
.., ' 

,.. , . . 
WASTE HEAT AND CHILL STORAGE IN AQUIFER SYSTEMS PNL-SA-9164 

' Ja_y R. Eliason 
Seasonal Thermal Energy Storage Program 
Pacific Northwest Laboratorv 
Richland, Washington, U.S.A. 

ABSTRACT 

r-------DISCLAIMEA --------. 

This book was prepared as an account of work sponsored by an 1199nc:v of the United States Government. 
N11i1her the United Sta1es Government nor any agency thereof, nor any of 1he1r employees, makes any 
w.maniy, express or implied. or assumes any legal liability or respons1b1litv for me accuracy, 
completeness, or usefulness of any inlormatlOn, appara1us, product, or process disclosed, or 
represen1s that Its use v.ould not infringe privately owned rights. Reference herein 10 any specific 
commercial product, process, or servic:e by trade name. 1rademark, manufacturer, or otherwise, does 
not necessarily constitute or imply its endortement. recommend11ion, or favoring by the United 
S1a1es Government or any agency thereof. The views and opinions of authOfs expressed herein de not 
necessarily Slate or reflect those of the United States Government or ainy agef'ICV thereof. 

Seasonal storage of thermal energy in aquifers has the potential to 
make a significant near-term 'contribution towards relief of the national energy 
shortage. Winter chill, summer heat, and various forms of industrial waste 
heat and chill can be stored for future demand, thus reducing the need for 
generating primary energy. This seasonal storage of heat and chill in aquifer 
systems is being assessed as part of . the Seasonal Thermal Energy Storage (STES) 
Program. The STES Program is managed by the Pacific Northwest Laboratory 
(PNL) for the U.S. Department of Energy (DOE). The program is designed to 
conduct research and development studies required to provide the technical 
base for implementation of the Aquifer Thermal Energy Storage (ATES) concept. 

1. INTRODUCTION 

Winter chill, summer heat, and various forms of industrial waste heat 
and chill stored in aquifer systems for future demand can reduce the need for 
generating primary energy and lessening the nation's dependence on imported 
petroleum fuels. It appears that it is technically feasible to supply about 
7.5% of the nation's total energy demand through aquifer thermal energy storage, 
with about a third of this energy initially supplied by industrial waste heat. 
The feasibility of this technology is now being investigated by the U.S. 
Department of Energy through the Seasonal Thermal Energy Storage Program, 
which is conducting researc h studies to develop this concept (Reilly 1980). 

ATES appears to be the most promis ing of the several technologies pro
posed for long - term (or seasonal) storage of large amounts of thermal energy. 
A major key to ATES's attractiveness is its simplicity of design and construc
tion. The storage device in its simplest form consists of two ordinary water 

1 wells drilled into an aquifer, connected at the surface by piping and a heat 
exchanger. During the storage cycle water is pumped out of the aquifer, 
through the heat exchanger to absorb therma l energy, and then back down into 
the aquifer through the second well. The thermal energy remains in the 
aquifer "storage bubble" unt.il rPCJtlirP.rl for use, when it is recovered by 
reversing the storage operation. For many applications the installation can 
probably be designed and constructed using existing site-specific geohydrologic 
information and modern well-drilling techniques. 

Another key to the attractiveness of ATES is its potential for cost
effective orerntion. The storage medium, water, is inexpensive. The wells, 
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pumps. and other· equipment costs constitute 'the only capital storage expense, 
as the cost of acquisition and use of the storage container (aquifer) is 
essentially free and independent of the amount of energy to be stored. 
Therein lies the major advantage of ATES over other storage technologies, 
where cost of the container is typically proportional to volume stored. It is 
likely that initial storage efficiencies of 70% will be encountered for 
commercially-sized units. Efficiencies are expected to increase over tjme, 
possibly to the 90%+ range, as the aquifer heats or cools. 

There are concomitant benefits. Large-scale ATES development has the 
potential for improvement of the environment, primarily due to reduced 
pollution from extraction, refining, and combustion of fossil fuels. There
fore, normal pollution is reduced, as is the cost of equipment presently 
required to treat that pollution.. Storage as part of a district heating 
system should increase the overa11· system reliability. 

The potential for market penetration of ATES is immense. Aquifers are 
estimated to underlie roughly two-thirds of the nation. Both winter chill and 
summer heat are technically feasible energy sources for many parts of the 
country, and the potential for electrical cogeneration and for capture ·of 
industrial waste heat is vast. 

Widespread implementation of ATES is not without difficulties, however. 
The more exotic energy sources present. technical problems, and.work needs to 
be done to evaluate the implications of widespread heat storage at depth. 
Perhaps the most significant barriers to commercialization, however, are 
institutional. As this is a new technology, numerous legal questions need to 
be addressed, including liability·for thermal pollution of the aquifer and , 
protection of the stored resource from capture by others. Because district 
heating of residential housing requires extensive pipelines, development is 
needed for the means of financing these highly capital-intensive ventures and 
to create incentives and/or leadership. 

The existing body of information on ATES indicates that it is a 
cost-effective, fuel-conserving technique for providing ther.mal energy 
to residential, commercial, and industrial users. The negative aspects are 
minor and highly site-specific, and do not seem to pose a threat to widespread 
commercialization. With a suitable institutional framework, ATES promises to 
supply a substantial portion of the nation's future energy needs. 

2. PROGRAM ORGANIZATION 

The STES Program is designed to conduct research and development studies 
required to provide a sound technical base for the demonstration of seasonal 
thermal energy concepts. The ATES concept has been identified as one of the 
most promising which could provide a significant near-term contribution to 
alleviation of the national energy shortage. In order to provide the necessary 
technical base for commercialization of this concept, the following program 
goals have been established: 

Develop field research facilities to obtain data 

Perform analytica·1, laboratory, and field research activities 

Provide a center of knowledge and information for STES 

Transfer STES technologies to the commercial sector 



'' 'The research and development tasks established to achieve these goals 
include: Legal/Institutional Assessment, Economic Assessment, Environmental 
Assessment, Field Test Facilities, Compendia, Physicochemical Analysis, and 
Numerical Simulation. 

2.1 Legal/Institutional Assessment 

The principal objective of this task is to catalog and analyze the legal, 
regulatory, and institutional issues that are likely to affect implementation 
of STES concepts. Issues are to be addressed at lhe federal, state, and, to a 
lesser extent, the local level of government. Initial effort has been focused 
on assessment of issues related to the development of the ATES concept. 

2.2 Economic Assessment 

The objectives of the economic assessment task are to determine 
the economic performance of seasonal thermal energy storage concepts, 
to estimate their market penetration potential, and to develop economic assess
ment methodologi~s for STES concepts. 

2.3 Environmental Assessment 

The objectives of the environmental assessment task are to provide 
assistance in identifying, acquiring, and assessing environmental-related 
information and preparing environmental documentation as required to support 
the STE·s Program. 

2.4 Field Test Facilities 

The objectives of the Field Test Facilities task are to develop field 
research facilities that can provide accurate data on aquifer characterization, 
design, operation, and economics of proposed ATES concepts. 

2.5 Compendia 

The objective of the Compendia Task is to collect, summarize, and transmit 
STES-related information. The task will provide a central source of informa
tion which will assist with the qevelopment of STES technologies and will 
also aid in the transfer of these technologies to the commercial sector. 

2.6 Physicochemical Analysis 

The objectives of this task are to conduct laboratory tests on the 
physical and chemical properties of aquifer materials subjected to ATES 
conditions, develop laboratory and field analysis facilities dedicated to the 
support of ATES projects, and develop geochemical modeling capabilities 
tailored to ATES operational and environmental concerns. 

2.7 Numerical Simulation 

The objectives of this task are to document the state-of-the-<ii't of 



numerical simulation applicable to ATES systems and to develop and/or utilize 
simulation technologies capable of predicting the transport and retrieval of 
a thermal energy resource within the ground-water environment. 

3. STATUS 

The STES Program was established ·at PNL in FY 1979 and activities have 
focused primarily on ATES concepts. In addition to the research and develop
ment tasks now being conducted, the program includes an ATES demonstration 
program which is designed to provide site-specific conceptual designs for 
ATES systems. Three contracts were selected through a competitive request 
for proposal to develop ATES demonstrations. They are TRW, Dames and Moore, 
and the University of Minnesota. The demonstrations have focused on aquifer 
characterization during FY 1981. The following table shows the location, 
energy source and projected use at each site: 

Prime Storage 
Site Contractor Energy Source Temperature A~~lication 

Bethel, TRW, Inc. Diesel-Electric <l050C District 
Al ask a Utility · Heating 

Stony Brook, Dames & Moore Winter Chill 4oc District 
New York Cooling 

St. Paul, University of University Heating >15ooc District 
Minnesota Minnesota Plant Heating 

Initial aquifer characterization studies have been conducted at 
each of the demonstration test sites. These data will be available in 
report form at the end of FY 1981. 

Program plans are now being developed which include continued research 
studies at the University of Minnesota to obtain data on high temperature 
ATcS. These studies will complement studies conducted at the low temperature· 
FTF site at Mobile, Alabama. 

3.1 Le.gal/Institutional Assessment 

Legal and institutional issues that may effect ATES are being 
assessed under this task.· These issues are discussed in the following 
paragraphs. 

Initiation of an ATES project will necessarily involve compliance 
with certain permits and regulatory requirements. In most western and 
some eastern states, a permit to withdraw ground water wi 11 be required 
f~om the appropriate state water resources agency. Most states have 
requirements related to well drilling, construction, and abandonment. 
In many states, a separate permit to reinject the thermally altered 
ground water will be required from the appropriate pollution control agency. 
A.few states prohibit such reinjection, and a variance will be necessary if an. 
ATES project is to be implemented. Eventually, a permit from a state agency 
or the U.S. Environmental Protection Agency under the underground injection 
control (UIC) program established by the Safe Drinking Water Act of 1974 will 
be required. This requirement· will likely supersede existing underground 



·injection requirements. Final UIC require·ments for the v1ell classification 
likely to include ATES wells will probably not be issued for several years. 

An ATES operator should be aware of several possible sources of liability. 
Liability is most Tikely for interference with the property rights of others 
in the storage aquifer. Interference with e~isting users of an aquifer as a 
potable water source is of greatest concern .. Alleged interference would most 
likely be for increased water temperature, although it is also possible that 
an ATES operation could lead to some chemical or biological contamination of 
ground water. 

Surface drilling and injection activities can also potentially lead to 
liability through such things as noise, vibrations and fluid spills. Proper 
care in surface operations can minimize these possibilitie~. 

A central concern of the ATES operator will be assurance of the ability 
to store, protect, and recapture the thermal energy when desired. At a 
minimum; the ATES operator will need to purchase or, when necessary, condemn 
(assuming statutory authority) sufficient surface property rights to provide 
site access, drill needed wells, and provide adequate spacing from nearby 
land use activities. 

Many legal, institutional, and regulatory issues will occur at the stage 
of heat or chill delivery. A principal issue i~ lcicating an entity with 
sufficient incentive to construct and operate an ATES and ·delivery system. 
It may be difficult to find an investor-owned entity with sufficient economic 
incentive; consequently, the responsibility may fall to a public body. A 
variety of other issues related to financing, rate setting, service areas, 
taxation, and other areas will require resolution. These issues are likely 
to be most complex for a residential district heating system. 

A technical document contatning the results of investigations to date 
under this study entitled, 11 Legal and Regulatory Issues Affecting the Aquifer 
Thermal Energy Storage Concept 11 was published in October 1980 (Hendrickson 
1980). 

3.2 Economic Assessment 

Economic assessment methodology development has been focused on 
developing a computer code, AQUASTOR, to evaluate the economic performance of 
An.~, crnfigurations. This code combines demand, aquifer, and supply charac
terisitcs with climate, cost functions,. and economic parameters in one 
systematic model. It provides the flexiblity to individually or collectively 
evaluate the impact of different economic and technical parameters, assumptions, 
and uncertainties on the cost of providing heat (chill) from an aquifer 
storage system. 

The model consists of two major parts: the aquifer resource submodel, 
and the distribution submodel. The resource submodel calculates the life 
cycle cost of energy production by simulating the exploration, development, 
and operation of an ATES system and the transmission of this energy to a 
distribution center. The distribution submodel calculates the life-cycle 
cost of delivered energy by simulating the con~truction and 6peration of a 
distribution system. · 

The code is extremely flexible and can simulate heating (with stored hot 
water), chilling (with stored cold water or with hot water and absorption 



·chiliers), or both (using hot water with absorption chillers). The distribu
tion submodel simulates large-scale district heating (cooling) networks, 
point demands, or various combinations. Each of the submodels is considered 
to be its own operating entity with a tailored financial configuration, 
including different tax rates and incentives, capital structure, and 
depreciation schedules. · 

The AQUASTOR model has been used to conduct preliminary economic assess
ments of both the heat and chill storage concepts. These results have been 
published in the proceedings from The Mechanical, Magnetic, and Underground 
Energy Storage 1980 Annual Contractor's Review and the 15th Intersociety 
Energy Conversion Engineering Conference (Reilly et al. 1980(a); Reilly 
et al. 1980(b)). These studies included analysis of several of the key 
parameters which will determine the economics of ATES. The studies have 
shown that under appropriate demand, supply, and geologic conditions, op~ra
tion of both ATES heating and cooling systems can be competitive with conven
tional systems. 

A document providing an overall analysis of ATES was published in June 
1980. It is entitled, "A Descriptive Analysis of Aquifer Thermal Energy 
Storage Systems" (Reilly 1980). In October 1980, a document entitled, "Guide
lines for Conceptual Design and Evaluation of Aquifer Thermal Energy Storage•• 
was authored by Meyer and Hauz of G.E. Tempo. These descriptions of ATES 
concepts and guidelines were prepared as tools for those considering the use 
of ATES systems. The ·guidelines will assist in the prelimi·n~ry ~esign effort 
and in evaluation of the technical and economic feasibility of ~sing the ATES 
technology. 

3.3 Environmental Assessment 

A programmatic Environmental Assessment (EA) for the ATES Program was 
finalized and submitted to DOE Headquarters final approval and publication. 
The assessment documents the finding of no significant environmental impact 
associated with the planned ATES activities. 

The programmatic EA basically concludes that the environmental conse
quences of the ATES Program will be site-specific in nature. Potential 
adverse local environmental impacts r.n11lrl occur which may reduce aquifer 
permeability, alter ground-water quality, and ground- water microbology. 
These potential impacts can be eliminated, however, if sites are carefully 
selected, systems are properly designed, and monitoring programs are included. 
Site-specific institutional issues related to water use are expected to be 
important for ATES type developments. Adverse impacts to surface water 
hydrology, aquatic ecology, terrestrial ecology, air quality and the host 
communities are not anticipated. Site-specific monitoring programs, which 
are comprehensive in scope, must be developed to ensure that mitigatory measures 
are adequate and to detect any unforeseen impacts. PntP.ntial environmental 
benefits are anticipated from reducing the amount of waste heat discharged to 
the environment and from reducing dependence on conventional energy sources 
for space heating and cooling. The ATES technology was assesse~ to be closer 
to implemP.ntation than its alternatives. 

3.4 Field Test Facilities 

Field Test Facilities (FTF) are being operated to obtain engineering 
design and geohydrologic data for support of ATES concept development. Test 



. ·, .site~ are being developed at Mobile, Alabama, and the University of Minnesota. 
The site at Mobile, Alabama will provide test data on heat storage in an 
unconsolidated confined aquifer at temperatures ranging from 55oc to 1250C. 
The site at the University of Minnesota will provide data on storage in a 
consolidated, confined aquifer at temperatures ranging from lQQOC to 15QOC. 
Field test data have also been collected at each of the ATES demonstration 

.sites and at Texas A&M University. 

The Mobile, Alabama and University of Minnesota test sites are now being 
operated to obtain data on ATES heat storage. The Mobile, Alabama test site 
has been operated since 1976 and a report describing testing through December 
1979 entitled, "Experi~ental Study of the Storage of Thermal Energy in Con
fined Aquifers" was authored by Molz, Parr and Andersen of Oak Ridge National 
Laboratory, has been issued. Since December 1979 the well field design has 
been modified.and additional test wells have been drilled. A series of 
experiments are now being conducted. Injection, storage, and recovery cycles 
are planned at injection temperatures of 59oc, 9ooc and 12soc. The initial 
test is now in the recovery stage and the injection and recovery system has 
performed well. Injection of water at 90°C is now scheduled for July 1981. 
The .University of Minnesota test site is designed to operate at temperatures 
up to lsooc. This .site is now being characterized and physical facilities 
are being installed. Injection cycles are scheduled for· July 1981, provided 
well structures are completed without complications. 

"Field tests at Texas A&M and ·the Dames & Moore demonstration project at 
the State University of New York {SUNY) have conducted injection and storage 
cycles with chilled ground water. The Texas A&M study utilized a spray pond 
in the winter as a chill source .. A cooling tower has been used as the chill 
source at the SUNY test site. These data sets are now being analyzed and 
will be made available in formal reports by the end of FY 1981. 

3.5 Compendia 

Under the compendia task, a library containing STES related information . 
has been established. It now contains over 1700 documents with a wide range 
of key references on topics related to thermal energy storage. The biblio
graphic information from the STES Library has been entered into a computerized 
information system; called the STES Technology Information System (STES-TIS). 
Each library article is represented by a citation, which consists of a number 
of fields including author, title, publisher, publication date, keywords, 
abstract, etc. Each citation also contains fields that can be used by the 
STES librarian to keep a record of the status of the document represented by 
the citation. The STES-TIS also provides the capability to conduct customized, 
on-line literature searches. A bibliography is scheduled to be published by 
the enrl of FY 1981. 

The STES-TIS has been designed to fill the informational needs of the 
STES Program by providing the capability to store and manipulate various 
types of data files and numerical models. In general, the STES-TIS contains 
four types of resources: (1) administrative, (2) bibliographic, {3) computa
tional, and (4) communications. The administrative resources include files 
containing task descriptions, weekly highlights, a quarterly newsletter, and 
conference information. The bibliographic resources consist of various data 
files related to the STES Libary. The computatonal resources provide automated 
access to various computers on which the economic and hydrologic models 
developed for the STES Program can be run. The communications resources 



·· · ·include electronic mail, conferencing, and the capability to link with or 
write to the terminal of another user. 

A quarte~ly STES Newsletter fs published and distributed internationally. 
It contains brief reports on STES activities being conducted throughout the 
world. 

Summary reports on regional aquifer assessments and reinjection experience· 
in groundwater cooling operations have be~n published. The regional aquifer 
assessment qualitatively describes the ATES potential of major aquifers 
throughout the United States (Century West 1981). The reinjection experience 
report was prepared to document ATES-related activities (Snyder and Lee 1980). 

3.6 Physicochemical Analysis . 

This task has been directed toward evaluation of physical and chemical 
changes induced by ATES operations which could effect ground water flow and/or 
quality. 

A laboratory flow loop and a field injectivity test stand for analysis of 
aquifer materials and ground water are being developed. The laboratory- system 
is designed to permit testing of aquifer materials under simulated ATES condi
tions of temperature, pressure, flow direction, flow rates, and ground-water 
chemistries. The injectivity test stand is designed for on-site s·ampling of 
fluids being injected into the aquifer. Primary emphasis is on ·the suspended 

·solids and how these particulates might impact injection well performance. 

A geochemical computer model is being modified spec\fically for STES 
applications. This model will include mass transfer (mineral precipitation/ 
dissolution), kinetic control for major aquifer minerals, and ground-water 
speciation compilations at temperatures from 25°C to 150°C. Another goal is 
the development of a package of acceptable field data collection and analyses 
techniques suitable for field site managers. 

Documentation on the analysis systems being developed· and the ge~chemical 
model will be published in proceedings of th~ Annual Contractors' Review 
Meeting scheduled for August 1981. 

3.7 Numerical Simulation 

Numerical simulation models for design and assessment studies of proposed 
ATES concepts are being developed and verified utilizing data from the field 
test facilities. A state~of-the-art review of modeling has been conducted to 
identify available codes and to identify modeling needs. This document 
entitled, "Review of Simulation Techniques for Aquifer Thermal Energy Storage 
(ATES)" was authored by Mercer, Faust.; Miller, and Pearson of Geo Trans, 
is now being published .. 

At this time three saturated ground-water flow models are being evaluated 
for ATES simulation studies. They are the Conduction Convection and Compaction 
(CCC) code of Lawrence Berkeley Laboratories, the Deep Well Disposal Model 
(DWDM) of the USGS and the Coupled Fluid, En~rgy, and Solute Transport {CFEST) 
code of PNL. 

The physics of energy transport in unsaturated media is currently being 
studied by members of the soils science faculty of Oregon State University. A 



· · . lit~rature review has been completed, and both a preliminary interpretive 
report and an annotated bibliography have been written. Using our current 
knowledge of the physics of nonisothermal flow in unsaturated media, Lawrence 
Berkeley Laboratory has initiated the development of a simulation code for the 
coupled unsaturated-saturated nonisothermal ground water environment. An . 
isothermal code for the analysis of transient flow in unsaturated and saturated 
porous media (TRUST) is being expanded to include· nonisothermal effects. 

Generic simulations and parameter studies are being conducted to produce 
a graphical solution process which, when given the aquifer and utilization 
parameters of the ATES facility, can predict the response of the aquifer. 
Dimensionless parameter groups app~opriate to the planning and design of 
practical projects have been defined and are being studied. Since many 
simulations must be made in a study of functional dependence, a simplified 
model has been employed. 

4. CONCLUSIONS 

The studies of ATES concepts which are now being conducted indicate that 
the overall energy saving potential for ATES is significant and the technology 
should be a near-term energy storage option. Field studies now b~ing conducted 
and planned for the near future will provide needed data for· accurate assess
ment of ATES concepts. Economic assessment of ATES has shown that with 
reasonable geohydrologic and design assumptions~ both heat and chill storage 
systems should be economical for intermediate to large scale systems. The 
environmental and legal studies indicate that although there may be local 
restiictions, ATES systems in general are expected to be able to meet require
ments. Research and development.activities now being conducted under the STES 
Program should provide a sound technical base for the development of ATES 
systems. 
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