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FOREWORD

Seasonal thermal energy storage (STES) involves storing thermal energy,
such as winter chill, summer heat, and industrial waste heat, for future use
in heating and cooling buildings or for industrial processes. Widespread
development and implementation of STES would significantly reduce the need to
generate primary enerqgy in the United States. Data indicate that STES is
technically suitable for providing 5 to 10% of the nation's energy, with major
contributions in the commercial and industrial sectors and in district heating
and cooling applications.

Aquifer thermal energy storage (ATES) is predicted to be the most cost-
effective technology for seasonal storage of low-grade thermal energy.
Approximately 60% of the United States is underlain by aquifers that are
potentially suitabie for underground energy storage. ATES has the potential
to substantially reduce energy consumption and electrical demand. However,
the geohydrologic environment that the system will use is a major element in
system design and operation, and this environment must be characterized for
development of efficient energy recovery.

Under sponsorship of the U.S. Department of Energy (DOE}, The Pacific
Northwest Laboratory (PNL) manages DOE's STES Program and directs numerical
modeling, laboratory studies, and field testing of ATES at several sites. PNL
15 operated by Battelle Memorial Institute for the Department of Energy under
contract DE-ACQ6-76RLO-1830.

This report describes aquifer characterization and the results of the
initial short-term heat injection/recovery cycles at the St. Paut (Minnesota)
field test facility (FTF). The St. Paul FTF, operated by the University of
Minnesota, is the principal U.S facility for research on relatively high-
temperature ATES. The primary objectives of investigations at the St. Paul



FTF are to: 1) evaluate the technical issues associated with design and
operation of a high-temperature (>100°C) ATES system and 2) obtain data on
fundamental geotechnical processes to validate laboratory and hench-scale
geochemical testing and geohydrothermal modeling.

Landis D. Kannberg, Ph.D.
Manager, Seasonal Thermal Energy Storage Program

iv



PREFACE

This report presents the results obtained during the first phase of the
University of Minnesota Aquifer Thermal Energy Storage (ATES) Project. The
various sections of this report were authored by the investigators listed
below by section. Unless otherwise indicated, the individuals were at the
University of Minnesota when the work was performed.

Executive Summary M. Hoyer, M. Walton
1.0 Introduction M. Hoyer, M. Walton
2.0 Field Test Facility M. Hoyer, M. Walton
3.0 Geology and Hydrogeology M. Jirsa, M. Hoyer
4.0 Water-Level Analysis and Hydraulic

Parameters R. Kanivetsky

5.0 Hydrogeologic Test and Thermal

Test Program M. Hoyer
6.0 Water Chemistry T.R. Holm, S.J. Eisenreich,
H.C. Lee, N.L. Holm
7.0 Bacteriological Analysis of Waters J.L. Lauer
8.0 Envircnmental and Institutional
Considerations M. Hoyer, M. Walton
9.0 Conclusions M. Walton, M. Hoyer
Appendix A J.L. Norton
(Orr-Schelen-Mayeron)
Appendix B H. Runke {ERG, Inc.)
Appendix C M. Hoyer, M. Jirsa
Appendix D T.R. Holm, N.L. Holm

Work on the aquifer modeling for this project was done by J. Guswa and
R.T. Miller of the United States Geological Survey. The modeling for this
phase of the project is to be documented in a series of U.S. Geological Survey
Professional Papers authored by R.T. Miller. Many data discussions are incom-
plete without reference to the data to be included in the U.S. Geological
Survey publications.
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ABSTRACT

Phase I of the Aquifer Thermal Energy Storage (ATES) Project at the
University of Minnesota was to test the feasibility, and model, the ATES
concept at temperatures above 100°C using a confined aquifer for the storage
and recovery of hot water. Phase I included design, construction, and
operation of a 5-MW thermal input/output field test facility (FTF) for four
short-term ATES cycles (B days each of heat injection, storage, and heat
recovery). Phase I was conducted from May 1980 to December 1983.

This report describes the FTF, the Franconia-Ironton-Galesville {FIG)
aquifer used for the test, and the four short-term ATES cycles. Heat recovery;
operational experience; and thermal, chemical, hydrologic, and geologic effects
are all included.

The FTF consists of monitoring wells and the source and storage well
doublet completed in the FIG aquifer with heat exchangers and a fixed-bed
precipitator between the wells of the doublet.

The FIG aquifer is highly layered and areally anisotropic. The upper
Franconia and Ironton-Galesville parts of the aquifer, those parts screened,
have hydraulic conductivities of ~0.6 and ~1.0 m/d, respectively.

Ambient temperature testing preceded any heated water injection. The
initial attempt at heated water injection resulted in clogging the storage
well screen with calcium carbonate scale. Following acid remediation of the
well, a precipitator, consisting of a packed bed of high-purity calcite, was
designed and added to the FTF to protect the storage well.

Four ATES short-term cycles were successfully conducted following the
addition of the precipitator. Stored water temperatures averaged 89.4, 97.4,
106.1, and 114.8°C for the respective cycles. Recovered water temperatures
averaged 59.2, 55.2, BL.1, and 89.1°C for the respective cycles. Energy
recovery factors for the cycles using source water temperature as a base were
0.59, 0.46, 0.62, and 0.58, respectively. Mechanical problems with the storage
well pump caused Cycle 2 to have a storage period of 90 days, which lowered
the energy recovery for that cycle.



Primary ions in the ambient ground water are calcium and magnesium bicar-
bonate. Ambient temperature FIG ground water is saturated with respect to
calcium/magnesium bicarbonate. Heating the ground water caused most of the
dissolved calcium to precipitate out as calcium carbonate in the heat exchanger
and precipitator. Silica, calcium, and magnesium were significantly higher
in recovered water than in injected water, suggesting dissolution of some
constituents of the aquifer during the cycles. Further work on the ground
water chemistry is required to understand water-rock interactions.
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EXECUTIVE SUMMARY

The objectives of phase 1 of the Aquifer Thermal Energy Storage (ATES)
Project at the University of Minnesota were to test and model the ATES concept
at temperatures above 100°C using a confined aquifer for the storage and
recovery of hot water. The phase I test program included design, construction
and operation of a 5-Mw thermal input/output test facility to perform a series
of 24-day ATES test cycles (short-term test cycles) entailing B days of heat
injection, 8 days of storage and 8 days of heat recovery. The purposes of
these test cycles were to investigate the thermal and hydraulic responses of
a confined aquifer to the introduction of heated water both with field experi-
ments and computer modeling; to demonstrate the feasibility of ATES at tempera-
tures above 100°C in a confined aquifer; to characterize the Franconia-Ironton-
Galesville (FIG) aguifer; and to determine the aquifer parameters most impor-
tant in predicting thermal recovery characteristics of the aquifer. The FIG
aquifer was chosen because it is little used in the vicinity of the Univer-
sity site, has a very low hydraulic gradient and is well-confined by overlying
and underlying confining beds.

A goal of the program was to test the feasibility of storing and recover-
ing water at relatively high temperatures. An early objective was to acquire
as quickly as possible the engineering parameters needed to design an applica-
tion of ATES to the University of Minnesota heating plant with a maximum power
input/output of 20-MW thermal. Program changes eliminated this phase of the
project.

Phase I of the ATES field test program at the University of Minnesota
ended December 7, 1983 with the completion of the fourth and final short-term
test cycle performed under contract to Pacific Northwest Laboratory's(a) Under-
ground Energy Storage Program. Project management, engineering design and
construction of the facility were under the direction of the Physical Plant
Engineering and Construction Oivision of the University of Minnesota, Warren

(a) Operated for the U.S. Oepartment of Energy by Battelle Memorial Institute
under contract DE-AC06-76RLO 1830.
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Soderberg, Director. Test operations were managed by the Minnesota Geological
Survey with the U.S. Geological Survey as a subcontractor for instrumentation
and hydraulic modeling.

The ATES field test facility comprises a well-doublet of pumping/injecting
wells located 255 m apart, a surrounding array of monitoring wells, and piping
connecting the wells with heat exchangers and a heat source. The pumping/
injecting wells are completed in the FIG aquifer; the monitoring wells are
completed in the FIG aquifer, as well as adjacent aquifers and confining beds.
The system is designed to inject water heated to 150°C for storage and to
return water to the source well following storage and heat extraction at a
temperature of 84°C. The heat source is 150 psi (1034 kPa) saturated steam
from the University's St. Paul campus heating plant. Design flow is
18.9 L/sec; design delta T is 66°C; resulting power input/output rate is 5-MW
thermal.

Funding for the project was awarded in May 1980; a permit for the short-
term test cycles was granted in July 1980; and well drilling and construction
started in September 1980. System design, construction, instrumentation,
system debugging, well development, and hydraulic testing were completed in
May 1982, about 1 year behind schedule. Major delays were due to: difficulties
with drilling and well construction in the friable and broken sandstone and
dolomite aquifers which overlie the FIG aquifer; late delivery and repeated
failures of the pressure transducers, which required modification for deep
immersion in the monitor wells; and clogging of the injection well from air
entrainment and bubble formation. Hydraulic testing procedures ended with a
successful 8-day injection of ground water at ambient temperature (11°C).

The first injection test attempt with hot water (85°C) was started in May
1982 and was terminated after about 50 hours when it became evident that severe
clogging from the precipitation of calcium carbonate was occurring in the
well, Calcium and magnesium bicarbonate are the primary dissolved solids in
the water and are at saturation. Total dissolved solids content is approxi-
mately 235 mg/L. Components other than carbonates increase in solubility
with increasing temperature; carbonates decrease. An immediate attempt to
backflush the well was aborted when the pump's lineshaft bearings, which were
synthetic rubber, failed in the hot water. Delays ensued while a means of
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handling the carbonate precipitation problem was developed, the lineshaft
bearings were replaced, and the storage well was restored by acid treatment
and pumping.

1t was clear that without a method for preventing calcium carbonate
(CaC03) precipitation in the heat storage well a test of the ATES concept would
not be possible. The variance granted to allow the ATES testing stipulated
that no chemical additives be used to treat the water. A calcium carbonate
precipitator/filter was developed, tested and placed in the system between
the heat exchanger and the storage well. The heated water, supersaturated
with respect to CaC03, passed through a set of columns filled with sized,
crushed, high purity limestone to allow nucleation and precipitation of CaC03.
Supersaturation reduction prevented well-clogging and allowed the short-term
test program to proceed.

Following the installation and testing of the filter the first short-term
cycle was conducted in November-December 1982 (Table 1). A second filter
array was installed before the second test cycle to allow longer running time
before maintenance was required. The second short-term cycle (May-August 1983)
had a 90-day storage period because of a second failure of the pump’'s lineshaft
bearings to perform in hot water. A redesigned lineshaft and lineshaft bear-
ings of bronze and bronze-graphite were installed and performed satisfactorily
through the recovery phase of Cycle 2 and all of Cycles 3 and 4. Cycles 3 and
4 were conducted from September to December 1983 (Tabie 1).

The temperature of the water injected into storage was warmer in each
successive cycle because the source water was warmer during each cycle
(Table 1). The injected (stored) water temperature was not constant during
any short-term cycle. Temperatures decreased as scale accumuTated in the
condenser. A rapid decline in temperature began each period of injection as
the condenser accumutated calcium carbonate scale. The controls of the tem-
perature were the capacity of the system and the scale accumulation in the
condenser. Mean injected water temperatures by cycle, were 89.4, 97.4, 106.1,
and 114.8°C, respectively.

The temperature of water recovered from storage during the four cycles
increased to a peak for several hours, then decreased with continued pumping
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TABLE 1. Summary of ATES Short-Term Test Cycles Conducted at the University
of Minnesota Field Test Facility

Short-Term Cycle

1 2 3 4

Duration, days

Injection, pumping 5.2 8 7.7 7.7

Injection, total 17 10 10.4 12

Storage 13 50 9.7 10.1

Recovery, pumping 5.2 8 7.7 7.7

Recovery, total 5.2 8 8 7.7
Temperature, °C

Source water 11.0 20.5 36.1 52.6

Injected water 89.4 G7.4 106.1 114.8

Recovered water 59.2 55.2 81.1 89.1
Flow rate, L/sec

Injection 18.4 17.6 18.3 17.9

Recovery 18.1 17.8 17.3 17.8
Volume, 104 m3

Injection 0.83 1.22 1.22 1.19

Recovery 0.81 1.23 1.18 1.19
Energy, GWh

Added 0.770 1.084 0.989 0.867

Recovered 0.453 0.495 0.617 0.503
Energy recovery factor

{using source

water temperature) 0.59 0.46 0.62 0.58

(using ambient

water temperature) 0.59 0.52 0.71 0.75

(cumulative flow, time). The duration of storage affected the peak and average
temperature of the water withdrawn. Mean recovered water temperatures, by
cycle, were 59.2, 55.2, 81.1, and 89.1°C, respectively. Recovered energy was
from 46% (Cycle 2) to more than 60% (Cycle 3) (Table 1).



Calcium carbonate precipitation resulting from heating the ambient ground
water was the critical water chemistry problem. The precipitator and condenser
prevented scale from developing in the storage well. Trends of the water
chemistry during recovery were similar to those predicted by modeling.
Recovered water had a higher total dissolved solid content than injected water.
Dissolved silica, calcium, magnesium, and bicarbonate were near saturation at
all recovered water temperatures. Water chemistry in the immediate vicinity
of the storage well did change during the ATES cycles. Water chemistry is
critically important for successful implementation of ATES.

Hydraulic parameters were determined by pumping tests. Examination and
testing of core from the FIG and confining beds, together with packer testing
conducted in the core holes revealed the FIG to be vertically inhomogeneous.
The FIG aquifer is divided into four hydrologic zones. The Ironton-Galesville
part of the aquifer is the most permeable part of the aquifer, with hydraulic
conductivity from 0.3 to 1.2 m/d. The lower Franconia part of the aquifer
has a low hydraulic conductivity (<0.03 m/d); the upper Franconia part of the
aquifer has a hydraulic conductivity of 0.6 m/d. Preliminary work suggested
the above values. Calculated values from field testing are approximately
twice the above values. The upper Franconia (UF) and Ironton-Galesville (IG)
transport almost all the water in the aquifer; thus the pumping/injecting
wells were completed with only those intervals screened. Analysis of pumping
test results indicate that the FIG is also laterally anisotropic. The direc-
tion of highest permeability is aligned RW-SE in the Ironton-Galesville section
and NE-SW in the Franconia section. Water levels monitored before and during
the test cycles indicate that the FIG is hydrologically well-separated from
the overlying and underiying aquifers. Aquifer modeling before injection
testing, for both ambient and high-temperature conditions, closely approximated
the aquifer response results from the test cycles.

The Minnesota Pollution Control Agency (MPCA), the Minnesota Department
of Health (MDH), and the Minnesota Department of Natural Resources (DNR) have
environmental regulatory requirements that required a significant amount of
attention during the project. Well construction, water use, and reinjection
of the ground water all require permits or variances. Regulations in the
State of Minnesota are among the strictest in the country, and regulatory
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procedures were a source of significant delay. Plans, procedures, and periadic
reports were supplied routinely to the agencies for review. Meetings with
staff members were held during the planning and design stages of the facility,
prior to heginning any heated-water test cycles, and after the second and
fourth cycles. Deviations from schedule due to delays required two extensions
of permits and variances. Delays caused by mechanical failure and the remedial
actions planned and taken were communicated to and discussed with the concerned

agencies.
Primary conclusions of these tests are:

1. It is feasible to store superheated water in a confined aquifer and
recover a significant amount of the stored heat.

2. Mechanical and chemical problems can be resolved.

3. An aquifer system can be reasonably characterized with relatively complete
standard methods of study.

4. Modeling of hydraulic and thermal effects can reasonably approximate the
actual results of heated-water injection and recovery if provided with
appropriate parameters.
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THE UNIVERSITY OF MINNESOTA AQUIFER THERMAL ENERGY STORAGE (ATES)
FIELD TEST FACILITY - SYSTEM DESCRIPTION, AQUIFER CHARACTERIZATION,
AND RESULTS OF SHORT-TERM TEST CYCLES

1.0 INTRODUCTION

The University of Minnesota was awarded a contract in May 1980 to design,
construct and operate an aquifer thermal energy storage (ATES) test facility
for a series of short-term test cycles. The project is administered by Pacific
Northwest Laboratory (PNL)(a). The purpose of these tests was to evaluate the
feasibility of storing high temperature {150°C) water in the Franconia-Ironton-
Galesville (FI1G) confined aguifer and later recovering the heated water for
space heating. The facility has a nominal 5-MW thermal input/output capacity
and uses a deep confined aquifer below the St. Paul campus of the University.
The test facility is designed for operation at temperatures up to 150°C
(302°F), flow rates up to 18.9 L/sec (300 gpm), and a delta T (temperature
change} of 66°C (119°F). The original purpose was to acquire the basic
hydrogeological, hydrogeochemical and hydrogeothermal data to determine design
parameters for a 20-MW ATES demonstration system to be incorporated into the
University of Minnesota heating/cooling system. As a result of program
changes, the purpose of this first phase changed to acquiring the above data
in the short-term field tests and testing of the ATES concept in a deep con-
fined aquifer. This has included monitoring the system, describing the

aquifer, modeling the aquifer and its responses, and monitoring and modeling
the water chemistry.

The University of Minnesota Physical Plant Operations supervised design
and construction of the facility, and provided operations maintenance. The
Minnesota Geological Survey (MGS) provided site geologists during well drill-
ing, supervised coring and core studies, coordinated site operations, collated
the field data, and coordinated the technical studies. Water chemistry studies

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute
under Contract DE-ACO6-76RLO 1830.
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and modeling were done at the Environmental Engineering Laboratory of the
Department of Civil and Mineral Engineering at the University. The U.S. Geolo-
gical Survey Water Resources Division, St. Paul, was responsible for subsurface
data acquisition and aquifer modeling.

Hith the granting of a variance by the Minnesata Pollution Control Agency
in July 1980 to allow injection of waters for the short-term ATES cycles, and
appropriate permits from the Minnesota Department of Health and Minnesota
Department of Natural Resources, the final designs of the test facility and
monitor array were prepared. Construction began in September 1980 with the
drilling of core holes at the heat-storage and water-supply sites. Construc-
tion of monitor wells, pumping wells and connecting piping, heat exchangers,
and electrical connections continued, with many delays, until December 1981.
Delay due to the late delivery and repeated failure of pressure transducers
to perform in the monitor wells did not allow injection testing to begin until
May 1982.

Packer testing of several intervals was conducted in the core holes, the
recovered core was examined and water chemistry and water-rock interaction
were studied. These results provided the framework for Tocating the well
screens in the pumping wells, and also the preliminary model parameters.

Pump tests and isothermal (ambient) testing of the aquifer, water-rock experi-
ments, and preliminary water chemistry modeling were completed by May 1982.
Non-isothermal (heated water) testing began in May 1982.

Problems due to precipitation of calcium carbonate (CaC03) from the heated
aquifer water stopped the initial heated water injection after about 50 hours,
Attempts to pump the storage well failed as a result of failure of the line-
shaft bearings in the storage well. A significant delay followed in rehabili-
tating the well. During this delay a study of solutions to the precipitation
problem without the use of water treatment chemicals resulted in the designing
of a precipitator to protect the heat-storage well.

Following acid treatment of the well, replacement of the pump's Tineshaft
bearings and installation of a precipitating filter to prevent clogging of the
well screen, a successful first test cycle was conducted in November and
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December 1982. Following the granting of an extension to the permit for
injection, the second test cycle was begun in May 1983.

Upon a second failure of the Tineshaft bearings, a new lineshaft assembly
was installed in the pumping wells. The resulting delay caused the storage
interval during the second test cycle to be 90 days. Heat recovery from the
second cycle, and the remaining third and fourth test cycles, was completed
with no problems from the mechanical systems in the wells. Problems with the
condenser tubes due to scale buildup and acid-etching did cause some delays.
These problems are due to the frequent need for acid-cleaning the accumulated
CaC03 from the pipes of the condenser.

The field test faciltity is described in Section 2 and Appendix A. Many
of the problems encountered and solutions to them are presented as well,
The geological and hydrogeological setting, description of the rocks of the
FIG aquifer and its confining beds as revealed by examination, testing and
geophysical logging are presented in Section 3. Hydraulic parameters as
determined by field methods and analysis of the water levels in the various
monitored intervals are presented in Section 4. Description of the testing
conducted, flow rates and temperature data obtained from the thermal test
cycles are presented in Section 5. Section 6 presents details of the water-
chemistry sampling, analysis and modeling. Included is a discussion of the
efficiency of the precipitator installed to protect the heat-storage well.
Section 7 presents the results of the sampling for bacteriological analysis
of waters and a discussion of implications. Section 8 outlines the environmen-
tal and institutional considerations and concerns that were expressed at the
onset of the project. Section 9 presents a review of conclusions reached
during these studies. Appendices include tabular analytical data, site des-
criptions and materials related to various sections within the report.

Results of aquifer modeling of the site and of the short-term cycles and
the data from underground monitoring are included in a series of U.S. Geologi-
cal Survey publications authored by R.T. Miller (1985, 1989).
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could be approximated during the period of no pumping from these units. Data
on November 24, 1981, were used when Ah was 3.33 m (10.94 ft) and mg was 6.40 m
(21 ft), resulting in Ah/mg of 0.52., Hydraulic conductivity (ko) of the
confining bed using Equation 4.11 is then 5.4 x 1074 m/day.

4.3.4 Hydrochemical Method

The hydrochemical method is similar to the thermal profile method.
Instead of water temperature changes, this method uses changes in chemical
concentration of elements that have no significant 1ithologic sources (C} and
F} or natural isotopes.

The basic equations that describe diffusion-convection mass transfer
through the confining bed are {Piougina 1979):

c-&xplVxz) -1 (4.13)
exp V-1
-C
where C=t}*_—cl
2 1
U - mO 1‘."Z
D¢
- _ 2z
z:..__
My

Cz, C2, C] = concentration of elements in the confining bed, upper and

lTower aquifers respectively, ppm

mo = thickness of the confining bed, m

z = distance between the top of the confining bed and the
observation point within the confining bed, m

0f = diffusion coefficient of porous media (D = 10™% to 107°
mZ/day)

Vz = vertical velocity of flow through the confining bed, m/day
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The diffusion coefficient for fluoride has been estimated using the

formula:
0. = BT 4 2L (east and Astle 1979, p. F.62) (4.14)
fo2 10 A '
where R = gas constant = 8.314 j mo]e'1 °K'1
= temperature in °K
= Faraday's constant = 9.65 x 10"% coulombs mole™}
A1 = equivalent conductance (c0u1-cmzsec_lvolt-1m01e_l) = approx. 40
Z1 = ionic charge = 1.0

5

resulting in a value for Df of 1.0 x 107> cmZ/sec or 1.0 x 10°* me/day.

Data on the concentration of chloride and fluoride were used from wells
AS1J, AMISL, AM2IG, and ACIMS (Tables D.13 and D.14). Chemical analyses of
water samples collected from monitoring wells indicate a wide range of chloride
concentration, probably caused by contamination during the well completion and
grouting. Therefore, data on chloride concentration have not been used to
estimate permeability of the confining bed. Fluoride concentration exhibits
a relatively linear vertical distribution.

Existing data on fluoride content in the Jordan {AS1) (6.8 wM, or 1.29 x
10'? ppm) on 8/31/82, the St. Lawrence (AM1) (14.0 gM, or 2.66 x 10"? ppm},
and the Franconia-Ironton-Galesville (well A) (13.7 gM, or 2.6 x 10"? ppm) on
4/27/82 to 5/5/82 could not produce satisfactory results, conceivably due to
unreliable concentration of fluoride in well AMl. Preliminary calculations
show that concentration of fluoride in the St. Lawrence should be lower than
indicated in Section 6 and Appendix D (14 gM, or 2.66 x 1077 ppm). Additional
sampling from well AM1 (11/2/83) showed that concentrations of F in St. Law-
rence (12.5 gM, or 2.37 x 1077 ppm) and FIG aquifer (13.7 uM, or 2.6 x 1077
ppm) are very close. Results of fluoride sampling confirm data from step-draw-
down pumping that the St. Lawrence well (AMISL} is connected to the upper
Franconia,
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4,3.5 Hydrodynamic Method

Gussein-Zade (1961) gives a solution for two aquifers separated by a
confining bed:

HUx = C1 + sz + C3 cosh Ax + C4 sinh Ax (4.15)
HLx =Cp +Cx - (b1/b2) Cs (cosh Ax + C4 sinh Ax) (4.16)
C1 = (HL" + HU“)(bI/bz)/[l + (blsz)] (4.17)
Cy = (Hy" = HLMY/TL + (by/b)] (4.18)

[(b1/b2)(HU' - C1 - C3 cosh Ax)] + HL'- Cy + C3(b1/b2) cosh AL

€2 = C[T + (b,75,)] 4:19)
Cq = (HL - Hy) - C3{1 + (b1/b2) cosh AL]/[1 + (b1/b2) cosh AL] (4.20)
where by = ko/{TL mo)
b2 = ko/(Ty mp)
A= (b1 + bz)lf2
ko = (A2 mo)/[{1/TL) + (1/Tu)]
C1, C2, C3, C4 = constants

hydrostatic pressure of the upper aquifer (Jordan) at
two points, upgradient and downgradient, respectively,

HU and HU'

m

[

HL" and HL' = hydrostatic pressure of the lower aquifer (Franconia-
Ironton-Galesville) at two points, upgradient and
downgradient, respectively, m
HU = hydrostatic pressure at the arbitrary point of the
upper aquifer (Jordan), m
HL = hydrostatic pressure at the arbitrary point of the
lower aquifer (FIG), m
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= transmissivity of the upper aquifer (Jordan), ml/day

TL = transmissivity of the lower aquifer (Franconia-Ironton-
Galesville), me/day

ko = hydraulic conductivity of the confining bed (St.
Lawrence), m/day

x = distance to the arbitrary point, m

L = total Tength of cross-section between upgradient and
downgradient, m.

Substituting data from the ATES site:
Hy' = 237.18 m (BS1J, Nov. 24, 1981)
Hy' = 233.84 m (BSIUF, Nov. 24, 1981)
Hy" = 237.44 m (AS1) Nov. 24, 1981)
HL“ = 236.66 m (AM3UF, Nov. 24, 1981)
T, =700 m®/day (well STP3)

T =107 mZ/day (well A and B)

L =254.7 m
Xx =100 m
HUx =237.3m
H =234.9m
X
m, = 6.4 m

Resulting in:

€1 =234.27m
3 =2.90m
C2 = (2.8 - 0.43 cosh 100 x + 0.43 cosh 2.547 X)/293.6

3
£
i

{0.84 - 3.35 cosh 254.7 x)/(1.15 cosh 254.7 )
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Solving Equations (4.15) and (4.16) with respect to A by trial and error,
constants C2 and Ca are determined:

237.3

234.27 + 100 C2 + 2.9 cosh 100 X + Ca sinh 100 X

234.9

[l

234,27 + 100 C2 - 0.15(2.9 cosh 100 X + Cq sinh 100 X)

Thus, X equals 1.2 x 10'3 and hydraulic conductivity (kg) of the St. Lawrence
confining bed is 8 x 10°% m/day (2.6 x 1073 ft/day).

4.4 SUMMARY

Analysis of the water level data indicates that ground-water movement in
the Franconia-Ironton-Galesville aquifer is relatively slow. Discharge and
actual velocities are 2.6 x 10"3 m/day and 0.01 m/day (8.4 x 10'3 ft/day and
0.04 ft/day), respectively.

The transmissivity, determined by the response method, is 37 m2/day
(383 ftZ/day) for the upper Franconia and 70 m2/day (725 ft2/day) for the
Ironton-Galesville. The total transmissivity of the Franconia-Ironton-
Galesville aquifer is about 103 m2/day (1108 ft2/day). Hydraulic conductivity
values of the upper Franconia and Ironton-Galesville aquifer are 2.6 m/day
and 3.6 m/day (8.51 ft/day and 11.89 ft/day), respectively. Average hydraulic
conductivity for the full thickness of the aquifer is 1.64 m/day (5.38 ft/day).

) 6

Storage coefficient values range between 2.7 x 107° and 7.8 x 1077,

averaging 1.16 x 107°.

The permeability of the confining bed over the FIG aquifer, St. Lawrence
formation, using various methods is within the range 2.4 x 107 to 8 x 107
m/day (7.8 x 1074 to 2.6 x 10'3 ft/day), indicating that the Franconia-Ironton-
Galesville aquifer is relatively well separated hydrologically from the over-
lying Prairie du Chien-Jordan aquifer.

4.33






5.0 HYDROGEOLOGIC TEST PROGRAM

The hydrogeologic test program can be divided into unheated-water (iso~-
thermal, ambient temperature) testing and heated-water {(non-isothermal) test-
ing. Table 5.1 outlines all the significant on-site hydrogeologic testing.
Sections 4, 6, 7, and 8, as well as this one, present data and results from
these tests.

5.1 AMBIENT TEMPERATURE TESTING

5.1.1 Pumping Tests

The very first pumping tests were conducted in the two core holes (ACL
and BCl) with inflatable packers used to isolate the intervals to be tested.
Each isolated interval was pumped, the flow measured, and the pressure differ-
ences recorded for the adjacent interval. These tests were conducted by the
U.S. Geological Survey to identify the various hydrologic units of the aguifers
for the modeling, to determine the probable capability of the agquifer to
provide a satisfactory yield, assist in design parameters for the pumping
wells, and assist in selection of horizans to be used for pressure transducers
in monitoring wells. Hydrologic zones identified are shown on Figures 2.3
and 2.6.

The next opportunity for a pumping test was when the pumping wells were
being completed. At this time for both wells A and B a temporary pump was
installed immediately after the well-screens had been emplaced for development
pumping. The testing consisted of step-drawdown tests at wells A and B (Table
5.1). Miller (1984, 1985) summarizes these results; they are also discussed
in Section 4,

Following the completion of the connecting piping and the addition of a
4-inch line running to the storm sewer at site A, the system pumps were turned
on for the first time in December 198l. In February 1982 a 4.5 day constant-
rate pump test was conducted on well A (Miller 1984, 1985).
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column pipe and casing.
Water introduced to heat storage well through column pipe; configuration

(b}

TABLE 5.1. Summary of Hydrogeologic Tests at the University of Minnesota
ATES Field Test Facility
Date,
yrimo/day Duration Type of Test
800927 - Packer test, ACY {7 intervals)
a801025/801026 - Packer test, BCL {18 intervals)
811008 11.1 hour Step-drawdown test, well B (220, 380, 735 gpm)
8109 9.7 hour Step-drawdown test, well A (267, 480, 584, 1000 gpm)
B20224/820302 4.5 days Constant rate pump test, well A
820427/820428 1 day Constant rate pump test, well B
B20429/820430 Ambieqt-temperatege water injection test (original
configuration)
820430/820501 Well rehabilitation (step-drawdown test and pumpout)
{well A)
B20502/820509 8 days Ambieqt—tempera{gye water injection {revised
configuration}
820515/820519 Initial heated-water injection test cycle attempt
B20519/820629 Pumpout attempts - pump failures
820%02/820903 Well rehabilitation (acid-treatment and step drawdown
test, well A}
820909/820916 Pumpout of heated water
820922/820924 2 days Ambient-temperature water injection test
B20926/821110 Testing precipitator/filters
B21116/821222 SHORT-TERM CYCLE 1
(5.2 En 17.0
days) < Heat storage
{13.0 days) Storage period
{5.2 days) Heat recovery (59%)
830509/830826 SHORT-TERM CYCLE 2
(8.0 15}10.4
days) Heat storage
(90 days) ‘) Storage periad
(8.0 days) Heat recovery {(45%}
830921/831019 SHORT-TERM CYCLE 3
(7.7 }g)lo.ﬁ
days) Heat storage
{9.7 days} Storage period
(7.7 days) Heat recovery (62%)
B31107/831207 SHORT-TERM CYCLE 4
(7.7 j?}IZ.U
days) Heat storage
(10.1 days} Storage period
(7.7 days) Heat recovery (59%)
(a}) Water introduced to heat storage well through annular space between

for all subsequent water injections.

{c) Actual duration of heated-water injection and days from beginning to
completion.
(d) Leng storage period due to pump failure. Pump design revised and new

design installed prior to heat recovery.
separate days in May and June.

Pumping attempts faiied on 3
Replaced well A assembly in August before

Heat Recovery, Cycle 2; replaced well B assembly in September following
Cycle 2.
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5.1.2 Ambient Temperature Injections

Two ambient temperature injection tests were conducted following the
arrival and installation of enough pressure transducers to allow performance
of an injection test. For the first, the plan was to introduce water to well
A at a moderate rate 6.3 L/sec (100 gpm) for 1 day, then increase the rate to
18.9 L/sec (300 gpm) if all was satisfactory. For this test, the annular
space between the column pipe and the casing of well A was used for injection,
following the designed plan. Unfortunately, this did not allow the maintenance
of a continuous water column from the surface to the water level in the well.
The water cascaded down the annular space and incorporated a significant amount
of air. While the injection rate was only one-third of the pumping rate it
was not possible to detect the effect. However, shortly after beginning the
300 gpm injection rate it became obvious that the system was clogging as a
result of air-entrainment (Figure 5.1). Injection was stopped and rehabilita-
tion pumping started immediately. The water recovered initially was "effer-
vescent." Because the dissolved oxygen (DO) level of the source water is at
levels considerably less than 1 ppm, DO levels in the water pumped out were
measured to assess when enough pumping had been done to eliminate the clogging.
Initial DO levels in water pumped out were greater than 12 ppm. After 20
hours of pumping at increasing rates, the DO levels returned to less than
1 ppm.

For all subsequent injections the water was routed inside the column pipe
of the receiving well. This use of the column pipe as a drop pipe allows the
pressure to be maintained on the system, preventing air entrainment. At
elevated temperatures this prevents flashing to steam. This modification
eliminated the air-entrainment problem,

A second measure taken to maintain pressure was to conduct all! subsequent
injection at or near the design rate of 300 gpm. Following a successful 8-day
injection of ambient-temperature water (Figure 5.1} final preparations for
heated-water injection were made,
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FIGURE 5.1. Head Changes in Well A as a Function of Time During Injection. The sudden drop

in pressure when the heated water injection began is the result of the abrupt
decrease in kinematic viscosity.



5.2 HEATED-WATER TESTING: PROBLEMS AND SOLUTIONS

The non-isothermal testing was originally planned as four 24-day test
cycles (short-term cycles). Each cycle was to consist of 8 days of
heated-water injection, 8 days of storage in the aquifer, and 8 days of heated-
water recovery pumping. Two major problems affected the actual test cycle
schedules. The first significant problem, precipitation of CaC03 in the heated
water, caused significant deviation from this original plan. The second
problem, failure of the pump's lineshaft bearings to allow hot-water pumping,
also affected the original plan.

The subsection below deals with the different steps in the heated-water
testing, problems encountered, and remedial actions.

5.2.1 1Initial Heated-Water Injection

Plans for the initial heated-water cycle called for ambient temperature
water to be injected for 2 days to allow a direct comparison with the previous
injection tests. On May 17, 1982, the water being injected was heated to
85°C (185°F). Approximately 45 minutes were required to stabilize the water
temperature. Pressure in the injection well immediately dropped by 48 kPa
(7 psi) as a result of the hot, much less viscous water being injected.

Injection continued (interrupted only by a brief power outage) for 50
hours when it became apparent that clogging was taking place in well A
(Figure 5.1). The constant and increasing rate of head buildup in well A and
the relative head changes in the Ironton-Galesville and upper Franconia por-
tions of the aquifer suggested that 1) the Ironton-Galesville well screen was
clogging, and 2) the clogging rate was increasing. Pressure differential
across the condenser also increased as the injection proceeded. All of the
above suggested that a significant amount of calcium carbonate was precipitat-
ing as the water was heated.

Temperature recorded in the Ironton-Galesville portion of the aguifer in
well AS! began to rise 17 hours after the heated-water injection began. No
temperature change was recorded at other horizons.
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Following the shutdown, attempts were made to pump ocut the heated water
stored at well A to rehabilitate the well. Pumpout was impossible because
the pump failed to operate once the water temperature reached 77° to 79°C
(170° to 175°F). The pump was pulled to determine the cause of failure.
Investigation revealed that the bearings supplied were not of the EPDM material
called for by the pump manufacturer. Delay followed while replacement bearings
were sought.

During the delay a downhole television log of well A revealed significant
well-screen clogging. Inspection of the column pipe removed from the well
revealed a scale buildup of about 1 mm; inspection of the exit side of the
condenser revealed scale 2 mm thick. Methods to solve the problem of scale
buildup were investigated during the delay caused by the bearing failure.

Water softening by ion-exchange was seriocusly considered. However, this
would have required modification of the specific injection permit issued by
the Minnesota Pollution Control Agency (MPCA} and the Minnesota Department of
Health (MDH). The permit had a specific statement prohibiting the use of
water treatment chemicals. A precipitator consisting of a fixed-bed reactor
filled with high-calcium limestone was developed. The fixed-bed reactor (pre-
cipitator) consists of three parallel pairs of 1.8-m long, 0.36-m diameter
pipes, which are filled with 0.94 m3 of sized high-calcium limestone
(Table 5.2). At a flow rate of 18.9 L/sec, residence time in the precipitator
is about 15 sec. This reduces the degree of calcium carbonate supersaturation
to levels that prevent extensive scale buildup in the well screen and pump
assembly. It does not prevent the scaling of the condenser. Plans for both
a model-scale and full-scale unit were made. These were built, installed, and
testing began by late September 1982.

Well rehabilitation by acid treatment (223 kg of sulfamic acid) was done
immediately before replacing the pump in well A. Immediately after replacing
the pump, pumpout of the acid was initiated. Water was pumped to waste for 3
hours (Table 5.3). The pH of the initial water pumped was already 5.5, and
by the end of the pumping it was to 7.0.
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TABLE 5.2. Media for Precipitating Filters (Fixed-Bed Reactors)

Typical Sieve Analysis Materials
Cumulative Through (U.S. Screen): "Cage-Cal" "Shellmaker"
Grade FD6-20 FD3-12

3 mesh (1/4 in.) (6.35 mm) - 100%

4 mesh (3/16 in.) (4.76 mm) - 85%

6 mesh (1/8 in.) (3.175 mm) 100% 50%

12 mesh (1/16 in.) (1.588 mm) 60% 3%

16 mesh (3/64 in.) (1.191 mm) 25% 1%

20 mesh (1/32 in.) (0.794 mm) 5% -

40 mesh (1/64 in.) {(0.397 mm) 1% -

Bulk density, 1b/ft3 100 1b/ft3 110 1b/ft3
Amount of each used: 18% 82%

Typical Chemical Analysis:

Calcium carbonate (CaC03) . . . . . . .. 98.3%
[Calcium {Ca) . . . . . . . « « . .. 39.3%]
Magnesium carbonate (MgCO3) . . . . . . . 0.5%
Silica and silicates (Si02) . . . . . .. 0.3%
Aluminum and iron oxides (R203) . . . . . 0.16%

Moisture (H20).

Source: Calcium Carbonate
Dodge, Iowa plant.

......... less than 0.10%

Company (Division of J.M. Huber Corporation) Ft.
Mined from Gilmore City formation (Mississippian

age) at underground quarry, Ft. Dodge, Iowa.

TABLE 5.3. Pumpout of Well A Following Acid Treatment

Time,
hrs since start

0.1

1.1

2.2

2.6 (adjust flow)
2.7

2.9 (pump off}

Temperature, Flow Rate,
°C pH gpm
14.4 5.5 413
16.9 >6 406
20.0 »6<6.5 408
21.1 7.0 299
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A step-drawdown test was conducted the following day to assess the degree
of rehabilitation accomplished with the acid treatment (Table 5.4). Analysis
suggests that well A was more efficient following rehabilitation than during
the initial step-drawdown test (Miller 1985).

Well A was pumped for 25 hours at ~325 gpm and for 54 hours at ~390 gpm
to return the FIG aguifer around well A to nearly ambient temperature condi-
tions. Peak water temperature was 30°C (86°F); final temperature was 21°C
(70°F).

Following the pumpout, another ambient-temperature injection test using
well A was conducted for 59 hours. The response of the aquifer was satisfac-
tory (within 4 psi of the initial injection test) (Miller 1985).

The period following this injection was spent testing the effectiveness
of the precipitator with different materials and sizes of material. Locally
available outwash sand and gravel and crushed dolomitic limestone, as well as
crushed high-purity limestone were tried. The final material selected,
crushed, high-purity limestone, is Tisted in Table 5.2.

TABLE 5.4, Step-Drawdown Test of Well A Following Acid Treatment

Temperature, Flow,
Date Time _pH_ °C _gpm_ Remarks
820902 2100 Pump on
2120 7.0 20.0 315
2230 7.0 21.1 315
2300 7.2 23.3 364 Switch rate
820903 0030 7.2 25.0 361
0100 7.2 25.5 405 Switch rate
0330 7.2 28.1 405 00 <<1 ppm
0400 Pump off
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5.3 SHORT-TERM CYCLES

Following testing of the precipitators, Short-Term Cycle 1 was conducted
from November 16 to December 22, 1982. The precipitator medium allowed about
1 day's operation before needing replacement because of head losses due to
accumutation of precipitate (aragonite) in the precipitator. Each time the
precipitator was changed the condenser was cleaned with hydrochloric acid to
remove scale buildup.

Because of problems encountered with condenser tube leaks after the fourth
cleaning and the approaching expiration of the injection permit, only about 5
days of injection were used for this cycle. The test went quite successfully.
Changing of media and acid-cleaning of heat exchanger are quite labor-inten-
sive. To accomplish this in about 8 hours requires the effort of three or
four pipefitters, a crane operator and assistant, and a laborer. Not all are
needed for the entire operation; however, they must be available at the
appropriate times to complete a change in one shift. During this first test
cycle, one-shift turn around was not accomplished. But for subsequent test
cycles, no problems came up; it was nearly routine to complete the operation
in a single shift.

The heat-injection (storage) phase is an intermittent injection with the
use of the precipitators. Injection continues until new media or cleaning of
heat exchanger is necessary, injection stops until the system is prepared and
injection continues thereafter. This type of operation provides many more
opportunities to observe the startup and shutdown behavior of the system and
aquifer than an uninterrupted injection. These are extra opportunities to
examine thermal and hydraulic behavior during the test cycles, and some inter-
esting and perhaps important observations resulted.

During Cycle 1, a pressure transducer was placed in well A and operated
satisfactorily, Unfortunately the transducer failed before Cycle 2 began.

Between Cycles 1 and 2, a second precipitator unit was installed so that
a longer continuous run could be achieved before needing to stop for a media
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change. Also, the tubes in the condenser were all replaced with stainless
steel tubes. In addition to the leaking tubes that had been plugged, the
original tubes had many cracks and weak spots.

During Cycle 2, mechanical problems with the heat-storage well included
a broken Tineshaft and failure of the EPDM bearings. As outlined in Section 2,
these problems resulted in a long storage period (90 days) and the replacement
of all lineshaft and lineshaft bearings in both the heat storage and water
supply wells. A modified enclosed lineshaft with provision for product lubri-
cation of bronze and graphite-bronze bearings was installed in well A prior
to heated-water withdrawal. This design was installed in well B following
the recovery period. The pumps have operated nearly perfectly following these
modifications.

Prior to Cycle 3, pressure testing revealed numerous leaks in the tubes
of the condenser. The condenser was re-tubed again with carbon steel tubes.
The numerous pinhole leaks discovered in the tubes apparently resulted from
insufficient flushing and neutralization of the acid used to clean the tubes
after the last injection period in June (during Cycle 2).

Test Cycle 3 was conducted from September 21 to October 19, 1983. The
operations went smoothly throughout the cycle. Cycle 4, ending on December 7,
1983 went just about as smoothly. However, several condenser tubes became
plugged during the third injection period, and the system did not operate as
well following this.

5.3.1 CQCyclel

The first complete short-term test cycle of the University of Minnesota
ATES facility was conducted from November 16 to December 22, 1982. Table 5.5
summarizes the results of Cycte 1. Ambient temperature source water at 11°C
(53°F) was heated to a mean temperature of 90°C (194°F), a mean delta T of
79°C, and injected at a mean flow rate of 18.4 L/sec (292 gpm) for 125.7 hours
between November 16 and December 3. Five injection periods, each about 1 day
long, were followed by 1 or more days of maintenance work on the aboveground
systems and replacement of the reactor media (Figure 5.2). A total of 8.3 x
103 m3 of heated water was injected.
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TABLE 5.5. Cycle 1 - Summary

Heat Storage Heat
(Injection? Storage Recovery
Duration, days 5.2/17.0 13 5.2
Water temperatures, °C
Mean source or return 11 - 59.0
Mean inject or recover 89.4 - 59.2
Highest inject or recover 104.4 - 76.7
Minimum inject or recover 82.0 - 39.4
Mean delta T 79 - -
Mean flow rate, L/sec 18.4 - 18.1
Pumped volume, 103 m3 8.28 - 8.09
Energy input/output rate, MW 6.2 - 3.7
Energy balance,
109 Btu
Source steam 3.00
Returned condensate 0.08
Consumed steam 2.92
Source ground water(a) -
Added to ground water 2.62
Energy to pump water 0.055
Recovered in ground water 1.56
Not recovered in ground water 1.05
Energy recovery factor (aquifer) 59%
System energy recovery factor(b) 51%

{a) Ambient temperature ground water assigned 0.
(b) Based upon source steam; does not include conversion of coal to steam.

Heat withdrawal began after a 13-day storage phase. The water withdrawn
from storage reached a peak temperature of 76.7°C (170°F) after 12 hours of
pumping. Water temperature decreased linearly with flow from this peak to
39°C (103°F) at the end of the 5 days (125.4 hours) of heat withdrawal (Figure
5.2). Mean temperature of water withdrawn was 59°C (140°F). A total of
8.1 x 103 m3 of heated water was withdrawn from the storage well and returned
to the supply well.
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FIGURE 5.2. Flow Rates and Temperatures of Heated Water Injected and
Recovered, Plotted Against Time - Cycle 1

Heat recovery from the agquifer during this first cycle was 0.59 based
upon energy balance. This result is very close to that predicted by the
computer-modeled cycle (0.60 versus 0.59). Energy balance summary for the
system is given in Table 5.5.

The five injections of heated water provided the opportunity to compare
the responses of the different portions of the aquifer for each injection.
Pressure buildup in well A appeared to stabilize at levels 27 to 34 psi ahove
the starting pressure. There is an indication in monitoring wells that the
Ironton-Galesville portion had less head buildup in successive injections;
there is no evidence of clogging. The temperature increases at Ironton-Gales-
ville horizons have a greater effect on the pressure response than any relative
change in pressure response. The upper Franconia showed only a small increase
in temperature in any of the observation wells.

Temperatures in well ASl, nominally 7 m from the injection well, reached
80°C (176°F) at the most permeable horizon of the Franconia-Ironton-Galesville
aquifer by the conclusion of heat injection (Figure 5.3). Following heat
withdrawal, the peak temperature in well AS1 was 26°C (79°F).

Water withdrawn following storage showed chemical changes that cliosely
followed predictive models (see Section 6 dealing with water analyses and
chemical modeling). Dissolved silica decreased as the temperature decreased.
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FIGURE 5.3. Temperatures Recorded in Well AS1 After Heat Injection and
Recovery Phases - Cycle 1

Total calcium, hardness and sulfate increased as the temperature decreased,

Chloride showed an initial increase, then a rapid decrease toward background
levels. Total dissolved solids were about 210 mg/L as compared to 180 mg/L

during injection.

This test was made possible by the operation of the precipitating filters
installed to decrease the degree of CaC03 supersaturation in the heated aquifer
water. During Cycle 1, the reactors behaved consistently. Typical heated
water during Cycle 1 entered the fixed-bed precipitator with a supersaturation
index (5.1. = log [(Ca* ") (C03-)/K]) to aragonite of 0.88. Water injected
into the well had a typical S.I. of 0.58 {see Table 6.7). Performance was
consistent during the test. Total hardness was reduced from about 2.1 mM to
1.7 mM, which means that the units prevented about 162 kg (357 1b) of calcium
carbonate from clogging the well, The injected water remained supersaturated,
but by a much Tower factor.

5.3.2 Cycle 2

Cycle 2 began May 9 and ended August 26, 1983 (Table 5.6, Figure 5.4).
Five heated-water injections, totaling 192 hours (8 days) of injection, were
conducted. Summary data for the injection phase show a mean injection rate of
17.7 L/sec {280.3 gpm), a mean temperature for the entire injection phase of
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TABLE 5.6, Cycle 2 - Summary

Heat Storage Heat
(Injection? Storage Recovery
Duration, days 8.0/10.3 90 8.0
Water temperatures, °C
Mean source or return 20.5 - 54.4
Mean inject or recover 97.4 - h5.2
Highest inject or recover 125.0 - 68.9
Minimum inject or recover 90.6 - 39.4
Mean delta T 76.9 -
Mean flow rate, L/sec 17.6 - 17.8
Pumped volume, 103 m3 12.2 - 12.3
Energy input/output rate, MW 5.63 - 2.58
Energy Balance,
109 Btu
Source steam 4.26
Returned condensate 0.21
Consumed steam 4.05
Source ground water(a) 0.43
Added to ground water 3.70
Energy to pump water 0.070
Recovered in ground water 1.69
Not Recovered in ground water 2.01
Energy recovery factor (aquifer) 46%
System energy recovery factor(b) 39%

(a) Ambient temperature ground water assigned 0.
(b) Based upon source steam; does not include conversion of coal to steam.

97.4°C (207°F), a mean delta T of 77°C (138°F), an energy flow rate of 5.6 MW,
and a pumped volume of 12.2 x 103 m3. The target temperature of 125°C was
briefly attained twice during the cycle.

As a result of the addition of the second bank of precipitators, the
heated-water injection continued for about 40 hours of operation before sche-
duled maintenance was required. The pressure transducer that had been
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FIGURE 5.4. Flow Rates and Temperatures of Heated Water Injected and
Recovered, Plotted Against Time - Cycle 2

installed in well A for Cycle 1 failed and a pressure gauge was installed at
the well head to monitor the vapor pressure in the annular space of the well.

Total hardness of the injected heated water in Cycle 2 was about 1.7 mM.
Performance of the reactors from initial data does not appear to have been as
consistent as in Cycle 1; however some temperature corrections need to be
applied to some of the data. Supersaturation index of injected water typically
had a value of 0.22. As in the previous test, the precipitator removed
approximately 31 kg (68 1b) per day of calcium carbonate from the heated water.
Total dissoived solids averaged 188 mg/L in the injected water.

Highest temperature in well AS1 reached 94°C (201°F) after the last injec-
tion of heated water (Figure 5.5). Failure of the pumpshaft bearings in the
storage well forced a long delay in the heat recovery phase of the test cycle.
The temperature fell to 84°C (183°F) by August 9.

The heat recovery phase began 89 days, 17 hours, 10 minutes after storage
began. Water recovered reached a peak temperature of €9°C (156°F) about 12
hours after startup {(Figure 5.4). After several hours at the peak temperature,
the temperature of the water withdrawn declined at a rate of about 0.1°C/hr
(0.3°F/hr) to 39°C (103°F) at the end of 192 hours (8 days) of withdrawal.
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Review of the data gives a mean temperature of 55.2°C (131°F). Net energy
recovery factor for this cycle is 0.46.

During the heated-water injection phase there were four scheduled shut-
downs for replacement of media in the precipitating filters and for removal
of scale from the condenser {main heat exchanger). Changing the media and
cleaning the condenser were accomplished in about 7 hours each. The total
duration of the four shutdowns was about 52 hours. Each fill of the precipi-
tating filters and cleaned condenser allowed about 40 hours of operation.

5.3.3 Cycle 3

Cycle 3 was conducted from September 21 to October 19, 1983 (Table 5.7,
Figure 5.6). For most of the heated-water injection the temperature was main-
tained at above 10D°C. The mean temperature of the water stored was 106.1°C
(223°F). Flow was maintained at a rate of 18.3 L/sec (290 gpm) for 185 hours,
storing 12.2 x 103 m3 of hot water. Source water temperature for this cycle
was 36°C (97°F), for a mean delta T of 70°C.

Temperatures recorded in well AS1 reached 102°C following the injection
phase {(Figure 5.7). At the end of the storage period the highest temperature
was 103°C.
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TABLE 5.7. Cycle 3 ~ Summary

Heat Storage Heat
(Injgction?ﬁ Storage Recovery
Duration, days 7.7/10.4 9.7 7.7/8
Water temperatures, °C
Mean source or return 36.1 - 81.1
Mean inject or recover 106.1 - 76.6
Highest inject or recover 137.8 - 97.2
Minimum inject or recover 96.7 - 56.7
Mean delta T 70.0 - -
Mean flow rate, L/sec 18.3 - 17.3
Pumped volume, 103 m3 12.2 - 11.8
Energy input/output rate, MW 5.36 - 3.34
Energy Balance,
109 8tu
Source steam 4,16
Returned condensate 0.27
Consumed steam 3.89
Source ground water(a) 1.18
Added to ground water 3.38
Energy to pump water 0.066
Recovered in ground water 2.115
Not recovered in ground water 2.45
Energy recovery factor (aquifer) 62%
System energy recovery factor(b) 50%

(a) Ambient temperature ground water assigned 0.
(b) Based upon source steam; does not include conversion of coal to steam.

Heat recovery followed the same pattern as in Cycle 1, peak temperature
(106°C) was reached after about 12 hours of pumping {Figure 5.6). Net energy

recovery factor for this cycle is 0.62, the highest attained during these short
tests.

5.17



Injection Storage Recovery

20

z ]

(o] 8 i TN S 18

EE*EE ‘ T fi I

o =% Q- 483__Isec g7 Q=173 | sec” e

gﬁ.oo ) R N N Ddys T- BH"C

5 T=106.4°C

o 50

— O 2 B o T % F 8’
Days Doys

FIGURE 5.6. Flow Rates and Temperatures of Heated Water Injected and
Recovered, Plotted Against Time - Cycle 3

——After Hea! Injection

80+r

| ———Ahtter Hear Recovery

B8O

as

Elevation, meters above sea level

" . i L n i " -

2C 40 60 80 100
Temperature, °C

FIGURE 5.7. Temperatures Recorded in Well AS1 After Heat Injection and
Recovery Phases - Cycle 3

5.3.4 C(Cycle 4

Cycle 4 was conducted from November 7 to December 7, 1983. Five heated-
water injections totaling 184.5 hours were conducted (Table 5.8, Figure 5.8).
Summary data for the heat-injection phase show a mean flow rate of 17.9 L/sec
(284 gpm} at a mean temperature of 114.8°C (239°F). Peak temperature reached
was 145.6°C (294°F). Source water temperature averaged 52.6°C (127°F).

Temperatures at well AS1 reached a high of 113°C (235°F} (Figure 5.9)
at the conclusion of injection. The upper Franconia portion of the agquifer
reached a temperature of 94°C (201°F) immediately following the last
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TABLE 5.8. Cycle 4 - Summary

Heat Storage Heat
(Injection? Storage Recovery
Duration, days 7.7/12 10.1 7.7
Water temperatures, °C
Mean source or return 52.6 - 75.7
Mean inject or recover 114.8 - 89.1
Highest inject or recover 145.6 - 106.1
Minimum inject or recover 106.1 - 63.9
Mean delta T 62.2 - -
Mean flow rate, L/sec 17.9 - 17.8
Pumped volume, 103 m3 11.9 - 11.9
Energy input/output rate, MW 4.69 - 2.72
Energy Balance,
109 Btu
Source steam 3.70
Returned condensate 0.41
Consumed steam 3.39
Source ground water(a) 1.91
Added to ground water 2.96
Energy to pump water 0.070
Recovered in ground water 1.74
Not recovered in ground water 3.13
Energy recovery factor (aguifer) 59%
System energy recovery factor(b) 46%

(a) Ambient temperature ground water assigned 0.
(b) Based upon source steam; does not include conversion of coal to steam.

heated-water injection; the temperature at that level dropped by 15°C in 24
hours. This same type of behavior, rapid change in temperature (+ or -} upon
the cessation of injection, occurred consistently at given levels.

Heat recovery for Cycle 4 began November 30, 1983 and continued for 185
hours. Mean temperature of water recovered was 89.1°C (192°F). Volume of
water recovered was 11.9 x 103 m3. The net energy recovery factor for the
cycle was 0.58.

5.19



Injection

Storage  Recovery
—N\ =

2T 20f ] . 20

E @ qs;‘\\n—\ \.\.\ VL A W}a
= e 0= R - Q=178 I sec” i

@ =150 Q=179 | sec , Q=17 150

5 NN — “’D{O'{ T-894°C |

5SS | T-1iagoc  DOYST T

a ~— sob ' - 50

§

= % 2 e e s % 2 2 < 3 8°

Days Days

FIGURE 5.8. Flow Rates and Temperatures of Heated Water Injected and

Recovered, Plotted Against Time - Cycle 4

ASY

100

4]
Q

. ——After Heat Recovery

&
(&)

B
&)

Etevation, meters above sea level

&0 80 120 120

Tempergture, °C

20

Temperatures Recorded in Well AS1 After Heat Injection and
Recovery Phases - Cycle 4

FIGURE 5.9.

5.3.5 Discussion

The four short-term test cycles did demonstrate that a significant amount
of heat recovery (“6D%) is possible even though the containing rock is starting
at ambient temperatures. During Cycle 2, with a prolonged storage period (90
days), significantly less heat was recovered (~45%). A likely contributing
factor to this Tower heat recovery is the multiple nature of the FIG aquifer.
The difference in slope between the heat recovery curves of Cycles 1, 3, and
The

relatively long time (12 hours) to reach the peak temperature may also reflect

4 and Cycle 2 may reflect the long storage of Cycle 2 (Figure 5.10).

this complexity in the FIG aquifer.

5.20



150

140
130
120
110

100

80 -

TEMPERATURE {C)

50

90

70ﬂ

CYCLE
CYCLE 1

CYCLE

CYGLE |

40 -

30
20

10

FIGURE 5.10.

kY

T T

4
DAYS

Recovery Temperatures Versus Time for Short-Term Cycles 1

through 4

5.21






6.0 WATER CHEMISTRY

Water chemistry investigations were performed as part of the University
of Minnesota ATES project to monitor both water quality and potential system
impairment (Holm et al. 1987). The studies were operationally divided into
water sampling and analysis, rock dissolution experiments, and chemical
equilibrium modeling.

Potential effects of chemical reactions on the feasibility of an ATES
project can be grouped into two categories: 1) impairment of system operation
and 2) degradation of water quality. System impairment effects can be sub-
divided into above-ground hardware effects, such as scaling and other damage
to piping, valves, and other components and below-ground effects, including
well plugging and reduction in aquifer permeability. (Note: it is possible
to enhance the permeability of the aquifer as well.) MWater quality effects
involve increasing the concentrations of dissolved substances to undesirable
Tevels.

The processes most likely to impair the operation of an ATES project
include particulate plugging, precipitation from the working fluid, corrosion,
biofouling, and particulate mobilization (Allen 1983). The temperature and
chemical composition of the injected water and the mineralogy of the aquifer
determine the relative impact of the various processes on system performance.
For example, Molz et al. (1979) reported that clay swelling caused by injecting
water of lower ionic strength than the ambient ground water caused particulate
mobilization which seriously reduced the permeability of their test aquifer.
The swelling problem was solved by injecting heated water that had been
withdrawn from the same aquifer. In this ATES project, precipitation of
calcium carbonate resulted in heat exchanger scaling and injection well
plugging (Walton and Hoyer 1984). Treating the water to reduce calcium
carbonate oversaturation solved the well-plugging problem.

Water quality effects are defined by the water's intended use; i.e., if
the aquifer used by an ATES project is also used as a municipal water supply,
water quality degradation can be operationally defined as an increase in the
concentration of one or more solutes above drinking water standards. As with
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ATES system effects, reactions that may affect water quality are functions of
injection water chemistry, temperature, and aquifer mineralogy.

Water samples were taken from the ATES system piping during injection and
withdrawal of hot water to assess the performance of the water treatment system
and to monitor changes in water chemistry during storage. Between ATES cycles,
water samples were taken from the observation wells to monitor water quality
in the storage aguifer and adjacent aquifers.

The rock dissolution studies were designed to measure the rates of
dissolution of aquifer rocks over a range of temperatures. This kinetic
information was used to predict dissolution rates under ATES conditions.

Chemical equilibrium computations were used to explain changes in water
chemistry during hot water storage. In cases where more than one reaction
could produce observed concentration changes, the reaction that was consistent
with chemical equilibrium was assumed to be the correct reaction. The kinetic
results of the rock dissolution experiments were used to determine the time
scale over which chemical equilibrium could be attained. The water analyses
were used as input for the computations. Thus, although the various water
chemistry studies in the project were operationally independent, they had the
common goal of understanding the chemical changes that accompany aquifer
thermal energy storage.

6.1 WATER SAMPLING AND ANALYTICAL METHODS

Methods of collecting water samples from the system piping during ATES
tests and from monitoring wells between tests are outlined in this section.
Field chemical analyses and laboratory analyses are described along with
quality assurance measures.

6.1.1 Water Sampling During Cycles

Water sampling locations used during injection or withdrawal of water are
shown schematically in Figure 6.1. Water samples were collected from points
U (upstream, source); H (heat exchanger effluent); and W (wellhead, injection)}
during injection. During recovery, samples were collected at point W
(wellhead, recovery) only. Sampling points U and W were connected to the
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FIGURE 6.1. Location of Water Sampling Points

system piping by approximately 3 m (10 ft) of narrow diameter piping because
the points that tapped the system piping were high above the ground and not
convenient for sampling.

During ambient temperature pumping tests and the first cycle, the water
samples were collected in a stainless steel hottle equipped with a needle
valve at either end. The bottle was mounted vertically and filled from the
bottom to exclude air and was flushed with several bottle voilumes before a
sample was obtained. For filtration the sampler was connected to a stainless
steel-and-Teflon filter holder. The nominal pore size of the filter membranes
was 0.1 wm. A bicycle pump was used to supply pressure to force the water
through the filter. During Cycles 2, 3, and 4, the filter holder was connected
directly to the sampling points and the system pressure, which was reduced by
a needle valve to control flow rate, was used to force water through the
filter. At points H and W hot water was cooled to below 100°C, when necessary,
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in a sample cooler in which the sample stream flowed through a stainless steel
tube that was immersed in flowing tap water. During periods of injection,

the outlet valves of sampling points W and U were left open to continuously
flush the piping. During recovery, only the valve at point W was left open,

Water samples for metals determinations were filtered into acid-cleaned
polypropylene bottles containing concentrated hydrochloric acid (HC1). The
final acid concentration was 2% (v/v) to prevent oxidation of ferrous iron
(American Public Health Association, American Water Works Association, and
Water Pollution Federation 1975). Water samples for alkalinity, total
dissolved solids (TDS), dissolved silica, and anions determinations were not
acidified. Samples for grease and oil were not filtered but were acidified
(0.1% HC1) {(American Public Health Association, American Water Works
Association, and Water Pollution Federation 1975).

6.1.2 Water Sampling from Monitoring Wells

Several factors contributed to the selection of a method for water
sampling in monitoring wells. Static water levels are too far below ground for
peristaltic pumps and the monitoring well pipes are too narrow [0.03-m {1.25-
in.) diameter] for commercially available submersible pumps. The wells must
be flushed to obtain samples representative of the ground water. For certain
analyses it is desirable to have a flowing sample. For these reasons cyclic
gas pumping, which allows flushing and sampling with the same equipment, was
chosen as the water sampling method. Unfortunately, the method proved to be
impractical and a bailer, or grab sampler, had to be used.

Two pumps were built and the details of their construction and operation
are shown in Figure 6.2. Pump diameter was dictated by the availability of
materials and hose connections. The pumps were tested in the laboratory and
performed satisfactorily. However, clearance between the pumps and well
casings was small, as shown in Figure 6.3. The first field test was performed
in well CMl, After pumping less than 1 L of water, the pump failed. While
the pump was being retrieved to determine the reason for failure, it got stuck
in the well. However, it was freed by lowering a steel rod attached to a cable
and striking the top of the stuck pump. A faulty retainer in the lower check
valve was found to be responsible for pump failure and both pumps were modified
to remedy the situation.
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FIGURE 6.2. Gas Cycling Pump Built for Sampling Monitor Wells

Before another field test was run, a dummy pump with dimensions identical
to the sampling pumps was lowered to a depth of 213 m (700 ft) in wells CMILIG
and CM1UF. The dummy pump, which did not have air and water hoses attached,
did not get stuck despite the small clearances. A second field test resulted
in a pump getting stuck in well CMIUF and several efforts to free the pump
were unsuccessful. Apparently the hoses attached to the pump were responsible
for the pump’'s getting stuck. The gas cycling pump was abandoned in favor of
a bailer-type sampler (Figure 6.4).
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FIGURE 6.3. Tolerances in Deviation of Well Casings from Linearity

Sampling with a bailer has been shown to be a reliable method for
preserving the chemical integrity of well waters {Gibb, Schuller and Griffin
1981), but flushing a deep well using a bailer would be impossible.
Nonetheless, there are many reasons for flushing a well before obtaining a
water sample. Contact with the atmosphere can result in a gain or Tloss of C0»,
depending on whether the water is undersaturated or oversaturated. Such gas
exchange would cause a change in pH, so that water in the well casing would
not be representative of aquifer water. Atmospheric oxygen dissolved in water
could oxidize iron and manganese, reducing their solubility (Stumm and Morgan
1981). Dissolved oxygen at the surface need not diffuse to deeper levels to
affect water chemistry, because oxide particles may settle from the aerated
zone. There may be chemical changes in the aquifer during hot water injection
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6.6 SUMMARY

Rock dissolution experiments, water sampling and analysis, and chemical
equilibrium modeling of the ground-water chemistry at the University of
Minnesota ATES field test facility was an integral part of the work preceding
and during the ATES short-term cycles.

A series of laboratory experiments was conducted to measure dissolution
rates of aquifer rocks under controlied conditions in a pressure vessel and
to apply the rates obtained to calculate rate constants under field conditions.
Core samples, ground water from the FIG aquifer, and synthetic ground water
were used for the experiments. Rate constants obtained agreed, in general,
with Rimstidt and Barnes (1980) results at 150°C. The results also suggested
that precipitation of calcium carbonate scale would be the only significant
problem during the heat-storage cycles at the FIF; a suggestion that proved
to be correct.

Samples of the source, heated, injected, and recovered ground water during
the cycles and from the monitoring wells before and after each of the cycles
were collected and analyzed. Ambient ground water is near saturation with
respect to calcium carbonate. Water chemistry of the FIG ground water in the
immediate vicinity of the FTF was changed by the ATES short-term cycles.

Most changes that took place were as expected based on equilibrium modeling
results of heating water of FIG ground water composition and upon storage in
the FIG aguifer.

Equilibrium modeling results for the ionic concentrations in recovery
water, using an extended version of MINEQL, was successful in modeling trends
for many components, even with the many limitations of both the model and the
input data. Temperatures used for equilibrium and modeling calculations were
those of the recovered water. These temperatures were a limitation because
they were "composite" temperatures. The actual temperatures at the two
screened intervals in the storage well were not available.

Calcium carbonate precipitation from the heated ground water was the
critical water chemistry problem. Prevention of calcium carbonate scale
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accumulation in the storage well was accomplished by installing a precipitator
(fixed-bed reactor) in the system piping (see Sections 2.3.2 and 5.2). Calcium
carbonate precipitated in the condenser and the precipitator reducing the
degree of CaC03 supersaturation of the injected water to a level that proved

to be satisfactory. The condenser and the precipitator each removed
approximately the same amount of calcium carbonate from the heated ground
water. Calcium carbonate scale did not accumulate in the storage well during
the cycles.

Recovered water had a higher total dissolved solid content than the source
or the stored water. Calculated saturation indexes for the recovered water
indicated that levels were close to saturation for those species calculated
for all temperatures. For example, dissolved silica was highest in the hottest
water recovered and Towest in the coolest water recovered. (Calcium and
magnesium were lowest in the hottest water and highest in the coolest water
recovered, an expected result, because the calcium and magnesium bicarbonate
saturation level is higher at low temperatures. Recovered amounts of calcium,
magnesium, sodium, potassium, iron, sulfate, chloride, and dissolved silica
were all greater than the amounts introduced during injection. The suggested
causes are dissolution of quartz and calcite, ion exchange with feldspars
and/or clay minerals, and mixing during the hot water storage. Equilibrium
modeling and mass balance calculations support this; however, the apparent
absence of calcite in the rock does not support the dissolving of calcite
during storage. Ion-exchange of hydrogen for potassium from feldspar and/or
clay minerals may be the reason potassium increased during recovery. Mass
balances, average solute concentrations and trends modeled, and experimental
results are compared. Definitive conclusions are difficult to reach because
of the many limitations both of the model and of the field observations.
Additional laboratory and field work are required for more definitive
conclusions.

Results of monitoring well sampling suggest that:

1. Monitoring wells must be thoroughly flushed following completion to obtain
representative samples.

2. Future monitoring wells should be of a larger diameter pipe than the 1-
1/4-in. pipes in the monitoring wells installed at the ATES FTF.
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3. Following sufficient flushing, consistent and representative samples may
be obtained by air-1ift flushing (and sampling) and bailer sampling.

4. Trends from the monitoring wells were not clear following the short-

term cycles (in part because of insufficient flushing of the wells
prior to initial sampling).
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7.0 BACTERIQLOGICAL ANALYSES OF WATERS

Bacteriological analysis was conducted on water collected from ATES
project wells. The water samples were analyzed for both coliform organisms
and total aerobic bacteria in accordance with the Membrane Filtration Technique
described in American Public Health Association, American Water Works Associa-
tion, and Water Pollution Federation (1975).

The coliform determination is used to indicate potential poilution of
ground water by animal fecal matter. Coliform counts of 1.0 or more colony-
forming units {(cfu) per 100 milliliters of water (>1.0 cfu/100 ml) indicate
potential poilution. OQbviously, higher counts are more indicative than low
counts. Counts less than 1.0 cfu/100 ml indicate that the water is not pol-
luted.

The determination of total aerobic bacteria was done to examine the
bacteriological profile of the water. This determination cannot be used as
an indicator for either pollution or water quality. For instance, very high
quality water (i.e., activated carbon-treated deionized distilled water) can
support extremely high concentrations (106 to 107 cfu/ml) of aerobic bacteria.
However, the total aerobic bacteria content of well water should be extremely
low relative to surface water.

Analysis for coliform organisms showed that the water from all wells
sampled was free of these organisms except during the initial flushing stage
of wells A and B (Table 7.1). During the initial flushing of wells A and B
and the piping system connecting these wells, a low number of coliform were
detected (well A - 4 cfu/100 m1, well B - 3 ¢fu/100 mi). The low number of
coliform detected initially and none on subsequent analysis strongly suggest
that the coliform isolated were from originally contaminated pipes, pump,
etc., used in the system and not from the water sources. In fact, this is so
common that it is mandatory to decontaminate potable well water systems (e.g.,
casing, pumps, pipes) with a chlorine disinfectant solution prior to placing
them in operaticn. The system of wells in the ATES project was
extensively flushed but was not decontaminated with a chlorine disinfectant
solution.
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TABLE 7.1.

Source of Sample

Aquifer Thermal Energy Storage Project 1981-1983

Before
Hell
Hell
Well
Hell

Well
Well
Well
Well
Well
Well
Well
Well
Ouring
Well

Hell

Well

test cycles
A

B

AMI

AS1 {(Jordan)

ASt (Mt. Simon)
(M1 (Galesville)

A
B
A
B
A
B
test cycles

B

A

B

(a) Samples of both unheated and heated water were collected.
each were the same.

Coliform Analyses of Water from Various Sources at the

Date Colony-Forming Units/100 m)

12/09/81

12/09/81 3
02/05/82 <1
02/08/82 <
02/08/82 <1
02/17/82 <1
03/11/82 <1
05/04/82 <1
05/04/82 <1
05/17/82 <1
05/17/82 <1
09/22/82 <1
09/22/82 <1
11/08/82(?) <1
11/16/82 @) <l
11/19/82(2) <1
11/23/82'2) <1
12/16/82 <1
12/18/82 <1
12/22/82 <1
05/04/83¢) <1
05/09/83(2) <1
05/11/83(2) <1
05/12/83(2) <l
09/21/83(2) <1
11/08/83¢) <1
11/18/83(2) <1
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Total aerobic bacteria content in the various samples was determined at
incubation temperatures of 7° and 35°C to determine if the organisms were
psychrophilic or mesophilic [i.e., organisms able to muitiply at low (7°C)
or middle (35°C) temperatures, respectively] (Table 7.2). The vast majority
(about 90%) of the organisms isolated were psychrophiles. 1In addition, they
were also found to be gram-negative rods.

The initial source of these organisms, which is unknown, may have been
contaminated construction materials. However, once established, many gram-
negative bacteria will proliferate in the well water because the water environ-
ment is their natural habitat. Such bacteria are very common in well waters.
Note that during the hot water injection run (11/8 to 11/23/82) (Tables 7.2
and 7.3) the bacteria content of the cold water from well B was relatively
stable at 103 cfu/m)] even after an extensive volume of water had been pumped
through the system.

Results from the four cycles of heated-water injection and withdrawal
(Cycles 1 through 4) are tabulated in Table 7.3. Note that in Cycle 4 aerobic
bacteria were not recovered in the unheated water sample (11/18/83). The most
likely reason for this is that the water from well B was still fairly hot
(48°C) during the fourth cycle.

In addition, a sample of the high-calcium limestone particies used in the
reactor was collected on 11/8/82 in a sterile container and then analyzed for
coliform and total aerobic bacteria. This was done by adding sterile buffer
distilled water to the known weight of the rocks and then sampling the water
that was added after the mixture (water and rock) had been shaken for 10
minutes. The results showed coliforms at <1 cfu/50 grams of rock, and total
count at 100 cfu/50 grams of rock.
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TABLE 7.2. Total Aerobic Bacteria Analyses of Water from Various Sources at
the Aquifer Thermal Energy Storage Project

Colony-Forming Units/ml

Source of Sample Date 7°C _ . 35°C
Before test cycles
Well A 12/09/82 »3.0 x 102 1.2 x 101
Well B 12/09/82 »3.0 x 102 7.0 x 100
Well AMI 02/05/82 >3.0 x 102 9.0 x 10!l
well AS1 (Jordan) (3} 02/08/82 3lal <1
Well AS1 (Mt. Simon) 02/17/82 1.0 x 102 7.0 x 109
Well CM] (Galesville) 03/11/82 1.2 x 103 2.5 x 102
Well A 05/04/82 2.6 x 102 3.4 x 10l
Well B 05/04/82 2.1 x 102 3.3 x 101
well A 05/17/82 2.8 x 102 2.8 x 101
Hell B 05/17/82 2.0 x 102 1.1 x 1ol
During test cycles
Well @ 11/08/82 3.4 x 103 oD -
11/08/82 <1 ne
11/16/82 2.3 %103 -
11/16/82 <1 H
11/19/82 2.7 x 103y -
11/19/82 <1 H
11/23/82 2.5 x 103 U -
11/23/82 <1 H
wel1 atd) 12/16/82 el ‘1
12/18/82 <1
12/22/82 <}
well B 05/04/83 4.1 x 104 g
05/11/83 8.2 x10% U
05/11/83 <1 H
045/12/83 4.9 x 103 v
05/12/83 <1 H
09/21/83 4.3 x 108 0
09/21/83 <] H
11/18/83 <l u
11/18/83 <l H
well ald) 12/16/82 < <1
12/18/82 <] 6
12/22/82 <] 7
06/17/83 <1 <l
10/12/83 <] <1
12/02/83 <i 3

{a) Alkalinity was very high; pH = 11; result not meaningful
{b} Unheated water before heater

{c)] Heated water after reactors

{d) Heated water being returned to Well B
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TABLE 7.3. Results of Bacteriological Analysis of FIG Water Collected During

Short-Term ATES Cycles

Heated,
Date Type Unheated _195 to 200°F
Cycle 1, Injection
11/08/82 Coliform <1 ¢fu/100 ml <l cfu/100 ml
Total count 3.4 x 103 cfu/mi <l cfu/ml
t1/16/82 Coliform <] cfu/100 ml <t ¢fu/l00 mi
Total count 2.3 x 103 cfu/m <1 cfu/ml
11/19/82 Coliform <] cfu/100 ml <1 cfu/l00 m?
Total count 2.7 x 103 cfu/mi <1 efu/ml
11/23/R2 Coliform <1 cfu/100 ml <l efu/100 ml
Total count 2.5 x 103 cfu/ml <1 cfu/ml
Cycle 1, Recovery
12/16/82 Coliform <l ¢fu/100 ml <] cfu/100 ml
Total count <l cfu/ml -
12/18/82 Coliform <1 ¢fu/100 ml =1 cfu/100 ml
Total count 6 cfu/ml 12 cfu/ml
12/22/82 Cotiform <} cfu/100 ml <l cfu/100 mi
Total count 7 cfu/ml 19 cfu/mi
Cycle 2, Injection
05/04/83 Coliform <1 cfu/100 ml <} cfu/100 ml
Total count 4.0 x 104 cfu/ml <1 cfufml
05/09/83 Coliform <} cfuf100 ml <t cfu/100 ml
{Sample lost)
05/11/83 Coliform <l ¢fu/100 ml <1 ¢fu/100 m
Total count 8.2 x 104 cfu/mi <1 cfu/ml
05/12/83 Coliform <1 c¢fu/100 ml <1 ¢fu/i00 mi
Total count 4.9 x 103 cfu/ml <t cfu/ml
Cycle 2, Recovery
06/17/83 Coliform <l cfu/i00 m <1 ¢fu/100 mi
Total count <1 cfu/ml <l cfufml
Cycle 3, Injection
09/21/83 Coliform <1 cfu/100 ml <l cfu/100 m!
Total count 4.3 x 104 cfu/ml <1 cfu/ml
Cycle 3, Recovery
10/12/83 Caliform <1 cfu/100 m <] cfu/100 ml
Total count <1 cfu/ml <] cfu/ml
Cycle 4, Injection
11/18/83 Coliform <1 cfu/100 m! <l cfu/100 ml
Total count <1 cfu/ml <1 cfu/ml
Cycle 4, Recovery
12/2/83 Coliform <} cfu/100 mi <l ¢fu/100 mi
Total count <l cfu/ml <]l cfu/ml
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8.0 ENVIRONMENTAL AND INSTITUTIONAL CONSIDERATIONS

As originally planned, the goal of phase I, after completion of aguifer
tests and the short-term cycles, was to develop the design for a 20-MW ATES
system to be tied into the University of Minnesota Physical Plant heating/
cooling system, This goal was abandoned when it became apparent that the
5-MW ATES system as built could not be used at the higher flow rate of 1200 gpm
(instead of the 300 gpm) necessary for the larger system. Other factors also
weighed against the imp]ementétion of a full-scale system to tie into the
existing high-pressure or a possible low-pressure steam distribution system on
the campus. However, because of the prospect of significant insight to be
gained by carrying the program forward, the University continued at the less
ambitious scope of a high-temperature field test of the ATES concept in a deep,
confined aquifer.

The State of Minnesota has a specific regulation that prohibits the rein-
Jection of waters in aquifers of the state. The purpose of this ordinance is
to protect ground water from pollution. The first major obstacle to the
project was obtaining a permit that would allow the operation of the
injection/recovery wells for the ATES experiments. Agencies involved in the
oversight and protection of ground water are the Minnesota Department of
Natural Resources (DNR), the Minnesota Pollution Control Agency (MPCA), and
the Minnesota Department of Health (MDH). The DNR oversees the water use and
withdrawals by a permit and reporting system. The MPCA oversees the discharges
and construction within aquifers. The MDH oversees the construction of water
wells in the state by reviewing plans for wells, licensing well drillers, and
majntaining a reporting system.

Permits from DNR, MPCA, and MDH were required for the ATES project to
proceed. The DNR and MDH staffs can take action on permit requests. The
MPCA staff can recommend approval or disapproval of a permit or variance
request to the MPCA Board, a citizen's board with final authorization respon-
sihilities.
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In the course of seeking a variance, several individuals and groups
objected to the ATES project, perceiving it to be a serious threat to the
environment. Specific charges included that the project would be Tikely to
induce earthquakes because of high injection pressures, and that the project
activities would pollute the ground water of the FIG aquifer. These specific
charges were made even though: 1) the fluid injection pressures would be much
lower than those necessary to induce effects on the rock; 2) the only change
in the water imposed by the experiments is temperature; 3) the effects are
highly restricted to the immediate vicinity of the site; and 4) the water
cycled during ATES experiments is from an aquifer that is not used by others
in the vicinity of the site.

A public hearing, a legal action, was required before the proposal could
be acted upon by the MPCA Board. In July 1980 the MPCA Board approved the
issuance of a permit to conduct the short-term cycles. The initial permit,
and an accompanying permit from MDH, was for five (5) short-term cycles, each
with no more than eight (8) days of injection and withdrawal (recovery), and
an eight (8) to thirty (30) day storage period, subject to experimental plan.
The language of the permit issued specifically set a 1imit of 300°F for the
temperature of the injected water and a limit of 300 gpm for the rate of
injection. Included in the permit was a specific prohibition of the addition
of "water-treatment chemicals”. The expiration date of this permit was
December 31, 1981.

Delays caused by problems with drilling monitoring wells and the pumping/
injection wells, and problems with pressure transducer failures, required an
extension to the permits. This extension was granted with an expiration date
of December 31, 1982. 1In 1982 the ATES experiment began; however, as recounted
in Section 5, significant problems with the storage well due to failure of
lineshaft bearings and carbonate precipitation caused a 4-month delay. Follow-
ing the rehabilitation of the storage well and the development of the precipi-
tators to reduce calcium carbonate supersaturation in the injected water, the
first short-term ATES test cycle was conducted in November and Qecember, 1982.
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A request for another extension to the already extended permit was sought
from MPCA and MDH. An expiration date of December 31, 1984 was requested (in
case further mechanical system delays were encountered) to allow the completion
of a total of four planned short-term cycles. In April 1983 the MPCA Board
granted an extension with the December 1984 expiration date. No other condi-
tions of the permit were changed.

Monitoring and reporting requirements of the permit were adhered to.
A1l periodic progress reports were sent to MPCA, MDH, and DNR for their review
at the time they were submitted to PNL. All data obtained are accessible to
appropriate agency personnel upon request at any time. Following Cycle 2, a
meeting with representatives of the agencies was held to review the status of
the project and the results obtained. Following the conclusion of Cycle 4,
another meeting was held with agency representatives to discuss overall project
results, the scope of this report, and probable time schedule. The initial
version of this report was submitted to the state agencies and PNL in February
1984. A revised draft was submitted in June 1988.

During the course of the project, there have been frequent contacts with
agency staff personnel. The staffs have demonstrated a clear commitment to
their responsibility to protect the resources of the state and to deal with
complex issues in a professional manner. Concerns raised about the project
were addressed in a professional manner.

Objections to the project raised by individuals caused significant delay,
but the airing of them may have served a useful purpose by establishing clearly
exactly what the project's scope and limits are and providing a degree of
publicity because of the public permitting process.
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9.0 CONCLUSIONS

Aquifer thermal energy storage (ATES) in a deep, confined aquifer is a
technically feasible method of storing surplus energy available as sensible
heat on a cyclical basis for use at a later time.

Results from short-term cycles using the Franconia-Ironton-Galesville
aquifer at the St. Paul Field Test Facility (FTF) reveal that storage of super-
heated water in a confined aquifer can be done successfully. More than 50%
of the energy stored was recovered in the experiments where the storage period
was approximately of the same duration as the injection period.

Adequate characterization of the aquifer system must be available to
design the well field, anticipate potential problems, plan an appropriate
monitoring system, and model energy and mass-flow in any proposed system.

Good regional hydrogeologic information on an aquifer provides a prelim-
inary basis for determining the feasibility of an ATES system. Site-specific
studies and test results are necessary to provide the final design constraints
imposed by the aquifer., Standard water analyses combined with temperature
constraints provide the hasis for anticipating chemical problems.

Specific findings and conclusions from the short-term test program
include:

1. The FIG aquifer at the ATES site is made up of five hydrologic zones and
is areally anisotropic.

2. Isolation of the FIG from overlying and underlying aquifers is
satisfactory.

3. Water quality is high, and remains high after testing. Water quality
aspects include both dissolved and suspended materials. Monitoring of
both is important.

4. Chemical equilibrium of the water-rock system is approached even during
short-term storage.
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5.

10.

11.

12.

Particulates are relatively abundant during construction and initial
hydraulic testing and tend to disappear as the system settles into normal
operation. The reappearance of particulates may signal some probiem or
anomaly, as for example, metal particles indicating abnormal wear in pump
bearings.

. Water temperature, and hence the quality of energy recovered declines as

length of storage increases.

. Water treatment to reduce the calcium carbonate precipitation is

absolutely essential where the ground water is nearly saturated with
respect to calcite. Precipitation systems, such as the one devised for
this test program, to reduce supersaturation after heating will protect
the wells and aquifer, but will not protect the mechanical systems used
to heat the water. Water treatment prior to heating or a “self-cleaning"”
heat exchanger is required for an efficient operating system.

. Wells must be designed properly for both water injection and withdrawal

and for reljable performance through the full range of water temperature
and flow anticipated in the system.

. Injection systems must be designed so that at all points in the system

water pressure exceeds the pressure at which gas bubbles can form,

Radial-flow modeling based on preliminary hydraulic test results and test
well logging can provide a reasonable approximation of system behavior if
the degree of anisotrapy of the aquifer system is small.

Three-dimensional modeling can previde a very close approximation to
system behavior in all cases, but at significantly higher cost.

Monitoring wells must be surveyed for deviation to determine where
observations are in fact taking place in order to compare observed para-
meters with actual thermal fronts. Deviation in position of 0.1 m can
affect thermal front arrival data by a significant period of time.
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13.

14,

No obvious environmental effects resulting from hot water injection,
storage and withdrawal have been detected at the surface. However, the
rock within a few meters of both pumping wells is assumed to have been
affected to some degree by mineral dissolution and precipitation in
response to changes in water temperature. The effect on the aguifer
could not be observed directly, but on the basis of experimental investi-
gations of water chemistry and water-rock interactions, it should be

very slight., There has been no change in the hydraulic characteristics
of the rock sufficient to cause an appreciable change in well efficiency
during the test program,

The regional hydraulic gradient at the ATES site is very low; therefore,
migration of water from the site must be slow. The water has been shown
to reach chemical equilibrium with the rock gquickly as it returns to
normal ambient temperature. Therefore, any water that migrates from the
ATES site is expected to become quickly indistinguishable from resident
ground water,

Major physical and systems problems encountered during the course of the

project include:

1.

Well drilling and well construction encountered the normal problems asso-
ciated with driltling in weak, friable sandstone and jointed, broken dolo-
mite. These problems caused delays of 5 months.

. Reliable pressure transducers to withstand the specified range of pressure

and temperature in the downhole environment could not be found, contrary
to the claims of suppliers. After repeated failures, and failure to

meet delivery schedules, manual measurements were considered the reliable
alternative for water level measurements in monitoring wells. This
problem caused delays of more than 12 months and cost a considerable
amount.

. Failures also were encountered in trying to install strings of thermo-

couples in open holes while piezometers were being installed. Installa-
tion inside small diameter pipe casings proved effective and allowed
removal or replacement of the thermocouple strings.
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4. Rapid clogging in the aquifer occurred when air bubbles were allowed to
form in the descending water column in the injection well. Adequate
backpressure is needed at all times in the injection well.

5. Synthetic rubber lineshaft bearings quickly failed when the water
approached the specified injection temperature, although the bearings were
rated for appreciably higher temperature. Bronze and bronze-graphite
bearings were used successfully as replacements.

6. Precipitation of calcium carbonate when normal ground water was heated and
became supersaturated with calcium carbonate was the biggest problem,
and a recurrent theme in this report. Precipitation occurred in the
heat exchanger and at all points downstream in the injection system.
Interposing a precipitator between the heat exchanger and the injection
well adequately protected the well and the aquifer, but did nothing to
control precipitation in the heat exchanger, necessitating frequent inter-
ruptions in the injection phase of each test cycle to clean the heat
exchanger and recharge the precipitator. Control of water chemistry by
effective water treatment before heating is essential to a practical
ATES system.

Environmental protection regulations have a direct impact upon ATES
systems. ATES systems must be operated in compliance with existing environmen-
tal protection regulations dealing with ground water. Several state agencies
are charged with various aspects of the protection and use of ground water in
Minnesota. Because ATES is a new concept, and entails pumping, heating, and
reinjecting appreciable quantities of ground water, the project underwent
close scrutiny by the state agencies. A permit for the proposed use was
required from the Department of Natural Resources, and because state law
specifically forbids unauthorized reinjection of ground water into subsurface
aquifers, a variance was required from the Minnesota Pollution Control Agency
and the Minnesota Department of Health. Compliance with state regulations
for the construction of water wells was also monitored by the Minnesota Depart-
ment of Health. The variance and permits were granted with strict requirements
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for monitoring and reporting all aspects of the project, and with the stipula-
tion that no chemical additives be used for treatment of the water.

The zealous scrutinizing of this innovative project by the responsible
state agencies was expected and appropriate. Excellent communication and
rapport was established and has continued with the agencies. Opposition to the
project came from several organizations and individuals on the grounds that the
project posed an unacceptable threat to ground water resources and the environ-
ment. The opposition led to formal hearings on the variance application,
which entailed a significant delay.

ATES is a non-consumptive and environmentally benign use of a limited
volume of ground water to capture energy that is now being wasted. ATES in
effect substitutes non-polluting and renewable or wasted energy for energy
from nuclear or fossil fuels. It is hoped that as the development of ATES
continues and its benefits and environmentally benign character are
demonstrated, public understanding will grow and ATES will be seen, as it is
seen in many advanced countries in the world, as a potentially significant
contribution to energy conservation and reduction in poliution from fossil
and nuclear fuels.

Economic feasibility was not a part of this study. Much of the cost
incurred in developmental programs is not directly comparable to costs in a
developed system under routine operation. Moreover the test program has dealt
only with the heat input and output side of the economic equation in a series
of short-term test cycles. It has not dealt at all with the heat delivery
and use side under full seasonal operating constraints. Nevertheless this
test program is a major step in visualizing the design, construction, and
operation of a full seasonal ATES system and suggests some comments on economic
and social questions and the additional work needed to answer them.

1. Cost of energy input: Our results indicate that at least 50% but probably
not much more than 60% of the heat input in an ATES system can be
recovered at useful temperatures for heating. This means that ATES
systems, except for certain peak load situations, can be justified only
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where an essentially "free" source of thermal energy that would otherwise
be wasted can be captured. Solar energy, rejected heat from power and in-
dustrial plants, and trash burning plants are potential sources. The

cost of energy from these sources is related to the marginal capital and
operating cost of the systems needed to capture it. Since the heat is
"free,” the relatively low efficiency of an ATES system is not important,
once the investment has been made.

. Operating cost: ATES systems can and should be largely automated. The
main operating costs are monitoring, maintenance, and energy for pumping.
Pumping cost is very small in relation to the amount of energy stored in
an ATES system. Monitoring and maintenance should be comparable to these
costs in other large automated heating systems.

. Capital cost: The major cost item in an ATES system is the construction
of at Teast two large capacity pumping wells. Depending on the depth to
the aquifer and the character of the geology, the wells are likely to
cost $100,000 to $500,000 each. The other large items are the heat
exchanger, piping, and the water treatment system. Heat exchangers,
piping, and water piping treatment costs are easily established by
standard engineering practice.

. Depreciation: As yet there is very Tittle basis for estimating the
operating 1ife of an ATES system. The primary concern is the life of
the wells. There was no appreciable loss of well efficiency during the
short-term test program. Ordinary, properly constructed high capacity
water wells last for decades without need for overhaul, but the added
effects of seasonal heating cycles on long-term well life is not known.
Long-term test data are needed before useful projections can be made.
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APPENDIX A

ATES SYSTEM
ENGINEERING DESIGN AND CONSTRUCTION

A.1 SYSTEM CONCEPT

Aguifer thermal energy storage (ATES) refers to the storage of thermal
energy in an aquifer. In its simplest form the ATES Project is composed of a
pair of water wells (well doublet) drilled into an aquifer, piped to a series
of heat exchangers and a source of heat (either waste or process).

Ouring operation of an ATES system using a well doublet, the ground water
is withdrawn from one well, heated in a heat exchanger, and then returned to
the same aquifer through the second well some distance away. The distance
between the wells prevents any aquifer interfacing of the withdrawal and
injection waters, which are at significantly different temperatures. The
thermal energy is stored in the aguifer until needed. During recovery, hot
water from the second well is circulated through a heat exchanger to recapture
the stored energy and then returned to the aquifer through the first well.

The thermal energy thus recovered can he used for space or process heating.

The ATES system at the University of Minnesota is a 1/4-scale feasibility
study designed to evaluate high-temperature heat storage and recovery in the
Franconja-Ironton-Galesville aquifers helow the University's St. Paul campus.
The heat source used for the study is 150 psig steam from the University
heating plant. An air-cooled radiator is used to simulate a heat user and
extract stored heat from the water. The wel! doublet has a spacing of 854 ft.

A.2 SYSTEM COMPONENTS AND OPERATION

The ATES system uses well pumps and a booster pump to move the aquifer
water from one well through the system and back down the other well,

Aquifer water (AW) is heated by steam using two heat exchangers. One is
a steam-to-water heat exchanger and is called the condenser; the other is
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water-to-water and is called the subcooler. The term condenser and subcooler
refer to what happens to the heating steam as it passes through them to heat
the AW, An air-to-water heat exchanger called a radiator is used to cool the
AW,

Aquifer water, after it is heated, is circulated through vessels called
fixed bed precipitators, which remove part of the calcium hardness.

The heating operation involves pumping AW from well B through the
subcooler, the condenser, and the precipitator, then reinjecting it back into
the aquifer through well A.

As AW flows through the condenser, it is heated to final temperature by
150 psig steam that is introduced through a control valve. As steam gives off
heat in the condenser it condenses. The condensate flows from the condenser
to the subcooler where it gives off more heat to incoming AW.

For heat extraction or cooling of AW, water is pumped from well A through
the radiator and back into the aquifer through well B.

A booster pump is available to be used in pumping the AW in either the
heating or heat extraction mode if required. At this writing, the well pumps
have sufficient discharge heat and the booster pump is not required.

Steam to the condenser is regulated by a control valve, which is
controlled by the temperature of the AW leaving the condenser.

Figures A.1 and A.2 show flows during the heating mode and the heat
extraction mode.

A.3 DESIGN CONSIDERATIONS

The University of Minnesota, St. Paul campus was selected as the site for
the ATES field experiment. Core borings were taken to define the aguifer in
that area. The Franconia-Ironton-Galesville aguifer exhibits suitable traits
{e.g., thermal insulation, flow capacity) and was not being used in the Twin
Cities as a significant source for water. The University's utility tunnels
provided easy access and routing for the interconnecting piping, electrical,
instruments, power, and source of heat.
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Various permits were applied for from the Minnesota Pollution Control
Agency {MPCA); the Department of Natural Resources (DNR}; the Health
Department; and Federal, State and Local Agencies with respect to public health
and environmental impacts. After the various permits were obtained, actual
system design could proceed.

The University of Minnesota, St. Paul campus ATES system was designed as
an outdoor installation for operation during non-freezing weather. It was
necessary to provide for draining of all piping and system components for layup
during the winter. An enclosure such as a sheet metal building would have
extended the operating season.

A.3.1 Well Pumps

The well pumps are multiple stage vertical turbine type shaft driven with
the motor at the surface. Submersible pumps were considered, but the
anticipated temperature of 305°F was too hot for a submerged motor. It was
intended to reinject hot water in the well casing, but this was changed so that
well injection was done back through the pump discharge line. The change was
made to eliminate well plugging due to air entrainment.

The vertical turbine pump was ideally suited for this installation. The
motor and electrical equipment are at ambient temperatures outdoors and the
pump bowls are submerged in the aquifer. The pumps are designed for the 300°F
water to be pumped. They have 25 stages and are rated for 300 gpm at 661 ft
dynamic head. Motors are 75 hp and operate at 1760 rpm.

A.3.2 Heat Exchangers

Aquifer water is heated in two stages by heat exchangers (subcooler and
condenser) connected in series. The AW and the heating steam flow counter to
each other through the heat exchangers. Water passes through the subcooler,
then the condenser. Heating is by 150 psig steam, which provides final heating
of the AW in the condenser. Condensate from the condenser flows through float
and thermostatic traps into the subcooler where it gives off more heat to the
incoming AW. The AW flows from the subcooler to the condenser where it is
heated to final temperature by the 150 psig steanm.
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The heat exchanger train is designed for a water flow of 300 gpm heated
by 150 psig steam throttled through a temperature contrel valve. With 53°F
inlet AW design, AW outlet is 212° with a condensate discharge of 160°. At
176°F inlet, AW design outlet is 305°F with a condensate discharge of 195°F.

The heat exchanger has carbon steel shells and carbon steel tubes.
Fouling factor is 0.001. Tube thickness is 0.065 in. The shells have
removable heads for tube cleaning. They are ASME Code constructed and stamped
200 psig for the condenser shell and 150 psig for the subcooler shell. Both
exchanger designs are 200 psig and 300°F in the tubes and 400°F in the shell.
Heat exchanger shells have 3/4 "x1" relief valves, thermostatic vents, and
vacuum breakers. Both heat exchangers are single pass on the shell side and
two pass on the tube side. They have straight tubes for ease of cleaning.

The heat exchangers are arranged so that condensate flows by gravity and
pressure through float and thermostatic traps from the condenser to the
subcooler, Steam and condensate connections are flanged.

The AW temperature is controlled by a self-operated control valve in the
steam inlet line. The valve is controlled by a filled temperature bulb in
the hot AW line leaving the condenser.

A.3.3 Radiator

A fan-cooled water-to-air heat exchanger or radiator is used to simulate
a heat user by cooling water withdrawn from the aquifer. The radiator is
designed to cool 300 gpm of water from 300°F to 170°F. It was specified to
have a rating of 20 x 1006 Btu/hr at 80° ambient with a fouling factor of 0.001.
Maximum tube side pressure drop is 8 psig. The tubes have extended aluminum
surfaces with no more than 12 fins per inch. Tubes were specified to be at
least 1 in. in diameter with 0.065-in. thick walls. Design pressure is 200
psig. The unit is straight tube with clean out provision in the headers.

The radiator has two 15-hp two-speed fans with adjustable blades. Motors
are fan cooled and totally enclosed. Fan blades are manually adjustable. The
fans have adjustable temperature controllers that sense water temperature.
They also have vibration shut offs. Air flow may also be controlled by
Touvers, which are manually operated.
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A.3.4 Fixed-Bed Precipitators

During initial heating cycle operation of the ATES system, the heat
exchangers (particularly the condenser) scaled badly and the well screen
plugged. This was the result of heating the aguifer water, which reduced the
calcium carbonate solubility.

The University designed a fixed-bed precipitator, which is a set of
vessels filled with 1imestone fill material, The hot aquifer water flows
through the vessels, and calcium salts precipitate onto the limestone. The
precipitator is regenerated by removing and replacing the fill material.

The University experimented with dolomitic limestone, sand, and calcite.
The calcite material in the form of crushed 98% calcium carbonate limestone was
found to be superior. Tests for optimum flow rates and residence time
determined the size and number of the precipitator vessels.

The final arrangement uses vessels 14-in. in diameter and 6-ft long.
Two of these vessels are connected in series to form a set. Three sets make
a bank designed for 300 gpm flow.

Two banks of precipitators are installed so that one bank can be in
operation while the other bank is out of service for a change of fill material.
Material is changed after pressure drop reaches a certain level. Material
replacement is the only form of regeneration.

The precipitators are only effective after the water is heated so they
must be downstream of the heat exchangers (condenser and subcooler). Initially
the main benefit will be protection of the well screens.

It is anticipated that reduction of calcium hardness will also have future
benefit to the heat exchangers as the water is pumped back and forth and
achieves a lower concentration of calcium salts.

A.3.5 Booster Pump

Aquifer water is pumped through the system and back into the aquifer by
the well pumps. A booster pump can be used to increase the pressure of the
AW through the system. The booster pump intake is supplied by the well pump
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discharge. 1In normal operation, the booster pump is by-passed. The pump is
a single-stage end suction designed for 300 gpm at a head of 200 ft. It has
a 25-hp motor.

A.3.6 Instrumentation and Control

Steam and AW flows are measured using orifice plate meters with
differential pressure cells, square root extraction, and totalizers or
integrators. OQOutput is displaced on a strip chart recorder.

The system is designed to control heated AW at a set value between 212°F
and 305°F and to control cooled aguifer water hetween 160°F and 260°F. Heated
water temperature is controlled by a steam inlet valve at the condenser.

Cooled AW is controlled by temperature sensors which actuate step
controllers on the two-speed radiator fan motors. The sensors are in the
water leaving the radiator.

Aquifer water flow is controlled by a manual flow-control valve or by a
self-contained, self-ocperated inline Griswald flow control valve.

A 20 point strip chart recorder with three chart ranges is used to record
flows, pressure drops, and temperatures. Ten points are being used: steam
flow to the condenser; AW flow; condenser subcooler and radiator pressure
drop; condenser inlet temperature; subcooler inlet and outlet temperatures;
and Well A and B inlet/outlet temperatures. The recorder is located in a
trailer. It has alarm contacts for: AW flows, AW heated water temperature,
and AW cooled water temperature. A horn and lights annunciate the alarm
points.

A.3.7 Design Discussion

Field operation proved the overall design integrity of the system.
Nevertheless, as is always the case, a few things would be done differently
with the benefit of hindsight.

A line to the storm sewer to allow flushing and testing of the wells,
piping, and system operation, was found to be absolutely necessary, and the
University added it to the system.
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The testing season was longer than anticipated and had to be terminated
because the system was not designed for cold weather operation. A sheet metal
enclosure or an inflatable enclosure could have extended the time available
for testing.

The booster pump is not required in this case, but determining well
drawdown and subsequent well discharge pressures is not exaci enough to warrant
leaving it out on initial design.

Larger traps in the condensate line between the condenser and subcooler
would aid cold start-up when condensate flows are greater than steady-state
design.

Instrumentation lines into the well casing were connected through
explosion-proof fittings to provide for possible pressurization when 300°F
water is introduced and flashes to steam.

The magnitude of the precipitation of calcium carbonate when the water was
heated was greatly underestimated. A precipitation system was added and was
crucial to making the tests possible. Replacing the high-purity Timestone
in the precipitators allowed system operations and protected the heat-storage
well. Acid cleaning of the condenser tubes was also essential, and caused
tubes to be etched out. The condenser tubes were replaced twice. The carbon
steel tubes in the original plans were completely replaced with stainTess
steel tubes before the second cycle. These tubes developed pinhole leaks
rapidly, and were replaced with carbon-steel tubes again. Thorough flushing
is required after acid cleaning of the caondenser tubes.

The open-shaft turbine pump design with EPDM bearings failed during
operation at 185°F and above. This failure gccurred even though these
materials are rated to 300+°F for operation. Failure occurred as a result of
the bearings swelling and seizing the shaft. A modified enclosed tube assembly
with bronze and graphite-alloy bearings operated satisfactorily.
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A.4 SYSTEMS HARDWARE

Table A.1 lists system valves and their positions during system
operation. Figure A.3 is a schematic of the mechanical system. Table A.2
lists specifications of the valves, gauges, piping, and controls.
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TABLE A.1. Valves on the ATES System and Valve Positions During Operation

VALVE VALVE
POSITION POSITIQON
VALVE SIZE and MFG. and HEAT HEAT

NUMBER SERVICE TYPE FIGURE # STORAGE RECOVERY

e . = o e B o e T e e e o .

1 6-AW E D-118 o) c
2 6-AW E D-118 c C
3 6-AW E D-118 o c
4 6-AW E D-118 C 0
5 t~AW E D-118 o c
6 E-AW E D-118 c c
7 E-AW E D-118 o C
8 6—AW G CR=-33XU O 8]
g 6-AW E D-118 c c
10 6—-AW FCV G-3478 S0 50
11 6—-AW E b-118 C o
12 6—-AW E D-118 O o
13 6-AW E D-118 C c
14 6-AW SC GR-6300 50 SO
15 6-AW E D-118 c c
16 6-AW E D-118 c c
17 6-AW E D-118 C o
18 6-AW E D-118 o C
13 6—aW E D-118 O cC
20 6-H G CR-33XU c c
21 6-H GV CR-131XU 0 C
22 6-H TCV  S~ET14 SO 50
23 6-H Gv CR-151XxU o -
24 1-B GV P-1503N c NC
25 - TV A-TV S0 SO
26 - 5 Cc~- 50 S0
27 2-C GV  P-2375 o Cc
28 2=C GV P-2375 o C
29 2-C GV P~-2375 o -
30 2-C Gv P=2375 o) c
31 2-C GV P-2375 Q c
32 2-C GV P-2375 o C
33 2-C G GR-3130 c c
34 1-C GV  P-2375 NC NC
35 - 5 C- 50 50
36 - FV A-FV SO 50
37 2-C GV  GR-3270 o C
37 2-AW GY GR-3270 NC NC
37 2-C GV GR-327¢ o NC
38 2-C PRV F=95H 50 50
39 2-C GV GR-3130 C c
40 2=-C GV GR-3270 O C
41 - 3 C- sC S0
42 - FV A-FV 50 S0
43 6-AW E D-118 Cc o
44 6-AW E D-118 o) c
45 6—AW B D-118 c o
46 6-H GV GR-6200 o) c
47 2-C GY GR-3270 o) c
48 6-AW SCOWL CR-~383 S0 5C
49 o~AW SCOWL CR-383 S0 50
50 3/4-AW GV P-2375 NC NC
S1 3/4-AwW GV P-2375 NC NC
52 3/4-AW GvY P-2375 NC NC
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TABLE A.1. ({continued)

VALVE VALVE
POSITION POSITION
VALVE SIZE and MFG. and HEAT HEAT
NUMBER SERVICE TYPE FIGURE # STORAGE RECOVERY
53 3/4-AW GV P-2375 NO NC
54 3/4-AW Gv P-2375 NO NO
55 3/4-AW GV P=-2375 NC NC
56 3/4-AW Gv P-2375 NC NC
57 3/4-AW Gv P-2375 NC NC
58 3/4-AW Gv P-2375, NC NC
P-116
5% 3/4-AW GC P=-2375, NC NO
P-116
60 3/4-AW GC P=-2375 NC NC
61 6-AW E D-118 c c
62 6—AW E D-118 C c
63 c o
NOTE:

Size and Service
# Refers to pipe diameter {in.)
AW - Aquifer Water line
C - Condensate line
H - Steam line

Valve Type.
E - Eccentric
FCV - Flow Control Valve
FV - Flecat Vent
G - Globe
GC - Gate and check valve
used as vacuum breaker.
GV - Gate Valve
PRV - Pressure Reducing Valve
5 - Safety Relief Valve
5C - Swing Check
SCOWL -~ Swing check outside weight
and lever
TCV - Temperature Contrcl Valve
TV - Thermostatic Vent

Valve Manufacturer (MFG.)
A - Armstrong
C - Consoclidated
CR - Crane
D - DeZurick
F - Fisher
G - Griswald
GR -~ Grinnell
P - Powell
5 - Spencer

Valve Positions.
C - Open
C - Closed
NQ - Normally open
NC - Normally Closed
50 - Self Operated
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TABLE A.2. System Equipment
WELL PUMPS A AND B

Pumps

Manufacturer: Peabody Floway Pumps, Inc.
Type: vertical turbine, 8JKM, 25 stages, 6 x 16-1/2 in., 1-1/4 in. line shaft,
& in. column
Fluid: water, temperature from 50°F to 310°F, specific gravity 1 to 0.915
Capacity: 300 gpm at 661 ft TDH., 1760 rpm
Pump bowl: CL 30 C.I.E.
Impeller: enclosed, SAE 40 BRZ
Bearings (bowl): cast iron (a)
Bearings (line shaft): EPDM
Pipe column: Schedule 40 stee]
Pipe column lengths: pump A - 530 ft
pump B - 505 ft
Line shaft: C-1045
Bowl shaft: 416 stainless steel
Shaft packing: JCASB #811

(a) Replaced following failure. Revised design includes:
Bearings {line shaft): bronze, bronze-graphite(a); bronze-1
Line shaft: enclosed, 416 stainless steel
Pipe column Tengths: pump A - 505 ft
pump B - 505 ft

Motors

Manufacturer: Westinghouse
Type: VHS, non-reverse ratchet
Performance: 75 hp at 1760 rpm
Electrical characteristics: pump A - 200/3/60
pump B - 460/3/60
Frame no.: 360 TP
Enclosure: WP-1
Pumps supplied by: New Mech
1608 Como Avenue West
St. Paul, MN 55108

Well pump A - serial no. 81-2064
Well pump B - serial no. 81-2063
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TABLE A.2. (continued)

BOOSTER PUMP

Manufacturer: Weinman Pump, LFE Corp.
Type: horizontal single stage, end suction centrifugal pump 2-1/2 KB
Fluid: water, temperature from 50°F to 310°F, specific gravity 1 to 0.915
Capacity: 300 gpm at 200 ft TOH, 3500 rpm
Casting: cast iron, vertically split
Shaft: C-1045
Impeller: bronze, enclosed, dynamically balanced
Radial bearing: ball, grease lubricated
Thrust bearing: ball, grease lubricated
Casing gasket: asbestos
Gland: bronze, bronze nuts and studs
Shaft sieeve: bronze, renewable
Discharge position: 1
Motor: OQDP, 25 hp at 360D rpm, 200/3/60, 256T frame
Pump and motor mounted on common base. Motor coupled to pump.
Pump supplied by:  New Mech
1608 Como Avenue West
St. Paul, MN 55108

FIXED BED PRECIPITATORS

The fixed bed precipitators were designed and fabricated by the University of
Minnesota. The precipitators are arranged in two banks. Each bank of
precipitators is designed for the rated flow of 300 gpm.

A bank consists of three sets of precipitator vessels operated in paraliel,
Each set is two vessels in series.

A bank has a total of six vessels arranged in three parallel flow streams.
The vessels are each 14 in, in diameter by 6 ft long.

Precipitator fill material is 98% calcium carbonate crushed limestone. The
bed material is replaced based on pressure drop (see Section 2).
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TABLE A.2. (continued)

CONDENSER

Manufacturer: Whitlock Manfacturing Co.
Size: B-C-208

Type: MHTP-2-5-STL

Surface/unit: 368 FF

Total: 1 shell/unit

Surface/shell: 362 FF

Performance Data Shell Side Tube
Fluid circulated 150 psig steam water
Total entering 17,830 1b/hr 300 gpm
Liquid 300 gpm
Steam 17,830 Tb/hr
Steam condensed 17,830 1b/hr
Specific gravity 0.9403
Viscosity 0.0181 CP 0.2327 CP
Specific heat 1.02 Btu/1b
Latent heat vapors 857.2 Btu/1b
Temperature 1in 365.8°F 198°F
Temperature out 365.8°F 305°F
Operating pressure
Number of passes 1 2
Velocity 4.3 ft/sec
Pressure drop 1.4 psig 1.8 psig
Fouling 0.001
Thermal conductivity 0.3944
Heat exchanged - Btu/hr 15,280,000 MTD {corrected) 105°F
Transfer rate - service 402 clean 778
Cesign pressure 200 psig 200 psig
Test pressure 300 psig 300 psig
Design temperature 400°F 300°F

Tubes: carbon steel no. 74 (note: retubed twice, first - stainless tubes;
second - carbon steel) 0.D. 1.00 in., wall thickness 0.065 in.,
length 228 in.
Shell: carbon steel, 0.D. 14 in.
Sheil cover: floating
Channel: carbon steel
Channel cover: carbon steel
Tube sheet: carbon steel stationary; carbon steel floating
Baffles: carbon steel
Tube supports: carbon steel
Gaskets: comp. asbestos; Yiton o-rings
Connections: shell - in 6 in., out 4 in. - 300 1b RF ANSI
channel - in 4 in,, out 4 in. - 150 1b RF ANSI
Corrosion allowance: shell 1/16 in., tube 1/16 in.
Code requirement: TEMA C
Unit design, construction, and stamped, in accordance with ASME Boiler and
Pressure Vessel Code, Section VIII, Unfired Pressure Vessels.
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SUBCOOLER

TABLE A.2. (continued)

Manufacturer: Whitlock Manufacturing Co.

Size: 10-C-174

Type: MHTP-Z2-S-STL
Surface/unit: 167
Total: 1 shell/unit
Surface/shell: 166 FF

Performance Data Shell Side Tube
Fluid circulated condensate water
Total entering 18,740 1b/hr 300 gpm
Liquid 18,740 1b/hr 300 gpm
Steam
Steam condensed
Specific gravity 0.9273 0.9675
Viscosity 0.2036 CP 0.331 CP
Specific heat 1.02 Btu/1b 1 Btu/1b
Latent heat vapors
Temperature in 365.8°F 176°F
Temperature out 185°F 198.5°F
Operating pressure
Number of passes | 2
Velocity 3 ft/sec 7.3 ft/sec
Pressure drop 5 psig 4.4 psig
Fouling 0.001
Thermal conductivity 0.3949 (0.3898
Heat exchanged - Btu/hr 3,278,000 MTD (corrected) B3.1°F
Transfer rate - service 372 clean 651
Design pressure 150 psig 200 psig
Test pressure 225 psig 300 psig
Design temperature 400°F 300°F

Tubes: carbon steel no.

Tength 174 in.

Shell: carbon steel, 0.D. 10.75 in.

Shell cover: floating
Channel: carbon steel

Channel cover: carbon steel

Tube sheet: carbon steel stationary; carbon steel floating

Baffles: carbon steel

Tube supports: carbon steel

Gaskets: comp. asbestos; Viton o-rings

Connections: sheil - in 4 in., out 4 in. - 300 1b RF ANSI
channel - in 4 in., out 4 in. - 300 b RF ANSI

Corrosion allowance: shell 1/16 in., tube 1/16 in.

Code requirement: TEMA C

44, Q.D. 1.00 in,, wall thickness 0.085 in.,

Unit design, construction, and stamped, in accordance with ASME Boiler and
Pressure Vessel Code, Section VIII, Unfired Pressure Vessels.
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TABLE A.2. ({continued)
RADIATOR

Manufacturer: V0SS

Service: water cooler

Model: 9QW-34L-29F

Type: forced

External surface: 28,348 ftZ

Heat exchanger: 20,000,000 Btu/hr

Effective MTD: 106.7°F

External surface transfer rate: 6.50 Btu/hr ft2 °F
Shutters to cover tube area. Manual positioners
Dry weight: 18,700 1b

Tube Side

Fluid: water

Flow: 300 gpm

Temperature: 1in 300°F, out 150°F
Viscosity: 0.25 CP

Allowable pressure drop: 8.0 psig
Design pressure drop: 7.85 psig

Air Side

Air quantity: 893,346 1b/hr
Air quantity/fan: 104,840 ACFM
Pressure drop: 0.416 in. water
Temperature in: B80°F
Temperature out: 171.8°F

Design Parameters

Design pressure: 200 psig
Test pressure: per code
Design temperature: 400°F

Section Construction

Size: 135-8-3435T10-3
No. Bay: 1

1 section

Material: carbon steel

Header Construction

Type: box

Material: carbon steel

No. passes: 4

No. layers: 3

Corrosion allowance: 1/16 in.
ASME "U" stamped
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TABLE A.2. (continued)
RADIATOR (contd)

Tube Construction

Material: carbon steel

0.D.: 1 in.

Wall thickness: 0.065 in.

No./section: 135

Length: 34 ft

Fin: aluminum, 0.D. 2.5 in., 11 per in., 0.018 in. wall thickness

Fan (2)

Type: propeller, two total, 9 ft diameter, four blades, 12.7 hp at 424 rpm,
aluminum construction

Motor (2)
two speed, 1800/900 rpm, TEFC, 15 hp, 220/3/60
PIPING

Steam "H" Line Designation (piping material)

Pipe: 2 in. and under - Schedule 80, carbon steel, ASTM A-53 or A-106
2-1/2 in. and larger - Schedule 40, carbon steel, ASTM A-53 or A-106
Fitting: 2 in. and under - Schedule 80, 3000 1b, socket-welded
2-1/2 in. and larger - Schedule 40, 150 1b, butt-welding type,
LR elbows
Flanges: 150 1b ANSI, 1/16 in. raised face
Gasket: 1/16 in, Chesterton asbestos flat ring ANSI 150 1b design
Bolts: stud type THRD, entire length ASTM A-193-B7 or A-193-2H
Nuts: hex nuts, semi-finish ASTM A-194-2H

Aquifer Water "AW“ Line Designation {piping material)

Pipe: 2 in. and under - Schedule 80, carbon steel, ASTM A-53 or A-106
2-1/2 in. and larger - Schedule 40, carbon steel, ASTM A-53 or A-106
Fitting: 2 in. and under - Schedule 80, 3000 1b, socket-welded
2-1/2 in. and larger - Schedule 40, 150 1b, butt-weiding type,
LR elbows
Flanges: 150 1b flat face
Gasket: soft copper corrugated metallic, ANSI 150 1b design
Bolts: stud type THRD, entire length ASTM A-193-B7 or A-193-2H
Nuts: hex nuts, semi-finish ASTM A-194-2H
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TABLE A.2. (continued)

PIPING {contd)

Condensate "C" Line Designation (piping material)

Pipe: 1/2 in. and larger - Schedule 80, carhon steel, ASTM A-53

Fittings:

screwed fittings, 300 1b malleable iron

VALVES AND CONNECTIONS

Gate Valves

P-2375:

P~1503N:

CR-33xU:

GR-3130:

Powell, 200 1b, threaded ends, bronzed body, stainless steel rings,
rising stem, union bonnet.

Powell, 150 1b, flanged ends, bolted flanged yoke - bonnet, outside
screw, rising stem, cast steel construction, satellite faced seat
rings.

Crane, 300 1b, flanged ends, 0S5 & Y bolted bonnet, carbon steel
body and bonnet, seat and trim - 13% chromium ANSI type 410 stainless
steel to cobalt base alloy. Hard facing.

Grinnell, 300 1b, threaded ends, bronze body, rising stem, union
bonnet, stainless steel seat rings.

Globe Valves

CR-151XU:

GR-3270:

GR-6200:
Checks

CR-333:

GR-6300:
P-116:

Crane, 300 1b, flanged ends, 0S & Y bolted honnet, carbon steel
body and bonnet, seat and trim - 13% chromium ANSI type 410 stainless
steel to cobait bhase alloy. Hard facing.

Grinnell, 300 lb, threaded ends, union bonnet, bronze body and
bonnet, plug and seat ring $-42000 stainless steel hardened.

Grinnell, 125 1b, flanged ends, IBBM, rising stem.

Crane, 125 1b, flanged ends, IBBM, bolted cap, swing outside lever
and weight.

Grinnell, 125 1b, flanged ends, IBBM swing check.

Powell, 200 1b, threaded ends, bronze construction, horizontal 1ift
check, union cap.
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TABLE A.2. (continued)
VALVES AND CONNECTIONS (contd)

PRY (Pressure Reducing Valves)

F-Q5H: Fisher, Model 95H self-contained pressure reducing valve, threaded
ends, cast iron body, stainless steel diaphragm, service - water at
220°F maximum, 150 psig, reduced to 15 psig.

This valve reduces condensate from the subcooler to 15 psig bhefore
discharging to the plant return system.

Plug Valves

D-118: DeZurick, series 100, eccentric plug, Figure 118, flanged ends,
cast iron body and plug, Viton plug face, Buna packing nickel seats.
0600, Figure 118, F, 6, RS48, ANG.

Flow Control Valve (FCV)

G-3478:  Griswald Model #3478, 300 1b, flanged ends, ductile iron body, 500
psi/40D°F rating, ANSI type 300 series passivated stainless steel
internal parts, 8 to 128 psig pressure drop range, set flow rate
300 gpm.

Temperature Control Valve {(TCV)

This valve controls temperature of heated water leaving the heat exchangers.
A temperature sensing bulb is Tocated in the aquifer water discharge from the
condenser. The bulb is connected by capillary to a valve that controls steam
to the condenser. Description of this valve is as follows:

S-ET14:  Spence, temperature regulator, single seat of hardened stainless
steel, packless construction, actuated by a metal diaphragm, self-
operated by capillary and bulb, iron body, 250 1b flanged ends.
Service to regulate steam at 150 psig saturated to maintain
temperature setpoint.

Thermostat style: 700 with range 150 to 300°F
Bulb material: bronze

Flexible tubing length: 15 ft

Capiliary tubing material: copper
Thermostatic well no. 728, bronze
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TABLE A.2. (continued)
VALVES AND CONNECTIONS contd

Vent, Thermostatic Valve (TV)

A-TV: Armstrong Machine Works, Model TTF-1, stainless steel body, threaded
ends, straight through flow, beryllium - copper encased in stainless
steel thermostatic element, valve and seats of stainless steel.

Service: water, 150 psig, 220°F
Differential pressure: approximately 140 psig.

Vent, Float Valve (FV)

A-FV: Armstrong Machine Works, Automatic Air Vent Model 1AV, cast iron
body and cap, compressed asbestos gasket, stainless steel float and
leverage, bottom inlet, 250 psi at 450°F rating.

Steam Traps {TR-1, -2 and -3) ({removes condensate from the condenser)

2 in.: Armstrong Machine Works, flcat and thermostat Model 175-J8, cast
iron construction, stainless steel with heat-treated chrome steel
valve and seat float mechanism, stainless steel and brass with
beryliium copper bellow air vent encased in stainless steel.
Service: condensate, 150 psig, 400°F

Strainers

2 in.: Armstrong Machine Works, "Y' pattern, 150 1b cast iron body, screwed
ends, stainless steel screen with 0.045-in. perforations, stainless
steel clad asbestos gasket.
Service: water, 150 psig, 400°F.

Flexible Connections

Flexible connections - Flexonics, 150 Tb plate flanged ends of carbon steel,
hose and braid of stainless steel, style 401M, 16-in. averall length, 305°F,
200 psig operation, 1/2 in. lateral movement.

INSULATION

Steam and Water Piping

Johns Manville "Micro Lok 650", 3-in. thick fiberglass insulation, type AP
for indoor service, type ML aluminum cover (0.01 in. wall thickness) for
outdoor service.
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TABLE A.2. {continued)
INSULATION {contd)

Heat Exchangers

Johns Manville "Micro Lok 650", 4-in. thick fiberglass insulation, type ML
aluminum cover (0.01 in., wall thickness).

Condensate Piping

Johns Manville "Micro Lok 650", 2-in. thick fiberglass insulation, type AP
for indoor service, type ML aluminum cover (0.01 in. wall thickness) for
outdoor service.

Fittings, Valve Bodies and Flanges

4 in., and smaller - insulate with mineral fiber cement to thickness of adjacent
pipe insulation.

5 in. and larger - insulate with pre-molded fittings. All fittings located
outdoors - aluminum cover (0.0l in. wall thickness).

Protection Sleeves

Etcen Figure 218 at all pipe supports.
GAUGES, SENSORS, RECORDERS

Temperature Gauges

Manufactured by Tel-Tru Manufacturing Co., Model BC-550R, 5-in. diameter head,
bottom outlet connection, dial type, rigid stem, bi-metallic helix coil
actuated, rustproof, dustproof and hermetically sealed case. 316 stainless
steel separable socket.

Temperature
Gauge Number Range, °F Fluid Location
TI-1 100 to 400 Aquifer water Condenser outlet
TI-2 100 to 400 Aquifer water Condenser inlet
TI-3 30 to 240 Condensate Subcooler inlet
TI-4 30 to 240 Condensate Subcooler outlet
TI-5 100 to 400 Aquifer water  Booster pump discharge
TI-6 100 to 400 Aquifer water HWell A inlet-outlet
TI-7 30 to 240 Aquifer water Well B inlet-outlet {at Site A)
TI1-8 30 to 240 Aquifer water HWell B inlet-outlet
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TABLE A.2. (continued)
GAUGES, RECORDERS, SENSQRS

Pressure Gauges

U.S. Gauge Division “Solfront" Model 1901T, cast aluminum, back flanged case
and snap-lock, bayonet ring, black finish, stainless steel pressure relieving
back, borden tube and connection - phas. bronze, brass. Lever handle cocks
for isolation. Steam lines have coil syphons.

Pressure
Gauge Number  Range, psig Fluid Location
PI-1 0 to 300 Steam Condenser inlet
PI-2 0 to 300 Aguifer water Condenser outlet
P1-3 0 to 300 Aquifer water Condenser inlet
Pi-4 0 to 300 Aquifer water Booster pump discharge
P1-5 0 to 300 Aquifer water Well A inlet-outlet
PI-6 0 to 300 Aquifer water Well B inlet-outlet (at Site A)
P1-7 0 to 300 Condensate Condenser outlet
P1-8 0 to 300 Condensate Subcooler inlet
PI-9 0 to 300 Condensate Subcooler outlet
PI-10 0 to 60 Condensate PRV outlet
PI-11 0 to 300 Aquifer water Well B inlet-outiet

Resistance Thermal Devices (RTD)

Rosemount Model 78F, three-wire design, platinum resistance type, 100 ohms
+0.1 ohms at 0°C, element housed in 316 stainless steel sheath, 316 stainless
steel protective well for insertion into lines,

RTD Number Range, °F Fluid Location
RTD-1 0 to 400 Aquifer water Condenser inlet
RTD-2 0 to 400 Condensate Subcooler inlet
RTD-3 0 to 400 Condensate Subcooler outlet
RTD-4 0 to 40D Aquifer water Well A inlet-outlet
RTD-5 0 to 300 Agquifer water Well B inlet-outlet (at Site A)

Flow Measuring Devices

Fiow Transmitter

Rosemount Model 1151, two wire, 4 to 20 ma output with integral equalizing
and sguare root extractor, forced balance, plug-in circuit board, explosion

proof, accuracy 20.25% calibrated span, 20.25% of upper range, three-way valve
manifold with blow down.

Flow Transmitter Range Fluid Location
FT-1 0 to 40,000 1b/hr  Steam Condenser inlet
FT-2 0 to 400 gpm Aquifer water Booster pump discharge
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TABLE A.2. (continued)

GAUGES, SENSORS, RECORDER (contd)

Flow Measuring Devices (cantd)

Flow Element

304 stainless steel concentric, paddle type orifice plates, installed in
6-in. diameter Schedule 40 steel pipe, 300 1b weld neck orifice flanges with
flange taps.

Plate  Average Flow Fluid AP Range Bore

FT-1 23,000 1b/hr Steam 150 in. H20 4.074 in.

FT-2 280 gpm Aquifer water 50 in. H20 3.889 in.
Recorders

Leeds and Northrup - Speedomax 250 series multipoint strip chart recorder,
split chart - one side receiving 100 ohm platinum RTD range of 4 to 40 to
350°F, inputs three-wire directly to recorder, five RTDs; second side - two
ranges, 0 to 30 ft and 0 to 400 gpm, input 4 to 20 ma using a 10 ohm precision
dropping resistor. Recorder has three chart speeds: 1, 6, 12 in. per hour;
all scales direct read; adjustable print rate from 1 sec. to 180 sec. per
point; full-scale response less than 1 sec.; six digit non reset totalizer

for steam and aquifer water flow.

Point Fluid Range Location
FT-1 Steam 0 to 40,000 1b/hr Condenser inlet

FT-2 Aguifer water 0 to 400 gpm Booster pump discharge
DPT-1 Aquifer water 0 to 30 ft Condenser

OPT-2 Aquifer water 0 to 30 ft Subcooler

OPT-3 Aquifer water 0 to 30 ft Radiator

RTD-1 Aquifer water 0 to 400°F Condenser inlet

RTD-2 Condensate 0 to 400°F Subcooler inlet

RTD-3 Condensate 0 to 400°F Subcooler outlet

RTD-4 Aguifer water 0 to 400°F Well A inlet-outlet
RTD-5 Aquifer water 0 to 400°F Well B inlet-outlet (at Site A)

ALARMS

Alarms with horn are part of strip chart recorder, alarms have acknowledge
and test pushbuttoms with indicator Tamp.

Point Fluid Range Setpoint Flow Location
FA-1 Aguifer water 0 to 300 gpm FT-2
HTA-1  Aquifer water 300 to 350°F RTD-4
HTA-2  Aquifer water 180 to 212°F RTO-5
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APPENDIX B

NATURAL ENVIRONMENTS: SITE DESCRIPTION

The biological communities that encompass and surround the two ATES
facility sites are typically urban. The fenced-off area at site B and the
area around the piping and heat exchangers at site A is barren of plant and
animal Tife, while the adjacent grounds are landscaped. Vegetation consists
of well kept coniferous and deciduous trees. Animal life is limited to a few
grey squirrels, cottontail rabbits, thirteen-lined ground squirrels, and

various songbirds.

B.1 FIELD SITE A

Site A, located on the northwest corner of the intersection of Gortner and
Fitch Avenues, covers an area approximateiy 200 ft by 115 ft. A cyclone fence
surrcunds this area with a driveway entrance from the east side, from Gortner
Avenue. MWithin the confines of the fence, the majority of the ground is
covered with crushed rock, gravel, or sand. Grass lawn is limited to the
southeast quarter of the site. Scattered weeds make up the limited ground
vegetation on the remaining three-quarters of this site. The most common of
these include smartweek (Polygonem sp.), Tamb's quarters (Chenopodium album)
and foxtail (Alopecurus sp.). The only other significant plant on the site
itself is a single mature silver maple tree (Acer saccharinum) Jocated in the

southeast corner,

Surrounding the site proper, but within 50 ft of the fence, the grounds
are neatly landscaped. This is especially true for the east and north sides
of the site. On the east side, between the fence and Gortner Avenue, the lawn
is well kept and scattered with mature hackberry (Celtis occidentalis) trees.

To the north, one row of arbor vitae (Thuja sp.) and three rows of gooseberries
(Ribes sp.) border approximately two-thirds of the fence. A number of
hackberry trees and one mature basswood (Tilia americana) tree can also be

found. The grass lawn is quite lush. To the west of the fence, however, the
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lawn is spotty and scalped in spots. Dandelions (Taraxacum officinale)

predominate. Seven hackberry trees can also be found here. Between the fence
and Fitch Avenue, south side, there exists a sparse lawn infested with
quackgrass (Agropyron repens). There is but one tree on this side, a Kentucky

coffeetree (Gymnocladus diocia}. See Figure B.l for illustration of site A.

B.2 FIELD SITE B

Site B, at the northwest corner of Gortner and Commonwealth Avenues,
occupies a much smaller area than site A. The portion of this site that is
actually fenced-off is approximately 40 ft by 50 ft. A crushed rock driveway
accesses the site from Commonwealth, the north end of which is widened to
accommodate two wells. The fenced area contains an electric power panel,
pump B, and some steel piping. No plants or animals (other than insects) are
found at this location.

Neighboring site B is the Veterinary Science building to the northwest;
well maintained lawn to the north, east, and west; and a perimeter of young
coniferous and deciduous trees bordering Gortner and Commonwealth Avenues.
These trees are planted, well spaced, in single rows and include Colorado
blue spruce (Picea purgens), sugar maple (Acer saccarum), silver maple (Acer
saccharinum}, and hackberry (Celtis occidentalis). See Figure B.2 for details.

B.3 ATES CONSTRUCTION AND OPERATION IMPACTS

The construction and operation impacts to the biological communities at
the ATES sites are minimal. The construction phase brought a significant
amount of traffic to the site disrupting the landscaped surface that had been
there. The piping, trailer well heads, and the fences are visible from the
greatest distances. The characters of the sites were changed from what had
been open and park-like. Sod was removed and a limited amount of tree removal
occurred. (It should be noted that all the trees on and around field sites
A and B were either long ago or recently planted there by the University, and
in many cases are not native species.) Crushed rock, gravel, and sand replaced
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APPENDIX D

CHEMICAL ANALYSES OF GROUND WATER SAMPLES COLLECTED AT
THE ATES FIELD TEST FACILITY

Many tables of water analyses are included in Appendix D. Ionic changes
have been omitted on all tables, e.g. sulfate is symbolized by S04 rather than
S042-. Samples taken during the preliminary pumping are in Table D.1. Samples
collected during the initial heated-water injection attempt are in Table D.2.
Tables D.3 through D.6 and D.8 through D.11 present the analyses of samples
taken during the short-term cycles. Tables D.7 and D.12 present trace metal
concentrations in samples analysed by ICP. Monitoring well sample analyses are
presented in Tables D.13 to D.18.

On the tables, uM stands for micromoles per liter; mM stands for
millimoles per liter; mg/L stands for milligrams per liter; and umho cm-1
stands for micromoles per centimeter. ND is not detected. Dashes indicate
that no analysis was made on that sample.
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TABLE D.1. Chemical Analyses of Water Samples Collected During Pumping Test and Cold Water
Injection (April-May 1982)

Date (1982) 4/27 4/29 4/30 5/2 5/3 5/4 5/5
pH 7.44 7.55 7.56 7.46 7.45 7.43 7.46
Eh (mv) . - - - - - +111 +128
SC {umho cm™ ") 331 319 328 372 352 341 343
DO (mg/L) - - - - 0.2 0.5 0.35
NH3 (mg/L) - ND ND - ND NO ND
Alkalinity (mM) 4.90 4.90 4.86 4.87 4.88 4.89 4.93
S04 (uM) 96.4 129. - 100. - 94.5 83.9
C1 (uM) 21.8 27.4 - 26.2 - 25.4 24.8
F(uM) 13.7 13.7 - 13.7 - 13.7 13.7
NO3 {(uM) ND ND - ND - NO NO
Ca (mM) 1.58 1.69 - 1.19 - 1.56 -
Mg (mM) 0.83(F,U) 0.87(F,u) - 0.87 - 0.88(F) 0.89(F)
0.90(U) 0.93(U)
Na (mM) 0.24(F,U) 0.25(F,u) - 0.24 - 0.26 0.27(F,U)
K (mM) 0.13(F,U) 0.13(UL) - D.69 - 0.7(F,0) 0.69(F)
0.14(F) 0.70(U)
Fe (uM) 12.8(U) 14.3(v) - 25.6 - 18.8(F,U) 17.7(F)
10.5(F) 23.3(U)
Si02 (uM) - 123 - 122 - - 122
Hardness (mM}) 2.41 2.56 - 2.06 - 2.44 -
TDS (mg/L) - 233.8 - 246.1 - - 236.9
0&G (mg/L) - - - - - ND -
Legend: (U) = unfiltered, (F) = filtered, SC = specific conductance, DO = dissolved oxygen,

T0S = total dissolved solids, 0&G = oil and grease, uM = micromo}es per liter,
mM = millimoles per liter, mg/L = milligrams per liter, umho cm ° = micromoles per
centimeter, ND = not detected, - indicates no analysis was made on that sample.
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TABLE D.1. ({continued)

Date (1982) 5/6 5/7 5/8 5/9

pH 7.47 7.48 7.49 7.47

Eh (mv) +106 - +108 +118

SC (umho cm™') 320 330 349 345

00 (mg/L) 0.35 0.5 0.6 -

NH3 (mg/L) ND ND ND ND

Alkalinity (mM) 4.81 4.84 4.63 4.61

S04 (uM) - - 62.4 -

€1 (uM) - - 26.0 -

Fo(uM) - - 14.2 -

NO3 (uM) - - ND -

Ca (mM) - - 1.51 1.69

Mg (mM) - - 0.84(F) 0.69

0.80(U)

Na {(mM) - - 0.30(F,u) -

K (mM) - - 0.71(F,U) 0.69(F)
0.70(U)

Fe (uM) - - ND 17.3(F)
23.3(yY)

Si02 (uM) - - 122 -

Hardness (mM) - - 2.35 2.38

TDS (mg/L) - - 239.4 -

0&G (mg/L) - - - -

Legend: (U) = unfiltered, (F) = filtered, SC = specific conductance, DO = dissolved oxygen,

it

TDS = total dissolved solids, 08G = oi) and grease, uM = micromgles per liter,
mM = millimoles per liter, mg/L = milligrams per 1iter, umho cm ° = micromoles per
centimeter, ND = not detected, - indicates no analysis was made on that sample.
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TABLE D.2. Chemical Analyses of Water Samples Coliected During Initial
Heated Water Injection Test

Date (1982) 5/15 5/16 5/17 5/18 5/19
pH 7.46 7.45 7.25(2)  7.29(2) 7 3p(0)
Eh (mv) +108 +107 - - -
SC (umho cm™ ) 352 338 515(2) 517030 gigf®)
DO (mg/L) 0.6 0.1 0.3 0.2 0.2
NH3 (mg/L) ND ND ND ND ND
Alkalinity (mM) 4.63 4.53 4.24 4.34 -
S04 {uM) 52.8 - 48.8 48.4 47.6
C1 (uM) 37.8 - 20.6 19.5 25.2
F (uM) 11.9 - 11.6 11.7 11.7
NO3 (uM) 1.3 - ND ND ND
Ca (mM) 1.37 1.35 1.22 1.20 1.20
Mg (mM) 0.81 0.80 0.77 0.76 0.75
Na (mM) 0.21 - 0.18 - 0.22
K {mM) 0.014 0.014 0.014 0.014 0.014
Mn (uM) ND ND ND ND ND
Fe (uM) 15.5 15.5 0.77 0.77 0.77
$i07 (uM) 104 105 104 106 106
Hardness (mM) 2.11 2.11 1.98 1.96 1.96
TS (mg/L) 216.2 225.1 174.2 213.0 219.0
038G (mg/L) ND ND 97.6 96.0 100.3

(a) measured at 40°C

Legend: SC = specific conductance, DO = dissolved oxygen, TDS = total dissolved solids,
0&G = oil and grease, uM = micromoles per Titer, mM = millimoles per liter,
mg/L = milligrams per liter umho cm ~ = micromoles per centimeter, ND = naot
detected, - indicates no analysis was made on that sample.
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TABLE 0.3.

Date (1982) 11/16
Sample Point(*) H
Time 1600
pH 7.17
sgled (umho cm™ ') -
DO (mg/L) -
NH3 (mg/L) -
Alkalinity {(mM) 4.15
504 (uM) 87.0
C)1 {uM) 23.1
F (uM) 15.3
NO3 (uM) ND
Ca (mM) 1.06
Mg (mM) 0.78
Na (mM) 0.19
K {mM) 0.18
Fe {uM) 5.6
Mn (uM) 0.30
Fe(I1)¢4) (uM)  1.88
Fe Total {uM) -
S102 (uM) -
Hardqeis (M) 1.82
vol.'®’ Ca (mM) 1.12
TDS (mg/L) 164.3
{a} H = heat exchanger effluent, W =

water.
{b) Duplicate samples.

(c} Specific conductance.

(d) Col.
{e) Vol.
lLegend:

Colorimetric, 1,10 phenanthraline.
Yolumetric, EDTA titration.
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1.
0.

30

W
0850

7.00
359
0.05
0.1

3.50
51.7
21.4
14.7
NO

0.87
0.81
0.24
0.18
3.1

0.20

2.43
1.57

124
1.58
0.90
182.2

11/19

0940

7.

oo [ N O]

oo

bt

18

A2
.78
.25
.13
.16

.30
.32

.80
.17

Chemical Analyses of Water Samples Collected During Injection - Cycle 1

11/19 11/23

W W
2045 1600
7.00 7.05

- 357
0.2 0.1
0.1 0.1
3.50 3.40

- 61.7

- 20.6

- 13.1

- 1.13
0.87 0.82
0.78 0.78
0.24 0.24
0.20 0.18
1.9 3.7
0.19 0.16
1.50 3.85
1.21 3.99

- 123

- 1.52
165.3 169.4

3.40
61.7
2t.7
12.6
0.83

.81
g2
.24
.19
.9

.15

ORODOOOD

.24
.27

wnan

124
1.562

85.6

reactor effluent--injection water, U = heat exchanger influent--source

Samples were cooled to 25°C +2°C before measurement of SC.
measured to nearest 0.1°C and recorded along with 5C.

Temperature was

DO = dissolved oxygen, TDS = total dissolved solids, uM = micromoles per liter, wM = millimoles
per Titer, mg/L = milligrams per liter, umho cm
- indicates no analysis was made on that sample.

= micromoles per centimeter, ND = not detected,
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TABLE D.3. (continued)

Date (1982} 11/24 11/24 11/24 11/30 11/30 12/1 12/1 12/2 12/3 12/3
Sample point(*) U H W H W H W W H W
Time 0920 1120 1015 1700 1730 1015 0930 2130 1100 0930
pH . - 7.21 7.05 - 7.00 7.16 7.01 7.00 7.20 7.02
s¢{¢) (umho cmt) - - 361 - 395 - 354 348 - 360
00 (mg/L) - - 0.1 - (.05 - 0.05 - - .05
NH3 (mg/L} - - 0.1 - 0.1 - 0.1 - - 0.1
Alkalinity (mM) 4.51 4.02 3.52 4.17 3.81 3.96 3.55 3.32 4.04 3.56
S04 (uM) 48.83 - 48.83 - - 47.58  48.83 - - 46.20
C1 (uM) 21.15 - 21.15 - - 22.84 25.10 - - 21.00
F(uM) 14.73 - 13.68 - - 15.78 12.62 - - 14.73
NO3 (uM) NO - 2.86 . - NO NO - - ND
Ca (mM) 1.39 1.12 0.90 1.19 0.98 1.10 0.82 0.79 1.13 0.86
Mg (mM) 0.74 .70 0.77 0.79 0.78 .75 0.74 0.72 0.73 .74
Na (mM) 0.27 - 0.24 - 0.22 0.24 0.23 0.24 - (.24
K (mM) 0.20 - 0.19 - .19 - .17 0.093 - 0.17
Fe (uM) 15.5 0.98 5.1 5.3 7.1 0.69 3.0 2.8 0.38 1.1
Mn (uM) 0.31 0.18 0.31 0.27 0.16 0.20 0.22 (.15 0.18 0.21
Fe(1D) 4 (uM)  13.99 0.39 2.10 0.05 6.40 0.05 1.58 0.88 0.02 1.06
Fe Total (uM) 14.19 0.48 2.63 0.17 6.87 0.25 1.84 1.23 .11 1.19
S0y (uM) 124 - 127 - - 127 127 - - 126
HardTe§S (mM) 2.09 1.88 1.60 1.96 1.74 1.82 1.60 1.53 1.89 i.64
vol.'®’ Ca (mM) 1.41 1.22 0.97 1.19 - 1.22 0.88 0.84 1.14 1.01
T0S (mg/L) 235 - 177 - 196 185 - 176 - 177
{a) H = heat exchanger effluent, W = reactor effluent--injection water, U = heat exchanger influent--source
water,

{b) Duplicate samples.
{c) Specific conductance. Samples were cooled to 25°C 22°C hefore measurement of SC. Temperature was
measured to nearest 0.1°C and recorded along with SC.

(d) Col. Colorimetric, 1,10 phenanthroline.

(e) vol. Volumetric, EDTA titration.

Legend: 00 = dissolved oxygen, TDS = total dissolved solids, uM = micromoles per liter, mM = millimoles
per liter, mg/L = milligrams per liter, umho em™’ = micromoles per centimeter, ND = not detected,
- indicates no analysis was made on that sample.
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TASLE 0.4.

Date (1982)
Time

pH
SC (umho cm™ ')

D0 (mg/L)
NH3 (mg/L)

Alkalinity (mM)
S04 (uM)

C1 {uM)

Fo(uM)

NO3 (uM)

Ca (mM)
Mg {mM)
Na (mM)
K (mM)

Fe (uM)
Mn (uM)

Fe(I1} {uM)
Fe Total (uM)

Si02 (uM)
Hardness {mM)
DS (mg/L)

12/14
1450

4.03
73.9
96.7
12.1
1.62

251

{a) DupTicate samples.

Legend:

12/144) 12/16

75.1
12.1

251
213

1650

7.06
415

4.13
79.5
90.5
13.2
NO

.15
.79
.25
.20

.9
.33

oo OO —

4.44
6.36

251
1.92

12/16%* 12/17

od el

oo O o —

1945

6.95

368
0.1

12/18
1120

6.93
388

12/19
1205

6.95
362

3.82
65.1
35.3
16.3
NO

.03
.68
.23
.24
.6

.20

[ L o o s ]

.96
.96

o

310
1.70
210

12/20

0930

6.98
404

3.91
70.1
32.7
16.3
NO

1.09
0.67
.23
.24
.9

.21
.93
.93

oo oocho o

276
1.76
207

SC = specific conductance, DO = dissolved oxygen, TDS = total dissolved sol
per liter, aM = millimoles per liter, mg/L = milligrams per liter, umho cm

Chemical Analyses of Water Samples Collected During Heat Recovery - Cycle 1

12/20(b) 12/21

centimeter, ND = not detected, - indicates no analysis was made on that sample.

0935
7.02

34.9
0.20
31.22
31.45

229
1.86
213

s, uM = micromoles
= micromoles per

12/22

1055

7.07
407

4.19
81.4
26.5
17.9
ND

1.21
0.69
0.22
0.22
31.6
0.22
26.00
26.45

194
1.94
221
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TABLE D.5. Chemical Analyses of Water Samples Collected During Injection - Cycle 2

Date (1983) 5/9 §/10  5/10  5/11  §/11  5/11 5/12  5/12  5/12  5/12  5/12
Sample Point(®} W U W W H U W W H I W
Time 2005 0950 1035 1730 1850 1930 0945 0945 1115 1200 1355
pH 6.67 7.15 6.78  6.63  6.6] - 6.68 - 6.81 7.11 -
pH T (°C) 8D 20 78 90 70 - 85 - 88 23 -
SC {umho cm’ ') 361 10 357 321 380 454 274 - 419 438 364
SC T (°C) 23.6 20,2 22.3 25.0 25.5 25.2 24.2 - 24.0 23.4  23.7
Alkalinity (mM)  3.42  4.73 3.41  3.04 3.66 4.78 3.65 3.63 4.10 4.66  3.63
S04 (uM) 87.3 - g5.7  87.3 - - 84.8  B4.8 - - 84.8
Cl (uM) 21.4 - 23.4  61.2 - - 37.5  36.4 - - 36.7
F {uM) 13.2 - 12.4  13.2 - - 13.2  13.2 - - 13.7
NO3 {uM) ND - ND ND - - ND ND - - ND
Ca (mM) 0.772 1.505 0.900 ©0.634 0.931 1.463  0.906 0.911 1.167 1.428 0.911
Mg (mM) 0.754 0.767 ©0.775 ©0.771 0.779 0.771  0.763 0.766 0.760 0.752 0.756
Na (mM) 0.198 0.202 0.202 0.212 0.209 0.215 0.220 0.218 0.225 0.220 0.217
K (mM) _ 0.181 0.185 D.186 0.189 0.189 0.191  0.195 0.194 0.194 0.195 0.194
Mn {uM) 0.57 . 0.64  0.53 - - 0.54  0.57 - - 0.31
Fe(11) (uM) 31.5 50.9 37.2 18.9 7.6 37.0 17.5 21.4 9.1 55.4 6.5
Fe Total (uM) 32.1 50.4 37,9 18.9 7.6 36.4 17.4  21.9 9.0 54.5 6.6
Si02 (uM) 131 - 137 154 - - 165 167 - - 169
Hardness (mM) 1.55 2.25 1.69 1.40 - 2.23 1.65 1.67 - - 1.66
DS (mg/L) 170 224 177 147 - - 194 191 - - -
Q&G (mg/L) - - - ND - - - - - - -

Ta) W = heat exchanger effluent, W = reactor effluent--injection water, U = heat exchanger infiuent--source

water,
Legend: SC = specific conductance, TDS = total dissolved solids, 0&G = oil and grease, uM = micromoles per
Titer, mM = millimoles per Jiter, mg/L = milligrams per liter, umho cm * = micromoles per centimeter,

ND = not detected, - indicates no analysis was made on that sample.
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TABLE D.5. (continued)

Date (1983) 5/13 5/13 5/13 5/14 5/14 5/14 5/15 5/15 5/16

Sample Point(?) W H ] W H U W H W

Time 1820 2000 1945 1225 1154 1115 1100 1200 1830

pH 6.81 6.65 7.10 6.79 6.84 7.03 6.74 6.79 6.62

pH T (°C) 95 87 23 89 88 23 85 80 92

SC {umho cm™ ') 316 36?2 425 340 361 366 358 396 275

SC T {°C) 24.0 24.2 22.0 20.0 19.4 18.5 24.0 24.6 19.7

Alkalinity {mM) 3.00 3.54 4.46 3.46 3.98 4.46 3.56 4.02 2.98

SOG4 (uM) 83.57 - - 81.38 - - 72.93 - 72.93

C1 (uM) 51.32 - - 47.09 - - 38.78 - 60.63

F {uM) 13.15 - - 14.20 - - 13.68 - 12.62

NO3 (uM) 0.0 - - 0.0 - - 0.0 - 0.0

Ca (mM} 0.660 0.888 1.362 0.880 1,099 1.339 0.859 1.099 0.608

Mg (mM) 0.752 0.740 0.740 0.725 0.725 0.721 0.709 0.705 0.706

Na (mM) 0.227 0.228 D.232 0.230 0.233 0.231 0.235 0.236 0.236

K {mM) 0.201 0.201 0.205 0.201 0.207 0.207 0.207 0.209 0.209

Mn {uM) 0.50 - - 0.64 - - 0.58 - 0.63

Fe(II) (uM) 7.7 - - 28.9 5.9 - 27.7 6.6 20.6

Fe Total (uM) 7.9 - - 29.1 6.7 - 18.7 6.8 196.4

Si02 (uM) 182 - - 189 - - 197 - -

Hardness {mM) 1.40 - - 1.60 - - 1.57 - 1.31

TDS (mg/L) - - - 201 - - 201 - 178

08G {mg/L) - - - ND - - - - -

{a) H = heat exchanger effluent, W = reactor effluent--injection water, U = heat exchanger influent--source
water.

Legend: SC = specific conductance, TDS = total dissolved solids, 08G = oil and grease, uM = micromoles

per liter, mM = millimoles per titer, mg/L = miiligrams per liter, umho cm ° = micromoles per

centimeter, ND = not detected, - indicates no analysis was made on that sample.
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Date (1983) 5/16
Sample Point®) H
Time 1920
pH 6.82
pH T (°C) g3

SC (umho cm™') 318
SC T (°C) 20.8
Alkalinity (mM) 3.32
S0q (uM) -
¢ (umM) -

F {uM) -
K03 (uM) -
Ca (mM) 0.775
Mg {mM) 0.705
Na {(mM) 0.236
K (mM) D.211
Mn {uM) -

Fe(11) {uM)
Fe Total (uM)

P =
L =}

Si02 (uM)

Hardness {mM)
DS (mg/L) -
086 (mg/L) -

5/17
W
1200

b.64
a7
402
25.0
3.42
67.97
37.06
13.76
NO

0.874
0.709
0.241
0.208
0.45

13.8
14.0

192
1.59
212.5
0.55

TABLE D.5.
5/17 5/18

H H
1300 0745
6.74 6.80
84 86
444 330
27.2 22.7
3.89 3.58

- 64.79

- 36.94

- 14.20

- NO
1.078 0.900
0.705 0.717
0.240 0.240
0.211  0.210

- 0.52
6.6 16.3
7.0 7.0

- 192

- 1.59

208.2

(continued)

5/18
u
2100

.297
.698
.244
.208

- e e ]

5/18
H
2120

6.73
94
354
26.0
3.48

.848
.698
.241

e Qe I o o

U o
o

5/18
W
2045

6.71
94
298
23.5
3.20
64.79
38.92
13.68
NO

0.707
0.717
0.245
0.210
0.38

15.0
15.8

192
1.38
181.3

5/19
1140

427
24.9
4,36
62.01
35.53
13.62

1.308
0.709
0.246
0.207

5/19
1120
6.79

414
26.6
3.91
62.01
35.53
13.89
NO

1.083
0.705
0.257
0.206
0.40
3.7
3.9
1.77
ND

5/19
W
1100

6.68
85
358
24.5
3.68
62.01
36.52
14.41
NO

0.869
0.705
0.249
0.205
0.49

9.6
9.6
188

1.58
202.9

(a) H = heat exchanger effluent, W = reactor effluent--injection water, U = heat exchanger influent--source

water.

Legend: SC = specific conductance, TDS = total dissclved solids, 0&G = o0il and grea
per liter, mM = millimoles per liter, mg/L = milligrams per liter, umho cm”

fe.

centimeter, NO = not detected, - indicates no analysis was made on that sample.

uM = micromoles
= micromoles per
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TABLE D.6. Chemical Analyses of Water Samples Collected During Heat Recovery - Cycle 2

Date (1983) 8/18 8/19 8/20 8/20 8/21  8/22 8/23 g/23¢?)
Time X 1844 1001 1202 1204 1256 0844 0839 0842
Temp. (°C)®)  54.4 67.5 65.4 - 60.2  55.5 51.1 -

pH 6.96 6.78 6.75 - 6.76  6.79 6.81 -
pH T (°C) 52 63 62 - 57 54 50 -
SC (umho cm™!) 476 399 380 - 393 399 396 -
SC T (°C) 26.1 24.0 23.5 - 24.6  23.8 22.6 -
Alkalinity (mM) 4.34 3.82 3.70 3.78 3.78  3.78 3.89 3.84
S04 (uM) 93.3 79.8 81.8 81.8 83.9  83.9 84.9 86.0
C1 (uM) 346,0, 128.0  89.5 87.5 70.8  60.2 50.2 51.5
F(uM) ) 137 15.6 15.9 15.4  15.6 15.9 15.9
NO3 (uM) ND ND ND ND ND NO ND ND
Ca (mM) 1.21 1.03 1.01 1.01 1.05  1.06 1.07 1.08
Mg {mM) 0.969 0.733  0.738  0.738 0.738 0.758  0.730  0.738
Na (mM) 0.332  0.277  0.265 0.277 0.248 0.243  0.234  0.234
K (mM) 0.218 0.286  0.276  0.272  0.262 0.253  0.246  0.246
Mn (uM) 0.65 0.44 0.39 0.38 0.42  0.45 0.42 -
Fe(11) (uM) 16.9 23.4 25.4 25.1 24.2  25.4 25.2 25.7
Fe Total (uM)  17.1 23.7 25.4 25.3 25.5  25.3 25.3 25.5
Si02 (uM) 323 488 417 418 368 330 299 300
Hardness (mM) 2.15 1.74 1.72 1.72 1.74 1.77 1.81 1.79

DS (mg/L) 254.0  231.0 231.0 216.0  228.0 210.0 215.0  222.0

{a) Duplicate sample,

(b) Temperature of water withdrawn from well.

{c) Fluoride interference.

Legend: SC = specific conductance, TDS = total dissolved solids, uM = micromoles
per liter, mM = millimoles per liter, mg/L = milligrams per liter,
umho cm™’ = micromoles per centimeter, NO = not detected, - indicates no
analysis was made on that sample.
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TABLE D.6. (continued)

Date (1983) 8/24 8/24¢*) /25 8/26
Time 0901 0905 0906 0900
Temp. (°C)®)  436.9 - 43.0 39.4
pH 6.86 - 6.89 6.93
pH T (°C) 47 - 41 39

SC (umho cm™!) 401 - 403 424
SC T (°C) 24.2 - 24.0 23.8
Alkalinity (mM) 3.90 - 3.97 4.01
S04 (uM) 88.0 - 91.1 96.2
€1 (uM) 43.8 - 39.9 35.4
F (uM) 16.1 - 17.8 -
NO3 (uM) ND - ND ND
Ca (mM) 1.13 1.15 1.17 1.20
Mg (mM) 0.738  0.757 0.753  0.769
Na (mM) 0.229 0,234 0.231  0.227
K (mM) 0.240  0.242 0.235  0.227
Ma (uM) 0.47 0.46 0.45 0.44
Fe(I1) (uM) 34.6 - 33.5 26.6
Fe Total {(uM) 34.9 36.8 33.9 26.9
Si02 (uM) 267 - 239 223
Hardness (mM) 1.86 1.84 1.89 1.96
TDS (mg/L) 206.0 - 213.0  216.0

(a) Duplicate sampie.

(b) Temperature of water withdrawn from weil.

(c) Fluoride interference.

Legend: SC = specific conductance, TDS = total dissolved solids, uM = micromoles
per liter, mM = millimoles per liter, mg/L = milligrams per liter,
umho cm™! = micromoles per centimeter, ND = not detected, - indicates no
analysis was made on that sample.



TABLE D.7. Trace Metals Concentration in Cycle 2 Injection Water Samples

Analyzed by ICP

Element ¢*) 1983

(mg/L)  Blank® 5/  s5/11 5713  5/13')  5/15 5/17  5/19
Al np (%) ND  0.09  0.14 ND 0.07 0.14 ND
Mn ND 0.02 0.02 0.01 0.01 0.02 0.01 0.01
Zn 0.05 0.07 0.06 0.05 0.05 0.04 0.05 0.04
Cu ND ND ND 0.01 ND ND ND ND
Pb 0.31 0.25 0.09 0.21 ND 0.12 0.27 0.15
Ni 0.05 ND 0.05 ND ND ND ND ND
Cr 0.02 ND 0.01 0.01 0.01 ND 0.02 ND
Cd ND KD 0.01 0.01 ND 0.01 0.01 0.0t
{a) Results should be considered to be gqualitative. See text.
(b) Blank is filter blank, other samples are well head samples.
(c) Duplicate.
(d) Not detected. Detection limits are (mg/L): Al 0.07, Cu 0.01, Pb 0.08,

Ni 0.05, Cr 0.01, Cd 0.01.

D.13
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TABLE 0.8. Chemical Analyses of Water Samples Collected During Injection - Cycle 3

Date (1983) 9/21 9/22 9/22 9/22 9/23 9/23®) 9724 9/24 9/24 9/25
Sample Point(*) u H W W W U H W W
Time 1600 0900 2041 2041 1100
Temp. (°C) 111.1  37.8 100.0  100.0  119.3 - - - 102.9  102.7
pH 6.62 7.04 6.57 6.51 6.84 . - 6.78 6.76 6.87
pH T (°C) 81 36 75 79 92 - - 78 86 92

SC (umho cm™}) 324 461 440 375 288 - - - 315 345
SC T (°C) 24.8 24.8 27.2 27.5 22.1 - - - 23.2 24.1
Alkalinity (mM) 2.98 4.30 3.56 3.41 3.06 3.12 4.17 3.71 3.18 3.24
S04 (uM) 86.4 - - 91.2 91.2 91.2 90.1 90.1 90.1 84.0
Cl (uM) 59.8 - - 45.8 53.4 54.8 50.3 49.9 50.6 64.2
F (uM) 14.2 - - 14.2 13.7 14.2 15.8 14.4 13.9 14.5
NO3 (uM) NO - - - - - ND ND ND ND
Ca (mM) 0.626 - 1.23 0.824  0.546  0.546 1.20 0.945  0.711  0.968
Mg (mM) 0.757 - 0.728 0.731  0.728  0.731 0.728  0.737  0.737  0.724
Na (mM) 0.239 - - 0.249  0.237  0.242 0.247  0.247  0.259  0.241
K (mM) 0.220 - - 0.228  0.231  0.231 0.232  0.232  0.239  0.239
Mn (uM) 0.76 - - 0.51 0.35 - - - - 0.36
Fe(I1) (uM) 18.3 - - 29.9 28.0 27.6 81.6 4.75 40.0 21.5
Fe Total (uM) 18.6 - - 30.3 28.5 28.5 81.2 5.11 40.1 21.6
Si02 (uM) 199 - - 220 232 231 233 244 240 250
Hardness (mM) 1.43 - - 1.58 1.28 1.30 1.98 1.69 1.48 1.48
T0S (mg/L) 158.0 - - 190.2  163.0 - - - 6.0 180.0
0&G (mg/L) - - - - - - - - - -

{a) W = well head--injection water, H = heat exchanger effluent, U = upstream from heat exchanger--source
water.
(b) Duplicate sample.
Legend: SC = specific conductance, TDS = total dissolved solids, 0&G = oil and grease, uM = micromoles
per liter, mM = millimoles per liter, mg/L = milligrams per liter, umho cm ° = micromoles per
centimeter, ND = not detected, - indicates no analysis was made on that sample.
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TABLE D.8. (continued)

Date (1983) 9/26 9/26 9/26 9/27 9/27 9/27 9/27  9/28
Sample Point(?’ U H W W U H W H
Time 1830 1900 1930 1230 1320 1400 1430 -
Temp. (°C) - - 125.1 - - - - -
pH - 6.26 6.12 - - 6.64 6.61  6.54
pH T (°C) - 80 68 - - 79 87 83
SC (umho cm ) - - 321 - - - 367 -
SC T (°C) - - 26.0 - - - 24.8 -
Alkalinity (mM) 4.23 3.19 2.92 3.38 4.10 3.59 3.30  3.20
S04 (uM) - - - 82.9 81.9 81.9 81.9 -
C1 (uM) - - - 58.6 66.5 88.4 59.9 -
F (uM) - - - 14.4 15.8 14.8 13.9 -
NO3 (uM) - - - NO ND NO ND -
Ca (mM) - 0.740  0.584  0.749  1.18 0.924  0.829 0.725
Mg (mM) - 0.720 0.728 0.728 0.728  0.728  0.737 0.709
Na (mM) - - 0.247  0.239  0.249  0.244  0.237 -
K (mM) - - 0.239  0.235  0.235  0.229  0.237 -
Mm (uM) - - - 0.56 0.60 0.38 - -
Fe(11) (uM) - - - 28.0 52.3 16.7 6.9 -
Fe Total (uM) - - - 28.3 54.6 17.4 12.1 -
Si02 (uM) - - 243 - 251 254 253 -
Hardness (mM) - - - 1.50 1.95 1.62 1.54 -
DS {mg/L) - - 156.0  165.0 - - - .
086 (mg/L) - - ND - - - - -

(a) W = well head--injection water, H = heat exchanger effluent, U = upstream from heat exchanger--source
water.
(b) Duplicate sample.
Legend: SC = specific conductance, TDS = total dissolved solids, 0& = oil and greage, uM = micromoles
per liter, mM = millimoles per liter, mg/L = milligrams per liter, umho c¢cm " = micromoles per
centimeter, NO = not detected, - indicates no analysis was made on that sample.
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TABLE D.8. (continued)

Date 9/28 9/29 9/29 9/29¢®) 9730 10/1
Sample Point(*’ W H W W W W
Time - - 1211 1208 1120 1000
Temp. (°C} - - - - - -
pH 6.48 - 6.88 - 6.76 6.83
pH T (°C) 73 - 88 - 82 80

SC (umho cm™') 327 368 - 329 347
SC T (°C) 26.0 25.9 - 24.3 23.5
Alkalinity (mM) 2.95 3.74 3.25 3.57 3.04 3.44
S04 (uM) - - - 77.8 - 72.7
C1 (uM) - - - 68.2 - 67.2
F (uM) - - - 13.6 - 14.4
NO3 (uM) - - - ND - ND
Ca (mM) 0.603 1.06 0.787 0.787 0.645 0.834
Mg (mM) 0.728 0.728 0.709 0.720 0.728 0.709
Na (mM) 0.242 - 0.239 0.239 0.242 0.242
K (mM) 0.237 - 0.237  0.237  0.237  0.237
Mm (uM) - - 0.41 - - 0.23
Fe(I1) (uM) - - 19.9 - - 10.5
Fe Total (uM) - - 19.9 - - 10.5
$107 (uM) 251 - 254 - 246 230
Hardness (mM) - - 1.50 - - 1.57
T0S {(mg/L) 163.0 - 178.0 - 160.0 185.0
08G (mg/L) - - - - - ND

{(a) W = well head--injection water, H = heat exchanger effluent, U = upstream from heat exchanger--source
water,
(b) Ouplicate sample.
Legend: SC = specific conductance, TOS = total dissolved solids, 08G = oil and grease, uM = micromoles
per iiter, mM = millimoles per liter, mg/L = milligrams per liter, umho cm ° = micromoles per
centimeter, NO = not detected, - indicates no analysis was made on that sample.
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TABLE D.9. Chemical Analyses of Water Samples Collected During Heat Recovery - Cycle 3

Date (1983) 10/11 10/12 10/13 10/13 10/14 10/15 10/16 10/16 10/17 10/18
Time 1430 0900 1000 Dup. 1000 1030 1400 Dup. 0900 1200
Temp. (°C) 93.5 96.1 92.6 - 88.6 82.5 74.3 - 69.9 62.3
pH 6.73 6.78 6.75 6.80 6.80 6.77 6.78 - 6.82 6.85
pH T (°C) 90 90 90 90 90 82 72 - 70 63

SC (umho cm™?) 311 299 311 326 326 319 361 - 387 343
SC T {°C) 22.3 22.4 22.1 22.8 22.8 22.0 23.3 - 25.0 22.1

Alkalinity (mM) 3.23 3.08 3.20 3.09 3.31 3.40 3.49 3.48 3.76 3.88

S04 {uM) 75.2 79.3 83.3 83.3 83.3 - 85.4 87.4
C1 {uM) 107 131 113 110 - 80.0 - - 62.8 54.5
F{uM) 12.9 13.9 14.9 14.9 - 15.9 - - 15.9 15.9
NO3 (uM) ND ND ND ND - ND ND - ND ND
Ca (mM) 0.834 0.778 0.778 0.778 0.778 0.834 0.929 0.929 0.966 1.01
Mg (mM) 0.642 0.637 0.640 0.620 0.627 0.632 0.635 0.635 0.635 0.642
Na {mM) 0.258 (0.258 0.266 0.252 0.247 0.247 0.225 0.223 0.223 0.220
K (mM) 0.295 0.317 0.315 0.315 0.313 0.305 0.290 0.288 0.278 0.261
Mn (uM) 0.29 0.22 0.22 0.22 - 0.30 - - 0.34 -
Fe(I1) (uM) 13.0 7.23 7.01 7.01 16.0 14.2 29.1 - 22.9 23.9
Fe Total (uM) 13.3 7.31 7.10 7.31 - 14.2 - - 22.9 24.0
Si02 (uM) 594 662 611 610 567 508 440 - 405 345
Hardness (mM) 1.51 - - 1.46 - 1.53 - - 1.66 -
TDS (mg/L) 208.2 216.6 207.9 206.6 - 199.7 211.0 - 215.1 212.1

Legend: SC = specific conductance, TDS = total disso1vedlsolids, uM = micromoles per liter, mM = millimoles
per liter, mg/L = milligrams per liter, umho cm™° = micromoles per centimeter, ND = not detected,
- indicates no analysis was made on that sampile.
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TABLE D.10.

Date (1983}
Sample Point(*)
Time

Temp. (°C})

pH

pH T (°C)

SC {umho cm ')
SC T (°C)
Alkalinity (mM)
S04 (uM)

C1 (uM)

F (uM)

NO3 (uM)

Ca (mM)

Fe{II) (uM}
Fe Total {uM)

Si02 (uM)
Hardness {(mM)
TD5 (mg/L)
086 (mg/L)

Chemical Analyses of Water Samples Collected During Injection - Cycle 4

11/7
W

1753

115.0

6.73
92
307
23.9
3.12
86.3
163.
13.5
ND

0.573
0.723
0.315
0.275
0.706

39.6
39.9

302
1.38
185.9

11/8
W

0949

112.8

6.96
91
266
2.0
3.18
87.4
82.1
14.5
ND

0.673
0.680
0.250
0.282
0.38

22.9
23.5

349
1.40
194.0

11/8
W
0955

3.12
88.5
82.1

14.5
ND

0.673
0.680
0.250
0.279
0.38

29.4
30.4

347
1.42
190.5

11/9
W
1305

2.94
87.3
76.0
15.7
ND

0.642
0.653
0.261
0.302
0.36

21.4
21.0

383
1.35

11/9
W

2001

122.8

6.74
92
249
20.9
2.92

0.504
0.673
0.250
0.294

37.8
38.3

373
1.23
174.4

11/10
U
1331

11/10
!

1459

111.6

7.08
92
361
27.0
3.43
84.1
79.7
15.3
ND

D.864
0.673
0.248
0.299
0.31

15.0
16.1

383
1.57

11/10
W

1444

111.6

6.79
92
329
25.0
3.13
85.2
79.7
15.0
ND

0.716
0.643
0.255
0.299
0.16

19.0
19.2

3g8
1.40
188.4

11/11
W

1830

135.5

6.67
92
276
25.0
2.40
82.7
87.1
15.0
ND

0.420
0.647
0.250
0.305
0.06

6.86
7.51

405
1.10

ND

11/12

116.7
6.72
323

405
1.33
150.8

{a} W = well head--injection water, H = heat exchanger effluent, U = upstream from heat exchanger--source

water.

Legend: SC = specific conductance, TDS = total dissolved solids, 0& = oil and grea
per liter, mM = millimoles per liter, mg/L = milligrams per liter, umho cm’

3¢ uM = micromoles

= micromoles per
centimeter, ND = not detected, - indicates no analysis was made on that sample.
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TABLE D.10. {continued)

Date {1983) 11/12 11712 11713 11/16 11717 11718 11/19  11/19  11/19
Sample Point!®) U H W W W W W U H
Time 1800 1200 1800 1130

Temp. {°C) - - 104.7  1i8.6  115.6  25.0 107.3 - -
pH - 6.94 6.79 6.69 6.60 6.72 6.68 - 6.99
pH T (°C) - 91 92 91 91 92 94 - 94

SC (umho cm™!) - 355 295 248 322 251 311 - -
SC T {°C) - 27.0 21.6 20.9 24.3 20.9 23.0 - -
Alkalinity (mM) 3.87 3.30 2.88 2.99 3.07 2.77 3.16 4.08 3.58
S0q (uM) - - 78.2 86.1 73.9 74.0 71.7 70.5 71.7
C1 {uM) - - 430 74.7 82.2 99.0 83.5 80.1 83.8
F (uM) - - 15.0 15.5 15.0 14,1 14.5 15.4 14.8
NO3 (uM) - - 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ca (mM) - - 0.732  0.584  0.689  0.594  0.695 1.13 0.916
Mg (mM) - - 0.663 0.710 0.633  0.647 0.655  0.660  0.664
Na (mM) - - 0.252  0.232  0.250 0.243  0.250  0.252  0.241
K (mM) - - 0.304  0.263  0.292 0.282  0.273  0.274  0.273

Mn (uM) - 0.36 0.32 0.22 0.18 0.31 - -

Fe(Il} (uM) - - 11.1 1.57 10.3 6.63 13.6 - -

Fe Total (uM) - - 15.7 2.04 10.7 7.14 13.5 17.9 1t.9

Si02 (uM) - - 383 300 345 349 351 348 356

Hardness (mM) - - 1.38 1.30 1.33 - 1.38 1.85 1.64

T0S (mg/L) - - - 174 206 171 179 - -

04G (mg/L) - - - - KD - - - -

Ta) W = well head--injection water, H = heat exchanger effluent, U = upstream from heat exchanger--source

water,

Legend: SC = specific conductance, TDS = total dissolved solids, 0& = oil and grease, uM = micromales

per liter, mM = millimoles per liter, mg/L = miiligrams per liter, umho cm ' = micromoles per

centimeter, ND = not detected, - indicates no analysis was made on that sample.



02°a

TABLE D.11. Chemical Analyses of Water Samples Collected During Heat Recovery - Cycle 4

Date (1983) 11/29 11730 12/1 12/1 12/2 12/3 12/4 12/5  12/6 12/6 12/7
Time 1730 0900 1001 1002 1030 1430 1200 1130 0947 0948 0910
Temp. {°C) 98.4 103.5  100.4 - 95.4 89.9 76.5  69.8 69.8 55.4
pH 6.59 6.58 6.63 - 6.73 6.63 6.76 - 6.80 - 6.85
pH T (°C) 90 92 92 - 94 85 75 - 67 - 60

SC {umho cm™') 228 295 249 - 263 259 316 310 288 - 335
SC T (°C) 18.0 23.2 19.6 - 20.1 19.9 21.7 20.3  19.7 - 21.1
Alkalinity (mM) 3.09 2.87 2.99 2.91 3.08 3.78 3.38 3.54  3.68 3.75 3.86
S04 (uM) 74.9 75.9 85.3 85.3 89.5 - 86.4 86.8  87.4 89.5 -
C1 (uM) 115 146 150 147 135 - 108 102 85.1 84.4 -

F (uM) 12.9 14.3 15.6 16.6 16.1 - 17.3 - 17.4 18.2 -
NO3 (uM) NO NO NO ND NO - NO NO NO NO -
Ca (mM) 0.781  0.705 0.705  0.705  0.744  0.809  0.861  0.922 0.983  0.983  1.04
Mg (mM) 0.554  0.536  0.560 0.560  0.572  0.603  0.603  0.624 0.636  0.636  0.670
Na (mM) 0.290 0.290 0.280 0.278  0.280 0.280  0.280  0.271 0.263  0.266  0.258
K (mM) 0.356  0.374  0.371  0.371  0.365 0.351 0.338  0.317 0.303 0.302 0.284
Mn (uM) 0.26 0.19 0.23 0.20 - 0.27 - 0.33  0.38 0.39 -
Fe(I1) (uM) 1.15 0.43 0.43 - 0.33 0.54 0.22 0.33  0.22 0.17 10.3
Fe Total {(uM)  6.55 5.16 5.37 - 5.50 7.36 6.96 8.91  8.41 - 10.4
5102 (uM) 810 859 811 803 721 633 581 511 439 439 387
Hardness (mM)  1.37 1.23 - 1.28 - 1.43 - 1.55  1.66 1.66 -
DS (mg/L) 209 216 202 - 229 214 210 224 217 - 226

Legend: SC = specific conductance, TOS = total dissolved solids, uM = micromoles per liter, M = millimoles
per liter, mg/L = milligrams per liter, umho cm™' = micromoles per centimeter, NO = not detected,
- indicates no analysis was made on that sample.



TABLE D.12. Trace Metals Concentration in Withdrawal Water Samples Taken
During Cycle 2 and Cycle 4, Analyzed by ICP

Element 1983

(mg/L) 8/20 g/25(*)  gre5t™) 1271 1276 127600
AT Np(? ND ND ND ND ND
Fe 1.34 1.84 1.80 0.29  0.50 0.48
Mn 0.02 0.03 0.03 0.01  0.02 0.02
Zn ND ND ND ND ND ND
Cu ND ND ND ND ND ND
Pb ND ND ND ND ND ND
Ni ND ND ND ND ND ND
Cr ND ND ND ND ND ND
cd ND ND ND ND ND ND

(a) Duplicate determinations.
(b) Not detected. Detection limits are {(mg/L): Zn 0.01, Cu 0.01, Pb 0.11,
Ni 0.03, Cr 0.01, Cd 0.01, AT 0.05

D.21
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TABLE D.13. Chemical Analyses of Water Collected From Monitoring Wells Before First Pumping Test

well(®) AS1(J)  AS1{J) ASI(MS) AS1{MS) AMI{SL) AM2{IG) AM2(IG} BS1{J) BC1(MS) CMI(IG)
Date (1982) 1/20 2/18 1/21 2/17 2/1 2/4 3/12 2/22 2/23 3/1t
pH 9.05 8.55 10.93  8.77 7.69 7.83 7.78 8.13 9.82 8.09
SC (umho cm™') 235 313 222 - 351 321 - - - -
Alkalinity (mM) 2.11 4.06 0.85 2.33 5.38 4.78 4,17 0.16 0.09 2.90
504 (uM) 511 517 568 701 419 174 - 807 14 -
€1 (uM) 92 12 279 122 293 8 - 93 32 -
F (uM) 9 18 20 20 14 19 - 20 20 -
Mg (mM) 0.34 0.44 0.14 0.34 0.47 0.43 0.36 0.40 0.13 0.33
Na (mM) 0.38 0.36 0.48 0.39 0.23 0.24 0.29 0.58 0.33 0.29
K (mM) 0.33 0.29 0.36 0.31 0.13 0.17 0.13 0.24 - 0.12
$i02 (uM) 110 57 76 122 131 101 62 60 51 37
T0S (mg/L) - 218 145 251 197 155 - 263 81 -

{a) J = Jordan, MS = Mt. Simon, SL = St. Lawrence, IG = Ironton-Galesville

Legend: SC = specific conductance, TOS = total dissolved solids, uM = micromoles per liter, mM = millimoles
per liter, mg/L = milligrams per liter, umho cm™ " = micromoles per centimeter, - indicates no analysis
was made on that sample.
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TABLE D.14. Chemical Analyses of Water Samples Collected From Monitoring Welis After First
Pumping Test

He]](°) AM2 (1G) AS1(d) AS1{J) CM1(IG) BC1{MS) BS1{J) AS1(MS)
Date (1982) 8/30 8/31 8/31 9/2 9/3 9/3 9/1
pH . 7.27 8.50 - 83.14 11.42 8.14 8.42
SC (umho cm™ ") 0.305 0.283 - D.214 0.269 0.321 0.182
DO (mg/L) 0.2 ND - 0.2 - 0.05 0.05
Alkalinity (mM) 4.35 3.60 3.56 3.41 1.45 4.41 2.15
S04 (uM) 65.1 358 358 69.5 480 842 842
C1 {uM) 2.82 22.8 23.12 - - - 62.0
F (uM) 16.8 7.89 5.79 12.1 42.6 14.7 22.1
NO3 (uM) 147 .8 ND ND ND ND ND 10.7
Ca (mM) 1.16 0.957 0.986 0.957 0.929 1.29 0.357
Mg {mM) D.640 0.773 0.751 0.629 ND 0.972 0.396
Na (mM) 0.246 0.330 0.312 0.240 0.236 0.538 0.331
K {mM) 0.289 0.319 0.304 0.201 0.235 0.216 0.373
Fe(11) {(uM) 85.2 1.43 1.52 36.80 - 30.45 0.98
Fe Total (uM) 89.3 0.36 2.05 36.9 - 2.0 0.45
Si02 (uM) 222 99.2 99.2 97.1 117 106 19.9
Hardness (mM) 1.96 1.76 1.83 1.71 0.96 2.36 0.83
TD0S (mg/L) 236 228 224 201 160 316 167

{a) J = Jordan, MS = Mt. Simon, SL = St. Lawrence, IG = Ironton-Galesville

Legend: SC = specific conductance, DO = dissolved oxygen, TDS = total dissolved solids,
uM = micromoles per liter, mM = miilimoies per liter, mg/L = milligrams per
liter, umho cm™' = micromoles per centimeter, ND = not detected, - indicates no
analysis was made on that sample.
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TABLE D.15. Chemical Analyses of Water Samples Collected From Montoring Wells After Cycle 1

Wel1 () AM2(IG)  ASL1(J)  ASL(MS)  CMI(IG)  BCI(MS)  BSL(J)  AM2(IG)  AM2(IG)
Date (1983) 2/15 2/16 2/16 2/18 2/19 2/19 2/22 2/22
Time 1530 1200 1500 1400 1300 1000 1140 1255
pH by 7:32 9.06 8.64 7.46 9.58 8.04 7.28 -
SC (umho cm 1) ¢®) 401 259 248 372 156 356 415 -
Alkalinity (mM)  4.29 1.75 1.43 4.03 0.65 3.46 4.16 4.52
S04 (uM) 78.6 352 423 49.8 367 194 78.6 79.5
C1 (uM) 25.9 36.9 97.0 26.2 73.9 73.9 24.8 24.8
F (uM) 18.3 11.5 13.2 17.8 17.1 18.5 18.31

NO3 (uM) ND ND 11.4 ND ND ND ND ND
Ca (mM) 1.27 0.400 0.400 1.01 0.480 0.85 1.25 1.27
Mg (mM) 0.711 0.501 0.405 0.605 0.122 0.722  0.696 0.706
Na (mM 0.260 0.420 0.380 0.314 0.298 0.526  0.214 0.238
K (mM) 0.213 0.300 0.339 0.211 0.199 0.183  0.220 0.220
Fe(II) (uM) 90.6 . - 43.2 - 1.7 54.9 64.2
Fe Total (uM) 96.4 0.47 0.90 46.9 0.64 14.0 61.2 66.1
$i02 (uM) 163 124 104 132 244 93.0 166 175
Hardness (mM) 2.14 0.95 0.82 1.83 0.62 1.72 2.10 2.14
705 (mg/L) 216 165 152 211 122 224 247 -

{a) J = Jordan, MS = Mt., Simon, SL = St. Lawrence, IG = Ironton-Galesville

(b) At room temperature.

Legend: SC = specific conductance, TDS = total dissolved solids, uM = micromoles per liter,
mM = millimoles per liter, mg/L = milligrams per liter, umho em™? = micromoles per
centimeter, ND = not detected, - indicates no analysis was made on that sample.



TABLE D.16. Chemical Analyses of Water Samples Collected From Monitoring

Wells After Cycle 2

AM2 (1G)

Welll®)

Date {1983) 8/31
pH 7.18
SC 375

Temp. (°C) 21.0
DO {mg/L) 0.6

Alkalinity (mM) 4.45
SOq (uM) 81.1
C1 (uM) 31.2
F(uM) 17.9
NO3 (uM) ND

Ca (mM) 1.41
Mg (mM) 0.77
Na {mM) 0.21
K (mM) 0.21
Fe (uM) 55.2
Mn (uM) 1.30
Si02 (uM) 190

Hardness {mM) 2.18
TDS (mg/L) 255

AM2(IG)  AS1(MS)

8/31

4.46
79.6
30.2
20.4
ND

1.41
0.77
0.21
0.21
51.2
1.30

189
2.15
248

9/1

8.23
304
22.3
0.2

2.46
454

87.1
10.5
12.7

0.77
0.60
0.32
0.38
ND
0.72

67.1
1.31
217

AS1(J)

9/1

8.39
319
22.0
0.1

3.04
304
74.6
8.8
ND

0.86
0.69
0.43
0.28
3.36
0.53

80.1
1.54
206

CM1{IG)

9/2

7.52
365
22.0
1.0

4.15
43.5
25.6
13.2
1.07

1.24
0.70
0.29
0.17
39.7
0.46

140
1.92
241

AM1 (SL)
9/3

7.78
464
23.0
0.1

5.17
171
29.0
34.7
ND

1.58
0.95
0.21
0.15
10.6
0.65

140
2.45
316

(a) J = Jordan, MS = Mt. Simon, SL = St. Lawrence, IG = Ironton-Galesville
SC = specific conductance, DO = dissolved oxygen, TDS = total
dissolved solids, uM = micromoles per liter, mM = millimales per
Titer, mg/L = milligrams per liter, umho cm”
centimeter, ND = not detected, - indicates no analysis
was made on that sample.

Legend:

0.25

= micromoles per



TABLE D.17. Chemical Analyses of Water Samples Collected From Monitoring
Wells After Cycle 3

wel1(®) aM2 (16) (&) AM2 (16) AML(SL)  AS1(J)
Date (1983) 11/2 11/2 11/3 11/3
oH - 7.25 8.22 8.28
Alkalinity (mM) 4,41 4.08 5.19 4,17
S04 {uM) 75.5 77.7 164 274
C1 (uM) 44 .3 39.5 31.2 35.7
F(uM) 21.8 19.0 12.5 11.9
NO3 (uM) ND ND ND ND
Ca (mM) - 1.18 1.64 1.20
Mg (mM) - 0.693 0.877 0.787
Na (mM) - 0.228 0.228 0.410
K {mM) - 0.234 0.147 0.266
Fe(uM) - ND ND ND
Si02 (uM) 216 256 136 4.9
Hardness (mM) - 1.90 2.52 1.99
TDS {mg/L) - - - -

{a) J = Jordan, MS = Mt. Simon, SL = St. Lawrence, IG = Ironton-Galesville
(b) This sample was collected using a bailer; all others on this table
collected by air-1ifting.
Legend: TDS = total dissolved solids, uM = micromoles per liter,
mM = millimoles per liter, mg/L = milligrams per liter, ND = not
detected, - indicates no analysis was made on that sample.
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TABLE D.18. Chemical Analyses of Water Samples Collected From Monitoring
Wells After Cycle 4

Well(®’ AM1(SL) AMZ (16) AM2(16) AS1(J)
Date (1984) 1/17 1/18 1/18 1/19
pH 7.58 7.44 - 7.74
T (°C) . 16.8 18.3 - 19.8
SC (umho cm™ 1) 342 311 - 383
DO (mg/L) 0.05 0.1 - 0.1
Alkalinity (mM) 5.21 4.31 - 4,57
S04 (uM) 171 68.7 62.6 267
C1 {uM) 24.4 64.6 63.2 28.6
Fo(uM) 12.2 23.7 21.7 11.6
NO3 (uM) ND ND ND ND
Ca (mM) 1.65 1.33 - 1.34
Mg (mM) 0.877 0.681 - 0.866
Na (mM) 0.216 0.247 - 0.375
K (mM) 0.151 0.256 - D.228
Fe(11) (uM) - 162 - 41.7
Fe Total {uM) 171 154 - 40.9
Si02 (uM) 163 299 287 102
Hardness (mM) 2.56 2.04 - 2.21
DS {mg/L) 325 278 283 294

{a) J = Jordan, MS = Mt. Simon, SL = St. Lawrence, IG = Ironton-Galesville

Legend: SC = specific conductance, D0 = dissolved oxygen, TDS = total
dissolved solids, uM = micromoles per liter, mM = millimoles per
liter, mg/L = milligrams per liter, umho cm™ " = micromoles per
centimeter, ND = not detected, - indicates no arnalysis was made on
that sample.
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