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PREFACE

This is the 1984 Annual Summary for the Underground Energy Storage
Program, which is administered by the Pacific Northwest Laboratory (PNL) for
the U.S. Department of Energy. This document describes all of the major
research funded under this program during the period from April 1984 through
March 1985,

The report summarizes the activities and notable progress toward program
objectives in Seascnal Thermal Energy Storage (STES). Readers wishing
additional information on specific topics are invited to contact Landis
Kannberg at PANL,

The work described in this report represents one segment of a continuing
effort to encourage development and implementation of advanced energy storage
technoliogy. The results and progress reported here rely on earlier studies
and will, in turn, provide a basis for continued efforts to develop STES

technologies.

L. D. Kannberg, Manager
Underground Energy Storage Program
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SUMMARY

Underground Energy Storage (UES} Program activities during the period
from April 1984 through March 1985 are briefly described. Primary activities
in seasonal thermal energy storage (STES) involved field testing of high-
temperature [>100°C (212°F)] aquifer thermal energy storage (ATES} at St.
Paul, laboratory studies of geochemical issues associated with high-tempera-
ture ATES, monitoring of ¢hill ATES facilities in Tuscaloosa, and STES linked
with solar energy collection., The scope of international activities in STES

is briefly discussed,

The first long-cycle test (60 days each injection, storage, and recovery)
was imitiated in November 1984 at the St. Paul Field Test Facility (FTF).
This test was preceded by addition of an ion exchange water treatment system
and another monitoring well, The water treatment system operated well after
an initial shakedown period. Four short cycles of ATES testing had been
compieted at the St. Paul FTF in December 3983. Results of these earlier
tests were promising, A fluid volume (equal to that injected) was recovered
after injection at successively higher temperatures approaching 100°C. The
ratios of recovered energy to injected energy for each of the cycles were
0.5%9, 0.42, 0.62, and 0.58, respectively. The water quality improved with
each successive cycle, During the injection phase of the first Tlong-cycle
test, over 92 million liters of water at an average temperature of 108.5°C
{227°F) were injected. An average injection rate of 6,7 MW was maintained,
providing 9.5 GWh of stored energy. The recovery portion of the first
long-cycle test will be completed in Tate May 1985,

Laboratory testing of soft water fliow through core samples from the St.
Paul FTF has yielded results similar to those obtained from earlier testing.
Intrinsic permeability of sandstone core was observed to decrease as tempera-
ture increased, although such behavior has not been obvious during testing at
St. Paul. Examination of short-cycle St. Paul FTF filters indicates that the
injectability of the water improved with successive cycles. Geochemical
models based on laboratory-derived reaction rate coefficients were reasonably



accurate in predicting important groundwater chemistry changes; however, the
geochemical data base for many minerals is very incomplete, and concentrations
of some groundwater chemical constituents were unpredictable.

Numerical modeling efforts were Timited to 1} investigation of the SPEQS
concept, as impiemented at the Dorigny site near Lausanne, Switzerland; 2)
preliminary investigations of tracking the thermal front in ATES systems with
resistivity measurements; and 3) modification of the aguifer thermal energy
storage system {ATESS) medel. Simulations of the Dorigny SPEOS system
identified many of the causes of the relatively poor recovery efficiency
experienced during the first cyclie at that site. Modeling studies of the use
of resistivity as a monitoring tool indicated that it could be used
successfully, if the electrodes are properly configured. However, site
1ithologic, mineralogic, and groundwater chemistry variabilities may
compromise the usefulness of the method. The ATESS model was modified to
revise its treatment of geohydrologic inhomogeneities and resulting effective
thermal dispersion,

Monitoring of a chill ATES facility at the Parisian Department Store was
frustrated by numercus Tlapses in operating system controls and in data
acquisition. Despite monitoring and control problems, the system has provided
a substantial amount of cooling during the summer, replacing one of the two
conventional chillers. Unfortunately, available monitoring data indicate
recovery of only 28% of the injected chill, while over twice as much water was
withdrawn as injected. This relatively poor performance is thought to be the
result of control problems, 1local natural groundwater flow, and thermal
stratification. Monitoring was discontinued in September 1984,

A more extensive chill ATES monitoring project was initiated at the
Student Recreation Center on the campus of the University of Alabama in
Tuscaloosa. The chill ATES system at this site began operation in 1983, but
system performance could not be determined from the 1imited monitoring data
available, Design and installation of a new monitoring system was initiated
in the fall of 1984 and was nearly complete at the end of March 1985. General
system monitoring was conducted during the winter of 1984-85. Limited

geohydrologic data were also gathered during the interim period. Additional
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geohydrologic data are required before an evaluation can be completed of the

geohydrologic system's effects on site performance.

The final report on an experimental study of cooling by ice sublimation
with solar-dried zeolites was completed at the New Mexico Solar Energy
Institute. The experiment proved the feasibility of the concept, but
parasitic energy requirements, system complexity, and other technical issues
are drawbacks to the system as currently configured. Methods to substantially
reduce these drawbacks are under consideration. A workshop on adsorption
cooling is also under consideration,

Studies of STES with solar energy collection for district heating were
supported., These studies concentrated on evaluating systems in New England
using solar collectors with rock borehole storage. The studies not only
investigated this promising integration of solar and STES technologies, but
also contributed to DOE participation in Task ¥II of the International Energy
Agency's (IEA) Solar Heating and Cooling Programme.

Underground energy storage program researchers and DOE staff participated
in international exchange of technical information on a number of STES
concepts and systems. Many nations are making substantial investiments in
research, demonstration, and pilot commercial projects in STES. Pacific
Northwest Laboratory continued its participation, on behalf of DOE, in the IEA
Task I[I7 (ATES field testing) of the Energy Storage Programme,
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UNDERGROUND ENERGY STORAGE PROGRAM
1984 ANNUAL SUMMARY

1.0 INTRODUCTION

As a nation we are chalienged with the need to develop alternative energy
sources and find ways of using existing energy suppiies more efficiently. Our
economic and strategqic security may be at risk if we do not accept and meet
this challenge.

The U.S. Department of Energy (DOE) established a program to encourage
timely implementation of underground energy storage cohcepts as one of many
means to meet this challenge. The overall goal of the DOE program is to
reduce the technical and economic uncertainties inhibiting dgve10pment and
implementation of promising underground energy storage (UES) concepts. If
this were achieved, the residential, commercial, and industrial energy users
could reduce energy consumption, increase the efficiency of existing energy
supply capacity, reduce their reliance on scarce energy resources, and take
greater advantage of alternative energy sources.

Studies have shown that two UES concepts--Seasonal Thermal Energy Storage
(STES) and Compressed Air Energy Storage (CAES)--are technically feasible and
can offer significant cost savings under certain conditions for utilities,
industry and, in some cases, commercial building developers and operators.
Both of these technologies contribute to the reduction in national consumption
of petroleum resources and more efficient utilization of present electric
generation capacity. It has been estimated that STES is technically capable
of reducing peak national demand for energy by as much as 7.5%. Estimates
indicate that CAES could save up to 100 million barrels of oil annually,

Seasonal storage and retrieval of thermal energy, using heat or cold
available from waste or other sources, shows great promise to reduce peak
demand, reduce electric utility load prob]ems, and contribute to establishing

favorable economics for district heating and cooling systems. The numerous
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motivations for storing large quantities of thermal energy on a long-term

basis include 1) the need to store solar heat that is collected in the summer
for use in the winter months; 2) the cost-effectiveness of utilizing heat now
wasted in electrical generation plants; 3) the need to profitably use indus-
trial waste heat; and 4) the need to more economically provide summer cooling
for buildings. Aquifers, ponds, earth, Takes, and engineered structures have

potential for seasonal storage.

Storage in aquifers appears to be one of the most economical and widely
applicable seascnal thermal energy storage techniques. Most geologists and
groundwater hydrojogists agree that heated and chilled water can be injected,
stored, and recovered from aguifers. Geologic materials can be good thermal
insulators, and potentially suitable aquifers are distributed throughout the
U.S. Many potential energy sources exist for use in an aquifer thermal energy
storage (ATES) system. These include solar heat, power plant cogeneration,
winter chill, and industrial waste heat sources such as aluminum plants, paper
and pulp mills, food processing plants, refuse incineration units, cement
plants, and iron and steel mills. Energy sources ranging from 50°C (122°F) to
over 250°C (482°F) are available for heating. Potential energy uses include
individual- or district-scale space heating, industrial or institutional plant
heating, and heat for processing/manufacturing. Studies and small-scale field
experiments have reported energy recovery ratios above 60% for seasonal

storage; values over 70% are expected to be readily obtainable.

Other STES methods also appear feasible. Ice generation or harvesting
followed by seasonal storage may augment or replace substantial portions of
building space air conditiconing, which accounts for summer electrical peak
demand for many utilities. Alternatives such as lakes, ponds, and moist or
dry earth for thermal storage are also viable for exploiting the seasonal
characteristics of energy availability and requirements. These methods are
probable candidates where siting conditions are favorable,

In 1875, the Pacific Northwest Laboratory (PNL) was selected as DOE's
Tead laboratory 1in researching and developing CAES technology. Comparable
efforts in STES began at PNL in 1979, As lead laboratory, PKL has managed a
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comprehensive research and development program to advance both STES and CAES
to the point of adoption by the private sector. The U.S. Department of Energy
ceased sponsoring CAES research and development in 1984,

This report documents the work performed and progress made toward resoly-
ing and eliminating technical and economic barriers associated with STES
technologies. The reporting period extends from April 1984 to March 1985,
Work performed prior to April 1984 was documented in previous annual reports
(Smith et al. 1978; Kreid and McKinnon 1978; Loscutoff et al. 1979; Loscutoff
et al. 1980; Minor 1980; Kannberg et al. 1981; Minor 1981; Kannberg et al. 1982;
Kannberg et al. 1983; and Kannberg 1984). The Underground Energy Storage
Program approach, structure, history, and milestones are described in Section
2.0. Section 3.0 summarizes technical activities and progress in the STES
component of the program,
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2.0 UNDERGROUND ENERGY STORAGE PROGRAM

Pacific Northwest Laboratory, operated for DOE by Battelle Memorial
Institute, was selected as Tead laboratory to investigate two concepts. Such
concepts can achieve reduced energy consumption, more effective use of current
energy generation capacity, reduced reliance on scarce energy resources, and
enhanced use of alternative energy sources. The lead laboratory assignment
included responsibility for development and management of programs in two
particularly promising technologies, STES and CAES. The resulting
configuration of the DOE-funded UES Program is shown in Figure 2.1. The CAES
Program was initiated in FY 1975; STES was begun in FY 1979. These programs
were conducted independently until the end of FY 1981. Reductions in the
scope and magnitude of DOE activities in FY 1982 made it desirable to
consolidate programmatic management of efforts into the UES Program. A1l DOE-
sponsored CAES research and development ceased in early 1984. Therefore, the
remainder of this document will discuss only STES.

2.1 APPROACH

The general strategy for encouraging timely implementation of UES tech-
nologies was to identify the major factors inhibiting development and imple-
mentétion and then perform the necessary R&D to eliminate technical concerns,
clarify nontechnical concerns, and assist private or public groups in the
implementation of these technglogies. For STES the following factors inhibit
implementation:

e STES methods have not been thoroughly characterized and are considered
unproven.

e« Potential STES users are unfamiliar with the technology, do not perform
R&D, and are technically conservative, '

e Some of the most promising STES methods are highly site-specific and
require substantial exploratory site investigation; their development can
involve extensive interaction with regulatory agencies.

2



Conservation and Renewable Resources
Office of Energy Systems Research

Energy Storage

Technologies Division
Physical and Chemical
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Storage
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Energy Storage Technology
Development
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Studies

FIGURE 2.1, Department of Energy Programs to Pursue Development of
Underground Energy Storage

e The economic character of STES methods has not been well defined and

varies significantly among sites.

o The annual nature of STES cycles makes technology development a multiyear

effort.

e STES technologies typically require significant front-end expenditures.

e STES methods are typically not patentable.

e« The wide range of STES system configurations, especially when integrated

with heat pumps, makes system selection difficult and confusing,
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Early studies indicated that STES utiiizing aguifers would be by far the
most economical STES concept and that promising sites could be found across
much of the U.S. It was further recognized that aquifers promised the
greatest technical challenge because c¢f the wide range in potential site
conditions and because of the breadth of technical issues that would have to
be explored and resolved. Therefore, aquifer thermal energy storage bhecame
the prime technclogy for study in the STES Program.

2.2 HISTORICAL SCOPE AND MILESTONES

The historical scope of the DDE-sponsored STES studies is shown in
Figure 2.2. Seasonal thermal energy storage studies began in 1975 with field
testing at Mobile, Alabama. Other supporting analyses have also been
conducted, including studies in numerical modeling, Taboratory testing, system
studies, economic analyses, and geochemical studies. In 1979 a major effort
to demonstrate STES technology was initiated at three sites in the U.S. In
1981 changes in the direction and funding of DOE studies resulted in
termination of two of the studies and redirection of the third (at St. Paul,
Minnesota) to that of a high-temperature test facility.

The major UES projects conducted in 1984 are indicated in Figure 2.3. It
is the policy of the Energy Storage Technologies Division of DOE to select a
few critical milestones for tracking progress in the various programs. These
milestones for the UES Program are shown in Figure 2.4.

2.3 RESCURCE REQUIREMENTS

The funding requirements over time for STES and CAES are shown in
Figure 2.5. Historically, funding has been substantially higher than current
tevels. The current scope of activities stresses more cost-sharing in STES
field activities and reduced investigation of STES economics, system behavior,
and new STES concepts.
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FIGURE 2.2. Department of Energy Seasonal Thermal Energy Storage Program History (dashed line indicates
low level of effort)





































































3.2 STES TECHNQLOGY ASSESSMENT AND DEVELOPMENT

As originally conceived, the STES Technology Assessment and Development
{STES-TAD} studies were intended to provide assessment of the economic,
institutional, and legal aspects of all STES concepts (including ATES), and to
assess and develop nonaquifer STES cancepts. This portion of the STES Program
has received relatively little funding. In FY 1984-85, STES-TAD studies
received less than 10% of the total STES budget. No funding was available for
economic, legal, and institutional studies during the reporting period. The
assessment, and especially the development, of some STES concepts have been
funded. The concepts that have received support include solar/STES systems
studies and use of zeolites for sublimation of STES ice. These efforts are

discussed below.

3.2.17 STES in Caverns at Ely, Minnesota

In 1983-84 a study of STES using an abandoned mine at Ely, Minnesota, was
cofunded with the Minnesota Geological Survey. The positive results of that
study led a Tocal entrepreneurial group to begin development of a mine water
source heat pump system. Recently, the City of Ely received a state grant to
study a similar system, which would uitimately Tead to STES with sclar or
waste incineratijon as the seasonal heat source, Modest funds have been set
aside to monitor the operation of either system at this site. Neither system
became operational during the reporting period; therefore, there was no
DOE-funded activity on this project.

3.2.2 Analyses of Solar/STES Systems

Argonne National Laboratory (ANL) conducted studies of solar with STES
supported by both the Energy Storage Division {through PNL)} and the Solar
Thermal Division at DOE. These gtudies have been directed at establishing the
technical and economic bases for solar/STES systems. One significant element
of the studies has been international cgeoperation on Task VII {(Central Solar
Heating Plants with Seasonal Storage) of the International Energy Agency {IEA)
Solar Heating and Cooling Programme. One of the studies Jjointly funded
through PNL has been an assessment of central solar heating plants with
seasonal storage (CSHPSS) systems in New England, This study grew out of an
earlier investigation of a solar heating system utilizing availabie tankage at
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the Charlestown Naval Yard, a historical park maintained by the National Park
Service, as the STES element. ({The Natioral Park Service has indicated its

interest in cofunding the necessary engineering feasibility study of such a

system when funding is available.)

The most expensive part of a solar space heating system is the collector.
Meeting winter heating needs in northern climates is particularly costly
because solar insolation is at its lowest when demand is at its highest,
Hence, a Targe collection area is needed to meet winter heating needs. During
the summer most of this collection area goes unused. This mismatch between
seasonal demand and availability is what STES is designed to resolve. Use of
STES dramatically reduces collection area requirements, making solar space
heating systems more cost-effective.

The results of the New England solar/STES assessment were encouraging.
Because of the expected paucity of suitable aquifers, rock mass thermal
storage using multiple boreholes was evaluated as the preferred storage
option. Cost estimates were developed from earlier IEA assumptions and
confirmed or altered following contact with local vendors. A base case
economic scenario was developed and applied to a matrix of design variations.
It was concluded that such systems would be cost-effective now in New England.
The economic promise of the systems was found to vary with the economic
assumptions. Unfavorable economic conditions meant Toss of economic advantage
for the solar/STES systems relative to conventional technology. The addition
of current Federal Energy Tax Credits and favorable funding alternatives {such
as tax exempt municipal bonds) improved the cost-effectiveness of the
solar/STES systems, The major uncertainties in the assessment were the
collector cost and the suitability of the local geclogy for rock borehole
STES. The geology becomes a major issue when there is significant secondary
regional flow through fractures within the storage zone. Thus, site geologic
suitability is an important factor requiring early assessment. A final report
on this study is in preparation,

3.2.3 Zeolite-Augmented Ice Storage

The generation of ice during winter to provide summer air conditioning
has been investigated and appears to be a cost-effective option only in the
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extreme northern regions of the country. One method to reduce the amount of

ice required to meet the summer cooling load is to use the heat of sublimation
rather than merely the heat of fusion to provide cocling. This would increase
the amount of cooling per pound of ice by a factor of eight. In 7983 the New
Mexico Solar Energy Institute {NMSEI) was contracted to construct and test a

system that would utilize zeolites as a water vapor adsorber combined with a

solar collector and evaporative cgoling units for system heating and auxiliary
cooling,

Testing was conducted primarily in the late winter and spring of 1984,
The system and results of that testing are summarized in the UES Program
Summary covering the period from April 1983 through March 1984 (Kannberg
1984). Since that time the final report on this work has been published and a
related Master's thesis has been prepared (not funded by PNL) addressing the
potential for utilizing other adsorbents (Humphrey 1985).

As noted in the last UES Annual Summary {Kannberg 1984}, the testing at
NMSEI has proved the concept to be feasible, but significant technical and
economic fssues are evident. The system, as configured for the testing, had
substantial parasitic energy requirements. These requirements might be
greatly reduced if other adsorbents were used or developed. Because water
vapor flows at low pressure in the system, high vapor flow rates are
necessary. However, these high flow rates were not a limiting factor in the
testing. Substantial improvements in system performance are possible from
both improved system design and the use of alternative or improved adsorbents.

No additicnal study has been undertaken since the completion of the final
project report (Redman 17985). However, a workshop on utilization of
adsorbents in systems providing chill for air conditioning 1is being
considered,

3.3 INTERNATIONAL STES ACTIVITIES

Seasonal thermal energy storage is being studied in many European and
Scandinavian countries, as well as in North America. Several of these nations
have major commercial demonstration projects installed, under construction, or
on the drawing boards. Many of these projects are represented in one or the
other of two IEA programmes involving STES in which DQE participates.
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Six types of STES are being investigated by IEA participants under Task
VII, "Central Solar Heating PTants with Seasonal Storage (CSHPSS}", as part of
the Solar Heating and Cooling Programme. These include storage in tanks,
pits, caverns, aquifers, earth, and rock. Active projects are underway in
Canada, Denmark, France, Germany, Sweden, Switzerland, and The Netherlands,
The choice of storage type is strongly influenced by the geclogy
characteristic of the country. Thus, Swedish projects have concentrated
primarily on rock and cavern storage, although aquifer storage is alsoc being
investigated. West Germany has concentrated on pit and tank STES, and The
Netherlands is exploring earth STES. This does not mean that other types of
STES are not possible; rather, conditions are not widely suited for all types.
(A recent study indicated that 18% of the annual Swedish heating requirements
could be met with aquifer STES.) A1l of these storage modes Show promise for
particular terranes and economic situations.

Some of the projects already are, or soon will be, supplying energy to
sizable Toads. At Lulea, Sweden, preliminary studies of rock thermal storage
were completed in 1981, A system for supplying seasonally stored solar energy
to a university building went into operation in the summer of 1983. The STES
system will store about 2 GWh of energy and is expected to have a storage
efficiency of 60%. Beginning last winter at Lyckebo, Sweden, solar heat
stored in a TUO,OOO—m3 {3,530,000 ft3) water-filled uninsulated rock cavern
will supply heat to 550 houses through a local district heating network. At
Lambohov, Sweden, solar/STES with heat pumps will supply heat to 55 terrace
homes from a 10,000—m3 (353,000 ft3) excavated pit. At Studsvik, Sweden, a
'IO,OOO—m3 (353,000-ft3) pit STES system provides year-round heating to a
nearby office building. The Studsvik facility is unique because the floating
insulated 1id of the storage pit is mounted with compound parabolic solar
collectors and rotates to track the sun. After several years of study, an
earth storage system is being installed at Groningen, The Netherlands, for
heating 100 solar houses. Canada has investigated the use of aguifers for
both heat and chill §t0rage and has installed a solar heat storage system in a
Government of Canada building in Scarborough near Toronto. Canadian re-
searchers have also been active in developing ice storage concepts and plans
to commercially implement the “"Fabrikagiace" concept of ice storage at two
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Canadian sites. Numerous other pilot projects and demonstirations are underway
throughout the world. Researchers in India, Poland, Peoples Republic of
China, and Japan, as well as Europe, Scandinavia and North America, are studying
STES systems,

The U.S. is participating in another IEA effort, Task III, "Aquifer
Storage Demonstration Plant in Lausanne-Dorigny, and Asscciated Projects",
under the Energy Conservation Through Energy Storage Programme. The U.S. is
proyiding information on the U.S. ATES projects in exchange for data
concerning the performance of the Danish Horsholm project, and the Swiss SPEOQS
(Dorigny) project. The Horsholm project is of special interest because it is
an ATES system integrated into a district heating system on a commercial
basis, and betause it uses a five spot well configuration (as opposed to the
doublet configuration selected for study in this country). Data exchange from
all of these projects enriches the programs of all the countries. It is
interesting to note that both Switzerland and Denmark have major demanstration
projects in other types of STES systems: a 3500-m3 (123,550-ft3)
STES system near Vaulruz, Switzerland, and a 49,400-m3 {1,743,820-ft
excavated pit STES system at Hjortekear, Denmark.

solar/earth
%)

There is considerable international activity in STES. The DOE is a
participant in that activity, sharing information on the performance and
problems of the various projects and technclogies.
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