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EXECUTIVE SUMMARY

The Seasonal Thermal Energy Storage (STES) Program, managed by the Pacific
Northwest Laboratory (PNL) for the U.S. Department of Energy (DOE), Office of
Advanced Conservation Technologies (ACT), is one element of DOE's Thermal
Energy Storage Program.

The objective of the STES Program is to demonstrate the economic storage
and retrieval of thermal energy on a seasonal basis, using heat or cold avail-
able from waste sources or other sources during a surplus period to reduce
peak period demand, reduce electric utilities peaking problems, and contribute
to the establishment of favorable economics for district heating and cooling
systems for commercialization of the technology. The initial thrust of the
STES Program is toward utilization of ground-water systems (aquifers) for
thermal energy storage. The program has the further objective of evaluating
other methods of seasonal storage, both from existing literature and by
following current work in other countries.

The STES Program is divided into an Aquifer Thermal Energy Storage (ATES)
Demonstration Task and a parallel Seasonal Storage Technology (SST) Task. The
purpose of the ATES Demonstration Task is to demonstrate the commercialization
potential of aquifer thermal energy storage technology using an integrated
system approach to multiple demonstration projects. The parallel SST Task 1is
designed to provide support to the overall STES Program. The initial activi-
ties of this task are primarily directed toward support of the ATES Demonstra-
tion Task. The long-range task goals include investigation and evaluation of
other seasonal thermal energy storage concepts which may be considered for
future emphasis. It is the intent of the SST Task to reduce technological and
institutional barriers to the development of energy storage systems prior to
significant investment in demonstration or commercial facilities.

Management of the STES Program was assigned to PNL in FY-1979 (April
1979). Work continued during CY-1980 on Program Management elements initiated
during the last reporting period. Program plans were revised, and the budget
and schedules were updated. The STES Program Multi-Year Plan was prepared,
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and the Program FY-1981 Annual Operating Plan was issued. A workshop on
seasonal thermal energy storage was conducted, and the STES Progran dffice
alanned, coordinated and hosted the annual Contractors' Review Meeting for the
DOE Mechanical, Magnetic and Underground Energy Storage Programs. In addition,
plans were initiated for a STES/Compressed Air Energy Storage (CAES) Inter-
national Conference to be held in the fall of 1981. Contacts were continued
with managers of European STES Programs, and liaison was maintained with the
International Energy Agency.

Under the ATES Program, proposals submitted in response to the RFP for
Phase I ATES Demonstration Projects were processed through the proposal selec-
tion procedure. Based on the various findings and recommendations derived
from the selection process, negotiations with selected proposers resulted in
contracts for three Phase I (inplementation of aquifer characterization and
conceptual design) ATES Demonstration Projects:

Prime Storage User
Site Contractor Energy Source Temperature Application
Bethel, Alaska TRW Inc. Diesel-Electric <1059C District Heating
Utility
State Univ. of Dames & Moore Winter Chill 40C District Cooling
New York,
Stony Brook
Campus,
New York
University of University of University 1500C District Heating
Minnesota, Minnesota Heating Plant
St. Paul
Campus,
Minnesota

Orafts of the planning documentation were completed for the three
projects, and in addition, documentation of the Functional Design Criteria was
completed. Also, the requirad permits were obtained for test drilling to

characterize site geohydrology.

during this reporting period the following additional work was accom-
plished on Phase I of the ATES Demonstration Projacts:
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Bethel, Alaska

Three test wells were drilled and analyses made for subsurface charac-
terization. The wells were completed as observation wells for monitoring
future pumping tests and thermal/tracer injection tests. Doublet (one injec-
tion well and one supply well) wells were completed for the thermal/tracer
injection test and preliminary tests were made which indicated the presence of
an aquifer that may be suitable for the demonstration project.

The amount and availability of waste heat from the Bethel Utility genera-
tors were defined, and energy requirements of candidate users were determined.
Designs of the surface and subsurface systems for the Phase I tests were
completed.

Dri]]ing costs were much higher than anticipated for the Bethel Project.
The increased costs required that work be suspended while a comprehensive
economic and technical assessment of the project is made. TRW was issued a
Stop Work Order on December 10, 1980, and the assessment is in progress.

State University of New York (SUNY), Stony Brook Campus

Work during this reporting period was concentrated on field investiga-
tions, although considerable study was made of the above ground installation
and options. The user needs of the major buildings on the Stony Brook Campus
were defined both in terms of peak tonnage and peak chilled water flow, and
computer models of the load system were developed for the load analysis.

Two winter chilled water production methods are being studied for use on
the Stony Brook Campus. The first method relies on the use of the existing
cooling towers. The second method will use existing 100% outside air building
fan systems to chill well water.

Nine test wells were drilled, sampled and geophysically logged. Piezome-
ter tubes and thermal access tubes were installed in each well for monitoring
temperatures and pressures during pumping tests and chill injection tests. An
existing well will be used for one of the injection/production doublet wells.
The second doublet well was drilled, sampled and tested during this reporting
period.
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Laboratory tests for heat capacity, thermal conductivity, permeability
and grain size (sieve analysis) were made on drill core samples. Preliminary
characterization of the aquifer was made which shows that the proposed
production/storage zone appears satisfactory for chill storage.

A preliminary numerical model of the geohydrologic system at the test
site was developed, and the model was used as an aid in designing the well
doublet field experiment.

University of Minnesota, St. Paul Campus

Work began on the ATES system energy and economic analysis and data were
collected for use in the analysis. Preliminary modeling was initiated, based
on a present value analysis. Plans and specifications were developed for core
drilling at the test sites, and two test wells were drilled, cored, logged,
and packer tested. Plans and specifications were completed, bids were issued
and a contract awarded for drilling five monitoring wells. The preliminary
design for the doublet heat injection/water supply wells was completed.

Data from the core wells were used for preliminary aquifer modeling and
development of the initial hydrodynamic/heat transport numerical model. Model
runs show that the target aquifer should perform satisfactorily for the Phase
I heat injection tests. However, aquifer permeability is lower and thickness
is less than expected. These findings, if confirmed by the Phase I tests, may
require conceptual design of the ATES project on a more limited scale than was
originally proposed.

Specifications and working drawings for Phase I mechanical and electrical
systems were prepared for bid advertisement.

Under the Seasonal Storage Technology (SST) Program, work continued on
the tasks initiated last year:

Legal/Institutional Assessment

Probable Federal and state regulatory requirements for ATES projects were
outlined and potential operator 1iability was determined as were legal factors
involving thermal energy storage and recovery. The factors affecting energy
delivery were noted, and a technical document containing the results of inves-
tigations under this study area was published.
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Economic Assessment

An overall analysis of ATES systems was made, and the results were pub-
1ished. The analysis shows that ATES is a cost-effective, fuel-conserving
technique for providing thermal energy for residential, commercial, and
jndustrial users. Development of the ATES Economic Evaluation Computer Code,
AQUASTOR, was completed, and the model was used during this reporting period
to make several assessments of the cost of aquifer heat and chill storage.

Guidelines were developed for conceptual design and evaluation of ATES
systems and documentation was issued. The guidelines were prepared as a tool
for those considering the use of ATES systems.

Environmental Assessment

During this reporting period, environmental documentation requirements
were developed for ATES projects (Federal and state) for compliance with the
National Environmental Policy Act (NEPA), and a draft Programmatic Environmen-
tal Assessment was prepared for the ATES Program. In addition, assistance was
provided in evaluating data and reports submitted by the demonstration project
contractors for environmental compliance.

Field Test Facilities

Activities on Field Test Facilities (FTF) and related work were carried
out during the reporting period at Mobile, Alabama; Tennessee Valley Authority
(TVA); Bellingham, Washington and Richland, Washington.

Field work is in progress by Auburn University at the Mobile, Alabama
Test Site to implement a true doublet ATES test system. New injection and
supply wells were drilled into the storage aquifer, and initial hydrologic
tests were made.

Negotiations with TVA to develop a cooperative ATES FTF within the TVA
service area were halted after a potential site was identified near Memphis,
Tennessee. TVA was unable to identify internal funding to cooperatively
develop the faciiity.
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Work was carried out to characterize the geohydrology near Ferndale
(Bellingham), Washington for potential siting of an FTF adjacent to a high-
temperature waste heat source (garbage burner). Test well drilling indicated
that the target Esperance Sand Formation is not present at the site, there-
fore, the project was terminated based on these findings.

Preliminary test drilling was conducted near Richland, Washington to
locate and characterize a shallow unconfined aquifer suitable for storage of
low-temperature energy. Wide variations were noted in aquifer characteristics,
which led to the site being set aside as a potential site for future testing
of gradient control.

Compendia of Existing Technology

Library maintenance and development is continuing, with a working library
of over 1700 STES related documents presently available. Literature reviews
were made, and draft summary reports were completed during the past year on
ATES related technology. Publication of the quarterly STES Newsletter con-
tinued, with the scope of the newsletter being expanded (from ATES) to include
coverage of all types of seasonal thermal energy storage.

The STES Technology Information System (STES-TIS) was implemented as a
subset of the Technology Information System developed at the Lawrence Livermore
Laboratory under sponsorship of the DOE Office of Advanced Conservation Tech-
nologies. The STES-TIS encompasses library/bibliographic functions, program
information files, computational/model facilities and communication
capabilities.

The ATES Reference Manual was issued. The manual contains a complete
description of the work being performed under the STES Program.

Physicochemical Analysis

Laboratory permeability/creep compaction tests were completed on samples
of Massillon sandstone and Ottawa sand. As has been noted historically during
laboratory permeability tests under similar conditions (increased temperature
and pressure), a large decrease in sample permeability was observed in the
present tests. However, none of the natural damage mechanisms investigated
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were responsible for the observed permeability degradation with temperature.
It appears that the permeability degradation is caused by apparatus contamina-
tion-metal colloids derived from the Taboratory equipment itself. The tests
show that Massillon sandstone and Ottawa sand permeabilities are not particu-
larly temperature sensitive under conditions of low to moderate stress and
temperatures less than 150°C.

Specifications were developed for a laboratory facility for testing the
properties of geologic media samples under elevated temperature and pressure.
A request for bids for facility fabrication was issued, the fabricator selected
and a contract issued. Also, a field injectivity test stand was designed to
carry out on-site injection studies at ATES project locations.

Chemical modeling was initiated, and an existing code, the WATEQ4 model,
was selected for modification to ATES requirements.

Numerical Simulation

Work continued during this reporting period on development of numerical
simulation methodology for analysis of ATES geohydrologic/heat transport
systems. Additional improvements and modifications were made for the finite
element code CFEST (Coupled Fluid, Energy and Solute Transport) and CFEST was
tested on simulations of heat transport in confined aquifers.

Work was initiated on modification and application of the Intercomp Deep
Well Disposal Model (DWDM) to run the code on IBM (or other restricted work
size) hardware.

The Lawrence Berkeley Laboratory (LBL) continued to work on numerical
modeling aspects of ATES by application of the Conduction, Convection and
Compaction (CCC) code. Three specific tasks were undertaken by LBL during the
year. They were: 1) to perform generic simulations and study the relation-
ships between parameter groups describing the ATES aquifer system; 2) to carry
out site-specific simulations and provide input For design and operational
scenario at field test facilities, and 3) to complete preliminary investiga-
tions leading to nonisothermal modeling of unconfined aquifers overlain by
unsaturated porous media.
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Site-specific studies were undertaken for the Auburn University field
test facility Tocated at Mobile, Alabama. Simulations were undertaken to
determine the appropriate location of sampling wells, feasibility of fully
versus partially penetrating recovery wells, and energy recovery prospects.

LBL has begun work toward the development of a numerical simulation code
capable of predicting the transient movement of both fluid mass and energy
within the coupled saturated and unsaturated environments of an unconfined
aquifer.

Nonaquifer Seasonal Thermal Enerqy Storage

Nonaquifer thermal energy storage literature was obtained and reviewed to
keep abreast of development in these technologies. An initial survey, evalu-
ation, and selection of potential nonaquifer seasonal thermal energy storage
concepts was completed, and the results were incorporated in a formal report.
Based on this preliminary evaluation, the currently most promising nonaquifer
STES concepts worthy of more detailed evaluation are:

o Large engineered insulated-pond thermal energy storage (TES) with <95°C
water (sensible STES heating)

o Wet earth TES with <95°C water (sensible STES heating)

» Natural lakes and ponds, solar ponds, rocks, and water in mines, caverns,
and large tanks (sensible STES heating)

e Ice and compacted snow TES (latent STES cooling)

e Sulphuric acid/water heat pumps at 66 to 200°C (thermochemical STES
heating and cooling).
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1.0 INTRODUCTION

Storage of thermal energy is expected, in the near term, to provide a
significant contribution toward achieving the goals of the National Energy
Plan. This contribution will encourage a shift from use of insufficient or
costly fuels such as oil and natural gas to more abundant or available energy
sources such as coal, solar, and nuclear power. Thermal energy storage, when
incorporated in energy supply and conservation systems, permits efficient and
economical use of intermittent energy sources such as solar or off-peak elec-
trical power. Thermal storage also may allow use of waste heat from indus-
trial and utility sources. ’

The Seasonal Thermal Energy Storage (STES) Program, managed by the
Pacific Northwest Laboratory (PNL) for the U.S. Department of Energy, Office
of Advanced Conservation Technologies (ACT), is one element of the Thermal
Energy Storage Program.

1.1 OBJECTIVES

The objectives of the STES Program is to demonstrate the economic storage
and retrieval of energy on a seasonal basis, using heat or cold available from
waste sources or other sources during a surplus period to reduce peak period
demand, reduce electric utilities peaking problems, and contribute to the
establishment of favorable economics for district heating and cooling systems
for commercialization of the technology. Aquifers, ponds, earth, and lakes
have potential for seasonal storage. The initial thrust of the STES Program
is toward utilization of ground-water systems (aquifers) for thermal energy
storage.

The program has the further objective of evaluating other methods of
seasonal storage, both from existing literature and by following current work
in other countries. New program thrusts may be recommended as a result of
these studies.
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1.2 JUSTIFICATION

During the last decade, the storage of thermal energy in aquifers has
received considerable attention. The motivations for storing large quantities of
thermal energy on a long-term basis have been numerous, including: a) the need
to store solar heat that is collected in the summer for use in the winter months;
b) the cost effectiveness of utilizing heat now wasted in electrical generation
plants; c) the need to profitably use industrial waste heat; and d) the need to
more economically provide summer cooling for buildings. Seasonal aquifer storage
should contribute significantly to satisfy the above needs. Most geologists and
ground-water hydrologists agree that heated and chilled water can be injected,
stored, and recovered from aquifers. Geologic materials are good thermal insula-
tors, and there are potentially suitable aquifers distributed throughout the
United States. Recent studies and small-scale field experiments have reported
energy recovery rates above 70 percent for seasonal storage. The U.S. Depart-
ment of Energy predicts that, by the year 2000, seasonal aquifer storage could
replace or conserve up to 350 million barrels of o0il per year (Multi-Year Plan
for Thermal and Mechanical Energy Storage Program, DOE/ET-0109 Draft, June 1979).
However, successful demonstration of large-scale aquifer thermal energy storage
has not yet been attempted and the concept's economic feasibility and institu-
tional acceptability have yet to be established.

Many potential energy sources exist for use in an aquifer thermal energy
storage 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, garbage incineration units, cement plants,
and iron and steel mills. For heating, energy sources ranging from 50°C to
over 250°C are available. Potential energy uses include space heating on an
individual or district scale, heating for industrial or institutional plants
and heat for processing/manufacturing.

1.3 ORGANIZATION AND PROGRAM MANAGEMENT

a) Organization

The management of the Seasonal Thermal Energy Storage (STES) Program
includes the technical and administrative activities required to meet the
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program objectives and to provide for the management of these activities so
that program objectives are met on schedule and within budget. The program is
managed by the STES Program Office reporting to the Director of Projects at
the Battelle, Pacific Northwest Laboratory (PNL). Activities performed within
the Program Office include:

Developing STES Program Plans
Establishing Work Breakdown Structures

Providing administrative and technical management for all aspects of the
program including the technical tasks performed within PNL

Developing costs and schedules
Allocating and controlling program funds.

Establishing and implementing repbrting and review procedures and
schedules

Interfacing with ACT Office, DOE-HQ, and DOE-RL

Maintaining contact and 1iaison with seasonal energy storage activities
of the International Energy Agency covered by implementing agreements
with the United States.

The Organization Structure is displayed in Figure 1.1. The Work Breakdown

Structure is displayed in Figure 1.2. The Summary Network is displayed in

Figure 1.3.

1.3



—
=)

ISSUE 4
DATE 12/80
AQUIFER
PROGRAM THERMAL ENERGY g%ﬁg&”—
MANAGEMENT DEMNSTRATION TECHNOLOGY
° PNI.T
|
—_d
r 1
— - - J - -
g > - ~ DEMD,
/ CONSULTANT \ 7/ INTERNATIONAL® MANAGEMENT CONSTRUCTION Y PrasE 11 MANAGEMENT ECONOMIC NON AQUIFER
\_ REVIEW TEAM / \ CONFERENCE ! & SUPPORT & OPERATION & SUPPORT ASSESSMENT STES
AN - ~ 7 ~ - _ 7
- - o PHNL ® SUBCONTRACTS oPNL oPNL ePiL o PAL o PAL
1
® MCC ASSOC'S (T8D)  AUBLRN U, © TERRA TEK
®ADDITIONAL
SUBCONTRACTS
(TBD)
CONCEPTUAL ) pyas 1 LEGAL/ ENVIRONMENTAL COMPENDIA NUMERTCAL
INSTITUTIONAL ASSESSMENT Sl N
DESIGNS ASTLTuTION MULATIO
®pNL o PNL o PAL o PNL
 SUBCONTRACTS o RMA oLBL e LBL
I (T8D) @ SUBCONTRACTS 05U o sy
{180} oI *GEO. MADDOX
TRW DA:ES UNIVERSITY oLl gssoc':“s
INC. . OF MINNESOTA « CENTURY WEST #GED TR

SEASONAL THERMAL ENERGY STORAGE PROGRAM
PROGRAM MANAGER
PACIFIC NORTHWEST LABORATORY

FIGURE 1.1.

Organization Chart:

Seasonal Thermal Energy Storage (STES) Program




SEASONAL THERMAL
ENERGY STORAGE
PROGRAM
l o1 02 l 03

PROSRAN lnquirer THeRMAL SEASONAL

NANAGEMEX ENERGY STORAGE

& SUPPORT DEMONSTRATION TECHNOLOGY

] o101 0102 l 0201 0202 J 0203 [ 0301 0302 0303 0304 l oms oms l 0307 0308 039
PROGRAM PROGRAM MANAGEMENT CONCEPTUAL DEMINSTRATION MANAGENENT LEGAL/ ECONDMIC ENVIRONMENTAL FIELD HYS 1 COCHEMI CAL RUMERICAL NONAQUIFER
DESIGNS FACILITIES INSTITUTIONAL TEST CONPENDIA STES
MANAGEMENT SUPPORT & SUPPORT ) ) : m & SUPPORT o ASSESSMENT ASSESSMERT e es ANALYSTS SIMULATION
.
| 010101 I 010102 I 010201 l 010203 | 020101 | 020103 I oz0201 I 020203 I 030101 I 030103 I 030501 I 030503 I 030601 Joms me | 030703 [oanam 030803 030805
MANAGEMENT & BUCGET & PLANNING/ PROJECT SUBCONTRACT UNIVERSITY PROJECT SUBCONTRACT COORDINATION HIGH TEWP COORD INATION STES COORDINATION CHEMICAL COORDINATION MODEL DATA
3 FINANCIAL SCHEDULING ™ LIBRARY
COORDINATION HUSDQUARTTE ANALYSTS + CONTROLS ADMINISTRATION OF MINNESOTA MANAGEMENT ADMINISTRATION & REVIEW FIELD TEST & REVIEW & DATA BASE & REVIEW MODELING & REVIEW DEVELOPMENT ANALYSIS
010202 020102 020202 0102 030302 030602 030604 030702 030704 030802 030804
CONSULTAT 10X TECHAL DRES CONSULTANT ALABAMA STES EVALUATION ABORATORY FIELD
s ADVANCED smmc"r“ & v REVIEW TEST NEWS OF REPORTED ity REINSECTIVITY n‘iﬁ}é?" P
PLANNING TEARM SITE LETTER DATA ANALYSIS
FIGURE 1.2. Work Breakdown Structure:
) Seasonal Thermal Energy
Storage (STES) Program

1.5




PROGRAM MANAGEMENT

AQUIFER THERMAL ENERGY STORAGE DEMONSTRATION PROGRAM

SEASONAL THERMAL ENERGY STORAGE PROGRAM

FY-79 FY-80 FY-81 FY-82 FY-83 FY-84 FY-85
i) [ 92 [ Q3 ] iad o [ & [ o [ & 1] A B Y L T [ ~ ] s L1 P11 [ |
O PROVIDE ADMINISTRATIVE & TECHNICALYMANAGEMENT FOR ALL ASPECTS OF PROGRAM . 0
O INTERFACE WITH DOE.HEADQUARTERS & DOE-RL o)
O MAINTAIN CONTACT & LIAISONWITH INTERNATIONAL ENERGY AGENCY O
O DEVELOP STES PROGRAM PLANS ~ ESTABLISH & IMPLEMENT REPORTING & REVIEW PROCEDURES & SCHEDULES 0
NS
ESTABLISH DEVELOP ;
O WORK BREAKDOWN STRUCTURE  ,~ COST & SCHEDULE o~ ALLOCATE & CONTROL PROGRAM FUNDS ! O
Y4 /S
— 12/79 6/80 MAKE GO - ND GO DECISION ON ADEQUACY OF ATES
AQUIFER CHAR FOR 1 PHASE 1 CONTRACT
MAKE GO - NO GO DECISION ON
ADEQUACY OF ATES AQUIFER CHAR Recerve  REC.
SELECT COMPLETE REVIEW OF FUNCTIONAL FOR 2 PHASE 1 PROJECTS SE'-,EC"‘)N QUMET TIMEIL Lo \V/
RECEIVE ATES CONTRACTORS NEGOTIATE DESIGN CRITERIA FOR ABOVE GROUND @ HACrons PRELIM  FINAL - FITLE START-UP
PNL OnEm PROPOSALS ~  FOR ATES DEM)  ~ CONTRACTS ,~  PORTION OF THREE ATES DEMD PROJECTS rx CONTINUE MONTTORING PROSRESS ON 3 ATES DEMD CONTRACTS f(} r\DESIGNS P OPERATIONAL
Y4 \/ o/ NS A
11760 782 12782 INTEGRATED 1[ 9/85
SYSTEMS CHECKOUT
PREPARE \- REVIEW CONCEPTUAL LONG LEAD
AQUIFER DESIGN REPORTS PROCUREMENT
p FROM 3 ATES
HARACTERIZATION
| O O PERFORM AQUIFER CHARACTERIZATION & ISSUE REPORT o — CONTRACTORS
COMPLETE SOURCE, USER & TRANSPORT ) :
FUNCTIONAL DESIGN CRITERIA (FDC) PREPARE AND
TRW ISSUE INTEGRATED FDC REPORT o~ PREPARE CONCEPTUAL DESIGN AND PHASE II PROPOSAL
(BETHEL, ALASKA) -0 -——_—_—-—- = — — — — - (— 1/82
PREPARE EI
| PRELIMINARY REPORT PREPARE EI FINAL REPORT ~ DEVELOP EI PHASE I1I ASSESSMENTS ‘
- — \/ \ O-

DAMES & MOORE
(STONY-BROOK)

UNIVERSITY
OF MN
(ST. PAUL)

PREPARE ENVIRONMENTAL
& INSTITUTIONAL (EI) PLAN

PREPARE AQUIFER
'O CHARACTERIZATION PLAN —~
./

PERFORM AQUIFER CHARACTERIZIl(‘!ON & ISSUE REPORT

PREPARE SOURCE, USER & TRANSPORT

— — () FUNCTIONAL DESIGN CRITERIA (FDC)

11/80

& PHASE II PROPOSAL

81

8/81 PREPARE & ISSUE ”/
INTEGRATED FDC REPORT

7781
PREPARE SOURCE , USER & TRANSPORT /
FUNCTIONAL DESIGN CRITERIA (FDC —_——— e e e e e () PREPARE & ISSUE INTEGRATED FOC REPORT 2/15/82
PREPAR
& INST%TETMII(I)I'}?LMNTAL 10/81 A PREPARE CONCEPTUAL DESIGN
— OLE A PREPARE PRELIMINARY ENVIRONMENTAL APSESSMENT REPORT AND PHASE 11 PROPOSAL
7721780
PREPARE LEGEND
CONCEPTUAL DESIGN
compLETE ACTIVITY LINE
AQUI -
CHARACTERIZATION L FLOAT (nc activity)
— OB O PERFORM AQUIFER CTERTZATION & ISSUE REPORT NODE (indieates start. and/or

finish of an activity)
CONSTRAINT LINE (indicates

COMPLETE

6/82 constraining relationships

between activities)

——0

COMPLETE PRELIMINARY ENVIRON

ASSESSMENT (EA) REPORT

FINAL EA REPORT 5!

9/81 12/81

MILESTONE

Q4 — O |

FIGURE 1.3.

CONTROL MILESTONE

Summary Network

1.7



SEASONAL STORAGE TECHNOLOGY PROGRAM

SEASONAL THERMAL ENERGY STORAGE PROGRAM

FY-79 FY-8 FY-81 FY-82 FY-83 FY-84 FY-85
@ ] e [ o [ ® o [ v T o T o T F T w» T A T w T v T o [ & | s [HN S U RS N B | L1 1 P o1
1sT CZTRI;ETETING zm&chm 3R£>&mg,T MTG 4TH 5TH 6TH 7TH 8TH 9TH 10TH 11TH
PROGRAM SELECT CONSULTANT REVIEW TEAM (CRT) .
wanactents O ————————— == ————————— 00— — — —0= -0~ -0— -0~ 0~ -0— -0~ O
. PROVIDE
OF ATES LEGAL PROVIDE DRAFT PROVIDE DRAFT OF
& INSTITUTIONAL  OF COMPENDIUM ATES DEMC LOCAL/
. COMPLETE FINAL DRAFT: LEGAL & REGULATORY ANALYSIS OF OF REGULATIONS  STATE/FEDERAL
LEGAL., ISSUES AFFECTING THE AQUIFER THERMAL ENERGY STORAGE CONCEPT** ~ ISSUE DRAFT REPORT: LEGAL ISSUES AFFECTING END USES OF ENERGY FROM AN ATES PROJECT** ~NONAQUIFER STES*X, AFFECTING STES*%- REGULATIONS **
insTitutionaL O —{r U A —— Oo——=——-
ASSESSMENT * DEVELOP
DRAFT ECONOMIC LINEAR MODEL & DRAFT ECONOMIC
ANALYSIS OF  ESTIMATES FOR MARKET ANALYSIS OF  FINAL DRAFT ON
DEFINE PROGRAM PLAN FOR CONTRACT GE TEMPO FOR ATES ATES SYSTEMS** PENETRATION POTENTIAL NON-ATES STES ECONOMICS OF ATES
ECONOMIC ASSESSMENT OF ATES ECONOMICS CONCEPTUAL DESIGN METHODOLOGY DRAFT RPT COMPLETE DEVELOPMENT AND DOCUMENT AQUASTOR CODE o~ >~ FOR ATES™  ,~ TECHNOLOGY —~ DEMO PROJECTS
ASSESSMENT * O mgﬁgﬁu ATFis % 7 S \J ./ n®)
ANALYSIS
TO_BOE-HQ-ACT PREPARE DRAFT PREPARE DRAFT PREPARE DRAFT
DRAFT EIR'S AVAILABLE FROM ATES DEMO CONTRACTORS  pRepARE FINAL SUPPLEMENTAL  SUPPLEMENTAL SUPPLEMENTAL
B—\EA'S FOR ATES ENVIRONMENTAL  ENVIRONMENTAL ENVIRONMENTAL
ENVIRONMENTAL (), PREPARE DRAFT PROGRAMMATIC ENVIRONMENTAL ASSESSMENT FOR ATES ~ PREPARE FINAL PROGRAMMATIC ENVIRONMENTAL ASSESSMENT (EA) FOR ATES DEMONSTRATION SITES ~RPT #1  ,~ RPT #2 ~_RPT 43 O
ASSESSMENT * ~ ~ 11\/132 ~
0SU CONTRACT: SEASONAL STORAGE SYSTEM ASSESSMENT
COMPENDIA* —— — — O J\)———————————'——'———————'——————'——————————'————l
CENTURY WEST ENGINEERING CONTRACT: REGIONAL AQUIFER ASSESSMENT
F——— — —— —— — —O— O——————
DEVELOP STES LIBRARY —~ MRI CONTRACT: MAINTAIN LIBRARY FUNCTION ‘ O
S
TECHNOLOGY TRANSFER ~ LLL CONTRACT: DEVELOP INFORMATION SYSTEM O
U
 — — -0 LBL .CONTRACT: PREPARE & ISSUE QUARTERLY NEWSLETTER O
COMPLETE
INJECTION PORTION
- o CYCLE AT 1O OF 2ND CYCLE CONTINUE INJECTION
FIELD TEST SELECT FTF SITE o~ COMPLETE 55°C TRUE DOUBLET CYCLE AT MOBILE, ALABAMA FTF SITE &, AT MOBILE, ALABAMA CYCLES/STORAGE /RECOVERY S
FACILITIES * O- ST \n O O —
DELIVER SAMPLES FROM ATES DEMONSTRATION SITES
PHYSICOCHEMI CAL REVIEW INJECTION CONTROL TECHNOLOGY O- COMPLETE INSTALLATION AND ACCEPTANCE TESTING OF THE STES SIMULATED FLOW FACILITY AT PAL 'S COMPLETE SITE SPECIFIC TESTING OF MATERIALS O
ANALYSIS* COMPLETE CONSTRUCTION DELIVER ANALYTICAL DATA FROM ATES DEMONSTRATION SITES
————— e — D) & ACCEPTANCE TESTING OF INJECTION TEST STAND e L SITE INJECTIVITY TESTING O
_ _ et DEVELOP GEOCHEMICAL MODELING kﬂ ‘}\ CONTINUE GEOCHEMICAL MODELING e
\ " DELIVER SYSTEM N~ .
70 MOBILE, ALABAMA TEST SITE
NUMERICAL COMPLETE NUMERICAL SIMULATION MODEL DOCUMENTATION INCLUDING SAMPLE ANALYSES —~ CONTINUE DEVELOPMENT OF NUMERICAL MODELING & APPLICATIONS O
SIMULATION* . —
- __OXSSUEREPORTONSTATE-OF-THE-ARTOFATESSIHULATIONHODELTHG-GEOTRAN§@_ — e ——————— ]
LBL CONTRACT: NUMERICAL SIMULATION DEVELOPMENT & APPLICATION O
—_——,—,—,e e —— ] 0SU CONTRACT: _STUDY ENERGY AND MASS TRANSPORT IN GEOLOGIC MEDIA O-—————————'————————'—————————{
NONAQUIFER O _ COMPLETE PRELIMINARY NONAQUIFER STES FORMAL REPORT ~ CONTINUE NONAQUIFER STES SYSTEMS STUDIES
STES* \9, —
*IN ADDITION TO THE SIGNIFICANT ACTIVITIES SHONN ON THIS NETWORK FOR EACH OF THESE MAJOR ** AFTER PUBLICATION THESE DOCUMENTS REMAIN AVAILABLE FOR USE BY THE ATES DEMONSTRATION SITES.

TASKS OF THE SEASONAL STORAGE TECHNOLOGY PROGRAM, THESE TASKS ALSO PROVIDE CONTINUOUS
SUPPORT FOR THE ENTIRE DURATION OF THE STES PROGRAM.

FIGURE 1.3. (continued)

1.9



2.0 CURRENT PROGRAM PLANS TO MEET OBJECTIVES

The STES Program is divided into an Aquifer Thermal Energy Storage (ATES)
Demonstration Task and a parallel Seasonal Storage Technology (SST) Task.
Seasonal storage in aquifers will be evaluated in the ATES Demonstration Task,
beginning with the conceptual design of site-specific systems and operation of
a smaller number of demonstration projects. The basic function of such an
energy storage system is to accept, store, and discharge energy in accordance
with availability and demand. Thus, the aquifer storage system provides a
buffer between the time-dependent energy inputs and thermal loads or outputs.
An aquifer thermal energy storage system is an integrated system consisting of
an energy source, thermal transport, a storage aquifer, and a user application.
Energy may be supplied for storage from a solar collector, heat pump, indus-
trial heat source, a cogeneration power plant, or other sources. Conversely,
chilled water may be supplied and stored for future use in air conditioning.

In response to a Request for Proposal (RFP), prospective contractors sub-
mitted proposals for ATES Demonstration Project site specific conceptual
designs and aquifer characterization (Phase I). These proposals were evalu-
ated and contracts were negotiated for implementation of the selected projects.
The contractors are developing conceptual designs for integrated systems con-
taining energy source, thermal transport, aquifer storage, and user subsystems.
Aquifers are being characterized by geologic exploration and analysis of exist-
ing data. Functional design criteria will be developed for each subsystem and
for the integrated systems. From the functional design criteria and the
aquifer characterization reports, proposals will be evaluated for continued
work on a smaller number of projects in Phase II. Phase II is the detailed
design, construction, startup, and operation of ATES Demonstration Projects.

The parallel SST Task is designed to provide support to the overall STES
Program. The initial activities of this task are primarily directed toward
support of the ATES Demonstration Task. These activities include legal/
institutional, economic, environmental assessment, and technical research and
development studies to provide a sound technical base for the demonstration
projects. The long-range task goals include investigation and evaluation of
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other seasonal thermal energy storage concepts which may be considered for
future emphasis. It is the intent of the SST Task to reduce technological
barriers to the development of energy storage systems prior to the significant
investment in demonstration or commercial facilities. Through research and
testing of novel storage concepts, aquifer characteristics, system designs,
and system operating criteria, this task can assist developers in obtaining a
successful energy storage facility. This task is designed to not only provide
technological information on energy storage systems, but also to assist in
identifying systems which are economically sound, environmentally acceptable,
and within existing legal and institutional constraints.

A major function under the SST Task is development of one or more Field
Test Facilities (FTF's). The FTF is a site or sites established to test
heating and/or chilling technologies for energy storage in aquifers. This
facility is the forerunner of demonstration projects for aquifer thermal
energy storage. As a forerunner, the facility will assist in the development
of energy storage technology through research and development activities.
This facility will have the capability of performing full-scale tests on
heating and/or chill energy storage technologies. More than one FTF may be
required. The aquifer requirements (confined versus unconfined), heat
sources, and end uses of low-temperature versus high-temperature storage
concepts may necessitate the use of more than one leading edge unit.

The Seasonal Thermal Energy Storage (STES) Program involves industry,
other Department of Energy (DOE) laboratories, and universities.
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3.0 SUMMARY OF ACCOMPLISHMENTS

3.1 TASK I - STES PROGRAM MANAGEMENT

Work continued during CY-1980 on Program Management elements initiated
during the last reporting period. Program plans were revised, and the budget
and schedules were updated. The STES Program Multi-Year Plan was prepared,
and the Program FY-1981 Annual Operating Plan was issued.

A workshop on seasonal thermal energy storage was conducted to provide a
forum for discussion of STES technology by foreign and U.S. scientists and
engineers. Also, the STES Consultant Review Team met to provide a peer
overview of the Program.

The STES Program Office planned, coordinated and hosted the annual
Contractors' Review Meeting for the DOE Mechanical, Magnetic and Underground
Energy Storage Programs. In addifion, plans were initiated for a STES/CAES
International Conference to be held in the fall of 1981.

Contacts were continued with managers of European STES Programs, and
Tiaison was maintained with the International Energy Agency.

3.2 TASK II - AQUIFER THERMAL ENERGY STORAGE (ATES) DEMONSTRATION PROGRAM

Proposals submitted in response to the RFP for Phase I ATES Demonstration
Projects were processed through the proposal selection procedure. Ratings of
the proposals were made by the Source Evaluation Panel (SEP) and the competi-
tive range was established for the proposals. Discussions were held with pro-
posers that comprised the competitive range, and findings reported to the SEP
and Source Selection Official (SSO). Based on the various findings and recom-
mendations, the SSO proposed projects for Phase I (Aquifer Characterization
and Conceptual Design) implementation, and these selections were presented to
and discussed with DOE Richland Operations Office and DOE Washington, Division
of Energy Storage Systems (now Office of Advanced Conservation Technologies).
Subsequently, negotiations with the selected proposers resulted in contracts
for three Phase I ATES Projects:

3.1



Prime Storage User

Site Contractor Energy Source Temperature Application
Bethel, Alaska TRW Inc. Diesel-Electric <1050C District Heating
Utility
State Univ. of Dames & Moore Winter Chill 40C District Cooling
New York,
Stony Brook
Campus,
New York
University of University of University 1500C District Heating
Minnesota, Minnesota Heating Plant
St. Paul
Campus,
Minnesota

Drafts of the planning documentation were completed for the three
projects. These documents are: 1) Management Plan, 2) Aquifer Characteriza-
tion Plan, and 3) Environmental Assessment Plan. In addition, documentation
of the Functional Design Criteria was completed for the three projects. Also,
the required permits were obtained for test drilling to characterize site
geohydrology.

During this reporting period the following work was accomplished on
Phase I of the ATES Demonstration Projects:

Bethel, Alaska

Three test wells were drilled. These wells provided samples of the perma-
frost zone and underlying geologic formations for subsurface characterization.
Laboratory analyses of the well samples were made. The wells were completed
as observation wells for monitoring future pumping tests and thermal/tracer
injection tests. Doublet {one injection well and one supply well) wells were
completed for the thermal/tracer injection test and a preliminary pumping test
was made for aquifer characterization. This test indicated the presence of an
aquifer that may be suitable for the demonstration project.

The amount and availability of waste heat from the Bethel Utility genera-
tors were defined; energy requirements of candidate users were determined; and
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disucussions began on district heating distribution systems. Designs of the
surface and subsurface systems for the Phase I tests were completed and pres-
sure and temperature measuring instrumentation was installed in the observa-
tion wells. Strain gauges were installed on the doublet wells to determine
casing elongation (and permafrost effects) during the heat injection test.

Drilling costs were much higher than anticipated for the Bethel Project.
The uncertainties of weather and stratigraphy precluded a fixed price or unit
price contract for drilling and the qualified drillers would only do the work
on a per diem basis. The time required and complications encountered resulted
in drilling costs of over $850,000, whereas less than $400,000 had been
planned. Similar experience in under-estimating the cost of site preparation
and mechanical work in the remote areas of Alaska caused further cost overruns.
This situation required that work be suspended while a comprehensive economic
and technical assessment of the project is made. TRW was issued a Stop Work
Order on December 10, 1980, and the assessment is in progress.

State University of New York (SUNY), Stony Brook Campus

During this reporting period, work at Stony Brook concentrated on field
investigations, although considerable study was made of the above ground
installation and options. The user needs of the major buildings on the Stony
Brook Campus were defined both in terms of peak tonnage and peak chilled water
flow. The annual tonnage and flow are being determined by both historical
means using chilled water logs and fiow meter data, and by computerized load
analysis. Computer models of the Toad system were developed for the load
analysis.

Two winter chilled water production methods are being studied for use on
the Stony Brook Campus. The first method relies on the use of the existing
cooling towers. Discussions were held with manufacturers to determine the
winter performance capabilities of the existing towers. In addition, the
actual operating experience of similar cooling towers in the winter mode has
been studied to identify potential problems. Based on preliminary data, the
existing towers appear to have the‘necessary capacity. The second method will
use existing 100% outside air building fan systems to chill well water. By
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using fan systems which must run continuously to supply building needs, the
additional energy consumption of using cooling tower fans in winter may be
avoided or reduced. The feasibi]ity of using existing coils for this purpose
is being discussed with manufacturers and the overall concept is under study.

The existing chilled water distribution and utility tunnel system was
investigated for possible use as a well water transport system. The system is
presently being under-utilized in terms of its water flow capacity.

The injection/production well doublet for the Phase I tests were designed
and let for bid. A contractor was selected and construction was completed in
November 1980. Nine test wells were drilled, sampled and geophysically logged.
Piezometer tubes and thermal access tubes were installed in each well for moni-
toring temperatures and pressures during pumping tests and chill injection
tests. An existing well will be used for one of the injection/production
doublet wells. The second doublet well was drilled, sampled and tested during
this reporting period.

Laboratory tests for heat capacity, thermal conductivity, permeability
and grain size (sieve analysis) were made on drill core samples. Preliminary
characterization of the aquifer was made. The initial well tests show that
the proposed production/storage zone in the Upper Magothy Formation (about 300
to 350 feet below land surface) appears satisfactory for chill storage.

A preliminary numerical model of the geohydrologic system at the test
site was developed using the GREASE-2 code. The model was used as an aid in
designing the well doublet field experiment.

University of Minnesota, St. Paul Campus

Work began on the ATES system energy and economic analysis. Data were
collected for use in the analysis, and preliminary modeling and computer pro-
gramming was initiated based on a present value analysis. Work has begun on
an energy/thermodynamic model for Phase II concept.

Plans and specifications were developed for core drilling at the test
sites, and two test wells were drilled, cored, logged, and packer tested.
These walls were completed as monitoring/observation wells. Plans and
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specifications were completed, bids issued and a contract awarded for drilling
five monitoring wells. Construction of the wells will begin early in January
1981. The preliminary design for the doublet heat injection/water supply
wells was completed and routed for review.

Data from the core wells were used for preliminary aquifer characteriza-
tion and development of the initial hydrodynamic/heat transport numerical
model. Model runs show that the target aquifer (Franconia-Ironton-Galesville)
should perform satisfactorily for the Phase I heat injection tests. However,
aquifer permeability is Tower and thickness is less than expected. These
findings, if confirmed by the Phase I tests, may require conceptual design of
the ATES project on a more limited scale than was originally proposed.

Specifications and working drawings for Phase I mechanical and electrical
systems were prepared for bid advertisement.

Table 3.1 shows the Task II Milestones for CY-1980. All milestones were
completed on or ahead of schedule.

TABLE 3.1. ATES Program Milestones for CY-1980

Scheduled Projected Actual

Milestone Due Date Completion Date Completion Date
Contractor Selection for Aquifer 2/80 2/80
Demonstration Program
Present ATES Demonstration Pro- 2/80 2/80
gram Selection Decision to the
Office of Advanced Conservation
Technologies
Complete Conceptual Design Con- 6/80 5/80
tract Negotiations (those for
which funds are available)
Issue Notices to Proceed on 7/80 5/80
ATES Phase I Contracts
Complete Review of Functional 11/80 11/80

Design Criteria for Above
Ground Portion of Three ATES
Demonstration Projects
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3.3 TASK III - SEASONAL STORAGE TECHNOLOGY (SST) PROGRAM

During this reporting period, work continued on the tasks initiated last
year:

Legal/Institutional Assessment

Probable Federal and state regulatory requirements for ATES projects were
outlined and potential operator liability was discussed as were legal factors
involving thermal energy storage and recovery. The factors affecting energy
delivery were noted.

A technical document containing the results of investigations under this
study area was published in October (Hendrickson 1980).

Economic Assessment

An overall analysis of ATES systems was made. The results of this analy-
sis shows that ATES is a cost-effective, fuel-conserving technique for provid-
ing thermal energy for residential, commercial, and industrial users. While
there are some technical and institutional problems, the negative aspects are
minor, and do not seem to pose a threat to widespread commercialization. The
results of this analysis was published in June (Reilly 1980).

Development of the ATES Economic Evaluation Computer Code, AQUASTOR, was
completed. AQUASTOR combines demand, aquifer, and supply characteristics with
climate, cost functions, and economic parameters in one systematic model. It
provides the flexibility 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. AQUASTOR
was used during this reporting period to make several assessments of the cost
of aquifer heat and chill storage.

Guidelines were developed for conceptual design and evaluation of ATES
systems. The guidelines were prepared as a tool for those considering the use
of ATES systems. The guidelines will assist in the preliminary design effort
and in evaluation of the technical and economic feasibility of using the ATES
technology. Documentation of the guidelines was issued in October (Meyer 1980).
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Environmental Assessment

During this reporting period a major emphasis was placed on developing
environmental documentation requirements for ATES projects (Federal and state)
for compliance with the National Environmental Policy Act (NEPA). A draft
Programmatic Environmental Assessment was prepared for the ATES Program. In
addition, assistance was provided to the ATES Program Manager in evaluating
data and reports submitted by the demonstration project contractors for
environmental compliance.

Field Test Facilities

Activities on Field Test Facilities (FTF) and related work were carried
out during the reporting period at Mobile, Alabama; Tennessee Valley Authority
(TVA); Bellingham, Washington and Richland, Washington.

Field work is in progress by Auburn University at the Mobile, Alabama
Test Site to implement a true doublet ATES test system. New injection and
supply wells were drilled into the storage aquifer, and initial hydrologic
tests were made. Comprehensive aquifer tests are in progress, and plans were
completed for the hot injection/tracer tests scheduled to begin in February
1981.

Negotiations were made with TVA to develop a cooperative ATES FTF within
the TVA service area. This effort was halted after a potential site was iden-
tified near Memphis, Tennessee. TVA was unable to identify internal funding
to cooperatively develop the facility.

Work was carried out to characterize the geohydrology near Ferndale
(Bellingham), Washington for potential siting of an FTF adjacent to a high-
temperature waste heat source (garbage burner). Test drilling was conducted
at two sites near the location of the garbage burner. The target was the
Esperance Sand, a deep (v600 feet below land surface) saline water-bearing
formation known to exist several miles to the west of the proposed FTF site.
The Esperance was not found at the two test well sites, and the project was
terminated based on these findings. The tests, of course, do not preclude
existence of aquifer satisfactory for aquifer thermal energy storage elsewhere
in the Nooksack Basin.
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Preliminary test drilling was conducted near Richland, Washington to
locate and characterize a shallow unconfined aquifer suitable for storage of
low-temperature energy. Wide variations were noted in aquifer characteristics,
which led to the site being set aside as a potential site for future testing
of gradient control.

Compendia of Existing Technology

A working library of over 1700 STES related documents were assembled.
Library maintenance and development is continuing under subcontract with
Midwest Research Institute.

Literature reviews were made, and draft summary reports were completed
during the past year on: ATES site characterization methods, regional aquifer
assessment, energy and mass transport in geologic media, and aquifer reinjec-
tion experience where ground water was used for building heating/cooling.

Publication of the quarterly STES Newsletter continued during this report-
ing period. The scope of the newsletter was expanded (from ATES) to include
coverage of all types of seasonal thermal energy storage.

The STES Technology Information System (STES-TIS) was implemented during
the past year. The STES-TIS is a subset of the Technology Information System
developed at the Lawrence Livermore Laboratory under sponsorship of the DOE
Office of Advanced Conservation Technologies. The STES-TIS encompasses
Tibrary/bibliographic functions, program information files, computational/
model facilities and communication capabilities.

The ATES Reference Manual was issued in August (Prater 1980). The manual
contains a complete description of the work being performed under the STES
Program.

Physicochemical Analysis

Laboratory permeabi]ity/creep compaction tests were, completed on samples
of Massillon sandstone and Ottawa sand. As has been noted historically during
laboratory permeability tests under similar conditions (increased temperature
and pressure), a large decrease in sdmp]e permeability was observed in the
present tests.

3.8



None of the natural damage mechanisms investigated were responsible for
the observed permeability degradation with temperature. It now appears that
the permeability degradation is caused by apparatus contamination-metal col-
loids derived from the laboratory equipment itself. The particulates are
predominantly zinc, iron, and aluminum oxides or hydroxides presumably derived
from corrosion and/or degradation of equipment components upstream of the sand
and sandstone samples. It is concluded that laboratory tests at temperature
should be done in corrosion resistant vessels and include upstream filtration.
With respect to field sites, operators of ATES wells must investigate the
nature of the suspended particle loads being injected into the reservoir.
"Injectivity testing” should be conducted at all field sites where elevated
temperatures are planned. It would appear from this study, that for low to
moderate effective stress and temperatures less than 150°C, that Massiilon
sandstone and Ottawa sand permeabilities are not particularly temperature sen-
sitive. Site-specific aquifer materials should be similarly tested. Further-
more, the potential problems with scaling (relatively small scale laboratory
test results extrapolated to field conditions) effects of the small lab/field
travel path ratio should be explored because of the apparent temperature-
induced mobilization of natural fines internal to porous aquifer materials.

Specifications were developed for a laboratory facility for testing the
properties of geologic media samples under elevated temperature and pressure.
A request for bids for facility fabrication was issued, the fabricator selected
and a contract issued. Engineering design and system construction drawings are
nearly complete, and long lead hardware items were ordered. Also, a field
injectivity test stand was designed to carry out on-site injection studies at
ATES project locations. Negotiations for test stand fabrication are in
progress.

Chemical modeling, a new task, was initiated in November 1980. An exist-
ing code, the WATEQ4 model, was selected for modification to ATES requirements.
Mass transfer (precipitation/dissolution) capabilities were added to the code
and progress is being made towards adding elevated temperature (<150°C) capa-
bilities in an equilibrium or kinetic mode. The data bank has been enhanced
and a literature review on the kinetics of calcite, gypsum, silica, geothite,
and ferrihydride is progressing.
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Numerical Simulation

Work continued during this reporting period on development of numerical
simulation methodology for analysis of ATES geohydrologic/heat transport
systems. Additional improvements and modifications were made for the finite
element code CFEST (coupled fluid, energy and solute transport). Flownet and
rectangular grids have been included in the automatic grid generation package,
and a data processing package has been developed to display and filter the raw
field data from an aquifer thermal energy storage facility. CFEST was tested
on simulations of heat transport in confined aquifers.

During CY-1980, contracts were placed with Washington State University
(WSU), Oregon State University (0SU), and GeoTrans, Inc. This work involves
modification and application of the Intercomp Deep Well Disposal Model (DWDM),
a preliminary examination of mass and energy transport in unsaturated media,
and the preliminary study leading to a state-of-the-art paper dealing with
numerical simulation of the aquifer environment. At WSU, modifications have
been made to the DWDM code necessary to run the code on IBM (or other
restricted work size) hardware. OSU has completed a literature review,
written a preliminary interpretive report, and annotated bibliography on
energy transport in unsaturated media. Current publications and details of
ongoing research have been sought for inclusion in the paper on state-of-the-
art in modeling fluid flow and heat transport in aquifer geologic media being
prepared by GeoTrans. '

The Lawrence Berkeley Laboratory (LBL) continues to work on numerical
modeling aspects of ATES. Three specific tasks were undertaken by LBL during
the year. They were: 1) to perform generic simulations and study the rela-
tionships between parameter groups describing the ATES aquifer system; 2) to
carry out site-specific simulations and provide input for design and opera-
tional scenario at field test facilities, and 3) to complete preliminary inves-
tigations leading to nonisothermal modeling of unconfined aquifers overlain by
unsaturated porous media.

Site-specific studies were undertaken for the Auburn University field
test facility located at Mobile, Alabama. Three heat injection cycles are
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presently contemplated for the Auburn field test facility. Each will have a
progressively higher injection temperature (55, 90, 125°C). Simulations
were undertaken to determine the: appropriate location of sampling wells,
feasibility of fully versus partially penetrating recovery wells, and energy
recovery prospects.

LBL has begun work toward the development of a numerical simulation code
capable of predicting the transient movement of both fluid mass and energy
within the coupled saturated and unsaturated environments of an unconfined
aquifer. An isothermal code for the analysis of transient flow in unsaturated
and saturated porous media (TRUST) is being expanded to include nonisothermal
effects. Code development of this magnitude is a multi-year effort and work
is continuing through 1981.

Nonaquifer Seasonal Thermal Energy Storage

Nonaquifer thermal energy storage literature is being obtained and
reviewed to keep abreast of development in these technologies. An initial
survey, evaluation, and selection of potential nonaquifer seasonal thermal
energy storage concepts was completed, and the results were incorporated in a
formal report in December (Blahnik 1980). Based on this preliminary evalu-
ation, the currently most promising nonaquifer STES concepts worthy of more
detailed evaluation are:

e Large engineered insulated-pond thermal energy storage (TES) with <95°C
(sensible STES heating)

o Wet earth TES with <95°C water (sensible STES heating)

e« Natural Takes and ponds, solar ponds, rocks, and water in mines, caverns,
and large tanks (sensible STES heating)

e Ice and compacted snow TES (latent STES cooling)

e Sulphuric acid/water heat pumps at 66 to 200°C (thermochemical STES
heating and cooling).

These recommended concepts should be considered for use in conjunction

with heat pump systems, for use with each other, and perhaps, except for
thermochemical STES, for coupling with aquifers.
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Table 3.2 shows the Task III Milestones for CY-1980. All milestones were
met on or ahead of schedule except for the draft Environmental Assessment (EA}),
documentation of the numerical simulation model (CFEST), and the Consultant
Review Meeting.

The review process for approval of the EA document required more time than
expected. Instability problems with CFEST required development and incorpora-
tion of "upstream" weighting to the code which delayed model completion and
documentation by approximately 3 months. The Consultant Review Meeting was
delayed due to the Mt. St. Helens volcanic event.

TABLE 3.2, Seasonal Storage Technology Program Milestones for CY-1980

Scheduled Projected Actual
Milestone Due Date Completion Date Completion Date

Present ATES Mission Analysis to 3/80 3/80
the Office of Advanced
Technologies
Conduct Consultant Review 4/80 7/80 7/80
Meetings
Complete Generic Environmental 9/80 10/80 10/80
Assessment and Issue Draft
Publish Prelininary ATES 8/80 8/80
Reference Manual
Conduct STES Workship 9/80 8/80
Complete Preliminary Nonaquifer 12/80 12/80
STES Formal Report
Complete Numerical Simulation 12/80 3/81

Model Documentation Including
Sample Analyses
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4.0 PROGRESS ON THE SEASONAL THERMAL ENERGY STORAGE PROGRAM PROJECTS

Detailed discussions are given in this section on the individual tasks
which comprised the STES Program during this reporting period. Topics dis-
cussed are: 1) Project Objectives, 2) Project Tasks, 3) Technical Progress,
and Technical Problems. The topics are organized according to the program
Work Breakdown Structure.

4.1 AQUIFER THERMAL ENERGY STORAGE (ATES) DEMONSTRATION PROGRAM

The goal of the ATES Demonstration Program is to demonstrate the commer-
cialization potential of aquifer thermal energy storage technology using an
integrated system approach to multiple demonstration projects. This program
is intended to stimulate the interest of industry by demonstrating the feasi-
bility of utilizing an aquifer for thermal energy storage, thereby reducing
crude oil consumption, minimizing thermal poliution, and significantly reduc-
ing utility capital investments required to account for peak power require-
ments. The ATES Demonstration Program is comprised of the following tasks:

Task 1 - Phase I Conceptual Design.
Task 2 - Phase II Final Design, Construction and Operation.

4.,1.1 Phase I Conceptual Design
TRW, Dames & Moore and University of Minnesota.

Conceptual designs for integrated systems containing energy source,
thermal transport, aquifer storage and user subsystems are under development
by contractors. In response to the Request for Proposal (RFP) issued last
year (September 1979), proposals were submitted on or before December 17, 1979
for Phase I work. During the first quarter of CY-1980, at the conclusion of
the proposal selection procedure, the following three ATES Phase I Projects
were awarded:
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Prime Storage User

Site Contractor Energy Source Temperature Application
Bethel, TRW Inc. Diesel-Electric <1059C District Heating
Alaska Utility
Stony Brook, Dames & Moore Winter Chill 40C District Cooling
New York
St. Paul, University of University 1500C District Heating
Minnesota Minnesota Heating Plant

Aquifers are being characterized by geologic exploration and analysis of
data. Functional design criteria are being developed for each subsystem and
for the integrated systems. The functional design criteria and the aquifer
characterization reports will be the basis for the conceptual designs, which
will be completed in FY-1982.

Objectives
The objectives of Phase I are to:

o Develop conceptual designs for fully integrated thermal energy storage
systems which each include an energy source, thermal transport, a storage
aquifer and a user application.

e Identify and characterize usable aquifers at each site.
o Establish the economic viability of the conceptual systems.

o Identify the institutional and environmental concerns associated with
future development and commercialization of the systems.

o Development of plans for accomplishment of Phase II.

Technical Progress

4.1.1.1 Bethel, Alaska Project
TRW, Inc.

The Management Plan, Aquifer Characterization Plan and Environmental/
Institutional Plans were submitted and approved. These documents form the
baseline for the project.
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Most of the work accomplished during this reporting period was in Test
Site Development. This task consisted of the following elements:

e Obtaining permits and licenses
e Procurement and transport of materials and equipment
e Design of the site

e Design of the hot water test system

e Selection of contractors for site preparation, test system construction
and well drilling, and

e Drilling and completing the wells.

Obtaining Permits and Licenses

The task of obtaining permits and licenses to permit well drilling was
made relatively simple by implementing the process developed by the State of
Alaska to convene a permit conference incorporating all concerned State and
Federal agencies.

The details of all the agencies' concerns and actions are presented in
"Phase I Environmental Assessment/Monitoring and Envirommental/Institutional
Investigation Plan,” TRW No. 80.1455.JMC.127, dated August 25, 1980.

Procurement and Transport of Materials and Equipment

The key facet in the procurement of materials and equipment was the short
time between the project start and the planned start of drilling. Some of the
constraints included the various transportation difficulties to Bethel. The
last barge from Seattle leaves on September 6. Gravel for the roads and pads
must come from 90 miles up river. The Kuskokwim River recedes around August 15
each year, making barge transport impossible. Orders for the gravel were
placed to match with these transportation restrictions.

A number of items required a fairly long lead time. These included:
o down hole pump
o heat exchangers

booster pumps, and
aquifer instrumentation.
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Early design decisions were made on the selection of these items so that
the procurement lead time could match the most economical transportation mode.

The most critical transportation problem concerned the drill rig and well
casing. The two methods of bringing this equipment to Bethel are by barge or
by air, both from Anchorage. Selection of the drilling contractor was not
made in time to use the barge. In any event, demobilization of the drill rig
back to Anchorage was always an air operation due to the scheduled time
(winter). Drill rig transport by air has become a common practice in Alaska
due to the extensive drilling on the north slope.

Design of the Site

Since the site for the five test wells is undisturbed tundra, the test
site had to be prepared to minimize the effect on the tundra. Drill rig
weight had to be distributed to an acceptable stress on the soft tundra.
Thermal effects on the tundra had to be minimized. The design of the roads
and pads went through several iterations with the potential contractors.

Design of the Hot Water Test System

The aquifer characterization experiments require the injection of hot
water into a well. The water will be extracted from a production well and
heated by waste heat from the diesel generators of the Bethel Utility
Corporation (BUC). Two systems, one for pumping, heating and distributing the
water, the other for conditioning and distributing the electric power for the
water pumps and the instruments, were designed. These systems are described
below.

The Water Supply System

The function of this system is to pipe water from the extraction well to
the injection well through heat exchangers during the hot water tests, and
by-pass the heat exchangers during isothermal tests. The heat necessary to
raise the water temperature by up to 100°%F 1is extracted from the coolant of
the diesel generator units of the BUC. The water will be pumped from the
extraction well at the rate of 200 gpm by a down hole pump and will flow
through the tubes of two heat exchangers, connected in parallel, prior to
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reaching the injection well. The flow schematic, Figure 4.1, shows the main
components of the system; Figure 4.2 shows how the new system will fit into
the existing engine cooling system. Note that the coolant temperature enter-
ing each engine is always controlled by its own mixing valve which adjusts the
proportion of engine coolant by-passing the radiator loop. The "new" portion
of the cooling loop is under construction now, to prepare for the installation
of additional generator units. In the meantime, the aquifer characterization
loop will be connected in the place of one of the generators. A pump, P-01,
is provided to compensate for the appreciable pressure drop (up to 23 psi) in
the diesel coolant when flowing through the shell side of the heat exchangers.
The maximum flow rate is 500 gpm from each diesel generator and the BUC
usually has two units on line during the day and only one at night.

The flow rate of the aquifer water will be controlled to a constant value
of 200 gpm by throttling (V-7); thus, the water temperature at the injection
well will vary as a function of the power output of the utility.

Rhodamine dye stored in a 100 gallon tank (T-2) will be injected into the
hot water through a calibrated capillary and the dye concentration at the
injection well will be measured.

The Power Supply System

The BUC produces power at 2400 Volts alternating current (Vac) and dis-
tributes power at 208 Vac whereas the instrumentation system on the wells and
the heating strips (required to prevent freezing of the wells) require 110 Vac
while the 200 gpm, 25 horsepower down hole pump and the 1000 gpm, 25 horsepower
pump are best driven by 460 Vac motors. Accordingly, the electrical system
specification was issued and a walk-through was held at the BUC on August 19,
1980. As a result of discussions with prospective bidders and the utility
personnel, the bid request was modified to include an overhead electrical dis-
tribution system, as well as a ground based network. The distribution system
evolved into two distinct networks. These are a 460 V, 3 phase, 60 Hz, 3 wire,
40 kva and a 208 V/120 V, 3 phase/1 phase, 60 Hz, 4 wire, 32.5 kva.
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The 460 Vac system supplies the production well pump (W2) and the circu-
lation pump for the heat exchanger. The 460 voltage level was chosen to
adequately supply the motor inrush and operating currents without incurring
undue losses, costs and wire size penalty.

The 120 Vac/208 Vac network is basica11y a Y connected system. Line to
neutral voltage is used to power the instrumentation and heater systems. Both
systems are metered for electrical energy output and are suitably protected by
fused disconnects, breakers and grounding.

During operation, each pump is powered via an independent supply line and
a pump control panel thus allowing full flexibility of operation, i.e., single
pump, dual operation or programmed. Each well is supplied by an individual
45A, 120 Vac, single phase line. These lines originate at the central TRW con-
trol panel which is equipped with dedicated circuit breakers. A permanently
connected 15A utility outlet and a 30A fused disconnect are provided at each
wellhead. The fused disconnect will be used to de-energize the heaters during
sensitive measurements and data collection periods.

Instrumentation

In Aquifer Characterization Planning, the instrumentation requirements
were defined. In this task the details of the instrumentation system were
selected, the elements of the system procured and shipped to the site.

The Aquifer Characterization instrumentation program comprises tempera-
ture, pressure, flow and strain measurements. Thermocouple connectors are
provided at each well head for the type T thermocouples. The temperature will
be measured using a Fluke 2190A digital thermometer, a Fluke Y2001 thermocouple
selector and a Fluke Y2009 battery pack. The temperatures will be manually
recorded at least once a day during the test program. The temperature from
W-1, the injection well, will be continuously recorded on the Fluke Datalogger.

Hydrostatic pressure in the observation well will be sensed using Sensotec
pressure transducers equipped with 0-5 V amplifers. A Fluke Datalogger will
automatically record these pressures at a predetermined interval. The data
wiil also be transcribed on a Techtran 817 data cassette. Production well
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pressure at the 200 ft level and atmospheric pressure will be sensed and
recorded using Paroscientific DIGIQUARTZ pressure transducers, and pressure
computers feeding a Hewlett Packard 150B printer.

Flow will be sensed with an Electronic Flo-Meters Inc. type F-3-500
flowneter and Type DC-16 instrument. Data will be recorded on the Fluke 22408
Datalogger.

Sinco model 52621 vibrating wire strain gages on the casings of the water
wells will have connectors terminating at the injection and production well
heads. A Sinco portable readout will be used to display the change in strain
directly and these readings will be manually recorded.

Stationary data acquisition equipment will be powered through an Elgar
60068 110 Vac line conditioner. Portable equipment will be battery powered.

Selection of Contractors for Site Preparation, Test System Construction and
~Well Drilling

Request for bids for the two systems were published in the Bethel News-
paper, Tundra Drums, on August 14, 1980, and bids received. Contract negotia-
tions took place in September; the work schedule specified to the bidders
required work completion by October 10, 1980. Note that work schedule is in
part predicated on, and paced by, well completion schedules.

Drilling and Completing the Wells

Mobilization of the drilling equipment and materials was completed by
September 20, 1980 and drilling started on Observation Well 0-1.

Drilling of this first well was a learning experience for all concerned.
The driller, who was the most highly recommended water well driller in Alaska,
was used to punching a hole down to an aquifer without regard to performing the
tests required by this program. Difficulties were experienced obtaining core
samples with the wire line hammer available (9-in. throw). A heavier, longer
throw (36-in.) hammer had to be flown in from Anchorage. Finally a drill rod
subassembly was machined in order to get split spoon samples on the drill rod.

Drilling of the second observation well went much smoother and a usable
gamma log was obtained, indicating two possible aquifer locations; one at
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530-590 ft level and another between 700 and 800 ft. At this point a joint
decision between TRW, Harding & Lawson and PNL was made to drill the withdrawal
well, W-1 next, in order that a pumping test could be run to determine the most
suitable aquifer. W-1 was drilled without significant incident and a 300 gpm
pump installed. Initial tests showed excellent conditions with approximately
40 ft drawdownvat max imum pump capacity. An additional pumping test was con-
ducted with the lower aquifer zone plugged off. This test confirmed that most
of the water was contributed from the zone at the 530-590 ft level. Subse-
quently, the remaining wells, 0-3 and W-2, were drilled to a depth of 620 ft
rather than 800 ft in recognition of the upper zone as being the productive
one. A1l observation wells were instrumented in accordance with the plan in
order to collect data during the isothermal and energy injection tests which
will follow.

The geotechnical investigation on the site performed by R&M Consultants in
preparation for design of the roads and drill pads on the tundra is complete.
Figure 4.3 is an aerial photograph of the site as constructed, and shows the
final configuration of the roads and pads.

Equipment problems developed due to the remote Tocation. These ranged
from inadequate fork 1ifts to a failure of an electronic component in the
electric logger equipment.

Additional work was done on System Design Criteria, Environmental and
Institutional Issues and Quality Assurance and Safety.

System Design Criteria

The development of design criteria has been initiated by establishing
contacts with the Bethel people responsible for producing the thermal energy
that will be the source for the district heating project and those who will be
managing and using the heat. The information obtained in these contacts fall
into three categories:

e Availability of waste heat from the utility

e Physical requirements for the distribution system, and

e Energy requirements and existing heating plant of potential users.
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FIGURE 4.3. Aerial View of BUC with Roads and Pads
as Constructed for Well Drilling

TRW is still in the process of obtaining and evaluating information so
that the following discussion must perforce be considered as preliminary.
More importantly TRW found, while assembling information needed to establish
design criteria, that these were so intimately tied to the conceptual design
that both are best developed simultaneously. TRW, therefore, plan to ini-
tiate the conceptual design effort and carry it forward in parallel with the
continuing work on design criteria.

Waste Heat from the Diesel Generator Units

The Bethel Utility Corporation has four General Motors Diesel (GMD)
S16-EMD-2100 generator units installed to date. Each is rated at 2100 kW or
3070 hp. Heat can be extracted from the engine cooling water and from exhaust
gas streams.
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The engine cooling water flow rate is 850 gpm; each of the radiators is
rated at 500 gpm and can extract up to 6.45 x ]06 BTU/hr. The coolant
leaves the engine at 180 to 185°F. The heat removed is proportional to the
energy output, according to information obtained from GMD. Figure 4.4 shows
the heat available from the coolant stream of each unit as a function of the
load. Some of the design criteria, such as the acceptable flowrate variations
in the distribution loop, the design value and the seasonal adjustment in the
supply temperature, will depend on the design concept for control of waste
heat utilization.

Figure 4.5 shows the power generated by BUC in October and November 1979.

The District Heating Distribution System

Practical experience with Utiliduct domestic water and sewer system
serves to eliminate some previously considered options. The manager of the
City of Bethel Facilities, Mr. Gary Volkman, has operated an underground water
distribution system before that system was destroyed by freezing during a
prolonged power outage due to fire at the BUC. Mr. Volkman insisted on having
the replacement piping installed above ground in the Utiliduct, and finds that
this system, which was much cheaper to install, is easier to maintain and
operate. He recommends that TRW consider above ground insulated steel piping
with Victaulic fittings supported on mud sills. Mud sills are more versatile
and cheaper than pipes. The heat losses should not be excessive since the
losses in the 1.5 mile long domestic water loop result in 0.5 to 1% tempera-
ture drop in the water flowing at 50% and a rate of 350 gpm. PVC 1is not
usable; it is subject to creasing in cold weather, gets torn up by snowmobiles
and shot full of holes. Steel piping with Victaulic fittings has stood up
well.

Automatic equipment (i.e., controls, motorized valves) is not appropriate
because of power fluctuations and outages, and because of a tendency of the
operators to neglect inspections and maintenance when manual operation is not
required.

Each pump must have a spare in place, plumbed in since maintenance in
winter is too difficult.
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The above experience will be incorporated into the Design Criteria for
the district heating system, ‘

Energy Requirements and Existing Heating Plants of Candidate Users

Potential users for the District heating system are:
Bethel Hospital
Municipal Building Complex
Kuskokwim Community College
Kilbuck Elementary School ;
Domestic Water Heating System (the Utiliduct)
‘ Bethel High School
Bethel Heights Housing Complex

The most remote user is the Bethel Heights Housing Complex. The 190 small
houses each have a domestic water heater and a forced air heater. If the
presently used water temperature in the forced air heater is higher than the
distribution temperature, the heaters will have to be either modified to
accept more coils, or be replaced.

The Bethel High School is served by three large (300 hp, or about
10" BTU/hr each) boilers delivering water at 22 psig and 210 to 220%F. Two
boilers are on line, the third one is coasting. The return temperature is
above 170°F. Space heating of the school is in part by baseboard convectors

7

and in part by fan units. It is clear that connecting this system to a
district heating distribution system will require some substantial equipment
modification, either to adapt the space heaters to a lower temperature water
supply or to modify the boiler to boost that temperature by burning oil, as
needed. Note that the high school has spent $350,000.00 on heating oi],>dur-
ing the 1979 - 1980 heating season, paying $1.25/gallon. The price of oil is
going up so that even a very substantial capital investment in a district
heating system may pay back rapidly.

The domestic water heating system is a large heating oil consumer. The
pump house for the domestic water supply includes two 106 BTU/hr boilers and
two water tanks: 100,000 and 60,000 gallons. The 60,000 gallon tank is
heated, so that the domestic water supply is maintained at 50%. The heat
source is No. 2 0il in summer, No. 1 0il in winter.
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The pump house is clearly a good candidate for the use of heat recovered
from the aquifer even when the recovery temperature is too Tow to be utilized
in the district heating loop.

TRW has not collected the desired information on the heating arrangements
and heat loads in the Kilbuck Elementary School, Kuskokwim Community College
and in the Municipal Complex. Too many people were on vacation in July, when
they went there in connection with the construction of the electrical and hot
water supply systems for the aquifer characterization test. They will obtain
this information during the next quarter. It does not appear that the demon-
stration project will incorporate this facility because of financial
limitations. |

The new Bethel Hospital is the prime candidate for utilizing heat from
the utility. It is located near the utiiity and its new heating plant uses
180°F water for space heating and 140 and 110 for hot water. TRW obtained
a set of drawings of the heating plant and is now in position to examine the
several ways of integrating the hot water from BUC into this plant. Since the
needs of a hospital to maintain space and water temperatures are critical to
the well being of the patients, the oil fired water heaters will have to be
able to operate with and without the district heating and will have to be
maintained and periodically exercised. The actual fuel consumption of the
hospital is not available as yet, since the hospital has barely opened its
doors, but TRW will be able to monitor the operation of the plant through the
1980 - 1981 heating season.

The new hospital provides the ATES demonstration project with particularly
favorable conditions: a large user, modern plant, proximity to the utility
and to the aquifer, and high fuel costs. It appears that a suitable demonstra-
tion may be possible using the hospital only.

Environmental and Institutional Issues

During the report period an "Environmental/Institutional Investigation
Plan" (TRW No. 80.1455.JMC.112, dated June 3, 1980), and an "Environmental
Assessment and Monitoring Plan" (TRW No. 80.1455.JMC.114, dated July 15, 1980),
were issued. After comments were received from PNL, these two plans were
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revised and incorporated in a "Phase I Environmental Assessment/Monitoring and
Environmental/Institutional Investigation Plan (TRW No. 80.1455.JMC.127, dated
August 25, 1980)."

Quality Assurance and Safety

Quality Assurance Plan

The Quality Assurance Plan was generated and submitted to Battelle on
June 16, 1980, as part of the Management Plan.

A subcontract was negotiated with the Institute of Water Resources of the
University of Alaska to review and evaluate the geohydrological aspects of the
ATES system. The first independent review prepared by the University of
Alaska was of the Aquifer Characterization Plan. A copy of this review is on
file at PNL.

Project Status

Owing to substantial cost overruns in the field work in Bethel, the
project was suspended on 10 December until additional funds could be identi-
fied to support continuation of the work, and an overall assessment made of
the project.

4.1.1.2 State University of New York, Stony Brook Campus, New York

Project
Dames & Moore, Inc.

The first 6 months of work in Stony Brook concentrated on the field work,
although considerable study was made in the above ground installation and
options. Work was accomplished on the following elements during this report-
ing period: '

e« Define User Needs

o Installation of Wells

e Site Stratigraphy

e Baseline Aquifer Characteristics

e« Mathematical Modeling of the Hydrologic System
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The user needs of the major buildings on the Stony Brook campus have been
defined both in terms of peak tonnage and peak chilled water flow (see

Table 4.1.

The annual tonnage and flow are being determined by both histori-

cal means using chilled water logs and flow meter data, and by computerized

load analysis.

available in the near future.

TABLE 4.1. User Needs
Peak Load

Building (Tons)
#1 - Humanities 18
$2 -~ Chemistry 37
#2G - Graduate Chemistry 2,720
#3G - Math/Phvsics 3,190
#3V - Van De Graaff 120
#4 - Biology 70
#4G - Biological Sciences 3,150
#5 -~ Library 1,500
#11 - Engineering 118
#12 - Light Engineering 250
$13 - Heavy Engineering 310
#19 - Earth & Space Sciences 720
#20 - Administration 450
$#21 & 22 - Fine Arts I & II 935
$£24 - Social Sciences 190
#25 - Lecture Hall 280
426 - Instructional

Resource Center 310
#27 - Lab Office Building 160
#28 - Social &

Behavioral Sciences 880
#37 - Campus Center 480

*Information to be obtained.
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Two winter chilled water production methods are being studied for use on
the Stony Brook campus (see Figure 4.6). The first method relies on the use
of the existing cooling towers. Discussions have been held with manufacturers
to determine the winter performance capabilities of the existing towers. In
addition, the actual operating experience of similar cooling towers in the
winter mode has been studied to identify potential problems. Based on prelimi-
nary data, Figure 4.7, the existing towers appear to have the necessary
capacity. The second will use existing 100% outside air fan systems to chill
well water. By using fan systems which must run continuously to supply
building needs, the additional energy consumption of using cooling tower fans
in winter may be avoided. The feasibility of using existing coils for this
purpose is being discussed with their manufacturers and the overall concept
feasibility should be known in early 1981.

The existing chilled water distribution and utility tunnel system has
been investigated for possible use as a well water transport system. The
system is presently being under-utilized in terms of its water flow capacity.
For each leg in the distribution system (as shown on the site plan), the
maximum flow capacity has been established and is presented in Table 4.2.

The mechanical system for the well doublet was designed and‘let for bid.
A contractor was selected and construction was completed in November 1980.

The work accomplished will be described in detail under the applicable
tasks which describe the work plan.

Define User Needs

This task has two basic purposes:

1. To define the amount of energy used by the user buildings for cooling
purposes so that the potential energy cost saving of an aquifer
system can be estimated.

2. To determine the amount of refrigeration effect which must be stored
in the aquifer system to meet the annual requirement. This has a
direct bearing on the size and number of wells and the overall system
construction costs.
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TABLE 4.2. Chilled Water Piping

Distcibution Pipe Diameter Maximum Flow Pressure Drop
Segment No.* {Inches) (GPM) (Ft. H-0)

1 36 : 29,130 17.8

2 24 12,500 28.3

5 24 » 12,500 ; 6.9

8 18 7,000 12.4

9 18 7,000 12.6
13 16 5,500 16.3

17 ' 14 4,200 34.5

19 10 2,460 27.5
20 8 1,560 62.2
22 8 1,560 28.9
23 12 3,500 11.4
28 16 5,500 19.6
31 16 5,500 38.6

32 16 5,500 29.8
35 16 5,500 24.0
36 10 2,460 21.7
44 12 3,500 9.3

46 10 2,460 26.9

*see site plan

In order for a chilled water plant and distribution system to fulfill its
purpose, it must deliver two related quantities to the user building: tonnage
or cooling effect and required water flow. If the tonnage is available to the
building but the flow is not consistent with the hydraulic requirements of the
user building's mechanical system design, the user building's cooling load
will not be satisfied. Therefore, in order to define the user »uilding cool-
ing needs both quantities must be established. Progress in both areas is
discussed below.
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The design connected loads for the individual buildings have been deter-

mined. A summary of these peak loads is presented in Table 4.1.

This information represents the instantaneous demand of the user build-

ings; it does not, however, relate directly to annual cooling consumption of

each building. Two methods are being used to determine the annual consumption:

1.

The first consists of a detailed examination of the chilled water plant
logs and boiler plant fuel usage. This method examines user needs from
the standpoint that the chiller plant must meet the load and therefore its
output represents what is actually needed. Chiller logs were examined for
1979 and 1980. Pertinent data recorded inciude chilled water temperature
in and out of the plant, outside air temperature (dry and wet bulb), num-
ber of circulating pumps operating and energy input to the steam turbine
drives in terms of pounds of steam used. When related to the total plant,
fuel consumption and estimates of the cooling effect can be made. A major
drawback in relying on these data is the fact that they are incomplete.
Steam flow data was not recorded for every month and therefore must be
prorated based on percentage of total steam usage. The results of this
analysis are presented in Table 4.3 and 4.4. However, due to a major
chiller malfunction, only one chi]]er was available in July ]980; during
this time the plant output was not enough to meet user needs. As a check
of the empirical data, a theoretical basis is needed.

Analysis by Computer model. This basis is a computer model of the thermal
loads of the user buildings. The model which is being used is DOE-II.
Input data for all of the user buildings being developed and consist of
the following information: building size, skin "U" values, internal
equipment and lighting loads, occupancy schedules, HVAC system configura-
tion and capacity, operating temperatures and humidity, and system control
sequences. A sample of the input information is shown in Table 4.5.

Once the input to the computer model are entered, the tonnage needed to
satisfy the cooling loads to the user buildings will be defined. This
output will be compared with the historical data. The impact of planned
changes to the building operation and the impact of building energy
conservation efforts will be simulated using the model, so that future
tonnage requirements can also be established.
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TABLE 4.3. Estimated Steam Use for Chilled Water Production,* (1979)

Total Fuel Total Steam Steam Used for

Consumption Production Chilled Water

Month (Gallons) ({Lbs.) (Lbs.)
Jan. 1979 949,200 N/A 0

Feb. 1,012,900 N/A 0

Mar. 754,100 N/A 0

Apr. 582,300 N/A 0

May 389,200 36,023,200 697,230
June 596,500 64,406,400 23,186,300
July 582,478 75,165,300 31,969,170
Aug. 587,570 71,260,000 39,159,330
Sept. 445,803 60,250,900 21,734,170
Oct. 441,580 67,337,100 2,070,330
Nov. 589,312 2,201,900 0

Dec. 765,005 N/A 0
Total 7,695,948 410,665,762 118,816,530

*Based on empirical data, and estimated prorations
of total steam usage.
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TABLE 4.4. Estimated Steam Use for Chilled Water Production,*
(through September 1980)

Total Fuel Total Steam Steam Used for
Consumption Production Chilled Water
Month (Gallons) {Lbs.) (Lbs.)
Jan. 1980 841,967 101,269,200 0
Feb. 857,764 97,590,600 0
Mar. 771,521 87,732,610 0
Apr. 482,570 56,184,800 0
May 241,770 29,939,900 450,570
June 438,439 52,107,000 18,758,520
July 492,809 56,297,900 33,684,920
Aug. 552,370 62,817,800 34,160,000
Sept. - -— 21,195,000
Oct. - -— 0
Nov. - —— | 0
" Dec. -— -— 0
Total 4,679,210 543,930,810 108,249,010

*Based on empirical data, and estimated prorations of
total steam usage.
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TABLE 4.5. Building Load and Cooling Source

Building
#1 Humanities
£2 Chenistry
#2G Graduate Chemistry
#3G Math/Physics
£3v Van De Graaff
4 Biology
714G ﬁiblogical Sciences
#5 LiBrary
#11 Engineéring
#fZ Light Engineering
13 Heavy Engineering
19 - Earth & Space Sciences
£20 Administration
f21 22 - Fine Arts I & II
f24 Social Sciences
#25 Lecture Hall
#26 Instructional
Resource Center
#27 - Lab Office Building
728 Social &
Behavioral Sciences
#37 Campus Center

Peak Load - Origimal Design
(Tons):. Cooling Source
18 Well Vater
37 Well VWater

2,720 Central Plant

3,190 Central Plant
120 . Individual Plant
70 Well Water

3,150 Central Plant

1,500 Central Plant
118 Well Water
250 Individual Plant
310 Individual Plant
720 Individual Plant
450 Central Plant
935 Central Plant
190 Individual Plant
280 Individual Plant
310 Individual Plant
160 Central Plant
880 Central Plant
480 v Individual Plant.
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The flow requirement is a function of the design of the mechanical system
in both the plant and the user buildings. It relates to the selection of cool-
ing coils, sizing of pipe, use of bypass valves, etc. As is the case with ton-
nage, the peak flow rates for each building have to be established. However, it
is much more difficult to determine how the flow rate varies with temperature
and load throughout the year. To this purpose a chilled water and flow meter
installed in the central chilled water plant which has been inoperative for the
past several years was rehabilitated for the recalibrated as part of this task.
This meter has been functioning properly since August 1980. A portion of strip
charts recorded during this period is presented in Figure 4.8. It shows the
flow at 8,500 gpm,; this flow has been shown to be quite constant during the
period of observation. Because the chilled water plant has been shut down since
September 1980, the next period of useful recording will begin in May 1981.

In addition to measurement of the central plant output, periodic measure-
ments of the flow to the individual buildings were made using a portable mea-
suring instrument and the existing Venturi flow meters installed in the major
building. The combination of the central plant not being totally functional
and mild weather resulted in unrepresentative data. A more complete spot meter
program is planned for the next cooling season.

Installation of Wells

The drilling program was designed to complete the installation of neces-
sary wells and pump to provide for the Stony Brook ATES feasibility study
doublet test.

The site selected for the test was a wood lot and parking area south of
the Engineering Heavy Laboratory. Figure 4.9 shows the test site and well
locations. A well and pump ‘formerly used for air conditioning the laboratory
was incorporated in the doublet test. A driller's log of this well indicated
approximately 160 feet of coarse glacial sediments of the Harbor Hills Forma-
tion overlay fine to medium grained silty/clayey sediments of the Magothy
Formation. Discussions with local drillers indicated either the reverse
rotary or straight rotary method could be used. The straignht rotary method
was selected because the 6 to 8 inch borehole required cannot be drilled with
the reverse method, and drilling a larger hole would not be cost effective.
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Some clearing of the wood lot along the doublet line and between wells
TPMW-8 and -9 was necessary to provide access to the well locations. Before
clearing, trees for cutting were marked by the task leader in cooperation with
personnel responsible for environmental studies.

The price for drilling the monitoring wells was based upon a per hole
rate with addition for overdrill/feet, sp]it barrel samples/each, Dames &
Moore samples/hour, and logging standby time/hour. After specifications weré
let and bids received, Delta Well Company submitted the low bid for drilling
services and was awarded the contract.

The equipment used by Delta Well Company was a Franks KF-50 combination
air and mud rotary drill. Revert was selected as a drilling fluid because
of the required viscosity and characteristic self-destruction after use.
Extenders were used to delay breakdown when necessary. Earth mud pits were
used to settle cuttings. After use, the remaining drilling fluid was removed
and the mud pit backfilled.

A tricone bit was used to drill through the glacial sediments. This was
then changed to an "open bottom" drag bit to permit extraction of split barrel
samples through the drill rock from the underlying Magothy Formation. Dames &
Moore samples require removal of the drill rods because of the tool diameter.
This type of sample is obtained only when relatively undisturbed samples are
needed.

Ten (10) split-barrel and three (3) Dames & Moore samples were obtained
from PI-2. Heat capacity, thermal conductivity, and laboratory permeability
were performed on the Dames & Moore samples. A sieve analysis was performed
on selected split barrel samples for the purpose of selecting the proper
screen slot size.

On the basis of the sieve analysis, fifty (50) feet of 0.035 inch six
(6) inch Johnson "irrigator" galvanized steel screen was attached to the bot-
tom of the six (6) inch welded joint steel casing and installed in the bore-
hole and gravel packed with a #2 Morie well gravel. Following installations
of materials, preliminary development of the well was performed with com-

pressed air.
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After completion of monitoring well boreholes and before material instal-
lation, the drilling equipment was moved to the next boring location to provide
time for scheduling logging service. After logging, the 3/4 and 1-1/4 inch
plastic tubing was manually installed in the 400 foot hole. The upper end of
the pipe was difficult to manage without some means of support. This is pro-
vided by placing the backhoe near the borehole and resting the tubing against
the raised bucket.

Gravel and bentonite pellets were poured in pre-measured quantities and
each "1ift" measured with a sounding line to assure proper placement of these
materials. The upper end of the PVC tubing is protected with a steel casing
cemented in upper two feet of borehole.

Wells TPMW-2 and TPMW-8 were exceptions to this installation procedure.
In addition to 3/4-inch and 1-1/4-inch PVC pipes, two (2) 1-inch PVC piezome-
ters were included to provide for an assessment of vertical transmissibility
above and below the injection zone to test the uniformity of the hydrostatic
levels in the wells as a function of depth.

Well TPMW-2 screened intervals are as follows:

1 1-1/4 inch 325 feet to 345 feet
1 1 inch 225 feet to 235 feet
1 1 inch 378 feet to 388 feet

Well TPMW-8 screened intervals are as follows:

1 1 inch 370 feet to 380 feet
] 1 inch 240 feet to 250 feet
1 1-1/4 inch 315 feet to 335 feet

The 3/4-inch PVC pipes in all monitoring wells were installed without a
screen and then filled with water. A1l 3/4-inch PVC pipes were designed to be
used as stilling wells for thermal measurements.

At the completion of each borehole, a geophysical log was obtained to con-
firm the stratigraphic log prepared during the drilling program on the basis
of split barrel and ditch samples. The logging services were performed by
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1) the United States Geological Survey; responsible for logging PI-2 and
TPMW-3, 2) Leggett, Brashears, and Graham, a consulting firm from Wilton,
Connecticut for TPMW-1, 2, 5, and 9 and 3) the remaining boreholes TPMW-4, 6,
7 and 8, were logged by Dames & Moore personnel.

Situations arose which made it necessary to further modify the well field
design which had been set up. Specifically, four (4) well sites were relocated
from the original scheme. TPMW-3 was relocated 37 feet to the southwest of the
original surveyed point. This move was requested in order to have the drilling
operation and observation well located at the side of the Engineering Heavy
Laboratory Building, rather than directly in front.

Due to the presence of an extensive network of buried pipes, electrical and
telephone lines, TPMW-1, 2 and 4 were relocated in areas beyond the existing
underground obstacles but at as near the same radius from PI-1/2 as designed.

Well TPMW-1 was located at the edge of a leach basin for the storm sumps
extending out from the Engineering Heavy Laboratory Building. Six-inch steel
casing was installed to a depth of 60 feet below the ground surface. This
casing was installed to retard the loss of drilling fluid into the leach
basin.

During the preparation of the relocated site for TPMW-2, a 500 gallon
tank was uncovered where the earth mud pit was being excavated. This mud pit
was backfilled and re-excavated a greater distance from the tank.

Site Stratigraphy

The project site is underlain by the following sequence of sediments (in
descending order):

1. Pleistocene deposits,
2. Magothy Formation (Cretaceous Age), and
Raritan Formation (Cretaceous Age - Raritan clay and Lloyd sand member) .

The Raritan Formation was not penetrated during this study, therefore,
it will not be discussed in detail in this section. The following general
description is provided for the stratigraphic section studied for aquifer
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characterization. Two generalized geologic cross sections have been prepared
for the doublet test area and illustrate the sequence of sediments to be
discussed below. Soil description notations are defined as follows (with clay
as an example):

1. Trace clay (10% clay),

2. Little clay (10-20% clay),
3. Some clay (20-35% clay), and
4. Clay (35-50% clay).

Glacial sediments of Upper Pleistocene Age range in thickness from
154 feet to 176 feet at the Stony Brook Campus and in the study area are com-
posed of the following units:

1. Harbor Hill Unit (terminal moraine),
Lacustrine Unit, and
The Ronkonkoma Unit (ground moraine).

The Harbor Hill and Ronkonkoma ice advances both formed irregular ridges
trending east-northeast across Long Island. The doublet test area is located
on the Harbor Hill Terminal Moraine. This moraine is generally composed of'
crudely stratified sand and gravel layers and ranges in thickness from 42 feet
to 60 feet. Sand strata are yellow brown to moderate yellow brown fine to
coarse grained with little to some silt, with a'trace to little amount of fine
gravel. The gravel layers are generally composed of fine gravel and little to
some fine to coarse sand and a trace to Tittle silt. The layers range in
thickness from a few inches to several feet.

Underlying the Harbor Hill Terminal Moraine is a light olive gray to
brown silt and clay of lacustrine origin with some beds of fine to coarse sand
and fine gravel ranging in thickness from 6 feet to 18 feet. The extent of
these lake deposits is not fully known but may be relatively small in areal
extent.

A ground moraine probably associated with the retreat of the Ronkonkoma
ice advance underlies the lacustrine sediments and generally ranges in thick-
ness from 87 feet to 108 feet with a greater thickness of 122 feet at TPMW-2.
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The deposit consists of discontinuous layers of pale brown, to yellow brown
sand with a trace to some amounts of silt, and layers of sandy fine gravel
with various amounts of silt. This glacial unit appears thinnest in the area
of Well TPMW-9 and thickest in the area of Well TPMW-2.

The glacial sediments unconformably overlie an erosion surface of the
Upper Magothy. This formation consists of beds light to medium to light olive
gray fine to coarse sands, containing traces to some amounts of small inter-
clasts of silt and clay, interlayered with thin to thick beds of light yellow
brown, pale yellow orange, dark yellow orange clayey and silty sand. The sand
layers and the layers of silty and clayey sand range from 5 to 35 feet in
thickness. The formation contains variable amounts of muscovite and lignite.

It appears that the upper 40 to 60 feet of the Magothy Formation has
possibly been oxidized as an aeration zone during the period when the erosion
surface developed. The transition zone of the oxidized ye1low brown sediments
to non-oxidized light gray sediments occur at a relatively uniform depth of
215 feet or of an elevation of 70 feet below sea level.

The Magothy Formation was not totally penetrated for this project,
therefore, the exact total thickness of the formation in the doublet test area
is not known. A log of deep well south of the doublet test area indicates the
Magothy Formation is approximately 600 feet in thickness at the Stony Brook
Campus.

Baseline Aquifer Characteristics

After completion of the observation well construction and development,
static water levels and ambient aquifer temperatures were measured in all of
the observation wells. Static water levels represent the piezometric surface
at a depth of approximately 325 feet below the land surface. The screened
intervals of the piezometers (10 feet) were centered at a depth of 325 feet.

A potentiometric contour map for the aquifer zone to be tested (300 to
350 feet depth) is shown in Figure 4.10. The contour interval is 0.10 feet.
The distribution pattern of the potentiometric contours indicated that the

aquifer is non-homogeneous in its water transmitting characteristics.
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Based on tHe premise that the ground water flows at right angles to the poten-
tiometric contours toward zones of lower potential, it can be seen that the
ground water is flowing generally from east to west and southeast to nortnwest.

Background temperature measurements were made in the observation wells
during the month of November 1980. A map view of the background aquifer tem-
peratures at a depth of 330 feet is shown in Figure 4.11. The contour inter-
val is 0.19C. For the area of observation, the minimum temperature ‘s 10.2°%
(at TPMW-6) and the maximum is 11.3% (at TPMW-2). It has been shown by
Supkow (1971) that ground-water flow and ground-water temperatures are gener-
ally related as follows:

1. Ground water generally increases in temperature in the direction of
ground-water flow. (This results from the ground water adsorbing geo-
thermal heat and/or atmospheric heat from the land surface as it flows
through the ground.)

2. The rate of ground-water temperature increase is at a minimum along the
axis of the zone of maximum ground-water flow rate.

By using these two basic principles as a guide, the axis of the zone of
maximum ground-water flow rate can be determined from the temperature contour
map of the aquifer along with the ground-water flow direction in the area under
study. This axis is delineated by the large arrow in Figure 4.11. By compar-
ing Figure 4.11 with Figure 4.10, it can be seen that the axis of the zone of
maximum ground-water flow rate deduced from the temperature contour map corre-
sponds to the axis of the zone of relatively high transmissivity deduced from
the potentiometric contour map. This is exactly what one expects from theory;
that is for a given aquifer regime, the ground water is expected to flow most
rapidly along the zone of highest transmissivity. Agreement between the results
of the thermal analysis and the results of the potentiometric analysis provides
support to the confidence level of the aquifer characteristic analysis.

The foregoing analysis provided only relative aquifer characteristics;
that is, only the locations of the zones of maximum and minimum transmissivity
and ground-water flow rates were indicated. In order to determine the absolute
value of the aquifer parameters, an aquifer performance test was conducted.
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Basically, Well PI-2 was pumped at a constant rate of 312 gpm for 48 hours.
Drawdowns were measured in all of the observation wells. Analysis of the pump
. test data indicates the following:

1. The aquifer zone being tested (300 to 350 feet depth) is non-homogeneous
and anisotropic in the horizontal plane.

2. The aquifer zoné being tested appears to behave like a leaky artesian
aquifer,

By using the Jacob straight line method, the initial drawdown data
(before the effect of ]eaky,conditions became significant) were analyzed by
hand calculations to determine the aquifer transmissivity and storage
coefficient. These data are summarized in the computer data section. In
addition, the data were also analyzed by computer with equivalent results.

The effects of leaky artesian conditions became significant at different
times for different observation wells. Departure times from the straight line
portion of the time-drawdown plots for the observation wells vary from extremes
of 30 minutes (TPMW-9) to 1500 minutes (TPMW-8). The remaining values are in
the range of 70 to 160 minutes.

The drawdowns at the end of 100 minutes were plotted. The drawdown con-
tours do not form uniform concentric circles around the pumping well. The dis-
tortions in the drawdown contours result from inhomogeneities in the aquifer
transmissivity. In general, it can be expected that the cone of depression
will spread most rapidly away from the pumping well along the zone of maximum
transmissivity. This will result in a protuberance in the drawdown contours
along the zone of higher transmissivity. These zones of drawdown contour
distortion correspond with the zones of higher transmissivity deduced from the
baseline potentiometric and temperature data.

The various values of transmissivity determined from the pumping test, in
a relative sense, appear to be consistent. The zone of higher transmissivity
appears to extend from the vicinity of the pumped Well PI-2 northwestward
toward the vicinity of observation Well TPMW-3. The transmissivity in this
zone appears to4be in the range of 18,000 to 28,800 ftz/day_ This zone is
flanked by transmissivities in the range of 10,200 to 11,900 ftz/day.
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Results of the pumping test analysis are consistent with the results of
the baseline potentiometric and aquifer temperature data. This increases the
confidence level of the overall aquifer characterization which will thereby
allow the aquifer system to be modeled with a correspondingly high level of
confidence.

Mathematical Modeling of the Hydrologic System

In this work, we are concerned with the use of the computer model
(GREASE2) to develop an understanding of the flow and temperature behavior for
various well systems during reinjection of cooled water into aquifers. The
well patterns considered thus far include doublet, frip]et and five-spot
systems. Input data (hydraulic and thermal projections, doublet spacing and
flow rates etc.) used in the preliminary simulations are based on currently
available information. For the doublet system, a comparison between the
numerical solution from GREASE2 and the analytical solution developed by
Gringarten and Sauty (1975) is pfesented. The information gained from the
numerical simulation has been used as an aid designing the well doublet field
experiment currently in progress. Temperature data collected thus far and
drawdown time data collected from a supplementary 48-hour pump test conducted
to evaluate the aquifer properties are included in this report.

The following general comments pertain to these data:

o« It appears that the temperature data collected thus far are accurate
and within the limits predicted by preliminary computer simulations. It
is also evident from the preliminary analyses that the anomalous tem-
perature profiles (in the zone above - 300 feet elevation) caused by
surface heating will not have significant effect on the temperature
distribution in the main aquifer located between -300 and -350 foot
elevations.

e The collected pump test data reveal that the average transmissivity of
the aquifer is on the order of 10,000 ftz/day and the average storage
coefficient is on the order of 5 x 1073,
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4,1.1.3 University of Minnesota Project

University of Minnesota (Physical Plant Operations)

Drafts of The Management Plan, Aquifer Characterization Plan, and
Environmental/Institutional Plan were submitted. These documents form the
baseline for the project.

Work was accomplished on the following elements during this reporting
period:

o Hot Water Technology

e System Economic and Energy Assessment
e Well Drilling

e Aquifer Characterization and Modeling
e Surface System Design

o Legal and Institutional.

Hot Water Technology

Reviews were made of well construction design and expected expansion
problems, and above ground hardware and flow diagrams. Development was
initiated on modeling of advanced heat exchange technology.

Literature research was started on the following mechanisms:

a) Antifouling Heat Exchangers

o

)

) Direct Contact Heat Exchangers
) Shallow Solar Ponds
)
)

(¢}

Direct Contact Power and Heat Pump Cycles

o

Geothermal Power Systems

Calculations have been completed on a constant property model heat pump.
The report on the performance of the contact heat pump is being prepared.
Summarily, this report indicates that the use of this system will reduce foul-
ing from the hot water, provide a means of deriving more heat on an annual
basis with lessened fuel input, and provide a means of extracting more heat
from the stored water by reducing the return temperature.
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Calculations on the preliminary design of a heat exchanger are in the
form that permits comparative estimation of system performance against the
direct contact heat exchanger viz-a-viz the number of transfer units in the
exchanger.

System Economic and Energy Assessment

The main objectives of this work are to characterize the overall system
performance of the proposed ATES system concepts and configurations, on the
basis of energy management and conservation, and to compare the economic
viability of the different proposed options. The energy and economic analyses
will independently verify the results of the concepts and system engineering
studies with inputs generated by the aquifer characterization and modeling
studies.

Simple energy models are developed for the whole system which is made up
of the several thermal energy sources on the Minneapolis and St. Paul campuses
including the cogeneration S.E. plant, the heat transport subsystems, the
various thermal and electrical loads, and the aquifer storage subsystem.

These models are inherently simple because they are based on idealized thermo-
dynamic relations expressing the mass and energy fiows--the heat balances--
within the whole system for various operating conditions. Since the thermo-
dynamical models are essentially static, they are expressible in the form of
algebraic equations which can be formulated conveniently on a small computer
or even a programmable calculator. However, the models are general and flexi-
ble to allow for the simulation of monthly and daily operating conditions and
to account for changes in system configurations or in operating strategies
designed to improve the system performance in some sense. These models will
be used to establish system efficiencies, in particular with regard to aquifer
storage and its effect on plant operation following a series of change-
discharge cycles.

In parallel with the above energy system studies, preliminary economic
analyses are performed to evaluate the merits of various concepts and configu-
rations proposed for the possible deployment of the ATES system. The method-
ology to be used is a standard present value economic analysis; the values of
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the systems are determined on the basis of life-cycle costs and savings.
Various criteria will be adopted for assessing the economic benefits of the
systems. The final assessment is guided by determining how much fuel and
capacity displacement (capacity factor changes) will accompany the use of the
aquifer storage. An attempt will be made to formulate simple economic
mathematical models which can be optimized in the sense of minimizing annual
expenditures and fuel costs for the projected thermal loads. Full benefits
from electricity generation as by-product of the cogeneration are accounted
for as credits in the cost estimates. The objectives of the value analyses,
based on inevitable simplifying assumptions, will not be to provide complete
financial status or precise detailed cost estimates; rather the formulation
will lead to the determination of the influence of various parameters and
variables, thereby serving as guidelines for the selection of a preferred
candidate ATES system and for its design.

The tentative analysis indicates resolution of the economic and energy
parameters and variables for the following system configurations:

ATES Options

Option
0 Reference case: Minneapolis ICES separate from
St. Paul Campus
1 Base case Minneapolis ICES added to corridor,
- St. Paul Campus with aquifer
2 Reduced case: Minneapolis ICES separated from
St. Paul Campus with aquifer
3 Extended case: Base case with high-temperature

water enhancement

Data were collected for use in the economic and energy assessment
analysis. Preliminary modeling and computer programming was initiated based
on a present value analysis. Work has begun on an energy/thermodynamic model
for Phase Il concept.
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Well Drilling

Development of well specifications and [pcations, and drilling of the
core holes and monitoring wells were major e%forts during this reporting
period. Figure 4.12 shows the well site locations on the University of
Minnesota, St Paul Campus. Figure 4.13 shows the well location detail and
defines the well codes and symbols.

Plans ahd specifications were completed for core drilling and bid invita-
tions issued, with a return date of August 5, 1980. A contract was awarded on
August 8, 1980 for $122,665 for the core drilling. Drilling started at core
location AC-1 on September 1, 1980 and the core hole was completed on Septem-
ber 23, 1980. Drilling of BS-1 (changed from BC-1) began on September 24,
1980 and was completed on October 11, 1980. Core Hole BC-1 (changed from
BS-1) was started on October 13, 1980 and was completed on October 27, 1980.
Core Holes AC-1 and BC-1 were completed as monitoring wells.

Plans and specifications were completed, bids issued, and a contract
awarded for the following monitoring wells:

Designation

Number Description
AS-1 Supplemental Monitoring Well
AM-1 Monitoring Well
AM-2 Monitoring Well
AM-3 Monitoring Well
CM-1 Monitoring Well

The contractor will begin drilling operations early in January 1981.

The preliminary design for the heat injection well and the water supply
well was completed and routed for review.

Aquifer Characterization and Modeling

The major emphasis during this reporting period was an evaluation of data
provided by the drilling activities and on implementing the hydrology and heat
transport models. Figure 4.14 shows the general geologic stratigraphy under-
lying the test site. The Franconia-Ironton-Galesville formations are the
target aquifers for thermal energy storage at this site.
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A1l Paleozoic rock units were penetrated, and most were cored. Only the
St. Peter and Jordan formations presented problems because the sandstone was
poorly consolidated and did not core. Nearly complete core recovery was
accomplished in the Franconia-Ironton-Galesville (FIG) formations (the aqui-
fer) and the St. Lawrence and Eau Claire formations (the upper and Tower
confining beds, respectively).

Activities at the drilling sites were continuousiy monitored by the Site
Control Officer. A1l cores were logged, photographed, sealed in polyester
sleeves and boxed for storage. A television camera was lowered into Adole AC-1
to observe the results of casing perforation required by the Health Department.
Well packer tests were conducted to determine hydraulic conductivity of the
formations. Hole alignment tests on the holes were performed to insure that
the test data during heat injection would be accurate and not misleading by
not knowing inter-hole distance, etc., at the hole bottoms.

After core drilling at test Holes AC-1 and BC-1 was completed, geophysi-
cal logging and hydraulic testing by use of inflatable packers was performed.
Geophysical logs run included natural gamma, single point resistivity, self-
potential, caliper, temperature, specific conductance., and bore-hole flow
meter. Eight packer tests were made on AC-1. Locations of the packed inter-
vals are shown on Figure 4.15. Fourteen packer tests were made on Test
Hole BC-1 with both packers inflated, and four tests were made with only one
packer inflated. Figure 4.16 shows the location of the test intervals. The
spacing between the packers is 21 feet. The relatively close packer spacing
provided detailed information about the position and thickness of the less-
permeable parts of the target-injection zone. Analysis of the results of
hydraulic tests made in the fractured and more permeable strata, however, were
complicated by vertical movement of water adjacent to or near the packers.
Visual inspection of the cores and the results of the hydraulic testing and geo-
physical logging of test Hole BC-1 support the conceptual model of six hydro-
logic zones within the Franconia-Ironton-Galesville stratigraphic sequence.
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The current interpretation of the position and thickness of the six zones is
shown in Figure 4.17. The hydraulic conductivity values assigned to each zone
were chosen on the basis of analyses of time-drawdown data of packer tests on
Holes AC-1 and BC-1, and from published aquifer-parameter data. The relative
ratio between zonal parameters is probably correct, but the actual parameter
value estimates could probably be improved with more detailed hydraulic
testing. The transmissivity of the injection zone is probably between 200

and 350 ft%/day.
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FIGURE 4.17. Hydrologic Zonation of St. Lawrence Through
Eau Claire Formations Based on Interpretation
of Core Holes AC1 and BC1

In anticipation of the hydraulic testing to be done on the two injection
wells, both during their development and as part of the first phase of testing,
when ambient ground-water temperature water will be used, several solutions to
the equation of radial flow to a well in an extensive confined aquifer were
calculated. The calculations were made using several values of aquifer trans-
missivity, well pumping rates, and single and doublet well systems. Table 4.6
shows the range of drawdown to be expected when pumping from a single well,
and Table 4.7 shows the range of drawdown to be expected when the doublet well
system is operating. Additional calculations for the doublet well system
indicate that more than 95% of the 8-day head change occurs within the first
2 hours of pumping.
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TABLE 4.6. Calculated Drawdown at Selected Distances from a Single Well
Pumping at a Rate of 300 Gallons Per Minute for Several Values
of Aquifer Transmissivity Storage Coefficient, and Pumping
Times

Distance Time
from since
pumping pumping Storage Aquifer transmissivity, in ft2/day
well, began, coefficient
in feet 1in days 100 200 250 300 400 500
.5 1 1x10‘i 842 437 354 297 226 183
2X10” 704 368 298 252 192 156
2 1x1o‘i 873 453 366 308 234 190
2X10” 736 384 311 262 200 162
4 1x1o‘2 905 469 379 319 242 196
2X10~ 768 400 24 273 208 168
8 1X10™° 937 485 392 329 250 202
2x10” 4 800 416 337 283 216 175
20 1 1X107° 503 267 218 184 142 115
2x10” 4 365 198 163 139 107 88
2 1X10™° 535 283 231 195 150 122
2x10” 4 397 214 176 149 115 94
4 1X10™° 566 299 243 206 158 128
2x10™ 4 429 230 188 160 123 101
8 1X10™° 598 315 256 216 166 134
2x10” 4% 460 246 201 170 131 107
45 1 1X107° 428 230 188 160 123 100
2x10™ % 290 161 133 114 89 73
2 1X10™° 460 246 201 170 131 107
2X10° 322 177 146 124 97 79
4 1X10™° 492 262 214 181 139 113
2x10” 4 354 193 159 135 105 86
8 1X107° 524 278 226 191 147 120
2x10”% 386 209 171 146 112 92
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TABLE 4.7. Calculated 8-Day Drawdown at Selected Distances from the
Discharging Well of a Doublet Well System using Several
Values of Aquifer Transmissivity and Pumping Rates.
The Doublet Sell Spacing is 830 Feet and the Aquifer
Storage Coefficient is 0.00001

Pumping Distance from
rates, center of Aquifer transmissivity, in ftz/day
in gallons pumping well,
per minute in feet 100 200 250 300 400 500
300 0.5 682 341 272 227 170 136
300 20.0 340 170 136 113 85 68
300 45.0 263 131 105 . 88 66 53
200 0.5 454 227 181 151 114 91
200 20.0 227 113 91 76 57 45
200 45.0 175 88 70 58 44 35

The relatively large drawdown which will occur in the vicinity of the well
bore may restrict the pumping rates which can be used during the aquifer test-
ing and will affect the pumping rate that the well driller will use during the
post-construction well development. The driller should be advised of the draw-
down possibilities because it may affect his method of developing the wells.

Both axisymmetric radial and three-dimensional flow and energy transport
numerical models have been constructed and most of the preliminary simulations
have been made using the model that assumes radial symmetry. The computer code
used for these simulations was developed by INTERCOMP Resource Development and
Engineering, Inc. for the U.S. Geological Survey and will be referred to here-
after as the SWIP code. The code calculates a numerical solution to the
finite-difference approximation of the partial differential equations describ-
ing 1) single phase fluid flow in the aquifer, and 2) energy transport by
conduction and convection. '




The preliminary simulation model was subdivided into four hydrostrati-
graphic units that correspond to the target injection zone (FIG aquifer) and
the overlying and underlying confining beds. The model contained 16 layers
and 21 columns and represented an aquifer cylinder with a 12-inch diameter
well at the center and an external radius of 415 feet. The cylinder extends
from 570 to 975 feet below land surface and the well is open between 615 and
810 feet below land surface. Water is assumed to enter the aquifer at a rate
proportional to the hydraulic conductivity of the zone opposite the well
screen. Because the well is to be operated as part of a doublet well system
with a well spacing of approximately 830 feet, the external boundary was
treated as a specified potential boundary. Table 4.8 summarizes the hydraulic
and thermal properties used in the preliminary simulations.

Some of the preliminary simulations involved 24-day three part cycles
where 300°F water was injected at a rate of 1200 gal/min for 8 days, stored
for 8 days and then withdrawn at a rate of 1200 gal/min for 8 days. Fig-
ure 4.18 illustrates the position of the 100 and 200°F temperature fronts
after selected times during the 24-day cycle. Model calculations also indi-
cate that in the vicinity of the well bore aguifer heads will rise by as much
as 200 feet during the injection phase and will decline by as much as 250 feet
during the withdrawal phase.

The revised aquifer cylinder would extend from 570 to 900 feet below land
surface and the well would be open from 605 to 800 feet below land surface.
Figure 4.19 shows the revised hydrologic zonation (rock and water thermal prop-
erties were assumed to be the same as before) and the positions of the 100 and
200°F temperature front after 8 days of injecting 300°F water at 1200 gal/min.
Model calculations also indicate that in the vicinity of the well bore aquifer
head will rise by as much as 375 feet during injection and will decline by as
much as 450 feet during the withdrawal at 1200 gal/min. This calculation does
not include vapor pressure of the well head.

The radial flow and energy-transport model was also used to evaluate
the pressure changes and positions of the 200, 150 and 100%F temperature
fronts during a 24 day (8-day inject, 8-day store, and 8-day withdraw) cycle.

4.53




TABLE 4.8. Summary of Hydraulic and Thermal Properties Used
in Preliminary Simulations

Ironton-
Parameter St. lawrence Franconia Galesville Fau Claire
Formation Formation Formation Formation

Thickness, feetieeeesieeese 45 135 60 165
Horizontal hydraulic '

conductivity, feet/day... 0.1 2.0 3.0 0.1
Vertical hydraulic

oconductivity, foot/day... .001 0.2 0.3 .001
mmsity..ll.I'..Iotout...I .25 .25 .25 .25
Isotropic thermal

oconductivity, BTU/FT-DAY-

DEE-F-..-...-....----..- 35 35 35 35
ROCX HEAT CAPACITY, BTU/

CLI.FI‘—DEG-F....--..-.... 27 27 27 27

Water heat capacity

Water compressibility

Rock compressibility

Water thermal expansion factor

Initial Reserwir fluid pressure
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1.003 BTU/LB-DBG.F
.000003/PSI
.000064/PSI
.0002/DEG . F

200 psia at depth of 615 feet.
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For 10 simulations, the hydrologic zonation and aquifer parameters were identi-
cal to those shown in Figure 4.19 and the injection rates and temperatures were
varied. The hydraulic and thermal properties used in these simulations are
summarized in Table 4.9. An additional simulation was made to evaluate pres-
sure change and positions of temperature fronts for an aquifer with a much
smaller hydraulic conductivity and porosity than was used in the first 10 simu-
lations. This simulation might represent the pressure and temperature changes
that would occur in an aquifer which became severely clogged as a result of
injection. Table 4.10 summarizes the hydraulic and thermal properties used in
this simulation. The maximum pressure change and the furthest extent of the
200°, 1500, and 100°F temperature fronts for each of these simulations

ijs listed in Table 4.11.

Surface System Design and Instrumentation

Specifications and working drawings were prepared for bid advertisement
on mechanical and electrical systems that provide the above interface between
Site A and Site B, the injection and water supply site as well as the inter-
connection of that system to the existing University steam distribution sys-
tem. The equipment was advertised for bidding December 23, 1980 with bid
opening scheduled for January 13, 1981. These systems are designed for 300 gpm
at 300°F maximum. The pump motor and pump are included in this package as
well as the remaining installation above ground related to instrumentation and
the tape drive and uninterrupted power supply.

Institutional design was completed and equipment specified and ordered.

Legal and Institutional

Three state agencies in Minnesota have environmentally related responsi-
bilities for the ATES project of the University of Minnesota. The Minnesota
Pollution Control Agency (MPCA) has regulations governing water, air, land,
and energy issues. The Minnesota Department of Natural Resources (MDNR) has
jurisdiction over the state's water, land use, and wildlife, and the Minnesota
Health Department (MHD) has purview over construction and operation of wells.



TABLE 4.9. Summary of Hydraulic and Thermal Properties Used
in Simulations RAD 5A-1 to 10

Parameter Zone 1 Zone 2

Zone 3 Zone 4 Zone 5 Zone 6

Thickness, feeteseesssesoas 35 45

Horizontal hydraulic
conductivity, ft/day..... 0.1 2

Vertical hydraulic
conductivity, ft/day..... . 001 0.2

POroSity.--o--oo--o--.ou-ao .25 .25
Isotropic thermal

conductivity, BTU/FT-DAY-
DEG'F.. ..... ® 5 000 0000 000 35 35

ROCK _HEAT CAPACITY, BTU/
FT -DEGoFoouunooooo..oo 27 27

80 50 20 90

.001 0.4 .1 0.001

.25 .25 .25 .25

35 35 35 35

27 27 27 27

Water heat capacity

Water compressibility

Rock compressibility

Water thermal expansion factor

Initial Reservoir fluid pressure
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1.003 BTU/LB-DEG.F

0.000003/PSI
.00006 4/PST
.0002/DEG. F

200 psia at depth of 615 feet.



TABLE 4.10.

Summary of Hydraulic and Thermal Properties Used

in Simulations RAD 6A-4

Parameter Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Thickness, feeteeeseosseeess 35 45 80 50 20 90
Horizontal hydraulic

conductivity, ft/day..... 0.025 0.5 0.025 1 0.25 0.025
Vertical hydraulic

conductivity, ft/day..... . 00025 .05 .00025 0.1 .025 .00025
Porosityl.ll.'..'l'..l‘.... .10 |10 .10 .10 -10 .10
Isotropic thermal

conductivity, BTU/FT-DAY-

DEG.F.'........'O....... 35 35 35 35 35 35
ROCK HEAT CAPACITY, BTU/

FT3-DEG¢Fao¢.ooooooo-ouo 27 27 27 27 27 27

Water heat capacity
Water compressibility

Rock compressibility

Water thermal expansion factor

Initial Reservoir fluid pressure

4.59

1.003 BTU/LB-DEG.F

0.000003/PSI
.00006 4/PSI
.0002/DEG.F

200 psia at depth of 615 feet.



TABLE 4.11. Summary of Pressure and Temperature Changes for Simulations
RAD 5A-1 to 10 and RAD 6A-4

Maximum presssure change, in psi, dur- Maximum extent of te’mperature
ing injection and withdrawal phases of fronts after 8 days
Pumping Temperature 24-day cycle injection
Simulation rate, of 1injected
in gallons water, Injection Withdrawal
per minute °F
Zone 2 Zone 4 Zone 2 Zone 4 200°F 150°F 100°F
RAD 5A-1 300 300 +55 +60 -60 =55 35 45 . 65
RAD 5A-2 300 250 +60 +65 ~-65 -60 21 35 60
RAD 5A-3 300 200 +65 +70 =70 -65 - 30 55
N RAD 5A-4 200 300 +40 +40 -45 -40 30 40 55
2 RAD 5A-5 200 250 +40 +45 -45 - 40 20 35 50
RAD 5A-6 200 200 +45 +45 -50 =45 10 25 45
RAD 5A-7 100 300 +20 +20 -20 -20 18 30 40
RAD 5A-8 100 250 +20 +25 -25 =20 11 25 45
RAD 5A-9 100 200 +25 +25 -25 =25 - 15 25
- RAD 5A-10 1200 300 +198 +210%* -223 ~215% 75 100 130

RAD 6A-4 300 200 +255 +270% -295 =270 - 35 60

* Egtimated.




Even though EPA's Underground Injection Control Program under the Safe
Drinking Water Act cléssifies heat injection wells such as ATES as Class V
wells which require no EPA permits, the State of Minnesota is among several
states that consider heat as a ground water pollutant. Therefore, before
Phase I ATES could proceed, the University of Minnesota had to apply for a
temporary variance from MPCA's Rule WPC 22, from MHD's Rule 210-230, and a
temporary Ground-Water Appropriation Permit from.the MDNR.

The acquisition of these permits was a major action during 1980. For
example, public comments submitted during the routine hearing for the WPC 22
variance precipitated the requirement for PNL and ATES Project personnel to
prepare technical inputs to respond to the environmental concerns raised. The
latter included clarification of biological/bacterialogical concerns, subsi-
dence induced seismicity possibilities, and geochemical (mineral dissolution)
changes potentially produced in the aquifer by the proposed closed-loop
thermal injection activities.

These combined PNL and University of Minnesota team efforts during 1980
were successful in securing all the variances/permits necessary to implement
Phase I aquifer characterization efforts. Specifically, in July 1980, the
MPCA Board granted the University of Minnesota the Temporary Variance to WPC 22
for Phase I testing. In August 1980, a Temporary Variance to MHD's Rules
210-230 was granted with stipulations regarding testing of specific water
quality parameters. A Temporary Water Appropriation Permit was filed with the
Minnesota DNR in March 1980 and granted in September 1980.

Additional Work

In addition, visual examination of the cores from the FIG aquifer and
upper and Tower confining beds from Holes AC-1 and BC-1 is nearing completion.
The detailed descriptions, now being typed, include sedimentary and diagenetic
structures; joints, vugs and other voids; major mineral constituents; and
other special features visible in a megascopic examination.

Also, the laboratory for water chemistry and rock dissolution experiments
has been set up and is operational. Water samples were taken in October
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during packer testing of Hole BC-1, and core samples from Hole AC-1 are being
examined for the kinetics of dissolution of aquifer materials.

4.1.2 Phase II Final Design, Construction and Operation

Contractor to be determined.

No work was done on Phase II during the reporting period, since Phase II
will not begin until early FY-1983. From the conceptual designs and proposals
for Phase II received from Subtask 2, contractors will be chosen for implemen-
tation of demonstration projects. Detailed design, construction, startup, and
operation will be performed on a cost-sharing basis between the government and
the contractors. Phase II work will be completed by the end of FY-1985.

Technical Problems

Bethel. The functional Design Criteria developed thus far does not indi-
cate that the heat injection temperature can be sufficiently high to allow
district heating temperatures of 80°C. Further investigation of stack gas
heat exchangers and possible modifications to the building heat exchangers are
required.

An aquifer of suitable capacity has been found. However, the limited
thickness and the presence of clay lenses may restrict the efficiency of the
aquifer for storage. Until the heat injection tests and modeling are
completed this remains a potential hold on this project.

Stony Brook. The efficiency of the closed system may be limited by the
relatively small temperature differential involved in the heat exchanger.
Should the numerical simulation of the above-ground portion, which will follow
the aquifer characterization, prove this to be a limiting condition, we may
have to examine a semi closed system, as an alternative.

St. Paul, Minnesota. The lack of a High Temperature Test Facility as a

precursor to the demonstration leaves many questions about the behavior of an
aquifer at elevated temperatures (150°C) that will have to be resolved
during the injection tests, modeling, and subsequent design effort.
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The properties of the FIG aquifer discovered to date indicate the pres-
ence of a clay lens in the mid area which is causing an "hour-glass" effect in
the permeability distribution curve. This condition will require some special
effort in screening and modeling to determine the most efficient well
configuration.

4.2 SEASONAL STORAGE TECHNOLOGY PROGRAM

The Seasonal Storage Technology (SST) Program is designed to provide
technical support to the Seasonal Thermal Energy Storage Program which has the
overall objective of commercially demonstrating the applicability of seasonal
thermal energy storage. Task goals are designed to provide a sound technical
base for development of the technologies being evaluated. This includes con-
ducting technology review to identify data and methodology needs and designing
appropriate technology development programs to fill these gaps. Also, the
experience gained by the program participants will be utilized to transfer the
technology in order to accelerate the development of STES concepts and promote
commercialization. Demonstration programs which are a key to the development
and commercialization of STES concepts will require technical support in moni-
toring and directing contractor activities to assure that the maximum benefit
is gained from the pkojects.' The ATES Demonstration Program will be the
primary focus of technical support activities in the near térm. Evaluations
of other STES concepts will be continuing for future emphasis. To accomplish
these goals, the following program breakdown has been developed:

Task 1 - Legal/Institutional Assessment

Task 2 - Economic Assessment “

Task 3 - Environmental Assessment

Task 4 - Field Test Facilities

Task 5 - Compendia of Existing Technology

Task 6 - Physicochemical Analysis

Task 7 - Numerical Simulation

Task 8 - Nonaquifer Seasonal Thermal Energy Storage
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4,2.1 Legal/Institutional Assessment
Pacific Northwest Laboratory

Objectives

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 the federal, state, and, to a
lesser extent, the local level of government. Initial effort is focused on
the aquifer thermal energy storage (ATES) concept.

Technical Progress

A technical document containing the results of investigations to date
under this study area was published in October 1980 (Hendrickson 1980). An
updated and expanded version of this document is planned for publication at
the end of CY-1981.

Regulatory Requirements Prior to Operation

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 will be required from 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 appro-
priate pollution control agency. A few states prohibit such reinjection, and
a variance will be necessary if an ATES project is to be implemented. Even-
tually, 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
requirements for the well classification likely to include ATES wells will
probably not be issued for several years. An ATES project may also trigger
the need for an environmental impact statement (EIS) under the National
Environmental Policy Act (NEPA) if a significant Federal action is involved in




licensing or construction. Even if an EIS under NEPA is not required, about
half of the states require an EIS for projects with significant environmental
impacts.

Potential Liability

An ATES operator should be aware of several possible sources of liability.
Liability is most likely for interference with the property rights of others
in the storage aquifer. Interference with existing 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. Liability is also possible to other existing ground-water
users, to potential ground-water users in states (principally eastern states)
recognizing overlying ground-water rights, and to mineral rights holders if
mineral interests (including oil and gas) are interfered with. Subsurface
storage rights and/or mineral rights may have to be purchased if significant
liability is foreseen.

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 possibilities.

Storage and Recovery

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. Acquisition of a subsurface energy storage easement may be
needed if significant liability is foreseen or if intentional interference
with the ATES operation by a surface owner/user is considered possible. Both
of these contingencies are more likely if a relatively shallow aquifer is
utilized for storage, although the likelihood of each can be rendered small by
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careful aquifer selection. The possibility that someone could drill with
impunity into the energy storage bubble with the major purpose of capturing
stored energy and/or interfering with an ATES operation is remote. This is
true even if the ATES operator has not acquired any property interests.

Energy Delivery

Many legal, institutional, and regulatory issues will occur at the stage
of heat or chill delivery. A principal issue is locating an entity with suffi-
cient incentive to construct and operate an ATES and delivery system. It may
be difficult to find an investor-owned entity with sufficient economic incen-
tive; 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.

Technical Problems

No problems were evident in the legal/institutional work during the
reporting period.
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4,2.2 Economic Assessment

General Electric-TEMPO (GE-TEMPO) and Pacific Northwest Laboratory

Objectives

The objectives of the economic assessment are: 1) to determine the eco-
nomic performance of seasonal thermal energy storage concepts, 2) to estimate
their market penetration potential, and 3) to provide economic expertise to
the STES Program Office.

Tasks
The economic assessment work has five tasks:

1. Coordinate the development of an initial analysis of the Aquifer Thermal
Energy Storage concept to serve as a focus for defining ATES investiga-
tions and as a general marketing document for the technology.

2. Develop a methodology for economic evaluation of ATES configurations.
3. Provide an initial economic evaluation of ATES heat and chill storage.

4, Initiate and monitor an external contract to develop a methodology for
conceptual design and evaluation of ATES systems.

5. Provide analytical support to the ATES Demonstration Propram.

Technical Progress

Task 1 - Overall Analysis of ATES. The overall analysis of ATES was

published in June 1980 as A Descriptive Analysis of Aquifer Thermal Energy

Storage Systems (Reilly 1980). A brief summary of the results follows:

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 can be stored for future demand, and can thus reduce the need for
generating primary energy and lessen 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 (ATES), with about a third of this energy initially supplied by
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industrial waste heat. This is purely a technical estimate, with no considera-
tion given to cost effectiveness of ATES systems, or to institutional problems,
including the need to amass very large amounts of capital for construction of
ATES storage and distribution systems.

ATES appears to be the most promising 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. For many applications the installation can probably be designed and
constructed using existing site-specific information and modern well-drilling
techniques.

Another key to the attractiveness of ATES is its potential for cost-
effective operation. The storage medium, water, is inexpensive. Well-drilling
and equipment costs constitute the only capital storage expense, and so the
cost of the storage container is essentially 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 time, possibly to the 90%+ range, as the aquifer heats or cools.

The potential for cost-effective implementation of ATES was investigated
in the Twin Cities District Heating-Cogeneration Study in Minnesota. In the
study, ATES demonstrated a net energy saving of 32% over the non-storage
scenario, with an annual energy cost saving of $31 million. Discounting these
savings over the life of the project, the authors found that the break-even
capital cost for ATES construction was $76/kW thermal, far above the estimated
ATES development cost of $23 to 50/kW thermal. It appears that ATES can be
highly cost effective as well as achieve substantial fuel savings.

There are concomitant benefits. Large-scale ATES development has the
potential for improvement of the environment, primarily due to reduced pollu-
tion from extraction, refining, and combustion of fossil fuels. Thermal poliu-
tion is reduced, and so is the cost of equipment presently required to treat
that thermal pollution. The reliability of district heating systems is
enhanced.
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The potential for market penetration of ATES is immense. Aquifers are
estimated to underlie roughly two-thirds of the nation. This figure probably
understates ATES's potential because most applications will be in urban/
industrialized regions, which are typically located near productive aquifers.
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. Per-
haps the most significant barriers to commercialization, though, are institu-
tional. Since 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, work needs to be
done to develop the means to finance these highly capital-intensive ventures
and to create incentives and/or leadership for such developments.

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

Task 2 - Development of a Methodology for Economic Evaluation of ATES. A
computer code, AQUASTOR, has been developed to evaluate the economic perfor-

mance of ATES configurations.

AQUASTOR combines demand, aquifer, and supply characteristics with
climate, cost functions, and economic parameters in one systematic model. It
provides the flexibility 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
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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 construction and operation 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
chillers), or both (using hot water with absorption chillers). The distribu-
tion submodel will simulate 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, includ-
ing different tax rates and incentives, capital structure, and depreciation
schedules.

AQUASTOR is designed in modular fashion with a large number of technical
and economic subroutines. ASME steam tables are used throughout the design
subroutines to calculate thermodynamic and physical properties of water
(including pressure, temperature, enthalpy, specific volume, density, vis-
cosity, and fluid quality), thereby enabling simulation of heat exchangers,
transmission lines, and distribution systems.

Figure 4.20 is a block diagram that shows an overview of the logic used
in AQUASTOR to simulate the ATES district heating system. Some important
aspects of the two major submodels are described below:

Aquifer Storage Submodel

The storage submodel employs energy source characteristics, aquifer effi-
ciency characteristics, and peak/annual demand flow requirements to design the
storage and transmission systems. The code output provides estimates of the
required number of wells, well field layout, pipeline lengths, and heat
exchangers. The submodel optimizes transmission pipeline design (pipeline
diameter, schedule, and insulation). Where supply is greater than demand, the
system is sized to deliver any specified proportion of the demand, up to 100%.
Where demand is greater than supply, the system is sized to deliver the full
supply, with the deficit supplied by purchased thermal energy.
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Distribution System Submodel

The distribution system submodel simulates the design and calculates the
capital costs, operating costs, and maintenance costs of the district heating
distribution system for a city. The input data to the distribution system
submodel consists of the city characteristics, characteristics of districts
comprising the city, design options for the distribution piping, insulation,
and casing, and special options and adjustment factors (provision for growth,
etc.). ‘

The city is defined by its distance from the aquifer, climatic charac-
teristics, and the number of districts within the city. The distances are
used to design the fluid transmission lines and to calculate the fluid
temperature and enthalpy entering the distribution center. The climatic
parameters are used to determine the distribution of the heat demand, peak
heat demand, average heat demand, the load factor, and supplemental heat
requirements.

The city is disaggregated into districts. Each district is a contiguous
area consisting of buildings of relatively similar heat demand and uniform
density. Five district types, representing typical residential areas are
identified and defined. There is a provision for defining additional user
districts.

Task 3 - Economic Evaluation of ATES Heat and Chill Storage. Brief
investigations were made into the cost of aquifer heat and chill storage. A

summary of the results follows:

The Cost of Heat Storage

Levelized cost estimates were made for heat storage in aquifers (using
the AQUASTOR code) for a number of different technical and economic
assumptions.

The cost estimates include only storage costs. They do not include any
purchase cost for the thermal energy, nor delivery and end-use costs. The
capital budget includes purchase and installation of all hardware necessary
for storage, from the heat exchanger where thermal energy is transferred to
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the aquifer water, to a second heat exchanger where thermal energy is
transferred to the distribution fluid. The operation costs provide for all
pumping energy (including both sides of both heat exchangers), maintenance on
all equipment, financing charges (municipal utility @ 10% cost of capital),
and administrative costs. A detailed listing of cost accounts is included.

The major assumptions used, and a brief explanation of each, are included

below:

o System Size. Storage costs are investigated for three system sizes

(100 MWt, 10 MWt, and 1 MWt). The 100 MWt refers to the peak demand at
the end user (not including losses in the distribution system). The
total energy delivered is, respectively, 8.97*10]], 8.97*10]0, and
8.97*109 Btu/yr, given the assumed load factor of 30%. Total energy
stored is approximately 125% of the delivered energy, after storage and
transmission losses are taken into account.

Load Factor. A demand load factor (the ratio of average demand to peak

demand) of 30% is assumed for all cases. This is equivalent to heating
at peak delivery rate for 30% of the year, or at 30% of peak capacity
continuously for 1 year, or some other combination. A supply load factor
(the ratio of average energy supply to peak energy supply) of 25% is
assumed, equivalent to 90 days of continuous energy storage.

System Temperatures. Source temperature of 150°C and 90°C are used

in the investigation. A 38°C return temperature is used for the
distribution system, since this is a typical return temperature for space
heating systems. A natural aquifer temperature of 55%F is assumed.

Aguifer Thermal Efficiency. Two parameters characterize the aquifer

thermal efficiency: fluid recovery factor, and thermal recovery factor.
The fluid recovery factor defines how much water will be withdrawn before
the temperature of the aquifer water drops too low to meet the demand.
The thermal recovery factor defines the fraction of stored heat that is
recovered (using an enthalpy balance, with the natural aquifer tempera-
ture as the reference temperature). Together, the two parameters
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determine the average temperature of the water that is withdrawn from the
aquifer. Ninety percent of the injected water and 80% of the injected
heat are assumed recovered each cycle. The estimated average temperature
of the distribution fluid is then 114°C for the 150°C source and

66°C for the 90°C source.

e Well Flow Rate. A maximum well flow rate of 500,000 1b/hr is assumed for
this investigation. This is fairly high, but feasible. (Some geothermal
wells are rated at over 1,000,000 1b/hr.) If the aquifer were unsuited
to such a high de1ivery rate, then the cost of storage would increase
quickly, since more wells, pumps, and connective piping would be required.

o Financing. A municipal financing structure with a 10% cost of capital is
modeled. Field exploration and installation are assumed to take 4 years,
with operations starting in year 5. Well and equipment lives are both
assumed to be 30 years. MWells are replaced on a continuous basis such
that all wells are replaced once over the life of the plant.

Discussion

Table 4.12 shows the results of the ATES Heat Storage Analysis. There is
an apparent anomaly in the results due to parameter selection. A significant
cost increase is to be expected with the reduction in source temperature, since
the energy content of the delivery fluid from the 150°C source is about 2 1-2
times higher than from the 90°C source. Yet, the cost difference for the 1 MW
system is only about 15%. The anomaly is due to the choice of well flow rate.
Since well-flow rate was maintained at 500,000 1b/hr whereas in the 100 MW sys-
tem, the wells are fully utilized. When the flow rates are increased to accom-
modate the 90°C source temperature, the 1 MW system does not require any
additional wells (hence little additional capital cost), whereas the 100 MW
system must increase the number of wells in proportion to increased flow rate.
This factor is magnified in the cost estimates, since operation and maintenance
costs are estimated as a function of capital cost.

In the system modeled, components were not optimized, and there is the
potential for significant cost reduction through careful system optimization.
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Table 4.12. Cost of ATES Heat Storage
($1979/MBtu)

1 MWt 10 MWt 100 MWt

150°C SOURCE TEMPERATURE
150 ft Wells
$50/ft $100/ft $50/ft $100/ft $50/ft $100/ft
8.37 8.63 1.62 1.65 0.97 0.98

1000 ft Wells
10.28 12.03 2.31 2.31 1.78 1.91

90°C SOURCE TEMPERATURE
150 ft Wells
9.23 9.50 2.66 2.71 2.04 2.09

1000 ft Wells
11.89 13.65 4.81 5.16 4.29 4.62

NOTE: $50/ft and $100/ft indicate well drilling cost, casing included.

The prime example of potential system improvement lies in selection of heat
exchanger approach temperature (both at the energy source and at the user). A
reduced approach temperature will reduce the number of wells, pipe diameter,
pump size and pumping power required, while it will increase the size and
operating cost of the heat exchanger itself. In an ATES system the energy is
transferred sequentially through two heat exchangers, and the degree of
temperature degradation can have tremendous leverage over the size and cost of
other equipment required. In this investigation, approach temperatures were
selected based upon a rough rule of thumb as a function of source temperature.

This investigation used two heat exchangers, one at the energy source,

and one at the end user. It may be possible (where storage and withdrawal
periods to not overlap) to use a single heat exchanger for both storage and
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withdrawal processes, with reduction in total capital cost. Of course, the
same temperature degradation effects would occur.

Heat energy from the source was assumed to be available for a 90-day
period, constraining the energy supply system (as opposed to the demand system)
to a 25% load factor. Thus, wells and well-related equipment were sized for
flow into the storage aquifer, rather than flow out of the aquifer. If energy
storage had been allowed over a longer period, then well cost (and therefore,
the cost of energy storage) could have been reduced.

A 30% demand load factor was assumed for evaluation of the cost of heat
storage. This is reasonable for an industrial load, but rather high for a
single-family housing district heating system. A Seattle district heating
system might expect a load factor of 23%; in Minneapolis the expectation would
be 18%. These estimates are for a system sized to meet the total peak demand
of the district heating participants. Significantly higher load factors could
be achieved by undersizing the supply system such that peak demands are met
through supplementary heat.

The results indicate that there is little difference in the cost of
energy when well-drilling costs are doubled from $50/ft to $100/ft (especially
at shallow depths). At these drilling costs, most of the well-related capital
cost is due to equipment such as pumps, valves, manifolds, and surface piping.
There is, however, a marked increase in the cost of storage when deeper wells
are required. This is attributable to three components: additional drilling
expense, larger downhole pumps, and (most important) increased pumping energy
requirements.

The Cost of Chill Storage

In order to perform a sensitivity analysis of the effects of a number of
technical and economic parameters upon the cost of ATES cooling, a base case
situation was developed, and a cost of cooling was calculated for that base
case. Important input and derived parameters for this base are described
below. (Input parameters are designated as (I).):

Demand: The air conditioning load for the ATES system was assumed to be
a point demand with the following characteristics:
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Annual demand 105 MBtu/yr (M = million)
Peak energy demand 57 MBtu/hr (1)

Load factor 0.2 (I)

Peak flow rate 4.2 x 10° 1b/hr (8400 gpm)
Cooling water reject temperature 60°F (I)

This annual cooling load is roughly 40% of JFK Airport's annual load; it
is also equivalent to about 4,000 single family houses in the Ft. Worth, Texas
climate.

Supply: The chill source is assumed to be a river running at 35°F for

a period of 3 months per year. The river water is isolated from the aquifer
system by a heat exchanger at the river bank.

Heat exchanger approach temperature 10°F (1)

River water in 35°F (1)

River water out 50°F (1)

River flow rate into heat exchanger 3.5 x 106 1b/hr (7000 gpm)
Aquifer water in 59.4°F

Aquifer water out 45%F

Aquifer flow rate 3.7 x 10% 1b/hr

Storage: Storage is assumed to be in a productive, fairly shallow
aquifer, since the temperature level does not require system pressurization.
Because the storage bubble is relatively large and the temperature differen-
tial between the in situ water and the stored water is low, a moderately high
storage efficiency is assumed.

Natural aquifer temperature 55°F (1)

Aquifer thermal efficiency 80% (I)

Fluid recovery fraction 90% (I)

Well capacity 500,000 1b/hr (I)

Well cost $100,000/well (including pump
cost) (I)

Number of wells 18

storage well-field
supply well-field
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Transport: The one way distance between the river and the air condition-
ing load is assumed to be 2,660 meters, with the aquifer somewhere in between.
A Tayout of the system is depicted in Figure 1. The first 2,500‘meters,is
laid on the surface; the remaining 160 meters at the load site is buried.

Schedule 10 steel pipe (seam-welded) in steel casing.
Supply lines insulated with 2 in. of polyurethane.

Financial: Both the supply and the distribution entities are assumed to
be municipal utilities with the following characteristics:

Financing mode 100% bonds (1)
Bond rate 8%/yr (I)
Income tax rate 0% (I)

State revenue tax 4% (1)
Investment credits 0% (I)

Cost of electricity $0.04/kWh (1)
Inflation rate 6%/yr (I)
System lifetime 30 years

Base Case Results

AQUASTOR calculated the levelized cost of cooling for the base case situ-
ation to be $14.28/MBtu (1979 price levels). Operating costs such as pumping
power and maintenance, constitute 53% of total costs in the first year, and
this fraction increases over system lifetime because of inflation.

Analysis of the Major Factors that Affect the Cost of ATES Cooling

A number of major factors were identified that affect the cost of ATES
cooling. These were invéstigated on an individual basis in order to evaluate
their relative importance and to demonstrate the relationship of the factors
to total cost of cooling.

The data for each of the sensitivity investigations are presented in
graphical form, with a brief discussion of the results and implications of the
study. The data points generated are depicted on the curves, with the base
case designated by the circle. The number above each of the data points

4.78




represents the number of wells required for that particular case, thus provid-
ing an indication of the effect of the parameter on peak flow rates, since the
number of wells is proportional to peak flow.

Demand Characteristics

System Size

A large range of system sizes was investigated, ranging from an annual
load of 2000 Btu (2% of the base case) to 1,000,000 MBtu (10x the base case).
Cost was found to vary inversely with system size in a nonlinear fashion,
rising quickly at the smallest size and flattening out at the largest sizes
(Figure 4.21). The major advantages captured by large systems are economies
of scale in the storage and transmission systems. Storage capital cost is
independent of total volume stored; rather, it is a function of peak flow
rate. This is a major difference between ATES and other storage technologies
where cost depends upon the size of the storage container.

It is likely that this inverse cost/size relationship is understated in
the data since aquifer thermal efficiency (kept constant here) will typically
increase with a larger annual storage volume, and decrease quickly as the
storage volume decreases.

%

COST OF CHILL {(3/MBTW)

——t =TT T

T o0 1
SYSTEM SIZE (MBTU/YR)

.-|..

FIGURE 4.21. The Effect of System Size on the Cost
of ATES Cooling
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Load Factor

 The load factor is defined as the ratio of average annual hourly demand
to peak hourly demand. Load factors from 10%-30% were investigated. Since a
large fraction of the ATES cooling cost is fixed, the cost of cooling increases
rapidly as the load factor diminishes (Figure 4.22). Typical cooling load fac-
tors for single family dwellings are in the 10-15% range. For commercial and
industrial space cooling applications that require some air conditioning
throughout the year, load factors in the 20-30% range are not unreasonable.
For a process chill application very high load factors might be expected.
Because the cost of cooling rises so quickly at Tow load factors, employment
of the ATES technology for capital-intensive district cooling of residential
houses may be very expensive.

Transmission Distance

The cost of ATES cooling is highly dependent upon transmission distance.
The relationship is roughly linear, since we have not assumed any economies of
scale with extended length (Figure 4.23). One factor that tends to make the
relationship nonlinear is heat gain in the pipeline, since additidhal water
will be needed to meet demand, and eventually larger pipes will be required to
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FIGURE 4.22. The Effect of Load Factor on the Cost
of ATES Cooling
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accommodate the larger flow. The reason that piping cold water for large
distances is uneconomic is that its energy density is so low. To put this in
perspective, 0oil has an energy content of 140,000 Btu/gal, chilled water only
120 Btu/gal. It is obvious that ATES cooling systems will necessarily be
located on or near an aquifer and the chill source. A cooling load located
above an aquifer could reduce its required transmission distance to almost
zero by employing winter air as the chill source.

Load Reject Temperature

The temperature drop of the cooling fluid at the load determines the
chill energy delivered. For a given chill delivery system, the higher the
reject temperature from the load, the greater will be the energy delivered to
the load, and the less expensive will be the energy delivered on a per-Btu
basis. Thus, in the design of a particular ATES cooling system it will be
necessary to balance the advantages of a higher reject temperature against the
extra cost of the larger heat exchanger and delivery system required at the
load. For the base-case system, increasing the reject temperature from 60°F

to 659 (which is not unreasonable for a 75%F air conditioning tempera-

ture) reduces the cost of cooling by 20% (Figure 4.,24).
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Supply Parameters

Source Availability

The amount of time that the chill source is available is relatively
unimportant to the cost of ATES cooling as long as two conditions are met:
1) the cost of the chill collectors is relatively small, and 2) the number of
wells in the system is controlled by demand considerations rather than supply
considerations. The number of wells required is determined by the greater of
the peak flow rate out of the aquifer to the load (demand-controlled), or the
flow rate into the storage aquifer from the chill source (supply-controlled).
On the right side of Figure 4.25, peak demand controls the number of wells,
and so the effect of changing source availability on total cost is minimal.
The only additional costs are for a larger heat exchanger and slightly larger
piping. The left portion of Figure 4.25 depicts the supply-controlled situa-
tion. Additional wells are required to store the total annual demand during
the time that the source was availabie. The effect on the cost of cooling in
this situation is very pronounced. It is evident that an ATES system does not
require an extremely lengthy chill season for cost effective operation.
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Source Temperature

The average temperature of the chill source is an important determinant of
the cost of chi]T. In this sim#lation, as the temperature of the chill source
rises, the temperature of the water delivered to the air conditioning load
rises on almost a one-to-one basis (Figure 4.26). This reduces the energy
content of the water delivered to the load, thereby requiring additional wells,
increased pipe and pump sizes, and larger cooling devices at the load. Increas-
ing the source average temperature from 359 to 40°F increases the cost of
cooling by almost 30% in this simulation. Since the gain at the load is the
key variable controlling cost, a higher source temperature could be compensated
for by a higher reject temperature.

Heat Exchanger Approach Temperature

Another method of compensating for a higher source temperature is to
employ a larger heat exchanger with a smaller approach temperature in the
chill collection subsystem. The approach temperature of the heat exchanger is
the temperature difference between the incoming river water (35°F) and the
outgoing aquifer water temperature (45°F). Conventional engineering judgment
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would suggest a 10%F approach temperature as a near optimum for industrial
applications. For an ATES application, however, the leverage that the heat
exchanger wields over the remainder of the system is substantial, and the
additional capital costs and pumping costs incurred with a larger heat
exchanger are quickly compensated for by savings in number of wells and pipe
size, The scenario under investigation dramatically illustrates this point;
as the approach temperature of the heat exchanger is lowered from 10%F to
2.5°F, the energy content of the fluid delivered to the load increases by
about 50% (Figure 4.27). As a result, the number of wells required by the
system drops from 18 to 12, and the total cost of the energy delivered is
reduced by 20%. The optimum heat exchanger characteristics will vary from
installation to installation, but it is likely that heat exchangers with ’
rather small approach temperatures will be optimal for ATES cooling systems.

Aquifer Thermal Efficiency

Aquifer thermal efficiency, the ratio of energy recovered from the aqui-
fer to energy injected (on an annual basis), is an important determinant of
the cost of ATES cooling. It is dependent upon a number of factors, including:
the rate of regional flow (which tends to carry input energy away from the well

4.84




20

-~ 0}
52
[ =y
[1a]
=
N
Lol
-)
-J
X
O"-
o=
o
| =g
3
8l
12 i 12
e T T T - 7 T r
0 2 4 6 8 19 12 14 16

APPROACH TEMPERATURE (F)

FIGURE 4.27. The Effect of Heat Exchanger Approach
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site), the temperature differential between the injected water and the in situ
water, the total amount of water injected, and aquifer geometry. For a con-
stant cooling load, a reduced aquifer thermal efficiency requires that more
energy be injected, and hence a larger overall storage and delivery system is
required. The relationship between aquifer thermal efficiency and cost is
essentially linear (Figure 4.28). The scatter apparent in the figure is due
to the fact that the number of wells required by the system is a step function.

Economic Parameters

Well Cost

The cost of cooling varies directly with the cost of wells (or more cor-
rectly, with the cost per unit flow rate) (Figure 4.29). Well costs constitute
a significant part of the total capital cost, and so the cost of well drilling
in a particular region may be the determining factor in the economics of a
particular ATES installation.
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ATES cooling systems probably will not be subject to extremely high well
costs in most parts of the country because the low temperature systems do not
require deep, pressurized aquifers, and because temperature loss to the sur-
face is less of a problem than with high temperature systems. Well costs will
probably differ significantly between installations, however, for a number of
reasons: 1) well drilling rates differ considerably in different parts of the
country, 2) suitable aquifers may be found at widely varying depths, 3) aqui-
fers can have varying productivities, and hence more wells may be required to
deliver the same flow rates, and 4) some ATES systems may need to employ saline
aquifers which require corrosion-resistant well materials and equipment.

Cost of Electricity

The cost of ATES cooling is relatively jnsensitive to the cost of elec-
tricity since the operation is capital intensive, with electricity used only
for pumping (Figure 4.30). Doubling the cost of electricity only increases
the levelized cost of cooling by about 5%. Thus, in areas with high elec-
tricity rates and high price escalation rates, ATES could prove quite cost
effective.
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FIGURE 4.30. The Effect of Electricity Cost
on the Cost of ATES Cooling

4.87



There are implications beyond direct cost to the user, however, in that
electricity consumption- is reduced (over electric compression cooling) during
times of peak demand. The dollar savings from reduced capacity requirements
in summer peaking locations could be significant.

Bond Interest Rate

Interest charges constitute a major initial cost of an ATES cooling sys-
tem since ATES is capital intensive. However, the interest charges are fixed,
and so over time (with a significant inflation rate) the cost of interest will
drop as a fraction of total cost. In the base case it is appareht that small
variances in the interest rate are rather inconsequential with respect to
potential variances in other parameters (Figure 4.31). A 50% increase in the
interest rate (to a municipal rate of 12%) results in only a 15% rise in the
levelized cost of cooling.

Comparison with Other Cooling Techniques

Any economic analysis of an alternative cooling method must ultimately
result in a comparison with conventional cooling techniques. The two types of
cooling that are implemented on a widespread basis are electrically-driven
compression chillers, and fuel-fired absorption chillers. The levelized cost
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of cooling was calculated for these systems using the same economic assump-
tions as used for the base case investigation of ATES cooling. Fuel was priced
at $4/MBtu, with a 6% escalation rate. Cost and performance information for
specific units was derived from vendor information. The levelized cost of
chilling by means of electrically-driven compressive devices was calculated to
be $10.26/MBtu. The cost for absorption chilling was calculated to be $18.00.

Although the cost of ATES cooling is more expensive than the cost of
electric air conditioners, only slight changes in one or more of the base case
assumptions would be enough to make ATES economically attractive. The base
case parameters were selected so as to define a situation potentially attrac-
tive for ATES cooling, but they are not optimum condﬁtions. For instance,
substitution of a 2.5°F-approach temperature heat,éxchanger for one with a
10°F-approach temperature could reduce the cost of cooling significantly.
Likewise, doubling the cost of electricity to $0.08/kWh would make ATES rela-
tively more attractive: the ATES cost of cooling would rise a small percent-
age, whereas the cost of compressive cooling would significantly increase
since its levelized cost is roughly 60% due to electricity.

Summar

The major outcome of the investigation conducted here js that the cost of
air conditioning using chill energy supplied by an Aquifer Thermal Energy
Storage system is extremely dependent upon site specific conditions. Under
appropriate demand, supply, and geologic conditions ATES cooling can be
competitive with both electric compression and absorption chiller devices.
Under less favorable conditions, its cost of cooling could be an order of
magnitude too high.

A few implications can be drawn for all ATES cooling systems. It will be
uneconomical to pump chilled water for very long distances due to the low
energy density of the fluid. Hence, an ATES system will typically be located
on or near a suitable aquifer with the energy supplied by a nearby chill
source (such as winter air collected at the site). In this investigation,
schedule 10 piping in steel casing was employed. By using less expensive,
non-cased, uninsulated pipe, the cost of piping can probably be reduced by
about 30%.
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Another implication of the study is that the temperature gain of the
cooling water at the load site must be optimized. A few degrees variance in

the delivery water temperature can markedly affect the cost of cooling. This
temperature differential (between the cooling water supplied to the load and
the reject temperature) is bounded on two sides: on the low side by the
temperature of the chill source, or the freezing point, and on the upper side
by the target temperature of the air conditioning system. Between these two
bounds, the actual temperature differential is controlled by a number of
parameters, including the approach temperatures of the heat exchangers at both
the chill source and the load, pipe insulation, and aquifer thermal efficiency.
Selection of these system components must be optimized based upon cost/perfor-
mance tradeoffs.

Task 4 - Methodology for Conceptual Design and Evaluation of Aquifer
Thermal Energy Storage Systems. A contract was let with G.E. TEMPO to perform

this task, and resulted in the October publication of Guidelines for Conceptual

Design and Evaluation of Aquifer Thermal Energy Storage, (Meyer, Hauz 1980).

The guidelines were prepared as a tool for those considering the use of
ATES systems. The guidelines will assist in the preliminary design effort and
in evaluation of the technical and economic feasibility of using the ATES
technology.

Chapters 1 and 2 are an eight-page executive summary, describing the
potential benefits of ATES, giving an overview of the technology and its appli-
cations, and providing rules of thumb for quickly judging whether a proposed
project has sufficient promise to warrant detailed conceptual design and
evaluation.

The balance of the 230-page document discusses the characteristics of
sources and end uses of heat and chill which are seasonally mismatched and may
benefit from ATES (industrial waste heat, cogeneration, solar heat, and winter
chill, for space heating and air conditioning); describes storage and transport
subsystems and their expected performance and cost as best these parameters
are now known; presents a 10-step methodology for conceptual design of an ATES

4.90



system and evaluation of its technical and economic feasibility in terms of
energy conservation, cost savings, fuel substitution, improved dependability
of supply, and abatement of pollution, with examples; and applies the
methodology to a hypothetical proposed ATES system, to illustrate its use.

Appendix A discusses the flow of fluids and heat in aquifers, the design
of ATES wells, and operational aspects of ATES, in greater detail than is
found in the main body. Appendix B describes types of aquifers in the United
States and their suitability for ATES. Appendix C gives formulas and tables
for economic analysis, to supplement Chapter 5.

Task 5 - Provide Ana]ytica] Support to the ATES Demonstration Program.
During FY-1980 only minor support was given to the ATES Demonstration Program.

It is expected that activity in this area will increase in future years as
economic information on the projects become available.

Technical Problems

There were no technical problems encountered during the reporting period.

4.2.3 Environmental Assessment

Oak Ridge National Laboratory, Resource Management and Assessment,
and Pacific Northwest Laboratory.

Objective
To provide assistance in identifying, acquiring, and assessing environ-

mentally-related information and preparing environmental documentation as
required to support the Seasonal Thermal Energy Storage (STES) Program.

Tasks

The Environmental Assessment work has three tasks: (1) Environmental
Documentation, (2) Environmental Research Assistance, and (3) Environmental
Advisory Assistance. ‘ |

Task 1 - Environmental Documentation. This is the primary support area
of this work. Its purpose is to develop the environmental documentation
requirements (Federal and state) in compliance with the National Environmental
Policy Act (NEPA). Current emphasis of this task is on a aquifer thermal
energy storage (ATES) programmatic and site-specific documentation.
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Task 2 - Environmental Research Assistance. This task helps identify and

prioritize environmentally-related problem areas and information voids and
assists in acquiring (during the research, testing, and demonstration phases)
environmental data required to support STES environmental documentation and
industrialization.

Task 3 - Environmental Advisory Assistance. This task provides assistance

to the STES Program on all environmental matters associated with determining
the feasibility of STES concepts. This includes such activities as responding
to environmental inquiries, assisting the STES Program Office in evaluating
the environmental components of proposals and assisting in the preparation of
program-level reports and publications.

Technical Progress

Task 1. This task has received major emphasis during 1980 with activities
being divided between programmatic (generic) documentation and site-specific
environmental documentation requirements.

During 1980, with the assistance of the Oak Ridge National Laboratory and
Resource Management and Assessment, this task completed the preparation and
issuance of a draft Environmental Assessment (EA) for the ATES Program which
fulfilled a FY-1980 milestone.

The comments received on the draft EA were extensive, as was anticipated.
Reaching agreement on the EA contents required extensive coordination with the
various organizational components of the Department of Energy (DOE) including
the Office of Environment, NEPA Affairs Division (EV), Office of the General
Counsel (0GC), Office of Advanced Conservation Technologies (ACT), Assistant
Secretary for Conservation and Solar Energy (CS), and DOE Richland Operations
(RL) as well as other concerned governmental agencies (Federal, state, and
local). Revisions to the document in response to the comments were prepared
and have been incorporated. As of the time of this writing, the revised EA is
being fine-tuned prior to its publication in 1981.
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Based on this EA, DOE has determined that the proposed ATES Program does
not constitute a major Federal action signficantly affecting the quality of
the human environment and therefore a programmatic environmental impact
statement is not required.

The EA basically concludes that the environmental consequences of the ATES
Program will be site-specific in nature. Potential adverse local environmental
jmpacts could occur which may reduce aquifer permeability, alter ground water
quality, and ground water microbiology. These potential impacts can be elimi-
nated, 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 ecol-
ogy, air guality 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. Potential 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 tech-
nology was assessed to be more developed for demonstration than its alterna-
tives. The environmental consequences of the programmatic alternatives are
not expected to differ from the proposed action to a great extent.

During 1980, discussions were held with appropriate DOE and non-DOE
agencies/personnel to clarify NEPA compliance requirements associated with
overall STES/ATES activities. These discussions resulted in the development
of the tentative environmental documentation plan for STES Program shown in
Figure 4.32.

The ATES Programmatic EA scheduled for DOE publication in FY 81 was
described previously. With the guidance provided by this task during 1980,
the three ATES Demonstration Contractors have:

o Finalized their Environmental/Institutional Plans,

o completed their preliminary environmental assessments for Phase 1
activities, and
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o developed and implemented environmental monitoring procedures appropriate
for their Phase I activities.

These environmental task actions which were all completed and approved
during 1980, are considered to be important to the overall success of the ATES
demonstrations for several reasons. First, the early inclusion of environ-
mental concerns has resulted in the functional integration of the environ-
mental and technology teams. This consolidation, during the planning stages,
has resulted in a single field monitoring and data collection effort for site
preparation, construction and testing activities that serves both environmental
and technological objectives. Second, early environmental initiatives have
minimized potential complexities associated with local environmental regulatory
permitting requirements. Third, early environmental interactions directed
toward educating the public and regulatory personnel should help prepare for
the Tocal environmental acceptance of expanded Phase II activities. And
lastly, environmental activities throughout the program should ensure the
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development of environmental documentation and control technology to support
operational and industrialization needs. The development of the three envi-
ronmental reports assessing Phase II ATES Demonstration Projects' activities
is the major requirement for this task during 1981 and 1982.

Task 2 - Environmental Research Assistance. To date, effort in this task
area continues to be minimal due to the emphasis being given to fulfilling the

environmental documentation requirements of Task 1.

Task 3 - Environmental Advisory Assistance. Activities in this task area

are unscheduled for the most part and are determined by the needs of the STES
Program Office. Major inputs in this task area during the last year included:

« Provided ATES Demonstration Project Support - Routinely provided assis-
tance to ATES Program Manager in evaluating data and reports submitted by
ATES contractors for environmental compliance and periodically coordinated
with environmental specialists assigned to each project.

. Initiated coordination with other Federal agencies potentially interested
in STES/ATES environmental efforts. During 1980, included EPA Office of
Drinking Water, Water Resources Council, and DOE Offices of Environmental
Assessment and Environmental Control Technology.

. Contributed to annual review of safety analysis for STES Program.

. Attended and presented environmental briefings at Consultant Review Team
Workshop and Annual Contractors' Review.

o Prepared Draft Environmental Assessment for TVA's proposed ATES Project.

o Prepared Work Statement for external contractor to review and assess
government regulations relevant to ATES developments.

. Contacted and interviewed several minority companies as potential
external contractors in the environmental support area.

Technical Problems

The publication of the Environmental Assessment for the ATES Program in
time to support planned field activities appears assured. However, the
schedule for the development of the site-specific environmental documentation
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is very tight, especially if any‘E&S's are required. Accordingly, any demon-
stration project delays could seriously impact the environmental documentation
development schedule.

4.2.4 Field Test Facilities

Sites are being identified and developed to obtain necessary engineering
design and geohydrologic data and to conduct supporting research for the STES
Program. This research includes the development of field test facilities to
provide necessary guidance to the demonstration programs. Data collected at
the field test facility (FTF) sites will provide required calibration and veri-
fication of advanced analysis methodologies being developed for site charac-
terization and assessment. The FTF is designed to provide definition of the
variables anticipated in ATES projects. Information developed through the FTF
is made available to the ATES demonstration contractors. FTF activities are
scheduled to continue through FY-1985 and will work in conjunction with the
Demonstration Program.

FTF and related activities have been carried out during the reporting
period by: 1) Auburn University, 2) Tennessee Valley Authority (TVA),
3) Fugro, Inc., and 4) Pacific Northwest Laboratory.

Field Test Facility
Auburn University

Objective
To test and evaluate the storage of thermally enhanced ground water at a
site near Mobile, Alabama.

Tasks

Task 1. Develop a true doublet well field at the test site for the
injection and monitoring of thermally enhanced ground water.

Task 2. Characterize the aquifer such that detailed data are available
for use in the advanced methodologies task.

Task 3. Inject, store and recover ground water over three cycles at
temperatures of 55°C, 90°C and 125°C, respectively.
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Task 4. Monitor the movement of the thermal plume and supply data for
computer analysis.

Technical Progress

Task 1 is nearing completion. The well field at the Mobile, Alabama site
has been altered to provide data points for analyzing the true doublet test.
New injection and supply wells have been drilled into the storage aquifer.
Comprehensive testing of aquifer parameters is being carried out. A partially
penetrating aquifer pump test was run to ascertain the ratio of horizontal to
;ertical permeability. Analysis of the test show the ratio to be 7:1. Fully
penetrating aquifer tests have confirmed the horizontal permeability calcu-
lated from earlier experiments to within 1%. Table 4.13 shows the comparison
of aquifer characteristics determined in 1976 and 1980. Experience with the
nondoublet tests indicated a need for backup thermistors in the temperature
monitoring wells; to accomplish this, dual strings of instruments have been
installed. A1l surface equipment has been elevated 5 feet to provide flood
protection. Surface flow equipment includes two large rapid sand filters
which can be placed "on line" when deemed necessary. These filters will
serve to remove clay and silt sized particles from the injection stream.

TABLE 4.13. Comparison of Aquifer Characteristics, 1976 Nondoublet
Test and 1980 Doublet Test

Characteristic 1976 1980

Thermal Conductivity

Aquifer 1.98 J/m.d.°C  N.R.

Aquitard 2.21 J/m.d.oC N.R.
Hydraulic Conductivity (Horizontal)  44m/d 53.6 m/d(a)

53.4

Hydraulic Conductivity (Vertical) 7.66 m/d(a)
Aquifer Storativity 5 x 10-% 4.9 x 10-4(2)
Porosity 0.25 N.R.

(a) Result from 1980 partially penetrating test.
N.R. Paramerter determination not repeated.
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A test to ascertain the despersivity of the aquifer has been designed and
the necessary equipment installed. This test will utilize a NaBr (sodium
bromide) tracer. This tracer will be injected at a constant rate and concen-
tration and the arrival time and concentration of the tracer will be monitored
at several sampling wells surrounding the injection well.

Injection of hot water for the first cycle of testing is currently
scheduled for early February, 1981.

Field Test Facility
Tennessee Valley Authority

Objective
To locate and characterize a potential storage site within the TVA
service area.

Technical Status

This effort was halted after a potential site was identified near Memphis,
Tennessee. TVA was unable to identify internal funding to cooperatively
develop this field test facility. Due to the nature of the proposed project,
TVA's funding would have to come directly from pass through charges applied to
the utility's customers as a rate increase.

There are currently no plans to reinstate this FTF activity.

Field Test Facility
Fugro, Inc.

Objective

To characterize a potential saline aquifer near Ferndale, Washington.

Technical Progress

Two test holes were drilled. One hole, on the property of the Thermal
Reduction Company of Bellingham, Washington was drilled to a total depth of
505 feet at which depth it was ascertained that the drill had penetrated under-
lying Tertiary bedrock. Subsequently, the hole was backfilled and abandoned
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according to Washington State law. A second hole was drilled at a County
Historical Park to a depth of 605 feet. Numerous problems were encountered
during the placement of this well. Flowing artesian conditions in upper fresh
water aquifers necessitated grouting of casing early in the project. Subse-
quent drilling activities damaged the grout seal and forced additional grout-
ing. Following installation of casing, the hole was re-entered, during the
cleaning operation a drill stem was twisted off at 488 feet. Recovery of the
drill stem was attemped but proved unsuccessful. The hole was then backfilled
and grouted to prevent contamination of the upper aguifers and abandoned.
Re-assessment of the geohydrology of the Bellingham-Ferndale basin based on
information from these drilling activities, indicates that the target Esperance
sand unit is located further to the west, in deeper portions of the glaciated
Nooksak Valley.

The project was terminated based on the legal, institutional and environ-
mental difficulties associated with a hot water line crossing of the Nooksak
River, and prohibitive costs associated with long distance transport of the
heated water. Additional geohydrologic exploration would be necessary to
prove the presence of the Esperance sand on the west side of the Nooksak River.

Field Test Facility
Pacific Northwest Laboratory

Objective
To locate and characterize a shallow unconfined aquifer suitable for
storage of low temperature energy.

Technical Progress

Seven wells were drilled into the glaciofluvial sands and gravels within
the Pasco Basin. Each of the wells penetrated the water table at a depth of
about 50 feet. Wide variations in aquifer characteristics were noted between
the several wells, with well yields ranging from less than 10 gpm to over
600 gpm. The site has been sel aside as a potential place for testing the
feasibility of gradient control in ATES systems. No work beyond initial
drilling and testing of the wells was done during CY-1980.
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Technical Problems

Auburn. There were minimal technical problems associated with the Auburn
FTF. Those that were encountered centered around providing equipment capable
of handling the proposed 125%C injection cycle. No difficulties were encoun-
tered in the drilling phase although costs exceeded expectations.

Bellingham. Major difficulties were evident in the exploratory drilling
program at this proposed FTF site. The first drill hole penetrated bedrock
before locating the target aquifer. This forced abandonment of that hole.
Flowing artesian conditions at the second drill site necessitated extensive
grouting of casing. Further down the hole, caving conditions forced the
installation of additional casing. Upon re-entering the hole, after placing
the casing, a drill bit was lost at 488 feet and proved to be irretrievable.
The target Experance Sand aquifer was not penetrated in either drill hole.
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4.2.5 Compendia of Existing Technology

Midwest Research Institute, Lawrence Livermore Laboratory, Oregon State
University, Century West Engineering, Lawrence Berkeley Laboratory,
David D. Hostetler, and Pacific Northwest Laboratory.

Objective

The objective of the Compendia Task is to collect, summarize, and trans-
mit STES-related information. The task will provide a central source of infor-
mation which will assist with the development of STES technologies and will
also aid in the transfer of these technologies to the commercial sector.

Tasks

Task 1 - Library Establishment, Maintenance, and Development. Provide a

useful library of STES-related information. Identify and procure new litera-
ture, enter bibliographic information in the conputerized data base, distrib-
ute updated bibliographies, and maintain library operation.

Task 2 - Literature Reviews and Summary Papers. Review the literature

and produce papers on topics that are pertinent to STES.

Task 3 - STES Newsletter Publication. Compile, edit, publish and dis-
tribute a quarterly STES Newsletter.

Task 4 - Production and Maintenance of the Aquifer Thermal Energy Storage

Reference Manual. Produce and maintain a reference manual for the STES

Program. Update individual sections of the manual as needed.

Task 5 - Development of the STES Technology Information System. Develop

a computerized information system that will assist with the development of
STES technologies and with the transfer of these technologies to the commer-
cial sector.

Technical Progress

Task 1. Compendia task staff members have assembled a useful STES
Library. The library now contains over 1700 documents with a wide range of
key references on topics related to thermal energy storage. Library mainte-
nance and development is being conducted via subcontract with Midwest Research
Institute.
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Bibliographic information from the STES Library has been entered into the
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 repre-
sented by the citation. For example, each time a staff member checks out an
article, the librarian can enter the name of the person and the date. Later,
this information can be recovered to show which staff members have overdue
articles. The ability to keep an on-line record of library transactions
eliminates the need for maintaining voluminous hard-copy files.

The STES-TIS also provides the capability to conduct customized, on-line
literature searches. A search can be conducted on any part of any field of
the citation. For example, a search could be conducted to find all articles
which contain the word "storage" in the title. Methods for searching the STES
bibliographic data file have been documented in the User's Manual for the STES
information system.

The bibliography is regularly updated, and a list of new articles is
distributed every 2 weeks so that researchers on the STES Program are kept
informed about the contents of the library.

During the past year, the existence of the library has been publicized,
and researchers from foreign countries (inciuding Sweden, Israel, Canada,
France, and Germany) have heard about and have used the library.

Improvements made in the STES Library this year have resulted in a more
useful, efficient operation.

Task 2. Several literature reviews and summary papers were completed
during the past year. Topics covered include: Aquifer Thermal Energy Storage
(ATES) site characterization methods, regional aquifer assessments, energy and
mass transport in geologic media, and reinjection experience in ground-water
cooling operations. All of these studies were conducted under subcontract.
Technical progress on these studies is discussed in the following paragraphs.
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A document on ATES site characterization methods was prepared by
Mr. David Hostetler, a consulting engineer. This document contains informa-
tion on the following: site selection and ambient temperature characteriza-
tion; pre-operational thermal charactarization and site evaluation; and
subsurface facility design development. This is a draft report for internal
use only.

Century West Engineering has conducted a regional aquifar assessment
study. The objective of this study was to qualitatively describe the ATES
potential of major aquifers throughout the United States. Century West
Engineering has collected existing hydrogeological information for major U.S.
aquifers. This information has been used to characterize each aquifer system.
On the basis of its characteristics, each aquifer has been evaluated for its
ATES potential.

The Department of Soil Science of Oregon State University (OSU) has com-
pleted part of a study on energy and mass transport in geologic media. The
objective of the study is to identify soil and environmental conditions or
parameters influencing the efficiency of an ATES facility. The study is pri-
marily focused on energy transport mechanisms in the unsaturated zone of the
unconfined aquifer system. During the past year, OSU completed a literature
review and a preliminary parametric analysis. An annotated bibliography and
an interpretive report have been delivered to PNL. Work is still being con-
ducted under this subcontract, but technical adminstration has been transferred
to the Numerical Simulation task of the STES Program.

Midwest Research Institute (MRI) has conducted a survey of ground-water
reinjection experience in air-conditioning operations. Basically, the work
consisted of three tasks: site identification, documentation of selected
sites, and analysis of site data. The site identification task involved iden-
tifying sites across the United States where reinjection of cooling water is
practiced. Selection of sites was based on availability of information and
geographic location. The reinjection sites chosen for documentation were
representative of different geographic locations and hydrogeologic environ-
ments. The second task involved site documentation. Documentation consisted
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of three parts: well system design, operational performance history, and
analysis of the reinjection experience. The third task, data analysis,
involved the identification of actual and potential problems with the rein-
jection operations of each site. The results of the study are contained in
MRI's final report, which has been submitted to PANL.

A survey of ground-water source heat pump operations in the Portland,
Oregon, area has been conducted by the Department of Mechanical Engineering of
0SU. This study was intended to assess the use of ground-water source heat
pumps for large-scale heating and cooling operations in the Portland area.
Basically, the survey of ground-water source heat pump operations consisted of
the following tasks: 1) identification of sites, 2) documentation of system
designs, operational procedures, operational problems and overall system per-
formance of each site, and 3) analysis of the heat pump operations. O0SU also
performed modeling to assess the potential benefit of using aquifer thermal
energy storage in conjunction with ground-water source heat pumps. OSU sub-
mitted a final report containing the results of the study.

~——e s

Task 3. The STES Newsletter was published quarterly during the past
year. The scope of the newsletter was expanded to include articles on all
types of seasonal thermal energy storage, not just on storage in aquifers.

The newsletter has proven to be a valuable means for exchanging information
with other researchers in the field of energy storage. The STES Newsletter is
compiled, edited, published, and distributed by Lawrence Berkeley Laboratory
under subcontract to PNL.

Task 4. The Aquifer Thermal Energy Storage Reference Manual was issued
in August 1980. This manual contains a complete description of the work being
performed under the STES Program. It will be updated as the Program pro-
gresses. The revisions will be distributed to all individuals holding a copy
of the manual.

Task 5. Creation of the STES Technology Information System (STES-TIS)
was initiated during the past year. The STES-TIS is a subset of the Technology
Information System developed at the Lawrence Livermore Laboratory (LLL) under
the sponsorship of the Department of Energy's Office of Advanced Conservation
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Technologies. The Pacific Northwest Laboratory contracted with LLL to provide
assistance in the development of an information system for the STES Program.

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) computational,
and 4) communications.

Several administrative data files have been entered into the STES-TIS.
One such data file is the conference data file, which contains information
about various STES-related conferences. The file contains details about each
conference, names of STES staff members who attended or presented papers, and
information about the papers presented at the conference. The conference file
is a useful managerial tool which is used by the STES managers to keep a run-
ning account of staff members' activities. Another administrative data file
contains two types of news: 1) weekly highlights, which are short reports
describing the important events of each week, and 2) newsletter articles,
which are compiled, printed, and distributed on a quarterly basis.

The STES-TIS contains bibliographic data from the Seasonal Thermal Energy
Storage Library. These bibliographic data were transferred into the computer
from a text-processing system. The data were checked for validity and were
converted to the proper format. The information contained in the data file
was then checked by the STES librarian to ensure that it was complete and
correct, and that it accurately represented the documents contained in the
STES Library. The library data file now contains over 1700 citations and is
updated regularly as new library articles are received. |

In addition to data files, the STES-TIS can also accommodate numerical
models. The STES Program is developing several models that could potentially
be put into the system, including both economic and hydrologic models. Some
of these models are too long and complex to reside on the small computer which
houses the STES-TIS. However, in these cases, the STES-TIS can still be used
as an automated gateway to other computer resources which can more easily
accommodate them. This capability has already been used to implement one of

4.105



the complex hydrologic codes on a large computer at the Solar Energy Research
Institute, to which the STES-TIS can provide access.

Implementation of the STES models on the information system makes them
available to a wider community of users, thereby encouraging transfer of energy
storage information to the commercial sector. The project staff at LLL can
also assist in converting the models from batch-mode to interactive, allowing
users to run the models without having intimate knowledge of the codes. None
of the STES models have yet been converted to interactive mode, although this
task may be undertaken at some time in the future.

The STES-TIS offers a number of communications capabilities. The
electronic mail program can be used to leave a message in the "mailbox" of
another system user, who will be notified about the message the next time that
he enters the system. The STES-TIS also has a conferencing capability, which
allows a user to solicit responses to a message from a number of other users.
Terminal to terminal communications are also possible, using the "write" and
"1ink" commands.

These communication capabilities have proved invaluable to the STES
Program, because they have allowed the Program Office at PNL to keep in close
contact with all of the subcontractors. Use of the communication capabilities
of the STES-TIS allows instantaneous transmission of messages and eliminates
the delays caused when a letter is sent through the U.S. mail. Rapid trans-
mission of information has Ted to more efficient management of the STES
Program.

Technical Problems

No significant technical problems were encountered in any of the five
tasks.
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4.2.6 Physicochemical Analysis

Terra Tek, Inc. and Pacific Northwest Laboratory

Objectives

The objectives of this effort are to: 1) conduct laboratory tests on the
physicochemical properties stability of aquifer materials subjected to Seasonal
Thermal Energy Storage (STES) conditions, 2) develop laboratory and field
facilities dedicated to the support of STES projects, and 3) develop geochemi-
cal modeling capabilities tailored to STES operational and environmental
concerns.

Tasks
The physicochemical analysis work has three tasks:

Task 1 - Permeability/Creep Compaction Testing. It has been reported in
the literature (Afinogenov 1969, Casse 1972, Danesh 1978, Goban 1980, Muhammadu
1976, Weinbrandt 1972) that the permeability of common aquifer materials

decreases with increasing temperatures in the range of 25 to 150°C. Permea-
bility and compressibility tests on Massillon sandstone and Ottawa sand have
been conducted at Terra Tek and PNL to determine the effects of temperature
and time and to identify the contributing permeability damage mechanism(s), if
any. The mechanisms investigated include: 1) pore volume reduction via con-
solidation of the porous material and/or thermal expansion of constituent sand
grains into pore throats, 2) thermomechanical disaggregation and microcracking
of the samples, 3) temperature-induced mobilization of fines with associated
particulate p]ugg1ng problems, and 4) anomalous fluid viscosities due to
mineral dissolution. A1l tests were done with 150 bars (2175 psi) confining
pressure, 60 bars (870 psi) pore fluid pressure, 25 ¢ to 150°C temperature,
5.4 x 10.2 cm core samples, and deionized prefiltered water or a 2% by weight
CaC12 brine.

Task 2 - Aquifer Properties Test Facility Development. This task involves

management and technical overview of the design, construction, and installa-
tion of a STES laboratory flow loop and a field injectivity test stand. The
laboratory system is designed to permit testing of aquifer materials under
simulated STES conditions of temperature, pressure, flow direction, flow rates,
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and ground-water chemistries. The injectivity test stand is designed for
onsite sampling of fluids being injected into the aquifer. Primary emphasis
is on the suspended solids and how these particulates might impact injection
well performance.

Task 3 - Geochemical Modeling. This task involves the development of a

geochemical computer code modified specifically for STES applications. This
includes mass transfer (mineral precipitation/dissolution), kinetic control
for major aquifer minerals, and ground-water speciation compilations at tem-
peratures 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.

Technical Progress

Task 1 - Permeability/Creep Compaction Testing. A1l permeability/

compressibility tests were done in the laboratory equipment shown schematically
in Figure 4.33. Baseline experiments were done for Massillon sandstone and
Ottawa sand with deionized, deaerated, prefiltered water as the permeating
fluid. Composite results are shown in Figures 4.34 and 4.35. The permeability
ratio (initial permeability/final steady-state permeability) is plotted at

25%C and 150°C. Based on this data alone, it would appear that

permeability is temperature sensitive.
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U2
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14 ; ’ ‘
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FIGURE 4,.33. Flow Schematic
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Pore volume reduction was investigated as a potential damage mechanism.
Both the bulk compaction (densification) of the porous medium and thermal
expansion of constituent sand grains into pore throats were considered. The
amount of volume strain observed during the permeability experiments is
depicted in Figure 4.36. The difference between the sandstone and sand curves
as compared to the zero porosity single quartz crystal gives a reasonable esti-
mate of the porosity reduction. For both Massillon sandstone and Ottawa sand,
the pore volume loss was less than 0.5% on the average and therefore pore
volume reduction (compaction or internal grain expansion) is not considered a
significant permeability damage mechanism at 90 bars (1305 psi) effective load
and temperature in the range from 25°C to 150°C. (The effective load repre-
sents the difference between the confining pressure on the outside of the rock
sample and the fluid pressure inside the rock sample. The 90 bar effective
load might represent a reservoir at a depth of 500 to 600 meters.)
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FIGURE 4.36. Volume Strain Versus Temperature for Massillon Sandstone
and Ottawa Sand Under a 90 Bar Effective Load (Error bars
are + one standard deviation)
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Viscosity perturbations due to mineral dissolution was also explored using

\ a specially constructed capillary coil viscometer. Silica was found to be the
only mineral increasing in concentration significantly during the permeability
tests described in the previous section. Relative viscosity values were deter-
mined for deionized water, a 250 mg/liter silica solution, and a 15,000 mg/liter
sodium cloride solution. As can be seen in Figure 4.37, the salt solution

\ resulted in incrementally higher viscosity values as compared to.the DI water.
There was not observable difference between the silica-spiked water and the DI
water, however. Therefore, it was concluded that an increase in the amount of
dissolved silica in the water does not affect the viscosity and the "steam tabie"
values for DI water are sufficient in intrinsic permeability calculations.
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FIGURE 4.37. Viscosity Values for Deionized Water, Silica-Laden Water,
~ and NaCl Brine Normalized to the Viscosity Value of
~Distilled Water at 500C
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This conclusion is supported by the short fluid residence time in the sand and
sandstone cores (5 minutes), the once-through nature of the permeability
tests, and the small observed changes in influent/effluent water chemistries

(<15 mg/liter increase in silica).

- Thermomechanical fragmentation was also considered. However, based on
the fact that the permeability to dry nitrogen was not temperature sensitive
and no statistically significant change in grain size distribution could be
found between sand sampies permeated with water at 25°C and 150°C, thermo-
mechanical fragmentation is not considered a significant permeability damage
mechanism at 90 bars effective load. The grain size distribution measurement
technique was limited to 30 um and therefore no conclusions are warranted
concerning the thermomechanical generation of small fines.

Particulate plugging may be a significant permeability damage mechanism
in aquifer materials. Fines can be dispersed by changes in salinity, pH, and
temperature. (Mungen 1965, Hewitt 1963, Piwinski 1977). In the present study,
a comparison was made between deionized water and a 2% CaC]2 brine. Water
(salinity) sensitivity was not observed for the sandstone and sand samples.
Also, the pH of the influent and effluent waters did not vary appreciably dur-
ing the permeability tests. However, more fines (particles) were flushed from
the cores during the 150°C tests than for the 25°C tests (Figure 4.38).
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FIGURE 4.38. Effluent Particulate Load as a Function of Temperature
for Massillon Sandstone and Virgin Ottawa Sand
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The impact of thermally dispersed particulates on permeability was inves-
tigated by comparing carefully washed sand samples to virgin sand samples. The
permeability was affected by the temperature-induced mobilization of internal
fines, but by less than 10%. Thus, in the laboratory tests, particle mobili-
zatrion is not a significant permeability damage mechanism for the relatively
clean Massillon sandstone and Ottawa sand. This must be explored further,
however, because of the pathlength differences between the laboratory cores
(10.2 cm) and field site (tens of meters). Example particles flushed from the
cores at the higher temperature are shown in Figures 4.39 and 4.40. The fines
are predominately kaolinite (clay mineral) and quartz fragments.

It now appears that sample compaction, thermal expansion of grains,
anomalous viscosity, and temperature-induced particle mobilization were not
responsible for the observed permeability degradation with temperature observed
in the initial laboratory tests. Subsequent study has apparently revealed,
however, that the permeability degradation may be caused by apparatus contami-
nation, metal colloids derived from the laboratory equipment itself. This was
determined by placing 2.0 um and 0.45 pm filters immediately upstream of the
rock cores. Example colloidal contaminants are shown via scanning electron
microscopy in Figures 4.41 and 4.42. Based on energy dispersive x-ray scans,
the particles appear to be predominantly zinc, iron, copper, and aluminum
oxides or hydroxides presumably derived from corrosion and/or degradation of
equipment components upstream of the sand and sandstone samples. The source
of the contamination appears to be an aluminum gasket used in a pump filter,
some brass valve bodies, and the stainless steel inline fluid heater rod. The
insertion of the two filters immediately upstream of the sandstone and sand
samples significantly attenuated the permeability degradation (Figure 4.43).

It is concluded that laboratory tests at temperature should be done in
corrosion resistant vessels and include upstream filtration. With respect to
field sites, operators of STES wells must investigate the nature of the sus-
pended particle loads being injected into the reservoir. "Injectivity testing"
should be conducted at all field sites where elevated temperatures are planned.
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FIGURE 4.39. Particles Trapped by a 7.0 um Filter During a
Virgin Ottawa Sand Test
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FIGURE 4.41. SEM Results from a 0.45 um Upstream Filter
Used in a 1500C Permeability Test
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3000X 3000X

FIGURE 4.42. SEM Results from a 0.45 um Upstream Filter
Used in a 1500C Permeability Test
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FIGURE 4.43. Permeability Ratio Versus Temperature for Massillon Sandstone
and Ottawa Sand Tests with Upstream Filtration

It would appear from this study, that for low to moderate effective stress and
temperatures less than 150°C, that Massillon sandstone and Ottawa sand per-
meabilities are not particularly temperature sensitive. Site-specific aquifer
materials should be similarly tested. Furthermore, the potential effects of
the small lab/field travel path ratio should be explored because of the
apparent temperature-induced mobilization of natural fines internal to porous
aquifer materials.

Task 2 - Aquifer Properties Test Facility Development. Development of

specifications, a competitive bidding cycle, and selection of Terra Tek, Inc.
as the subcontractor were completed. A photograph of similar equipment is
shown in Figure 4.44, A list of capabilities is given in Table 4.14. As of
the end of December 1980, engineering design for the entire system was 85%
complete, system drawings 80% complete, and long lead items ordered. The
equipment should be delivered to PNL in August and will be installed by the
end of the fiscal year.
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FIGURE 4.44. Photograph of Similar Equipment Developed
for Dow Chemical Company
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TABLE 4.14. Aquifer Property Test Facility Capabilities

e Axial Stress 172 MPa (maximum)

e Hydrostatic Stress 103 MPa {maximum)

e Pore Pressure 103 MPa (maximum)

e Pore Fluid Light Brine, 10% Weight, NaCl
e Pore Fluid Flow Rate 0.02 ml/sec to 16 ml/sec

o Temperature 2000C (maximum)

e Pore Fluid Sampling gggpq¥335823%gg

o Temperature Cycle 1009C Amplitude (maximum)

e Filters Before and after the Sample

e Materials Titanium, Inconel, Stainless Steel
e Primary Tests Permeability

Volume Strain

Fluid Chemistry Changes
Particle Mobilization
Thermal Fatigue

The injectivity test stand has been designed and a schematic of the
system is shown in Figure 4.45. The equipment will be mobile and therefore
can be used at any STES field site. Injectivity test procedures have been
adopted as well as the data reduction and interpretation schemes. The fabri-
cation of the unit has been initiated. The equipment will be used initially
at the Auburn field site.
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Task 3 - Geochemical Modeling. Chemical modeling is a new task initiated
in November 1980. The WATEQ4 model has been selected and is being modified to
STES requirements. General capabilities are shown in Figure 4.46. Mass trans-
fer (precipitation/dissolution) capabilitie§ have been added to the code and
progress is being made towards adding elevated temperaturew(<150°C) capa-
bilities in an equilibrium or kinetic mode. The data bank has been enhanced

and a literature review on the kinetics of calcite, gypsum, silica, geothite,
and ferrihydride is progressing. Field data collection and analysis tech-
niques are being reviewed. Of particU]ar interest are redox potential, cation
concentrations (Ca, Mg, Na, K), anion concentrations (CO3 + HCO3 c1, 504), and
silica. Trace elements of interest include arsenic, barium, boron, cadmium,
chromium, copper, lead, mercury, and nickel. Two reports are planned for
FY-1981: 1) "A new geochemical code to simplify application and provide an
equilibrium or kinetically-constrained mass transfer capability," and

2) "Development of an elevated temperature capabi]ity pertinent to STES."

Technical Problems

e There is a paucity of data concerning the effect of temperature and
temperature cycling on the generation and adhesion characteristics of
corrosion and precipitation scales in surface plumbing.

o Until the Aquifer Properties Test Facility is operational, there will be
a lack of data concerning the Tong-term (>24 hr) response of samples to
elevated temperatures.

e There is some uncertainty about the impact of temperature-enhanced |
mobilization of fines (small particles) on longer cores.

o Existing data limitations and thermodynamic inconsistencies limit geochem-
ical modeling efforts. Additional laboratory studies and critical liter-
ature reviews are warranted, but even more importantly, field data at
STES sites must be properly collected.
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FIGURE 4.46. Geochemical Modeling Capabilities

4.2.7 Numerical Simulation

GeoTrans, Inc., Lawrence Berkeley Laboratory, Oregon State University,
Washington State University, and Pacific Northwest Laboratory

Objectives

The objectives of this work are: to document the state-of-the-art with
regard to numerical simulation of aquifer environments subject to thermal
energy storage, 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.

Tasks

Task 1 - State-of-the-Art. A document revealing the state-of-the-art of
numerical simulation is deemed necessary for technology transfer to the engi-

neering community. This document will include discussions of: the aquifer
physics, their mathematical and numerical analogues, and representative values
of aquifer parameters for a variety of aquifers. ‘

Task 2 - Intera's Deep Well Disposal Mode] (DWDM). The DWDM code was
developed for the USGS and first,pub]ishedvby Intercomp in 1976. It is recog-
nized as one of the candidate codes for simulation of ATES. The DWDM code is

to be validated against data collected during a previous Auburn experiment.
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Task 3 - Energy Transport in Unsaturated Media. An important aspect in
determining the feasibility of ATES in unconfined aquifers is developing an
understanding of the physics of: energy transport in unsaturated media which
overly any unconfined aquifer. Due to the potential availability of uncon-
fined aquifers for ATES facilities, it is prudent to fine tune the physics
while simultaneously deve]oping a simulation capability based upon our current
understanding of the phenomena.

Task 4 - Generic Simulations and Parameter Studies. Towards developing
an understanding of the importance of competitive mechanisms within the ATES
environment, a generic simulation and parameter sensitivity study was under-
taken. A simplified technique is required for the economical analysis of a

variety of aquifer parameters.

Task 5 - Site-Specific Analyses. State-of-the-art simulation codes are
to be applied for the prediction of aquifer response to aquifer thermal energy

storage.

Task 6 - Independent Analysis Capability. An independent and responsive
analysis capability is to be developed for use by the STES Program Management
in evaluating experimental results, facility design, and operational scenarios.

Technical Progress

Task 1 - State-of-the-Art. Towards meeting this needed documentation,
the firm of GeoTrans, Inc., began a comprehensive search of the literature
while simultaneously requesting current information from noted authors in this
expertise area. At the close of the calendar year, GeoTrans has received
responses from many of those contacted and had begun digesting the voluminous
literature.

Task 2 - Intera's Deep Well Disposal Model (DWDM). Washington State
University (WSU) has been contracted to supply a validation of the DWDM code.
Modifications have had to be made to the code in order to run it on a
restricted word size machine (e.g., IBM, UNIVAC, PDP computer hardware).
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While some modifications required rewrite of coded segments, the major change

has been the use of double precision for several arrays and associated compu-

tations. Details of the (1973-1979) Auburn experiment (e.g., design and data)
have been supplied to WSU personnel and simulations are to be completed during
the 1981 calendar year.

Task 3 - Energy Transport in Unsaturated Media. The physics of this
transport process are currently being studied by members of the soils science
faculty of Oregon State University (Stuart Childs). A Titerature review has
been completed, and both a preliminary interprative report and an annotated
bibliography have been written. The OSU work is continuing to define the

phenomena of greatest importance, and the soil and water parameter ranges
which should be further investigated by laboratory experiments.

Using our current knowledge of the physics of nonisothermal flow in
unsaturated media, Lawrence Berkeley Laboratory has undertaken 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. Code development of this magnitude is a
multi-year effort and work is continuing through 1981.

Task 4 - Generic Simulations and Parameter Studies. The objective of

generic and parameter studies is to produce a graphical solution process which
when given the aquifer and utilization parameters of the ATES facility can pre-
dict the response of the aquifer. Dimensionless parameter groups appropriate
to the planning and design of practical projects have been defined and are
being studied. Since many simu]atiohs must be made in a study of functional
dependence, a simplified model has been employed. While as yet undocumented
this model, known as the Steady Flow Model (SFM), has been verified for limit-
ing cases against the Conduction, Convection and Compactioh (CCC) model.

This model assumes a steady-state flow situation in an infinite, uniform
aquifer. Buoyancy flow has been neglected in this code. Such an assumption
is justified for storage in Tow permeability aquifers or scenarios which have
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a relatively Tow temperature difference between storage and ambient waters. A
criterion taken from the recently issued publication (Hellstrom 1980) may be
used to verify the-app]icabi]fty of -this assumption. However, the results may
sti1l be applicable for cases of significant buoyancy flow. Results will be
of an upper Timit type and not a conservative estimate for such cases. Thermal
properties of the system are assumed temperature-independent, hence the
recovery factor will also be temperature-independent.

During 1980, this study has emphasized an understanding of the energy
recovery factor (ERF) (i.e., the ratio of energy recovered to energy stored)
as a function of aquifer properties and storage parameters. As the reader
should recognize, values of ERF a~e heavily dependent.upon when efforts to
recover energy are halted. Recovery could be concluded at a temperature
defined by the energy user, however, for our study equal volumes of fluid are
injected and withdrawn. The recover factor has been calculated for a series
of values of: aquifer thickness, cycle time period, velocity-dependent
4isparsion, and the number of cycles. Illustrations of some of the results
are shown in Figures 4.47 through 4.49.

The energy recovery factor increases as the injected volume increases,
and an optimal aspect ratio (thermal front radius/aquifer thickness) exists
for which the factor is maximum for each volume. This optimal aspect ratio is
dependent upon relative thermal properties of both aquifer and confining
layers. Figure 4.47 reveals both the dependency upon volume and the optimal
aspect ratio concept. The interweaving of constant thickness lines on this
semilog plot of recovery factor versus volume (R%HH) gives rise to the
optimal aspect ratio. Lines of lesser and greater thickness underlie the
thickness yielding the greatest recovery ratio for any given volume. Thus,
for a constant volume and increasing thickness one finds a decreasing aspect
ratio and a maxima or optimaT recovery factor. Figure 4.48 deplays the
recovery factor as a function of the aspect ratio. The optimal concept is
apparent here, however, of equal or greater importance is the influence of
aquifer and aquitard thermal conductivity. As aquitard thermal conductivity
decreases, energy losses to the aquitards decrease and the recovery factor
increases.
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Fundamental to STES is the concept of injection, storage and recovery.
An operational scenario will define the relative length for each of these time
increments, and Figure 4.49 displays the aquifer response to a single cycle
for several different injected volumes. The aquifer thickness for each volume
is such that the aspect ratio is optimal. Lines "a" show the results for a
cycle with no storage period. Lines labeled "b" show the results for equal
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injection, storage, and production periods. For the limiting case of instanta-
neous injection and withdrawal, the storage period becomes the entire cycle.
Results of this hypothetical cycle are shown as line "c". One readily sees
that increasing either the total cycle time or the storage period results in
greater energy losses to the confining layers and aquifer. This, in turn,
results in a reduction of recovery factor.

Task 5 - Site-Specific Analyses. Site-specific studies were undertaken
for the Auburn University field test facility located at Mobile, Alabama.
Three STES cycles are presently contemplated for the Auburn field test facil-
ity. Each will have a progressively higher injection temperature (55, 90,
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125°C). Simulations were undertaken to determine the: appropriate location
of sampling wells, feasibility of fully versus partially penetrating recovery
wells, and energy recovery prospects. Figure 4.50 shows the impact of a
partially penetrating retovery well upon recovery temperature and factor for a
55°¢C injection. One sees that the recovery factor is increased by 4%, and
perhaps more significantly, the quality (temperature) of recovered energy is
improved over a significant period of time. Results of a similar analysis for
a 90°C injection are shown in Figure 4.51. While the shape of the response
curve is somewhat different, it is evident that both the quality and quantity
of energy recovered is enhanced by the partial penetration concept}
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FIGURE 4.50. Production TemBerature as a Function
of time for 55°C Injection Experiment
(e = recovery factor)
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Task 6 - Independent Analysis Capability. Progress toward providing
simulation capability of thermal-hydrologic events for the STES Program has
continued on three fronts during the year. The finite element code CFEST
(coupled fluid, energy, and solute transport) has yielded its first simula-
tions of confined aquifers. Flownet and rectangular grids have been <ncluded
in the automatic grid generation package. Finally, a data processing package
has been developed to display and filter the raw field data from an aquifer
thermal energy storage facility. Significant accomplishments were achieved in
each of these three distinct efforts in the final quarter of CY-1980. Upon
their final completion and documentation these three efforts will combine to
provide STES management with an independent analysis capability for the near
field aquifer environment. Future work efforts will focus upon testing the
simulative ability of this near field package, and developing a far field
analysis capability for the evaluation of energy ]ost‘to‘thexenvironment.
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The first version of the CFEST code is a standard Galerkin finite element
algorithm for the multidimensional analysis of nonisothermal ground-water
flows. The three partial differential equations are solved in a cyclical
scheme with coupling provided through the density and viscosity parameters
cast as functions of pressure, temperature, and solute concentration. Appli-
cation of the model to the STES concept of a withdrawal/injection doublet
penetrating a confined aquifer is shown in Figure 4.52. A withdrawal/injection
rate of 900 m3/hour has been superimposed upon an ambient flow field of
0.17 m/day. The axis joining the two wells is collinear with the flow direc-
tion and the wells are 300 meters apart. Dispersivity has been taken as zero,
however, the stabilizing second order term is retained by virtue of a thermal
conductivity of 1.7 kilo-calories per meter, degree centigrade, day. The
seasonal concept of injection/storage/recovery is omitted in this early
simulation and the upstream well is pumped continuously. Other simulations

MESH DISCRETIZATION

350 DAYS

150 DAYS

INITIAL POTENTIAL DISTRIBUTION 77\

40 DAYS
s
20 DAYS
WELL SPACING = 300 (M) DISPERSIVITY =0
INJECTION RATE =900 (M3/HR)  NATURAL GRADIENT = 0,17 (M/DAY)
THERMAL CONDUCTIVITY 1.702 (K CAL/IMC D) @

FIGURE 4.52. Computation Mesh, Potential Distribution and Thermal
Plume as a Function of Time for an Injection/Withdrawal
Doublet in a Confined Aquifer
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where the regional flow is more significant have also been completed. Proper
selection of mesh discretization and time step are being investigated further.

The most significant addition to the grid generation package has been the
flownet grid. An analytical solution to the classical problem of a source and
sink embedded in a uniform flow is used to create an isothermal approximation
to the nonisothermal flow field of an aquifer storage zone. Newton-Raphson
iteration is used to locate the‘intersections of velocity potential and stream
lines. Thus, the appropriate density of quadralateral elements is automati-
cally defined so long as therma]veffécts do not radically affect thé distri-
bution of fluids and their.f]oW‘paths.»‘Examples of the potential/streamline
flownet and the resulting mesh are shown in Figure 4.53.

Raw data received from field test or demonstration facilities must be
made acceptable to the simulation methodologies, and visualized for easy
assimilation by members of the STES management group. Flow rate and injection
temperature must be supplied to the model as piecewise constant values over
increments of time. A data processing package which filters the data to
provide such imput is necessary for economic reasons, and useful in locating
erroneous data. Figure 4.54 is an example of the input and output of the mass
and energy filtering scheme. Both mass and energy of the raw data are
conserved over increments of tjme‘désignated by the user.

Display of the recorded ;gmperatUré'datq,is made possible through a
variety of horizontal and vertic&1’plotsl5§EWe11 as single probe (transducer)
records. Use of these display capabi]ities will be necessary, for proper
visualization of the fully three-dimensional data, and for comparison of simu-
lations to recorded events. Horizontal contours and point values are displayed
for the 20% plane in Figure 4.55. Various vertical profiles for these same
wells are shown in Figure 4.56. One should note that vertical cross sections
can be taken along any user specified 1ine, and the inter-well option plots
real distance between wells.

-4.133



(b)

FIGURE 4.53. (a) Isothermal Potential/Streamline Flownet
(b) Flownet Mesh
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Technical Problems

The development of a far field, long-term model of the distributioﬁ of
energy lost to the aquifer environment poses the greatest technical problem of
the coming year. A1l physical mechanisms must be examined and those that are
most significant to the far field problem must be included in a simplified
model of the aquifer environment. Environmental impacts will be judged by the
quantity and distribution of energies lost to the environment. Hence, models
to predict this distribution must include all potentially impacted areas for a
considerable period of time. An extremely efficient and economical model must
be formulated in a timely manner in order to answer the barrage of environment
concerns on the horizon.

While being less pressing, the development of a coupled model of the
saturated-unsaturated nonisothermal environment is a major technical problem.
At present, the physics of the transport of energy exchange between the atmo-
sphere and ground is not completely understood. European experiments employ-
ing shallow aquifers show significant communication between the aquifer and
atmosphere. Until the transport processes are better understood, a safe depth
will not be well defined for unconfined aquifer thermal energy storage. A
nonisothermal code for the combined saturated-unsaturated environment will
require considerable resources over a multi-year program of development,
verification, and validation.

While not being a true technical problem, significant effort will be
extended, in the coming years, to apply the available aquifer simulation codes
to representative ATES facilities. The codes will be calibrated and subse-
quent predictive tests will be undertaken. Validation is essential at this
point in time for the entire range of temperatures of potential ATES applica-
tions. This validation could demonstrate the sufficiency of those models
presently available or indicate candidate areas for research with respect to
numerical simulation of the aquifer environment.
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