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GENERAL INTRODUCTION

IMPLEMENTING AGREEMENT ENERGY STORAGE

The following report is one of the Subtask Reports of Annex VI

to the International Energy Agency's Implementing Agreement Energy

Storage.

The Implementing Agreement Energy Storage is an Agreement

established in 1979 between a number of IEA countries with the aim

of cooperative research, development, demonstrations and exchanges

through energy storage. The full name readsz "Implementing

Agreement for a Programme of Research and Development on Energy

Conservation through Energy Storage".

The separate activities put into execution within the framework

of an Implementing Agreement are called Tasks or Annexes. Signing

of the Implementing Agreement does not commit to participation in

all Annexes, but has to be seen as a declaration of intention to

contribute t_ _he attainment of the objectives of the Implementing

Agreement by participating in one or more Annexes.

HISTORICAL BACKGROUND ANNEX VI

Annex VI to the Implementing Agreement Energy Storage entered

into force on February 1, 1987. At that moment the aquifer heat

storage project SPEOS at Dorigny (Switzerland) had been working for

5 years. This project had been included as a pilot project in the

framework of Annex III to the same Implementing Agreement.

Similarly, the exchange of information concerning pilot projects in

Denmark (Horsholm project) and the United States of America (St.

Paul field test facility) were also part of Annex III. Experience

so far with these and other aquifer thermal energy storage projects

had shown clearly that precipitation of chemical substances was the

principal technical problem. The reliability of the applied water

treatment methods was also questionable because of the lack of

information on slow underground chemical reactions and the possible

interactions between microbiological and chemical processes.
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From experience with surface water injected into aquifers for

drinking water it is well known that growth of bacteria in and

around the well can cause serious clogging problems. Such problems

had not yet arisen at heat storage projects, but they could occur in

the future nevertheless, especially within the realm of low-

temperature storage.

Furthermore, growth of bacteria in and around the well might

render the water from the source unsuitable for human consumption.

Addition of hydrochloric acid, as applied at the SPEOS project

for instances, seemed to be an effective water treatment method to

prevent calcification. But this method can have adverse effects on
f

the groundwater quality.

The resultant environmental impact could present a serious

obstruction to the implementation of larger scale underground

thermal energy storage projects.

Because the storage of thermal energy in aquifers is both

technically and economically feasible, high priority must be

attached to improving the reliability of the storage syutem by

solving such (bio)geochemical and environmental problems. So, eight

countries decided to broaden the scope of the activities within the

Implementing Agreement Energy Storage to include the systematic

investigation of the chemical, microbiological, and environmental

impacts of aquifer thermal energy storage, and subsequently to the

development of reliable, environmentally sound water treatment

methods.

With this, Annex VI entitled "Environmental and Chemical

Aspects of Thermal Energy Storage in Aquifers and Research and

Development of Water Treatment Methods" was a reality.

ANNEX VI

The storage of heat in an aquifer causes underground changes in

temperature and a flow of the groundwater (including the chemical

substances and microorganisms). The distribution of groundwater and

heat in the soil do not form part of the research within the
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framework of Annex VI. _ufficient information is already available

from other research in these areas.

The Annex VI research is d_ected atl

o The consequences of temperatu_e changes and groundwater flows
on chemical processes and equilibria underground.

• The consequences of temperature changes and groundwater flows
on microbiological processes and equilibria underground.

• The interaction between the chemical and microbiological

composition of sediment and groundwater.

• The effectiveness of water treatment to prevent precipitation
and microbial clogging.

• The adverse effects on the environment of chemical and
microbiological changes caused by heat storage, as well as the
applied water treatment method.

• Corrosion of materials applied in wells, mains, and heat
exchangers as a result of contact with groundwater (whether
treated or not).

The connection between the different facets of Annex VI has

been given in the following outline.

ENVIRONMENT PROCESS EIIVltOI_I!NT
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The objectives of Annex VI have been formulated as follows:

A. To develop and verify a simulation model that calculates the
space and time dependent mass-transport of discrete chemical
constituents in an aqueous medium in soil.

B. To analyze by theory and experiment the (bio)geochemical
reactions and related environmental impacts caused by heat
storage in different aquifers.

C. To classify and analyze different water treatment techniques
for heat storage with respect to environmental impacts, long-
term efficiency, and costs.

D. To analyze, by theory and experiment, the microbiological
process during thermal energy storage in relation to hygienics,
bacterial clogging processes, and relevant treatment
techniques.

E. To analyze scaling and corrosion problems in installations
connected to aquifer heat stores (heat exchangers, mains, and
screens) in relation to water chemistry and water treatment.

F. To test selected water treatment techniques and evaluate their
environmental effects in laboratory and field experiments.

G. To develop a generically applicable procedure for the choice of
an optimized water treatment method to be used at future
aquifer heat storage sites.

Annex VI has been subdivided into Subtasks. These Subtasks

have been numbered A up to and including G. The objective of

Subtask A has been formulated as under above mentioned item A, of

Subtask B under item B, etc.

The research activities started in 1987 concerned Subtasks A up

through and including Subtask E. These Subtasks together constitute

the first phase of Annex VI with a duration of about 3 years. The

second phase of Annex VI includes Subtasks F and G. An exact

formulation of the activities to be included in Phase II can only be

made after the completion of Phase I. The estimated term for phase

II is 2 years.

t
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PARTICIPATING COD]_TRIES

Of the counties having signed the Implementing Agreement Energy

Storage, the following participate in Annex VI:

Country Contractin_ Party

Canada Public Works Canada

Denmark The Ministry of Energy

Finland The Department of Energy

Germany Kernforschungsanlage Julich GmbH

The Netherlands The Management Office for Energy
Research PEO

Sweden The Swedish Council for Building
Research

United States of America The Department of Energy
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ABSTRACT

Storage of thermal energy in aquifers has obvious benefits of

saving energy and decreasing the consumption of fossil fuels•

However, aquifer thermal energy storage (ATES), which involves

groundwater aquifers as the storage medium for heat or chill,

impinges on the environment. A literature review of pertinent

microbiology publications (Hicks and Stewart, 1988) identified the

potential for the interaction of ATES systems and microbiological

processes to create a source of infectious diseases and the

potential for damage to the environment. In addition, the review

identified a potential for microbiological processes to develop

conditions that would interfere with the operation of an ATES

system. As a result of this research effort, investigators from

Finland, Germany, Switzerland, and the United States have examined

several ATES systems in operation and have observed that the ATES

systems studied do not contribute to infectious disease

transmission, do not adversely affect the environment, and do not

contribute significantly to biofouling or blocorrosion.
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SUMMARY

This work was performed for the International Energy Agency

(IEA) "Implementing Agreement for a Programme of Research and

Development on Energy Conservation through Energy Storage", Annex VI

"Environmental and Chemical Aspects of Thermal Energy Storage in

Aquifers and Research and Development of Water Treatment Methods",

Subtask D - Microbiological Processes. The objective of Annex VI is

to assemble sufficient knowledge and information for confident

selection of water treatment methods for aquifer thermal energy

storage (ATES) systems, if or when necessary. Such knowledge and

information must be obtained from a systematic investigation of the

chemical, microbiological, and environmental impacts associated with

water treatment methods considered for use at prospective sites.

Subtask D specifically deals with the analysis, by theory and

experiment, of the principal microbiological processes. The

countries contributing to IEA Annex VI, Subtask D, include Finland,

Germany, Switzerland, and the United States.

As chairman for Subtask D, the United States Department of

Energy through its Pacific Northwest Laboratory is responsible for

preparing a consolidated report from all participants. Pacific

Northwest Laboratory is operated for the U.S. Department of Energy

by Battelle Memorial Institute under contract DE-AC06-76RL0 1830. A

contract has been placed with Dr. Alvin L. Winters of the University

of Alabama for this activity. This document fulfills that

obligation and details the contributions from each participant

country and their subsequent findings and conclusions. Significant

findings include:

• Adverse environmental effects caused by microbiological
processes have not been observed in the ATES systems examined.

• Significant biofouling was not observed in the ATES systems
examined.
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• Pathogenic bacteria were not observed in the ATES systems
examined.

• An ATES model system that was contaminated with coliform
bacteria did not generate significant increases in the
bacterial population.

xii
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GLOSSARY

aerobes - organisms that grow in the presence of oxygen.

anaerobes - organisms that grow in the absence of oxygen.

antibody - a protein present in the serum that combines specifically
with components of the microbial cell. The specific binding can be
used to identify microorganisms.

ATP (adenosine triphosphate) - a compound that serves a major and
central role in the energy transfer within a cell. Quantification
of ATP is indicative of the amount of cells present, whether the
cells can or cannot be cultured.

clinical - founded on actual observation and treatment of patients.

epidemiology - the study of incidence, transmission, and causative
agents in populations.

facultative - indicates that an organism is able to grow either in

the presence or absence of an environmental factor.

indigenous - occurring or living native to the local environment,
not introduced by human activity.

mesophiles - bacteria that grow optimally at approximately 370C.

opportunistic pathogen - the organism is usually harmless, but under
certain conditions it will cause disease.

pathogenic - capable of causing disease.

psychrophiles - bacteria that grow at low temperatures (0 to 10°C).

thermophiles - bacteria that grow optimally at 55°C or higher_

thermoduric - a mesophilic organism that usually doesn't grow at

higher temperatures (>60°C), but will survive and grow when the
temperature is lowered.

xvii



_NTRODUCTZON

The storage of thermal energy, either heat or chi11, in natural

or impounded aquifers has demonstrated the potential for notable

energy savings as compared to currently used energy consuming

technologies (Rei11_, 1980). However, aquifer thermal energy

storage (ATES) systems using natural aquifers impinge on the

microorganisms indigenous to the aquifer by creating a local

perturbation in the environmental properties of the aquifer and by

creating an artificial two-way communication between the aquifer

penetrated by ATES system wells and the surface environment near the

ATES system site. The local changes of the surface and subsurface

environment that are associated with ATES systems have the potential

for creating four broad microbiological problems as listed below.

The order of this listing does not imply a ranking to the importance

of the problems.

1. Human exposure to pathogens and opportunistic pathogens can
occur by interaction with ATES system water obtained from a
contaminated aquifer. ATES system operation may or may not
contribute to the contamination.

A. The human exposure could occur by ingestion of
contaminated water; however, the usual design of ATES
systems would reduce the opportunity for ingestion, i.e.,
the water is directly re-injected into the aquifer or is
disposed of in a manner that would prevent ingestion.

B. A more probable human exposure would occur when aerosols
generated by cooling towers are dispersed in the general
vicinity of human activities and inhaled.

2. Major modification of aquifer normal flora by ATES operation
with adverse environmental impact.

3. Biofouling of heat exchangers and aquifer porosity during ATES
system operation.

4. Scaling and corrosion caused by microbiological activity during
ATES system operation.

Potential problems associated with ATES system operation can be

subdivided further into the problems that are unique to chill-

storage and heat-storage systems. Both chill-storage and heat-



storage systems are likely to cause problems in the areas of disease

transmission and modification of aquifer normal flora. Additional

problems, such as biofouling, scaling, and corrosion, will be

associated with heat and chi11 storage operation. AI1 of these

problems will directly affect the design, development, and operation

of ATES systems.

Investigation of these potential problems has been performed by

laboratories in Germany, Switzerland, the United States, and

Finland. Both operating ATES systems and laboratory models of ATES

systems have been examined. The observations made to date by the

research groups in Annex VI, Subtask D indicate that current ATES

system operation is not significantly affected by the potential

problems listed above. Adverse environmental effects caused by

microbiological processes have not been observed in the ATES systems

examined in Germany, Switzerland, and the United States.

INTRODUCTION TO MICROBIOLOGICAL TERMS

• Colony forming units (CFU) - The basic life form of bacteria is
a single cell of microscopic dimensions. When placed under the
appropriate culture conditions, such as on the surface of a
bacteriological culture medium (a solidified agar gel
containing the appropriate nutrients), each single bacterial
cell is capable of dividing in an exponential manner, 1 cell
begets 2 cells and 2 cells beget 4 cells, etc. This rapid
method of growth forms a macroscopically visible mat of
bacterial cells. This localized mat of growth is referred to

as a colony. A single cell may or may not grow depending on
the environment of the culture; consequently, the

quantification of microorganisms by counting colonies is
conditional. The relative number of bacterial cells in a water

sample is quantified by colony counts and is referred to as the
number of colony forming units (CFU), rather than the total
number of cells. The concentration of bacteria in water

samples is expressed as CFU/ml. The exponential characteristic
of bacterial growth requires that caution be used in
interpreting differences in the bacterial concentrations
reported as CFU/ml, i.e., the difference between 1 CFU/ml and
16 CFU/ml is only four cell divisions and those four cell
divisions frequently can occur within 2 hours.

• Gram-posltive and Gram-negative Bacteria - Most of the single
cell bacteria have evolved with one of two types of

biochemically distinct cell wall structures in order to cope
with internal osmotic pressure that is generated when bacteria



grow in most natural waters. This biochemical difference in
cell wall structures can be detected with a relatively simple

staining procedure called the Gram stain. This procedure is
used to initiate the classification of bacteria as either gram-

positive or gram-negative. Additional tests are then performed
for further classification.

Relatively few species of gram-positive and gram-negative
bacteria are associated with human disease, and most of the
bacteria in these groups do not interact with the human. The
toxins, symptoms, and diseases associated with the relatively
few, disease-causing bacteria are very distinct in their
presentation and depend on whether the species has a gram-
positive or gram-negative cell wall. Thus, the gram stain
reaction is an integral part of determining the epidemiological
and clinical significance of bacterial isolates obtained from
water samples.

® Pathogenlo Microorganisms - The term pathogenic refers to the
ability of a microorganism to cause disease. A specific
microorganism that is usually associated with infection and
disease is referred to as a pathogen. The use of the term
pathogenic or pathogen in this report refers specifically to
the ability of the microorganism to cause human disease. Some
microorganisms will not cause disease in the normal, healthy
individual, but will cause disease in individuals that have
been exposed to unusually high numbers of the microorganism, or
are predisposed to infection by injury (such as burns or cuts
in the skin) or disease (such as chronic heart disease) or old
age. Organisms placed in this category are called
opportunistic pathogens. Pathogens or opportunistic pathogens
can be transmitted to the human from contaminated water by
direct contact with the skin, ingestion, or inspiration of
aerosols/droplets. An opportunistic pathogen in the water
usually does not cause disease unless the microorganism is
present in relatively high concentrations (> 10,000 CFU/ml).
Each pathogen usually has a very specific mechanism of
transmission. _ Dathogens are associated with intestinal
infections and are transmitted by fecal contamination of water.
Fecal coliforms are bacteria that are normal flora of the human
and domestic animal gut and their presence in water indicates
the potential for enteric pathogen transmission. Coliforms are
bacteria that have nutritional requirements and culture
characteristics that are similar to fecal coliforms, but they

are not specifically gut-associated. Their presence in water
does not indicate the potential for enteric pathogen
transmission, but their levels in water generally have an
inverse relationship to the quality of water, i.e., a low
CFU/ml indicates a high quality of water.



• Heterotrophia Bacteria - Heterotrophic bacteria or heterotrophs
is an operational classification that includes many diverse
taxonomic groups of gram-positive and gram-negative bacteria.
All heterotrophs are capable of utilizing organic compounds for
an energy source and for synthesis of their organic
constituents. The concentration of heterotrophic bacteria in
water generally has an inverse relationship to the quality of
water, i.e., a low CFU/ml indicates a high quality of water.



METHODS

The microbiological studies of ATES systems involve careful

coordination of several operations. These are sample collection,

transport, processing, culture, and counting or identification.

Many of the techniques associated with water microbiology

(heterotroph and coliform counts) have been standardized (American

Public Health Association, 1989), while other techniques for human

pathogens, such as Legionella pneumophila, vary from laboratory to

laboratory.

Water or sand samples must be obtained using techniques that

ensure the resulting types and amounts of growth are representative

of sample microbiota. Because of the ubiquitous nature of

microorganisms, extreme care is taken in obtaining samples, i.e.,

flushing fully opened water spigots for 15 minutes before collecting

the specimen or collecting sand or precipitates using aseptic

techniques similar to a surgeon. Elaborate precautions in sample

collection are necessary because a small particle (1.0 mm 3) of

extraneous material could contain up to 109 CFU.

The sample must then be transported to a laboratory for culture

of the microorganisms. As discussed in the "Introduction to

Microbiological Terms" section, microorganisms multiply in an

exponential manner, thus even a small amount of growth during

transport can affect the interpretation of the results. Changes in

the microbial content of a sample are avoided by rapidly chilling

the sample to near O"C or by rapid transport (10 to 15 min) to the

laboratory.

Processing of samples is modification of the sample to permit

countable numbers or detection of the microorganism to be obtained.

Water samples are usually filtered through specialized filters

called membrane filters to increase the concentration of the

microorganisms. The microorganisms are trapped on the surface of

the filter and are either cultured directly on the filter or washed

free of the filter for culturing. Standard volumes filtered are 100

ml and 1,000 ml. Adherent microorganism are released from the sand
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or precipitate for culture by vigorous agitation of the particles in

water or a specialized growth medium.

Culturing microorganisms is relatively complex and the degree

of complexity depends on the type of microorganism targeted for

study. Specific nutrient agar-based media are used to immobilize

the cells on the agar surface. After appropriate incubation time,

the colonies are counted directly on the agar-based plates or

membranes that have been placed on agar-based plates. If the

microorganism targeted for detection is present in very low numbers,

the membrane filter or sand may be placed in a liquid enrichment

medium. These media allow only one or two cells to grow to easily

observed concentrations.

Identification of the species of a given microorganisms is

based on many tests. These include the gram-stain morphology,

fermentation of sugars, biochemical tests, growth in the presence of

inhibitory substances, and reactions with antibodies.

Finally, all of the above procedures must be performed using

aseptic techniques to avoid contamination of the samples and to

prevent infection of laboratory personnel. The procedures described

not only detect and enumerate the target microorganism_ but also

allow the growth of the microorganisms to unnaturally high

concentrations. When pathogenic microorganisms, such as Legionella

pneumophila, are suspected, the procedures are performed in

biological containment cabinets.



R,ESULT.S, AND, DISCUSSION

As part of the IEA, Annex VI, Subtask D ',Microbiological

Processes" effort, researchers from Finland, Germany, Switzerland,

and the United States investigated four broad, potential,

microbiological problems associated with the operation of ATES

systems: human exposure to pathogenic microorganisms, modification

of aquifer normal flora with adverse environmental impact,

biofouling of heat exchangers and aquifer porosity during ATES

system operation, and scaling and corrosion caused by

microbiological activity during ATES system operation. Each of the

four problems and the results of the IEA investigation into each

problem is discussed below.

HUM_ EXPOSURE TO PATHOGENIC MICROORGANISMS

Germa_y

A large-scale model of an impounded ATES system was constructed

at the Institute for Urban Hydrotechnic, Water-, and Waste Treatment

- Biology Division, University of Stuttgart (Institut FUr

Siedlungswasserbau, Wasserg_te- und Abfallwirtschaft - Abteilung

Biologie- Universitlt Stuttgart). The rational for construction

and design of the large-scale model is described below. The

investigators noted that coliforms were found in all samples at a

constant low level. The enteric bacteria originated from the test

plants (sewage treatment) that were in the immediate vicinity of the

large-scale model, lt is very probable that the enteric bacteria

were fecal coliforms. This observation is extremely important,

because it demonstrates that continued ATES system operation under a

variety of temperatures does not increase the levels of enteric

bacteria within the ATES system.

Switzerland

The Laboratory for Water Supply, Neuchatel (Laboratoire du

service des Eaux de la Ville, Neuch_tel) and the Laboratory of

Microbiology, University of Neuchatel (Laboratoire de Mi crobiologie,



Universit6 de Neuchatel) in Switzerland are examining the

possibility of accidental contamination of ATES system aquifers with

facultative thermoduric or thermophilic bacteria with potential for

transmitting human infections. The investigation examined the pilot

ATES system located at Dorigny, Switzerland (Miserez, 1989; Aragno

et al., 1990). This ATES system was designed for heat storage at

temperature of 50 to 80°C (Figure 1). Two stages of ATES were

examined. In the first ATES stage (1982 to 1985), heat was stored

in the upper aquifer. In the second ATES stage (1985 to 1991), heat

was stored in the lower aquifer. Microbiological studies were

performed during the second stage (October 1989 to January 1990}.

Sand was obtained from wells drilled in the aquifer. Although

coliform-like bacteria were isolated from the sand, coliforms or

fecal coliforms were not isolated. Small-scale models of the

Dorigny ATES system were constructed and connected to the ATES

system (Figure 2). These models used water directly from the ATES

system and allowed the investigation of the effects of aquifer water

and temperatures on known laboratory bacteria without contaminating

the ATES system. When a fecal coliform (Escherichia coli, strain B,

Neu 1006) was added to Dorigny aquifer sand and incubated at

temperatures measured in the operating ATES system, the bacterium

did not survive (Figure 3). A second bacterium in a taxonomic group

associated with fecal contamination (Enterococcus species)

demonstrated a similar pattern of cell death.

Two opportunistic pathogens were targeted for additional study.

The specific organisms were Pseudomonas aeruginosa and Legionella

pneumophila. Legionella pneumophila is found in environments with

elevated temperatures and is associated with lung infections in the

human (pneumonia) after inspiration of droplets from contaminated

water. Pseudomonas aeruginosa is associated with skin, mammary

gland, and urinary tract infections after bathing in contaminated

water (Zwadyk, 1988). The laboratories in Switzerland have

established procedures for the detection of Pseudomonas species and

are currently developing procedures for the detection of Legionella



Figure I. The Dorigny ATES (SPEOS, Stookage piloted' 6nergie par
ouvrage souterrain) System- Loading and Unloading Cycles
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species. Pseudomonas were indigenous in the Dorigny aquifer.

Studies were next directed toward developing a procedure for the

treatment of a single large volume of wastewater that could be

stored and used in subsequent thermal inactivation studies. The

methods of membrane filtration, autoclaving (sterilization by heat),

and a combination of filtering and autoclaving were examined, but

conclusive results were not obtained.

The survival of Legionella spp. in ATES system water from the

SPEOS heat storage site, near Lausanne, was investigated by

Montandon et al. (see Appendix). Clinical isolates of L.

pneumophila and L. micdadei, when introduced to autoclaved ATES

system water, were shown to decrease from an initial population of

3160 CFU/ml to about 300 CFU/ml when incubated at 37°C. In

ii



autoclaved and filtered ATES system water, the introduced clinical

isolates were reduced to below detection level in 2 weeks. In

nonsterile and nonfiltered ATES system water, the indigenous

heterotrophic population increased 3000-fold while the introduced L.

pneumophila decreased tenfold in 10 days. Although the results

suggested that Legionella spp. could survive in an ATES system, they

also indicated that Legionella spp. may not be able to compete with

indigenous bacteria. Furthermore, growth of the introduced clinical

Legionella spp. in the ATES water was not found. Considering that

there is no indication that Legionella spp. were found to be

indigenous in the ATES portion of the Dorigny aquifer, hUman

exposure to Legionella spp. in the ATES operation appears to be

insignificant.

United States

University of Alabama (UA)

The potential for propagation of pathogens in an ATES system

has been reviewed comprehensively by Hicks and Stewart (1988). The

UA-ATES system has an inherent potential for propagating and

transmitting human pathogens because of the formation of aerosols

associated with water chilling in a conventional cooling tower. A

laboratory in the United States [Department of Biological Sciences

(formerly Department of Microbiology), University of Alabama,

Tuscaloosa, Alabama] examined the chill-water UA-ATES system for the

presence of pathogenic microorganisms. This ATES system has been

operating at The University of Alabama Student Recreation Center

since 1982 (Midkiff, Song, and Brett, 1991). This system chills and

stores 60,000 to 75,000 m s of water in the Tuscaloosa aquifer during

the winter months and uses the chilled water for air conditioning

[52 kW (148 tons)] during the summer months. The aquifer layer lies

above the indurated Pottsville formation, which acts as an aquiclude

and limits the downward migration of groundwater. The lower part of

the layer is marked with siliceous sand and clay, andbecomes more

gravelly and less sandy toward the surface, which is mostly red

clay. Approximately 30 m of alluvial material overlies the

Pottsville formation at the UA-ATES site with the saturated zone

12



occupying the lower 10 m. Warm water was pumped from Wells 1, 2,

and/or 3, and chilled in a conventional cooling tower (Figure 4).

When the water was chilled to _ 9°C, it was pumped into Wells 4, 5,

and/or 6 for storage in the aquifer (Figure 5). The plume of

chilled water migrated laterally approximately 1.1 meters per week

(Figure 6).

The UA-ATES system -,as modified for microbiological studies.

Stainless steel spigots were added to the existing pipes for

collection of water at designated sites in the ATES system (Figures

4 and 5).

Specimens were collected at designated sites to assess the

effects of the major components in the UA ATES system water circuit:

Site A - Aquifer water before entry into the conventional
cooling tower. This water was pumped directly from
the aquifer and would contain adherent bacteria
dislodged from aquifer sand by the physical action of
pumping and free-floating nonadherent bacteria.

Site B - Water after chilling in the conventional cooling
tower. (The water essentially was not recirculated
in the cooling tower.)

Site C - Chilled water after filtration through a sand filter
and before injection into the aquifer.

Site D - Chilled water recovered from the aquifer before
entering the air handling units in the Student
Recreation Center.

Site E - Chilled water after passage through the air handling
units.

Well #H4E - A head well outside of the chilled water plume.

Well #HIW - A head well within the chilled water plume.

13
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UA-A'T'ESSYSTE
(Chlll Recovery Cycle)

Figure 5. Design of the UA-ATES System and Location of Sample
Collection Sites During the Chi11 Recovery Cycle
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formation.

Water specimens were obtained biweekly for 72 weeks from Sites

A, B, and C during the active winter cycle of operation and Sites D

and E during the active summer cycle of operation. Adherent

microbiota were sampled in head wells #H4E and #HlW using a variety

of sterilized surfaces and aquifer sand. The sterilized surfaces

and sand were attached to a sampling device, lowered into the

aquifer, and incubated in the aquifer for 1 to 4 weeks.

Procedures were developed to detect specific pathogens and

opportunistic pathogens that historically are associated with water-

borne infectious diseases (Table 1).
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Table 1. Water-Associated Pathogens Targeted for Isolation and
Identification in the UA-ATES System

Qr_anism(s_ Notes on the Detection Procedure

Salmonella, Shigella,
and Vibrio species: Detects the most common enteric

pathogens, this procedure also detects
fecal coliforms and coliforms that may

be opportunistic pathogens.

Campylobacter jejuni: Detects the specific enteric pathogen.

Yersinia enterocolitica: Detects the specific enteric pathogen.

Pseudomonas aeruginosa: Detects the specific opportunistic
pathogen that is usually associated
with skin disease after water

exposure.

Mycobacterium species,
nontuberculosis: Detects opportunistic pathogens

associated with skin, soft tissue, and

lung disease.

Legionella species: Detects the specific opportunistic
pathogens associated with lung
disease.

The UA-ATES system was tested for the pathogenic microorganisms

listed in Table 1 over a complete seasonal cycle of 72 weeks (Figure

7). Coliforms that are associated with uncontaminated groundwater

were routinely isolated; however, the CFU/ml was extremely low

(Figure 8). Coliforms were detected for the most part when warm

water was being pumped from the aquifer; thus, the chill water plume

apparently reduced the number of coliforms. Fecal coliforms were

not detected in 68 separate samplings of the UA-ATES system.

Pathogens were not detected during the study period, except for

an organism that lies in the gray area between pathogen and

opportunistic pathogen, Mycobacterium chelonae (a nontuberculosis

17
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species). This microorganism was detected only six times from the

stored chilled water during the study period. In each isolation,

the CFU/ml was extremely low, i.e., < 0.01 CFU/ml. No Legionella

species were detected in any of the 68 samplings of the UA-ATES

system. This negative observation is notably significant because

during the chilled water recovery cycle of the study period,

Legionella species were detected in all five conventional cooling

towers tested on the University of Alabama campus (Figure 9). Thus,

the operation of the UA-ATES system does not contribute to the

growth of the microorganisms targeted for study and may, in some

instances, even inhibit their growth.
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University of Minnesota (L24)

A laboratory at the University of Minnesota examined a hot-

water ATES (UM-ATES) system for potential propagation of human

pathogens associated with water. The L24-ATES system uses a confined

aquifer for storage and recovery of hot water (>100°C) and does not

permit the water to come in contact with open air, humans, or

conventional cooling towers; thus, the system is characterized as

being a "closed system". The potential for propagation of pathogens

in a closed system is very low; however, the microbiology of the UM-

ATES system was examined from 1982 through 1989 as a condition of
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Figure 9. Legionella Species Detected in Conventional Cooling
Towers Outside the UA-ATES System During the Study Period (12/88 -
10/90). Each symbol represents a cooling tower at different
locations on the UA campus.

the operating permit issued by the Minnesota Department of Health.

Testing for coliform organisms was performed from 1982 through 1990.

Water samples from the UM-ATES system were analyzed for

coliforms in accordance with the membrane filtration technique des-

cribed in Standard Methods for Examination of Water and Waste Water

(American Public Health Association, 1976). The water obtained

immediately after installation of the UM-ATES wells was contaminated

with coliforms (3 and 4 CFU/100 ml). This contamination probably

resulted from well installation. In 14 individual tests of aquifer

water performed from November 1982 through November 1983, the

coliform counts were < 1 CFU/100 ml (Walton, et al. 1991). In

addition, high-calcium limestone particles were collecte_ from the

20
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UM-ATES heat-exchanger complex and were examined for adherent

coliforms. Very low coliform counts were obtained (< 1 CFU/50 grams

of particles). Coliform counts of >I.0 CFU/100 ml indicate

potential pollution with animal fecal material; thus, operation of

the UM-ATES system did not propagate potential human pathogens.

MODIFICATION OF AQUIFER NORMAL FLORA

Heat Storage

Heat storage in the aquifer involves introduction of high

temperatures in addition to the high pressures associated with the

depth of the injection drains/wells. The temperatures used for

water injection (60°C to 100°C) preclude survival of microbiota

normally found in the aquifer, except in the volume of moderate

temperatures (<45°C) at the very periphery of the heat-storage

volume. Because of the cyclic nature of the ATES system heat

storage mass, and in some cases, the lateral movement of the heat-

storage volume in the aquifer, sampling the microbiota in the

periphery of the dynamic heat-storage volume of moderate

temperatures would be difficult, i.e., a large number of sampling

wells would have to be drilled to sample the periphery of the heat-

storage volume as it shrinks, expands, or migrates laterally.

Gem__%Lmm_X

An impounded ATES system pilot plant constructed for

thermodynamic studies at the University of Stuttgart, Stuttgart,

Germany, provided a unique opportunity to examine the effects of

ATES system operation on the microbiota of an aquifer (Adin_ifi,

Thome, and Ruck, 1990). This ATES system was impounded to prevent

ATES system interaction with the surrounding subsurface environment

(Figure 10). The aquifer store consisted of a volume of 1,050 m 3

filled with locally obtained gravel from the bed of the Rhine River

and water from Lake Constance. This impounded ATES system permitted

control of the chemical composition of the rock and water. The

locally obtained water and rock seeded the ATES system with
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Figure 10. Dimensions and Design of the Impounded ATES System at
the Institute of Thermodynamics and Heating Technique at the

University of Stuttgart

indigenous microorganisms. In addition, the flow of the water

within the system could be carefully controlled and characterized.

Finally, the storage volume was impounded with a high density

polyethylene liner, a substance that is relatively inert with

respect to the common aquifer microorganisms. The one disadvantage

of this study system was that the temperature cycles were controlled

by concurrent thermodynamic studies and, therefore, could not be

manipulated specifically for microbiological studies.

Microbiological studies of the impounded ATES system were

performed at the Institut FUr Siedlungswasserbau, Wasserg_te- und

Abfallwirtschaft - Abteilung Biologie- UniversitMt Stuttgart. The

ATES system was sampled by drawing water from throughout the store

from a point near the central well at about 2.5 to 3 m depth. The
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temperature differential between Storage and Circulation averaged

1.2oC. Water specimens were analyzed for the CFU/ml of

heterotrophs, an estimate of overall microbial growth in water. The

representation of individual taxonomic groups of bacteria within the

samples was examined also. Taxonomic groups of bacteria known to

inhabit natural water were identified and quantified as a percentage

of the total colony count (see Figure 13 for an example of data).

The water drawn from Storage demonstrated consistently higher

CFU/ml than the circulating water. However, both sampling sites

demonstrated the same overall patterns of microbial growth levels

(Figure ii). An interesting phenomenon was noted. When the water

temperature was raised to approximately 37°C, organisms capable of

forming colonies at 37°C appeared. The taxonomic representation

shifted also. However, it is very important to note that the

microbial growth shifted back to previous levels when the

temperature of the ATES syztem was lowered and the organisms capable

of forming colonies at 37°C disappeared. These transitions took

place within an ll-week period.

A large-scale model of the Stuttgart ATES system was

constructed to obtain a simulation of the system that could be

manipulated by microbiologists (Figure 12). The large-scale model

consisted of a 4o0-m high stoneware column with an inner diameter of

45 cm. The column was filled with the same gravel and water that

was used in the impounded aquifer. A heat exchanger was installed

in the circulation loop to control the temperature of the water.

Sampling ports were incl%ided over the length of the column to allow

specimens to be taken throughout the temperature differential that

occurs as the temperature of the water is perturbed. The column was

fully instrumented for temperature measurements and organic

materials in contact with the water were avoided. The only metal

contacting the water was the galvanized steel in the heat exchanger

tubes. Finally, the flow velocity (5 to i0 m/d) was designed to

approximate the flow rate of the impounded aquifer and natural

aquifers.
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The large-scale model was run for a 15-week period with a water

temperature of 18 to 23°C to establish an equilibrated microbial

flora. The CFU/ml of the water leaving the column during

circulation for equilibration was slightly higher than the CFU/ml of

the water used to fill the column. The taxonomic groups represented

in the circulating water were slightly more diverse when compared to

the water used to fill the column. No unusual taxonomic groups were

observed and the microorganisms represented in the column closely

resembled the larger impounded ATES system, except for

representation by two additional taxonomic groups commonly

indigenous to natural water, i.e., Alcaligenes and Acinetobacter.

7
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Figure 12. Large-Scale Model of the Stuttgart ATES System

The large-scale model was then switched to 40°C input water and

the microorganisms were allowed to adapt for approximately 2 weeks.

Two types of samples were obtained from various points within the

column that represented a temperature differential (40°C at the top

and 20°C at the bottom). Water was obtained as before and assayed

for CFU/ml. In addition, gravel samples were obtained from the

sampling points and treated with ultrasonic sound to release the

adherent bacteria into the water for detection.

The CFU/ml and the taxonomic groups detected in the water

samples did not change significantly after the temperature shift.

The taxonomic groups represented in the microbial population that

adhered to the gravel resembled the microorganisms detected in the
--
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water. However, the numbers of microorganisms adhering to the

gravel exceeded the number in the water by i00- to 1,000-fold. It

should be noted that the representative taxonomic groups in the

adherent population were slightly different when compared to the

water population, but were groups normally associated with water.

Although gram-negative bacteria were the predominate representatives

in both the water and adherent microbial populations, the lower

temperatures (17°C) associated with the bottom of the column

appeared to stratify microbial growth with an increased

representation by gram-positive microorganisms (Figure 13).

The input water of the large-scale model was then switched to

50 to 55°C and the microorganisms were allowed to adapt. The water

exited the column at 20°C. Although there was a slight decrease in

the CFU/ml, the general pattern of CFU/ml and taxonomic group

representation of both the water and the gravel was similar to the

results obtained when the column was charged with 40°C water.

The input water of the large-scale model was then switched to

65 to 70°C with the water exiting the column at 20°C and the

microorganisms wera allowed to adapt. The CFU/ml exiting the column

remained similar to the previous studies. The taxonomic groups

represented in the higher temperatures (top of the column) were

restricted as compared to previous studies. Gram-positive

microorganisms were in the majority. Pathogenicity of gram-positive

bacteria is extremely species-specific because the infectious

disease process of gram-positive bacteria is dependent on production

of toxins that exhibit highly specific activities and target tissue.

Thus, the increased representation of gram-positive microorganisms

in the effluent water of the large-scale ATES system model may or

may not predict an increased risk for infectiouq diseases. At lower

temperatures, the taxonomic representation was more diverse. Again

the taxonomic groups represented were common for water.
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Small-scale models of the Stuttgart impounded ATES system were

designed to allow an even greater manipulation of the experimental

system. The models were cylinders 65-cm high and 15-cm in diameter

(Figure 14). The small models were constructed avoiding the use of

organic materials. These models were filled with sediment from the

Stuttgart site and two additional sites in Germany that have the

potential for future ATES development. The columns were filled with

the same water used previously and the microorganisms were allowed

to adapt without added heat as before. The CFU/ml reached levels

similar to the initial observations of all previous studies. To

date only biofouling has been examined with the models. An initial

study of biofouling in the small model will be discussed later.

Figure 14. Small-Scale Model of the Stuttgart ATES System.
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Switzerland

Sand removed from the Dorigny aquifer was tested for

heterotrophic bacteria by determining the CFU/g of sand. In

addition, total biomass was estimated by a chemical assay for ATP, a

high energy compound that is unique to living cells. The estimated

total biomass in the Dorigny aquifer sand exceeded the biomass that

would be predicted by CFU/g of sand by approximately 100-fold. This

finding indicates that the vast majority of bacterial cells in the

aquifer do not give rise to colonies upon culture. When the sand

was heated from 25 to 60°C over a 4-day period, the CFU of

thermophilic bacteria decreased when the cultured samples were

incubated at 60°C (Figure 15). In contrast, the CFU of mesophilic

bacteria increased 10,000-fold.
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Figure 15. Effect of Heating Dorigny Aquifer Sand in Small-Scale
Models
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Small-scale models of the Dorigny ATES system described

previously gave an opposite pattern, i.e., the mesophilic bacteria

decreased and the thermophilic bacteria increased. Thus, increasing

the temperature of sand samples over a 4-day period probably mimics

the events that occur at the periphery of the hot water plume and

the small-scale models mimics the events occurring in the central

volume of the hot water plume. The ATP concentration in the small-

scale models remained essentially constant and indicates the biomass

remained constant; thus, the increase of the thermophilic

heterotrophs took place at the expense of the mesophilic

heterotrophs and vice versa.

United States (University of Minnesota)

The total number of aerobic bacteria in water was examined to

establish the bacteriological profile of the water during UM-ATES

system operation. Water samples were analyzed for aerobic organisms

in accordance with the membrane filtration technique described in

Standard Methods for Examination of Water and Waste Water (American

Public Health Association 1976). This determination cannot be used

as an indicator for either pollution or water quality. However, the

total aerobic bacteria content of well water should be extremely low

relative to surface water.

Total aerobic bacteria content in the various samples was

determined at incubation temperatures of 7 and 35°C to characterize

the organisms as psychrophilic or mesophilic. The vast majority

(about 90%) of the organisms isolated were psychrophilic

gram-negative rods (Walton, et al. 1991). The counts ranged from

<i to 8.2 x 104 CFU/ml, but a general pattern of increased or

decreased counts did not occur during the period of operation.

Thus, operation of the UM-ATES system does not appear to affect the

environment adversely.
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Chi11 Storage

Chill storage in the aquifer involves introduction of low

temperatures into the aquifer. The temperatures used for water

injection (4 to 12°C) would preserve the viability of most microbial

groups and also would retard their growth within the aquifer.

Because of the cyclic nature of the ATES system chill storage mass,

and in some cases, the lateral movement of the chill-storage volume

in the aquifer, sampling the microbiota in the periphery of the

dynamic chill-storage volume would be difficult, i.e., a large

number of sampling wells would have to be drilled to sample the

periphery as the chill-storage volume shrinks, expands, or migrates

laterally. An alternate approach would be to compare the microbiota

in the water before chilling and injection with the microbiota in

the water recovered from the chill storage mass.

United States (Universit7 of Alabama)

Laboratories in the United States [Department of Biological

Sciences (formerly the Department of Microbiology), University of

Alabama, Tuscaloosa, Alabama, and the Environmental Sciences

Department, Terrestrial Sciences Section, Pacific Northwest

Laboratory (a), Richland, Washington] have examined the chill-water

UA-ATES system in operation at the Student Recreation Center on the

campus of the University of Alabama for the presence of

heterotrophic bacteria. Duplicate water samples were analyzed by

the University of Alabama and Pacific Northwest Laboratory. In

general, the Pacific Northwest Laboratory analysis revealed slightly

higher CFU/ml values than the University of Alabama analysis. It is

speculated that the slight increases were probably caused by

heterotrophic bacterial cell division during the 2-day shipment of

duplicate specimens from the state of Alabama to the state of

Washington.
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Chillingthe water by passage through the cooling tower did not

modify the warm-water well microbiota significantly. This can be

seen by'comparing Figure 16 with CFU/ml values obtained from sites A

and C (illustrated in Figure 4). The UA-ATES system appears to have

reduced heterotrophic concentrations after an extended (4 to 6 week)

exposure to the lower temperatures in the chilled aquifer. However,

once exposure to the lower aquifer temperature stopped, the

heterotroph CFU/ml counts apparently revert to previous levels by

the next chilling cycle. The #HIW head well in the chilled water

plume also demonstrated fewer numbers and types of adherent

heterotrophic bacteria, when compared to the #H4E head well

immediately outside the UAuATES system.

BIOFOULING OF HEAT E_CHANGERS AND AQUIFER POROSITY DURING ATES

SYSTEM OPERATION

Germany

Small-scale models of the impounded ATES system developed at

the University of Stuttgart, Stuttgart, Germany, have been used to

study biofouling of aquifer porosity during ATES system operation

(Adinolfi, Thome, and Ruck, 1990). The design of the small models

was described previously. The small-scale models provide increased

experimental manipulations to the microbiologist that are not

feasible for investigation in large-scale models or in the impounded

ATES system. The small-scale ATES model studies are in their

initial stages, but they have demonstrated biofouling of aquifer

porosity. Ferrous iron and iron bacteria that were obtained by

enriching groundwater were added to a small-scale ATES model, and

the flow through the column was reduced to a minimum. Thus, the

small-scale ATES models have the potential for defining many of the

factors that are important in development of biofouling and may

(a) Operated for the U.S. Department of Energy by Battelle Memorial
Institute under Contract DE-AC06-76RLO 1830.
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Figure 16. Heterotroph Quantification During the Study Period at the
UA-ATES System (12/88 - 4/90)

provide the means to test different protocols for the prevention or

reversal of biofouling. However, none of the laboratories have

reported biofouling of actual operational heat or chill ATES

systems.

Finland

Should biofouling problems arise in the future, investigators

should consult the comprehensive, state-of-the-art review on the

iron and manganese bacteria by Sepp_nen, Ala-Peijari, and Iihola

(1988). This report explains the types of microorganisms that have

potential for creating biofouling problems in ATES systems, the

microbiological chemistry involved in biofouling, and well design

and operation to prevent biofouling.
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SCALING AND CORROSION CAUSED BY MICROBIOLOGICAL ACTIVITY DURING ATES
SYSTF24 OPERATION

None of the laboratories have reported scaling or corrosion

caused by microbiological activities in actual operational heat or

chi11 ATES systems.
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CONCLUSIONS

Although the interaction of microorganisms with operational

ATES systems has the potential for creating health hazards, an

adverse environmental impact, and biofouling, these concerns have

not been realized. To date the combined microbiological research of

the IEA Annex VIs Subtask D (Microbiological Processes) by Finland,

Germany_ Switzerland, and the United States has not identified

advers_ sicrobioiogical problems associated with ATES systems. In

addition, microbiological problems in ATES system operation have not

been reported by other members of the IEA AnneM. However, because

of the ubiquitous nature and the multifaced biological and

biochemical activities of microorganisms, investigators should

continue to be vigilant for potential microbiological problems in

the development of ATES.

The information generated by the IEA, Annex VI, Subtask D

supports the current use of both heat and chill ATES. If

microbiological problems associated with ATES should arise in the

future, the information generated by IEA, Annex VI, Subtask D will

provide a knowledge base for a rational approach to these problems.

In summary, the findings of the IEA, Annex VI, Subtask D fully

support the continued development of ATES.
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Studies were carried out to investigate the survival and / or multiplication of Legionella spp. in water from the
ATES system located at Dorigny (SPEOS). Clinical isolates of Legionella pneumophila and Legionella micdadei
were incubated in laboratory microcosms containing nonsterile or sterile water from the Dorigny ATES. The
results show that Legionella pneumophila and Legionella micdadei survived in these conditions. The loss of
viability in log units per 2 weeks, as measured by colony forming cells, was 1 and 3.5 ]'orLegionella pneumophila
which was incubated in autoclaved and respectively in autoclaved and membrane-filtrated water. Similar data
were obtained with Leg_,wlla micdadei. These datasuggest that filtration removes a necessary growth factor.
Finally, it was found th_. Leg/one/la pneumophila survived in water containing indigenous microorganisms. In
these conditions, the rate of decay was 1 log unit in 10 days. These experiments suggest that Legionella spp.
may survive in an ATES system.

INTRODUCTION

The ATES system located at Dorigny, Switzerland, was designated for heat storage at temperatures of 50 to
80°C. Heat storage in an aquifer leads to the warming of the subsurface and of the nearby aquifer. The
transfer of heat to some distance from the main well does occur in Dorigny, since the water is slowly moving.
We expect that microbial flora would be modified in the aquifer nearby the main weil, as a consequence of the
warming.

It was shown in a previous report (Miserez 1989) mt the population of thermophilic bacteria increased in small
scale models of the Dorigny ATES system at 60°C while that of mesophyllic bacteria decreased. Thus, we
could ask whether thermotolerant, ubiquitous and potentially pathogen microorganisms, like Legionella and
Pseudomonas, would grow in conditions of an ATES (Miserez 1990). Survival or multiplication of Legionella
spp. and/or Pseudomonas spp. would likely represent a biological hazard. As a model system, we choose to
study the behavior of Legionella spp. in conditions of an ATES.

Gram.negative bacilli belonging to the genus Legionella (34 species) have been isolated from many man.made
and natural environments, namely from ponds, streams, lakes, soils, hydrothermal areas and from many
domestic hot water systems. The best known representative microorganism of the genes Legionella, Legionella
pneumophila, usually causes subclinical infections in man, but sometimes may induce fever (95%) and
pneumonia (5%), 15% of which have a lethal issue (for a review see: Rodgers and Pasculle 1991; Win 1988).
In order to estimate whether Legionella would represent a biological hazard in or near an ATES system, we
carried out in vitro experiments with water from the Dorigny ATES. We found out that these bacteria would
survive in conditions which are found nearby the main weil.
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EXPERIMENTAL APPROACH

Cells

Clinical"isolates of Legionella pneumophila and Legionella micdadei were kindly provided by Dr Roupas
(Geneva).

Preparation of Legionella stock cultures

Legionella are grown on agar plates containing BCYE medium (Dennis 1988). After 3 to 5 days at 370C, cells
are removed from agar plates with 0.01 M ACES buffer at pH 6.9. Cells are washed twice by centrifugation
(2000 xg for 20 minutes) and resuspended in ACES buffer to an optical density of about 0.1 at 420 mm
(Hussong et al. 1987).

Laboratory. microcosms

Water from the Dorigny aquifer is kept frozen. One volume of the Legionella suspension is added per 10(30
volumes of autoclaved or autoclaved and membrane-filtrated water from the Dorigny aquifer. Laboratory
microcosms axe incubated at 37°C in a water bath with a slow stirring device to maintain uniformity (I-Iussong
et al. 1987).

Quantitation of Legionella is made by plating 100 _1 of microcosm aliquots (or 100 _1 aliquots of different
dilutions) on BCYE agar plates containing antibiotics (Dennis 1988). Enumeration of colonies on agar plates
takes place after 5 days of incubation at 37°C.

RESULTS

Habitats of Legionella

Table 1 shows that Legionella have been isolated from rivers, streams, natural thermal ponds and from diverse
man-made environments. These stl_dies also indicated that Legionella is more commonly found in water in
the temperature range of 36 to 70°C than in cooler water. Legionella spp. probably do not grow in water at
temperatures higher than 50 to 55"_C. Therefore, Legionella detected in waters with temperatures as high as

O
70 C are likely associated with biof,lms which are washed from cooler areas of growth (Verissimo et al. 1991).
Legionella are aquatic bacteria which survive at temperature that are not tolerated by most other aquatic
organisms.

Conditions for optimal growth in vitro

The growth of Legionella pneumophila in vitro requires specific physicochemica] and biological parameters
(Table 2). Legionella pneumophila multiplies in vitro at temperatures between 25 and 37°C, at a pH level of
5.5 to 9.2 and at concentrations of dissolved oxygen of 6 to 6.7 mg/l. In addition, free.living amoeba and
ciliated protozoa (tetrahymena) were reported to support the multiplication of Legionella pneumophila.

Search for Legionella sw. in the Dori_y aquifer

The pH, temperature and dissolved oxygen values of the aquifer near the main well (JoUien and Miserez 1990)
are in th6 range of the values which are compatible for growth of Legione//a pneumophila in vitro. To
determine whether Legionella spp. are present in the aquifer, we analyzed water from the lower and the upper
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bed of the main well in Janu_ 1 1992. We measured the temperature, the oxygen content and the pH of the
water samples. The temperature was 363°C in the lower bed and 23.2°C in the upper bed. The values for
the oxygen content and the pH were 0.5 and 1.6 rag/ml and respectively 6.4 and 7.08. We did not dete_ztany
Leg/one/la spp. in either water sample. However, we cannot conclude from this single analysis that the SPEOS
waters are not conducive to the survival of Legionella spp. b_._causefluctuations in temperature, oxygen content
and changes in wal_erchemistry may influence the microbial population within the system. In fact, the oxygen
content of both samples was lower than usual. We should, therefore, re-examine the SPEOS waters at regular
intervals to take account of such fluctuations before drawing any definitive conclusions.

Behavior of LeKionella in microcosms

Although we did not find LegioneUa in _he main well of the Dorigny ATF,S, we had to evaluate whether these
bacteria would grow in the warm water round nearby the main well. To answer that question, we carried out
/n v/zrogrowth experiments with Le_one/la pneumophila and Legionella micdadei in laboratory microcosms
containing sterile Dorigny water as descn_eed in experimental approach section. Figure 1 shows that Legionella
pneumophila survived quite well in water which has been sterilized by autoclaving. The rate of decay of
Legionella pneumophila is less than 1 log unit in 2 weeks. In contrast, LegioneUa pneumophila decays more
rapidly in water which was membrane.filtrated; in these conditions, the rate of decay was 3.5 log units in 2
weeks. We obtained similar data with Legionella micdad_," (Figure 2). These results suggest that filtration
removes a necessary gnnvth factor.

Finally, we tested whether Legionella pneumophila cells would survive in a microcosm containing indigenous
microorganisms. Legionella pneumophila cells obtained from a frozen stock were incubated as descn_oedabove,
but in unsterilized water. Enumeration af Legionella was made as descn_oed in experimental approach section,
but after acid.treatment of the aliquot to be analyzed on agar plates. Hetemtrophic plate counts were
determined by plating aliquots of appropriate dilutions on agar plates containing nutrient agar. Figure 3 shows
that the population of indigenous bacteria increases by about 3.5 log units while that of Legione&z pnewmlvh//a
decreased by I log unit in 10 days. Thus, presence of bacteria alive does not appear to influence Legionella
survival in this type of laboratory microcosm.

DISCUSSION

In the present study, we had to evaluate whether Legionella spp. could represent a biological hazard in an
AI'ES system, i.e. to determine whe:b_r these bacteria could multiply nearby the main well and/or whether they
could invade the plumbing fixtures,

We did not find Legionella spp. in water of the main well of the Dorigny ATES. As _ above, we should
re-analyse this water before definitively stating that it is not conducive to the growth of Leg/one//a spp. We
showed, however, that Legionella spp. survived quite wellinlaboratory _sms containing water from the
Doriguy ATES. We used, as a source of Legionella, clinical isolates that were grown on artificial medium.
Other studies revealed similar growth behavior. Hussong et al. (1987) ob_rved that one isolate of Leg/one/la
pneumophila showed long.term survival while Leg/onella pneumophila strain Philadelphia 2 multiplied in
sterilized tap water. These 2 strains were grown on artificial medium before their addition to the laboratory
microcosms. Furthermore Yee et al. (1982) and Wadowsky et al. (1985) found that naturally occurring
Legionella multiplied in unsterilized and in sterilized tap water. We can conclude from these studies that
multiplication of Legionella in laboratory microcosms containing tap water mainly depends on the strain used.
Therefore, the growth behavior of different strains should be studied in laboratory microcosms containing
Dorigny water before stating that this water does not promote multiplication of Legionella.
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As discussed above, it has been documented that various Legionella semgroups and subgroups species canexist
in plumbing systems (Alari and Joly 1991; Wadowsky et al. 1985; Nahapetian et al. 1991; Ltlck et al. 1991),
when the water temperature is between 30 and 5O°C. Recently, L/Ick et al. (1991) showed that a Legionella
pneumophila serogroup 6 strain was regularly isolated during a 3-year surveillance from a warm water supply
at a school of medicine. Thus, we may ask whether Legionella spp. could invade the plumbing system which
is used to dism'bute sanitary water. Sanitary water and water used for heating are warmed up through a heat
exchanger with hot water stored in the Dorigny ATES. The final temperature of the sanitary water varies
between 30°C and 5O°C. Since it was demonstrated that Legionella spp. may even be present in drinking
water (Hsu et al. 1984), i.e. in the water used to prepare sanitary water, it is possible that Legionella multiply
in tanks used to store warm water, providing that physicochemical and/or biological parameters are optimal
for their growth. If the presence of LegioneUa spp. in the plumbing system would be established, one should
take means by which these bacteria can be eliminated. In practice, effective disinfection would imply
chlorinating the stored hot water (I-Isuet al. 1984) and/or superheating of the water at 70°C (Table 3).

In conclusion, we have presented and discussed data which show that Legionella spp. may conceivably represent
a biological hazard in an ArES system, e.g. nearby the main well of an ATES like SPEOS and in the plumbing
fixtures, ff specific physicochemical and biological conditions, as defined above, _ found at these sites.
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TABLE 1 HABITATS OF I.,EGIO_

HABITAT LEGIONELLA REFERENCES

Domestic hot water system Legionella pneumophila Alad and Joly 1991

Showerhead Legionella pneumophila Yee and Wadowsky 1982

Hot-water tank Legionella pneumophila Wadowsky et al. 1985

Hospital plumbing system Legionella pneumophila Nahapetian et al. 1991

Eye-wash stations Legionella pneumophila Paszko-Kolva et al. 1991

Cooling towers Legionella pneumophila Negron-Alvira et al. 1988

Streams Legionella pneumophila Morris et al. 1979

Fishponds Legionella israelensis Bercovier et al. 1986

Potting mixtures and soil Legionella longbeachae Steele et al. 1990

Hydrothermal aeras and Legionella pneumophila, L. Verissimo et al. 1991
warm spa water bozemanii, L.'micadadei, L. Bornstein et al. 1986

dumofii, L. moravica, L.
oakridgensis, L. sancticrusis,
L. sainthelensi, L.
londoniensis, L. nautarurn
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TABLE 2 Physico-chcmicalandbiologicalparametersthat influence the growthand
/ or the survivalof Leg/one//apneumoph//a in tap water

GROWTH REQUIREMENT ,,,,

PARAMETER minimum maximum optimum REFERENCES

pH 5°5 9.2 6.0to6.5 Wadowsk'yetaL1985

temperature (*C) <25 45 32 to 37 Yee and Wadowsky 1982

oxygen (rag/l) ?? . 6.0 to 6.7 Wadow_'kyet al: 1985

pot_tqium (rag/I) 0.05 > 100 10 States et al. 1985

iron (mg/l) 0.05 10 1 Stateset al. 1985

0.05 10 0.5 to 1 States et aL 1985zincCrag/l) __.--
A.c/L.p = 1 Holden et aL 1984Acanthamoeba castellanii _ _

(amoebae)
H.v/L.p - 15 Wadowsk'yet ai. 1991Hartmannellavermifonnis _ _

(amoebae)

KilledPseudomonas _ _ P.p/L.p° 106 Wadowskyetal.1991

paucimobi!_ (bacteria)

Amoebae (Naegleria sp) . presence Nahapetian et al. 1991

Tetrahymenapyriformis _ _ T.p/L.p " 1 Nahapetianet al. 1991
(ciliate3

T.v/L.p ---1/104 Smith-Sommervilleet
Tetrahymena vovax - - al. 1991

TABLE 3 Temperature.dependent decayof/_ pneumoph//a in tap water

TEMPARTURE HALF-LIFE OF LEGIONELLA PNEUMOPHILA REFERENCE
(*C) (rain.)

55 19 Tremp 1990

57.5 6 Tremp 1990

60 2 Tremp 1990
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