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PREFACE

This is the 1985 Annual Summary for the Underground Energy Storage Program,
which is administered by the Pacific Northwest Laboratory (PNL)} for the U.S.
Department of Energy (DOE). This document describes all of the major research
funded under this program during the period from April 1985 through March
1986,

The report summarizes the activities and notable progress toward program
objectives in seasonal thermal energy storage (STES). Readers wishing addi-
tional information on specific topics are invited to contact Landis Kannberg
at PNL.

The work described in this report represents one segment of a continuing
effort to encourage development and implementation of advanced energy storage
technology. 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






SUMMARY

Underground Energy Storage (UES) Program activities during the period
from April 1985 through March 1986 are briefly described. Primary activities
in STES involved field testing of high-temperature [ 100°C (212°F)] aquifer
thermal energy storage (ATES) at St. Paul, monitoring of the University of
Alabama Student Recreation Center in Tuscaloosa, Alabama, and limited numerical
modeling efforts in support of these subcontracts.

The first Tong-cycle test at the University of Minnesota field test facil-
ity was completed. Initiated in November 1984, it consisted of approximately
59 days of heated water injection, 64 days of storage, and 58 days of heated
water recovery, To overcome problems caused by calcium precipitation encoun-
tered during the short-cycle tests, an ion-exchange water softener was installed
in the system. The softener, after debugging, allowed injection to proceed
with few interruptions. A total of 9.21 x 104 m3 of heated water was stored
during the injection phase. During recovery, 9.22 x 104 m3 of water were ex-
tracted at a mean temperature of 74.7°C (166.5°F). Flow during recovery
averaged 18.4 2/sec, Using the energy that was added to the water as a base,
62% of the stored energy was recovered. If the ambient ground-water temperature
is used as a base, 65% of the energy was recovered. The significant amount
of energy recovered and the relatively slow decline in temperature during the
early portion of the recovery period suggest that a significant amount of
useful thermal energy may be recovered in seasonal operation.

Chemistry of the recovered water was close to what was expected. However,
a significant quantity of sodium, added by the water softener, was not returned
during recovery. The fate of the sodium is being investigated. Modeling
efforts performed in support of this test indicate good agreement between
model-generated resuits and actual field data. The data generated by the
models accurately predicted final withdrawal temperatures and aquifer thermal
efficiencies for both the long-cycle test and the four short-cycle tests
(performed in FY84), with differences of no more than +8°C (+46°F).

Limited experimentation was done by PNL to characterize physical and
chemical processes at the ATES test facility. Efforts included testing at



the site to characterize fluid injectability and geochemical studies to
investigate chemical reactions resulting from alterations to the aquifer's
thermal regime. Membrane filter tests, conducted during injection and
withdrawal pumping perieds to anticipate well impairment by particle plugging,
indicated that fluids injected had very Tow suspended solids. Overall, the
filter tests results indicate that, at temperatures to 115°C (239°F), well
impairment due to suspended solids is not a problem. Onsite core flooding
tests, conducted to aid in determining response of the aquifer formation to
the injected fluid, demonstrated that over 20,000 pore volumes of fluid in

the 93 to 110°C (199 to 230°F) temperature range can be passed through represen-
tative core samples with no significant loss in permeability.

A chill ATES monitoring project, initiated at the Student Recreation
Center on the University of Alabama campus, continued during the reporting
period. Instrumentation and a computerized data acquisition system were
installed to obtain and record data on ATES parameters. However, problems
with both hardware and software still must be corrected. As a result, data
that were to be automatically collected by the computer system during 1985
were obtained manually. ATES system temperatures, flow rates, ground-water
levels, and electrical energy inputs were monitored, and system performance
was evaluated. Additional tests were conducted to better define aquifer
characteristics of transmissivity, hydraulic conductivity, and hydraulic
gradient. Ouring CY 1985, more than 64,400 m3 (17 mi11ion gallons) of water
were chilled and injected into the aquifer; more than 75,700 m3 {20 million
gallons) of ground water were pumped from the aquifer to air condition the
recreation center. The system has shown a general recovery of about 38% with
some additional Tosses in the building air conditioning system. Changes are
being made to increase the water temperature differential in the building.
In addition, a large mass of cold ground water moves down gradient and is
lost as a result of the natural fiow. Methods for correcting this loss are
being investigated.

Numerical modeling efforts were continued at a minimum level by PNL to
support field studies. The Aquifer Thermal Energy Storage System Simulator
(ATESSS) code was modified to allow quantification of the impact of permeability
differences on the ATES system's thermal efficiency. A suite of simulations
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has been performed to establish whether a set of dimensionless parameters can

be related to the thermal efficiency. The chill ATES facility at the University
of Alabama Student Recreation Center was simulated with the Unconfined Aquifer
Thermal Energy Storage (UCATES) model to examine the effect of different injec-
tion/recovery patterns on the system's thermal performance. The simulation
showed that, by using the up-gradient wells to mitigate the regional drift
encountered at the site, a significant improvement in thermal efficiency may

be possible. An ATES facility being proposed at the General Motors Rochester
plant will also be simulated with the UCATES code. Again, mitigating the
regional flow at this site is the primary concern.

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 investments in research,
demonstration, and pilot commercial projects in STES. Pacific Northwest Labora-
tory continued its participation, on behalf of DOE, in the IEA Task III (ATES
field testing) of the Energy Storage Programme.
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UNDERGROUND ENERGY STORAGE PROGRAM
1985 ANNUAL SUMMARY

1.0 INTRODUCTION

As a nation, we are challenged with the need to develop alternative energy
sources and find ways of using existing energy supplies more efficiently.
Our economic and strategic 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 {(UES) concepts as one of
many ways to meet this challenge. The overall goal of the DOE program is to
reduce the technical and economic uncertainties inhibiting development and
impiementation of promising underground energy storage 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, under certain conditions, can offer significant cost savings for util-
ities, industry, and, in some cases, commercial building developers and
operators. Both of these technologies contribute to the reduction in nationail
consumption of petroleum resources and more efficient use of present electric
generation capacity. Department of Energy-sponsored CAES studies were trans-
ferred to the private sector in 1984, and the technology is now being
commercially applied at two sites in the U.S.

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 problems, and contribute to establishing
favorable economics for district heating and cooling systems. The numerous
motivations for storing large quantities of thermal energy on a long-term basis
include



e the need to store solar heat, collected in the summer, for use in the
winter

* the cost-effectiveness of utilizing heat now wasted in electrical
generation plants

* the need to profitably use industrial waste heat
¢ the need to more economically provide summer cooling for buildings.

Aquifers, ponds, earth, lakes, and engineered structures have potential for
seasonal storage. It has been estimated that STES is technically capable of
reducing peak national demand for energy by as much as 7.5%.

Storage in aquifers appears to be one of the most economical and widely
applicable seasonal thermal energy storage techniques. Most geologists and
ground-water hydrologists agree that heated and chilled water can be injected,
stored, and recovered from aquifers., Geologic materials can be good thermal
insulators, and potentially suitable aquifers are distributed throughout the
aquifer thermal energy storage (ATES) system.

Many potential energy sources exist for use in an 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 fron and
steel mi1is. 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 conditioning,
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 1979, the Pacific Northwest Laboratory (PNL)(a) was selected as DOE's
lead laboratory in researching and developing STES technology. As lead labor-
atory, PNL has managed a comprehensive research and development program to
advance STES to the point of adoption by the private sector.

This report documents the work performed and progress made toward resolving
and eliminating technical and economic barriers associated with STES technolo-
gies. The reporting period extends from April 1985 to March 1986. Work per-
formed prior to April 1985 was documented in previous annual reports (Minor
1980, 1981; Kannberg et al. 1982, 1983, 1984, 1985). 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.

{a) Operated for the U.S. Department of Energy by Battelle Memorial Institute






2.0 UNDERGROUND ENERGY STORAGE PROGRAM

In 1979, Pacific Northwest Laboratory was selected as Tead laboratory to
investigate STES. Seasonal thermal energy storage concepts can achieve reduced
energy consumption, more effective use of current energy 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 the program. Figure 2.1 shows the current configuration of

the DOE-funded UES Program.

Conservation and Renewable Energy
Office of Energy Storage and Distribution

Physical and Chemical
Energy Storage Branch

Underground Energy
Storage
Program

PNL

1

Seasonal Thermal Energy

Storage

Program

PNL

Aquifer Thermal
Energy Storage

STES
Technology
Development

ATES ATES
Technqlogv Field Studies
Studies

FIGURE 2.1. Department of Energy Programs to Pursue Development of

Underground Energy Storage




2.1 APPROACH

The general strategy for encouraging timely implementation of UES techno-
logies was to identify the major factors inhibiting development and implemen-
tation and then perform the necessary research and development to eliminate
technical concerns, clarify nontechnical concerns, and assist private or public
groups in the implementation of these technologies. For STES, the following
factors inhibit implementation:

» STES methods have not been thoroughly characterized and are considered
unproven,

¢ Potential STES users are unfamiliar with the technology, do not perform
research and development, and are technically conservative,

* 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.

e The economic character of STES methods has not been well defined and
varies significantly among sites.

¢ The annual nature of STES cycles makes technology development a multiyear
effort.

¢« STES technologies typically require significant front-end expenditures.
¢« STES methods are typically not patentable.

* The wide range of STES system configurations, especially when integrated
with heat pumps, makes system selection difficult and confusing.

Early studies indicated that STES utilizing aquifers 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 of the wide range of potential site conditions
and because of the breadth of technical issues that would have to be explored
and resolved. Therefore, ATES became the prime technology for study in the
STES Program.



2.2 HISTORICAL SCOPE AND MILESTONES

The historical scope of the DQE-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, includ-
ing numerical modeling, laborétory testing, system studies, economic andlyses,
and geochemical studies. 1In 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 majJor UES projects conducted in 1985 are indicated in Figure 2.3.
It is the policy of the Energy Storage and Distribution Office 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 RESQURCE REQUIREMENTS

The funding requirements, over time, for STES and CAES are shown in Figure
2.5. Historically, funding has been substantially higher than current levels.
The current scope of activities stresses more cost-sharing in STES field activ-
ities 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























































































TABLE 3.4. Water Chilled in 1985

Tower Temperature

Building Flow (°C) Tower Flow Rate
Month (m) Tin _Igg; (2/min)
Jan. 26,584 17.1 5.6 778
Feb. 16,543 17.2 5.8 710
Mar. 801 17.2 6.6 _ 855
Apr, 297 17.2 6.7 867
May 0 - - 0
Jun, 0 - - 0
Jul. 0 - - 0
Aug. 0 - - 0
Sep. 0 - - 0
Oct. 0 - - 0
Nov. 830 17.8 7.2 321
Dec. 20,396 18.8 5.1 763
Annual 65,450 17.4 6.3 716
TABLE 3.5, Water Used for Air-Conditioning in 1985
Building Temperature
Building Flow (°c) Building Flow Rate
Month {m*) Tin Tout {2/min)
Jan, 913 6.9 13.4 146
Feb. 0 6.1 13.9 0
Mar. 1,209 6.3 14.3 483
Apr, 3,752 8.2 14,8 302
May 7.757 10.6 16.1 271
Jun. 12,178 12.7 17.6 570
Jul, 6,718 13.7 17.9 560
Aug. 15,674 15.1 18.3 583
Sep. 16,293 15.8 18.7 548
Oct. 6,644 13.9 17.5 396
Nov. 5,840 15.9 17.9 372
Dec. _370 . o 485
Annual 77,348 11.4 16.4 428
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TABLE 3.6. Aquifer Energy Injection and Recovery

Total Injected Energy Total Used Energy Total Injected
For Cooling Tower By Building Energy Recovered
Month (13)@ (19) (1)
dan, 1.455 0.019 0.040
Feb. 0.832 0 0
Mar, 0.039 0.040 0.059
Apr. 0.013 0.102 0.134
May 0 0.182 0.252
Jun, 0 0.266 0.293
Jul. 0 0.118 0.112
Aug. 0 0.199 0.185
Sep. 0 0.206 0.173
Oct. 0 0.073 0.058
Nov. 0.042 0.043 0.044
Dec. 1.148 0.003 0.002
1985 3.529 1.250 (35.4%) 1.353 (38.3%)

(a) TJ = 1012 Joules

In addition, a large mass of cold ground water moves down gradient and is Tost
as a result of the natural flow. Methods for correcting this loss are under
study.

The ATES system saves energy by eliminating need for the chiller in air
conditioning the Student Recreation Center. Because the chiller is the
predominant energy utilizer, operating energy is appreciably reduced. A minimum
reduction in air conditioning energy (not including blowers) is expected to
be 50%. Records for the building show that energy usage for air conditioning
is about 117,000 ton-hr per year. If this cooling were provided by an air-
cooled mechanical air conditioning system, the power requirement would be
146,250 kWh/yr. Monitoring and measurement of the ATES system indicates that
the power requirement to operate the system is approximately 75,000 kWh/yr,
which {s approximately a 50% savings in power. The savings in dollars is
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greater because the reduced power usage also reduces the demand charge on the
system during summer periods. Dollarwise, the demand charge savings can be
greater than energy usage savings. In this system, summer demand is reduced
by 140 kW.

3.1.3 Laboratory Testing and Field Analyses

During FY 1985, experiments were done to characterize physical and chemical
processes at the ATES field test facility located on the University of Minnesota
campus at St. Paul, Minnesota. Experimental efforts include field tests at
the site to characterize fluid injectability and geochemical studies to inves-
tigate chemical reactions resulting from alterations to the aquifer's thermal
regime. The results from field tests obtained during the first long-term heat
storage cycle are reported here., Heat storage experiments conducted prior to
FY 1985 consisted of four short-term cycles from 1981 through 1983,

The long-term heat storage cycle at the St. Paul site began with injection
from November 7, 1984, through January 28, 1985, foilowed by withdrawal from
April 2, 1985, through May 31, 1985. This cycle employed a sodium-zeolite fon
softening system to replace the gravel-bed precipitator used tn earlier cycles.
Field studies conducted during injection and withdrawal pumping periods included
membrane filter tests to anticipate well jmpairment by particle plugging.

These tests monitored suspended solids content and other injectability para-
meters of the thermal fluids. Onsite core flooding tests were also conducted
to aid in determining response of the aquifer formation to the injected fluid.

Results of membrane filter tests indicate that fluids injected during
heat injection and heat recovery had very low suspended solids. Overall, the
filter test results indicate that, at temperatures to 115°C (239°F), well
impairment due to suspended solids is not a problem. Resuits of core flooding
tests demonstrate that over 20,000 pore volumes of fluid in the 93 to 110°C
(199 to 230°F) temperature range can be passed through representative core
samples with no significant loss in permeability.

It is concluded from the success of the Tong-term heat storage experiment
that the quality of the water (as treated by the water softening system) was
very good for heat injection. The water quality during heat recovery was
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also good. Any changes in rock fabric that may have been experienced in the
aquifer formations did not significantly affect hydrologic performance.

3.1.4 MNumerical Modeling of ATES

Numerical modeling efforts were continued at a minimum level by PNL in
1985 to support field studies.

The Aquifer Thermal Energy Storage System Simulator (ATESSS) code was
modified to allow quantification of the adverse impact of permeability strati-
fication, found in most aquifers, on an ATES system's thermal efficiency.

The code now allows a separate hydraulic conductivity for each layer of the
aquifer. A suite of simulations has been performed to establish a relationship
between various degrees of permeability stratification (using a set of dimen-
sionless parameters) and thermal efficiency.

The ATES facility at the University of Alabama Student Recreation Center
was simulated with the Unconfined Aquifer Thermal Energy Storage (UCATES)
model to examine the effect of different injection/recovery patterns on the
system's thermal performance. This site is subject to a significant regional
flow; thermal efficiencies are being decreased due to the drift of the thermal
plume away from the recovery area. The UCATES simulation showed that, by using
the up-gradient wells to mitigate the regional drift, a significant improvement
in thermal efficiency was possible.

The ATES facility being proposed at the General Motors Rochester plant
is now being simulated with the UCATES code., Again, mitigating the regionai
flow at this site is the primary concern. The pumping requirements of several
up-gradient wells necessary to control the regional gradient has been estab-
lished. Additional simulations are being focussed on different well field
designs that will not be affected by the regional flow as much as the currently
planned well field design.

A1l of these simulation activities have {1lustrated the importance of a
careful and accurate geohydrological characterization of ATES sites.

3.2 STES TECHNOLOGY ASSESSMENT AND DEVELOPMENT

As originally conceived, the STES Technology Assessment and Development
(STES-TAD) studies were intended to provide assessment of the economic,
40



institutional, and legal aspects of all STES concepts (including ATES), and
to assess and develop nonaquifer STES concepts. This portion of the STES
Program has received relatively 1ittle funding; further, in 1985-1986, STES-
TAD studies received no new funds.

3.2.1 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 local entrepreneurial group to begin development of a mine
water source heat pump system. The City of Ely received a state grant to
study a similar system, which would ultimately lead to STES with solar or
waste incineration 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.

3.3 INTERNATIONAL STES ACTIVITIES

Seasonal thermal energy storage is being studied in many European coun-
tries, with strong emphasis in Scandinavia, as well as in North America.
Several of these nations have major commercial demonstration projects installed,
under construction, or under design. Many of these projects are represented
in one or the other of two IEA programmes involving STES in which DOE partici-
pates,

The U.S. is participating in IEA Task III, “Aquifer Storage Demonstration
Plant in Lausanne-Dorigny, and Associated Projects", under the Energy Conser-
vation Through Energy Storage Programme. The U.S. is providing information
on the U.S. ATES projects in exchange for data concerning the performance of
the Danish Horsholm project and the Swiss SPEOS (Dorigny) project. The Horshoim
project is of special interest because it is an ATES system integrated into a
district heating system on a commercial basis, and because 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,
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There is considerable international activity in STES. The DOE is a parti-
cipant in that activity, sharing information on the performance and problems
of the various projects and technologies.
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