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PREFACE

Watct is power. Control of water is, therefore, the cutrency of personal, regional
and national ambitions. Existing dams, surface reservoirs, major pipelines and
pumping stations continue 1o serve us well, and appeal (o that side of us which
needs a monument 10 our achievements. The days are nembered, however, for
many major water resources development projects thar are in the platning stages.
Changing priorities are causing us to reconsider the wisdom of traditional engi-
neering solutions that were quite acceptable just a few years ago. More sophis-
ticated, but less visible monuments are needead, The ime has come 1o take a harder
lock at storing water belew gronnd in reservoirs provided by nature.

Groundwater levels continue to decline around the world in response 1o in-
creasing withdrawals to mecl the needs of an expanding population. A1 the same
time, surface waters are proving increasingly unreliable to meet these growing
needs, despite numerous major and costly programs to store and diverl water froim
& diminishing number of uncontrolied rivers. Intensive urban and agriculoral
development is draining our lands during times of rainfall, and depleting our
groundwater resources at an alarming rate during times of drought. As the global
nature of this challenge becomes more clear, we are slowly coming 1o grips with
the nesd for sustainable water management,

Adequate storage is the K2y 10 susiainable water management. We have soffi-
cient water jn most cases, however we have difficuliy storing it when it is
available so that it will also be available when and where we need it Storage in
surface reservoirs is expensive and increasingly perceived as an unacceptable
exchange for valued ecosystems. Stoyage below ground has been limited for a
variety of reasons. Among these, the poncipal consteaims have been technical,
althongh political, legal and other constraints have proved sipnificant.

In recent years, development of wehnology for artificial recharge of aquifers
has accelerated. Most of the technical constraints have been addressed and te-
solved through research and experience at many sites. Systems to recharge aqui-
fers through surface methaods such as basins and in-chanpel steuctures are func-
tipning reasonably well, however their widespread application is frequently lim-
ited by hydrogeologic constraints and the availability of land at reasonable cost.
Many areas would benefit from agquifer recharge but can do sa only through weils,
While many test programs have been conducted, there are faw operational well
techarge systems around the world.

Recent technical advances and operational experience have demonsirated that
well recharge 1s feasible and cost-effective. While many papers have been written
regarding specific recharge projects, the avthor is aware of only a few papers and
books that assemble the technology. This book provides a guide to those who
would endeavor 1o successfully recharge aguifers through wells.

A key element of this techaology is the need 10 control well plugging due 10
suspended solids in lhe recharge water, bacterial activity, gases and other causes.
Experience has demonstrated that dual-purpose wells, equipped for both recharge
and recovery, are best able to achisve recharge objectives while contrelling



plugging. These dual-purposa wells are cafled “aquifer storage recovery,” or ASR
wells. They are designed and operated differently than normal production wells
or injection weils. This book presents ASR technology, as it has evolved over the
past 25 vears in the United States.

During the past six years, many interested in the fisld of groundwater recharge
have urged the writing of this book, so that they and others can more easily grasp
the ASR vigion and implement this technclogy (0 meet their varous needs. As
lime has gons by and new technical issues have been met and resclved, the hody
of knowledge that comprises ASR technology and experience has evolved and
matured. With 20 ASR systems now operational in the United States and abowt 40
more in various stages of development, it is appropriate to distill the vatiety of
technical and other experiences into this boek, a goide to aquifer storage recovery.
Fotlowing the procedures suggested in these chapters should cnhance the likeli-
hood of achieving success with groundwater recharge through wells.

Although ASR is not *high tech,” neither is it “low tech."Understanding the
issues that have been encountered at other sites, and the steps that have lead to
successful resolution of these issves, can provide great help to those considering,
planning or implementing new groundwater recharge projects.

ASR is a new, efficient and cost-effective tool for water resources manage-
ment. Although developed primarily within the United States, it builds upon prior
experignce, primarily in The Netherlands and Israel, relating to artificial recharge
of gronndwater through wells. ASR is therefere egually applicable in other
countries, many of which bave severe water supply challenges.

It is hoped that, by presenting the ASR technology and demonstrating ils
feasibility and cost-effectiveness to meet global needs for sustainable water
development, this book will help to defuse political tensions, improve human
welfare and enhance the retiable supply of good quality water al reasonable cost
to people around the world.

R. David G. Pyne
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CHAPTER
e

Introduction

Slowly they wind atfwart the wild,

And while young Day his anthem swells,
Sad falls upon my vearhing éar

The iinkling of the Camel-betfs.

The Kasidah of Haji Abdu EI-Yezdl
Sir Richard Burton

1.1 WATER MANAGEMENT: A GLCBAL CHALLENGE

We are many travelers i a land that has imited water resources, and the
distance and direction io the next oasis are not well known. However, the
carnel knows the way and will guide us. By sioring water when and where
it is available, the camel is an apprepriate symbol for a world in which the
incessant increase in demand for water is challenging our ability to meet
this demand.

Water resources must be managed morve efficiently and wisely if we are
o sustain the needs of a growing world populaion. The signs are all
around vs, for those willing to sec:
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*  Groundwater supplies 7% of the water used in Sandi Arabia, vet waler
levels are declining a1 such a raie thar groundwater reserves will soon be
exhausted, probably within 20 10 50 years.

*  Aboul two-thirds of India is underlain by basalt aquifers that supply water
to hand dug wells for domestic and agricoliural use. Increasing withdraw-
als are causing these wells to dry up in many areas, creating the need for
deep well pumping equipment and accelerating the rate of water level
dacline.

« Groundwater withdrawals in the Denver Basin of Colorado in the U8, have
caused water levels to decline from near land surface to a depth of almost
2753 m (800 fi)

+  Wells supplying growing populations in many coastal areas have been lost
ta saltwater intrusion dicectly attributable to increasing gronndwater with-
drawals.

+ Loss of wetlands and natural areas to urban development and agriculiural
preduction is accclerating the raies of storm runoff and erosion in many
countries, creating pronounced increases in the intensity of flocding and
droughts in downstream areas, and reducing natural recharge to aquifers.

» In Beijing, China, watce Jevels have been dropping abour 1 10 2 mper year
and about one-third of the wells have reportedly gone dry [1].

»  With a 1992 population of 56 million, Egypt has a renewable water supply
averaging only about 82 EPC/day (22 GPCiday}). The population of Egypt
is doubling abour every 28 years {2].

At the time of Christ, world populaticn has becn cstimated to have becn
approximately 300 million people [3]. It required 1700 years for the
population o double to slightdy over 600 million people. By abour 1860,
a span of 160 years, it had doublcd again to 1.2 billion. The population
reached 2.4 hiilion by about 1945, doubling within 85 years. It had deubled
again to 4.8 billion by about 1984, 30 years, and 15 expected to double
again by the end of the century, another 16 years. Annual population
growth rates for the period 1980 (o 1988 averaged about 1.7% worldwide,
within a range of 0.3% for Europe to 2.8% for Africa,

Per capita water demands bave tended to rise, associated with standards
of living that have improved in many parts of the world. However, per
capita watcr supplies have fallen rapidly, associated with increasing popu-
lation growth. The widening difference berween per capita demand and
supply represents a growing potential for problems and a growing chai-
lenge for water managers. Figure 1.1 shows the estimated anaual world
water use between 1900 and 2000. During this pericd, water nse has
increased almost ten times te over 5000 kin/year [4].

Global water supplies are generaily believed to be constant. About
40,000 km?fyear constitutes the world’s renewable freshwater supply [5].
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Figure 1.1 Esiimaled annual world water usé, 1otal and by sector, 1900--2000.
From Shiklgmanov, 1. A., Global Water Resources, Nature and Re-
sources, Vol. 26, No. 3, 1290, With permigsion.

It is apparent that water is being ulilized more intensively to meet the
growing needs of the global population. Examples inciude floed control
and channelization projects, levees and pumping stations, dams, reser-
voirs, regional irrigation systems, and water transmission pipelines.

These types of major regional water supply facilities were first con-
structed over 2500 years ago to irrigate the region of Mesopotarma around
the Tigris and Euphrates rivers, including such citics as Babylon, Nineveh,
and Ur. They have become quite common throughout the world during this
century.

Even more intensive water management measures have been imple-
mented relatively recently in a few areas to meet local needs. Some of
these include pumped stotage projects to mect peak power requiremsnts,
deep injection wells 10 dispese of wastewater and to form salinity intrusion
barriers, desalination of brackish water and seawater, reciaimed water
irrigation systems, increasingly sophisticated treatment plants to treat
water and wasiewaler 1o poiable standards, and artificial recharge facilities
to replemsh agquifers.

Artificial recharge 15 therefere but one of many tools available 1o
achieve more efficient ufilization of limited available water supplics.
Improvements in artificial recharge lechnelegy in recent years have re-
duced the cost of water supply facilities expansion substantially. As a
result, future use of this technology is expected to accelerate.
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1.2 ASR: A NEW WATER MANAGEMENT TOOL

Interast in artificial recharge has strengthenad in recent years, in re-
sponse to declining groundwater levels, increased vulnerability of surface
water supplies to contamination, environmental opposition to increased
refiance upon surface water supplies, and many other reasons. Conven-
tional ariificial recharge methods have included surface infiltration sys-
tems und mjection wells, both of which have technical constrainils that
have tended to lima their widespread implementation.

Surface recharge systems work weli in situations where soils are perme-
able from ground surface te the water table and where adequate land area
is available at reasonable cost 1o accommodale the recharge facilities.
Solids that accummiate at the surface are periodically removed following
a senes of wet-dry cycles that maintain the long-tesm infiltration rate.
Where low permcability soils are present between greund surface and the
water table, or where land availability at reasonable cost is limnited, surface
recharge may nol be viable,

Injection wells tend to plug, requiring periodic redevelopment to marn-
tain their capacity. Since they are usnally not equipped with pumps, this
is achieved by redeveloping the welf using a temnporary puirp or an air line,
assumnng the degree of plugging is slight. However, if plugging has been
allowed to deteriorate to the point that this is inadequate to clear the well,
then it is necessary o use physical serubbing, acidification, jetting, surg-
ing, pumping, disinfection, and othcr more intensive methods to restore
capacily,

Both surface recharge and injection well systems have been utilized w
achieve the single limited objective of getting water into the ground. Since
the quality of water required for injection well systems to minimize
plugging generally has to he much better than that required for surface
recharge systems, injection wells have generally been perceived as a
higher cost recharge allernative, to be considered oaly at such time as all
possible alternatives for surface recharge have been proven non-feasible or
too costly. As a result, there have been relatively few applications of
injection well technology to achieve artificial recharge objectives.

The author proposes a broader vision of artificial recharge, onc in which
the objective is nol only to get water into the ground, but also to recover
it for a beneficial use at the same location. A key eiement of this broades
vision is that the storage zone may contain native water of poor or brackish
quality, in addition to freshwater zones previously considered for recharge.
With this broader vision and dual-purpose approach, recharge is accom-
plished with one or more wells, and the same wells are used for recovery
of the stored water. Pumps provided in the wells to enable recovery are
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also used periodically to redevelop the wells, thereby maintaining their
injection capacity. Such dual-purpose wells are called aquifer stovage
recovery or ASR wells.

This slight shift in approach radically alters the economics of artificial
recharge, and is therefore altering the direction of its future development.
In particular, operating experience has shown that if water is treated (o a
level dhat will avoid rapid plugging of the well, such as meeting potable
drinking water standards, the water may be stored and recovered from the
well, generally without the need for retreatment other than disinfection,
This is true for freshwater storage zones and also for brackish water zones.
For potable and other higher quality water uses, the option exists fo use the
satnc facilities for both recharge and recovery, withomt the need for
retreatment other than disinfection. For lewer quality water uses such as
irrigation, the same advantage may possibly apply; however, greater care
will be nezded to avoid well plugging and also 1o avoid aquifer contami-
nation (see Chapter 8, Future Directions).

With sutface recharge systems, recovery of the water at the same site
would require additional cost for construction of wells, for piping and
pumps, and perhaps for construction of the associated treatment facilities
ter treet water quality requirements prior to the uitimate use. Where both
surface and well recharge are feasible, well recharge may therefore tend 1o
be more cost-effective in situations where a need exists for the recovered
water at the recharge site and where treatment of the water would be
required anyway. As discussed subsequently in this chapter, there are
many applications that meet this description.

In situations where surface recharge is not feasible, ASR wells will tend
to be cost-effective relative to systems that rely npon separate injection and
recovery welis, due to the lesser cests of construction and operation for
dual-purpose ASR wells. Probably the only applications where single-
purpose injection wells are preferable are those where it is desired o
maximize blending between stored water and native groundwater, and
where aquifer hydravlics or recharge water anality are such that plugging
i5 not an operating constraint. Even ia situations where it is desired to use
the aquifet (o convey water from the point of injection to a distant point
of recovery, providing a pump in the well will usually be less costly as a
means of maintaining injection capacity than periodically removing all
injection piping and redeveloping the well.

The ASR concept therefore represents a significant new development in
how we manage water. First and forzmost it is an idea, or change in
thinking, about how to approach artificial recharge. However, it 15 also a
new technology. The technology is usually not complicated; however,
experience suggests that theve are several technical and other elements
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Recovery - AR Walls)

Flgure 1.2 Groundwater recharge.

unique to ASR that, if understood, can lead te a successful and cost-
effective operation. Similarly, neglecting these elements may contribote to
system failure dve to plugging, improper well design or operation, poor
location, geochemical problems, inappropriate regulatory actiens, and
ather consequences.

1.3 WHAT IS ASR?

Aquifer Storage Recovery may be defined as the storage of water in
a suitable aquifer through a well during times when water is available,
and recovery of the water from the same well during ¢imes when it is
needed. The concept is simple; that this ASR technology has only been
implemented fairly srecently by the water industry reflects changing nesds
and also successful technical resolution of several issues that previously
hindered recharge well performance.

In the wide range of activities that comprise artificial recharge, ASR is
a thriving newcomer, as shown in Figure 1.2. While most recharge still
oceurs throngh surface metheds such as basins and river channels, an
increasing amount of recharge ocours through wells.

Historically, recharge ot injection wells have ended to plug, requiring
periodic redevelopment. The relatively high cost of well redevelopment
and the frequency with which this is often required have combined to
effectively preclude cost-effective well recharge activities at many sites.
As a recent technological development, ASR resclves the inherent opera-
tional drawbacks of single-purpose injection wells by equipping each weil
with a pump and operating it in a dual-purpese mode for both recharge and
recovery. The pump used For recovery of the stored water is ajso used
pericdically to redevelop the well and thereby maintain its capacity. No
additional facilities are required for recovery of the stored water. The ASR
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approach to aquilfer recharge ovescomes the plugying associated with most
injection wells, the hydraulic limitations of many surface recharge sites,
and the large land area reguirements of these sites. Because of these and
other advantages, ASR is being implementcd at an acceleraling rate in the
U.S. and overseas.

Typically, the same volume of water stored in an ASR well can be
recovered. In some situations, it may be possible to recover a greater yolurne
than the amount injected, relying upon mixing between the stored water and
the surrounding native water in the aqguifer to provide a blend of acceptable
quality. In other situations, Jeaving a small percentage of the stored water in
the ground may be desirable to restore depleted groundwater reserves; to
address concems regarding potential geochemical plugging; to form or
maintain a buffer zone between stored water and sumrounding brackish or
poor quality native water; or to build np a reserve for future recovery
during droughts, emergencies, or articipated times of higher demand,

Where storage zone characteristics are more than usually challenging,
it may rot be possible o achieve 100% recovery efficiency. This may be
truc in storage zones with very high transmissivity and alse poor water
quality, zones with inadequate confimement separating them from adjacent
zones with poer water quality, and zenes with substantial groundwater
velocity. In such situations, a careful evaluation of recovery efficiency and
cost-effectiveness can lead to the right decisions reganding ASE feasibiiity
and design.

In most instances, the water quality required for recharge must be rather
good. It i3 no coincidence that all of the existing (1994} operational ASR
systems store water that meets potable standards. However, it is important
to distinguish between regulatory requirements for potable water quality
and technical requirerments for ASR well recharge, While meeting regula-
tory potable standards is probably suitable for ASR recharge, experience
suggests that, in some cases, additional treatment may be necessary, such
as reduction of total suspended solids or pH adjustment. Conversely, for
some applications rccharge water quality could probably fall short of
meeating potable standards while still minimizing well plugging, asswming
regulatory concems regarding potential aquifer contamination can be ad-
dressed satisfactorily. Potable water standards provide a reasonable rcfer-
ence point against which o evaluate recharge and recovered water quality
from ASR wells.

ASR recovered water usnally requires no retreatment following recoy-
ery, other than disinfection for potable uses. In a flew situations, pH
adjustment of the recovered warer may also be necessary.

Suitable storage zones for ASR may be confined, semi-confined, or
unconfined (water table) aquifers; however, most expenience 1o date is
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with semi-confined aquifers, some of which have been partially dewatered
due to overdevelopment. Storage in unconfined aguifers can also be fea-
sible; however, several factors adversely impact feasibility:

1. Groundwater velocity is usually higher in unconfined aquifers, & result of
which is that the stored water bubble will tend 2 move away [rom the well,
reducing recovery efficiency. Where the distance that the bubble moves
between the time of recharge and the time of recovery exceeds the diameter
of the bubble, it may not be possible 1o recover the stored waler. Obviously
this is of greater concerty in sitvations where native water quality is not as
high as recharge water quality.

2. The rate and duration of recharge may be limited by buildup of a mound in
the water table that intersects cither ground surface or the invert of local
drainage systems, causing loss of the stored water.

3. Overlying land use in the vicinity of the ASR well may be inconsistent with
the need for protecring the quality of stored water for its amicipated ultimaie
use following recovery.

These three considerations are of particular concern for unconfined
aquifer ASR applications. Where the water table is deep and relatively flat,
and overlying land use is nol likely to contaminate the stored water, ASR
can be viable and cost-effective. It is an alternative to surface recharge
methods where land costs or availability prechude surface recharge, or
where it is desired 10 recover the stored water at the site for irrigation
DUCPGSES.

Volumes of water stored in ASR wells depend upon several factors,
such as well yield, variability in watcr supply, and variability in watcr
demand. Typical volumes for individual wells range between 0.04 and 2
Moy (10 to 500 MG; 31 to 15335 acre ft). Where appropriate, multiple ASR
wells are operated as a wellfield, the capacity of which mezts system needs
or opportunities during either recharge or recovery perods. As discussed
in the next scction of this chapter, there are potentially many different
applications of ASR technology; however, all store sufficicnt volumes
during tivnes when waler is available and recover it from the same well(s}
when needed. The storage time is usually seasonal but may be dinmal,
leng-term, or for emergencies.

Aggregate storage volemes for ASR wellfields may be farge. The
largest three ASR wellfields currently in operation have design storage
volumes i excess of 4 Mm® (1 BG; 3000 acre ft) and are able to augment
seasonal peak water supplies with treated drinking water at rates of 30 to
380 ML/day (8 to 100 MG/day).



INTRODLUCTION ]

1.4 HISTORICAL DEVELOPMENT OF ASR

The old saying that “there is nothing new under the sun™ is also true of
ASR. The Kara Kum Plain is a 311,000 km? (120,000 miles?) desert
located on the southeast shore of the Caspian Sea in Turkmenistan, and is
characterized by black sand, alluvial plains interspersed by sand dunes,
Rainfall i1s nsvally [ess than 100 mm (4 inches). During the past several
hundred years, the nomads of this area found that recharge during infre-
gquent rainfall in the area occorred only benesth the sand dunes, while a
shallow clay-gilt layer and transpiration from desen vegetation prevented
recharge in other areas. The groundwater cccurs under water table condi-
tions but is quite brackish except under the sand duncs. To ensure water
supplics, the nomads dug {ong trenches, extending radially from the sand
dunes and with lengths of up to 2 to 3 kvkm? of tributary area. They were
graded to convey interceptad surface runoff to a central pit excavated in
the dunes. A system of hand-dug wells, ¢cased with locally available brush
wood woven with grass and camel wool, was then constructed surrounding
the centrai pit, to augment recharge during rainfall events and also to
supply water. Outer wells were utilized to provide poorer quality water for
livestock, while central wells wers utilized 10 meet potable water neads.
With depletion of the stored water between rainfall events, outer wells
would be abandoned as they became too salty, and central wells would be
partially filled in to reduce upwelling of salty water from below, thereby
skimming the residuzl freshwater in the stored water bubble. Some of
these underground reservoirs were utilized routinely while others were
reserved for use during severe droughts. Because of the highly turbid
recharge watet, the wells required cleaning every year [6].

It is perhaps ironic that the term “ASR,” first utilized by the author in
1983 1o describe the process of undergronnd storage of water using dual-
purpose wells, is alse a word that means “capture” in Arabic. Certainly, for
the nomads of the Kara Kum Plain, capturing the limited available rainfall
was absolutely ¢ssential for their survival.

In western Indta, a tribal community has been practicing artificial
recharge for several centuries to obtain drinking water for its members and
livesteck. The primary occupation of the tribal people is cattle breeding
and selling milk products. The area is known as Banni and is located in the
northemn part of the Kutch District of Gujarat State in western India. The
area is a raised tidal flat, about 5 m above sea [evel, and covers about 700
km?. Annual rainfall is only 15-20 ¢m, most of which ogcurs during the
monscon season from July to September. During the rainy season, runoff



10 GROUNDWATER RECHARGE AND WELLS

from a large area is coliected in a viliage tank through several collection
channels. The tank is aboui one hectare in arca and aboui 2 m deep,
excavated in fine sand and clay. The quality of groundwater is brackish,
bui the recharge from the tank displaces the native groundwater below the
tank bed and its vicinity. When the tank dries up by March, dug welis about
1 m im diameter and 2-3 m deep are excavated in the tank bed 1o recover
the percolated runoff. During the summer months, it ts necessary to dig
several such wells as each well can only be used for about two weeks
because of the less permeable strata. Dug wells that provide drinking water
supply for people are Jocated in the central pertion of the tank while those
for cattle are located near the margins {7].

Much has been written regarding artificial recharge expenence in many
countries, primartly pertaining to surface recharge projects. Recharge
through wells has received less attention, but is more pertinent to this book
in that it provides a basis for the subscquent development of ASR. Accord-
ingly, a brief overview of well recharge operational experience in the U.S.
and overseas is perhaps helpful. The term “well” is intended to be synony-
mous with “borghole™ and “mbewel],” as vsed in other English-speaking
countries. The term “recharge well” covers all recharge throngh wells,
whether by gravity or pumping, that is intended primarily to replenish
groundwater supplies and meet drnnking water needs. This includes ASR
wells, injoction wells for potable aquifer recharge and for salinity intrusion
control, and reclaimed water injection wells that are used to replenish
potable water supplies. It exciudes those wells operated for disposal of
wastewater or brine, drainage wells, air-conditioning retwm: flows, and
hazardous waste cleanup re-injection wells. It also excludes recharge
through pits and shafts. Some specific well recharge projects are presented
in greater detail in Chapter 9, Selected Case Studies.

United States

Many well recharge studies and field investigations have been con-
ducted during the past few decades; however, few projects are currently
operational. Table 1.1 includes a list of 24 known recharge well projects,
all of which are currently operational, Of these, 20 are ASR projects, all
of which have become coperasional since 1968. Figure 1.3 shows the
location of ASR facilities in the U.S. as of 1994, including systems in
operation and others in various stages of development,
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Canada

The Mannheim aquifer recharge program at Kitchener, Ontario, is one
of two known recharge well projects in Canada. Water trom the Grand
River is being diverted and treated to mest local water demands. The watar
treatment plant has a capacity of up to 16 migd (73 ML/day; 19 MG/day),
exceeding corrent water requirements. During low demand winter and
spting months, some of this water will be recharged through wells into the

TABLE 1.1 OPERATIONAL RECHARGE WELL SYSTEMS
IN THE UNITED STATES (1994)

Year
Opearation

Locatlon Began  Storage Zone Application

Orange County, Caltomia 19505 Sand Salinity intrusion
barrier

Los Angsles County, 1050s Sand Salinity intrusion

California barrier

El Paso, Texas 1986 Sand Reclaimed
water injection

Gainesvills, Florida 1978 Limestons Reclaimed
water injection

Wildwood, New Jersey 1968 Sand ASR

Gordons Comer, New Jersey 1972 Clayey sand ASR

Golata, California 1978 Silty, clayey ASR

_ sand

Manatee, Flarida 1983 Limastone ASH

Peace River, Florida 1985 Limestone ASR

Cocoa, Florida 1987 Limestone ASRH

Buell-Red Prairte, Cregon 1988 Basalt Recharge

Las Vegas, Nevada 19488 Valley fil ASR

Fort Malabar, Florids 1989 Limastone ASH

Oxnard, Califormia 19859 Sand ASR

Chesapeake, Virginia 1990 Sand ASR

Kerrville, Texas 1391 Sandstong ASR

M. Las Yegas, Navada 1591 Valley fil ASR

Seattle, Washington 1992 Glacial drilt ASR

Calleguas, Califormia 1992 Sand ASR

Fasadena, Califomia 1892 Sand ASH

Highlands Ranch, Colorado 1993 Sand ASR

Swimming River, New Jarsey 1993 Clayey sand ASH

Boynton Beach, Florida 1603 Limestonea ASRH

Murray Avanue, New Jersey 1994 Clayay sand ASH
Marathon, Florida 1994 Sand ASRH
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® |n Operation
2N Development

Figure 1.3 Location of ASR systems in the United States, 1994,

Mannheim glacial drift aquifer and possibly into an underlying brackish
aquifer. During peak demand summer months, this water will be with-
drawn to supplement the capacity of the regicnal water system. Major
intake, pipeline, and treament facilities have been constructed and are in
operation. Construction and field testing of new ASR wells is expected to
begin during 1994, and the recharge system should become operational
within a few years to help meet peak water demands. Expected recovery
capacily is about 20 migd (91 ML{day; 24 MG/day) to meet projected
demands in 2000, increasing to 37 migd {168 ML/Jay; 44 MG/day) by the
year 2036.

A sccond well recharge system in Canada is under development in
Saskatchewan, to improve the quality of groundwater available for water
supply to rural residents, using recharge of snowmelt or other high quality
surface water through existing production wells.

Israel

Since about 1956, artificial recharge through wells has been an impor-
tant element of the National Water System for Israel. Most of the fong-
tenm operating experience has been in the sandsione aguifer of the coastal
plain and the limestene-dolomite aguifer of central Israel, although some
investigations have also been conducted in the basalt aquifer of lower
Galilee. Recharge has occurred primarily threngh doal-purpose injectionf
production wells (ASR wells), although single purpose recharge wells,
recharge basins, and abandoned quarries are also utilized. The water
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source is primarily chlorinated water from Lake Kinneret, although storm
runoff and grovndwater from a limestone aqguifer are also recharged.
Radioactive wacers bave been utilized to determine movement and mixing
of the recharge water with the native groundwater. Annual recharge vol-
umes in cxcess of 80 Mm® (21 BG; 64,000 acre {t) have been achisved,
utilizing over 100 wells and surface recharge facilities.

England

Thames Water Utilities is a private water company scrving customers
in London and the Thames valley, During winter months, a portion of the
flow avatlable from the River Thames and also the River Lee is treated and
injected into several wells in north London. The storage zone is a partially
dewatered confined aquifer composed of chalk overlain by sands. The
recharge water is primarily intended for dronght storage, to help meet
demands during periods of low streamflow that are assumed to ogenr
approximately every 8 years. The water is recovered when needed, and is
retreated at the Coppermills Water Treatment Plant. Initial testing began
during the 1950s, and the wellfield has recently been expanded. Recovery
rates up to 90 ML/day (24 MG/day) are planned.

Well recharge has been tested at several other sites in England; how-
ever, none of these are believed to be currently operational.

The Netherlands

Extensive work relating to well recharge has been conducted in The
Netherlands, particnlarly in the coastal dunes area near Amsterdam. For
ycars, surface basins have been utilized to recharge treated water from the
River Rhine and the River Meuse into the surficial sand aquifer, Wells are
then utilized to recover the water for municipal water supply purposes,
Environmental and land use constraints are forcing increased reliance
upen wells (instead of basins) for recharge. Another important factor
contributing to the development of well recharge technology in The Neth-
erlands has been the need to reinject warer pumped out of the ground
during dewatering operatiens for building construction. As a resuit, con-
siderable work has been condncted relating to well recharge, water quality
effects, clogging mechanisms, and water facilities design.

As of 1994, two recharge well systems are operational and two more ate
under construction. Several other sites have been tested during the past few
decades. In operation since 1990, the two operational recharge well sys-
tems each have recharge rates of about 4 MCM/year. Total annual re-
charge from both wells and surface systems in The Netherlands was about
180 MCM as of 1990 [8].
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Australia

Farmers in the vicinity of Adelaide use irrigation supply wells to
recharge their brackish aquifer with seasonally available fresh surface
water. This water is then recovered to angment irrigation supplies during
dry months. Recently investigations have been initiated to assess the
feasibility of recharging urban runoff throngh wells in the Adelaide area,
following pretreatment in natural swales and detention ponds. If technical
feasibility and regulatory viability can be confirmed, this practice would
offset increasing salinity of local aquifers, attributable to reduced namrsl
recharge in this urban area.

Many other well recharge projects are m development or operaticn that
do not appear on this list. A review of literature and other sources suggests
well recharge activity in Italy, Spain, Kuwait, India, Japar, and Itan.
However the list provides some idea of the global level of activity related
to recharge wells and, in particolar, the principal current iocations of well
recharge and ASR activity.

Prior to 1970 n the U.S., artificial recharge was little utilized and was
accomplished mostly by surface recharge methods, using recharge basins
or river channels in pervious soils to convey water into aquifer sterage.
Several experiments with injection wells were undertaken prior to 1968,
among which those by the United States Geological Survey (USGS) are
perhaps best documented. Cederstrom [9] conducted early injection and
recovery experiments at Camp Peary, Virginia, in 1946, in which treated
water was stored in a brackish aquifer and was recovered from the same
well during several test cycies. Similar USGS investigations were con-
ducted at several other sites.

A common denominator of these early investigations is that few of them
were carried forward into continued operation by 1he nulity systems and
other local water management agencies. Reasons for this vary, reflecting
site-specific challenges, needs and priorities. Several of the USGS pro-
grams were quite snccessful from a technical viewpoint. It may be inferred
that, prior to 1970, water management needs in the U.S. were adequately
met with conventional 1echnology, including wellfields, dams, reservoirs,
and river diversions. Environmental constraints had yat to achieve the
impact upon water management policies that became cvident during snb-
sequent decades. Artificial recharge was in its infancy as a viable water
management 1ool, and plugging problems with some recharge well projects
tended to support the conclusion that recharge well cost-effectiveness was
questionable: when compared to other available alternatives.

That is not to imply that work prior to 1970 was of lesser value. The
USGS has compiled two bibYographies of artificial recharge [10,11] that
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list pumerous references on the subject. In 1973, the 1.5, Department of
the Interior, Office of Water Resources Research published a bibliography
on the same subject [12]. The technical lessons leamed in these investiga-
tions provided a foundation of expcrience, including both successes and
problems, upon which later projects might build. A review of these bibli-
ographies provides a rather comgplete perspective on artificial recharge in
the UJ.S. prior to 1973. More recently the University of Oklahoma com-
piled an npdated bibliography on artificial recharge in the U.S. through
1935 [13]. Some international projects are also referenced.

The widely acknowledged leading area for artificial recharge in the U.S.
is southern California, which had a 1993 population of about 16 million
and local average precipitation in the Los Angeles area of less than 560
mm (20 inches). The high cost of several imported water sources, environ-
mental and other constraints upon their availability, and their vulnerability
to emergency loss during earthquakes has provided a continuing incentive
to make more efficient use of locally available water supplies. To control
salewater intrusien that became 2 serions problem during the 1940s, the
Orange County Water District and Los Angetes County Department of
Public Works began operation of a series of salinity intrusion barriers, a
line of injection wells currently numbering over 200 wells and recharged
with over 170 ML/day (45 MG/day; 50,000 acre fitfyear) of reclaimed
water from Water Factory 21 and from imported surface water. Portions
of this barrier have remained in continueus operation since 1956, while
new sections were added during the 1960s and 1970s. The barriers have
proven effective in achieving the criginal objective of controlling saltwater
intrusion. Abous 15% of the waier flows seaward, while the balance flows
landward and recharges the local aquifer system. Other recharge activities
in southerm California prior to 1970 were associated with surface recharge
through basins and river channels.

About 1970, water management in the U.S. began taking a new direc-
tign in response to growing recognition that centinued construction of
dams and major water conveyance schemes were increasingly nnaccept-
able for environmental reasons. Water management was alsg incapable, in
some areas, of keeping up with rising water demands by agriculture,
industry, and people. This opened the way for more sericus and wide-
spread consideration of artificial recharge as a means of angmenting the
yield of limited available water supply sources. Several different araag
within the U.8. then began considering artificial recharge as a water supply
alternative deserving consideration. However, many had conditions un-
suited to surface recharge methods. The occurrence of hardpan, clay, or
other low permeality conlining layers between the ground surface and
the water table or potentiometric surface in the aquifer frequentiy provided
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asobstantial constraint upon effective, long-term recharge rates and program
cost-effectiveness. In other locations, including sonthern Califomia,
hydregeclogic characteristics wese suitable but urban development encreached
npen river channels and other potential suiface recharge expansion areas,
raising land values to the point that further acguisition for recharge purposes
was not cost-effective. In such areas, recharge could only be achieved
through injection wells. As discussed earlier, recharge experience with
injection wells was quite limited, partly reflecting recurring technical prob-
lems with well plugging duc to a variety of physical and geochemical causes.

Ouiside the water utility field, injection well technology advanced
primarily through the needs of the petrotenm industry, which increasingly
relied upon brine reinjection and water injection for secondary recovery
operations in order to produce oil. Wellhead filtration was requited in
order to avoid plugging of injection wells with particulates. In addition,
increasingly sophisticated chemical pretreatment techniques were devel-
oped to avoid geochemical plugging of the aquifer receiving the injected
water and to achicve other objectives related to secondaty recovery opera-
tions. Thus, by 1970, alternatives had been developed and applied in the
petroleurn industry to address some of the reasons for well plugging that
had previcusly hindered implementation of injection weil techmology for
artificial recharge within the water utility field,

Wildwood, NJ was the fiest utility system (1968) to begin long-term
operation of a wellfield for seasonal storage and recovery of treated
drinking water. The purpose of this system was to meet shori-term peak
demands during summer months with water stored in the same wells
during the remainder of the year. Four ASR wells have been constructed
at Wildweod, This was followed in 1971 by a similar system at Gordons
Corner, NJ. Both of these systems are still in operation as of 1994, These
are the oldest known U.S. water systems operating in what we now refer
10 as an “aquifer storage recovery” operating mode.

During the early 1970s, the USGS continued with investigation of
injection well recharge and recovery at two sies. One, at Hialeah, FL.,
obtained useful data on recovery efficiencies associated with cyclic stor-
age and recovery of freshwater from a shallow aquifer in a deeper, brack-
ish limestone aquifer [14]. At Norfolk, VA, Brown and Silvey [15] inves-
tigated similar cyclic storage in a brackish, clayey-sand aquifer, experienc-
ing serious well plugging which they attributed to geochemical reactions.
However, they were able 10 asrest further loss of well production and
injection capacity through treatment of the well with calcium chloride,
prior 1o termination of the investigation. Neither of these investigations
was carried forward into full operation by the participating water utilities
at the time, although ASR development is now underway in the vicinity of
each of these sites.
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Little further operational development of the ASR concept occurred
untit 1978, the ycar in which the Southwest Florida Water Manageiment
District and Manatee County, FL, initiated an ASR project to seasonally
store treated drinking water in an artesian, limestone aquifer. Alsa in that
year, the Goleta Water District in southem California began a program to
recharge a local aquifer with treated drinking water using 18 unused
istigation wells and 9 wells equipped with pumps. The latter were to be
available for use to redevelop the wells pertodically and alse recover the
stored water when required to meet system demands, angmenting yield of
the Cachuma reservoir during droughts. Soon after initiation of the Goleta
ASR sysiem, a prolonged drought precluded water availabitity to recharge
the system for several years.

In Florida, meanwhile, the Manatee County project had proved to be
successful and cost-effective as a water supply alternative. Other Florida
water utility systems began what by then wete termed “ASR™ programs.
These included the Peace River project and then others for the City of
Cocoa and Port Malabar, all of which successfully stored treated drinking
water in brackish limestone aquifers and were carried forward into full
operation. The utility of ASR as a viable, cost-effective, and operationally
acceptable water supply alternative was therefore established in New
Jersey by 1972 and in Florida by 1988, when all four of these Florida ASR
systems were in operation, three of which had already been expanded or
had expansion plans.

It remained, then, to determine whether ASR operational success was
limited to the New Jersey coastal plain deposits and centain Florida lime- .
stone agquifers. These conld be characterized as karst, with moderate o
high transmissivity, and with total dissolved solids concentrations less
than 1300 mg/L in the native groundwater. Alternatively, ASR might have
broader applicability.

Based upon the Florida and New Jetsey successes with ASR, new
projects were initiated in several states that would eventnally expand the
acceptance of ASR as a widely applicable water supply alternative. ASR
projects were initiated in Seattle, WA; Kerrville, TX; Chesapeake, VA,
Marathon, FL; Calleguas, CA; Swimming River, NI, Highlands Ranch,
CO; and Tucson, AZ; and were soon followed by many others.

As of October 1994, 20 ASR projects were operational in the U.S.,
comparcd to three in 1983, These are listed in Table I.1. All are storing
ireated drinking water underground in swmitable aquifers through wells,
with rccovery te meet a growing variety of needs. About 40 additional
projects are currently in various stages of investigation, design, permitting,
construction, testing, or operational startup. The future for ASR technol-
ogy and implementation appears bright, with new technology develop-
ments, implementation it other countries, and broader applications for
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storage of water from different sources such as reclaimed water and
agricultural supplies. These are discussed in Chapter 8, Future Directions.

1.5 ASR APPLICATIONS TO MEET WATER
MANAGEMENT NEEDS

Although most ASR applications are for seasonal, long-term, or emer-
genicy storage of drinking water, many other applications have been con-
sidered or implemented at ASR sites across the U.S. and overseas. An ASR
system can usually be designed and operated to meet a primary objective
and one or more secondary objectives. However, such a system must be
carefully planned to ensure that factlines are situated, designed, permitted,
and operated in such a way as to achieve these multiple chjectives.
Twenty-two ASR applications that can be used to gnide future planning st
poteniial ASR sites are now briefly described.

1. Seasonal Storage. Waler is stored durimg wet months, or months when it is
available, and is recoverad during dry months, or months when it is needed.
Where water is pleniiful, it may be stored during imes when quality is best
and recovered during times of poor qualily. The duration of seasonal recov-
ery pericds may be several days 1o several months. Storage zones can be
cenfined, semi-confined, or unconfined aquifers containing fresh, brackish,
ot saltwater,

2. Long-termn Stovage, Water is stored doring wet years, or during years when
new supply, treatment, and distribution facilities have spare capacity, and is
wecovercd during drowght years, or vears when the capacity of existing
tacilities s inadequate lo meetl system demand. This type of slorage is
sometimes referred w as “water banking.”

3. Emergency Storage. Watcr is stored, when available, to provide an emet-
gercy supply or strategic reserve to mest demands when the primary source
of supply is vnavailable, whether due to accidental loss, contamination,
warfare, or natural disaster. This type of storage 15 particularly appropriate
for water systems that rely heavily on a singie source and a long transmis-
sion pipeline.

4, Disinfection Byproducts {DBF) Reduction, ASR storage can reduce the
concentrations of DBPs, such as inhalomethanes (THMs) and haloacetic
acids (HAAS), and also their formation potential. For some water utilities,
an ASR sysiem providing underground ceatment may therefore be an
inexpensive method of meeting pending standards for THM and HAA
concentrattons in drinking water,

5. Restore Groundwater Levels. Continuing (rends of water level decline
can be reversed by incorporating an ASR system into a regional water
management plan. A small percentage of the stored water can be left in the
aguifer cach year, or increased storage during wet years can be accumulated,
to eventually bring water levels (0 within a target cange of ¢levations,
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Reduce Subsidence. By restoring groundwater levels, ASR systems can
help reduce subsidence In areas where it 15 oceurring because of continued
water level decline.

Maintain Distribution System Pressure. Aquifer storage at those loca-
ttons within a stlity distribution system that experience scasonal low pres-
sures can help to maimtain these pressures by recovery during peak demand
months, Such locations are frequentiy at the ends of long transmission or
digtribution pipelines that are undersized 10 handle existing or projected
flows, ASR locaiion in conjunction with small elevated or ground storage
facilities can be a cost-effective means of mecting scasonal peak demandds
at adequate pressures.

Maintain Distribution System Flow. Aquifer storage at those locations
within a utility distribution system that experience seasonal low flows can
help to maintain adequate disinfectant residuats and other indicators of
water quality. This is probably an aleernative to flushing pipelines 10 waste,
Improve Water (Juality. ASR systems can provide many water guality
improveinents at different sites, including pH stabilization or adjustment,
THM and HAA reduction, iron and manganess redoction, hydrogen sulfids
reduction, possible arsenic reduction, blending with native groundwaler,
and softening. Nutrient and coliform reduction may also oceur where these
consiiluents are present in the recharge waier.

Prevent Saltwater Intrusion. Placing ASR wells in a line parallel w
saltwater-intruded portions of an aquifer can prevent further movement of
the saltwater intmsion front, while also meeting seasonal peak demands.
Reduce Environmental Effects of Streamflow Diversions. The reliable
safe yield of surface watcr supplics has historically been established accord-
ing to allowable diversions dunng dry weather and low flow months in
order o protect aquatic and terrestrial ecosystems while maintaining down-
stream water quality. ASR systems primarily divert water during high flow
months when the percentage of streamflow that is diverted i3 frequently
small. This reduces the environmenial effects of streamflow diversions and
thereby facilitates environmentally sound use of surface water sources,
Agriculiural Water Supply. Seasonal storage of water for agricuitural
irmgation purposes is possible in many accas where aquifer hydraulic char-
acteristics arc such that high yield weliz can be developed for recharge and
recovery purposes. Fresh or brackish aquifess ace potentially usefol for such
purposes, Regulatory and techmical issues must be addressed where re-
charge watcr quality may not meet all potable standards,

Nutricnt Reduction in Agricoltural Runoflf. Nutrients are frequently
presett tn agricoltural ronoff, causing entrophication of lakes and reset-
voirs. Storage of agriculural cunoff can reduce nitrogen concentrations
through bacterial denitrification. In addition, some aquifers can reduce
phosphotus concenirations through physical-chemical and bacteriological
mechanisms.

Enhance Wellfield Production. Wellfields are nsually designed and oper-
ated 1o produce water at rates within their long-term safe, sustained yield.
When these same wellfields are converted to an ASE mode, il is frequently
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pussible to produce waler at higher tates during peak demand months,
counting on artificial recharge during otf-peak months W restore water
levels before the following peak season.

Defer Expansion of Waiter Facilities. Water system components with ASR
are sized differently than those withoot ASR. In particular, it is frequently
possible 10 make more efficient use of existing investment in {reatment and
conveyance capacity by operating these facilities at full capacity thronghout
the year and throughout the life of the facility, except for scheduled main-
tenance periods, Excess treated waler is stored for later recovery. With this
approach, expansion of water facihitics can be deferred and downsized, with
substantial cost savings.

Compensate for Surface Salinity Bartier Leakage Losses. In south
Florida and possibly other areas, salinity barriers are located on major
drainage channels discharging to saltwater, Leakage around these structures
through the adjacent shallow aquifer during drought periods can he substan-
tial. With ASR, weils would be located adracent to these barriers, recharging
waler into deep brackish aquifers during wet months, Stored water would be
recovered during drought months 1o compensate for leakage Josses,
Reclaimed Water Storage for Reuse. High quality reclaimed water miay
be stored seasonally in brackish aquifers for recovery to meet irrigation
demands. This eliminates the need for sxpensive abovegrovnd storage that
15 often required for those periods when the seasonal demand for irrigation
water is reduced. In concept, (he same principle could be used for reclaimed
waler storage in potable aquifers. The stored reclaimed warer wonld be
hydranlically controHled within a small radius around each ASR well, rather
than dispersing Freely in the siorage zone. It would be recovered from the
ASR well, having undergone some improvement in quality during seasonal
aquifer storage.

Soil Aquifer Treatiment. Asrobic and anagrobic bacterial treatment pro-
cesses occur in both the saturated and unsaturated zones of an aquifer
system. In addition, physical-chemical processes are effective in treating
waler stored in ASR wells, While much remains to be leamed regarding soil
aquiter treatinent in ASR wells, this appears to be a beneficial application
of ASR technology.

Stabilize Aggressive Water. Aggressive waler 5 frequently treated with
calcium carbonale to achieve stability of product water from water treal-
ment plants. In himesione storage zones, stabilization can also be achizsved
at lower cost during aquifer storage.

Hydraulic Control of Contaminant Plumes. In portions of aquifers that
are threatened by movement of contamination plumes, it is sometimes
possible to control movemnent of these ploies through the appropriate use
of injeclion or recovery wells. However, use of ASR wells can also achieve
seasonal production from these aquifers while controlling movement of the
plumes. With such applications, legal lisbilicy issues must be addressed
carefully.
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21. Divrnal Storage, ASR wells have been used in some areas 1 store water
at night for recovery during the day, in situations where daytime demands
exceed supply capacity.

22, Fish Hatchery Temperature Control, Scasonal variations in source water
temperature can be used to advantage by recovering and blending ASR
water ko meet temperature control requirements.

Other applications of ASR technology may become evident in future
years, supplementing the above list. Each of these applications entails
assoctated hydraulic, hydrogeologic, and water quality requirements for
ASR system development and operation.

1.6 OBJECTIVES OF THIS BOOK

The purpose of this beok is to present the author's vision of ASR as a
powerful and cost-effective water management tool that can alleviate
growing water supply problems around the world. If the vision can be
conveyed clearly, then those who choose to follow along this path will be
able to make reasonable judgments and decisions as they encounter difter-
ent circumsiances, needs, and opportunities at new ASRE sites.

The book endeavers also to provide useful gnidelines, procedures,
design concepts, and other pertinent information to gaide those who may
be interesied in establishing new ASR systems. With a clear understanding
of the ASR vision and a grasp of the procedures that have proven sufficient
to epsure ASR success at many sies, 1be reader will hopefully be well
prepated to proceed with a new ASR program.

Chapter 1 presents the ASR concept as a relatively new global water
management tool with many different potential applications. The histoti-
cal development of ASR 15 also discussed. A proven, successful approach
for ASR system development is presented in Chapter 2, including a series
of development phases leading te system operaticn and expansion. Chap-
ter 3 discusses the design of ASR wells, wellhead facilities, and wellfields.
Several design features are unique to ASR and are highlighted in this
chapter. Design considcrations that apply to alt wells and are not unigue
to ASR are generally not covered. An understanding of many technical
issues unique to ASR constitutes the bedy of knowledge comprising ASR
technology. These issues are discussed in detail in Chapter 4. Chapter 3
presents a practical guide for understanding ASR geochemistry issues.
Geochemistry is a very important technical element of the ASR develop-
ment progeam at most sites. Other non-technical issnes are equaily as
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important to ASR success, such as economncs, water rate impacts, legal
and regnlatory issues, environmental impact, and public involvement.
These are discussed in Chapter 6. Chapter 7 presents alternative ASR
applications for storage of water from sourees such as reclaimed water and
unirzated or partiaily treated surface water. Chapter 8 discusses future
directions for ASR, including technical and seguiatory developenents that
can be reasonably foreseen, and also expected global applications. Chapter
9 includes several case studies selected from among existing operaticnal
ASR systems, or those that are in development. These are presented to
illustrate ihe range of potential applications, the successes, and the prob-
lems that have azisen at these sites, and how these problems were resolved.

As the first book to be published on the subject of aquifer storage
recovery, it is hoped that this will be perceived as a useful and complete
reference to guide professionals, water managers, water users and others
with a4 commaon interest in achieving more efficient, sustainable, and cost-
effective utilization of our global water resources.



CHAPTER

ASR
Program
Development

The winds blow farth; 1o earth the quivering Fahinings folf,
The plures shood wpr, with mofstire streams the reafm of fighe.
For ali the world abundunt nourishment is horn,
When by Parjanya Earth is fertifized with seed.
The rain of heaven hestow, O Marwis, on us,
OF your strong steed powe foreh the sireams dbuidant.
With this thy thundering roar do thou come hither,
And shed the waters as anr heavenly father,
With roar and thunder now the germ deposiy,
Fly rewtidd wx wirk iy wealer-beaving eharior
Tuen welf thy water-skin unloosed dowaward,
Muke, with the waters, #eights and hollows Ievel.
Draw rhe grear bucker up and pour it downword,
And et the ffherated streawms fow forvard.
O alf sides drench bark heaven and eavth with famess;
Let there be for the cews foir pools for drinking.
from the Rip Veda, Book V. 83, Parjanya (c. 1300 BC)

2.1 INTROCDUCTION

By following a logical process for the planmng and implementation of
ASR projects, the probability of ultimate success can be maximized. Such

23
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a process has been developed as a result of experience at several existing
operational recharge sites, and familiarity with others, and is presented in
this chapier. Although each ASR project tends to have importart and site-
specific issues thal determine the nature and direction of activities, com-
mon themes emerging from these different projects form the basis of a
recommended process for consideration at potential new ASR sites,

An essential elernent of the process is a phased approach in which the
level of effort and associated financial investment is related to the degres
of risk, both technical and non-technical. A minimum of three phases is
normally appropriate:

Phase 1: Preliminary Feasibility Assessment and Concepinal Design
Phase 2: Field Investigations and Test Program
Phase 3; Recharge Facilitics Expansion

In some cases, the leved of risk is higher than vsual, justifying a greater
mumber of phases along the path to implementation. An increased number
of phases may also be necessary as a result of funding constraints, particu-
Iakly during field investigations. Certain regulatory, legai, or water rights
issues may be sufficiently important that a separate phase may be devoted
to full investigation of these jssues before remaining portions of the
program can continue. In other cases, the level of risk is known to be guite
low as a result of nearby successful ASR experience, justifying moving
immediately into field investigations following an initial conceptual de-
sign effort. '

The natural tendency to forego initial investigations and move immedi-
ately into {ield testing at a selecied site tends to be risky. Some ASR
projects have developed in this fashicn and kave been successful. Others
have encountered significant problems. The problems usually tead to loss
of cooflidence in the concept of well recharge, as a result of which the
project 13 halted. The resulting loss of momentum can be hard to over-
cotnie. More careful atientien to initial planning details can identify and
resolve many of these issues in advance, thereby minimizing the risk of
failure. Where the penalty associated with failure is low, the higher risk
may be worth taking. However, where the penalty of failure is high,
possibly leading to the need for development of a far more expensive water
supply alternative, it is usually wiser to invest more in the propet initial
development of the ASR program to maximize the chance of succass.

The probability of snccessfully implementing an ASR program can be
enhanced by assembling a multi-disciplinary technical team that inclrdes
a balance of engineers and hydrogeolopists with capabilities in the areas
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of geochemistry, water treatment processes, utility operations, hydravlics,
aquifer simulation modeling, economics, water chemistry and design of
pipelines, pumping stations, and related elements of a water utility system.
Sugport may also be necessary to address environmental, legal, regulatory,
political, and possibly other issues. Failure to consider these issnes at the
planning and conceptual design stages of the program can lead to costly
mid-course corrections at a later date, ot pessibly to failuse of the program.

Phase 1 usually culminates in a prelirinary feasibility report that presents
the ASR program in some detail to support issuance of parmits for Phase 2,
and to obtain financial, political, and environmental support for the subse-
quent phase. Phase 2 completion usnally occurs when the first ASR well is
fully operational, tested, and permitted, providing a firm basis in some detail
to obtain regulatory, financeal, political and environmental support for Phase
2. Upon completion of Phase 3, the ASR program is ready to move into a
long-term operation and maintenance mode. Furthermore, sufficient confi-
dence in the role of ASK as a valuable water management tool has vsually
been developed that long-range water supply plans can be formulated that
incorporate ASR as a key component. These elerents of an overall ASR
program are presented in the remainder of Chapler 2.

2.2 PHASE 1: FEASIBILITY ASSESSMENT AND
CONCEPTUAL DESIGN

Phase ! frequently provides the key to ASR success. By planning the
project in detail, and evalnating all of the many varied factors that com-
prise successful implementation, this phase provides a sound basis for the
remainder of the program. Success requires satisfactory performance for
both technical and non-technical issues, In recent years, many of the
technical challenges that have adversely affected performance of recharge
gysiems have been resolved. All too frequently regulatory, legai, political,
chvironmental, and other issues have becomse the most significant factors
determining recharge program success ot failure. The Phase | assessment
can provide not only the conceptual design of ASR facilities but also a
broader evaluation of how the program fits into the larger water manage-
ment picture, thereby constituting an effective tool for gaining a consensus
of regulatory and public support for the cverall ASR program.

Several elements comprise an ASR preliminary feasibility assessment.
Not ali of these require significant effort in every case; however, consid-
eratton of akl of the following issues is most likely 1o ensure ultimate
success.
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Recharge Objectives

It is important to carefully consider the range of recharge objectives for
any proposed project and to select and prioritize those that are applicable.
While this may sound intuitively obvious, i is a step that is usvally
ignored, frequently leading to projects that are situated in the wrong
location or that fail to provide the degree of benefit that could otherwise
have been achieved. There is usvally a primary objective that everyone can
agree on; otherwise, the project does not reach the Phase 1 stage. There are
also frequently one or more secondary objectives, early consideration of
which can broaden the base of support for the rechatge peogram while also
affecting the conceptnal design. Chapter 1 presented a list of potentizl
ASR applications derived from projects currently in operation around the
worid or in various stages of development:

+  seasonal storage and recovery of water

+ long-lerm storage, or “water banking”

= emergency storage, or “'strategic water reserve’
+ disinfection byproduct reduction

+ diurnal storage

+ restore groundwater levels

« reduce subsidence

* maintain distribution system pressure

+ maintain distribution system flow

« improve walat quality

= prevent saltwater inttusion

« teduce envivonmental effects of streamflow diversions
+ agricullural water supply

« nuirient reduction in agricultural runoff

+ enhance wellfield production

» dafer expansion of waler facilities

+ compensate for surface salinity barrier leakape losses
+ reclaimed water storage for rense

+ 501l aquifer treatment

+ sgrabilize aggressive water

+  hydranlic control of comaminant plumes

» fish hatchery water temperature control

Other ASR cbjectives are undoubtedly possible. This list may be vsed
to assess potential primary and secondary objectives. Fot exampla, a
community may have a primary objective of storing potable water to meet
seasonal peak demands and thereby defer the need for expansion of water
treatment facilities. Location of the associated aquifcr storage recovery
weils could be at the water {reatment plant or at any suitabie location in the



AER PROGRAM DEVELOPMENT &

water transmission arxl distribution system. Many communitics have por-
tions of their distributicn system that require flushing to waste during low
demand months, in order to maintain a disinfectant residual. In peak demand
monihs the same areas may experience low pressures. Location of the ASR
wells at the problem areas in the distribition systern can meet both the
primary and secondary objectives since excess water would be stored during
low demand months, maintaining adequate line velocity. Dudng peak de-
mand months, the water would be recovered, helping to maintain adequate
local pressures while also angmenting system peak supplies.

Water Supply

Careful consideration of alternative sources of water for recharge is
essential. Each source should be evaluated as 1o the average flow available,
monthly or other vatiability in flow rate, and any trends in flow, Water
may be available for recharge at a higher rate initially, declining with Lume
as other, higher priority demands for that source arise. Monthly variability
is also common, based upon raw water source availability, scasonal varia-
tions in quality competing demands, legal or regulatory constraints, or
other characteristics of each system. It is asvally insufficient to know the
average and peak rate of water availability for recharge, although this iz
helpful. A knowledge of monthly vanability is essential,

Figure 2.1 shows a typical sitvation for water supply variability for the
Peace River ASR site in Florida, which stores treated drinking water from
a river source that is highly variable in terms of both flow and quality. For
each month, the maximum, minimum, and average streamflows are shown.
The minimum regnlatory flow is also shown, above which up to 10% of
the flow can be diverted. No diversions are allowed below the regnlatory
low flow for each menth.

Figure 2.2 shows the drought duration frequency analysis for this same
site, based upon over 59 years of records and assuming the regulatory
diversion rufe was in effect for the full duration of the records. It is
apparent that, despite the high average flow from this source, drought
durations of vp to 7 months would have eccurred, while those lasiing two
months are common. While not shown in this figure, a long-term trend
analysis of the streamflow records at this site indicated a fondamental shaft
in streamilow characieriséics occutring approxitnately at the middle of the
record. As a result, monthly hydrologic paramelers thal were later used for
ASR simulation modeling were obtained from the more recent portion of
the hydrologic record.

This 1ype of hydrologic analysis is essential for the Phase 1 ASR
feasibility assessment becawse it defines water supply and variability.
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Where multiple sources arc available, the results can then be compared
between sources to assess their relative suitability for ASR purposes.

Recharge Water Quality

Recharge water quality also has to be addressed carefully. Frequently,
average values mask an underlying seasomal c¢ycle or leng-terin trend,
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which can affect recharge activities. Months when high flows are available
for recharge can also be months wher significant water quality issues are
prevalent that would create water treatment difficulties or canse ASR wells
1o plug. A thorough scan of recharge waler quality records for each source
1s tequired in order to properly assess the potential for problems. An initial
scan on at least one sample obtained during typical recharge months and
flows can be quite hetpfnd in guiding the fure direction of the project.
Chapter 9 inchides several examples of water quality data for specific ASR
sites, showing the parameters deemed to be of significance at these sites.

Comparison of recharge water quality constituent concentrations with
applicable watcr quality standards is an important element of the prelimi-
nary feasibility assessment. Where treated drinking water js (0 be stored,
it is usually sufficient to show that primary and sccondary standards are
being met during recharge menths. Where other water sources are under
consideration for ASR storage, such as untreated or partially treated sur-
face water, untrzated groundwater, or reclaimed water, then comparison
with applicable waler quality standards can provide a basis for regulatory
evaleation of the proposed ASR project, as discussed forther in Chapter 7,
Alternative ASR Applications. Appendix A includes 1993 water quality
standards for the U.S. Environmental Protection Agency, the European
Community, and the World Health Organization.

For the Peace River water supply example discussed above, potential
diversions from the river were [urther consirained by the algal content of
the river water. Analysis revealed that there are several months during the
year when water may be available for diversion, considering only quantity
criteria; however, the quality is so poor that it cannot be readily treated.
The probability of not diverting due to algal content varied from zero in
September thromgh Diecember to one-third in March. Furthermore, expe-
ricnce at that site suggests that this is not easily predicted, occurring
somewhat randomly during certain months of the year and averaging about
175 of the potential diversions for the entire year. This analysis had a
pronounced effect upon the initial conceptual design of the ASR system
and the other facilities at the Peace Rivey site. Subsequently, facilities were
constructed and additionat facilities are planned so that this water can be
diverted and treated rather than lost.

An important water quality consideration is the suspended solids con-
tent of the recharge water source. Invanably this data is not avaitable for
Phase 1 investigations. As discussed in Chapter 4, well plugging and
redevelopment is an imporiant ASR lechnical issue, the resolution of
which includes field data collection to gather information regarding total
suspended solids content in the recharge water, how these solids vary with
titme and with flow, and what materials contribute to these solids. In some
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cases particle counting and a detaited analysis of particle size may be
appropriate in order to provide a basis for understanding and resolving
plugging issues. Where this data is not available for Phase 1, it may be
obtained 2agly during Phase 2 investigations.

Once recharge quality and quantity issues have been addressed, it is
posstble to combine the two and thereby evaluate shose times of the year
when recharge water is available in a useful quantity and with suitable
quality. This provides the basis for determination of annual recharge
volume potentially available in the initial and subsequent years,

Water Damand

In most situations it is important to evalvate water demands, including
average demands, monthly variability, and trends. Records of monthly
maxtmum day, average day and minimum day demand for a peried of
three or motre years are frequently helpful in showing the degree of
seasonal, monthly and daily variability. Ratios of maximum day to
average annual demand, maximum week to average annnal demand, and/
or monthly demand as a percent of avcrage annual demand are frequently
helpful in assessing the duration of peak demand periods when recovery
of stored water would provide maximum benefit. Such ratios also help
in assessment of the amount of idle supply, treatment, and transtnission
capacity 1o be expected during each month, as a result of normal menthly
variability in system demands. Another useful output of this analysis is
the annual volume of water requircd during recevery to meet system
demands.

Sometimes the duratton of the peak demand period is quite short. An
analysis of monthly water demand records for the Alexander Orr Water
Treatment Plant at Miama, Florida, indicates little seasonal variability in
demand, with a eatio of 1.2 for maximum to average day demand. The
relatively low ratio partly reflects the large size of this urban area. How-
ever an analysis of daily records shows that peak demand durations of up
10 18 days per year are associated with the highest 20 MGD of peak
demands. The highest 10 MGD occurs for only about 3 days per year.
Simitarly, the peak demand for Wildwood, New Jersey, oceurs during July
4 weekend each year when large numbers of people visit this coastal resort
community. In such sitations, the volume to be recovered from storage is
therefore not that great. The rate of recovery in such ssvations may
determine the number of ASR wells required to meet system demands, In
other sitmations, the number of wells may be determined by the recharge
rate hecessary to store the velume of water required to meet demands
during the recovery petiod.
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Municipal water systems are usually designed to meet peak day de-
mands during some future year. The typical ratic of peak day 10 average
annual demand is about 1.3 (o 2.0, although ratios as high as 5.0 are
known. Consequently, it is not uncommon for water systems to have a
substantial amount of idle capacity during much of the veas. This capacity
can be utilized for treatment and storage of water during off-peak months,
using ASR and other recharge facilities.

Figure 2.3 shows the record and projection of average and maximum
day water demand for Evesham, NJ, showing the effect of adding one ASR
well on extending the uscful capacity of existing water supply and treat-
ment facilities. Typically, an ASR system enables a water utility to meet
maximum day demands with water supply and treatment facilities sized to
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Figure 2.3 Supply-demand relationship with new ASR facilities, Evesham Mu-
nicipal Utilities Authority, New Jersey.
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mect close-to-average demands, and ASR facilities sized to provide the
difference. Usually treatment and piping facilities are much more costly
than are ASR wells.

Cuality requirements for the recovered watcr also need to be evaluated
to aid in assessment of the potential treatment requirements. Usually it is
only necessary to disinfect the recovered water prior te distribution. In
some cases pH adjustment may also be required, either to maintain stabil-
ity within a desired range or to maintain disinfection effectiveness.

Hydrogeoclogy

This is frequently the most time-consuming element of the Phase 1
feastbility assessment. Careful evaluation of area hydrogeology can lead
to the selection of suitable siorage zones, recharge water soireces, and
treatment requirements, and usually affects the location and design of ASR
facilities. Depending npon the amount of information available for review,
it is freguently possible to complete this task without substantial field
investigations. On the other hand, such an evaluation may indicate impot-
tant technical unknowns that can only be addressed through drilling and
testing. Whether such field investigations are performed during the first
phase or deferred to the second phase is a sise-specific decision; bowever,
identification during Phase 1 of what is known and what is unknown can
lead 1o more enlightened decisions regarding peoject planning and funding.

The hydrogeologic evaluation during Phase 1 should consider the fol-
lowing technical issues to the extent possible with available data and
resources, Where the data is not available and is deemed to be significant
to the program, plans should be made to obtain this information through
supplemental investigations, whether during Phasc 1 or at the beginning of
Phase 2;

= stratigraphy, including geclogic cross-sections

= aquifers (areal extent, thickness, and depth}

» confining layers or aquitards (aerial extent, thickness, and depth)

+ lithology of aquifers and confining layers

= potential availability of cores

» hydravlic characteristics (transmissivity, storativity, leakance, hydraulic
conductivity, porosity, 1.}

* typical wel! construction and production rates

« mineralogy of clays, sands, and other soil components

+ geophysical logs

» water quality of each aquifer

+ pgeochemical compatibility of recharge and native water with formation
minerals
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* structure {unconsclidated, consolidated, tractures, bedding planes, solution
features, fissures, elc.)

* recharge and discharge boundaries

= water table levels or potentiometric surface

+ local gradient of the potertiometnc surface

» mnatural groundwater velocity and direction

« well inventory within a reasonable radius

» groundwater withdrawals within the surrounding area

»  proximity of potential sources of contamination

« proximuty of potential contamination phimnes that may be affected by re-
charge operations

In many cases the selection of the aquifer to be recharged appears
abvious. Howaver, it is important to consider all passibilities, since ASR
operations can also occur in deep, brackish, or ctherwise undesirable
aquifers containing water quality too poor for normal consumption. It is
quite commeon Jor attenuen to focus upon shallow aquifers for which
considerable data is already available, when deeper aquifers at the same
site may have equal or better potential for ASR storage but may be less
well documented. With appropriate design and operation, these aquifers
can frequentiy be used for storage purposes, and all of the water stored can
be recovered without the need for retreatment. “Stacking” the storage
zones is frequently highly cost-effective, using multiple zones for storage
at a single site and thereby saving construction and operation costs for an
cxtensive piping network.

The level of effort appropriate for assessment of geochemical issues
should be carefuliy evaluated. The attenticn given to this part of the project
is frequently too small, sometimes resulting in unexpected or unexplained
plugging.

It iz probably wise to obtain and analyze cores in the potential storage
zones for the following situations, so that the risk of geechemical plugging
can be properly assessed;

» whers insufficient data is already avatlable to perform such an assessment

v ¢lays, silts and other fine matecials are possibly present in the potential
storage £ones; or

* there is no local recharge experience to consider

The cost of conducting this work can be weighed against the perceived
risk and cost of potentially plegging and losing use of & recharge facilicy.
Where the risk is low, or the value of the facilities at risk is not too great,
then this portion of the assessment can probably be deferred or minimized.
Otherwise, coring and geochemical analysis should be conducted during
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Phase 1 or at an early stage in Phase 2. Farther consideration of coring and
core analysis is included in Chapter 3, Geochemisiry.

Selection of Recharge Processes

An informed decision can usuaily be made at this point regarding the
recharge process or processes that appear appropriate. Consideration of
water supply and demand factors will usually indicate the annuval volume
of water available fer recharge or required for recovery. If the hydrogeologic
evaluation indicates that surface recharge is probably feasible, it is then
possible to conduct an evaluation of possible sites for instream or offstreamn
surface recharge facilities, Once potential sites are identified, a prelimi-
nary screening can usually indicate whether sufficient recharge capacity is
likely to be present to fully utilize available recharge flows. If land
availability and hydrogeology are favorable, surface recharge is usually
the most cost-effective recharge approach if the objective is limited to
getting the recharge water into the ground. Where either of these factors
become limiting, then well recharge should be considered.

As discussed in Chapter 1, aguifer storage recovery wells are more
likely 1o meet overall recharge objectives than are conventional single-
purpose injection wells. In some cases, a combination of the two recharge
approaches (surface and well recharge} offers operating flexibility while
also fully utilizing the available recharge flows and storage capacity in the
ares.

As part of the selection process, it is very important to consider poteatial
recharge objectives. Geiing the water into the ground is usnally only part
of the process. Eqnally important is the ultimate polential use and value of
the stored waler at the point of recovery. Stotage and recovery of higher
value potable water may, in many cases, be more cost-effective and nseful
than storagc and recovery of lower cost raw water from rivers, especially
if all of the stored water can be recovered without the need for retreatment.
Recharge economics should therefore consider not just the cost of getting
the water into the ground, but also the overall cost for achieving the local
water management objectives.

Site Selection

For most ASR projects, the site for the Phase 2 test facilitics is best
located either at or close to the water treatment plant, or at some point in
the distribution system where major facilities are already in place, such as
a pumping station or a ground storage reserveir. This provides increased
likelihood that qualified personnel will be available during the test pro-
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gram to aid in gatheting hydraulic and water quality monitoring data.
Sampling and data collection can be intensive during portions of the test
program, so it is helpful to have operations stafl close to the site to assist
with the program. Conversely, a site that is distant from operations staff
will have greater difficulty and cost in oblaining the requisite data, and
cotrespondingly higher potential for nccurrence of problems that are not
noticed until considerable time has elapsed.

Site selection should also take into account the need for disposal of
water produced during dnilling, testing, backflushing, or well redevelop-
ment operations. In some residential areas, water disposal can be a major
constraint unless an adequate surface drainage system is in place. In other
areas characterized by extensive wetlands, disposal of heackish waters
during initial testing of brackish watcr storage zones can be a significant
challenge. It should be possible to pump the well to waste at its design
production rate, or somewhat higher if pumping to free discharge, and to
maintain this rate for several hours or possibly several days.

Hydrogeclogic considerations may affect site selection, such as a sig-
nificant trend of well vields, water guality, or well depth within the
potentiai storage aquifer across the utility service arca. By affecting well
depth and yield, the presence of geologic faults may affect the sunability
of some areas for ASR purposes, cither positvely or negatively. Fre-
quenily site selection is dominated hy the availability of suitable existing
wells for testing purposes. Proximity of recharge water pipelines with
adequate transmission capacity is also an important factor, especially in
more remote areas.

Although very little land area is required for ASR facilities, this can be
a constraint in urban areas. Conseguently, land availability and site access
have to be considered. In some states, regulatory requirements stipulate the
need for a radius around ASR wells, within which no existing or potential
contamination sources are allowed, Typical radius values are about 31 m
{100 £t). This can control location of ASR wells near property boundaries,
potentially affecting the site selection process.

Conceptual Design

Assuming that ASR is selected as the recharge process and one o1 more
alternative sites have been identified, advantages and disadvantages of
each site can be considered, and criteria can be developed and applied for
recharge site selection. Conceptual design of facilities to achieve recharge
objectives can then be condncted, Usually it is sufficient 1o develep a
preliminary concepiizal design for Phase 2 test facilities, with some con-
sideration for the probable layout of the ultimate ASR site to ensure that
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test facilities are located and constructed reasonably consistenily with an
uitimate plan. The conceptual design wonld include the location and sizing
of the ASR tcst well, pipelines, building, controls, and other facilities, in
sufficient detail that an order-of-magnitude cost estimate can be devel-
oped. If desired, a similar cost estimate for the ultimate recharge plan can
also be prepared to provide a basis for consideration of unit capital or
opetating costs for expansion of peak water supply capacity.

Existing Well vs. New Well

A key element of the conceptial design is the decision regarding
whether (o utilize an existing available production well retrofitted for ASR
testing purposes or to construct new facilities designed specifically to meet
ASR objectives but at increascd cost for the test program, Existing opera-
tional and abandoned wells are frequently available and should be consid-
ered for test program purposes, for economic reasons, However, they are
not always sitmated appropriately, seldom constructed appropriately, and
may not be in a condiiion suitable for ASR purposcs.

As discussed subsequently in Chapter 3, ASR wells have a unique
design that is different from either production or injection wells. Where
siorage zone water quality 15 fresh and potential geochemical problems are
minimal, production well desigr may be very similar to ASR well design.
However, when the storage zone water quality differs from recharge water
guality, and where geochenical issues are of concem, the ASR well design
will tend to be different from the producticn well design. Hence, the
scleetion between using an existing well or constructing a new well
requires some care i optimum well performance is to be achieved.

Where an existing well 15 selected, it will usually be necessary to venfy
the condition of the well prior to testing. Whether this 15 done during Phase
1 or at the beginning of Phase 2 15 a site-specific decision. However, this
excreise may include video camera logging of the well, followed by such
activities as wire brushing the screen and casing while pumping the well;
acid treatment; disinfection; and a second video log to confirm resulis. Tn
old welis that are equipped with oil-Iubricated purnps, it is common to find
a layer of oil floating in the casing, which should be removed pricr to ASR
testing oparations.

It is important that program objectives nol be compromised by a deci-
sion to ufilize existing facilities that are unsuitable for the purpose. Onee
an ASR test well becomes severely plugged ot has other major problams
during testing, the test program tends to lose support. It is then very
difficuit to regain support by pointing oul that further investment in new
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test facilities would have been more likely to achieve success. Wells are
usually abandoned or not utilized for a reason: frequently due to construc-
tion, age, sand production, or other water quality problems that can se-
verely hamper the conduct of successfol recharge testing. Where existing
wells are utilized lor testing, greal care has to be exercised to identify and,
if possible, correct shoricomings in design or construction thar couid
adversely affect success of the recharge program.

Hydrogeologic Simulaticn Modeling

The application of computer simulation modeling at this point in the
recharge program should be considered. In some situations the data avail-
able from literature sources may be sufficient to jusiify hydrogeologic
modeling of proposed recharge operations and to provide an improved
basis for conceptuzl design of facilitics and planning of the test program.
In most cases, however, it is probable that such modeling will be of fimited
benefit since site-specific data will generally not be available until after
construction and testing of ASR facilities during Phase 2. Experience
suggests that data uncertainties frequently render such medeling during
Phase 1 to be of limited value, although it 15 certainly of interest. At the
end of Phase 2, hydrogeologic modeling of expanded ASR operations is an
important and essential tool for planning and budgeting Phase 3 expansion.

Modeling activiiics arc discussed further in Chapter 4, Selected ASR
Technical Issues. Generally, ASR hydrogeologic modeling includes three
different objectives:

1. hydraulic analysis of wellfield design and operations

2. geochemical simulation 1o evaluate mixing between stored and native water
in the presence of aguifer minerals

3. solwte transport modeding 1o establish the direction and rate of water move-
menl during aquifer storage, (o esiablish constitoent concentrations during
recovery, and (o estimate percentage recovery

Hydraulic analysis is usually best addressed at the end of Phase 2 when
site-specific data are available, and results support further consideration of
an expanded ASR wellfield. Sometimes this has to be performed during
Phase 1, based upon preliminary estimates of aguifer hydraulic character-
istics, in order to obtain the permits to conduct Phase 2 testing. Usually,
however, such models require estimates of aguifer dispersivity, values for
which are determined based upon data collected during Phase 2,

Geochemical simulation is usually conducted early during Phase 2
when formaiion sampies, water guality samples, cores, and core analysis
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results are avaiiable 1o support a detailed geochemical analysis. A prelimi-
nary gecchemical assessioent 18 appropnate during Phase 1, based upon
available information in the literature, in order to guide Phase 2 planning,
site selection, and storage zone sclection,

Solute transport modeling is increasingly utilized as a tool in ASR
investigations to assess site locaticn relative to other production or ASR
wells, and the impact of well interference vpon recevery efficiency. As
such, it can be a useful Phase 1 tool in accompanitremt with hydraulic
modeling. In many cases, boih of these types of models can be deferred to
the end of Phasc 2, relying upon sitc-specific data without ipcurding
signilicant risks in site selection, design, or operation. As additional ex-
perience is gained with the application of selute transpert modeling to
ASR systems, they will become more useful as prediction tools to guide
location and design of ASR sysiems.

Qutline of Test Program

The proposed testing and monitoring program should be developed in
some detail, This includes baseline hydraulic testing, water quality sam-
pling, and watet level monitoring of the storage zone, followed by several
cyeles of operation under typical conditions. The location and frequency
of data collection and sampling, and the parameters to be analyzed on each
sample, should be developed. Typically, this includes water levels, flows,
pressures, water quality, and other data at ASR and monitoring well
facilities. This is usuaily a time-consuming and expensive part of the test
program and should be planned as carefully as possivle beforehand so that
it is scoped correctly and budgeted adequately. It is important to collect
adequate data to permit interpretation of ASR results at the end of the
program.

The next section in this chapter provides greater detai! on the design and
implementation of test programs. It is important to build considerable
flexibility into the Phase 2 test program plan. Flow rates, volumes, storage
periods, sampling frequencies, and inst about every other monitoring
parameter can provide compelling reasons to adjust the original testing
plan prepared during Phase 1, in order to meet changing Phase 2 needs,

Regulatory and Waler Rights Issues

These issues ate differcnt in every part of the U.S. Each state has its own
requirements and procedures. The federal government (LS. Bureau of
Reclamnation, US. Geological Survey) also is involved in recharge activi-
ties through funding of local demonstration programs and state water
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projects, and through regulation of Underground Injection Control {UIC}
Class ¥V Well activities by the Environmental Protection Agency.

A common theme among recharge projects is the ownership of the
stored water, State legislation and associated case law is increasingly
supporting the position that, if the water is already available to a user for
consumplion or storage purposes, it is also available 1o that user through
recovery from storage. In othcr words, rights to the water are not lost
through underground storage. It is necessary in seme states 1o pass supple-
mental lecal ordinances oy state legislation to reinforce the water nights
associated with a recharge project. In other states, il 1s necessary to obiain
separate permits for recharge and for recovery. During the next few years
it iz anticipated that a vanety of state laws relating {0 ASR will bz passed,
hopefully achieving some commonality on critical issues.

Environmental considerations usuvally are important regulatory con-
cerns. Impacts upon river flows and quality need to be considered, as well
as impacts upon greundwater levels, groundwater quality, recovered water
quality, and impacted ecosysterns. Normally, rechargs operations are par-
ceived as benefinting the environment by making more efficient use of
water when it is available without causing significant adverse effects.
However, each project has to be evaluated on its own merits. Mitigation
plans may be appropriate to address potential adverse envirommental ef-
fects. The potential cost of such plans should be incorporated in the site
economic analysis.

Chapter 6, Selected ASR Non-Technical Issues, presents further details
on consideration of regulatory, water rights, and environmenlal issues
during the ASR Phase 1 feasibility assessment.

Institutional Constraints

Whether addressed directly in the Phase 1 report, or handled through
parallel efforts, this is usvally a vitally important element of a recharge
program. Water is synonymous with political power, and recharge pro-
grams are not exempt from the associated pressures. Sometimes the agency
assuming responsibility for the recharge program may have institutional
constraints that can hamper effective recharge program implementation.
This can 1ake several forms:

+ lack of access 10 suitable recharge sites of water squrces

+ a range of operations flexibility in the agency charier that is oo narrow to
encompass effective integration of recharge operations

+ higher prority water management programs that can etfectively inhibit
progress on cosl-effective, competing, promising aliernatives
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« established policies that were developed many years ago without consider-
ation of ASR potential opportunites, and
+ numerous other instiniional constrain(s

Failure to carefully evalnate and address these often subtle issues can
easily lead to rccharge program failure or extended delay. Conversely, use
of the Phase 1 feasibility report as a food to elicit political and institutional
support for the recharge program can lead to constructive input and en-
hanced likelihood of ultimate success.

In some cases institutional or regulatory issues will create the need for
public involvement in the planning and implementation of the recharge
program. This can oceur in several ways but vsvally involves meetings
with advisory committees or at regulatory hearngs during development
and permiiting of the recharge program. The Phase 1 report can be a
valuable tool at such meetings to help present the overall program in an
unarabiguous way and thereby dispe] misconceplions thal frequently arse.

Economic Considerations

It is imporiant to develop a preliminary estimate of the capital and
operating cost of ASR opesations as early as possible. It is alse frequantly
useful to develop estimated nnit costs for expected increases in peak water
supply capacity. Such an analysis wonld consider the useful life of the
recharge project and the anticipated farure avaifability of the recharge
waler source.

Sometimes it is appropriate to extend the economic analysis to estimate
annual cosis, including amortization of capital investment plus normal
operation and maintenance. For the Phase 1 feasibility assessment, this
cosl estimatc can be provisicnal, fo be confirmed upon completion of
Phase 2 testing. It iz useful to have some idea of expected overall cost, for
comparison with other water managemeni alternatives thai may achieve
some or all of the same objecnves,

ASR operations are invaciably cost-effective when comparcd with con-
ventional waler supply alternatives involving development of new water
sources, primarily due to the distance to new sources, and the associated
environmental constraints and costs. It is not unusuval for ASR alternatives
10 be less than half the capital cost of other water supply alternatives,
particularly those involving development of new reservoirs or construction
of rreatment facitities. Once the feasibility of ASR operations is confirmed
through Phase 2 testing, it is vsually appropriate to conduct broader
economic analyses to assess the opbmal plan for overall phased develop-
ment of waler management facilities, mcluding ASR operatiens.
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In some cases, i may be appropriate to extend the economic analysis 1o
inciude financing and rate-paying considerations, particularly where out-
side sources of water or funding are to be sought.

As discussed in Chapter 6, Selected ASR Non-technical Issucs, off-
peak purchase or sale of water supplics can provide the oppostunity for
substantial reduction in unit costs. Where this approach has been evalu-
ated, unit cost reductions exceeding 50% have been demonstrated for
wholesale purchasers.

Project cost-sharing between various contributing sources can be pro-
posed in the Phase 1 report or can be deferred to Phase 2 when feasibility
is confirmed through field testing. This can be an imporiant element of an
overall ASR program where multiple water users may participate but their
individual requirements for supplemental water may vary from year to
Year.

Final Report

Results of the Phase 1 feasibility assessment and conceptual design
should be incorporated in a final document that achieves two key objectives:

1. presenrs a well-considered technical approach to the ASR program
2. provides a document for use in obtaining necessary permits, environmental
suppert, institutional support, and funding

As the recharge prdgram is implemented, changes will undoubtedly
accur in the circumstances surrounding the project, necessitating reevalu-
ation of certain elements of the original plan, Furthermore, as the test
program is implemented, evaluation of test data will undoubtedly justify
changes in the testing approach or monitoring program. This is normatl,
and provision for such changes should be incorporated in the original pian
and associated contracts and funding arrangements.

2.3 PHASE 2: FIELD TEST PROGRAM

Once the decision is made to move ahead with a Phase 2 test program,
the first step usually is to design and construct the ASR test facilities.
These should be designed at full scale, capable of recharging and recov-
cring at whatever rates are reasonably available from an efficient well
penetrating the selected aquifer. Testing in a small diameter test well
necessitates recovery rates that are Jower than those that would ultimately
be expected from a full size well. Conclusions regarding potential seasonal
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vohimes and associated unit costs thercfore tend to be biased on the high
side. In some situations, such as storage of freshwater in brackish agquifers,
the extrapolation of resulls from small-sized fucilities can lead to incorrect
conclusions regarding ASR recovery efficiency and cost-effectiveness
compared to resulis from properly-sized test facilities. Design issues will
be addressed in greater detail in Chapter 3, Design of ASR Sysiems.

Construction issues are similar to other well construction projects, with
the possible exception of the greater amount of hydrogeologic data col-
lected during constmiction, Sometimes this includes collection of coras for
detailed |laboratory amalysis to determine mineralogy, geochemistry, and
associated hydraulic properties, as discussed in Chapier 4, Selected ASR
Technical Issues, and Chapter 3. Geochemistry. Chapter € discusscs permis-
ting issues associated with construction and operation of ASR facilitizs.

Interval pumnping tests are sometimes conducted at several different
depths during construction of open hole wells, in order 1o estimate the
produoctive intervals of the aquifer for correlation with geophysical logs
and drill cutting descriptions. Geophysical logging is conducted after pilot
hole drilling in order to establish casing and screen intervals. For screened
wells, caliper logs may be obtained after the pilot hole is reamed and prior
to setting the screcn, while flowmeter logs are obtained after the screen is
installed and developed. For open hole wells, flowmeter and caliper logs
are obtained fellowing well completion. The baseline distnbution of pro-
duction with hele depth or screen interval is useful as a reference point
against which to compare subsequent logs and thereby estimate changes in
the flow distribution due to ASR operations. Upon completion of ASR
facilities construction. the fest program begins.

Design of the test program reflecis a carefol assessment of the many
issues of concern at each new site. Well plugging is always a primary
issue; however, others of importance may mclude the following:

» geochemical effects such as cation exchange, precipilation, or solutiot, and
their effect upon well plugging

» backflushing frequency required (o maintain rechatge capacity and control
well plugging

* mixing characteristics between stored and native water

+ water quality changes for selected non-conservative constituents of interest

» improvement of waler quality with successive ASR cycles

» effect of storage time on waler quality response

« recovery efficiency

* trckie injection flow tate during periods of no recharge or no recovery,
required to maintain a disinfectant residual in the well (this may also be
requited o maintain a rarget recovery volume in a highly brackish or
seawater aquifer subject 10 density strattficztion lnsses)
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* regional and local response of water levels to ASR operations (recharge,
storage, recovery)

Other site-specific testing objectives may also occur. Depending upon
the relative importance of each of these concems, the test program design
will typically adjust to meeting site-specific needs,

Baseline Testing

The first part of the test program includes baseline hydraalic and warce
quality testing prior o initiating significant recharge activities. This pro-
vides a reference puint against which future results may be compared.

Baseline hydraubic testing usually starts with a standard step drawdown
purping test in order to establish well and formation loss coefficients and
well efficiency. Following water level recovery, a long duration pumping
test should be conducted in order 1o estimate aguifer hydraulic character-
15tics in the vicinity of the ASR well. Duration of the test depends upon
local expericnce in obtaining reliable estimaies of aquifer hydraulic char-
acteristics. Typical durations are about one day, sometimes longer. If
observation wells are present, they should be incorporated in the pumping
test to better define aguifer transmissivity and estimate storativity. Obser-
vation well data are frequently more useful since it s less affected by
variations in the pumping rate that affect drawdowns in the pumping well.
The test establishes aquifer hydranlics in the viemity of the well before
recharge commences,

Upon completion of the long-term pumping test and associated recev-
ery of water levels to background, a step-injection test is usually conducted
to characterize water level response in the ASR well under reverse condi-
tions from the previous step-drawdown test. Recharge during this step-
mjection test cccnrs at three different increasing rates, generally bracket-
ing the expected recharge rate for the well. Each recharge rate siep is of
the same short duration, such as 2 to 4 hours, Water level response to this
test characterizes the baseline water level response of the well in the
presumed absence of significant plugging. At any subsequent point in
time, this test can be repeated to evaluate whether plugging has occurred
between the two tests. This is discussed further tn Chapter 4, Selected ASR
Technical Tssues,

An important clement of the baseline step-injection test is that the
recharge water should be allowed te flow to waste near the wellhead at the
planned recharge rate for a few minutes prior to recharge down the well or
until any solids in the recharge water have been flushed from the system.
Depending upon the length and the normal flow rate in the tributary piping,
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flow reversal in the piping during ASR recharge can sweep a substantial
volume of solid material down the weli, cansing immediate onset of
plugging if these solids have not first been purged from the systern.

Baseline water quality characteristics are also determined during this
initial part of the test program. Samples are coliected usvally at the
beginning, middle, and end of the long-term pumping test to fubly charac-
terize water quality in the ASR well prior to recharge. The last sample
usually receives a complete waler qualiy analysis, ineluding EPA pritoary
and secondary drinking water standards and scveral other parameters, as
suggested in Table 2.2, The initial and middle samples collected during
this long-term pumping test are analyzed for a smaller range of parameters
in order to estimate whether any trend in water quality occurs during the
test. If a trend is apparent from field data such as chloride, conductivity,
or pH, it may be appropriate 10 extend the pumping test until such time as
equilibrinm water quality is apparent.

Sometimes the situation arises where the storage zone is separated by
a thin or pootly defined confining layer from an overlying or underlying
highly transmissive aquifer containing water of very poor guality. The
adequacy of this cenfining layer may be of some concem. In particular, if
the time required for poor quality water to move through the confining
layer under the head differential imposed during seasonal recovery is
shorter than the expected ASR operational recovery period, then deterio-
rating recovery water quality will tend to define the upper limit of ASR
recovery duration and volume, regardless of the volume stored.

Figure 2.4 shows the ASR initial test wells and storage zonc at Cocoa,
FL.. Chloride concentratton in the storage zone is about 400 mg/L; how-
ever, an underlying aquifer, not penetrated by the ASR weil, has a chionide
concentration of 1320 mg/L.. The confining layer separating the aquifers
was approximately 36 t thick and was of uncertain integrity. Following
initial pump testing and ¢ycle testing to determine storage zone hydranlic
characteristics and water quality responsc to ASR operations, it was cvi-
dent that upflow was occurring from the underlying aquifer through the
confining layer during rccovery. The ASR well and production zone
observation well were then plugged back to a shallower depth, with
cemend, to reestablish the integrity of the lower confining layer. The
shorter open holz interval of the ASR well was acidized to restorc the
production capacity lost when the wcll was plugged back, following which
a 90-day pumping test was performed at the design recavery rate for the
ASR well. Chloride concentration during the test rernained steady, sug-
gesting that future ASR operations with recovery periods of up to 90 days
would not be likely to experience reduction in water quality due to up-
wetling of brackish water from below.
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Another ASR 1est site at Tampa, FL, showed inadequate Tower ¢onfine-
ment from a similar test, as evidenced by breakthrongh of poor quality
water frem an underlying highly transmissive aquifer with a total dis-
solved solids {TDS) concentration of 8000 mg/L. The storage zone had
been acidized 1o improve its low initial yield, resulting in a dramaric
increase in spacific capacity. Unflortonately, the acid opencd up a channel
through the lower confining layer, which was about 21 m (20 f1) thick. The
breakihrough of poor quality water duting recovery occurred after a given
volume of recovery, essentially regardless of the volume recharged. In this
case, plugging the boitom of the well with cement may possibly help to
restore adequacy of the lower confining layer; however, this may also
substantially reduce well yield. Relocation of the ASR well would then be
NECEssary.

ASR Cycle Testing

Selection of the appropriate number and duration of ASR cycles during
the field investigations eniails considerable judgment and the requirement
that, whatever initial selection is made, flexibility is retained to make
adjustrments during the test program im order to respond to changing needs.
Certain key points underly the development of the cycle testing plan.

A short initial cycle is advisable, to confirm satisfactory ASR perfor-
mance at small volumes and to provide a quick appraisal of plugging and
geochemical reactions. Usually this bhas a duration of about 1 to 2 weeaks
and entails intensive hydraulic and water quality data cellection. Except in
situations where significant adverse geochemical reactions are expected or
ulentified from water quality data, it is advisable te recover approximately
150 te 200% of the stored water during the first cycle, or until recovered
waler gquality approaches native water quality. This fully defines the
mixing characteristic curve for the well at the scale tested in the first cycle
and 15 useful for comparison to comparable data from other sites. As
disenssed below, recovery should be [ess than 10% of the stored water
volume in situations, where geochemical reactions are of concern.

Recovery efficiency for the initial cycle is typically lower than lor
subsequent cycles. For storage zones that are brackish or otherwise contain
non-potable water, it is important that recovery efficiency expectations are
curefully managed and that subsequent cycles at similar larger volumes are
conducted.

Data from the first cycle can be used to reasonably cstimate perfor-
mance in subsequent cycles. However, there is no real snbstitnte for actual
performance during several cycles if you wish to build confidence in the
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ASR system. A brief inferval between the first and second cycle is some-
time useful to obtain and review laboratory water gquality results and
hydraulic data, permitting adjustment of the testing plan for subsequent
cycles or adjustment of the ASR facilities, if appropriute.

If waler quality difference between stored and native water is smal! and
there are no significant concerns regarding geochemical reactions, then a
small number of long cycles is appropriate in order to focvs upen plugging
rates and backflushing frequency required to maintain recharge rates. A
minirmam of three cycles is usnally appropriate in such siluations, with the
third approximating an operaiional recharge duration. Recovery of 100%
of the stored water voleme in each cycle after the first is a reasonable
target, although greater or lesser recovery yolume may be appropriate in
some siivations.

If there is & significant water quality difference between stored and
native water, a larger number ol cycles will be required. After the first
cycle, the next three cyeles have the same recharge volume and sterage
period in order to demonstrate improvement in recovery efficisncy with
suceessive identical cycles. Subsequent groups of three or more cycles
tend to have larger volumes and, in some cases, may incorporate storage
periads as discussed below. The total number of cycles may be in the range
of 4 to 10. Recovery occurs (o a target waler quality concentration in each
cycle. The water not recovered in egach cycle forms a buffer zone to
improve guality during the subsequaent cycle, The turget constituent con-
centration may or may not be a potable water quality standard, depending
upon whether any blending will occur between the recovered water and
water from other sources prior to consumption.

H there is a real concern regarding potential geechemical reactions, care
should be taken to aveid shocking the formation with a sudden change in
quality. Furthermore, storage time shonld be buill into the test program
since some reactions such as manganese dissolution require scveral days
or weeks to occur. Geochemical plugging reactions that occur several feet
away from the well screen have little effect npon well hydraulics, while
those occurring clese to the well can have substantial adverse effects.
Hence, in these cases it is appropriate tc design the ASR test cycles in such
a way that stored water is never fully recovered, always leaving a small
buffer around the well, which tends to build with successive cycles,

Where potential geochemicat reactions are an issue, il 15 advisable o
ran a larger numbet of small cy<les to demonstrate control over geochemi-
cal issues near the well, before moving on (o larger operational cycles. It
woulld not be unusual 1o run 6 to 10 cycles in sitwations with complex
geochemical issucs.
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Initial ASR cycles are usually performed with the recovered water
discharged either to waste or to retreatment. Water from subsequent cycles
during the test program can wswally be retumned to the distribution system
once adequate water quality has been demonsirated and the systern is
permiited. Frequently the last test cycle is designed so that the volume to
be recovered is large, and recovery occurs during a {tme of peak demand,
so that the water meets a local need.

The effect of storage time on system performance is always of interest.
However, it is quite rare for this to be a significant parameter in ASR
operational performance. One situation where the effect of storage time is
significant is where the storage zone TDS concentration is sufficiently
high that density stratification is significant. A difference between re-
charge and native water TDS concentration of about 5000 mg/L or higher
ig probably a threshhold above which this should be considered. A second
situation would be where the regional or local hydranlic gradient around
the ASR well is sufficiently steep, and the aquifer transmissivity suffi-
ciently high, that there is real concern that the stored water will rapidly
move away from the well prior 1o or dorng recovery, such that poor
quality native waler would then be recovered. Finally, storage time can be
significant in situations that are geachemically complex. For cxample,
manganese production requires several days or weeks to develop, as
discnssed above. Other than these situations, it is better to spend the (ime
more productively, recharging and recovering water and gathering data.

Consideration of these guidelines will reveal that prioritics necd to be
established at the outset of the test program design, since some of the
guidelines are incompatible with others. For example, it is not advisable to
recover 150 to 200% of the stored water during the first cycle if the initial
data suggests that adverse geochemical reactions may be occurring. For
low permeabiiity storage zones in brackish sand aquifers with no significant
geochemical sensitivity, definition of plugging rates and redevefopment
frequencies may take precedence over demonstration of recovery efficiency
improvement in successive cycles, moving the test program in the direction
of a small number of long cycles instead of a larger mumber of short cycles.

Tables 2.1, 2.2, and 2.3 prcsent the actual test programs implemented
at three sites, illustrating a range of issues to be resolved. Each site is
discussed in greater detail in Chapter 9, Selected Case Studhes.

In the first case, Table 2.2 shows the test program for Marathon, FL.
This ASR site inchades a geochemically insensitive sand aquifer contain-
ing watet with a TDS concentration of 39,000 mg/L. The storage zone is
confined, and the ASR test well has a low specific capacity of about 3 G/
min/f1. The site provides an emergency water supply for the Florida Keys,
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TABLE 2.2 CYCLE TEST PROGRAM: KERRVILLE, TEXAS

Average
Gallons Recharge/
Recharged/ Recovary
Recovered Hatse
Begin End Total Time  {millicns} (Grming
Cycle 1
Recharge 4/2/91  4/5%81 3 days, 1hr 293 663
Starags 4/5/81 4/ 2 days —_ —
Recovery 47 419/ 2 days, 7 hrs. 2 B6 B&7
Cyole 2
Hecharge 4415/  H114/81  29days, 3 hrs. 240 £95
Storage SA&M BHIHM 30 days —_ —
Recovery 613/ 7331 20days 25.0 B&8

a region that is quite vulnerable to damage during hurricanes. Eleven ASR
test cycles have been conducted to demonstrate improvement in recovery
cfficiency with snccessive cycles at two different storage volumes, and
also to demonstrate the ability to maintain a target storage velume by
addition of a trickle flow during storage periods. Differem storage dura-
tions without any trickle flow showed the adverse effect of density strati-
fication upon recovery efficiency, Pluggring was shown to be insignificant.

Table 2.3 presents the test program for the ASR facility at Kerrville,
TX. There 1s little significant difference in water quality between the
recharge wuler and the native groundwater, and no geochemical issues are
evident. The potentiometric surface in the Kerrville area is such that all
water recharged will ultimately be recovered as long as excessively high
water levels are avoided in the ASR well. The aquifer is confined and
consclidated and bas low-to-moderate transmissivity. The test program
needed primarily to focus upon plugging rather than water quality issues.
It included only two cycles, neither of which demonstrated any significant

plugging.

TABLE 2.3 CYCLE TEST PROGRAM: SWIMMING RIVER, NEW JERSEY

Volume Volume
Injected Recovered Yo
Cycle Dates {MG) (MG) Racovered
1 07-29/08-21-31 9.6 72 74
2 08-21/09-13- 2.8 4 L
3 09-13103-07-51 85 7.6 29
4 10-07/11-08-91 10 7.0 70
5 11-10-91/06-16-92 521 46.8 0
6 06-16/06-22-92 34 a0 B8
7 12.0212-11-92 ag 35 89
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Table 2.4 shows the test program [or the ASR facility at Swimming
River, N1. The storage zone is a confined, clayey sand aquifer that is
geochemically complex and sensitive, inchuding native water iron concen-
trations exceeding 13 mg/L. and manganese sources in the storage zone.
The site also has moderate transmissivity of 509 to 658 m¥day (41,000 to
53,000 Gfday/fi). Seven ASR test cycles were conducted to initially re-
solve plugging 1ssues and then to address iren and manganese geochemical
issues, As discussed subsequently in Chapter 4, ASR testing at this site
was preceded by a pretreatment phase o condition the aguifer around the
well. Inittal resolution of these complex 1ssues was successfully resolved
through small volume cycles in which reactions occurred reasonably close
to the well. It was then possible to move on to larger cycles.

A characteristic of ASR test programs is that utility operational require-
ments often affect the planning or implementation of the testing plan, Water
may nol be available for recharge at the rate or time desired. Water may he
required from rccovery to mect peak demands at a time that may be inap-
propriate from the limited perspective of the test pregram. Mechanical and

TABLE 2.4 ASA TYPICAL WATER QUALITY SAMPLING SCHEDULE:
SWIMMING RIVER, HEW JERSEY

Frequecy
Parameter Recharge Recovery Daily Weekiy

* Tolal suspendsd solids X
Turbidity
* Total dissolved solids
Sp. conductance
pH
Temperatura
Dissolved oxygen
Chilande
Total alkalinity
Calcium
Magnesium
Sodium
Potassium
* Iron
Aluminuem
Sulfate
TGS
" THM
Total coliforms
Grogs alpha (cycle 1 only}

X

P - - e S R
MO B MMM MM MM MW XM
M MM M

O M M MM MM

* = Parameters for which increased fregquency required at certain times. During
Cydle 1 recovery, DO readings ware obtainad woakly; temperatura, Ca, Mg, SO
daily,
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electrical breakdowns occur and necessitate delays in the program, which
can impact the usefulness of results. Maintainng flexibility is importani.

Another important element is the need to continually analyze the hy-
draulic and water quality menitering data collected during the test pro-
gram. This provides a basis for adjustment of the testing plan as new duta
hecomes available, thereby avoiding wasted time and effort. It can be quite
frustrating to wait until all of the data is available from the first two or thece
cycles, and then realize that some imporiant but subtle reactions or hydrau-
lic problems occurred at the beginning of the program and were not
detected until too late 10 adeguately respond.

Data Collection

Hydraulic data ccllectior includes the following parameters:

+ fow rate during recharge and recovery

+ cumulative volume stored

+ water level or pressure in the well

» wellhead injection pressure

* water level response in observation wells

» eievalion of pressurefwater level measurement points

Accurate flow measurement is cssential to the success of ASR pro-
grams. It is desirable (but vsually not implemented) to provide two
flowmeters in series dunng the test program, collecting duplicate daia sets
with different measurement devices. At such time as the readings may start
to diverge, it becomes immediately apparent, and appropriate remedial
steps can be taken. While this may appear overly conservative, experience
at many ASR sites has included flowmeter failure er loss of accuracy. This
is a problem at any time with any system; however, during the middle of
an ASR test program, it can have a severe adverse affect upon interpreta-
tion of the results,

The same concem relates to water level measurement. Backup manual
measurements should be collected aleng with any pressure transducer
measurements, in case transducer failure occours.

Figure 2.5 shews an example of a typical hydravlic data form utilized
during Cycle 3 of testing at the Port Malabar, FL, ASR site. The form is
set up in such a way that input data is immediately converted to specific
capacity or specific injectivity, and cumulative volume is calculated. This
facilitates real-time control of ASR test eperations.

Water quality data collection is tailored to the specific needs of each
site. Ficld data collection typically includes conductivity, pH, and tem-
perature. Chloride is frequently selected as a natural tracer constituent, the
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concentration of which is analyzed daily during recharge and rccovery.
Dissolved oxygen may be obtained at a few intervals during recharge and
garly m recovery. Any significant, rapid change in dissolved oxygen
concentration can indicate geochemical or bacterial activity underground.
Where possible, field measurements of Eh, or oxidation-reduction poten-
tial, are usetul to support geochemical analyses, particularly in confined
aquifers. Where Eh measurenent is not possible, dissolved oxygen mea-
surements provide an indirect indicator of Eh, particularly in unconfined
aguifers where gronndwaters contain oXxygen.

Laboratory analyses typically include a broad range of paramelers, a
few of which arc analyzed daily and the remainder less frequently. Table
2.1 presents a typical range of water quality parameters considered for
ASR test program applications. Table 2.4 shows a typical water quality
sampling schedule, as planned for the ASR test program al Swimming
River. The range and frequency of a water quality sample collection
usually changes during the test program, in response to early laboratory
anatysis results and other observatiens. However, the first cycle gencrally
is subject to rather intensive sampling, data collection, and laboratory
analysis, in order to gain a rapid understanding of hydraulic and water
quality issues. Subsequent cycles require less intensive sampling and
analysis, unless an important issue is identified in the {irst ¢ycle that
requires such effort in subsequent cycles.

Sampling Frequency

Recharge water guality variability determines the frequency of sam-
pling appropriate during recharge periods. Sometimes recharge quality is
suffictently stable that sampling need cccur only at the beginning, middle,
and end of the recharge period. Usually more frequent recharge sampling
is appropriate. Field data collection should cccur daily. Recovery sampling
should be sufficiently frequent as to show clearly the system response,
both hydraulic and water quality. A minimum of 10 samples during a
normal recovery period is usually appropriate except for very shont cycles.
Daily samples should be collected and analyzed for basic parameters and
tracer constituents.

ASR Test Program Duration

Depending upon the range of issues addressed during the test program,
the duration may extend for as short as about 3 months and as long as 2
years or more, Short programs are appropriate in situations where no
geochemical or water quality issues are involved and where plugging does
not appear to be significant in early testing. On the other hand, where the
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storage zone contains brackish or other non-potable water, or where com-
plex geochemical issues are present, the test program duration may easily
extend for two years, Where a short duration is selected, care must be taken
to continue monitoring for subtle water quality changes that may not
become apparent until the aquifer has reached water quality and geochemi-
cal equilibrium. This may require several months.

A typical duration is about 6 to 12 months, at the end of which a report
is prepared presenting results of the test program and also a plan for ASR
wellficld cxpansion to meet projected needs, if appropriate. The report
provides the justification for issuance of an ASR operating permit in those
states where such a permit is required between the end of the test program
and the beginning of permanent operation.

2.4 PHASE 3: ASR WELLFIELD EXPANSION

There are a few factors to consider in the design of an ASR wellfield that
are quite different than for a conventional wellfield. Failure to consider these
facters can reduce the vatue of an ASR system to meet water demands.

Fiow Rate Balancing

Where there is 4 significamt difference in quality betwesn the stored
water and the native groundwater and it is essential to minimize mixing
between the two prior to recovery, it is important that the wellfield be
designed so that recharge flow rate distribution among the wells is propor-
tional te recovery flow rate distribution. If this balance is not maintained,
then excessive recharge or recovery in one well can effectively move the
stored water bubble away from adjacent wells, reducing overall system
recovery efficiency. This reqnires a design that allows flow rate adjust-
ment at cach wellhead.

If recharpe and recovery flow rates are unbalanced, the effect may
become apparent as a change in recovery efficiency for each of the wells,
when compared to resulis immediately following their construction and
initial testing. Some wells may have very high efficiency, while others are
very low.

Well Spacing and Arrangemenit

For an ASR system that primarily meets seasonal water supply needs,
the annual volune of water stored witl create a bubble of stored watet
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around the well, with a diameter typically in the range of 100 to 300 m (328
to 984 ft). I well spacings are less than this diameter, the storage bubbles
from adjacent ASR wells should tend to coalesce. Over a period of several
cycles, this should rend to improve recovery efficiency, compared to a
weilfield with spacings such that no coalescence occurs. As discussed
subsequently in Section 3.3, Wellfield Design, well arrangements includ-
ing a central well should provide improved recavery efficiency. The
tradeoff between mcreased annual power costs for techarge and recovery
in a “clustered™ ASR wellfield with closely-spaced wells can be coropared
with the expected improvement in recovery efficiency, based upon Phage
2 results and modeling, as discossed in Chapter 4. A decision can then be
made regarding apprepriate well spacing. In general, closer well spacing
will be appropriate in more brackish aqunifer systems, while conventional
well spacing criteria will tend to govern wellfield design in situalions
where groundwater quality is fresh.

Stacking

In many ASR applications, multiple aquifers or producing tntervals are
available at the test site. Shallow aquifers are generally the freshest, with
decper aquifers containing water of poorer quality. For ASR purposes,
aquiter native water quality is less important than hydraulic characteris-
tics. A deep brackish aquafer that has little or no value for water supply
purposes can be quite useful for ASR purposes. This opens up the possi-
bility of stoning water in multiple aquifers al the same site. This is termed
“stacking.” To the extent that storage in the shallowest zone can meet
program ohjectives, this may be the least expensive plan. However, piping
and pumping costs to distribute ASR wells over a wide area in such a zone
can be substantial. In soch cases it is frequently more cost-effective to
locate ASR wells in clusters, penetrating multiple zones in order to meet
storage volume requirements in & relatively smali area.

Figure 2.6 shows a hydrogeologic cross-section of the multiple storage
zones at the Peace River ASR wellfield. The water in each of these zones
is brackish, with T3 concentrations ranging from about 700 to 900 mg/
L in the upper two zenes, and about 2900 mg/L in the deepest zone. The
shallowest zone, the Tampa formation, stores little water due to well
mterference with adjacent demestic and agricultural wells. The second
zone, the Suwannee formation, stores almost all of the water at this time.
The deep zone, the Avon Park formation, is being tested to determine its
recovery efficiency characteristics. The high yicld of wells in this deep
zone suggests low unit costs for water stored in this zone, i reasonable
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Figure 2.6 Siacking ASR storage in multiple zones, Peace River, Florida.

recovery efficiency can be confirmed. With all three zoncs, seasonal
storage requirements could be met for many years with wells all located
ot the water treatment plamt site, Cost savings would be substantial.

Wellfield Layout

Land ownership ang other practical constraints frequently govern the
location of ASR wells. As with conventional wellficlds, layout can include
dispersed individual wells located at key points around the distribition
system; linear arrangements, and clusters, As discussed above, more-
compact layouts are betier suited for brackish or otherwise non-potable
watcr storage zones.

Where the regional hydrulic gradient is such that stored water may
move a significant distance away from each ASR well between the time
of recharge and the time of recovery, a linear arrangement generalty
perpendicular to the direction of the regional gradient may be appropniate.
Flows during recharge and recovery would be distributed so that more
recharge occurs in up-gradient wells and more recovery occurs in down-
gradient wells. Figure 2.7 illustrates this approach, as modefed for a
proposed ASR wellfield in Kuwait that was te form patt of 2 peak scason
water supply and also a girategic water reserve. Regional water movement
on a seasenal basis was insignificant. However, long-term water mave-
reent over a period of many years would tend to reduce recovery efficiency
without provision for downgradient ASR wells. The proposed wellfield
arrangement provided for seasonal operasion of all wells; however, the
distribution of recharge and recovery would be adjusted slightly to achieve
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Flgure 2.7 Stralegic water reserve: proposed wall layout, Kuwait,

long-term storage cbjectives. The conceptual design provided for higher
recovery rates in the central line of wells so thal reasonable flows could be
maintained even though saline water may reach the cuter lines of wells

during emergency recovery.

2.5 OPERATIONS AND MAINTENANCE

ASR wellfield eperation and maintenance requirements are marginally
greater than for conventional wellfiekds. Some of the ¢lements that com-
prise the difference are as foilows.
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Perlodic Change in Operating Mode

This occurs typically two to four times per year as the systemn changes
from recharge to recovery and back again. Where ASR wells are used to
meet peak dermands in areas where divrnal and weekly variations are more
sigriaficant than seasonal variations, more frequent changes in operating
mode will occur. Antomated conirols facilitate such operations. The pro-
cedure at each well may need te include flushing lincs to waste for a few
minutes at each wellhead, depending upon the amount of rust, sand, and
other solid roaterial in the piping. Proper selection of construction mate-
rials can substantially ease this operating requirement.

Backflushing to Waste During Recharge

This procedure is implemented at most ASR sites in order to maintain
recharge capacity by purging from the well any solids that may have been
carried into the well during recharge. Backflushing frequency ranges from
cvery day at twe long-tenm operational ASR sites in New Jersey, 1o every
few years at the Orange County Water District salinity intrusion barrier
injection wellfield in southern California. The two sites in New Jersey arc
antomated and pump to waste for 10 min ¢ach day. The Orange County
sites require removal of all injection piping from the well, introduction of
a packer and jetting assembly, well redevelopment while pumping each of
a series of screen intervals, and re-assembly of injection tobing. The effort
typically requires about five days per well.

Some ASR wells currently in operation are redeveloped scasonally by
extended pumping, as a part of the recovery operation, without any addi-
tional backflushing frequency. Some ASR sites backflush to wasle every
one to two wecks 10 maintain recharge capacity. Whether auntomated or
not, this increases the operation and maintenance reguirements for ASR
facilities. Funher discussien ol well plugging rales and redevelopment
frequency is included in Chapter 4.

Disinfectant Residuai

It is advisahle to ensure a disinfectant residual within the well casing,
screen and gravel pack, or borehcle. This will control bacterial activity in
the lormation immediately adjacent to the well, thereby helping to main-
tain recharge specific capacity and avoid bacterial plugging. This is easily
accomplished during recharge if the recharge source is treated drinking
water with a small disinfectant residual.
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In some situations initial baseline sampling will incicate that no chlo-
rinc residual is availablc ai the ASR site, reflecting low flows and long
travel times in the water distribution system during rechatge months.
Operation of ASR facilities for recharge will accelerate local water move-
ment, sometimes achieving a positive chlorine residual.

Prring storage pedods in excess of about two to three days, il is
advisable 1o trickle feed a chlorine, chloramine or other disinfectant solu-
tion into the well casing, at a low rate of typically about 10 to 20 L/min
{2 to 5 Gfnin). Aliernatively, a periodic flush of recharge water from the
distribution system can sometimes achieve the same objective if the vol-
ume i5 sufficient to displace water in the casing and screen or borehole
with chlorinated water. Samples obtained from the well at daily initervals
following the beginning of a storage period can show the time required for
the disinfectant residual to dissipate m the well, thereby providing a basis
for calculation of the wrickle flow recharge rate or the frequency of casing
flushes required to maintain the well free of bacteria.

This is a precauiionary siep that may not be reguired in all ASR wells.
In particular, it may be unnecessary for storage zones with high transmis-
stvity, karst solution features, or otherwise with low plugging potential due
to the low organic and carbon content of the recharge water. However, at
most water utility sites it is relatively easy and inexpensive fo prevent
bacterial plugging, which can be difficuit to rectify once it has occurred.

A higher trickle flow rate during storage periods may be appropriate at
those sites storing drinking water in aquifers with very high TDS concen-
frations in the native water. For example, at Marathon, the trickle flow rate
required for disinfection during storage periods is under 0.3 Lisec (5 G/
min); however, about 2.8 Lisec (45 Gfmin} is peeded (0 maintain a target
recovery volume of 38 megaliters {18 MG) for a typical hurnicane season
duration of 128 days. The nativc water TDS at this site is 39,000 mg/L. The
trickle flow rate offsets mixing losses due to density stratification at this
site,

Monitoring Data and Reports

Monitering requirements for ASR systems depend upon local needs and
regulatory reguirements at each site. I is vitally imponant to accurately keep
track of flow rates and curnulative volumes at each well and for the entire
ASR wellfield. Regular calibration of flowmeters is thercfore esscntial.

Petiodic measurement of water levels in ASR and monitor wells is also
important, in order to check for well plugging rates, pump efficiencies,
effect of ASR operations upen water levels in adjacent wells, and other
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criteria. Routine sampling in ASR and monitor wells is also appropriate,
in order to keep track of the recovercd water quality and, at some brackish
zone locations, the lateral extent of the stored water bubble.

For larpe ASR wellfields, it is advisable to develop a computer-based
data collection and analysis system that can provide monthly, annual, and
other reports 45 needed 10 meel operational and regulatory needs. For
antomated systems with compauter control, this may represent a relatively
easy exlension of existing hardware and software.

An important element of ASR operation and maintenance is the need for
periedic review of the operating data so that performance can be evaluated
relative to expectations, and adjustments made as appropriate. This is
particularly important in the first two to five years of sysiam operation
when the greatest changes in water levels and water quality will tend (o
oceur and normal ranges for various parameters tend to be defined.

2.6 WATER SUPPLY PLANNING WITH ASR

At some logical point in the overall ASR develepment program, i
becomes appropnate to consider how to integrate ASR as a water manage-
ment tool into the local and regional water supply network. This may occur
at the end of the Phase 2 ficld investigations, as a part of the report
preparation. It is more likely 10 cccur after a few ASR wells have been
constructed {Phase 3} and are in operation for a year or two. At that point
the utility operating the ASR systemn has gained confidence in long-term
performance, justifying reevaluation of future plans for water system
expansion.

As discussed in Chapter 4, an ASR water supply system model ¢can be
helpful in evalnating the most cost-cifective combination of capacities for
key water system components (1.e., alternative sources, intake structure,
treatment plant, raw waler storage, ASR (reated water storage, etc.) io meet
future dernand at different time steps along the expansion path. For many
water systems, such a model may be essential in view of the complexity
of the economic analysis. The relatively low cost of ASR systems, as
discussed in Chapter 6, is usually a strong incentive to provide a careful
and accurate analysis of the optimum role that these systems can play in
future water supply planning,
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Cace there was o grear @rought. The rain stopped folling and the Earth hegame
dry. Finally ihe streams themselves sropped flowing, There was a village of
peaple who ltved (v the side of a stream, and Nfe ow becante very hard for them.,
Thev set somieone mpsiream to see why the stream had stepped, Before long, the
ma caene Baek.

“There is @ darm oorass the stream,” be swid. I i bolding back off of the
werter. There ore gucedy on the dam. They say thelr clicf {x keepine off the weter
Jor Rimyelfl”

“Geraemed ey him for warer,” said the elders of the village. “Tell hin we gre
dving wirhowl Waler I ddrink” 5o the messenger went back arain, When e
returned, be dreld o bord enp filed with md.

“This is alf the woter sheir clvel wild elle is 1o heave " be saiadl.

Nem the people were angry. They docided to fight. Ther sent a pavtv of
warctors fo destray the dam. Biv o soer as the warriors came fo e dom, @ grest
rreasier rose ont of the woter, His monk was big eaouch i swallow o magse,
His helfy weas huge and yelfow. He grabbed the werriors and crushed theim In his
femg fingers, whick were fike the voois of cedar trees. Onlv e warrfor escaped
rer comie Dock T the people gud el tens whet hoppened,

W connol fIEhr g mtoaster,” the people sofdd. They vere ot siere e o do.
Thew ome of the old chiefs spoke. “We nmist prov to Gitchee Maniton,” he said.
“Povitaps fe will pitv wy amd send hedp” Thea they burned 1obaceo and sent thefr
pravers vp to tie Creator.
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Their prayers were heard. Gitehee Marnitou looked down and saw the people
were in great rrouble. He decided 1o rake pity and help them and he called
Koluscap. “Go and help the people,”™ Gitchee Manitou said.

Keluscap then went down o the Earth, He look the shape of a tall warrior,
head and shedders aller than any of the people. Half of hix face was painted
black and half was painted white. A great eagle perched on his right showlder
wnd by his side two wolves watked as his dogs, o black wolf and a while walf, As
spon as the pecple saw him they welcomed him. They thought surely he was
someone sent by the Creator to helyr them,

"We carncl afferd you anything to drink,” they said. Al the water in the
wgrld is kepy by the monvter and Ris dam. "

"Where is this monster?" Koluscap said, swinging his war club, which was
made of the rool of a birch iree.

“Up the dry siream bed,” they said,

So Koluscap watked up the dry stream bed. As ke watked he sow dried up and
dead fish and wertfes and other water animals. Soon he came o the dam, which
strefched benween fwo fuiffs.

"} have come for waier,” he said to the guardy on lop of the dan

“Give him none, give him none! " 3aid a big voice from the other tide of the
damr. So the guavds did hot pive him water.

Again Koluscap asked and again the big voice answered, Four times he made
his request, and on tite fourth request Keluscap was thrown a bark cup halfsfull
af filthy waier.

Then Koluscap grew angry. He stemped his fool and the dom began io crack,
He siomped his foor again and ke began to grow taller and raller. Now Koluscap
weas taller than the dam, taller even than the monsier whe sat in the deep water.
Koluscap's club was now bigger than a grear pire tree. He strick the dam with
his clubr and the dam burst open and the water flowed our. Then he reached down
and grabbed the water monster, 1 tried to fighr back, but Koluscap was too
powerful. Wiih one giont hand Koluscap squeezed the warer monster and its eyes
bwdged out and its back grew bent. e rubbed it with his other hand and it grew
smalfer and smailer,

“Now, " Keluscap said, “no longer will vou keep others from having water,
MNow youe I jusi be a bullfrog. Bur I will tiake pity an you and yeu con tive in this
waler from wow on.” Then Keluscop threw the woler monster back inte the
stream. To Whis doy, evernr though he hides from everyone becouse Koluscap
frighiened him so pruch, you may siill hear the bullfrog saying, “give kim none,
zive him none.”

The water flowed post the village. Some of the people were xo happy o see the
water that they jumped inio the stream. They dove so deep and siqyed in so long
thert they became fish and water creciicres themselves. They setlf live o that river
todeay, sharing the water which no ene person can ever pwn,

Mic Mac and Malisect Indian story, Nova Scobia [1]
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3.1 WELLS

ASR wells have certain unique features in their design that differentiate
them from production wells or injection wells. When completed, the wells
may often be similar; however, the design process is different, and the end
results may also be different, depending upon conditions at cach ASR site.
In this sectien, the ASR well design approach is discussed, addressing
those features that differentiate ASE wells from other wells.

Casing Materials of Construction

ASR wells generate rust from sieel casings to a greater extent than either
production or injection wells, due 1o the increased surface area subject to
wetting and drying during recharge and recovery. This is particularly true
for brackish water storage zones. This rust Nows dowa the well during
recharge, contributing to plugging of the well. Solids present in the re-
charge water are usually more significant causes of ASR well plugging
than is rust. However, lor low permeability aquifers, the increase in
plugging potential due to rust can be unacceptable in some cases, particu-
larly where frequent backfiushing to waste is perceived as an operating
problem to be aveided if possible. During recovery or backflushing rede-
velopment, the rust combines with other solids carned into the well duriag
recharge and 15 pumped from the well, either 1o wasle or into the wellhead
piping system.

For ASR wellfields located at water treatment plants, it is rot uncom-
mon for the water pumped from the well at the beginning of recovery to
be conveved back to the treatment process fot retreatment. Duration of this
period may typicatly range from about 10 min 10 2 hours or more. Once
the rust and other particulates have been flushed from the well, the watet
can then be diverted directly into the treated water distribution system
following disinfection.

For ASR wells located other than at water treatment plants, the enly
option is to waste this water to a nearby draimage system or sewer line. The
pumping rate at such (imes may be slightly greater than the design recov-
ery rafe for the well, since the pump is usually pomping against a lower
head than normal and therefore preducing more water. This is geod in that
it heips to purge solid material from the well; however, disposal of water
for an extended peried at such rates is sometimes a problem. In residential
areas lacking storm drainage networks, ASR backflushing operations can
cause temporary, localized Hooding of streets and homeowner oppesition
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duz to inconvenience ard apparently wasted water. In othce areas with
adequate drainage networks, regulatory oppositior may be encountered
due to the uitimate discharge into a receiving stream for this colored water,
imitially containing considerable solid material. That this event may occur
infrequently ducing imtial testing and then perhaps once or twice per year
is of litle assistance.

One solution to this problem is to utilize casing matcrial that will not
contribute to the production of rust. In particular, polyvinyl chloride
(PVC) casing ofiers many advantages in situations where casing length
and diameter are smitable. Where a steel casing is required, epoxy coating
can subsiantially reduce or eliminate the surface area of steel that is subject
to rusting. Both of these approaches have been used successfully in opera-
tional ASR systems. Other potential approaches that may be appropriate in
certain cases include fiberglass casings and stainless sizel casings. Finally,
a frequent solutien is to utilize a conventional black steel casing and accept
the solids produchon as a long-term oparating issne to be dealt with fater.
Further discussion of sach of these options follows,

PVC Casing

PVC well casing is wiilized frequently in the water well indusiry,
particularly for smaller, shallower wells. For larger, decper wells, greater
care 15 required in order to ensure satisfactory construction, PVC casing
diameters are readily available up to 400 mm {16 inches) and are available
by special order up to 900 mm (36 inches). Recent introduction of me-
chanical joint casing connections by CerfainTeed Corporation (Phene: 1-
B00-359-7296) has dramatically spezded up the installation process, thereby
reducing both risk and cost.

The deepest PVC casing for an ASR well is at Marathon, FL, which is
400 mm (16 inch) diameter to 118 m {387 f1). For other purposes, the
author is aware of 200 mm (8 inch} PVC casing sct to 335 m (1106 ft); 300
mmn (12 inch) casing set to 293 m (960 ft), and 460 mm (18 inch) casing
set to 335 m (1100 ft). All of these are Florida projects. In general, setting
a PVC casing to a depth of about 152 m (500 £1) is not too difficult. Below
that depth, the technology exists to successiully construct the well; how-
ever, considerable time, skill, and great care is required to avoid casing or
hole collapse.

For most ASR systems, PYC casing diameters in the range of 200 to 400
mm (8 to 16 inches) will be appropriate, These are outside diameter
measurements. Wall thickness for PVC casings is thicker than for steel
casings. Schedule B0 casing is frequendy selected; however, this ts a
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standard wall thickness and therefore prevides decreasing resistance to
coliapse with larger diameters. Selection of casing according to an SDR
(standard dimension ratio) number, such as 8ER 17, ensures consistent
collapsc strength regardless of casing diameter. For SDR 17, the wall
thickness is 1/17 times the outside diameter of the casing. For 400 mrm
(16 inch) casing, Schedule 20 would have a 12 mm (0.75 inch) wall
thickness, whereas 5DE 17 would have a 24 mm (0.94 inch) wall thick-
ness. Inside diameaters of P¥YC casings are therefore smaller for corre-
sponding pipe sizes.

Couplings add another 40 mm (1.5 inches) outer diameter 1o the casing
string. Since it is important to be able 10 introducc 2 30 mm (2 inch) tremie
line into the annulus around the PVC casing for cementing operations, the
hole into which the casing is run shoufd be at least 150 mm {6 inches)
greater diameter than the couplings. Installation of long runs of PVC
casing in a well 15 comparable to threading a wet spaghetti noodle down
the barrel of a rifle. It is therefore advisabie to provide a sufficient annular
space in order to facilitate installation.

The compressive strength of the PVC casing is weakest during cement-
ing of the casing, when the heat of hydratien can be sufficient to raise the
casing temperature and thereby reduce its strength. For this reason it is
semetimes advisable w0 cement the casing in a series of stages. Circulating
water within the casing while (the cement s curing for each stage is another
option. Control of temperatures and pressures is important. All of this extra
care mcreases well construction time and thecefore cosl. The extra cost,
combined with the increased installation difficulty, are the principal rea-
sons why deeper, targer ASR well casings have traditionally utilized
materials other than PVC. However, successful experience with deep,
large diameter PYC casings is becoming more widespread.

It is important that the hole to be cemented stays open during the
successive cementing stages. Sertling of drilling mud and subsequent hole
collapse may preclude staged cementing of the casing to ground surface in
somge simations wheie the casing instaliation and cementing operation re-
quires excessive time. At extra cost, the risk of hole collapse during cement-
ing can be offset through setting additional ouler steel casings so that each
cetnenting stage is likely to terminate within the next steel casing string.

For screened wells constructed with cable tool technigues, PVC casing
may be inappropriate sincc the force required to pull back the casing to
expase the screen and gravel pack may exceed the tensile strength of the
casing couplings, causing them to pull apart. This should be discussed with
the well driller where applicable, It is not a problem with rotary drilied
wells.
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The use of PVC casings at the Cocoa and Marathon, FL, ASR sites has
been cffcctive, in conjunction with appropriate selection of wellhead
piping materials, in keeping the production of solid materials during
recharge and recovery to an acceptable minimum, At each site, water is
clear and meets all applicable donking standards within about 20 min after
the beginning of recovery.

A factor to consider during installation of PYC casings is that the
density of the PVC is approximately the same as the density of drilling
miud. Consequently, it may be necessary to push the casing down the hole
prior to cementing, particularly if the drilling fluid weighs more than about
12 bs/G, ot has a specific gravity greater than about 1.44.

Epoxy-Coated Steel Casing

A fusion-bonded epoxy coaling can be applied al the factory and is
selected to meet applicable American Water Works Association (AWWA)
standards for use with public drinking water systems. For welded steel
casing, the coating adjacent to each weld will be lost during construction.
For threaded and coupled casing, the coating would remain; however, the
marginal reductlion in surface area exposed to rasting is probably insuffi-
cient justification by itself to provide threaded and coupled casing at
significantly greater cosc

Care is required during well construction to aveid damage to the coating
during well construction activities that occur after the casing is set and
cemented in place. Rubber bumpers have been used successfully around
the drill pipc to prevent such damage.

Epoxy-coated steg]l casing has been used successfully at the Peace
River, FL; Kerrville, TX; and Chesapeake, ¥ A ASR facilities. Production
of solids from the casing during recharge or recovery has not been an
operaling issue at these siles,

Fiberglass and Stainfess Sileel Casing

These have not yet been utilized for ASR wells, primarily due to the
availability of less-expensive alternatives. It is reascnable to expect that
use of these casing materials will cccur sooner or later for an ASR system,
in order to meet site-specific needs.

ASE system operating costs are discussed in Chapter 6. At such time as
we have greater understanding of the annual costs asseciated with periodic
backflushing for well redevelopment, and for initial recovery to waste 10
remove solids, the tradeoff between investment in higher cost well casing
and reduced operating costs will become more clear. Until that time, it
seems wise 1o seek reasonable opportunitics to minimize solids produc-
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tion. Onz of these alternatives is to select an appropriate casing material,
even at seme increase in well construction cost.

Cost is not the only issue here, Operational complexity is an important
factor. An ASR well in a fow permeability, unconsolidated aquifer that
requires backflushing every few days or weeks represents less of an
operating problem if the backflushing duration and puvmped volume is
minimized. Sclection of an appropriate casing matcrial can help o mini-
mizc the frequency, duration, and velume of backfiushing,

Steel Casing

Uncoated steed casing is otilized in many ASR sitwations, similar to
conventional production wells. When existing production wells are to be
utilized for ASR testing or operalions, there 15 usually no choice in the well
design or casing material. The only option available 15 ¢leaning the exist-
ing casing prior to ASR retrofitting.

Operating measures can be implemented to handle the solids produced
from the steel casing during recovery and (o maninuze introduction of
solids to the well during recharge, Duning inif2al recovery or backflushing
operalions, water can be returned to the water treatment plant for retreatment,
It can also be discharged directly to the storm drainage system, whether
piped or by surface conveyance. It may also be discharged to a drywell, pit,
or pond, constructed adjacent to 1he ASR well with sufficicnt volume to
contain a considerable poction of the water to be discharged to waste. This
may reduce the peuk taie of discharge to the local drainage system, if
necessary, and will provide some settling and dilution of the initial solids
pumped from the well. This approach is utilized at El Paso, TX, for the
Fred Hervey Water Reclamation Facility injection well system. It was also
wiilized during imitial testing a1 the Rivedon Heights ASR test well,
Seattle, WA,

One or more ingection tubes are sometimes provided inside the casing
to controd ¢cascading. These tubes also serve 1o reduce entry of rust into the
well during recharge since the surface area of exposed steel is reduced.
Water is conveyed into the well through the mbes and therefore is less
likely to scous mst from the casing. The tubes may be of steel ot PVC. This
requires sufficient casing diameter to accommodate the pumgp and alse the
mjection tube({s). An alternative approach is to recharge dowa the pump
column, achieving the same objective.

Casing Diameter

For ASR wells, casing diameter shouid be no defferent than For normal
production welis, except when one or more injection tubes are nsed for
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recharge. It is advisable to have a small amount of extra space inside the
casing to allow casy entry and withdrawal of the pump, injection tubing,
air line, and electrical cable for submersible pumps. 1t is also helpful to be
able to lower gecphysical logging tools past the pump in order 10 evaluate
changes in flow distzribution due to differential plugging of the well during
recharge.

However, larger casing diameters increase well construction expense.
For the first well at any new ASR wellfield, it oay be appropriate to pay
the additional expense in order to gain the ability to beuer understand
aquifer response to ASR operations. Subsequent wells could be designed
with smaller diameter casings to reduce costs. Frequently weil construe-
tien costs represent a eelatively small component of the overall constmc-
tien cost for an ASR wellfield.

Due to the increased cost associated with larger casing diameters, the
downhole control valve discussed subsequently in Section 4.4, Flow Con-
trol and Measuremnent, is expected o rapidly gain in popularity since it
provides needed control of injection Mows without tequiring larger casing
diameters. This valve expedites ASR operations in sitnations where exist-
ing wells with small diameter casings are retrofitted to ASE operations,

Cementing

Casings in ASR wells should be cemented from the bottom of the casing
to ground surface (o ensure an adequate seal against flow movement
outside the casing through possible channels opened during constmction.
At three known ASR sites in existing uncemented water supply wells, the
pressures oecurming during recharge caused upward flow around the out-
side of the casing. At one sile this created flow at the surface. At anotber
site the result was formation of a sinkhole adjacent to the well, The thicd
site experienced downward movement of surficial sands into the underly-
ing limestonc production interval, causing a severe salids problem in the
well. Cementing is normally a desirable practice to prevent production
well contamination from adjacent land use activities; however, for ASR
wells there are additional hydraulic reasons that apply due to the cyclic
operation.

Selection of ASR Storage Intervals
Water Quality fssues

The stmplest case is one in which the ASR storage zone under consider-
ation contains water of similar quality to that which wiil be recharged, and
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has no potential geochemical issves. In such a case, the ASR wel] design will
tend 1o be similar to a conventional production well design. If sereened, the
screen length will tend to be longer to maximize recharge efficiency and to
minimize ihe rate of plugging. If open hole, the hole length will tend to fulty
penetrate. the production intervat for the same reason,

In situations where the storage zone is brackish., or contains water ot
such quality that mixing is to be minimized, the selection of the storage
interval requires greater care. Thin intcrvals that have excellent vertical
confinerment are best suited for minimiézing mixing. Figure 3.1 shows a
geologic cross-section for the Marathon ASR test well, FL, which success-
fully stores treated drinking water for emergency water supply purpoeses.
Storage is in a confined sand production interval 11 m {40 ft) thick and
containing seawater with a total dissolved solids (TDS) concentration of
39,000 mg/L. This site is discussed further in Chapter 9. In less extreme
cases of water quality difference, thicker storage mtervals with less con-
finement may be sufficient to provide the desired recovery efficiency.

Where the choice of storage intervals is fimited, well and wellfield
design can, to some extent, adapt to the limitaticns imposed by pature.
Multiple wells can provide ASR development of a zone that has sutTicient
storage volume capacity but low yield to individual wells. The cost of
additional wells is frequently small when compared to the cost of altcma-
tive storage approaches,

Where the storage zone has greal thickness or poor cenfinement and
contains poor quality native groundwater, acceptable recovery perfor-
mance may sometimes be achieved by operating at high rates and long
durations during recharge. The volume stored may then be sufficient to
displace the poor-quality water away from the well, both vertically and
taterally, so that a useful recovery volume can be achieved during each
recovery scason. This may take several annual cyeles of operation, each
showing an increase in recovery efficiency. Altematively, a large initial
storage volume may be provided following construction. This may be
considered as the formation of a buffer zone, analagous to initial filling of
a surface reservoir. Once the buffer zone is formed, or the surface reservoir
is filled, ASR operations at the ultimate recovery efficiency can proceed.

The vecovery efficiency attainable will depend upon the hydraunlic and
water quality characteristics at each site. While !00% recovery efficiency
is & reasonable target and is obtained in most cases of storage in brackish
aquifers, lower recovery efficiency may occur in some situations due to
technical constraints or regulatory restrictions designed to promote aquifer
recharge. An economic analysis will then indicate whether the lost value
of the water not recovered is mere than offset by the value of the water
recovered when needed. Uswvally this is the case.
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Geochernical Issues

The most complex issues pertaining fo sterage zone selection are with
aquifers, or portions of aguifers, that offer geochemical challenges. This is
discussed in greater detail in Chapter 5, Geochemistry. However, one
solation is to design the ASR well to case out production intervals that
contribute severe geochemical problems, if this can be achieved without
fosing much of the potential production capacity of the well,

Typically, the detailed information needed to make a reasonable judg-
ment regarding well design to avoid geochemical problems can only
follew coring, core analysis, and geophysical logging. Tn the absence of
this data, it is difficolt 10 know which intervals are contributing the water
quality constituents of concern. Consequently, the design of the second
and subsequent ASKR wells may benefit from experience gained with the
fiest such welil at any new site.

Screen Deslgn

Discussion has occwited during recent years regarding whether the
screen and gravel pack design for an ASR well in an unconselidated
aquifer shonld be any different than for a normal production well. A case
can be made that the screen sfot size should be slightly barger than normal
such that during pumping and redevelopment, the gravel pack will clear of
solid particles more readily. In such situations it is necessary to add one ot
two gravel tubes from the ground surface to the top of the gravel pack,
adding gravel as necessary to make np for gravel pack material washed
through the casing during recovery. Otherwise the formation material may
collapse around the screen during changes from recharge to recovery.

However, some uncertainty will always exist as to whether provision of
one or more gravel tubes will adeguately protect the well against collapse.
The best solution is to design the screen identical to that for a production
well so that there 15 no increased likehhood of gravel pack movement
around the screcn. Whether used for production or for ASR, a sand-
producing well is an operating problem to be avoided.

Pump Setting

One altermative that has not yet been applied in an ASR well is to set
the pump below the screen interval at the bottom of the well. For seasonal
operation, this practice may enable recovery rates well in excess of normal
continuous production rates. The specific yield of unconfined pertions of
the aquifer will release muxch larger volumes of water from storage than
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will the storativity associated with confined aquifers. Consequently, a
pumnp located below the screen may support higher seasonal production
rales and longer durations than will a pump in the same well, located at the
base of the casing, above the scrcen. During the subsequent recharge
periad, water levels would be restored to normal high levels or possibly
ahove those fevels. Figure 3.2 illustrates this design option,

It is probable that this approach would work wcll at some sites and not
at olhers. In particular, where the uppermost screen interval 1s close to the
top of the aquifer and produces most of the water, the benefits of this
approach may not be significant since dewatering the top screen interval
would rupidly increase hydraolic losses and reduce well yield. However,
where production is distributed more uniformly from the top to the bottom
of the aquifer, dewatering the top portion of the aquifer for a brief time
may be beneficial in terms of increasing shori-term peak well ytelds.
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Figure 3.2 Ahernative pump setting for seasonal ASR operations.
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3.2 WELLHEAD FACILITIES

Several features of ASR wellkead design should be considered for
efficient, long-lerm operation of an ASR system. Thai is not to say that
disregard of these features will cause system fatlure. Rather, it is probable
that considcration of these features will greatly enhance system perfor-
mance, The various featnres are discussed in the following paragraphs.

Materials of Construction

As discussed previously in this chapter, materials of construction can
play an important part in ensuring efficient and cost-effective ASR system
performance. For both wells and wellhead facilities, the same principles
apply. Non-ferrous piping systems, such as PVC and cement-lined ductile
iron pipe, are preferred for ASR wellhead piping, particularly in systems
where aquifer permeability is low 10 moderate and some concern exisis
regarding plugging and redevelopment frequency. Where this 1s imple-
mented, the volume of risi carried into the well during recharge and from
the well during initial recovery will be greatly reduced. Furthermore,
smocth piping will reduce the opportunity for solids entrapping near the
wellhead. These factors, in turm, will tend to reduce the plugging rate,
redevelopment frequency, and regulatory issues associated with disposal
ol backflush water to waste. Any increase in initial capital cost will offset
higher long-term operating costs associated with handling of mitially rust-
colored, turbid recharge and recovery flows.

For downhole piping, such as injection tubes and pressure transducer
tubes, PVC ot other non-ferrons materials are also recommended. Galva-
nized tubing should be avoided, reflecting adverse experience with failure
due 1o electrochemical corrosion. In pariicular, galvanized surfaces create
a corrosion cell with non-galvanized surfaces, causing reduced service life
and screen plogging. Where such corrosion is anticipated, it can also be
partizlly inhibited with use of protective coatings and cathodic protection.
Howcver, this requires maintenance for continued opcration and alse
requires additional space within the casing to accommodate the cathodic
proiection system.

In general, vse of non-metals, epexy coatings, cement-lined piping and
special alloy materials of construction in ASR wells is vsually a wise
investment. The econemic savings usually attributable to implementation
of ASR justifies reasonable investment in the design of the wells and
wellhead facilites.
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Pipeline Flushing and Waste Flow Discharge

Regardless of the materials of censtruction of the well and wellhead
piping, the transmission and distribution system conveying water to the
wellhead may have deposits of selid maierial trapped in places such as
connections, valves and fittings. Pressure surges and veversal of flow in
this piping, due to startup of recharge operations, can resuspend these
particulates and carry them down the well, causing rapid plugging.

For this reason, it is advisable to flush both the well and the wellhead
piping to waste immnediately prior to recharge, at a flow rate at least as high
as the flow rate expected into or from the well. Wellbead piping must be
designed with the ability to discharge waste flows at high rates, frequently
to a ditch or sewer line near the wellhead or to the water treatment plant
for retreatment. The ducation of this flushing peried may range from 10
min to as long as 2 hours or more, depending upon the site and the amount
of solid matecial in the recharge water or in the well.

In many simations where the ASR well is supplied by a long, dead-end
transmission pipeline, disposal of the resulting water from line-flushing
operations can sometimes be difficult due to the large volumes and high rates
involved. Furthermore, disinfecting new pipelines by filling them with
chlerinated watcr and then draining them to waste at 2 low flow tate does not
remove solids from the pipeling. The solid material will be carned into the
well during the first recharge operation. Mechanical cleaning of the pipeline,
such as by “pigging,” can be helpful to remove solids in such situations.

Where the ASR well is supplied by a new long, cement-lined pipeline,
high pH values may ocenr during initial recharge testing, due to grout and
cemcnt curing in the pipeline. At ene site, this caused pH values to exceed
0.0 in the recharge water. Such an effect should be considered transitional
until cement curing i3 complete.

Provision should be included in the wellhead design to isolate each well
from the systemn and fTush it to waste at the wellhead, so that remedial work
can proceed while the remainder of the system is in normal cperation,
Otherwise the entire wellfield may need to be shut down during periodic
backflushing operations. This is particularly important in siluations where
backflushing is expecied 10 oceur more frequently than a few nmes per
year. For large ASR wellfields, #t may be sufficient to be able to 1solate
groups of adjacent wells for backflushing operations.

Trickle Flows

Whether in the surface piping, wellhead piping, or well casing and
screen, stagnant water is to be avoided. During periods of neither recharge



DESIGN OF ASR SYSTEMS T

nor recovery, it s advisable (o maintain a trickle flow of chlorinated warer
into the well. This can be provided through small-diameter tubing convey-
g typically 2 to 5 Gfmin (8 to 19 Lfmin) down the well. In addition to
the tbing, a small flowmeter and a valve are suggested, bypassing water
around any isolation valve at the wellhead that prevents recharge flows.
The required rate of this trickle flow can be easily calculated by monitor-
ing the rate at which a chlonne residual in the recharge watcr dissipates in
the well or in the wellhead piping at the end of & recharge period. Typi-
cally, a residual is maintained for up to one or two days, seldom longer.
Maintaining a small chlerine residual in the well during storage periods
prevents bacterial growth in and adjacent to the well, thereby reducing the
potential for bacterial plugging.

A sccond reason for providing a trickle flow of recharge water during
idle perieds is applicable particularly in very brackish and saline aguifers.
Maintenance of freshwater in the casing permits use of pump materials that
are less expensive than those that would be necessary for a well in which
water quality can change from fresh to brackish or seawater.

For long lengths of transmission piping, the tnckle flow at 2 to 5 G/min
{8 to 19 Lfmin) may be msufficient to maintain a chlorine residuat in the
transmission piping to the well, in which cuse the residual is also lost in
the well, Tn snch situations, one alternative is to provide a small chlorine
feed using low flows from chlerination facilities previded al or near the
welihead for treatment of recovery flaws. Another approach is to periodi-
cally slug the well with a large volume of recharge watcr during storage
periods, sufficient t¢ provide a residual of chlermated water in the well and
surface piping. The frequency of such a0 operation would be site specific,
but probably every few days. FFer short storage periods, this practice may
be censidered acceptable. Feor longer potential storage periods, provision
for wellhcad chlerination of recharge flows may be wiser.

Sampling Taps

Sampling taps should be provided in the piping at the wellhead 10 permit
sampling of both recharge and recovery flows. They should be switable for
collection of bacteriological samples and therefore should utilize non-
ferrous materiad such as bronze. For the same reason, they should aiso be
unthreaded at the discharge end. They should be installed on the side of the
pipeline. Addition of a sampling tap at the bottom of recharge piping may
also be advisable in sitnations where there is concemn for suspended solids
in the recharge water.

At some locaticns special provisions may be necessary (o convey
sample flows away from the wellkead and piping in order to avoid ponding,
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iron staining, rusting, or algae formation. A short drain is usually sufii-
cient.

Care must be taken to ensure that the sampling tap 1s located at a point
of positive pressure. During recharge, negative pressures can develop at
the wellhead if flow is insufficient 10 maintain posiive pressure in the well
or injection piping. If the sample tap is located downstream of the last
contyol valve at the wellbead and negative pressure develops, it will not be
possible to cbtain samples. This can be resolved by instzalling the recharge
sampling tap upstream of the last control valve on the recharge line,

Pressure gauges should not be connected to sampling taps. Where both
are connected (o the same tap in the pipeline, pressure pange readings will
tend to be erroneous during sample collection. Although proper valving
can remedy this problem, it is wiser to avoid potential human emor by
installing separate taps for each purpose.

If the secovered flows will be disinfected at or near the wellhead, or if
other cheinical addition is planned such as pH adjustment, an additional
sampling tap may be required sufficiently downstream of the chemical
feed point that a representative sample is obtained.

Disinfection of Recovered Flows

Water recharged to and recovered from most ASR facilities meets
drinking water standards and can be used following disinfection. However,
there are certain disinfection consideraticns that should be considered
during design.

Recovered flows are typically disinfected with chlorine. Chlosine gas is
used in many applications, because it is readily obtainable and transport-
able to most sites. Liguid chlorine can be nsed; however, larger volumes
are reguired and the disinfectant properties degrade with time. For either
approach, adequate facilities for storing and handling the chlorine must be
in place. These are usually defined in Jocal and state regulatory require-
ments,

When chlorine gas is added to water, the pH will decrease to some
extent, dependent upon the chlorine dosage, the alkalinity of the water, and
the blend ratio between ASR recovered flows and those from the water
treatment plant or other source. In some cases the pH decrease can be
sufficient 10 produce an aggressive or corrosive water. While the probable
extent of the pH decrease can be estimaled during design, it is necessary
to confinn the actual decrease following construction and operationai
testing. Provision should be included in the design to incorporate locations
fer chemical additien, if needed at a later date to raise the pH. Chemicals
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may inclnde ammonia for chloramine formatien, or base chemicals such
as sodium hydroxide to raise the pH.

Cascading Control

This is one of the more important elements of ASR wellhead design and
tequires some care. Cascading occurs when the warter level in the recharge
piping does not risc to ground surface during recharge. Allowing water to
cascade down the well can lead to significant plugging problems due to air
binding in the storage zone, and induced geochemical or bacterial activity.
Air present in recovered water can cause consumer cornplaints. Cascading
can also cauvse strucloral problems due lo cavilation damage to pipes,
valves, and fittings. Cascading needs to be controlled in order to avoid
these problems, each of which causes pingging of the ASR well. Plugging
usually can be reversed, however, it requires considerable time and effort.

Watcer can be introduced into a well through the pump column, the
anmulus between the pump column and the casing, one or more injection
tubes inside the casing, or some combination of these approaches. It can
be introduced under pressure or under vacuum, and it ¢can be controlled
from the wellbead or [rom the bottom of the injection piping, Selection
among these alternatives is based upon censidcration of several factors,
principal among which are the following:

« casing diameter

» stalic water level in the well

*  type, size and capacity of the pump

« spegific capacily and specific injectivity of the well
» axpected production rate and range of injection rates

Some of this infertnation may not be available at the time the design is
completed, creating the need for a flexible design approach, capable of
accommodating a reasonable range of expected conditions. It is usually
wiser 10 construcl and test the ASR well to deiermine hydraulic perfor-
mance characteristics before finalizing design of ihe wellhcad facilities.
This reqguires more time; however, it leads to better results. Provision of
flexibility is still advisabie, since recharge rates can sometimes drop below
planned rates, causing unplanned cascading,

Annulus Recharge

High flow rates can sometimes be recharged down ihe annulus of 2 well.
To maintain positive pressure at the wellbhead and thereby prevent cascad-
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ing, it is necessary to ensure that sufficient flows are always available for
recharge. When recharge flows fall beleow this critical rate, cascading will
occur and a vacuumn will develop in the annulus and wellhead piping. Air
will be dvawn into any open air relief or vacuum breaker valves, any leaks
in the upper portion of the casing or pump column, or elsewhere in the
wellhead assembly and will be cammied down the well into the formation,
where it will tend to plug the well. This can happen due to reduction in
recharge flow rate or due to local or regional lowering of the static water
level in the stotage zone.

A flexible solution is to seal the annvlos at the wellhead and to ensure
that any wellhead valves that are connected to the annulus are closed
doring recharge. In this way recharge can ccour regardless of wellhead
pressute or vacuum, and under 2 full range of recharge rates, thereby
maximizing recharge velomes and reducing operating requirements.

A disadvantage of this approach is that water flows over a snbstantial
surface area of casing that is alternately wetted and dried. Thercfore,
annulus recharge in stee] casings has a high potential for preduction of rust
that can centribute to plugging the well during recharge and create regu-
latory problems during backflushing and initial stages of recovery. For
new wells, this can be avoided by selection of a non-ferrous casing or
coating where possible. For existing wells, particularly these with long
steel casings into low or moderate permeability aguifers, annuius recharge
can contribute to particulate plugging problems.

A second disadvantage of this approach applies, in particular, to retro-
fitting of existing wells for ASR purposes. Wheare the guality of well
construction s unknown or suspected to be poor, it is possible that the
casing or pump base may not be sealed adequately. Recharge would
therefore entrain air even if the wellhead piping and contrel valves were
sealed and closed, respectively. This can be checked by installing a tem-
porary packer in the well and pressure testing the casing to determine if it
will hold a given pressure for 30 min. This is somctimes referred 10 as
“mechanical infegrity lesting.” Alternatively, a boef recharge test can be
conducted at a low rate in the supposedly sealed annulus, sufficient to
create a wellhead vacuum. Recharge is then shut off, and the vacuum is
monitored te see if it will hold for 30 min.

A related issue is that pressure surges have been known to occur in the
recharge piping of some ASR wells. In other ASR wells, recharge ccours
at higher pressures anyway, to overcome high static water levels or 1¢
avercome densily differences in saline aguifers. In such sitvations, the
purmnp bases should be designed te withstand expecicd operating and
transient pressures without leaking at the connection to the casing. A
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flanged conneclion between the top of casing and the pump base, ma-
chined to ensure flat, parallel surfaces, and somefimes provided with a
circular groove and o-ring, can provide the required degree of sealing.

Recharge down the annulus of wells equipped with submersible pumps
requires care 10 ensure that the electrical cable port in the wellhead flange
is adequately sealed to prevent air entry during vacoum recharge or to
prevent leakage during pressure recharge.

Several variations on this annular recharge approach are possible. Re-
charge could occur down the annulus at safficiently low velacity below the
water level in the well that any entrained air has the opportunity to bubble
out before reaching the formation. No known existing or planned ASR
gites utilize this approach, but in theory it should work. A downhole water
velocity in the casing below the pump would have to be less than the air-
bubble rise rate, or about 0.3 to 0.4 mfsac {1 to 1.3 fi/sec) Tor air bubbles
with diameters of 0.1 to 10 mm.

Another variation is to ¢cease recharge at such times as cascading begins,
whether due te static water level deciine or doe to reduction in recharge
flows. This assumes that previous testing has shown that cascading causes
air entrammment in the well. Such an approach requires a degree of operat-
ing attention that ts frequently not available. Larger ASR wellfields with
computer-controlled operations and telemetered monitoring parameters
can build this into their control systems; however, smaller systems are
mote likely to continue recharge regardless of whether cascading is cccur-
ring or not, with resultant reduction in recharge rates, due te plugging.

Methods to increase friction loss in the annulus have occasionally been
considered or tried. These have included sizing the pump to minimize the
anmular space between the pump and the casing; addition of flanges at the
couplings in the pump column; inflation of a packer above the pump in the
annulus through an air or water line from the surface; and cther novel
approaches such as adding floating objects in the annulus. Except for the
inflatable packer, each of these approaches has the same drawback in that
it is sometimes difficult to place in the well, or retrieve {rom the well, a
tightly fitting object. One that is not tightly fitting will probably not
provide much resistance 1o flow. Well casings are not always straigh,
plomb, or round.

Several ASR sites wtilize anpulus recharge. Among these are Cocoa,
Peace River, Marathon, and Chesapeake, Cecoa and Marathen utilize PYC
casings; Peace River has epoxy-coated steel casings en all but the first two
ASR wells, and Chesapeake atso utilizes an epoxy-ceated stecl casing. The
first two of these sites store drinking water in brackish aquifers within
which the depth to static water level is about 3 and -7 m {10 and -22 ft)
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below land surface, respectively. Marathon utilizes a seawaler aquifer with
a static water Jevel that varies above or below ground surface, depending
upon the water density in the well. At Chesapeake, the aqmfer is shghtly
brackish with a depth to water level of about 20 m (66 ft). The first three sites
store water under slight pressure, while Chesapeake recharges either under
pressure or with a vacunm in the annulus, depending upon the flow rate.

Injection Tube Recharge

COne or more injection tubes are frequently used to control cascading
during recharge. The small diameter tubes provide sufficient head loss at
high flow rates that the water column 15 under pesitive pressure inside
these tubes. For instance, a 2-inch (inner diameter) clean, new steel injec-
tion {ube (lowing at |8 Lisec (280 G/min) provides a friction loss of about
1 m for every meter of lcngth. Table 3.1 shows {friction losses for smali
diameter pipes at several flow rates, assuming a Hazen-Williams {riction
factor of 160, representative of new, smooth pipe. When recharge flows
available cxceed the capacity of one tube, a second tube may be opened.
Two different sized tubes can cover a broad range of potential flow rates
by operating separatzly or together.

An advantage of this approach is that positive pressures can be main-
1ained at the wellhead over a wide range of flows. Furthermore, the surface
area in contact with the water is small, substantially reducing generation
of mst during wet-dry cycles associated with recharge and recovery,

Disadvantages are several. Existing wells rarely have sufficient room
within the annulus to add one or more injection tubes, in addition to the
alieady existing pump column, power cable (for submeisible pumps), air
line or other water level measurement device. For new wells, the cost of
oversizing the casing in order to provide sufficient room for all of the wbes
and pipes can be substantial, particuiarly for deep casings.

The principal disadvantage of this approach, however, is the operaticnal
complexity. While it may be adequate during a test program of limited
duration 1o adjust flow through different injection pipes to meet recharge
flow variations, under operational conditions this approach is time-con-
suming and unforgiving. If available recharge flow exceeds the imjection
tobe capacity for some period of time, this additional flow cannot be
recharged without manpally adjusting the wellhead to utilize a second
injection tube. Conversely, if available flow falls below the capacity of the
injection tube in use, cascading will occur, and therefore the well should
be isolated from the system. Within the flow range of the injection tube(s),
the system will work but requires more operational effort than is usually
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availahle. Above or below the flow range, the system will perform improp-
erly by either rejecting available flow or cascading.

Injection tubes are most applicable in situations where adequate opera-
tional attention is available to monitor and control flows at the wellhead.
They are also quite applicable in multiple ASR well systems where opera-
tions are controlled by telemeiry and recharge tlow variations can be met
by adding or deleting ASR wells from operation. In this way the relatively
narrow flow range of individual wells is not a substantial constraint.

Such an approach may require careful development of an operating plan
fur those situations where the storage zone is brackish or otherwise con-

TABLE 3.1 PIPE FRICTION LOSSES

Head Loss (Y100 fi)
Pipe Diameter Flow Rate Velacity
{inchas) {G/min) (fi/sec) C=120 C=160

1.5 50 9 20 16
100 18 104 61

150 27 219 129

2 150 15 54 3z
200 20 a2 54

23X 26 139 a8z

2.5 200 13 )| 18
300 20 &6 39

400 26 112 66

a 300 14 27 16
400 18 45 27

500 23 70 41

800 27 93 &7

700 32 130 V6

4 600 18 24 14
800 20 41 24

10300 26 g2 36

1200 3 87 Y

Note: 1. Based upon Hazen Wiliams fomnuls:
Q=131 C R¥: S50= A

whera G = flow in fi¥sac, C = roughness cosfficlent, A = pipe area
(%), 5 = slopa of total head line = head lossflength, R = areal
perimeter for round pipe.
2. Head loss is based upon water at 60%F. Viscosity at 32°F
increases head loss by 20%.
3. Range of C factors:
Walded or seamless steel B0 corodad
150 new
PYC pipe 140 design value
160 new
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tains water of unacceptable quality. Design of ASR wellfields should
nsually attempt to balance water storage among the ASR wells so 1hat
hydraulic interference does not move the storage bubbles away from cach
well. Adding or deleting ASR wells in such situatons to respond to
variations in recharge rates may contribute to reduced recovery efficiency
unless the wells added and deleted are selected with care.

When injection tubes are ntilized, they should exiend below the lowest
expected static water level in the well. They may utilize an orifice plate at
the bottom Lo increase friction loss. Changing the orifice plate therefore
changes the head loss in the injection tube if this becomes desirable. To
further dissipate head and to protect the weli and screen from the effects
of prelonged high speed jetting, it rnay be desitable to install a short screen
ar bucket assembly a1 the base of the injection tube in order to deflect flows
laterally or vertically. A recent alternative is installation of a downhole
control valve 1o adjust Mows as needed in order to maintain water levels
in the recharge piping. This option is discussed further in Section 4.4, Flow
Control and Measurement.

An example of injection tube ASR applications is at Kerrville, TX,
where the injection tube is stainless steel to a depth of 61 m (200 £1} in
order to remain below the stakic water level in the well. This is the proimary
method of recharge; however, the well is also equipped for ansmhus re-
charge at higher flow rates,

Pump Column Recharge

Vertical Turbine Pumps. Recharge through venical turbine pumps has
heen implemented at several ASR sites. The head loss generated by
reverse water flow through the pump is uswally sufficient to control
cascading.

A non-reverse ratchet can be installed on the eiectric motor to prevent
backspin of the purnp and motor during recharge.

If head loss through the pump column and bowls is insufficient and
cascading still occurs, a vacuum will develop in the upper part of the
column. This may draw air into the well through the column coupling
threads and also al the hineshaft stuffing bex, particularly in existing wells
wheite the condition and installation workmanship of the pump column
may not be known. The resulting cavitation may potentially damage the
column and lineshaft.

The potential development of a4 vacuum in the column is of particular
importance for oil-lubricated pumps, since the vacuum can draw oil into
the recharge water, theteby contaminating the water. The best solution is
to avoid this potential occarrence by not utilizing oil-fubricated pumps in
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ASR wells. Alternate approaches include the use of lood grade oil for
lnbrication, or making special precautions to avoid vacoum development
in the pump celumin. Use of new column pipe is also advisable to minimize
the likelihood of leaks at the threaded connections.

For vertical turbine pumps, cast iren discharge hcads are available in
various sizes, and fabricated steel heads can be made to accommodate
most configurations. Stundard cast iron discharge heads can be machine
surfaced to fit a stesk sole plate grooved for an O-ring. This approach may
be useful for retrofitiing an existing well for ASR purposes. It also pro-
vides a reasonable pressure seal for simations where recharge water levels
may rise above land surfacc during continned ASR operations or pressure
surges.

Examples of recharge through the columns of vertical turbine pumps
include Geleta Water District, CA; Calleguas Municipal Water District,
CA, Las Vegas, NV and one of the ASR welis at Kerrville, All four sites
utilize existing wells retrofitted for ASR purposcs.

Submaersible Pumps. Water may also be recharged through the columns
of submersible pumps. These pumps typically include a check valve at the
base of the column to prevent water from runming backwards through the
pump. This valve can be removed to provide for recharge; however, it is
then necessary 10 provide a motor restart delay to the pumop centrols to
avold severe pump damage during power failures and emergency restarts,
or during normal ASR operations. Another consideration is that reverse
spin of the motor will generate efectricity. Resistive loads wired to the
motor leads at the motor starter could be uscd to dissipate this generated
electrical energy. Recharge flow rates through the submersible pump
should not exceed design preduction rates for the pump, as excessive
rotational speeds may develop.

Regarding development of a2 vacuum in the submersible pump colomn,
the same concerns apply as for a vertical turbinc pump. Cavitation can
damage the upper part of the column, potentially leading to structural
lailure, as well as drawing air into the column through threaded connec-
tions or the wellhead piping.

A better approach for cascading control in wells where the static and
recharge water levels would otherwise be below ground surface is the use
of a downhole control valve. This was first developed and tested during
1992 at Highlands Ranch, CO, in a well with a depth to static water level
of about 900 ft (274 m). It has been used successfully at the base of the
column of submersible pumps and should also be applicable for vertical
turbine pumps. This valve is discussed in greater detail in Section 4.4,
Flow Control and Measurement.
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The type of well head seal will depend upon the type of pump in the
well. For submersible pumps, & flanged surface plate should be used.
Alternatively, a blind flange bored and welded ro the column pipe can be
filted to a ring flange on the well casing.

Combinations

In gencral, pump column recharge is likely to provide the greatest
degree of head loss for recharge flows, while annulus recharge is likely to
provide the least head loss. Where it ts desired to maximize recharge rates,
and water levels during recharge should be at or above land surface,
annulus recharge may be most applicable. Where water levels doring
recharge will prebably be below ground level, pump column or injection
tube recharge may be most apphicable,

Flexibility to utilize more than one method of recharge is sometimes
nseful, particularly in situations where a wide range of recharge flows or
static water levels may be encountered, or where considerable uncertainty
exists as to the vltimate operating conditions. For example, the ASR
system at Chesapeake, includes the provision t¢ recharge down the pump
column and also down the anmutus, or both if high flows are available for
recharge. At Kerrville, the ASE system includes one well equipped 10 flow
down the vertical turbine pump column in a retrofitted production well,
while a new ASR well is equipped to recharge down the amnelas or two
injection tubes.

Alr and Vacuum Realief

All ASR wells expenence a greater degree of water level change than
typical production or injection wells. This change in water level results in
air being drawn into, or released from the well during differcnt phascs of
operation. Adequate venting on the casing and on the wellhead discharge
piping should be provided in the form of air/vacuum release valves or
other form of vented opening. However, it 15 essential that these valves be
closed during recharge (o prevent eniry of air during potential vacuum
recharge. This is an important operating requirement, the omission of
whnch can entrain substantial quantities of atr and plug the well.

Air relief valves are usually designed to vent air under relatively high
operating pressures. ASR wells usually recharge under mnch lower oper-
ating pressures at the wellhead. Sormetimes under these lower pressures the
air relief valves will leak slighily. Provision for drainage of this leakage
water will avoid a problem that may be assthetically unappealing {rust),
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inconveaient (ponding), or sometimes slippery and dangerous. An easy
solution is to provide a low pressure seat for the air release valve on the
recharge piping.

Pressure and Water Level Measurement

Accurate pressure and water level measureriient is important to ASR
success. While recharge and recovery may occur without collection of this
data, there would be no way 1o determine whether plugging is occurring
until such time as the water level rise begins to inhibat recharge rates. By
that time, the seventy of plagging may preclide easy redevelopment by
pumping. Instead it may be necessary to pull the permanent pump and
any additional tubing from the well; clean the casing and screen with
scraping, jetting, brushing, or other redevelopment methods while pump-
ing the well with a temporary pump; acidize the well and surrounding
formation; and disinfect it prior to reinstalling the permanent pump. This
i5 time-consuming, expensive, and risky since the recharge specific
capacity may not be fully restored. More cost-cffective would be peri-
odic redevelopment by backflushing to maintain recharge capacicy. The
need for backflushing is nsuaily based upen pressure and water level
measurements,

Pressure Gauges

Pressure gauges should be both durable and accurate. Sealed cases filted
with glycerin or silicone stand ip weil to harsh, cutdoor conditions. The
fluid-filled ganges also provide needle damping if vibrations are present.

Pressure readings arc useful in many places on ASR wellhead piping.
Consideration should be given to installing taps for pressure gauges at the
distribution system piping supplying the ASR well, upstream and down-
stream of any pressure control valves, upstreamn and downstream of any
wellhead filiers, and on the wellhead recharge and recovery piping. IF
vacuum or negative pressares may occur, particnlarly at the wellhead, a
combination vacuum/pressure gauge should be provided.

Gauges should provide the level of accuracy necessary for each leca-
tion. Generally, a gauge with 0.5% accuracy is desirable for the wellhead
but is not necessary at other locations.

To protect the gauges against damage during pressure surges, spikes, or
fluctuations, dampening devices can be mstalled for each gange. These
range from a fitting provided by the gauge manufaciurer to a simple, small
petcock.
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Waler { evel Measurement

A variety of systems arg available for obtaining accurate measurement
of water levels in a well, among which are the (ollowing:

* casing access lube for direct measurement
* air linss and bubbler systems

* portable electronic sounders

= electronic pressure iransducers

It is important to provide a direct means of measuring water levels
through a casing access tube, even if other indirect means arc also previded
for convenience. The selection of the measurernent system should reflect
the probable frequency of water levet measurement and other operational
needs and opportunities.

Water levels fluctuate over a larger range in ASR wells, from recharge
pressures attained at the end of the recharge peried to drawdowns at the
end of recovery or during backfinshing to waste at high rate. The range can
sometimes exceed the design range for pressure transducers, causing their
failure. Pressure transducers are also vulnerable to failure due to lightning
sirikes.

Air lines and bubbler systems work well. A small diameter tube is
installed in the well with the end of the tube submerged below the static
water level. Air or nitrogen gas is pumped down the tube at a kow rate until
the gas bubbles out of the end of the tube. The pressure reguired to pump
the gas out of the end of the tube is equal 1o the depth the tube is submerged
below the well water level. However, at some ASR installations the range
in water levels cxceeds 30 m {104 ft), which is the approximate limit for
use of a bicycle pump to purge an air line. In this case a small air
COMPpressor can pugge up to about 75 m (230 ft) of air line, or a nifrogen
bettle can meet higher pressure needs. It is possible to use two separate air
lines with the appropriate valving for applicaticns invoiving large water
level changes.

Providing a small diameter PVC casing access tube with a cap on the
botrom and a perforated section near the bortom is advisable, regardless of
the measwrement method. For recharge down the well annulus, this is
probably the only way to measure water levels since cascading in the
annulus will otherwise preciude accurate water level measurement. Cas-
cading, whether under a vacuum or not, creates a column of water ex-
panded with air bubbles so that 1t is difficult to determine the troe water
level in the well unless it is mcasurced at greater depth.
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Flow Measurement

A very important aspect of ASR operations is measurement of flows
and volomes of water recharged and recovered. This is important for both
technical and regulatory reasons,

Flowmeters used on ASR projects have included propeller, turbine,
magnetic, venieri, and ultrasonic meters, as well as otifice plates and other
approaches. Selection of the appropriate flowmeter should reflect project
necds as well as meters currently in use at other locations operated by the
same water agency or utility. Accuracy of these meters ranges from 2%
of actual flow, down to 20.5% of actual flow. Fer example, an ASR site
recharging at a rate of 4 megaliters/day (1.1 MG/day) for 90 days would
store aboui 360 meguliters. A flowmeter with 2% accuracy may be off by
7.2 megaliters, or almost 2 days’ pummping, For a site storing treated
drinking water in a storage zone containing freshwater and with no real
tisk of geochemical reactions, this would be quite adequate. However, for
a sitc storing treated drinking water in a storage zone with very pootr water
quality and/or high potential for geochemical reactions near the well that
may causc plugging, a more accurate flowmeter may be important in order
to ensure that an adequate buffer zone of stored water is maintained around
the well at all times. This is discussed in greater detail in Chapter 4.

Selection of the appropriate flowmeter range is important since it is
quite common for recharge flows to vary over a broad range during initial
testing and subsequent operations. An ASR system may be designed to
recharge at a high rate. However, water may not always be available for
recharge at this rate due to cperational consiraints such as increasing
distribution system demands or maintenance of minimum distribution
system pressures in the vicinity of the ASR well. The alternatives include
continued recharge at whatever lower flow rate may be available, or
stopping recharge until flows are available at a rate within the range of the
flowmeter. A flowmeter with an accuracy range of 10 to 120% of the
design tlow would probably be sufficient to permil continued recharge for
most of the time until the system is switched over to recovery. Added
operational flexibility at the low end of the operational recharge {low range
can extend the usefulness of ASR in situations where there is a need to
store as much as possible of a limited supply of seasonaltly available water.

Flowmeter accuracy depends on appropriate location in the wellhead
piping, requiring an adequate distance of straight pipe upstream and down-
strcam. For new ASR wellhead facilities, the flowmeter sclected and the
associated piping distances can be easily incorporated in the design. How-
ever, for retrofitting existing wells for ASR purposes, it is frequently
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necessary 10 select a flowmeter Lype thal will provide the desired accuracy
within the piping distance available. Straightening vanes are sometimes
used to straighten flow lines npstream and downstream of the meter.

For larger ASR systems, or these involving automated control systems,
it may be appropriaie to obiain a certificate of proper flowmeter installa-
tion from the manufacturer.

For all ASR systems, consideration should be given to providing dual
flow measvrement capability, at least for the duration of the test program.
Meter failure or loss of calibration during the test program has occurred at
scveral sites for a variety of reasons. Loss of calibration is difficult to
deteci at the time, and vsually only becomes apparent late in the program
when it 1s too late to tepeat the tests. The resulting data can be difficult 10
interpret. It is desirable to bave twe different types of flowmeters, one of
which is the primary meter. Any trend of increasing ditference in measure-
ments between the two metars would signal the need for calibration or
meter replacement before procceding further with the fest program. These
problems appear to be more common with propeller meters that are used
widely in the watcr industry. Having a standby propeller meter or replace-
ment parts on hand can be helpful, available for rapid substimtion if
necessary. A venturi mebe or similar device incorporated in the weflhead
piping can provide the backap flow measurement during testing, and can
easily be removed when the systern changes into long-term operation, if
desired.

Bi-directional flowmeters have been used at some ASR siies where it
was desired to convey both recharge and recovery flows through the same
pipe. However, bi-directional propeller meters have proven much less
reliable than correspending veniun or magnelic meters.

Flowmeters utilized on ASR systems should include totalizing mea-
surement in order 10 monifor cumulative velumes during both recharge
and recovery. This is typically provided with propeller type flowmeters,
which are readily available, relatively inexpensive, and have been used
widely on ASR projects. Propeller meters are usually accurate to within
2% of the actual flow rate.

Turbine meters are similar to propeller meters; however, they use a
turbing instead of a propeller. The turbing spins at a higher velocity and
subsequently tequires a mote precise bearing and mechanism. For this
reason, turbine meters are more sensitive to sand and particles in the water
flow. Upstream screens should be installed with turbine meters. They
typically provide higher accuracy and a wider operating range than dees
a propeller meter. Typical accuracy is about £1.5% of actual flow, Cost is
usually about 309 greater than the comesponding propeller meter,
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Venturl meters offer the advantage of having no moving parts. They
place a smooth constriction in the flow stream and then measurc the
reduction 1n pressure at the throat of the constriction, The difference in
pressure between the meter throat and the adjacent pipe is related to the
flow rate. The actual meter tube can usually be instatled between two pipe
flanges and therefore requires little space. However, adequate upstream
and downstream pipe distances must still be provided. These meters resuit
in relatively low head loss through the meter. They require a mechanism
1o read the differential pressure and a separate totalizer to integrate the
iflow signal. Reading the differential pressure requires a fairly sensitive
gange. Typically, a differential pressure transmitter is mounted at the
venturi tube and sends a signal 10 a remote flow rate indicator and totalizer.
These meters are accurate within £1% of full scale.

Magmnetic flowmeters also have no moving parts and have the advantage
of compact size. The meter works by first creating a magnetic field in the
pipc. When the water moves through the magnetic figld, a voltage is
induced that is proportional to the flow rate. Flow rate indicators and
totalizers are availabie with either local or remote mounts. Magnetic
meters are bi-directional, with no loss in accuracy. The required upstrcam
pipe distance is usuaily low, as a tesolt of which these meters are particu-
larly useful in retrofitting existing wells for ASR purposes. However, these
meters are Lypically morc expensive than other meter types, They can be
pblained with accuracies of 1).5% of the aclwal Now rate.

Ultrasenic flowmeters are portable, and can he moved easily from one
length of pipe to ancther. The meter mounts to the outside of an existing
pipe and requires no moving or other parts in the water flow stream, They
operate by electronically measuring the time required for an ultrasonic
signal to travel between two or three transducers mounted to the outside
of the pipe. The diffcrence in time between signals teaveling upstream and
downstream is proportional to the ligquid velocity. The meters usually
consist of several tramsducers that can be mounted in several cenfigura-
tions and record to a data-legging microprecessor. Pipe material, diameter,
wall thickness, and lining type and thickness must be known and entered
into the microprocessor, Ultrasenic flowmeters are well svited for check-
ing the performance and aceuracy of inline meters and can be obtained
with an accnracy of 1% of the actual flow rate.

Disinfection and pH Ad|ustment

At drinking water ASR sites, recovered flows usually require cnly
disinfection prier to distribution. Facilities therefore need to include pro-
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vision for storing and handling the chlorne or other disinfectans that will
be used.

Chlorine gas added to water will typically result in a decreasc in pH.
The magnitude of the decrease will depend upon the chlorine dosage and
the alkalinity of the water. Where the recovered water will be blended with
amuch larger flow of water, the effect may be ncgligible. However, where
fittle or no blending will occur prior to consumption, the pH drop follow-
ing chloripation can be sufficient to produce an aggressive water, capable
of causing corrosion of pipes and fittings, and associated “ved water”
complaints from consumars, The need for pH 2djustment following recov-
ery is usually determined following construetion and initial testing of ASR
facilitics. Consequently, it is desirable o equip ASR wellhead facilities
with locations for chemical addition, if later required.

Adjustment of pH may also be advisable for recharge flows. Where
manganese is present in the storage zone, recharge at pH of less than about
8.0 may tend to cause the manganese to go into solution during an
extended storage period. Recovery of the stored water may then create a
problem with excessive concentrations of manganese and associated black
discoloration of wetted surfaces. Adjustment of the recharge water pH to
levels of about 8.5 or above will help protect agamst recovery of water
with high manganese concentrations.

Depending upon the potential for formation of disinfection byproducts
such as trihalomethanes and haleacetic acids when the recovered water is
disinfected, it may be necessary to add ammonia to the recovered water {o
form a chloramine residual. Whers ammonia is present in the recharge
water, its presence in the recovered water should be tested before making
a determination as to whether re-ammaoniation 15 necessary. Typically,
ammenia is substantially reduced during aquifer storage. Reduction of
disinfection byproducts during ASR storage is discussed in greater detail
in Section 4.5, Disinfection Byproduct Reduction.

Pump Considerations

Selection of a pump for an ASR well includes a few features not
normally ccnsidered in pump selection for 4 normal production well
Pumping water levels may vary depending upon the degree of well plug-
ging. At the beginning of recovery, pumping water levels may be lower
than those occurring following redevelopment. Hence, it is frequently
advisable to set the pump decper in an ASR well, which requires additional
column pipe., Pump hydraulic characteristics should be selected so that
operatien cccars over a reasonable range around the design point for flow
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and head. The additional cohimn pipe provides operating flexibility, since
the range of pumping water levels is vsually not known until after a few
cycles of operation. Net positive suction head (NPSH) and motor electrical
horsepower should also be safficient to match the full range of expected
pumping water levcls,

Pump setting has been within the casing, or within a blank section
between screen intervals, in all ASR wells to date. However, it is antici-
pated that somc future ASR installations may set the pump below the
producing interval in a bottom section of casing that seyves as a sump. In
this way, scasonal production may be conducted at rates higher than those
associated with normal well operation, causing rapid seasonal lowering of
water lcvels and poiential partial dewatering of confined or semi-contined
aquifers.

The volume of water available from dewatering a confined aquifer is
defined by the specific yield, which typically ranges from 5 to 35% of the
volume of aquifer material dewatcred. In contrast, the volume of water
released lrom lowering of water levels within a range above the top of the
same confined aquifer would be defined by the storativity, which typically
ranges from 0.1 1o .00 %. Hence, in situations where hydrogeological,
geochemical, and bacteriologic censiderations permit, it may be very
desirable to better wiilize the large volume of water stored in an agquifer by
prekiucing at a high rate for a short period of a few weeks or months. The
aquifer would then be recharged during the following low demand season.
This is illustrated m Figure 3.2, The pump design would ther entail
additional column pipe and, for submersible pumps, a shroud around the
pump and motor to ensure that water flows around the motor during pump
operation, to provide adequate cooling.

To date, ASR wells have been equipped with vertical mrbine, submers-
ible, and horizontal centrifugal pumps. All have proven adequate for their
specific apphications.

In a few sitations where storage zone permeability is very low, plug-
ging potential is decmed to be high, or discharge of initially turbid water
is a significant concemn, consideration should be given {o coating the
column pipe, beth inside and cutside, in order to reduce the surface area
subject to rusiing during alternate wetting and drying periods associated
with racharge and recovery.

Normally it is wise to utilize the same pump manufacturer utilized for
other wells and pumping installations operated by the owner of the ASR
well. However, certain submersible ppmp manufacturers have indicated
that they will not honor the pump warranty if the pump is used for
injection. In this case, alternate manufacturers or types of pumps should be
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considered. Injection through a submersible pump entails removal of the
check valve normally provided at the base of the pump column. With the
check valve removed, therz is greater tisk of premature re-start of the
pump after recharge or afier a power failure, at a ime when water is still
draining down the column pipe. The resulting additional 1erque can dam-
age the pump. Hence, a restart delay may need to be provided to protect
the pump.

A related considcration pertinent to the nse of large submersible or
vertical turbine pumps is that large motors should not be cyeled on and off
repeatedly without an intermediate peried for heat dissipation, as well as
for cessation of flow in the column pipe. Turning these large motois on and
off causes considerable wear and tear, which should be minimized. Each
manufacturer will have its own criteria for acceptable pnmp operation,
ASR well redevelopment and backflushing sometimes includes pumping
the well 10 waste at a high rate for a few minutes, resting the well, then
pumping the well again for a few minutes. This cycle is sometimes
repeated one or iwo times 1o surge the well and thereby remove solids from
the screen and gravel pack, or surrounding formation. The redevelopment
operation may occur as frequently as every day or two, or as infrequently
as once every year af the beginning of seasonal recovery. For vertical
turbine pumps, such a redeveloprment sequence is less of a problem.
However, short cycle operation of large submersiblc pumps for redevelop-
ment and backflushing may be inadvisable, depending upor manufaciurer
requirements. Whete the need for frequent cycling of large submersible
motors becomes apparent, it may be advisable to reconsider well design
and operation, to reduce the generation of solids and the associated fre-
quency of backflushing.

Foi vertical turbine pumps, a non-reversc ratchet should be included te
prevent impeller rotation during recharge and also fellewing pump shutoff.
With a non-reverse ratchet, the torque on the impeller is in the same
direction during recharge as during normal pumgp operation, so there is no
tendency for the pump to unwind durng recharge. Without the non-reverse
ratchet, situations can develop that can unwind the shatft.

Uil-lubricated vertical turbine pumps should generally be aveided in
ASR wells, where possible. Under certain operating conditions, the poten-
tial may exist for a vacuum to form in the column pipe where this is used
for recharge. The oil would then be pulled into the recharge water, plug-
ging the storage zone and contaminating the watcr. If the annulus is used
for recharge, any floating oi! in the annulus will be carried into the
formation, The problem can be minimized through use ol a separate
injection tube. In vertical turbine pumps, shuiting off the oil reservour
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supply to the pump shaft at the beginning of each recharge period and
opening it al the beginning of each recovery pericd can also work; how-
ever, this is somewhat risky as a long-term operational requirement since
it would be easy to overlook the adjustment.

To date, no ASR wells have been provided with variable frequency
drives, providing for adjustment of recovery rates over a wide range,
However, some wells in California bave been provided with twe-spead
motors 1o facilitate encrgy recovery during recharge. One site in the
planning stages in southeast Florida is considering a twe-speed motor to
enable recovery at normal rates to meet dtstribution system dinrnal varia-
tions in derand, and higher rates if needed to meet fire flow requircments.
At this site, the ASR system is under consideration as a cost-effective
alternative to a new above-ground storage tank in an existing residential
area. Residents of this area oppose construction of the above-ground tank.

Other ASR Well Site Considerations

Pressure control valves may be required on either the recharge line, the
recovery ling, or both. This provides operaticnal flexibility in situations
where recharge pressures may fluctuate, where available flow may be
limited during certain hours of the day or months during the year, or where
recovered flows may interfere with systern head curves at certain times.

A permanent survey benchmark should be provided at each ASR site,
showing the elevation. This will provide a reference point for measure-
ment of watcr levels.

ASR projects typically require substantial onsite testing during both day
and night. Consequently, it is important to provide adequate lighting, not
only for the ASR well but also for any observation wells that will be
measurzd or sampled at night, Electrical outlets at the site facilitate use of
test equipment, power tools, and other activities, the need for which may
not be apparent at the time the wellhead is desipned.

If observation welis are to be sampled, consider how the samples will
be taken and if dedicated pumps should be installed in these wells.

Adeqguate site access is important. Delivery of chlorine cylinders and
suitable access for pump trucks is important. Adequate road access shonld
be provided so that cars can get to the wclihead, rather than just four-wheel
drive or track vehicles.

Provision of telemetry control is frequently desirable, particularly with
larger ASR systems, in order 10 reduce operational faber requiretnents. Not
only does this facilitate routing operations, it can also simplify data collec-
tion, monitoring, and reporting requirements, ASR systems may be changed
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from recharge to recovery mode, typically ence ot 1wice a year. However,
adjustment of flow rates may occur more frequently, during both recharge
and recovery. Telemetry control may include some or all of the following
fanctions:

= pomp on-off

pump lailure alarm

recharge pressure control valve setting
recovery pressure conirol valve setling
walter level in ASR and observation wells
chlorine residual

recovery flow rate

butterfly valve cperatian

condoctvity probe

turbidity probs

*« &% B B & & B

The telemetry control system should provide adequate capability for
data storage and processing, and preparation of menitor program repons
to track cumulative storage volume, water quality, and operational petfor-
mance, It showld also inclode a physical or software lock to prevent
inadvertent discharge of turbid water into the teeated water distribution or
coliection system upon initiation of recovery.

Energy Recovery

Where depth to static water level is substantial, the opportunity for
energy recovery may be considered. Modifications would probably be
required ta the pump and bowl assembly in order to accommodate reverse
rotation and power gencration in an ASR well. In particular, conversion to
a two speed motor would probably be required, the higher speed for
pumping and a lower speed for power generation. A less desirable alter-
native is to design the systemn so that she pump motor is disengaged during
recharge while a second motor is connected through a right-angle gear
drive. Electrical modifications won!d be required for both approaches.

The Xilowatt output capability of a typical turbine is approximated by
the following formula:

kw = (1.88 x 10-%) x Q x H x Turbine Efficiency

where: () = flow in G/min and H = net head in feet.
Typically, the expected energy produced by well pump/turbines of this
type is approximately 30% of the well production brake horsepower.



DESIGN OF ASR 8YSTEMS o7

Energy recovery has been implemenied at the Calleguas Municipal
Water System in southern California

3.3 WELLFIELDS

Design of an ASR welifield difters from design of a production wellfield
whenever mixing between stored and native water is to be minimized.
Mixing can occur due te two sitwations:

*  mixing dug to dispersion arcund sach ASR well
+ iniung due to advective movement of stored water away from the well

Where no significant difference in water quality accurs, or where the
intended use of the recoveraed water is such that any mixing 15 acceptable,
then conventional wellfield design procedures relating to spacing and
arrangement of wells are applicable.

Dispersive Mixing

Clustering of ASR wells provides the opportunity te create a bubble of
stored water from the center of the bubble outward, thereby displacing
poor quality native water away from the wellfield and avoiding trapped
areas of this poor quality water. When designed and operated in this
manner, ASR system performance can exceed that which would occur as
a result of conventional wellfield design.

The difference lies primarily in the ASR well spacing, which tends to
he closer than for conventional weltfield design. The spacing tends to be
related more to the lateral extent of the stored water around each well at
projected cyelic operational volumes, cather than short-term well interfer-
ence effects during recharge and recovery. For example, the ASR wellficld
for the City of Cocoa, includes six ASR wells around the periphery of the
water treatment plant site on 60 acres (25 hectares) of land, The spacing
betwecn ASR wells averages about 183 m {600 ft), or approximatcly the
theoretical radins of the stered water bubble around each well at its
planned seascnal cperating volume of about 61 Mm? (160 MG). Thig
spacing is somewhat closer than wenld be apprepriate for a conventional
wellfield in the same aguifer. Native water at the ASR. wellfield site in the
storage zone beneath the water treatment plant has a chloride concentra-
tion of about 400 to 1200 mg/L and a total dissolved solids concentration
of about 1030 to 3000 mg/L.
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In addition to spacing, well arrangement also affects ASR recovery
efficiency in sitvations where mixing beiween stored and native water is
1¢ be minimized. To date, no ASR wellfield has been operated in such a
way as 1o attempt to displace nativc watcr potentjally trapped betwesn
ASR wells. However, this situation has been addressed theoretically by
Merritt (2) for water storage in a brackish aquifer using different wellfield
arrangements. The situation is similar to the centuries-old practice of the
bedouins of the Kara Kum Plain, as discussed in Chapter 1.

Whether the storage zone contains brackish water, high nitrates, or
some other deleterions compound, it will not be long before a situation
arises where an ASR wellfield is designed snd operated to minimize
mixing through radial recharge and recovery of the stored water, Recharge
would commence in the center of the wellfield and proceed outward,
adding wells as the stored water front displaces native water past these
wells. During recovery, the opposite procedure would be followed. Central
wells may be designed to recharge and recover at equal and also higher
rates than peripheral wells, in order to stabilize wellfteld operational flow
rates during recovery.

Where a radial wellfteld arrangement is incempatible with available site
constraints or with local geology, a linear arrangement incorporating some
of the samc design considerations may be appropriate. For example, a
central row of higher yield ASR wells could be paralleled with two
adjacent rows of lower yielding ASR wells. Initial recharge and late
recovery would occur in the central wells, while other ASR operations
wounld occur in ali wells. This is shown in Figure 2.7.

Figure 3.3 shows different weilfield design arrangements, as discussed
ahove [2]. These results are theoretical, since wellfields are seldom de-
signed without patamount consideration of avaiiable land area and shape,
However, tncorporation of these principles into wellfield design can po-
tentially improve overall ASR performance in sitvatrons where this s
important. For the wellfield atrangernents modeled in Figure 3.3, the total
volume of water slored was identical; however, the number and arrange-
ment of wells varted and also the recharge approach. In some situations,
recharge commenced at the center and subsequently commenced at sur-
rounding wetls when the freshwater {ront reached these wells. This was
termed “sequential” recharge. In other situations, recharge occurred simul-
taneously in all wells. This was termed “simultanecus” recharge. For all
amangements, recovery occurred simultaneously in ali wells. All recovery
efficiency results were compared to 2 baseline, single well recovery elfi-
ciency of 83.1%.

Twelve different arrangements were modeled, with two to ning wells in
cach. Recovery efficiencies ranged from 740 to 8§2.5%. In cach casc, an
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Figure 3.3 Altemative ASRA wellfield designs and racovery efficiencies.

arrangement with a central well that was recharged sequentially achieved
higher recovery efficiency than an arrangement with the same number of
wells but no central well, which was recharged simultancously in all wells.
No analyses were performed at the same velume to compare results when
tecovery also occurs sequentially, first in all wells and then in the central
well. By inference, this should lead to improved recovery efficiencies.

Advective Mixing

ASR wellficlds are subject to advective movement of the stored water
away from the well at 2 rate that is vsvally very slow, depending upon the
regional grudient and the aquifer hydravlic characteristics. The lateral
distance that the stored water moves betwezen recharge and recovery is
usually insigoificant when compared with the radius of the stored water
bubble during a typical recharpge and recovery cycle. It is not unusual for
the cyclic volume stored to occupy a theoretical radius of a few hundred
meters around the ASR well, whereas the advective movement of the
storage bubble may typically displace this volume at the rate of only 4 few
meters per year. Consequently, the loss in recovery efficiency is slight, and
usualiy difficult to detect.
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Some ASR wellfields may potentially store water in aquilers for which
the background advective rate of movement is significant relative to the
radius of the stored water during a typical ASR cycle. For example, the
cycle may entail water storage for several years to bridge drought/flood
pericds or to meet emergencies. Alterpatively, the sterage zone may be an
unconfmed aquiler, which typically has a greater rate of groundwater
movement than does a confined aquifer. In these situations, improved
recovery efficiency should be possible by elongating the wellfield design
in the direction of expected regional gronndwater flow and providing for
a greater portion of recharge in upgradient wells and a greater portion of
recovery in downgradient wells.

Figure 2.8 shows an cxample of this kind of situation. It is a conceptual
layout of an ASR wellfield to store drinking water in a brackish, confined
limestone aquifer in Kuwait; it is designed to help meet seasonal peak
demands during summer months, and also to provide a strategic water
reserve for emergency putposes. The regional gradient would not be a
significant Mclor affecting recovery efficiency for annual ASR cycles;
however, that portion of the potable supply in long-term storage to meet
emergency needs wonld be subject to advective losses. Hence, the wellfield
is arranged in a linear fashion in the dircction of regionaj groundwater
flow.
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ASR is not high technology requiring skills beyond the capability of all
bui a few specialisis in the field. But neither is it low technology. It is
somewhere in the middle of this range. The body of knowledge that
differentiates ASR from other water management and recharge technolo-
gies has been developed since about 1970 through investigations and
operating experience at several sites, Design comsiderations were dis-
cussed in Chapter 3, for welis, wellhcads, and ASR wellfields. In this
chapier, several key technical issues are discussed in greater detail to
provide a broader understanding of the technology. Geochemistry issucs
pertaining 0 ASR systems are discussed in Chapter 5. Taken together, the
information presented in these three chaplers comprises the current status
of ASR technology development. Chapter 8 presents some probable future
directions for ASR technology.

101
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4.1 RECOVERY EFFICIENCY

The two most frequently-asked questions fellowing ASR presentations
are “How mitch of the water that I inject will I get back?” and “What is to
siop sormeone elsc from drilling a well to pump out the water that 1 store?”
The lirst question is addressed in this section, while the second question
is addressed in Chapter 6, Selected ASR Non-Technical Issues.

Recovery efficiency usually has little significance where both stored
water and native water are potable. In such situations the main concemns
are usually aquifer plugging and redevelopment frequency. However, to
the exteni that the difference in water quality between stored and native
water is significant so that mixing has to be contrelled, recovery efficiency
can become an increasingly impornant factor in the assessment of ASR
feasibility.

Definition

Recovery efficiency is defined as the percentage of the water volume
stored that is subsequently recovered while meeting a target water
quality eriterion in the recovered water. If 1 Mm® (264 MG) of drinking
waler are stored in a brackish aquifer and, subsequently, 0.8 Mm? (211
MG are recovered before the total dissolved solids (TDS) concentration
of the recovered water exceeds a target criterion of 300 mg/L., then the
recovery efficiency for that ASR cycle is 80%.

A key element of this definition is that it 15 based en volumes stored and
recavered. It may be of theeretical interest to some individuals to evalnate
recovery efficiency based on percentage recovery of a tracer in the re-
charge water. Sometimes referred to as “counting the melecules,” this
approach will always lead to a lower estimate for recovery efficiency,
since it eliminates any allowance for mixing between stored and native
water, Such mixing can occur without any adverse effect upon use of the
recovered water, so long as the degree of mixing is within the limitations
of the water quality criteria for the recovered water. However, most people
interested in ASR are less concerned aboul whether the same molecules
arc recovercd that were injected, and are more interested in knewing the
volume of water that 1s recovered that is useful for their intended purpose.
An illustration ol this difference is as follows:

Assume for the example above that the average recharge TDHS concentration is
20 mgfL; background TDS concentration in the aquifer is 1000 mg/L; the
drinking waler standard for TDS is 300 mg/L; and during recovery, TDS
concentration imcreases as shown on Figore 4.1, reaching the 1arget criterion
of 500 mg/l. TDS at 80% recovery.
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Figure 4.1 ASR recovery efficiency example, '

The recovery elficiency 15 80%. However, at the beginning of recovery the
waler is 100% recharge waler, while at the end of recovery the water is a blend
of 62.5% recharge water and 37.5% native water. Integrating beneath the
recovery waler quality curve suggests that aboul 0%, or E835 MG of the achzal
stored water was recovered during this cycle, while the balance (79 MG) was
from native waler in the aquifer.

In practice, the difference in analytical approaches is sometimes more
significant than this example would suggest. By suggesting a lower per-
centage recovery, the second approach illustrated in the example can cause
confusion among non-technical decision-makers trying to understand and
evaluate the results from an ASR test program. The confusion can casily
contribute 10 some loss of confidence in the program. It is much simpler
io follow the secommended definition of recovery cfficicncy consistently,
while being aware that individvals with a theoretical rather than an opera-
tional interest may occasionally ask valid questions regarding recovery
efficiency calculated as performed in the example.

A second key element of the defimtion of recovery efficiency is that the
target water quality criteria can easily vary from site to site, depending
upon hydraulic and other factors. Most ASR sites are located at water
treatment plants er at {ocations in the water transrission or distribution
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system, where blending can occur between recovered water and water
flowing throngh the plant or distribution piping. So long as the water
quality of the blend meets applicable drinking water standards, regulatory
criteria are met, Consequently, it is usually not necessary to terminate
recovery when drinking water standards are reached. Recovery can con-
tinue until such higher concentration is reached that the blend going to the
consumer approaches but docs not exceed applicable standards, Obyi-
ously the target watcr quality criteria will depend wpon a number of
factors such as the available blend with water from other sources during
recovery periods, water quality for these other scurces, and local regu-
latory constraints.

For the situation where the ASR well is located within the distribution
system and consumers may receive ASR recovered water directly without
any biending, then drinking water standards will govern the targel water
quality criterion. This is uncommon, based upon experience to darte,

Water Quality Improvement with Successive Cycles

Recovery efficiency tends to improve with successive cycles when the
same volume of water is stored in each cycle. “The more Yoy use it, the
better it works.” This is because the residual water not recovered in one
cycle becomes a transition or buffer zone of marginat quality surrounding
the stored watcr in the next cycle. This is illustrated in Fignre 4.2, which
is based upon data from several operational ASR sites,

Building the buffer zone around each ASR well is usuzlly completed
over 2 series of cycles, typically abont three to six, af the end of which the
ultimmate recovery efficiency for the site is achieved. However, in theery it
can be completed at one time by storing an initial lazge volume of water
in the well immediately after construction, and then proceeding with the
expectation of achieving the ultimate recovery efficiency of water stored
from that point on, This is closely analogous 1o filling a reservoir following
dam constmiction, before using the reservoir for water supply, recreation
and other purposes. The problem with the latter approach is that the
required initial velume is vsuwally not known until considerable ASR
investigations, testing, and operations have been performed in an area.
Consequently, it is usually only appropriate when an ASR wellfield is
being expanded and there is reasonable confidence that new wells will
perform simtlarly to existing ASR wells,

The financial investment in stored water that is required to achieve the
ultimate recovery efficiency at a site is nsually quite small relative to the
cosl of the ASR facilities. This investment is made with water generated
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during off-peak months and therefore has relatively low marginal costs,
reflecting only electrical power, chemicals, and a small amount of opera-
sion and maintenance, The investment may be made over a period of
several years through successive full scale cycles in which increasing
volumes of water arc recovered cach year. Alternatively, it may be made
up front during several months of contimious recharge and no recovery.
The value of the buffer zone water invested is invariably quite small
relative to the savings achieved by proceeding with an ASR solution to
watcr supply necds.

The ultimate recovery efficiency attainable at any site has to be deter-
mined throegh testing and operations. At most ASR sites, 100% recovery
efficiency is attainable, however, the number of cycles of operation to
achieve this level may vary, as may the volume of buffer zone water
invested. Where 100% recovery efficiency is not attained after several
cycles, several factors may contribine o this result:

* inappropriate ASR well or wellfield design or operation

* tesling @ 0o small a scale for the storage zonc

» insufficient number ol cycles o develop the storage zone

* incicasing volumes on successive cycles

* density siratification in highly saline aquifers

= high transmissivity of storage rzone, parlicularly with more brackish or
poorer water quality aguifers
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+ advective Joss of stored water due to repional hydraulic gradient in the
storage zome

= regulatory constraints designed to achicve aquifer recharge by requiring that
a certain percenlage of the waler remain underground

Table 4.1 presents selected results for improvemerit in recovery effi-
ciency with successive cycles for several ASR sites in brackish artcsian
aquifers in Florida. All show improvement in recovery efficiency with
successive cycles; however, not all have attained 100% recovery effi-
cicricy. Those that have not include Marathon in the Flotida Keys and Lake
Okeechobee. As discussed below, Marathon utilizes a storage zone con-
taining seawater, while Lake Okeechobee ASR utilizes a very transmis-
sive, thick storage zone containing very brackish water, Neither of these
sites is expected te reach 100% recovery efficiency. Boynton Beach is
expected to reach 100% recovery efficiency over a few more cycles. As
discussed below, recovery efficiency below 100% may still represent a
wise and cost-effective water management decision,

The Marathon site has a storage zone in a sand aquifer ¢ontaining
seawater with a TDS concentration of 39,000 mg/L, causing substantial
tendency for density stratification. As shown in Figure 4.3, ultimate
recovery efficiency is primarily related to storage time at this site, and
secondarily related to storage volume. Expected recovery efficiencies
under long-term operating cenditiens are in the range of 50 to 75%. The
annual investrnent in water not recoverad s small compared to the cost of
other alternatives to supply water during emergencies that may occus, such
as loss of water treattnent of transiission facilities during a hurricane. The
cperating steategy al this sitg is to store a given volume immediately prior
to the hurricane season, maintain a target recovery volume during the

TABLE 4.1
ASR RECOVERY EFFICIENCY IN BRACKISH AQUIFERS

Native Water Recovery
Site TOS {mg/L) Efficiency (%) {a}
Peace River, Florida 700-520 104
Cocoa, Florida 1000-2000 100G
Port Malabar, Flarida 1320 100
Boyaton Beach, Flotida 5000 80+ ()
Marathon, Florlda 37,200 40-75 (c)

Neote: {a) Ulimata recovery eificiancy after initial formation of under-
ground resarvair. (b Pecovery efficiency approaching 100%
axpacted once underground reservoit formation is complete. (c}
Range reflects duration of trickle flow of about 50 Gimin to oifset
losses dus to densify stratification,
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hurricane seasen by adding a trickle flow of water to offset density
stratification losses, and then recover the water during the foltowing peak
demand season.

Lake Okeechobee has a storage zone TDS concentration of 7000 mg/fL.
The aquifer transmissivity is very high, about 60,000 m¥%day (4.5 million
G/day/ft). Forthermore, the well was designed for disposal, not recovery,
and all testing to date has been a1l a scale too smail to properly draw
conclusions regarding attainable recovery efficiency. Nevertheless, any
recovery efficiency greater than about 40% at this site represenis a net gain
to the water management system since evapotranspitation and seepage
losses associated with surface reservoir storage and canal conveyance are
at least 60%. Water not recovered from storage in this aquifer wiil uli-
mately benefit the region. since the aquifer is increasingly being relied
upon for brackish water supply to desalination treatinent facifities. The lost
ASR water will recharge the aguifer and may eventually tend to reduce the
TDS concentrations.

Boynton Beach has a storage zone TDS concentration of 5000 mg/L.
ASR testing to date has included seven cycles, five of which were at a
volume of 227 000 m® (60 MG), while the first and fourth cycles were at
smaller volomes. Recovery efficiencies have climbed to 80% on the
seventh cycle and are expected to approach 100%. On the fourth cycle,
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Figure 4.3 ASR recovery sfficiancy, Marathon, Florida.
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recovery efficiency reached 95%. However, the smaller volume recharged
and recovered compared to previous cycles helped to achieve this high
recovery efficiency,

Two other operational Florida ASR sites shown in Table 4.1 have
achigved 100% recovery efficiency in aquifers that have TDS concentra-
tions in the range of 1000 to 1320 mg/L. A fousth site, Peace River, is still
building the buffer zone volume. However, operaling results to date sug-
gest that full recovery efficicacy should be attained. The storage zone TDS
concentrations at Peace River range from 700 to 900 mg/L.

Where water supply is quite limited, or prices are already high due 10
major capital investments in treatment and transmission facilities, public
reaction to the apparent loss of water can be a more difficult problem to
handle than the actual value of the “wasted” water. Hence, it is always
adwvisable 1o stnive for as high a recovery efficiency as possible, using
whatever tools are available to achieve this end. Carelul site selection, well
design, and operation are major factors in achieving this goal. Other
impertant factors include careful centrol of expectations of ASR pregram
early results, particularty in higher nigk situations.

ASR 1csting in storage zoncs containing brackish or poor gnality water
usnally inchudes at least three cycles with the same volume stored, in order
to evaluate the trend in recovery elficiency improvement with successive
cycles. Where storage volumes in successive cycles vary, different recov-
ery ctficiencics will result in cach cycle and may or may not show an
improvement with successive cycles. For example, following a series of
equal, larger volume test cycles with a smaller velume cycle may substan-
tially increase recovery efficiency in the smaller cycle due to the relatively
large buffer zone available from the earlier cycles. Conversely, a series of
test cycles each of which is larger than the one befors will tend to reduce
or eliminate any increase in recovery efficiency between cycles, since the
buffer zone formed from the previous cycle is small relative to that
required for the larger subsequent cycle,

Water Quality During the Initial ASR Cycle

The frst ASR ¢yele at a new site provides a vmique opportunity 10
gather nsefu] data that can provide an early indicaticn of ultimate recov-
ery etficiency and ASR performance. Once the fust ¢ycle is completed
and residual water in the aquifer avound the well no longer reflects back-
ground water quality, then evaluation of performance in subsequent
cycles is more complicated because it has to be interpreted with careful
consideraticn of previous operations. Consequently, the first cycle should
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bc planned carefully and implemented under conditions that are ag well-
controlled as possible.

In theory, it is always possible to vepeat the first cycle after recovering
to backgroundwater quality. This would provide the opportunity to correct
problems that may have arisen, or to vary some of the test conditions, such
as alering the volume stored to determine the cffect of operating scale
npon recovery efficiency on the first cycle. In practice, this is not easy to
imptement. There are invariably practical, operational constraints that
provide a strong incentive te build the buffer zene and achicve ultimarte
recovery efficiency at the carliest possible date, usually in time for the next
anticipated operational recovery pericd.

The first cycle is usually designed 1o confirm chat wellhead facilities are
operating correctly, to gather prelimionary data regarding aquifer hydranlic
response and geochemical and biological changes, 10 assess the recovery
water quality response due to mixing in the aquifer, and to revise the
temaining test program, if appropriate. The volume is usually small rcla-
tive to subsequent cycles. Typically, recharge will occur for about a week,
followed immediately by recovery.

Figure 4.4 shows that the initial cycle recovery water quality results for
several ASR sifes in brackish aquifers. Of some interest is the difference
in the shape of these curves. Sites such as Marathon and Port Malabar, FL,
and Chesapeake, VA show very litile mixing with surtounding brackish
water untif bate in the recovery portion of the initial cycle. These three sites
utilize relatively thin, confined aquifers for ASR storage., Conversely,
Lake Okeechobee shows substantial mixing at the beginning of the cycle,
reflecting the relatively small volame utilized for testing, the high trans-
missivity of the aquifer, the substantial aguifer thickness, and the high
TDS of this zone, as discussad above,

The shape of the recovery-water quality curve on the first cycle s an
indication of the mixing or dispersion characteristics of the aquifer in the
vicinity of the ASR well. Carve shapes that are initially flat, showing
little or no mixing close to the well, are encouraging signs that succes-
sive ¢ycles are likely to form a buffer zone that will support higher
witimate recovery efficiencies. Curves that are initially steep, showing
mixing close to the well, are indicative of lower ultimate recovery effi-
ciencies, Where the storage zone is fresh or only slightly brackish, the
curve shape may not be very significant. However, where the storage zone
is very brackish and little mixing can be tolerated in the recovered water, the
cutve shape needs to be reasenably flat at the beginning of recovery, in erder
to sustain expectations for ASR storage zone development io achieve high
recovery efficiency,



110 GROUNDWATER RECHARGE AND WELLS

Naftve

Waoler Qualily img L}

Rechoige 1
o 50 100
Recovery (%)

Figure 4.4 Watar qualily improvement in successive cycles.

The shape of the recovery curve is only determined following expendi-
turc of much time, money, and effort for preliminary investigations, de-
sign, permitting, and well construct?on. As a resuli, there is only so much
that can be done to improve recovery efficiency once the facilities are
constructed and initially tested,

Qccasionally initial test results may indicale Lhat the well requires
partial backplugging 10 eliminate a zone of poor water quality at the base
of the storage zene or to improve lower confinement. This was discussed
in greater detail in Section 2.3, Phase 2: Field Test Program. Following
such corrective action, the test program proceeds,

Assuming that the best availabie zooe for the intended use has been
sefected, and that the well is designed and constructed approprdately, the
remaining variables that can be uscd 1o improve recovery efficiency are
primarily operational: storage voluwme, recharge and recovery rates, angd
storage time between recharge and recovery. Results from the first cycle
can then be used to adjust the planned test program sc that recovery
efficiency is enhanced. This may entail use of larger storage volumes;
higher recharge and recovery rales; shorler storage times than perbaps
orgmally planned; or addition of a rickle flow to the well during the
slorage period to compensate for losses due to densily stratification. Through
data collccted during the test program, reasonable ranges for these oper-
ating variables can be determined to support ASR feasibility assessment
and to guide subsequent planning, operations, and ASR expansion.
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4.2 WELL PLUGGING AND REDPEVELOPMENT

Artificial recharge of groundwater through a well usually results in
increasing resistance to flow, or head buildup ncar the well, which is
referred to as “plugging” or “clogging.” The primary sites of plugying are
the gravel pack (if present}, the borehole wall, apd the formation immedi-
atcly surrounding the borchole wall. Increased head buildup in the well
due to plugging changes the hydraulic characteristics of the well, Plugging
dunng recharge can resull in a decreasing rate of recharge or the need to
continually increase the rechasge head 1o maintain a constani recharge rate.
Plugging that occurs during recharge and remains during recovery, other-
wise known as “residual plugging,” will have a negative impact on puinp-
ing. Residual plugging increases drawdown during pumping {decreased
specific capacity) and thus reduces the pumping rate and/oc efficiency
during pumping. Residual plugging is probably aggravated by increasing
recharge pressure or water mounding to excessive levels in order to
maintain recharge rates.

To mitigate the effects of plugging. ASR. wells are periodically redevel-
oped by pumping. Single purpose mjection wells are typically redeveloped
by installing a vertical turbine pump, by air lift pumping (sometimes with
packer systems), or by swabbing and bailing with cable tool drilling
equipment. ASR wells with a permaneni pumap can be redeveloped at more
frequent intervals (daily, weekly, moenthly, seasonal), whereas single pur-
pose wells are typically redeveloped at long intervals of one vear or longer.
ASR wells are more suitable for the majority of applications where annual
redevelopment is insufficient to maintain recharge capacity.

The preferred method of redevetopment is periodic pumping t¢ mini-
mize plugging and to prevent any lasting effects of residual piugging. Such
redevelopment of a well is easily managed where a permanent pump is
mstalled and where redevelopment flows can be conventently discharged.
Difficulties with discharging the redevelopment water require consider-
ation of fonger intervals between redevelopment activities. In situations
where the number of ASR wells to be used is farge and conditions are not
ideal, the frequency of redevelopment can be a key issuc in determining
project feasibility and cost,

Since the rate of plugging during recharge ultimately determines the
required frequency of redevelepment, it is appropriate to investigate the
factors affecting the rate of plugging. With an increased understanding of
plugging mechanisms, predictive tools car be used during the planning
stagcs of ASR programs to cstimate redevelopment requirements. An
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Figure 4.5 Typical clogging processas.

increased understanding of plugging will also be useful during operations
in diagnosing the magnitudc and origin of plugging, and in developing
operations and maintenance guidelines.

Plugging Processes

Previous researchers have documented a list of processes that are pri-
marily responsible for plugging of recharge wells [1, 2, 3, 4]. These
processes include entrained air and gas binding, deposition of fotal sus-
pended solids (TSS) from the recharge source water, biological growth,
geochemical reactions, and particle rearrangement in the aquifer materialg
adjacent to the well. Site-specific conditions, such as aquifer and ground-
water characteristics, well construction, recharge facilities design, and
source water quality determine the influence of these processes on well
plugging.

Each plugging mechanism or process is briefly described below, fol-
lowed by a discussion of its relative importance. Figure 4.5 illusirates the
typical relationship between time and resistance to flow for plugging
caused by suspended solids, entrained air, and biological growth. During
recharge, an increased resistance to flow results in an increase in the water
level in the well. Comparing a graph of water level rise due to plugging
with these typical curves can be & useful tool for diagnosing the cause of
the observed plugging.
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Entrained Air and Gas Binding

During recharge, air bubblcs may be entrained by free fall of water
instde the well casing or by allowing air to enter the recharge piping where
negative pressures occur. If recharge water with entrained air is allowed
inside the well, there is a danger that these air bubbies will be carried
downhole; through the weil screen, perforations, or open hole; and out inte
the aquifer fermation. For entrained air bubbles to move downward in the
well casing, the downward velocity st exceed 0.3 mfsec (1.0 ftfsec),
which is the rate at which 0.1- to 10-mm bubbles rise in still water [4}.
When the cntrained air enters the formation materials, the bubbles tend to
lodge in pore spaces. This increases resistance to flow, resulitng in higher
water levels within the well.

Air entrainment is characterized by a rapid increase in the resistance
to flow, which levels off in a matter of hours, Air entrainment effects
stabilize because the rate at which bubbles redissolve into the flewing
water cqualizes with the rate of bubble formation. The plot described as
“gas bubbles” on Figure 4.5 illustrates a typical well response te entrained
air.

Typically, the possibility of air entrainment is prevented by proper
wellhead destgn and operatior. Mainlaining positive pressure in the injec-
tion mbe or pump columnn prior to discharge below the water level in the
well is the most common method of preventing entrained air. Another
method is to recharge with a wellhead designed to be airtight. Even thongh
the recharge water may cascade within the well's annular space, injection
tube, or pump column, praventing air from entering the well eliminates the
possibility of air entrainment.

A plugging mechamsm telated 10 air entrainment is caused by a release
of dissolved gases within the aguifer formation after injection, which also
causes gas binding. This results in reduced permeability. Dissolved oxy-
gen {DO) is an indicator of the concentration of gases in solation, Gener-
ally, gas dissolution is not a concem unless DO concentrations exceed 10
mg/L. If dissolved gases are present, they may be released due to an
increase in temperature or a decrease in pressure, causing a dissolution of
gases containad in the recharge water, An increase in temperature is more
fikely im nerthern climates where celd, oxygenated water may be available
during winter months for storage in seasonally warmer aquifers. However,
a decrcase in pressure is unlikely in ASR operations, partienlarly during
recharge. On the contrary, an increase in pressure tends 4o occur as the
water moves down the well and into the storage zone. This pressore
increase tends to keep dissolved gases in solution.
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Microbial activity may also release gases as a metabolic byproduct that
can tesult in reduced permeability. Although microbial activity is increas-
ingly recognized as a being prevalent in ASR operations, no evidence of
plugging due to release of gases from microbial activity has been noted in
ASR wells to date.

Suspended Sofids

In unconsolidated formatiens (typically sands and gravels with minor
silts and clays), suspended solids are removed from the recharge water as
it fiows through the grave! pack into the formation. Resistance to flow ncar
the well increases as the filter cake accumulates due to filtration.

A thecretica} analog of this process 1s plugging of a membrane filter,
which has been described as a three-phase progression: blocking filtration,
cake or gel filtration, and cake filtration with compression. A typical
filtration curve is presented in Figure 4.6.

Blocking filtration is characterized by particles physicafly blocking
pore spaces in the filter medium. The duration of this process is typically
short and the magnitude of plugging 1s minor compared to the later stages
of plugging of membrane filters. Blocking filtration may be morc conse-
quential tn ASR and other recharge wells because the pores in the forma-
tion and the filter pack are targer than the pores in 2 membrane filter. The
filter pack surrgunding the well screen may trap larger particles before
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they reach the borekole wall, thus reducing the long-term plugging rate by
acting as a coarsc pre-filter. It is possible that blecking filiration in the
filter pack contirues while caking filtration progresses at the berehole
wall.

The next stage of plugging is cake or gel filtration. Cake fltration
begins when the layer of filtrate on the filier begins t¢ thicken. The
resistance 15 directly proportional to the thickness of the filtrate, Cake
filtration in an ASR well is evidenced by a linear increase of injection head
over time while maintaining a constant injection rate. This linear response
conforms with the response of 2 membrane filter during the caking stage
of filtration.

Cake filiration continves uniil the filerate thickness increases enough to
allow compression of the filtrare, thus iritiating the final stage of plugging:
cake filiration with compression. Cake filtration with compression is
characterized by a sharp increase of resistance to flow, which is dependent
on the compressibility of the suspended solids, If this stage of plugging
occurs at an ASR well, continuing injection after this point may not be
practical due to the associated high plugging rate and/or resulting in-
creased difficulty of redeveloping the well. Identifying the beginning of
this stage of plugging during recharge may provide the signal for redevel-
opment of the well.

Suspended solids sre present in the recharge water for virtually all ASR
wells constmcted 10 date. While data on wrbidity is readily available for
potable water sources, data on total suspended solids is not commonty
available. Experience at many different ASR sites bas shown the presence
of an interesting range of solids in the recharge water, including sand, rst,
diatoms (single cell algae), alum {loc, twigs, dead mice, live shrimp and
slugs. Accordingly it is wise to assume that solids are probably present and
take steps to guantify their occurrence and typical concentrations. This
provides a basis for remedial design and operaticnal measures. Solids
typically occur in short intervals, probably associated with pressure lran-
sients and flow reversals in adjacent portions of the water distribution
system. Discrele, small volume samples are less likely 10 deline the solids
loading in the recharge water than leng-term composite sampling. Simi-
larly, samples from the botrom of a pipe are more likely to be representa-
tive than samples from the side.

Biolagical Growth

Plugging that occurs due to biological growth during recharge is not
well understood. The plugging mechanisms inctode an accumulation of
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impermeable slimes, development of a mat of dead cells and byproducts,
and the dispersion or alteration of colloidal particles in the soil-aquifer
matrix. The degree of biological growth is directly related te the amount
of carbon and nutrients present. Although the concentration of nuttients in
the source water may be low, the process of concentrating suspended
particles near the well, due to filiration, often provides the substrate needed
to foster biological growth.

A common method of controlling biological growth during recharge i3
10 maintain a chiorine residual of 1 to 5 mg/L in the source water.
However, even with chlorination during recharge, a pause in opetations for
more than abouat two days can allow biclogical growth to form [1]. Con-
tinuous addition of chlorinated water at a trickle flow rate between periods
of recharge and recovery is frequently practiced to maintain a chlorine
residual and thereby contral bacterial activity in the ASR well. The trickle
flow rate can be estimated by monitoring chlorine residual in the well,
following the end of a recharge petiod, to determine the number of days
before the residual has dissipated. Typically this is 1 to 3 days. The trickie
flow rate is then determined so that the volume of water in the well is
displaced in about half of that period. Typical trickle flow rates for
disinfection purpeses range from about 0.1 to 0.3 Lisec {2 to 5 Gfmin}.

A drawback of chlorination during recharge and storage is potential
formation of disinfection byproducts (DBPs) such as trihalomethanes and
haloacetic acids. However, as shown subsequently in this chapter, disinfec-
tion byproducts generally decline in concentration during aquifer storage,

Reports from operators of the saliniiy barrier injection wells for Los
Angeles County, CA, indicate that in eatly years chlorine was added prior
to injection. Later, the practice of injecting Colorado River water with only
the residual chiorine remaiming from the water treatment plant was adopted,
resulting in satisfactory operations for over 20 ycars. However, since the
water treatment plants have switched to chleramines (a combination of
chlorine and ammonia) for diginlection 10 reduce DBPs, operators have
observed an increase in plugging and an inereased difficulty in redevelop-
ment of the injection wells [S].

In a few European countries, well recharge is practiced using water with
little or no residual chlorine since water treatment includes chlerination
followed by dechlorination. Pretreatment to reduce total organic carbon
(TOC) is sometimes practiced te ramove nndesirable organic constituents
and also to contiol bacterial activity in the well, While this is effective, it
ts also expensive. Where undesirable organic constimuents are absent in the
recharge water, it may be more cost-effective to control bacterial activity
in the well with chlotine rather than with TOC removal treatment pro-
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cesses. As discussed in Section 4.5, Disinfection Byproducts, natural
processes occurting in the aquifer may reduce or eliminate disinfection
byproducts in the ASR well during storage.

Geaochemical Aeactions

During recharge, geochemical reactions can cccur that adversely affect
aquifer pcrmeability or cause changes in the quality of the recovered
water. These chemical and physical changes are & function of:

* recharge water quality

* npative groundwater quality

+ aquifer mineralogy

* changes in temperature and pressure thal eccor during recharge and recovery

The most notable of the possible adverse geochemical reactions are
precipitation of calcinm carbonate {calcite); the precipitation of jron and
manganesc oxide hydrates; and the formation, swelling, or dispersion of
ciay partictes. Geochemistry is discussed subsequently in Chapter 3.

Particle Rearrangement

Repeated cycles of recharge and recovery may result in rearranging and
serthing of the aquifer materials in the annular vicinity of the well (me-
chanical jamming), which may lead to a decrease in pore spaces and
produce a reduction in permeability [6]. This effect may extend to a
maximum distance of several feet from the well bore. Alter the initial
settling of particles, no further reduction in the permeability is likely 10
occur. Rapid plugging, which occurs during initial startup of injection,
may be caused by particle rearrangement.

Reductions in permeability caused by particke rearrangement are small
and are not likely to be an important mechanism in plugging. After the
initial settling of formation particles occurs, plugging due to particle
rearrangemnent is not likely to have an appreciable effect during recharge,

Most ASR sites have experienced a difference in recharge and recovery
specific capacities, with the recharge specific capacity invariably being
lower than the recovery specific capacity. Exceptions include some sites
in highly transmissive limestone aquifers where little or no difference
occurs. The ratio of recharge specific capacity to recovery specific capac-
ity, for comparable flows and durations, typically ranges from 25 to 100%,
with 50 to 80% being a reasonable range for nnconsolidated aquifers. The
reason for this difference has prompied considerable discussion over the
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past few years. Particle rearrangement, or a “skin effect,” is usually
postulated as the reason.

An alternate hypothesis that has been proposed by the author is a
“paltoon effect.” It is easier 1o tei the air oul of 2 balloon than to inflate i1,
This would imply a hysteresis effect, or differential response of the forma-
tion and overlying formations to the stress imposed during recharge and
the release of that stress during recovery. It would also imply that lower
specific capacity ratios would be expected for more compressible forma-
tiens and for deeper storage zones. Further work on this issne may be
helpiul te provide an improved basis for planning and design of ASR
wellhead facilities, which are frequently designed and constructed before
data is available to determine the specific-capacity ratio.

Measurement Methods for ASR Well Plugging

The drawdown in a pumping well is a fonction of (1) the aquifer
paramneters, {2) the design and construction of the well and pumping
facilities, and (3) the pumping (discharge) rate. When water is recharged
through a well, the same three items (with discharge rate modified to
become recharge rate) plos the changes that occur from plupging deter-
mine the water-level rise in the well at any given time,

Water level data collected at any ASR well duriag recharge operations
cam provide a basis for evaluation of plugging characteristics and compari-
son to similar data from other sites. Such data may be adjusted to reflect
barometric variations and regional groundwater level changes. Three
mcthods have been developed for evaluation of plugging from the adjusted
data: (1) specific time of injection, (2) water-level difference, or (3)
observed vs. theoretical water level rise.

Specific Time of Injection Method

The specific time of imjection method is particularly useful when an
observation well is not available, since only the water level in the ASR
well 15 used for the analyses. The theory behind this method is that for a
selected recharge rate, held constant during the test, the water level rise in
the well since the slart of recharge is repeatable, assuming no plugging has
occurred. If the water level risc is only atiributable to well losses {laminar
and nonlaminar) and aquifer response, then repefition of the same recharge
rate over the same period of time should produce the same resulting water
level rise. Therefere, a comparison of two specific time of injection
measurements taken at the same recharge rate and time interval indicates
whether plugging has occurred, Any tume interval could be chosen for this



SELECTED ASA TECHNICAL 1S5UES 119

analysis, but, typically, an elapsed time of 2 to 4 hours since start of
recharge is used so that the water level measurement is taken when the rate
of water level change 15 reduced.

A drawback to the specific time of injection method is lack of control
over recharge rates. Between tests, these often vary dve to factors beyond
the control of the operator. Rising water levels in the well can affect the
hydraunfics of the recharge system and thereby change recharge rates
substantially. One way around this disadvantage is to conduct step injec-
tion tests over a range of flows at the beginning of testing. Presumably
these tests are conducted during “pre-plugging” conditions. Later, step
mjection tests conducted over the same time period can be compared with
an interpolated value from the “pre-plugging™ step injection tests to deter-
mine the magnitede of plugging. Interpolation of the “pre-plugging™ data
is done by fitting the data to a power curve (y = ax®), The type curve is then
used to obtain a calculated water level rise at a specific injection rate, In
this instance, the equation for a power curve was considered more appro-
priate than the Theis equation becausc nen-lincas well losses are the
dominant factor in water level rise for the short test peried.

Differance in Waler Level Rise Method

The ditference in water level rise method to determine in situ plugging
rates uses data from both the ASR weil and one or morte observation weils.
The accuracy of this method is predicated on the assumption that the
recharge rate is kept constant and that the wells are perforated or screened
in the same interval. When the flow regime in the aquifer system has
reached a quasi-steady state, the diffcreace in the water levels in the ASR
well and the obscrvation wells theoreticaliy will remain constant. An
increasing difference in water levels indicates plugging.

Observed vs. Theoretical Wailer Level Rise Method

The water level nise observed n the ASR weil 1s a combination of
aquifer response and well losses. It is assumed that for a conslant recharge
tate, the well losses should remain constang, and thercfore any water level
rise in the well, without plugging. would ke due salely to aquifer response.
Therefore, using estimates of aquifer parameters, transmissivity, and
storativity or specific vield, the water level response in the aquifer is
estimated and compared {o the cbserved change in water level in the well.
The difference between the calculated, or theoretical, water tevel and the
observed water level is presumably due to plugging. The term theosetical
water level is used as a reminder that theoretical aquifer conditions (i.e.,
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hemogeneous, isotropic, and infinite in areal extent) are some of the
assampeions when using a groundwater flow equation to caleulate water
leved response during recharge or pumping. When using this method, it is
best to calculate differences in theoretical water levels and compare them
with observed changes in water levels, Avoiding the variability that can
occur early ts accomplished by choosing a begimning time that occurs
several hours after the start of recharge. The average rate of recharge for
the beginning time and ending time, along with estimates of aquifer
patameters, is used to calculate a theoretical change in water level, for
comparison with the observed change in water level in the ASR well. For
this method to be valid, recharge rates at the beginning and ending times
mizst be the same so that well losses will be similar. Varying recharge rates
hetween measurements is not a concern and is factored into the average
recharge rate used to calculate the rise at the ending time.

If the recharge rate is held constant during injection and the plugging
rate is low, a graphical procedure can be wsed, With the graphical method,
water level rise vs. time i3 plotted on a semi-log chart, and a straight fine
is drawn through the moderate time data points {(i.¢., greater than 2 hours
but less than 24 hours). Theoretically, the water level rise would plot along
a straight line, assuming ne plugging is occurring and boundary conditions
within the aquifer are not reached. Therefore, the variance from the straight
line can be an indication of plugging.

Normalization of Plugging Rates

Common factors atfecting long-term plugging rates during recharge
inchude (1) velocity or hydraulic [oading (herein referred to as “flux™} at
the borchole wall, which is a function of the surface area through which
the water is entering the aquifer and the rate of recharge; and (2) viscosity
of the recharge water, which is a function of temperature, The flux of waler
entering the aquifer could be likened to the hydraulic loading rate of filters.
Higher hydranlic loadings cause faster plugging becanse of the preater
amount of total solids ioad over a given time interval. Previous studies of
recharge wells and filters, performed in the Netherlands, have demon-
strated the effects of suspended solids and temperature on plugging rates.

Use of a standard flux at the borehole wall and a standard temperature
to normalize recharge well plugging data allows for a mere meaningful
comparison of plugging rates. Normalized rates are not necessarily esti-
mates of actual plugging rates under those conditions, but are meant to
adjust the relative plugging rates of various recharge and ASR well tests
for comparison purposes. The following formula (medified from Formula
3.22, Ref. 6) was used to calculate normalized plugging rates:
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where AD, = rate of plugging normalized for a recharge flow velocity
(flux) of 3 ft/hour at the borehole wall cver a period of one year at a
temperature of 20°C; AP = rate of plugging (feet of head per year); g, =
standard flux (loading rate or velocity} at borehele walk of 3 fifhour; g =
calculated average velocity (flux) at the borehole wall in ftvhour; this is the
injection rate/nfiltration surface area (over the effective saturated thick-
ness or perforated/screened interval); (L, = viscosity at a standard tempera-
ture of 20°C {centipoise); It = viscosity at temperature of injection water
{centipoise).

Source Water Characterization

Samples of recharge water, native groundwater, and recovered water
have to be collected and anzalyzed 1o investigate pessible physical, chemi-
cal, or biological factors that contribute to well plugging, Where chemical
and biclogical factors can be eliminated from consideration, and where air
binding is controlled throngh appropeiale ASR well design, construction,
and operation, particulate plugging frequently remains as a significant
issue requiring evaluation. Particulale plugging is common to almest all
ASR sites, even when recharging treated drinking water. The important
issue is the rate at which it will occur, and the associated backflushing
frequency required to maintain acceptable recharge capacity.

The two basic concemns with quantifying the suspended solids concen-
tration of the recharge water arz (1} obtaiming accurate measurements for
low concentrations and {2) obtaining measurements that account for the
changes in concendration that may occur during recharge. The possibility
of flushing sediments contained in the pipelines is a cencern, since re-
charge rates often create high flow velocities in a direction opposite to the
normal flow pattern. Periodic sampling may miss “slugs” of scdiment-
laden water entering the well.

Several direct and indirect measurements of suspended solids in potable
water for the purposes of ASE testing have been unsuccessful. These
vnsuccessful test metheds have included wrbidity measurements, standard
laboratery suspended solids measurements, and Rossum Sand Tester
measurements. The measurement of rbidity, a common measusement of
drinking water quality (which indirectly measures suspended selids), has
been shown to have limited value for ASR pumposes. The correlation
between turbidity and suspended solids cencentrations is poor, and the
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range of turbidity measnrements is smali. Typical measurements of turbid-
ity for potable water range from (.1 10 0.7 NTU (nephelometric turbidity
units).

TS558 measurements conducted during routine laboratory testing of po-
table water samples have typically indicated non-detectable resuits for
potable warter. Since snspended solids were often the suspected clogging
mechanism during injection, it was determined that the TSS detection limit
of 0.4 mg!L for Standard Methods (7] was mmadequate to measure sus-
pended solids in the techarge water. Attempts were made to increase the
detection lirnit for the laboratory analysis of TSS, by increasing the vol-
ume of filtered samples from 1 L to as much as 10 L. Laboratory experi-
ence indicated that filtering large sample volumes tended 10 erode the filter
material, resulting in inaccuraic measurements.

The Rossum Sand Tester is a standard device commonly used during
well development or when a production well 1s suspected of preducing
sand, to measure suspended materials in the discharge water. Data col-
lected with Rossum Sand Testers during injection have indicated a lack of
sensitivity when used with potable water. Typically, the tes results show
a low concentration of suspended materials in the water during the initial
starup of an ASR well, and non-detectable resnlts during the remainder of
the testing.

Mambrane Fiftar indax

A method that can be used 1o define the plugging potentiaf of potable
wateyr is the membrane filter index (MFI}. The theory, equipment, and
methodology for MFEI testing was developed in the Netherlands. Origi-
nally, MFI testing was developed for measuring the potential of waters to
plug membranes during reverse osmosis water treatment. Later, MFI was
adapted for use on injection and ASR wells. MFI testing equipment and
metheds, derived from work by Schippers and Yerdouw (1980) [8], were
first wused by Huisman and Qlsthoern (1983) [4] during the early 1970s.
The testing procedorss have subsequently been refined for ASR purposes,
based upon experimentation and field expetience.

The basic theory behind MFT testing is to assume that the rate at which
a filter becomes plugeged at a constant pressure can be used to define a
“plugging index™ for a specific water at a given temperature, The mem-
brane filter tests wese conducted by directing recharge water through a
0.45-pum, 47-mm diameter membrane filter at a constant measured pres-
sure of 15 to 30 pounds per square inch {ps1). A femperatire measurement
was made during each test. The filter operated initially at 0.2 G/min or less.
A single test typically required 15 min to 1 hour of field time.
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The membrane filter tests were used to develop an MFI for each water
source. The MFI is represented by the slope of the straight portion of the
plot of time/volume (t/V} vs. volume (V), on a linear scale, Because of the
small amount of water and the short times used in the test, the reporting
units for MFIs are sec/L/L..

MFIs, as determined by plotting, were normalized io standard condi-
tions so that MFIs measured with different pressure and temperature
cenditions could be compared. The standard conditions used were a pres-
sure drop of 30 pa1 and a temperature of 20°C. The following equation was
used to normalize the measured values to standard conditions:

MFI —MFIxEny P
30

Hearr l.l

where MFI = slope of the straight portion of the plot of individual values
(sec/L/LY; f,e = viscosity of water ar standard temperature of 20°C
{centipoise}; §L = viscosity of water at measured temperature in °C
{centipoise); P = pressure drop across filter {psi}.

Bypass Fifter Test

Bypass filter test (BFTs) are conducted on the source of recharge water,
to measure the average concentration of suspended solids over periods of
time ranging from a few hours to a week or more. The source water is
directed through a 5-pm, 10-inch-long, spun polyester cartridge filter ai
pressures ranging from 5 to 30 psi. Cartridges with smaller pore sizes (0.45
im ot 1 pm) arc avaitable, but have higher costs and shorter life expect-
ancy due to rapid plugging. A flowmeter similar to those used by utilities
for household water vse is installed in the filter piping, to measore the
volume of flow through the filter at each site.

Analysis Method

The bypass filters are nsed to measure the suspended sojids cencentra-
tion in the recharge water, over extended periods of time, The filters are
dried and weighed to the nearest 0.1 g in the laboratory. The totalizer on
the flowmeter s read prior to putting the filters inte service. The filters are
operated during injection until the flow rate through the filter decreases to
about 25% of the initial flow rate. When a filter is taken out of service, the
flowmeter is read, and the spent filters are put in plastic bags and delivered
to the laboratory for drying and weighing. The polyester filter material
cannot withstand the 105°C temperature of the standard drying oven.
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Therefere, the filters can be placed on top of the cvens and dried for
several days. The difference in filter weights and the meter readings are
used to caleulate the concentration of suspended solids in the recharge
water. Filters utilized in tests to date were operated between 2 to 20 days,
with 10 days as the average service life.

Well Plugging Relationships

If long-term plugging is assumed to be a function of suspended solids
in the recharge water, the rate of plugging will primarily be a function of
recharge water plugging potential and aywifer conditions (defined in terms
of hiydraulic conductivity). The plugging rate can be normalized for rate of
recharge and water temperature, by a notmalizing procedure that accounts
for the flux {also referred to as “velocity™) of recharge water at the
borehole wall {a function of injection rate, well diameter, area of perfora-
tion/screen, and effective saturated thickness} and the viscosity of the
source water. The flux at the borehale wall is analogous to the hydraulic
loading rates applied to filter medha. The adjustment for viscosity accounts
for the increment of head buildup created by recharge source waters of
different temperatures.

It seemns reasonable that, with encugh data points from operating facili-
ties, & family of type curves could be developed that relate normalized
plugging rates 1o hydraulic conductivity for source waters of different
suspended solids concentiations. The objective is to use these type curves
during Phase 1 ASR feasibility investigations, to estimate well plogging
potential and probable frequency of well redevelopment required.

These type curves could also be used to determine whether an ASR weil
is operating within a “normal” range of plugging. Determining whether
well plugging is excessive could provide a signal to investigate other
causes of plogging.

Flugging Rate Site Investigations

Data was collected during testing at nine ASR sites, including informa-
tion regarding treatment and conveyance of the waier prior to recharge,
well construction, recharge rates, pumping rates during redevelopment,
hydrogeclogy, and aquifer parameters. Table 4.2 summanzes well con-
struction and hydrogeologic conditions, while Table 4.3 summarizes the
ASE well testing characteristics and general information about the source
water. General information regarding seven of the nine sites is included in
project deseriptions included in Chapter 9, Selected Case Studies.

The water level data from the ASR test wells and, when available, the
data fromn neasby observation wells were used to estimate plugging rates,
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The three methods of analysis of plugging previously described were used
where applicable. Due to ease of use, the most predominant method was
the observed vs. theoretical water level rise method. Only a few sites had
observation wells nearby, which are necessary for the water level differ-
ence method to be used. The specific time of injection method requires
testing and data collection procedures designed specifically for this method
and was therefore only performed at a few of the sites. Plugging rates
varied widely, from undetectable to 220 ft/month. The rcsulis of thase
analyses are presented in Table 4.4,

While in most cases extensive water quality monitoring of chemical and
bacteriological paraineters was condocted during the test program, only
the data related to suspended solids concentration or plugging potential
{(MFI measurcments) arc presented in Table 4.5,

As shown on the table, the amount of data collected varies widely
between testing programs. Where numercus tests were performed, the
testing results often coverad a wide range of values. Therefore, interpre-
tations and conclusions drawn from these data should be tempered by the
amount of data collecied on a case by case basis. Each of the source waters
tested were considered potable water, yet the testing results indicate a wide
range of suspended solids concentrations/plugging potentials that can
affect ASR well performance, Where water was delivered from an existing
water distribution system, the sediment loads in the water were always
higher at the beginning of recharge, and sometirmes sedirnent leads would
increase for short periods of time duning recharge. These data sugpgest that
reversing the flow through existing pipelines oflen resnlts in sweeping
sediments contained in the pipes into the ASR wells.

A summary ol the ASR well plugging data is presented in Table 4.6.
The normalized plugging rates shown in the table are typically less than
the observed plugging rate, mostly due to the flux at the borchole wall
being greater than the standard of 3 ft/hour. The relasionship between
normalized plugging rates, hydraulic conductivity, and suspended solids
concentration is shown in Figure 4.7, The size of type used to label the
data points is intended to be roughly representalive of the magnimade of
suspended solids in the source water. Generally, the data points appcar to
fellow a logical pattern, such as a comparison of Well 97 and Well 11A.
These wells have similar hydraulic conductivities but the well with the
highest suspended solids concentration has the highest plugging rate. An
anomalous data point is the Garfield Well which, in comparison with the
other data, should have a plugging rate that is considerably lower.

The results of this testing indicate that the relationships between ASR
well plugging, source water quality, and aquifer permeability generally
foliow intuitive reasoning. The instances where the ASR well performance
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does not follow the pattern of other wells is possibly due to inability to
accuratcly measure the centrolling factors or due to other factors that kave
not been identified or adequately accounted for, The data from the Ocel-
dental Well is possibly the most significant data presented in this study,
because it demonstrates conclusively that for 1ow aquifer permeability and
low snspended solids content in the source water, plugging does not occur.
Well A-G is another important data point, since it demonstrates that for low
aquifer permeability and moderate suspended solids content, the plugging
rates are high. The Metro Well demonstrates that low plugging rates can
occur with hagh suspended solids if the aquifer 13 highly permeable.

Drata from additional ASR well sites would further define the relation-
ships presented here. However, this analysis provides a reasonable ap-
proach for estimating plugging rates at new well sites prior 1o well con-
steuction and testing, based upen literature values for aquifer parameters,
assumed well design, and field measnrements of recharge water character-
istics. Estimated plugging rates, in turn, can provide a basis for wel
selection, design. and pretreatment to achieve accepiable backflushing and
redevelopment frequency and satisTaciory operational performance of re-
charge facilities.

Following is a theoretical example of how this approach may be used
to guide ASR feasibility investigations at a potential new site.

Example: Assume an ASR site is undar consideration at a lecation where
the source water would be treated drinking water from a neatby distribution
system, the temperature of which varies between 10 and 16°C, averaging 13°C
during expected recharge months. The recharge water is tesied at a nearby tap
in the distribution system and found to have a low suspended solids content of
(.05 mpfL, averaged over three bypass filter tests, each lasting ahout 1wo days
and gccurring during representative techarge months. Distribution system
pressures at this point during recharge months ate lypically al least 30 psi.
Recharge would typically occur for up 16 six months followed by a three month
recovery period to meet peak demands.

The storage zone under consideration at this sile is an unconsolidated,
confined aguifer with expected transmissivity of 40,600 G/day/ft and thickness
of 100 fi, between 250 and 350 fi below land sorface. The ASR well would
fully peneirate the aquifer, probably utilizing a 12-inch, .044 slot screen within
an 18-inch hole, based upion locul experience. Static water level is 530 ft below
land surface. Typical well yields in this aquifer are about | MGéday.

From this data, which 15 reasonably available rom the lilerature or from
local experience at most sites, the hydraulic conductivity can be calculated by
dividing the mransmissivity by the aquifer thickness, or 400 Gidayfi® The
sercen open arca is about 90 ft?, considerably less than the borehole surface
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area of about 470 fi2, For consistency with the way in which the data m Figure
4.7 were generated, the screen area is wtilized for normalizing the data,

Estimated recharge rats iz about (.5 MG/day, or half of the Lypical well
production rates in the area. Recovery specific capacity is estimated from a rule
of thumb (transmissivity/20), or from local eaperience, al 10 GfmanddL
Recharge specific capacity is expected to be about hall of recovery specific
capacity.

From Figure 4.7, the normalized plugging rate is estimated at abow .25 v/
manth. This showld be muliplied by a factor of 1.2 to account for temperature
and viscosity dilfetences. 11 should also be multiplied by a facior of 31 to
account for the flux rate ditference at the borehole wall. Adjusting for temperature
and Mux normaiizing factors, the expecled plugging rate is about 9.3 fi‘month.

At the beginning of recharge, water level in the ASE well wonld be about
20 ft above land surface. During a typical recharge season, water levels may
rise due to plugging o 70 {t above land surface within about live months. This
would cffectively reduce recharge rates, since the pressure available from the
distribution system may be insufficient o overcome further plugging head
losses. The need for periodic redevelopment 15 indicated. A monthly frequency
would maintain water levels within an operating range of about 20 10 3C fi
above land surface and would be maore likely to eliminate residual plugging that
can occur when heads build up z0 hogh thal pumping the well is insufficient to
restorg ils recharge or recovery capacity,

This example illustrates the apalysis that might be performed at a
praposed ASR site to gain insight regarding probable plugging rates and
redevelopment frequency. Such an analysis may suggest the advantages of
an altermate site, an alternate water source, treatment of recharge flows to
reduce suspended solids, or a different storage zone. As more data be-
comes avaiiable o refine these relationships, the analysis will become
more usclul.

Redevelopment

Despite Lhe calculations and estimates discussed above, the frequency
and method of redevelopmem pumping in an ASR well ultimately has to
be determined based upon initiat testing and operating experience at each
site. One of the three methods described above is applied 1o determine the
plugping rate during initial ASR test cycles, following which a judgment
is made as to hew freguently to redevelop the well in order to maintain
recharge rates and also 1o avoid residual plugging.

A wselul starting point is to avoid recharging at a rate, or for a duration,
that would cavse the water level rise during recharge to exceed the avail-
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able water level decline in the ASR well during pumping. For the example
ahove, whare the recharge specific capacity is estimated at half of the
recovery specific capacity, the recharge rate could mitially be set at half
the recovery rate, or a slightly lower rate with anticipated less-frequent
backflushing. The actval plugging rate would then be monitored to cotn-
pare with the expected value, The well would then be pumped to waste for
a few minutcs or hours to purge solids from the well. Assuming ihat
recharge and recovery specific capacity are restored, the recharge rate or
duration could be extended in small increments in later cycles, each of
which would show greater plugging. So long as redevelopment pumping
was able to restore specific capacity, the incremental increases in rate or
duration would continue until either the desired recharge rate had been
achieved, the duration extended to a full recharge season, or signs of
residual plugging became evident, such as inability to easily restore re-
charge specific capacity. The ideal situation is one in which the plugging
rafe is sufficiently slow that redevelopment only needs to occur at the
beginning of scheduled recovery.

Redevelopment pumping or backflushing usually involves pumping the
ASR well to waste for anywhere from 10 min to 2 howrs. Surging the well
by alternately mrning the pump on and then shutting it off for two or three
cycles in a period of about 3 hours or less 15 practiced at some sites, This
is usually sufficient to restore specific capaciy during recharge. However,
as discussed in Section 3.2, Design of Wellkead Facilities, care has 1w
exercised to avoid damaging the motor on submersible pumps or the shaft
on ail pumps by restarting it too soon after shutdown.

The frequency of redevelopment pumping varies substantially between
ASR sites, Table 4.7 lists a number of operaticnal ASR sites and the
typical redevelopment frequency, Information is also included regarding

TAELE 4.7 BACKFLUSHING FREQUENCIES AT SELECTED
GPERATIONAL ASR SITES

Site Backflushing Frequency Lithology
Wildwaood, Mew Jersey Daily Clayey sand
Gordons Comer, New Jersey Daily Clayey sand
Peace River, Florida Seasonal Limestone
Cocoa, Florida Secasanal Limestone
Fort Malabar, Florida Manthly Limestone
Las Vegas, Nevada Sseasonal Alluvium
Chesapeake, Yirginia Bimonthly Sand
Seattie, Washington Weekly Glacial drift
Calleguas, Califomia Monthly {apprax.) Sand

Highlands Ranch, Golorado Manthly Sandstone
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the hithology at each of the sites, to aid in comparison of their operating
experiences.

It is vsvaliy desirable to pump the ASE wells either to wasie or (o
retreatment during backflushing. Pamping o waste usually provides the
opportunity to pump at a high rate, since the discharge head on the pump
is substantially reduced or eliminaled. This is desirable as it helps 10 purge
solids from the well.

At a few sites, regulatory restrictions on the disposal of water during
backflushing operattons are sufficiently rigorous that special containment
and treatment provisions are requircd. This is the case for the salinity
intrusion barrier injection wells in southern Califomia. Where this is the
casc, or may be reasonably cxpected in the future, greater care is needed
during design of well and wellhead faciiities, to minimize the volume of
solids entering the well and thereby reduce the frequency of backflushing
as well as to improve the quality of the backflush watcr.

For unconsolidated aquifers, experience suggesis that recharge rates
tend to approach an equilibrium level that is lower than the initial recharge
rate at the beginning of testing, but c¢an be sustained by periodic
backflushing. Seme early loss of initial recharge capacity ocours at many
such sites, while still maintaining long-term rates at a usefui level. For
consolidated aquifers. such loss in capacity is less apparent.

It is probably wise 10 assume that ASR wells wili need full redevelop-
ment about every five years, inchiding pulling and setting the pump,
clcaning, acidization, disinfcction, and possibly other methods te restore
its condition. This may not be required at some sites, particularly those in
consolidated aquifers; however, in the abscnce of site-specific evidence to
the conirary, the peed for redevelopment every few years should be
assumed for budgetary and planning purposes.

The ASR system at Manatee County, FL, recharges with water that is
diverted from the water treatment plant prior to fina! pH stabilization. The
recharge water is slightly aggressive, but is rapidly stabilized when it
comes into contact with the limestone in the stozage zone. Figure 4.8
shows the increase m specific capacity that occurred at this site during the
first few cycles of testing. Calculations indicated that the volume of
caleium carbonate in the storage zone that was dissolved during this
process was very smakl, and not significant to long-term well operations.
This elimunated the need for periodic redevelopment of the ASR wells at
this sile and also saved the cost associated with stabilizing the water in the
freatment plant, During pH stabilization in the aguifer, the tetal dissolved
solids concentration of the recovered water showed an increase of about 235
mg/L. This was evident at the beginning of zach cycle, even when the
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Figure 4.8 ASR well increase in specific capacity, Manatee County, Florida.

storage period between recharge and recovery was on the order of an hour
or less.

A similar approach has been considered, but not implermented, for
storage of apgressive waters produced from desalination plants in the
Arabian Guif. These plants typically are located over brackish limestone
aquifers, some of which would be suited to seasonal, long-term, and
emergency storage of drinking water while sirnilarly achieving savings in
water treatment ¢osts through pH stabilization in the aquifer.

4.3 WELLHEAD FILTRATION

If the rate of ASR well plugging, or the expected frequency of required
backflushing, is perceived as a polential operating problem, a desirable
solution 1s to keep the solids out of the well in the first ptace. As discnssed
previously, this invalyves at least purging the recharpe piping to waste prior
to initiating recharge.

One solution that has been implemented at an ASR site in New Jersey
is ko incorporate a short length of large diameter (60 inch, 1500 mim)
pipeline into the recharge piping at the wellhead in order te reduce flow
velocity and thereby settle out any solids. The primary purpose of this
large pipe is 1o provide detention time for chlorination of recovered flows
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before they enter the distribution system; however, i is anticipated that it
will also serve tc sctile out any solids in the recharge water,

Gordons Comer, NJ, has operated an ASR system since 1971 that
incorporates wellhead sand fltration in order to minimize entry of solids
into the ASR welis. Tt is anticipated that other ASR systems recharging
treated drinking water may, in some cases, benefit from providing weli-
head filtration. Solids in distribution systems often include sand, rust, alum
floc, or other constituents capable of plugging an ASR well.

As an ASR operating practice, welthead filtration 1s in its infancy with
only three sites (Salt Lake County, UT; Sakt River Project, AZ; and Gordons
Corner) known o be providing thesc facilities. The Utah test site utilizes a
pressure sand filter. The Arizona test site has utilized a drum filter, and the
New Jersey operational site utilizes a sand filker. Some new sites recharging
treated drinking water into aguifers prone to plugging are expected to
include wellhead filtration facilities. In addition, fumre sites using ASR
technclogy fo store surface water containing low levels of suspended
solids are expected to incorporate wellhead filtration as a basis of design.
This is discussed further in Chapter 7, Altlernative ASR Applications.

The technology for wellhead filtration is widely available, as developed
for the water utility, mining, and agricubtural sectors. Cosis of these
systems tend to be highest for the water utility applications and lowest for
the agricultural applications. However, the particle sizes removed tend to
reflect the system costs. The optimum tradeolf between investment in
wellhead filtration facilitics and system operating costs remains to be
determined. For proposed sites where redevelopment pumping is a prob-
lem due to cost, potential electric motor damage, water disposal or permit-
ting difficnlties, the investment in wellhead filtration facilities may be
advisable and should be considered during design. A reasonable solution
for many sites will be to provide space in the wellhead design to incorpo-
rate wellhead filtration at a later date, if required.

Complete sand media filtration systems for agricnitural applications are
readily available at (1993) manefacturer’s costs ranging from $4000 to
treat flow rates of 300 G/min, $12,000 to treat 700 Gfmin, and $30,000 to
treat 7000 G/min. Each 300 G/inin modular unit has about a 6 ft % 6 fi
imprint and stands about 6.5 ft high. Multiple units would be manifolded
to achieve the desired filtration flow rate. Such systems are used widely
to prevent clogging of spray nozzles in microjet immigation systems. Ap
alterative approach using a ring filter capable of treating flows of 100
G/min may cost about $7,500. As discussed subsequently in greater detail
in Section 7.2, Surface Water Storage, horizontal well technology alsc
achieves significant reduction in the solids content of surface water as a
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result of sand filtration. Through patented trenching and backfilling meth-
ods, a fabric-covered, slotted pipeline drains water from the water table and
any adjacent surface water sources through a sand formation or backl[ill,
thercby improving water quality prior to recharge inte an ASR well.

For municipal applications, a multi-media pressure sand filter manufac-
tured by the Yardney Company can remove particles down to 10 pm in
size. A system capable of filtering 0.5 MG/day would include two 48-inch
diameter tanks, each 60-inch tall, and would cost about $15,000. Filtering
1 mgd would require four such tanks, or three tanks each 54 inches in
diameter, and would cost about $30,000.

An altermative approach offerred by the 3M Company is to use dispoes-
able filter cartridges within an inline pressure filter. Different cartnidges
are capable of providing filtration from 15 pm down to 2 pm, Each
cartridge is capable of filtering about 50 G/min, requiring multiple car-
tridges to achieve flow rates of interest to ASR operations. Vessels capable
of handling 18 cartridges are readily available. The initial pressure drop
across the 2, 5, L0, and 15 micren cartridges is about 0.9, 0.5, 0.4, and 0.3
psi, respectively. Cartridges have to be replaced when the pressure drop
reaches 35 psi,

The carteidges are reported to be able to handle 21 to 24 lbs of sus-
pended material before changeout is required. This data is reported from
tests using silica dust at 40 G/min. Assuming 5 mg/L suspended solids
across a cartridge at 50 G/min, the cartridge would function for 8 to 9 days.
If the loading was 2 mg/L, the cartridges would require changing every 21
0 24 days. This assumes that all of the suspended solids arc trapped by the
filter. I reality, the particles trapped will be a function of the size distri-
bution of the particles and the size of the filter pore spaces. The cartridges
may last lenger than the numbers presented; however, it is not possible to
estimate the duration without first investigating the water to be filtered.
The 3M Company provides an analysis of particle size and estimated
cartridge life upon request. The 1993 manufacturers’ cost of such a system
to handle 9.5 MG/day is about 516,000, while a 1 MG/day system i3
estirmated at about $31,000. Cartridges cost about $367 each, so frequent
changeont ¢an lead to high operating costs.

Membrane processes may alse be used for wellhead pretreatment. In
particular, microfilitation systems can provide a higher level of treatment
but at somewhat higher cosi. Since about 1988, Memtec America, manu-
facturer of the Memcor m°F (continvouws microfiliration) process, has
supplied microfiltration units for potable water treatment with capacities
up to 4.4 Lisec (0.1 MG/day}, although lacger units of 3 8 megaliters/iday
{1 MGfday} and 13 megaliters/day (3.5 MG/day} capacity have been
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cormmissioncd. The same units have been in use for wastewater renovation
since the mid-1980s. Operating pressures for these wnits range from 25 to
40 psig, while the pressure differential across the membrane varies from
2 psig for a clean membrane to 15 psig when the membrane is fouled.
Particle sizes are reduced to below 0.2 pum with this process. The backwash
volume is about 2 10 7% of the feedwater volume. The membranes are
chemically cleaned when pressurc differentials cxcecd about 15 psig,
using caustic-based solulions at pH values above 12. These units retain
protozoan cysts such as Giardia and Cryptosporidium, nearly all bacteria
of health concern, and turbidity. They alse provide between 2- and 4-log
removal of viruses.

Instalted smanufacturer prices for Memcor units range from $1.00/G
installed capacity for a unit capable of treating 360,000 Gfday; $0.50/G
installed capacity for a unit capable of treating 1,1 MG/day, and $0.35/G
installed capacity estimated for a unit capable of treating 23 MG/day.

An alternative approach is manufaciured by Kalsep, Inc., called the
Kalsep Fibrotex System, As applied to alum-floculated surface water for
reverse 0Smosis pretreatment, this unit is estimated to cost about $300,000
to treat 2.5 MG/day of water with a TSS concentration of 1 mg/L. Result-
ant particle sizes in the product water are estimated within the range of 1
to 3 um,

Considering the range of altemnatives presented above, it appears that
sand filters, ring filters, drum filters and horizontal wells can filter re-
charge water to small particle sizes generally suitable for agriculiural
applications that would not plag itrigation systems. In some cases, these
may also be suitable for ASR welthead filtration, particularly with storage
zoncs that have high transmissivity. Whete agnifers have lower transmis-
sivity, other filtration systems are available that can reduce particle sizes
down to between 2 and 10 pm using multi-media pressure filiers or
cartridge filters. Microfiltration systems nsing membrane filter technology
can remove particles down to (.2 km. Selectien of the appropriate technol-
ogy 1o meet the technical and regniatory requirements for ASR operation
has yet to be clearly defined.

Ii appears that agriculturally onented systems can be supplied at costs
acceptablc to the agricultural community, since such systems are already
in wide use., At highet manufacturer's costs of ronghly $30,000 per 1 MG/
day system, wellhead filtration can be provided to reduce particie sizes to
levels that wouid probably be compatible with most ASR systems. Even
higher levels of treatment can be provided with membrane and comparable
processes, for unit costs in excess of $100,000 per MG/day installed

capacity.
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Considering the substantial cost savings usually attributable to imple-
mentation of ASR technology, it is anticipated that pretreatment costs
may, in many cascs, have little adverse impact upon the overall cost-
effectiveness of ASR systems. As discussed in Section 6.1, Economics,
capital costs of ASR systems, inciuding engineering and construction,
average aboul $400,000 per MG/day of recovery capacity {$(1.40/gallon).
This is frequently less than half the cost of other viable alternatives,
Consequently, a capital cost increase of $30,000 to $100,000 per MG/day
may not eliminate the cost-effectiveness of ASR in situations where well-
head filteation is desirable.

Wellhead filtration is one of the aspects of ASR technology that is
evelving rapidly. Experience is demonstrating the desirability of keeping
solids ont of the ASR. wells. While a higher quality of recharge water will
tend te improve overall performance of an ASR sysiem and also expedite
regulatory approval, the most cost-effective tradecff between the invest-
ment in welthead filtration and ASR performance has yet to be established
for rmunicipal and agricultural applications.

An important difference between ASR applications and other applica-
tions of advanced filtration technology is that ASE wells are provided with
a backup capability to remove solids from the well that pass through the
filter. This is the penodic backflushing eperation. This would not be the
case for applications preceding reverse 0smosis membrane treatment plants,
for instance. Experience at several sites will be required to estimate the
most cost-effective combination of wellhead filtration and backflushing
frequency for aquifers with different hydraulic characteristics.

4.4 FLOW CONTROL

During recharge, it is not uncommon for wellhead pressure to vary over
a very wide range. Initially some low pressute may be required to start
flow into the well; however, once flow is established, a full vacoum may
immediately develop at the wellhead when the water is allowed to cascade
into a sealed well with a few feet or more of depth to water level, As
recharge continues, mounding of the recharge water in the aquifer may
combine with plugging to cause the recharge water level to risc above land
surface. In a few applications, recharge pressure is then increased steadily
to compensate for head losses aitributable to plugging, up to the maximum
available pressure from the source of supply. At that point, redevelopment
is vequired to hopefully restore ASR capacity. Flow control is usually
provided to smooth out this extreme range in operating conditions, where
they may occour.
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During ASR recavery or backflushing, water levels will typically expe-
rience a broader range than for a normal production well, reflecting
slightly higher initial water levels and slightly to significant!y lower pump-
ing water lcvels at the end of seasonal recovery. This range somelimes
presents a challenge in sizing a pump to produce a desired flow rate, since
initial flows may be much higher than ultimate flows at the end of a
recovery period. One solution to this is to provide a pressure control valve
cn the recovery piping, so that the pump 15 always operating within an
accepiable range of flow rates.

The broader ranges for operating water levels and pressures have to be
considered during well and wellhead design we ensure that the system will
operate properly over the expected range. Low pressures at the wellhead
tend to cause very high flow rates that can cause operating problems, either
in the distribution system during recharge or sometimes in the surface
drainage system during backflushing to waste. Flow control is therefore
required for many ASR systems.

In Section 3.2, Welthead Facilities Design, various approaches were
discussed for control of cascading during recharge, many of which in-
volved maintaining positive pressure in the well piping. A significant
recent development is a downhole water level control valve that is oper-
ated by air, water, or oil pressure from the surface, and that throttles
recharge flows in ASR wells with subsiantial depth to water level. The
throttling mechanism is a permanent inflatable packer that is connected
either in the pump column or at the base of an injection tube. With this
appreach, flows can be set at a rate that maintains any particular desired
wellhead pressure or depth to water level during recharge. Developed by
Baski Valve Company, Denver, CO, during 1992, this valve has been
applied successfully for the Centennial ASR Well A6 in Highlands
Ranch, CO. Depth to static water level in this wetl is about 900 ft below
land surface. Flow control from the end of the recharge piping seems
preferable to flow contrel from the beginning of this piping near the
wellhead.

A significant advantage of this downhole water level control vaive is its
small diameter. As a result, many existing small diameter wells in loca-
tions with great depths to water level may be retrofiited to ASR purposes
by recharging down the pump column without having to add injection
tubes inside the casing to control flow rates and cascading,

Limiting recharge water levels within a reasonable, positive range will
tend to stabilize flow rates. Where negative pressures are still expected at
the wellhead, it is important that adequate valving is provided to ensure
positive pressures a short distance upstream of the wellhead so that
flowmeters, sampling taps, and pressure gasges are operating under posi-
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tive pressures. Otherwise, flow measurements tnay be ervoncouns and sam-
pling taps will not function.

The transition from negative to positive pressures at the wellhead during
recharge is probably best accomplished with a globe vaive at the wellhead
with a manual control. Automatic controlled globe valves tend to oscillate
under such circomstances, Where an automatic globe valve is used, it
should be accompanied with an orifice plate so that the downstream side
of the glebe valve is always wnder positive pressure. Butterfly and gate
valves do not last long under such operating conditions.

4.5 DISINFECTION BYPRODUCT REDUCTION

Chlorination of water containing color and nawral organics, such as
humic and fulvic acids produces DBPs, such as trihalomethanes (THMs)
and haloacetic acids (HAAs), which are carcinogenic. In recent years,
considerable attention has been directed to research into this public health
challenge with the result that water treatment practices are changing in
response 1o new regulations. At the same time, data collected from several
carly ASR sites indicated seme reduction in DBP concentrations during
ASR storage. The data were generally not conclusive since they were not
collected under conditions designed 1o separate out onxing as a cansagive
factor. However, they were teasonably consistent in showing some DBP
reduction between recharge and recovery,

During 1991, a study [9] was initiated to take a closer look at whether
or not DBP reduction i3 occurring during ASR operations and, if so, 1o
evaluare the mechanisms responsible for the reduction. This investigation
was performed during a two-year period by CH2ZM HILL, Inc., consulting
engineers, in association with the University of North Carolina. The
Amcrican Water Works Association Research Foundation (AWWARE)
provided funding for the project, while supplemental fonding was pro-
vided by Thames Water Utilities, Reading, England, and by the Las Vegas
Valiey Water District, NV. Participating utilitizs also included the Peace
River/Manasota Regional Water Supply Authority, FL; Centennial Water
and Sanitation District, Highlands Ranch, C{O, and Upper Guadalupe
River Authority, Kemrville, TX.

The plan was to conduct the test at each site so that, to the extent
possible, samples were collected from the the same water volume with
minimal mixing between this recharge water and the surrcunding ground-
water (or recharge water remaining from previous ASR cycles}, during
recharge, storage, and the first recovery sample. The second and third
recovery samples were more likely to show mixing with surrounding water
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in the aguifer, as determined by evaluation of tracer concentrations such
as chlorides. At each ASR site, volomes between 34 and 140 megaliters (9
and 37 MG) were recharged and then allowed to stay in the stomage zone
for periods that ranged from 48 to 191 days {mid-point of recharge to mid-
point of recovery), following which all or a porticn of the water was
recovered. Samples were collected three times during recharge, five times
during the storage period, and three times during recovery, plus one
background sample was collected at each site. The total volume of water
pumped out for sample collection was negligible compared to the volume
initially stored. Samples were anatyzed for a wide varicty of water quality
constituerits, including total organic carbon (TOC) and ultra-violet radia-
tion, both of which are indicative of THM and HAA precursors. In addi-
tion, calculations were performed to check the expected movement of the
stored water durning the storage period under the influence of the hydraulic
gradient reported at each site, Natural tracers were utilized (o estimate
mixing between stored and native water at each site, although this was
complicated by the small differences at some longer-term operational
sites.

Figure 4.9 shows DBP concentrations, while Figure 4.10 shows THM
constituents and their differential rates of decline during ASR storage for
the Thares Water Utilities site. Figure 4.11 shows DBP formation poten-
tial decline during ASR storage at this site. Within 111 days frora the end
of recharge, THM concentrations had disappeared, while THM fortnation
potential had declined by half from the end of recharge. Similarly, HAA
concentrations disappeared within 3 days after the end of recharge, while
HAA Formation Potential had declined by 76% within 111 days. Figure
4.12 shows the reduction in dissolved oxygen and nitrate concentrations at
this site during the sampling period. Denitrification is suggested by the
reduction in nitrate concentrations scon after the end of recharge and
roughly coincident with the loss of disselved oxygen in the aquifer.
Similar results are available for the other four sites.

Figure 4.13 shows a companson of the THM data for the five sites,
while Figure 4.14 shows a comparison of the HAA data. Table 4.8
includes a snmmary of the results, including the reduction in DBPs that
might have been expecied based upon mixing berween recharge and native
waters, as judged from natural tracers.

In general, it was concluded that

« THMs and HAAs are removed [rom chlocnated drinking water during
aquifer storage.

» HAA removal precedes THM removal; the morg brominated species tend to
be eliminated ealiest.
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» Inmosi cases, removal of these halogenated DBPs does not appear to oconr
until anoxic conditions develop, and frequently follows Lhe onset of denitr:-
fication. A biological mechanism is sugpesied. Additional work must be
conducted 1o establish the mechanismis) responsible for removing these
DEBEPFs, and the conditions under which they océur,

*+ THM and HAA precursors are also removed to a significant degree during
aquifer slorage,

For the five sites investugated, THM and HAA reduction ocenmed
during a few weeks of storage, as opposed 1o days or monihs. Site-specific
testing is needed at other sites to establish reductions that ay be achieved;
however, it appears that scasonal ASR storage can provide useful water
guality imptovement benefits for many utilities. Whether or not THM
formation potential is reduced at any particular site during ASR. storage,
the reduction in instantanecus THM concentrations may provide a stgnifi-
cant reduction in total THM concentrations (instantaneous THM plus
THM formation potential} once the recovered water is re-chiorinated prior
to distribution.

This is a significant benefit attributable to ASK systems. For some ASR
gites, it may be possible to recover water with low DBP concentrations,
blend it with higher DBP water from the treatment plant, and thereby meet

D THM
B THaA

Mots, Recoveny began on Day 111,

nd-.l Roha | Rehd 3 22 50 i 128
Storoge timae (days)

Figure 4.9 Disinfection byproducts during ASR storage, Thames Water Utilities,
England.
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Figure 4.10 Trihalomethane constituent distribution during ASR storage, Thames Watar Utilities, England.
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Figure 4.12 Dissolved oxygen and nitrata concentrations during &SR storage,
Thames Water Utikties, England.

DBP standards that are expected 10 be lowered within the next few years.
Other potential benefits are the opportunity to recharge water with a
chlorine restdual, avoid the addition of ammonia, and count on biological
pracesses in the aquifer to reduce resulting DBP concentratiens prier to
recovery. As discussed in Section 4.2, Well Plugging and Redevelopment,
changing frem chlorine to chloramine disinfection in Los Angeles, CA
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Figure 4.13 Trihalomethana reduction durng ASH storage at fiva sites.
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injection wells has bean shown to encourage bacterial activity around the
well, increasing both plugging rates and redevelopment difficulty.

Following completion of the field testing for the AWWA Research
Foundation program discussed above, preliminary laboratory investiga-
tions were conducted 10 evaluate the mechanizms governing the DRP
reactions that had been observed. Results were inconclusive, refleciing the
complexity of the laboratory procedures; the volatile nature of some of the
compounds; and the need 10 maintain anoxic, aerobic, or sterile conditions
in the sample vials. Funther investigation is required to establish the
mechanisms responsible for the observed DBP reactions occurring in the
field.

4.6 PRE- AND POST-TREATMENT

As a general rule, treated drinking water can be stored and recovered
from ASR wells without any need for further pre- or post-treatment other
than disinfection following recovery. Occasionally a sifeation will arise
where further treatment is necessary, usually limited Lo pH adjustment. In
a few situations, chemical feed may also be required for other constituents
such as calcium chloride or sodinm Bisulfite.

ASR experience to date with storage of treated drinking water has
included only a few sites for which the recharge water requires pretreat-
meni, and only one site for which ihe storage zone was pretreated. At these
few sites, however, further pretreatment was required due te the following
[easons:

+ post-precipitation of alum floc in the distribution system between the waler
treatment plant and the ASR well

+ presence of solids in the recharge water, other than alom (e.g., sand, rust,
hiomass, shomp, ete.), generally due to local flow reversal in 1he distribu-
1ign sysiem

» occasional low pH of recharge water quality (helow 8.0), which would
mobilize manganese present in ihe storage zone

+ occurrence of gh concentrations of iron (13 mg/L) in the storage zone duc
to the preserce of siderite (ferrous carbonate) and pyrite (ferrous sulfide)

Pretreatment to remove solids has been discussed in Section 4.3, Wellhead
Filtration.

Pretreatment to elevate the pH to about 8.5 has been implemented at two
sites to reduce the potentiad for ferric hydroxide precipitation and to ensure
that manganese is not mobilized in the recovered water. At one site this
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was achieved with addition of sodium bicarbonate, while at the other site
sodinm hydroxide was uscd. In general, the latter approach is favored,
primarily for opcrational reasens. Pretrcatment at these two sites is re-
quired for all recharge flows.

Following is a bricf discussion of pre- and post-teeatment issues related
to several water quality constituents ar processes pertinent to ASR opera-
tions. Particular ermphasis 1s included for ircn and manganese issues, due
to their prevalence in potential ASR storage zencs.

Disinfection

During recovery, disinfection tends to reduce the pH of the water.
Where recovered ASR water is blended with a larger flow of treated water,
the pH of the blend may be only slightly affected. However, if the blend
ratie is high and the alkalinity of the water is low, the pH roduction in the
blended flow may be sufficient to make the water aggressive. pH adjust-
ment is then required to restore equilibrium,

Ammonia addition may be required on the recovered water in order to
control disinfection byproduct formation. As discussed previously in Sec-
tion 4.5, DBP concentraticns are reduced subsiantially during several
weeks of ASR storage; however, somc formation potential witl undoubt-
edly remain, particulariy in sitmations where storage time between re-
charge and rccovery is brief. Testing is appropriate to determine whether
ammonia is present in the recovered water, remaining from any chloram-
ine residual presert in the recharge water. Supplemental ammonia is then
provided to achieve the desired concentration. Figure 4,15 shows the
ammonia present in the recharge and recovered water during test-cycle 5
for the Port Malabar ASR facility. Approximately half of the recharge
ammonia was present m the recovered water after a storage period of 29
days between the end of recharze and the beginning of recovery.

Iron

Ircn is present in the groundwater at many ASR sites, sometimes at
concentrations that can canse problems either with ferric hydroxide pre-
cipitate plugging during recharge or with meeting drinking water standards
during recovery. Several different approaches have been tried to control
iron problems in ASR systems. A preferred approach is one in which a
single aquifer pretreatrment exercise eliminates subsequent iron problems.
However, 10 date, this goal has proven elusive. An alternate apgroach
involves continnous pretreatment of recharge flows for the life of the



152 GROUNDWATER RECHARGE AND WELLS

o8
0,5 foee
§ Irjection
E 0.d f—
Q
£
E Recovery _ _ __weex--== -
E 0.2)— ' Lo
LY
1 1 . -7
L [ ar
et \‘ -.'__,..-
-
oo 1 I s |
100 83 &0 40 20 o
Percent Injection
i 1 L| 3 ]
0 20 40 0 4] il1.0]
Paicant Recovery

Flgure 4.15 Ammonia concentrations observed during Cycle No. 5, Wel R-1,
Fart Malabar, Florida.

ASR facility. Both approaches are discussed below, along with other
measures for controlling iron concentrations and potential plugging with
[erric hydroxide.

Aquifer Pretrealment

At Swimming River, NJ, iron concentration in the groundwater samples
pumped from the proposed storage zone was about 13 mg/L. Cores from
the storage zone indicated the presence of siderite, and occasicnally,
pyrite, both of which are iron-bearing minerals. Siderite is composed of
ferrous carbonate and is the primary cause of the high iron concentrations,
while pyrite, which is composed primarily of ferrous sulfide, contributes
to the problem, particularly at lower concentration levels.

Foliowing laboratory column tests to evaluate allernative procedures
(sce Secticn 5.6, Column Testing), it was decided to treat the aquifer
around the ASR well for a radins of about 70 ft {21 m) with a solution of
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sodium bisulfite at a pH between 2 and 4. This was intended to strip
dissolved oxygen {rom the recharge water while at the same time oxidizing
the ferrous carbonate. About 35 MG (132 megaliters) of drinking water
treated in this manner were recharged over a period of 93 days. Due to the
slow rate of the deoxygenation reaction, recharge flow rate mitially had to
be very low to ensure adequate travel time before the recharge waser
became deoxygenated and then reached the aquifer. Initial flow rates of 70
and 150 Gfmin (0.38 and 0.81 megaliters/day) for two weeks each were
followed by increasing rates in stages to 400 G/min (2.2 megaliters/day).
As the buffer zone volume steadily increased, the rate of recharge also
could be increased without risking plugging.

Testing mdicated that the aquifer and well hydraalics were improved by
this procedure since both transmissivity and specific capacity increased
slightly. Sampling in a ncarby storage zene cbservation well confirmed
that ferrous carbonate dissolution products were moving away from the
well under the influence of continued recharge of this low pH, deoxygen-
ating soletion, as shown previously in the celumn tests. A 35 MG (132
megaliters) buffer zone of decxygenated water at normal pH was then
recharged, followed by treated drinking water frem the plant at a pHof 8.3
and dissolved oxygen concentration in the range of 7.5 to 9.0 mg/L.

There was no doubt from the resulis that the siderite in the formation
around the well was ¢lirninated by the pretreatment exercise, although the
pyrite remained. However, the process also removed any oxidation coatng
on the pyrise grains, thereby enhancing the capacity of the pyote o form
ferric hydroxide when it came into contact with oxygen-bearing water. As
a result, iron content of the recovered waler was initially much higher than
expecied, reaching a concentration of 8 mg/L at the end of the first cycle.
Continued cycles had the effect of forming a hydrexide coating on the
pyrite, thereby reducing its reactivity with oxygen-bearing water. With
successive cycles, the iron content of the recovered water steadily de-
clined. After the seventh cycle, the fron content at Y% recovery was (.4
mg/L. This may be compared with concentrations of 13 mg/L in the native
water from this ASR well prior to pretreatment.

Recharge Water Pretreatment

After the first six test cycles at Swimming River, the pH of the recharge
water was further mereased to 9.0 with addition of sodinm hydroxide, to
address concerns regarding low residual concemntrations of iron in the
recovercd water. This change also addressed new concerns regarding
manganese concentrations in the recovered water, resulting from the acid
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trealment of the formation around the well. pH adjusiment appears to have
resolved both iron and mangancse problems at this site. Figure 4.16 shows
the improvement in iron concentrations with successive cycles.

This is a more simple approach than aquifer pretreatment; however, it
requires continuous pretreatment of the recharge flows. Due to the residual
acidity in the aquifer around the ASR well, resulting from the mitial aquifer
pretreatment efforts, several ASR cycles may be required to overcome the
residual tendency for low levels of iren and manganess in the recovered
water. Initial results suggest that this approach will be successful.

pH adjusiment is not expensive, particularly when considered in the
contex{ of overall savings associated with ASR implementation compared
to other water supply alternatives, The relative simplicity and low cost of
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Figure 4.16 Cyclic improvemeant in iroh concentrations during recovery, Swimming
River, New Jersey.
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recharge water pretrealment suggest that continuons pretreatment is prob-
ably a better approach for most situations wherc iron and/or manganese
may be present in the storage zone. Nevertheless, the goal of a one-time
aquifer pretreatment step is a worthy goal that should be considered at
future ASR sites.

With blending between the flow from the water treatment plant, which
is usvally in excess of 30 MG/day (114 megaliters/day) during recovery
months, and flow from one existing and two proposed ASR wells which
should total between 2 and 3 MG/day (8 and 11 megaliters/day), the blend
going to the consumers at Swimming River will meet the potable drinking
water standard of 0.3 mg/L.

Vacuum Degassification

For the Swimrning River example discussed above, deoxygenation was
achieved through chemical addition. However, consideration was given 1o
vacuum degassification to achieve the same objective, The depth to water
level in the ASR well at planned recharge rates was such that cascadmg of
recharge water into the well casing was expected to create a strong vacuum
in the casing, which was sealed against entry of air. Installing a small
vacuum pump attached to the casing would have extracted gases pulled out
of solution during the recharge process, including dissolved oxygen.

This approach was not selected; however, it may be usefui at some
future ASR sites with similar technical challenges. The primary reason that
this approach was not selected 18 that vacuum degassification was per-
ceived as a continuing operating requirement, whereas the ASR test pro-
gram at the Swimming River site was seeking a different approach that
would accomplish the desired objective of iron removal in a single pretreat-
nrent operation, following which no Turther pretreatment would be needed.
For the limited purpose of iron removal, the approach taken proved reason-
ably successful. However, pH adjustment of recharge flows for manganese
control is now required at this site as a long-lerm operating requirement.

Buffer Zone Formaticn

Where the possibility exists that precipitates such as ferric hydroxide
may occur in the storage zone, it is advisable to plan ASR testing and
operations so that no reaction products are allowed close to the well during
recovery. This is achieved by consistently leaving a small percentage of
the recharge water in the aguifer. The minimum buffer zone radius around
the well should be about 10 m {30 ft} or more during the first cycle, and
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should be angmented during 2ach subsequent ASE cycle in order to
provide a driving force that will slowly push any precipitates and other
geochemcal reaction products away from the ASR well.

In practice, this is best accomplished by leaving a specified volume
underground during the first cycle, regardless of ultimale recovery cffi-
ciency expectations. For example, if the first cyele includes storage of 5
MG {19 mepgaliters), recovery counld be to a volume of about 4 MG (15
megaliters) or to a target water quality criterion, whichever is less. In later
cycles with presumably larger volumes stored, the volune lefl under-
ground in each cycle may be smaller, so long as the tendency is for the
buffer zone volume to continue expanding slowly.

Precipitation of fernc hydroxide floc in the storage zone should not
inhibit ASE. well hydraulic performance so long as it does not occur close
to the well. In this regard, accurate measurement of ASR flows and
comulative volumes is particularly imporiant in situations where ferric
hydroxide precipitation close to the well is to be avoided, Precipitation of
ferric hydroxide m the aquifer at a sufficient distance away from the well
is unlikely to affect operational performance of the well, whereas the same
precess adjacent to the well screen can quickly plug the well.

Fost-Treatment

Ferric hydroxide precipitation clese to the well screen or borehole can
theoretically be removed by frequent backflushing of the well in order to
maintain its recharge capacity. Witdwood, NJ, has an ASR system that has
been operational since 1968, backflushing each well on a daily basis for
ahout 10 min. No testing has been performed to characterize the water
quality of the backflush water; kowever, visual appearance, combined with
experience at ather ASR sites in the New Jersey coastal plain, suggests that
the backflush water contains high concentrations of either rust or, more
likely, ferric hydroxide precipitate. The backflush water is discharged to
wastie.

Manganese

Geochemical assessment may indicate the presence of manganese-
bearing minerals in the storage zone. Recharge water with a pH below
about 8.0 may mobilize the manganese so that after a few weeks of
storage, recovered water may have unacceptably high manganese con-
centrations. Manganese reactions tend 1¢ be slow. One solution is to adjust
the pH of the recharge water so that it is always above 8.0 and preferably
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about 85, This is usually most easily accomplished with addition of
sodinn hydroxide.

At Chesapeake, ASR testing was performed during a period of several
months when pH of the recharge water was sufficiently high (7.4 to 9.4}
that ne manganese problems were apparent in the recovered water. Man-
ganese concentrations during recovery were less than 0.01 mg/L. Subse-
quent process changes at the water treatment plant reduced the pH (6.2 to
7.0), with the resolt that manganese concentrations in the recovered water
exceeded dnnking water standards, reaching levels of .25 o 1.28 mg/L.
Remedial measuyes included pumping cut most of the stored water at the
low pH and recharging water treated with sodium carbonate to raise the pH
to within a range of 8.0 to 8.2, or higher. The sodium carbonate helps to
buffer the acidity remaining in the aquifer from the large volume of water
recharged at low pH. Once this acidity has been overcome, pH of the
recharge water will be more Hkely to stay above 8.0 underground. A change
tn pH adjustment with sodium hydroxide will then be appropriate to facili-
tate operations. Operational testing conducted during 1993 indicates that the
residual acidity in the aquifer is being overcome, as evidenced by increasing
recovery efficiency without excessive manganese levels.

Figure 4.17 shows mangancse concentrations for the Swimming River
ASR site. As described above for Chesapeake, pretreatment with low pH
water 1o control high iron concentrations was reasonably successful; how-
ever, it had the undesired side-effect of dissolving manganese present in
the minerals of the storage zone. High manganese then became a problem
requising solution. As a result, the pH of the recharge water was adjusted
with sodium hydroxide to about 9.0 dunng the seventh and subsequent
cycles. As shown on Figure 4.17, the manganese concenirations in the
recovercd water subsequently declined to acceptable levels.

Arsenic

No field work has yet been conducted regarding the nse of ASR wells
for arsenic reduction. However, much attention has been directed in recent
years to the public health significance of arsenic in drinking water, and
new regnlations are being considered by the 1.5, Environmental Protec-
tion Agency that may reduce drinking water standards for arsenic.

In the near future it is antictpated that work will commence to establish
the effcctiveness of ASR wells in removing arsenic during aquifer storage.
The reaction mechanism is expected to involve co-precipitation of arscnic
along with ferric hydroxide i aquifers contaming low concentrations of
iren-bearing minerals and recharged with water containing dissoived oxy-
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Figure 4.17 Gyclic improvement in manganese concentrations during racovery,
Swimming River, New Jersay,

gen. If successful, this appreach may provide a low-cost selution to many
water utifities faced with the prospect of expensive, above-ground Sreat-
ment processes for arsenic removal 1o meet new standards.

Radon

ASR