1964; Gringarten and Sauty, 1975).

The following cases have been studied:

1. Annual Cycle - Seasonal Storage

In this case, hot water is stored in the aquifer for ninety
days in summer and is produced from the aquifer for ninety days
in winter for heating. There is no injection or production
during spring or fall. For successive cycles, the recovery
temperature increases as the aquifer 1s heated up making it
a more efficient hot water storage system. The percentage
of energy recovered was greater than 80 percent after only a
few injection-production cycles.
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2. Different Cycle Periods

In addition to annual cycle storage, we also looked at the
semi-annual cycle, that is: storage in fall, production in
winter for space heating; and storage in spring, production
in summer for air conditioning. Very similar results were
obtained. The percentage of energy recovered for successive
cycles is shown in Figure 1. > \

3. Well Partially»Penetrgting the Aquifer

Calculations were also performed assuming the well to be
open only for the upper half of the aquifer. Although the
buoyancy effect of low density hot water was clearly demonstra-
ted, the percentage of energy recovered for successive cycles
was only slightly affected.

4., Storage of Water of Different Temperatures -

We have looked at storage of water at 120°C, 220°C and 320°C.
We found that as far as the hydrodynamic and thermal behavior
of the aquifer is concerned, the results appear to scale as
(Ts-To), where Tg is the temperature of water stored and Tg
is the original aquifer temperature. ‘ ‘

5. Effect of a Clay Lens in the Aquifer

In this case the aquifer is divided into two parts by a clay
lens with a radius of twenty meters. If the well is open only
below the lens, the result of hot water injection and production
is as shown in Figure 2 which displays the temperature contours
after ninety days of injection and ninety days of subsequent
production. The effect of the clay lens on these temperature
contours is clearly demonstrated. However, it is found that
the pe;centage of energy recovered is not much affected (Figure 1).

6. Inhomogeneity of the Aquifer

If the aquifer is composed of two layers, one more permeable
than the other, then the flow and the temperature contours will be
changed. An example in which one region is twice as permeable as
the other is shown in Figure 3. The water tends to flow into the
higher permeable region as would be expected. However, it is
again found that the percentage of annual recovery is not much
affected (Figure 1). :

7. Chilled Water Storage

In addition to the study of hot water storage, we have studied
the concept of storage of winter chilled water to be used in summer
for air conditioning. If we assume storage of 4°C water for ninety
days in winter, and production for ninety days in summer, then the
production temperature after a few cycles is expected to be below
10°C for the entire production period. '
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8. Two Well System

In this case we study a system of two wells, where one well
supplies the water that is heated and injected into the other
well. In studies described above, the thermal front moves
radially from the single well. However, in this case, because
of the presence of the second well, the-thermal front will be
distorted. In Figure 4, the thermal fronts are shown as a
function of the separation between the storage well and the
supplying well. As indicated, if the two wells are at a
reasonable distance apart, single well results are applicable.
To study this case in more detail, we have performed a three-
dimensional numerical modeling of the two well system. A fine
mesh is used near the storage well to ensure an adequate
description of the temperature changes in that region.

Results of the calculations are shown in Figure 5. Here, the
effect of the supplying well and the gravitational buoyancy
effect are clearly indicated.

9. Possibility of Consolidation or Uplift

To demonstrate the capability of the model to calculate the
consolidation or uplift effect, we have performed calculations
based on two sets of arbitrarily chosen parameters. Results
indicate that consolidation and uplift are strongly parameter
dependent (i.e., site-specific). '

10. Natural Regional Flow

The effect of natural regional flow has been studied using
both a two-dimensional, steady-state, fluid flow model, and a
three-dimensional model. Results indicate that a natural flow
rate on the order of one meter per year will not adversely affect
storage capabilities. Appreciable effects are found if the flow
is unusually large (7100 m/yr).

In addition to the above studies of various effects and possible
situations that might occur in the field, we have also performed the
following work during Fiscal Year 1979:

(a) Workshop on Thermal Energy Storage in Aquifers

LBL organized and was the site of the Workshop on Thermal
Energy Storage in Aquifers held May 10-12, 1978. The purpose
of the Workshop was to provide an exchange of ideas and technical
information. More specifically, the Workshop reviewed the poten-
tial of thermal energy storage in aquifers; addressed possible
technical, environmental and institutional problems; and examined
storage pyojects currently underway. There were seventy-six parti-
cipants including six foreign speakers who discussed aquifer
storage projects in their countries. Proceedings from the
Workshop are being printed.
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(b) Aquifer Thermal Energy Storage Newsletter

At the request of DOE, Oak Ridge National Laboratory, and foreign
participants at the Aquifer Workshop, LBL has accepted the responsi-
bility of publishing a bi-monthly Aquifer Thermal Energy Storage
Newsletter. The purpose of the newsletter is to keep workers in
this field informed of major results and the current status of
aquifer storage projects throughout the world. The first issue,
compiled during August and September, consists of brief descrip-
tions of storage projects discussed at the Aquifer Workshop.

(¢) Simulation of Auburn University Field Experiments

Data is being collected from field experiments being conducted
at Auburn University. Older data have been stored on the LBL computer
and well test analysis of the field data has been initiated to verify
aquifer parameters and geometry. By using a variable-flow well-test
analysis method we hope to determine the properties of the aquifer
and its nearby barriers. Once aquifer parameters have been determined,
a computer simulation will be made of the aquifer when used for hot
water storage. ‘

Description of Planned Work:

1. A simulation study will be made of the Auburn University field
experiments to understand the hydrodynamics and heat flow processes in
these experiments and to calibrate and validate our numerical model.
Results and the experiences of this study will be useful to other
planned demonstration projects.

2. LBL will continué to be responsible for publication of the Aquifer

- Thermal Energy Storage Newsletter. Articles will be solicited from researchers

throughout the world. The first issue was distributed to 116 persons including
33 foreign recipients in ten different countries.

3. Depending on the time available under the present level of
funding, modeling of typical situations in thermal energy storage will
be made. These modeling studies will include a calculation of daily
cycle storage. A program will be written to include the effect of heat
loss along the well bore as water is injected into or produced from the
aquifer. 1If the percentage of heat recovery is high, this case will have

‘particular application for solar power systems.
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between temperature of liquid heat transfer fluid and
3859C melting point of salt (storage temperature).
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compatible with mild steel container material.

M-terphenyl was found suitable as the heat transfer

fluid for the proof of concept demonstration. A life
test of 18 melt-freeze cycles was completed.
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Plans for the 2 MWh storage tank are well-advanced.
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1. INTRODUCTION

Massive energy storage involves utilization of major
tonnages of storage material. In (1) Nemecek et al. describe
an energy-storage boiler tank in which heat is effectively
transferred to and from large quantities of fusible salt by
condensation and evaporation of heat transfer fluid. Temper-
ature drops within the salt are minimized by making available
large areas for heat conduction by encapsulating the salt in
containers with a large aggregate surface area. In (2)

Chubb et al. describe the coupling of the energy storage
medium to a steam generator which functions as a condensation
boiler. In this paper we describe laboratory studies carried
out in support of plans to construct a 7.2 GJ (2 MWh) storage
tank using these principles, and the design status of the

2 MWh tank.

2. LABORATORY STUDIES

Heat transfer studies have been carried out in a small
insulated laboratory tank (.33 m ID, .41 m high) in which
heat is applied to the tank by placing the tank on a 2 kW
range element. The tank in its present configuration is
shown in Figure 1. Insulation is provided by loose vermicu-
lite which surrounds the sides and top of the tank to a
thickness of 0.3 m during heat runs., The tank is used to
study heat transfer from a pool of terphenyl fluid which
covers the bottom of the tank to cans of salt which are stacked
in the body of the tank, The assembly is instrumented with
thermocouples that measure the temperature of the terphenyl .
liquid, the terphenyl vapor (near bottom, middle and top of
tank), the salt in one can, and outside tank wall temperatures.
Tank pressure and power input are also recorded.

The first series of runs were made using NaCl, KC1, MgCl2
eutectic (MP 3850C) poured into 50 mm x 100 mm x 100 mm open
steel cans. Before pouring, the salt was thoroughly dried
by etch attack by the molten salt on aluminum metal shavings.
Air was removed from the tank prior to initiation of heat
runs. These runs taught the following:

1) Use of mixed terphenyls, e.g. Therminol 88, re-
sulted in nonuniform temperatures in the tank due to fraction-
ation, Under isobaric conditions o-terphenyl, which accumu-
lates at the top of the tank, condenses at about 33°C lower
temperature than m-terphenyl, which in turn condenses at
about 170C lower temperature than p-terphenyl.

2) On an initial heat run, new terphenyl heat trans-
fer fluid should be carefully heated to drive off, by venting
into a hood, any high vapor pressure contaminants that may
be in the batch, Heated vent lines need to be used.
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'3) With relatively pure m-terphenyl (o-terphenyl
0.6%, p-terphenyl 8%) good temperature uniformity can be
achieved if small quantities of higher vapor pressure materials
are vented from the top of the tank.

L) Mounting a buffer tank above the main tank in
such a manner that condensed liquid is returned to the main
tank while high vapor pressure gases are accumulated in the
buffer. tank reduces the venting requirement for good temper-
ature uniformity, so that only a few grams of heat-transfer
fluid need be removed by venting during an energy input run.

5) Heat transfer from m-terphenyl liquid in the
bottom of the tank into the melting salt interface can be
achieved at acceptable heat transfer rates with a temperature
drop never exceeding 12°C. ' ~ :

6) Salt that melts and freezes in open contact with
terphenyl vapor develops a porous crust that thickens with’
cycling and which could lead to salt overflowing the tops of
the open cans if a large number of melt cycles were employed.

7) No serious corrosion problems occurred.

A second series of energy storage runs were made using
purchased containerized salt. The salt was contained in
1 quart paint cans which have a 100 mm diameter, The salts
were melt cycled 18 times. These heat runs taught the

following lessons:

‘ 1) Some, but not most, of the paint cans leaked
molten salt. (The salt cans depend on crimping of steel plus
‘soft solder for sealing.) -

2) All cans, except one, were not hermetically
sealed by the lids. The one can that sealed itself off
imploded or crumpled during one of the cool down periods.
The can leaked and lost all its salt. :

3) Despite the continual presence of an m-terphenyl
vapor-salt contact, crusting did not build up to the point
where the top surface of the salt reached the paint can lids.

L) Unlike salt solidified in the presence of dry
nitrogen, the 18-times cycled salt did not freeze into a:
monolithic wall surrounding a single cavity; instead, the
salt solidified into a rather porous, multiple cavity internal
structure. ‘

A study was made to determine the practicability of using
1 foot diameter salt containers with internal aluminum con-

ductivity enhancement structures. A single heat run was made -
using a large salt container 0.3 m 0D and 0.2 m high. The

container was made of steel. It contained an internal aluminum
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tube-like structure equivalent to six 0.1 m OD tubes spring
loaded so as to maintain aluminum-steel contact after melt.
The aluminum conductivity—enhancement,structure used metal

1.5 mm thick. The salt container was filled by pouring molten
salt into the container. Unfortunately the salt fill was not
properly premixed, and full melting was not subsequently
achieved. During the heat run salt in the tank was not
permitted to come into contact with terphenyl vapor. Lessons
learned from this study were:

1) In the cold container salt shrinkage resulted
in separation of the salt block with its embedded aluminum
conduction enhancers from the steel container wall., Good
thermal contact was not established until partial melting of
the salt block occurred at 3850C.

2) Once partial melting occurred the temperature
drop between steel wall and salt mid-interior was about 15°C,
i.e. the aluminum conductivity enhancers worked as expected.

, 3) Because of the poor filling of the container
the study needs to be repeated.

A measurement of the heat of fusion of the NaCl, KC1,
MgCly eutectic was carried out under the direction of
S. C. Spiney of Dynatech Corporation using a drop calorimeter (3).
His value was 240 kJ kg~!. This value is less than that
previously incorrectly measured by us. Parameters for a
3 m energy storage tank as listed in (1) require adjustment.
New values are: Energy Stored, 7.2 GJ (2 MWh), Salt Mass,
30 tonnes, salt volume, 16.7 m3 (based on liquid density of
1.8 gm cm~3). These parameters apply to the 2 MWh demon-
stration tank described below.

3. PLANS FOR 2 MWh TANK

The 2 MWh tank is being constructed at NRL at the site
of an old ammunition bunker which provides a concrete founda-
tion ~- 6.0 m square. The tank will be installed on a foam
glass foundation 0.6 m thick. The tank itself is planned as
a flat bottomed steel structure with a 50 mm thick steel plate
bottom, and 10.0 mm thick cylinder walls. It is 3.0 m inside
diameter and 3.6 m high. The top of the tank is flanged to
receive. a metal O-ring gasket 3.2 m in diameter and 6.0 mm

diameter in cross section. A domed head with mating flange
will act as the cover of the tank. The domed head is designed
to contain the condensation boiler. The tank will be made of

carbon .steel, the head will use 316L stainless steel, the
boiter, designed in accordance with reference (2), uses tubing
made of 316L stainless. Vermiculite insulation will be used
around the sides and top of the tank.
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The tank will be heated by 150 kW electric immersion.
heaters. Present plans are to use tubular elements cast in
aluminum heat conduction blocks for uniform distribution of
the heating power. The heater will be placed inside the tank

with power brought into the tank by Mgl packed power feed-

| throughs or some other hermetic fitting. Terphenyl fluid
circulation, as used during the energy removal portion of
storage cycle, will be provided by a 4ooo 1.hr~! hot fluid
circulation pump located in a small access chamber adjacent
to the bottom of the tank. The heat transfer fluid will
form a pool of liquid 0.3 m thick covering the bottom of the

- tank. The storage medium will be supported by a steel grid
resting on the metal heater billets. These heater units sit
on the flat bottom of the tank and are immersed in the heat
transfer fluid.

The salt itself will be contained in vertical mild steel
cans 1016 mm (4O inches) high and 105 mm (4 inches) in diameter.
The cans will be made using seam spot welding, first to make -
a cylinder out of sheet stock and second to seal stamped
closures into the top and bottom ends of the tubes. The
top closure will contain a 32 mm (1.25") opening through
which molten salt will be poured during filling. After
filling, the opening will be closed by glue sealing a
fusible lead sheet over the aperture thereby protecting the
salt from moisture. It should then be possible to store the
sealed cans under normal warehouse conditions prior to
installation in the tank. Finally each can is fitted with an
aluminum drip shield which loosely encloses the top end of the
tube. The drip shield prevents m-terphenyl condensate from
pouring into the tube opening.

The energy storage tank siting is being carried out in
such a manner that the tank can be serviced using a light-
weight traveling gantry crane, which can 1ift the 1id of the

“tank and can aid in loading and unloading the salts. The
site is planned so that the gantry will be able to service
two tanks. It is hoped to construct a higher temperature
super-heater storage tank in the same vicinity. The storage
tank will be protected from the weather by a light weight
roof, which is also removable, The insulating vermiculite
is also removable, being transported to a Butler building by

~a vacuum piping arrangement.

The energy storage-boiler tank complex includes a pressurized
water feed system. Water purity will be equivalent to distilled
water. Steam will be generated at a temperature of about
3700C and pressure of 800 psia. After metering the steam
will be delivered to a silencer. -

A data acquisition system for the energy storage-boiler
tank is being assembled by New Mexico State University. The
system is based on the Hewlett Packard 3052A digital data
acquisition system with remote readout. The main readout

~station will be in a lab module in one of the Naval Research

s
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Laboratory buildings. The on-site portion of the digital

data system, which includes the sensor selection circuitry, will
be located in an instrumentation trailer just outside the
storage tank enclosure,

Plans are to initiate tank operation without salts. The
initial studies will outgas the heat transfer fluid, test
the electrical heating and fluid circulation systems, evaluate
vapor temperature distribution and test the operation of the
condensation boiler and associated feed-water pumps. 30 t of
salt eutectic will then be installed and the storage operation
evaluated.

L. REFERENCES

(1) J. J. Nemecek, D. E. Simmons and T. A. Chubb,
'"Demand sensitive energy storage in molten salts,'" Solar
Energy 20, 213 (1978),

2. T. A. Chubb, J. J. Nemecek and D. E. Simmons,
""Energy storage-boiler tank: boiler design, materials
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Society, 18-10 (1977).
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Figure 1. Laboratory Test Tank
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Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439
Telephone: (312) 972-4517

Develop a thermal storage system for application with a
heat engine (e.g., Stirling, Rankine or Brayton cycle)
to provide propulsion for highway vehicles.

This project is divided into four phases as follows:

(1) System Studies: to assess technical and economic
feasibility and produce conceptual designs. This phase
has been completed by awarding two 9-month contracts to
Sigma Research, Inc. and Thermo ETectron Corporation.
Final reports will be submitted by the end of 1978.

(2) Concept Development: by fabricating and testing

first generation thermal energy storage components 18
months.

(3) Technology Validation: by refining first
generation component designs to establish the
proof-~of-concept. 18 months.
(4) Demonstration: the TES Subsystem will be packaged,
integrated with a suitable heat engine and installed in
a compact urban vehicle chassis for test on a
dynamometer and for road testing.

NASA/ANL Contract No. C-2325

March, 1977 to March, 1979

$250,000.00

NASA/LeRC
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THE -CONCEPT OF THERMAL ENERGY STORAGE FOR ,
automobile applications could provide flexibil-
ity of heat supply for storage, and low pollu-
tion to the environment during use. The
specific thermal energy storage of latent heat
systems is high. When coupled to an advanced
stirling engine via two-phase liquid metal heat
transport, the mechanical energy density is
high enough to make the system a viable compet- -
itor to both hydride and the battery storage ‘
systems. The use of fossil fuel recharging
gives an overall energy efficiency appreciably
higher than the forementioned systems.

- In the early 1960's, NASA supported three
programs to develop thermal energy storage
systems for electric power generation in
orbiting space satelites which would operate in
a sun/shade cvcle. Resultant testing was
sucCessful/lgz). , ' ‘

In 1964, the General Motors Research
Laboratory installed a 22.5 kWs (kilowatt shaft
power) TES/Stirling cycle engine into a Corvair
- vehicle ("Calvair")(3). Sensible heat was
stored in alumina operating between 1144°K and
1810°K (1600°F and 2800°F), and contained in a
Linde designed wvacuum jacket tank. A demon-
stration road test was completed. The storage
specific energy was estimated to be 300 Wh/kg
with about 88 Wh/kg delivered to the driving
wheels. ) , ‘

More recently, the Philips Research
Laboratories successfully completed 1000 hours
test of a 7.3 kWs TES/Stirling cycle engine in
their'laboratory(”). Both sensible and latent
-heat of the LiF storage media were utilized. A
refluxing sodium "heat pipe" was used to
transfer the thermal energy to the engine. The
_ stored specific energy was calculated to be

470 Wh/kg of salt. Based on a Philips vehicle
design study, about 150 Wh/kg could be
‘delivered to the driving wheels. (%),

) The Xerox Electro-Optical Systems is
developing a heat pipe/thermal energy storage
unit powering a Vuilleumier Cryocooler under
Air Force contract F33615-75-C-2045(%) . The
storage specific energy for the TES media,

- 64MgF2 + 30 LiF + 6KF, was calculated to be
220 Wh/kg.
A study of thermal energy storage/heat

~ engine for highway vehicle propulsion was

conducted by Mechanical Technology, Inc. (MTI)
and NASA(7). vVehicle performance was evaluated
with Lithium Fluoride as the thermal energy

storage medium. The engines elected for evalu-
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ation were advanced Rankine Cycle, Close Bray-
ton Cycle, and Stirling Cycle. A range of 160
kilometers was selected as the design goal for
a vehicle subject repetitively to the SAE-J227
Metropolitan area driving cycle. A TES/Stir-
ling was shown to be the most efficient among
the three engines chosen, requiring 132 kWh¢.
A conceptual design study of thermal

energy storage for road vehicle propulsion was
initiated near the end of 1977 under the spon-
sorship of DOE/STOR and NASA/LRC and the tech-
nical management of Argonne National Labora-
tory. Two firms were awarded contracts for a
9-month period to perform the conceptual design
studies; the final reports are due by the end
of 1978@ %) Performance specifications for
the TES System are given in Table la and 1b.

THE MTI STUDY

The thermal energy storage vehicle design
was based on the prototype vehicle specifica-
tion, compact passenger car, dated November
1973, prepared by the Alternative Automobile
Power Systems Division of the Environmental
Agency.,

The engines selected as suitable candidate
for adaptation to a thermal storage system
were Stirling (ERDA-498DA), Rankine (SES Mark
II), and Brayton (AiResearch Closed Cycle).
Engine performance maps from published data
provided the basis for engine analysis. The
driving cycle’ used for calculating vehicle
performance is the SAE Metropolitan Area
Driving Cycle, SAE J-227. The total cycle time
equals 300 seconds which results in 'a 'distance
travelled of 3.19 kilometers. The 160 kilo-
meter range is simulated by repeating the
cycle fifty (50) times.

The calculations of performance consist
of computing the power and speed at the wheels
for each time increment of the driving cycle
specified and then proceeding through every
component of the power train. Fig. 1 shows
the vehicle energy requirements from thermal
storage as a function of engine heater head
temperature. The Stirling engine was chosen
because of its superior overall efficiency.

SIGMA RESEARCH, INC. STUDY
Sigma Research, Inc. was awarded a 9-month

contract for the conceptual design study of a
thermal storage system for automotive propul-




Table la - Required Heat Delivery Rates

: Duration -
3 Minimum Heat of Heat Other Conditioms
Requirement , Delivery Rate, kW Delivery .or Constants
1. Sustained power to 55.5 \ " 1.82 hr Drive immediately
achieve 161 km (100 mi) ‘ after full recharge.
at 88.5 kph (55 mph) )
2.  Power for climbing . 66.8 ' 5 min At‘any time during
hills ' 161 km (100 mi).
3. Power burst for 197.4 15 sec At any time during
acceéleration, passing 161 km (100 mi).
‘and emergency maneuvers
4, Sustained power after 55.5 , 1.36 hr Drive, 12 hours after
12 hours on standby ' full thermal recharge.

" in 293°K ambient air

‘Table 1b - Thermal Control Requiremenfs Defined at the
Output Heat Exchanger on the TES ‘Side

Requiremeﬁt Heat Délivery Rate Time Interval
Traffic Start , 5 to 15 kW @ 673°K‘(400°C) ﬁin.- 0.2 sec.
(from idle) _ -

. Traffic Stop / “ 15 kW to 5 , 0.2 sec.
‘Idle Power Control StaBle at 2 kW or less = indefinitely
High Powef'Burst ‘ from 50 kW to 200 kW @ 673°K min. 1 sec.
Maximum Thermal Control 500 watts indefinitely

Heat Leakage Rate Into Heat
Transport Subsystem

During Vehicle Standby
(e.g., while parked in
charged condition) ,
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Fig. 1 - Stirling Engine Requirement for
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TABLE 2 - BASELINE TES SYSTEM CHARACTERISTICS

VOLUME: 400 LITERS
THERMAL CAPACITY

COMPONENT WEIGHT (xg) 600-825°C (kWh)
SALT (LF/MgF,) 285 SENSIBLE-SOUD 13.0°
- LATENT @ T4 727
SENSIBLE-LIQUID 1.9
976
CAPSULES, VESSEL, HEADERS, 1252 45
PUMP & NEATERS
POTASSIUM 5.5 03
INSULATION, COVER, VAC. PUMP 604 0
CONTROLS 159 0
580 1024
GRAVIMETRIC ENERGY DENSITY — 205 Wh/kg
(83 Wh/k)
VOLUMETRIC ENERSY DENSITY — 256 Wh/<
(7314 Wh/#t3)
SPECIFIC POWER — > 460 W/kg
{>200 W/W)

*CREDIT GIVEN FOR ONLY 65% OF SOLID HEAT CAPACITY

1ate 3 - BASELINE TES/VEHICLE PERFORMANCE
FULL CHARGE: 102.4 kWh  (600-825°C)

RANGE
CONSTANT POWER 55.5 kw (55 mph) 181.7 km
{100.5 mi)
CONSTANT SPEED + PASS + HILL CLIMB CYCLE 189.5 km
(WITH 35 mph MINIMUM ) (105.3 mi)
METROPOLITAN CYCLE (PER CONTRACT) 1195 km
(74.3 mi)

NOTE: IF MINIMUM SALT TEMPERATURE OF 400°C WERE UTILIZED,
RANGE IS INCREASED ABOUT 16%.

OTHER
STANDBY HEAT LEAK: INSULATION % kw —
H. T. SYSTEM — 22
TOTAL J7 kw
RESPONSE TIME OF H.T. SYSTEM << 0.2 SECOND

ORIENTATION LIMITS: DOWNGRADE LIMIT ~ 4% WITH FULL POWER




PRESENT WORTH, THOUSANDS OF DOLLARS *

8 T T T T T
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v ® POWER COST ESCALATION, 7%/YEAR
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Fig. 5 - Cost of Insulation and Heat Leakage

.-

253




°L0 HYDROGEN GAS

e POTASSIUM VAPOR

) HEAT FLOw

SPIDER SUPPORT

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

-
1

POTASSIUM RETURN
ARTERY

EXTENDED AREA
DIAPHRAGM

IRON/ALUMINUM
MULTI-FOIL
INSULATION

TES SUMP

N At SRS ANR R AN L SRR M RN AR AN cv i o

BOILER/

DISSISAAARAILA S LA A L
N
\

FIBER INSULATION
ENGINE SUMP

S T I Y T Y T T T TN T

A-2072

TO STIRLING ENGINE

HYDROGEN
DIFFUSION
WINDOW

N

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
-—

AN

\
!

>

ANNKRARARANNR

SISO RO ORI I BI I BTN IEB B BI I NS I I IRIOSORIRE 1127

-

THERMAL
RECTIFIER

+ AN o
A Al A st o

CHARGING
HEAT PIPE

BURNER

Y Y e S T I T DT T T I T I Ty

S S S S S S NSRS S S

TO TEMPERATURE SENSOR
IN ENGINE HEATER

TO TEMPERATURE
SENSOR IN TES

254

Fig. 6 - TES/Heat Transport/Engine

(TECO)

THERMOELECTRIC
MODULE
FIN
ELECTROMAGNETIC ‘
PUMP "N" LEG(S)
PUMP FLOW PERMANENT
CONTROL (VIA < MAGNET
MECHANICAL
VARIATION OF agﬁ%’;me
MAGNETIC FIELD)
|PuUMP FLOW

CONTROL

[} )

ngge PUMP

MAGNETIC FIELD

! 1 METER

BURNER

CONTROL

Control




R e e R ey T e T

P ‘\ .

Fig. 7a - TES Revervoir - Rectangular
Configuration (TECO)

255




256




Table 4 - Comparison of Cylindrical and Rectangulaf

Configurations after Normalization to 500 kg
Total Reservoir Weight

Salt
Storage Capacity
Total Envelope Volumeée

Gravimetric Storage
Densgity

Volumetric Storage
Density

.Equivalent U.S. Gallons

Gasoline :

| LiF NaF/MgF,
Rectangular Cylindrical Rectangular

297 kg 269 kg 320 kg
152 kwhrth 128 kwhrth 99 kwhrth
0.38n3 0.35m° 0.34m°
0.30454RLth 4 5qglwhrth 0.198!¥RItR
B kg kg kg
’40Ckwhrth , 398kwhrth 291kwhrth

3 3 3

m m m

3.7 3.4 2.4

T 207




sion. Sigma's base line configuration is shown
on Fig. 2 and the proposed heat transport and
engine control is shown on Fig. 3. Several
candidate salts were reviewed having melting
points between 713°C and 848°C. The high
production selling price was then considered,
and although NaF/MgFy appears to be the most
economical to use when the ¢/Wh is considered,
it was decided to use the LiF/MgFj eutectic.
This is because of weight and volume restric-
tions on the system for a passenger vehicle
application.

If the TES follows the driving cycle shown
on Fig. 4, the required system capacity would
be 105 kWh and the range is over 161 kilo~
meters. The resultant salt capsule temperature
is also shown on Fig. 3.

High performance thermal insulation was
chosen to operate under relatively low vacuum
(v50 mm Hg). Examples of suitable insulator
are Min K manufactured by Johns-Manville and
Microtherm manufactued by Micropore Insulation
Ltd., both of the porous silica type. The
estimated cost and insulation thickness based
on a 10-year life is shown on Fig. 5. Sigma's
TES system characteristics and performance are
given in Table 2 and 3, respectively.

Based on the above study, Sigma made the
following recommendations: 1) It is desirable
to reduce the operating temperature of the
Stirling engine to 760°C maximum. This allows
the use of lower cost alloy materials for the
containment vessel and eliminates the use of
cobalt in structural components. 2) The energy
storage and power surge requirements may be
lowered to be comparable to limited performance
urban vehicles. This would reduce:the system
size and weight and provide a more energy
efficient vehicle.

THERMO ELECTRON CORPORATION STUDY

Thermo Electron Corporation (TECO) inves-
tigated two candidate salts, LiF, the more
efficient and expensive fluoride, and NaF/MgF»
eutectic which is the least expensive non
Lithium fluoride salt. The concept chosen by
TECO shown on Fig. 6 incorporates a heat pipe
for fossil fuel recharging. Two configurations
for the containment vessel were studied;
rectangular and cylindrical, Fig. 7a and 7b.

A comparison between the two configurations is
given in Table 4.
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, The thermal insulation of the containment
vessel is of the vacuum multifoil type which is
manufactured by TECO. This would reduce the ,
heat loss through the containment wall to about
0.3 kW. The multifoil characteristics are
given in Table 5.

The position of the TES container was
suggested to be located between the vehicles

~wheels in a Ford Pinto size can as shown on

Fig. 8. Home heating fossil fuel was postu-
lated for the long term recharging and a
schematic of the system is shown on Fig. 9.

Based on its study findings, TECO has
recommended that the use of a dual fuel/TES
offers many advantages over a TES only system.
This includes a tenfold size reduction of the
TES system, a substantial savings in the use of
premium liquid fuels, in addition to retaining
the convenience and flexibility of the current
vehicles.

CONCLUSIONS

The performance and cost results indicate
that a TES/Stirling Vehicle is competitive with
hydride and battery operated automobiles.
Previous experience with GM's Calvair auto-
mobile and Philips fused salt TES demonstrates
the technical feasibility of the system.

RECOMMENDED THERMAL ENERGY STORAGE R&D

Short-Term (FY 79)

Refinement of Cost Analysis
Recharging Schemes and Fuels
Public acceptability and risk assess-
ment
Intermediate-Term (1980-1982)
Choose concept
Design and build hardware
Assess performance and define manufac-
turing difficulties
Long-Term (after 1982)
Integrate with advances stirling engine
and assess performance
~ Detailed economic analysis

259




Table 5 ~ Multi-Foil Insulation

No. of Foils , 90
Material Soft Iron
Weight 1.8 gm/cm2 3.7 lb/ftz)
Heat Loss (1123°K - 300°K) 0.01 Watts/cm2 9
(31.7 BTU/Hr-ft")

Insulation Thickness 1.27 cm (0.5 inch)
Total Heat Loss Through Multi-Foil Only

LiF (A = 3.11 M%) 0.31 KW (4.9%/Day)

NaF/MgFy (A = 2.82 M2) 0.28 KW (7.2%/Day)

Compression Spacers Approximately Doulbe Heat Loss
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The objective is to investigate‘the applicability of
compressed air energy storage in combination with
thermal energy storage for use in electric utility power
generation. The combination of solar thermal and
off-peak energy shall be used in determining cost and
performance models. Particular attention will be
focused on the cost and performance of the packed beds
for thermal storage.

The scope of work consists of three‘tasks{

(I) Application of CAES to Solar Power. )
(II) Preliminary Design Study of‘Adiabatic CAES.
(I1I) Therma] Storage in Pacred Beds.

The techn1ca1 effort has been completed with the
fo]]ow1ng maJor conc]us1ons

(1) CAES for storage of solar thermal e]ectr1c power is

“not practical because the combined capital cost is too

high and the mu1t1p1e convers1ons decrease efficiency.

(2) CAES compares favorab]y to pumped hydro for
conventional utility storage.

(3) Use of available reservoirs can cons1derab1y reduce
cost, time and risk.

(4) Thermal storage for adiabatic CAES is technicaT]y‘
feasible and economically attractive (low incremental
cost 1-7 to 4-6 mills/kwh).
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PACKED BEDS FOR THERMAL ENERGY STORAGE IN AN UNDERGROUND COMPRESSED AIR ENERGY STORAGE SYSTEM

- N. I. Hamilton

MIT/Lincoln Laboratory
Lexington, Massachusetts 02173

ABSTRACT

A preliminary design -study of a 200-MWe packed bed
thermal energy storage unit for operating in the
range 1000°F to 1500°F is described. This storage
unit is considered for use in both conventional and
solar-augmented systems. Also included is a 100-MWe
system, part of which is compressed air and thermal
energy storage, and part of which is a separate
solar source, -that feeds directly into the turbine.

1. INTRODUCTION

To date the use of packed beds has been confined
to applications in chemical engineering and in the .

~field of solar energy, where a few residential and

commercial structures have incorporated thermal

" energy storage (TES). More recently [1,2] pro-

posals have been put forward involving storage of
the heat of compression in an underground adiabatic
compressed air energy storage (CAES) system.
Bascially a motor draws off-peak power from the
electrical grid to drive an air compressor which-
drives the air through a packed bed, thereby with- ’
drawing the heat of compression, and finally
sending it cooled to a storage cavern. Upon
release, the air returns through the bed, regains
the heat of compression, and enters the turbine

at a sufficiently high pressure and temperature

to produce the necessary output power. A variation
of this, described as a combined solar thermal-
CAES system [3], involves the use of a solar central
receiver which bypasses the packed bed and supplies
hot air directly to the turbine on discharge, (see
Figure 1). This paper will deal with the analysis,
conceptual design and cost estimate of the packed
bed for use in either the CAES or combined solar-
thermal-CAES gystem.

2. MATERIALS FOR THERMAL PACKING

Half-inch granitic pebbles were chosen as the most
suitable packing, as this affords a simple, inex-
pensive and reliable TES design. Salt storage is
being considered as a possible future alternative
but potential cost and reliability make it an un-
likely near-term candidate. Refractory materials
are more durable but are very expensive.

3. PARAMETRIC ANALYSIS

A single-phase conductivity model, which simulates

- the two-phase model of fluid flowing through a

porous columm {4], has been modified to incorporate
forced convection by using an equivalent volumetric
heat transfer coefficient heq that accounts for

conduction and convection [5]}. This model permits

. analytical solutions that can be simplified to

obtain bed profiles and expressions for the thermo-
cline slope and bed length required. Basic results
of a parametric analysis are included in Table 1
below.

To Increase
Shorter Bed Length | Thermocline Slope
Parameter {(m) Requires (deg/m) Requires
T larger . larger
€ smaller smaller
G smaller smaller
C smaller smaller
a
. Cb larger larger
Kb smaller smaller
Py ‘larger larger
d smaller smaller
h larger larger
o smaller ’ smaller

TABLE 1. Influence of Parameters on Bed
- Length and Thermocline

Typically, the available off-peak energy supply

and CAES system will specify the charging time,
operating temperature and superficial air mass flow
rate, G, which in turn specifies C5, hy. This leaves
the choice of rock, and rock size,d, which in turm
determines the rock denmsity, p, , heat capacity, Cy,
void fractionm,€,and rock conductivitmkb. Clearly,
denser rock samples with a small pebble diameter
and relatively high heat capacities are the best
choice. Rock conductivity is not a significant
factoxr for high air mass flow rates.

4. ULICLING ANALYSIS (6]

The mathematical and numerical models developed to

simulate the transfer of heat from air to rock by
conduction, convection, radiation and heat loss
to the surroundings are included in a companion
paper [7].

Presented at the annual meeting of the American Section of the International
Solar Energy Society in Denver, Colorado, August 28-31, 1978. 267




The performance of a packed bed will vary according
to the method of charging and discharging. Three
basic cycles were considered.

4.1 Daily Cycle

The bed is charged and discharged daily with a
total of 44 hours of charging and 40 hours of dis-
charging per week. Maximum bed storage capacity
is 12 hours. The combined solar thermal -~ CAES
cycle is essentially the same as the daily cycle,
and is treated as such.

4.2 Weekly Cycle

The bed is charged over the weekend for some 45
hours to maximum storage capacity, and then charged
and discharged (discharge period = 2X charge period)
on a daily basis. :

4.3 Solar Cycle

This represents the non-adiabatic case in which the
heat stored in the bed is supplied by a separate
source, for example solar, on a daily basis. Dis-
charge occurs only on Monday through Friday. The
solar cycle being considered requires two packed
beds, alternately charging for 9 hours each day
and alternately discharging for 12 hours on week-
" days only.

Figure 2 shows a typical set of successive charge
and discharge profiles for one week. Notice that
at the end of each successive discharge, the amount
of residual heat, or heat left behind in the bed,
has increased. This means that on charging, the air
exiting the bed will be hotter with each successive
charge. Ultimately a steady-state condition will
be reached in which a linear temperature distri-
bution exists along the bed at the start of a
charge, and by the end of the charge period the
exiting gas is almost as hot as the gas inlet tem-
perature. At the end of the discharge, the bed is
returned to the linear temperature distribution
described above. The problem is how to cool the
hot air after it leaves the packed bed and passes
down to the cavern, while retaining the heat in the
packed bed. If the exit pipe from the bed to the
cavern passes down through the center of the com-
pensating pond shaft, it acts as a counterflow

heat exchanger, and the ‘surrounding water removes
the heat, allowing the air to reach the cavern cool
(see Figure 1). This design overcomes the irre-
versibility problem and improves the thermsl storage
efficiency.

5. CYCLE PERFORMANCE

Figure 3 shows the history of the turbine inlet
temperature for each successive discharge over a
period of one week for the weekly cycle. The daily
cycle, having the shortest discharge period, records
the smallest drop in turbine inlet temperature,
followed respectively by the weekly and solar cycles
in order of magnitude. The comparison was made
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over a period of one week, the only varying para-
meter being the charge/discharge periods. However
the weekly cycle showed the slowest accumulation
of residual heat and the highest TES efficiency,
defined as

MW hrs out
MW hrs in

The design air flow rate (Kg/Hr) may have to be
changed if the available off-peak energy or the
required on-peak energy is different than the
example given. Thus a charge of (400 MWe) x

(5 hrs) might be available instead of (200 MWe) x
(10 hrs). 1In such a case, the flow must be altered
to absorb or supply the available energy. As a
test, the weekly cycle was selected and the flow
rate increased fourfold on charging as compared to
its discharge. This increase in flow rate caused
a small decrease in TES efficiency and overall
performance, but the changes are quite tolerable.

6. CONDENSATION AND RE-EVAPORATION

Air drawn into a compressor and compressed to
pressures around 30 bars will enter the packed bed
at an elevated temperature - say 538°C (1000°F).
Upon reaching the pebbles at the cool end of the
bed, water vapor will start to condemse out at
234°C (454°F). At 100% relative humidity, the air
drawn into the compressor contains about 2% of
water vapor, which would produce hundreds of tons
of water during the charge period. In a single-
stage system, that is,a CAES system with a single
compressor-turbine set and one packed bed, the
water will simply run down into the water compen~
sated cavern. However, in a multi-stage system
the water would best be fed to the compensating
pond shaft and pumped out to the surface. The
maximum possible loss in turbine output resulting
from this would be 2%.

7. RADIATION AND HEAT LOSS

Heat that is lost to the surroundimg rock, typically,
accounts for less than one percent of the charge
input (MW hrs) whatever cycle is used, with an
insulation U-factor of

W Btu
0.159 7. (0.028 Hr. ft.2°F)
m- °K

Above 538°C (1000°F) radiation, although small in
‘comparison to convection, is far gkeater than axial
conduction and cannot be ignored in the heat trans-
fer process. The temperature gradient changes as
the hot side of the bed radiates axially down to-
wards the cooler bed sections. The drop in temp-
erature at the hot end can vary between 1 and 5 per-
cent, depending on the length of the charge/dis-
charge cycls. The effect of this re-distribution
of heat ° the bed is a more constant temperature
output durin, discharge which is advantageous.

8. CONCEPTUAL DESIGN
In Figure 4 the bed length required for hours of

storage 1s shown. Costs are almost directly
proportional to bed length, therefore, by increasing
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12. NOMENCLATURE

VCa’ %

specific heat of air, rocks at
constant pressure (KJ/Kg).

bed diameter (m).
pebble diameter (m).

G superficial air mass flow rate
(Kg/m?’hr.).

hv - . volumetric heat transfer co-
‘ efficient (W/m*°K) .

rock conductivity (W/m°C).
bed length (m).
TES efficiency.

s

Py rock density (Kg/m®).

T temperature (°C).

T charge time (hr.).

U » . heat transmission factor
(W/m?°K).
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the number of hours of storage the cost effective-
ness of the bed is improved. (More heat is stored
per unit “volume.) For the daily cycle, where the
storage capacity is typically 10 hrs., the TES size
is selected for the bed. diameter (associated with
one curve) that gives the minimum bed volume. 1In
this case it is 36.5m (120 ft.). For the weekly
cycle, where 45 hrs. of storage is required, a 55.5m
(182 ft.) bed diameter gives the minimum bed volume.

To minimize dispersion of the thermocline, relative-
ly low values of the superficial air mass flow rate
should be maintained i.e.,

G = (732 - 2440)__Kg =

2 mzhr.
(150 - 500 1b/ft"hr.). For a 200-MWe CAES systém,
the flow rate is very high, around 1.7 x 106Kg/hr.
(3.7 x 1061b/hr.). This necessitates a bed length/
bed diameter (L/D) ratio of 0.6 to 1.0. It was
found that the larger the bed diameter for a given
bed length, the higher the TES efficiency, although
this effect was small.
Figure 5 shows the conceptual design. An insulation
U-factor of W

. M2oK

is achieved by using 0.6m (2 ft.) layer of insul-
ating firebrick surrounded by 0.3m (1 ft.) of
diatomaceous earth on the sides and top. The
bottom insulation layer is composed of 0.6m of in-
sulating firebrick. The brick helps provide the
pebbles with a firm support while the diatomaceous
earth allows expansion due to heating.

0.159

The inlet piping is arranged in a hexagonal cluster
of baffles spaced so as to ensure efficient heat
transfer near the bed top. On the bed bottom the
piping is curled over by using 45° elbow joints to
prevent the pebbles from falling down the exit
pipes into the cavern.

A 6.35-mm (1/4 inch) steel liner, backed by a high-
strength, high-temperature: cement prevents ground-
water leakage into the cavity. The insulation
provides for a liner temperature of less than 38°C
(100°F) when the bed is operating at 816°C (1500°F).
Thus the rock cavity is not subjected to any cycling
stresses during charging or discharging. The rock
bolts extend 9m (30 ft.) into the rock providing
adequate cavity strength. The grout holes are
sunken deep enough and sealed to prevent water
seepage. Shorter rock bolts 0.9m (3 ft.) are used
to hold the wire mesh and liner firmly. A pebble
diameter of 12.7 mm (0.5 inch), along with the
large bed diameter (182 ft.) gives a void fraction
of 0.3 thereby ensuring that very little or no

cold channeling takes place. Bed dimensions are

as follows:

200-MWe,
45-hr. storage

30.5m (100 ft.)

100-MWe,

12-hr, storage
Bed Length 20.0m (66 ft.)

Bed Diameter 55.5m (182 ft.) 34.0m (112 ft.)
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9. COSTS

Table 2 shows the TES current cost breakdown for a
200-MWe system operating at 538°C (suitable for
weekly cycle) and a combined solar-thermal/CAES
100-MWe system (daily cycle) operating at 432°C.
This gives storage capital costs of $1.00/kWhr

and $4.7/kWhr for the weekly and daily cycles,
respectively.

200-MWe, 100-MwWe,

Excavating 3.828 1.013
Wire Mesh 0.255 0.104
Rock Bolts 0.864 0.35
Steel Liner 1.073 0.437
Welding 0.800 0.326
Crushed Rock 0.458 0.112
Shot Crete for
Rock Support 0.28 0.114
High-Strength Con-
crete 0.76 0.31
Grouts 1.70 0.69
Bed Insulation 1.65 0.423
Piping & Insula-
tion 0.79 0.307

TOTAL 12.458 _4.186

TABLE 2. CAVITY COST BREAKDOWN ($ x 106)

10. CONCLUSIONS

Pebble beds appear to be suitable for thermal energy
storage in an underground CAES system, whether the
system 1s adiabatic or not. Residential heat
accumulation ultimately demands an infinitely long
bed, if the air is to be stored cool in the cavern.
However the exit pipe to the cavern can act as a
counterflow heat exchanger by passing down through
the compensating pond shaft, where the air is cool-
ed before reaching the cavern [3]. Thus the bed
would oscillate about a steady-state condition
going from an approximately half-charged to almost
fully-charged condition during each cycle. The
development of the temperature profile is such that
the bed length or volume required does not increase
linearly with charge, and the more heat that is
stored, the cheaper the storage cost. The high air
flow rate for the 200-MWe system demands a very
large bed diameter to prevent dispérsion of the
thermocline. Although the energy delivered in-
creases with a decreasing L/D ratio, the delivered
energy cost is about the same over the range 0.5 to
1,0. A diameter much larger than 55.5m (182 ft.)

is unacceptable because of the problems of inlet
transfer and the possibility of a radial temperature
distribution. The bulk of capital costs lie in the
linec, piping and insulation, all of which are
necessary whatever storage material is used. Choice
of operating cycle depends upon the utility and
vwhat is available, and this will vary with location.
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