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Abstract

In this review, we depict the state of the art concerning the water quality management of bio-mineral
bathing pools, and compare these to traditional swimming pools. Bio-mineral pools use a combination
of mechanic filtration, bio-filtration, and UV-treatment to disinfect the water. Studies in test tanks have
shown that bio-filtration is effective in maintaining the water quality with regard to the treatment of
organic pollution. Concerning biological risks, the bio-mineral pool relies on UV-treatment to degrade
bacteria. Unlike chemical disinfectant treatments, UV disinfection does not lose its effectiveness in the
event of high traffic in the pool. However, as only the water taken up by the filtration system is
disinfected, it is essential that all the water in the pool is filtered. If the pool has a dead zone, its water
is not disinfected and there is a risk of localized pathogen development.

As the development of bio-mineral pools spreads in Europe, legislation gradually follows. The health

parameters measured differ slightly from one country to another, but there are constants: the
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measurement of Escherichia coli, Enterococci, and Pseudomonas aeruginosa. In terms of biological
swimming pools, regulatory homogeneity across Europe does not exist. From these comparisons,
Austrian legislation segmenting water quality into 4 categories ranging from "Excellent" to "Poor"
represents legislation that combines health and safety with indications of possible malfunctions.
Next, a study of three real sites of bio-mineral pools is presented. It appears that, whatever the type
of pool, bio-mineral filtration makes it possible to achieve performances comparable to those
encountered in chlorinated swimming pools concerning the risks associated with fecal contamination
and external pollution. On the other hand, when frequentation is high, as is the case in small pools
used for aquafitness, monitoring the risks of inter-bather contamination, as illustrated by the presence
of Staphylococcus aureus, reveals a recurring problem.

Knowing that this parameter is not evaluated in bathing waters in the natural environment and that
numerous studies show that Staphyloccocus aureus are always detected, even on beaches, we propose
the definition of three thresholds: i.e., 0 CFU/100 mL (threshold value in Wallonia) for water of
excellent quality, less than 20 CFU/100 mL (threshold value in France) for water of very good quality,
less than 50 CFU/100 mL (contribution of bathers by simple immersion) for good quality water, and
more than 50 CFU/100 mL for poor quality water. This document could therefore be converted into a

manual for operators on the use and management of bio-mineral baths.

Keywords: bio-mineral pool, European legislation, bathing parameters, swimming risks, bathing

bacteria

1. Introduction

The first swimming pools appeared in antiquity, but it was really from the end of the 19th century that
these started to develop. From the 1920s, many public swimming pools were created in developed
countries and from the 1960s private pools appeared, a sign of wealth and luxury. Since then, many

swimming pools have been constructed, both public and private.
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In order to maintain clean water for swimming, cleaning systems were developed, with chlorine
disinfection appearing in 1902 (Chowdhury et al., 2014). This chemical treatment is the most common
disinfection system for both private and public swimming pools. Other chemical/physical agents can
also be used, such as bromine, ozone, or UV radiation. These different techniques kill pathogens
present in the water, but can nevertheless react with certain substances to produce disinfection by-
products (Chowdhury et al., 2014; Karimi, 2020; Lu et al., 2013). These by-products can present a

chemical risk to bathers (Carter et al., 2019; Chowdhury et al., 2014; Zhang et al., 2023).

Consequently, alternatives to chemical disinfection have been developed, in particular bio-mineral
swimming pools. In this type of pool, there is no residual disinfectant; there is no disinfectant barrier
between bathers. However, the water is disinfected at each filtration cycle. It is therefore disinfected
but non-disinfecting water. In the specific case of bio-mineral bathing, the disinfection step is ensured
by treatment with ultraviolet radiation which occurs without the addition of residual biocides and the

particles in suspension are filtered by mechanical and biological filters which allow their elimination.

This review aims to present the state of the art of bio-mineral swimming pools and compare them with
traditional swimming pools, with a focus on water disinfection and health issues. The review is divided
into three parts: (i) the risks incurred when swimming; (ii) the state of European legislation on
swimming in bio-mineral pools; and (iii) concrete examples of the microbiological parameters of

swimming in a bio-mineral pool.

2. The health risks in traditional and bio-mineral swimming pools

The health risks for bathers in swimming pools come from two sources: chemical or biological risks.
Good management of water quality in bio-mineral swimming pools requires complete control of risks.
As recommendations are often based on the management of chlorinated swimming pools,
comparative analyses of the characteristics of the two technologies are called for. A distinction is
therefore made between disinfectant swimming pools (chlorinated swimming pools) and disinfected

swimming pools (bio-mineral swimming pools).
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2.1.Pools and artificial swimming pools

Within the meaning of French legislation, only pools equipped with disinfectant filtration can be called
swimming pools. The official name of bio-mineral pools is “artificial pools with biological filtration”. To
clearly mark the difference, it is appropriate to speak of swimming pools when referring to chlorinated

swimming pools and of bathing pools to refer to disinfected but non-disinfecting swimming pools.

In swimming pools, the disinfectant (generally an active form of chlorine) is added and regulated in the
closed circuit of swimming pool water treatment (Figure 1). Therefore, pool water is called disinfecting

water; there is a disinfectant barrier between bathers.
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Figure 1: General scheme of a classical swimming pool (Association des Equipements Sportifs (AES),

2016).
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Artificial bathing pools, also called natural swimming pools, biological swimming pools, ecological
swimming pools or, in the case that concerns us, bio-mineral swimming pools, do not contain residual
disinfectant. There is no disinfectant barrier between bathers. However, the water is disinfected with

each filtration cycle. It is therefore disinfected but non-disinfectant water.

In the specific case of bio-mineral pools, the disinfection stage is ensured by treatment with ultraviolet
radiation combined with an advanced oxidation process (AOP) which occurs without the addition of

residual biocides (Figure 2).
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Figure 2: General scheme of a bio-mineral swimming pool (Aquatic Science, 2022b): (1) mechanical
and biological filters, (2) UV reactor for disinfection, and (3) mineral and bacterial injections for the

balance of the water.

UV treatment is sometimes also used in chlorinated swimming pools, but most often with the aim of
reducing the concentrations of by-products derived from chlorine (dechloramination) (Cheema,
Kaarsholm, et al., 2017; Cheema, Manasfi, et al., 2017; llyas et al., 2018; Spiliotopoulou et al., 2015;
Wiodyka-Bergier et al., 2018, 2021; Yang et al., 2018; Zare Afifi et al., 2016) and not specifically to

provide additional disinfection.

From the point of view of the management of organic pollution brought in by swimmers, in the

swimming pool the material is oxidized by chlorine and mechanically filtered by the filters. This
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material is extracted during filter backwash cycles. In artificial swimming pools, such as bio-mineral
pools, mechanical filtration is ensured by cyclones which allow the particles in suspension to be
extracted from the hydraulic circuit in such a way that they do not degrade and do not enrich the
water. The following biological filters harbor consortia of bacteria ensuring the degradation of organic
matter and the nitrogenous load and its elimination in the form of nitrogen gas. This sequence of

reactions leading to the elimination of organic nitrogen is known as the nitrogen cycle (Figure 3).
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Figure 3: Nitrogen cycle of transformation and conversion.

This cycle takes place entirely inside the biological filters. The backwashing action of these filters
removes dead bacteria, the mineral waste they have generated, and other suspended particles caught

in the biofilm that they have formed on the substrates inside the filters.

In both swimming pools and bathing areas, the objective of filtration is to ensure the quality of the

water for the health and safety of bathers.
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More specifically, in a chlorinated swimming pool, the presence of bacteria indicating a health risk
testifies to a limited functioning or even failure of the chlorination process. In such a case, the pool
being a closed environment, there is a risk of bacterial accumulation/proliferation. It is this risk that

must be avoided.

In a bio-mineral bath, as the water does not contain disinfectant, the presence of bacteria that would
indicate a health risk in chlorinated pool water does not reflect the risk of accumulation, but rather
reflects the contribution by bathers at the time of sampling. The risk of accumulation is circumscribed

by ultra-violet (UV) disinfection and oxidation during each filtration cycle.

To assess the risk, as the analyses presented in Section 4 suggest, it is preferable to distinguish between
possible accumulation and instantaneous contributions by bathers. The best way to do this is to
measure prior to the operating period. If the values measured before access by bathers are high, this
means that either the filtration is faulty or that there is a proliferation of bacteria in the pool. In both
cases, the health risk is established and precautionary measures must be taken. On the other hand, if
the bacteria thresholds are not exceeded, this confirms the proper functioning of the filtration system

and proper maintenance of the pool. In this case, the risk of accumulation is avoided.

Within bio-mineral pools, the bacterial population is influenced in time and space by bathers in such a
way that the environment close to each bather constitutes a micro-ecosystem in itself. As a result, a
single one-off sample taken near a bather only very slightly reflects the health risk incurred by all the

bathers frequenting an establishment.

In order to improve the strength of the data collected and allow bio-mineral pools to gain the trust and
support of the control bodies, an in-depth reflection was carried out. It appears that demanding and
well-configured self-checking techniques must be implemented to overcome the limitations of spot
sampling. Evaluation of self-checking methods has shown that it is feasible to carry out analyses that
are closer in time and better distributed in space in order to allow a detailed interpretation of the

overall health quality of a swimming pool establishment.
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2.2. How to adapt filtration to anthropogenic pollution

A swimming pool, whatever type it is, must legally be filled with mains water. As distribution water has
undergone numerous controls and is drinkable, we start from the postulate that it cannot be the origin
of a health risk for bathers, whether biological risk or chemical hazard. As a result, below we only
consider the risks associated with the operation of pools open to the public. In the case of chemical
risks, these arise from the addition of disinfectants and the resulting by-products. Like the quality of
distribution water, the addition of disinfectants is controlled and legislation sets concentrations and
monitoring measures to avoid direct risk (Gouvernement francgais, 1981). The main risks therefore
come from the accumulation of derivative by-products. These are generated by the reaction of
disinfection products with the material brought in by bathers. The risk is therefore directly linked to
the contribution of bathers and the proper management of filtration. Biological risks also emanate
from the contribution of bathers. In both cases, it is therefore essential that the filtration system is
effective and as adapted as possible to the contribution of the bathers; we call this anthropogenic

pollution (brought in by man).

2.2.1. Organic pollution

The organic anthropogenic pollution will depend on three factors: bather hygiene, their activity in the

water, and the water temperature.

(i) Regarding hygiene, taking a shower before bathing significantly reduces the release of organic
matter (perspiration, urine, feces, cosmetics, and other potential contaminants) (Lempart et al., 2018,
2020; Mazur et al., 2022; Wyczarska-Kokot et al., 2020) and passing through footbaths limits the

release of Pseudomonas aeruginosa and papilloma virus that causes warts (Keuten et al., 2014).

(i) The activity of bathers can be classified into three categories, rest, leisure activity, or intense
activity. The most extensive knowledge on this subject comes from Maarten Keuten, a Dutch
researcher who has carried out considerable research on the contributions of swimmers in swimming

pools (Keuten et al., 2014). He demonstrated that the main organic fluid secretion of swimmers is

8
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perspiration and managed to precisely quantify these secretions. As shown in the figure below
(Figure 4), he normalized the perspiration secretion in a swimming pool at 32°C in liters per m? of skin
per hour. The unit on the abscissa represents the oxygen uptake in liters per minute, which depends
on physical activity. Sweat production increases from 0.05 to 0.4 L/m?/h between rest and intense

activity.

0.45 " : ; ;
resting leisure swimming aqua spinning
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Figure 4: Evolution of the normalized sweat release as a function of the oxygen intake for different

data from the literature. Reproduced from (Keuten et al., 2014) with the permission of Elsevier.

Knowing that an adult of average size (175.6 cm tall and 77.4 kg (Keuten et al., 2014)) has a skin surface

that can be estimated at:

BSA =

VW;H = 1.943m? (1)
Where BSA = body surface area (m?), W = weight (kg), and H = height (m)

We can consider that the maximum perspiration secretion is 0.78 L for a swimmer doing intense

activity for one hour in water at 32°C.

(iii) In terms of temperature, the data given above (Figure 4) by Keuten et al. (Keuten et al., 2014) were
compared with all the scientific literature in the field (Figure 5). There is a very significant increase in
the sweat contribution of bathers above 29°C. At 32°C, the sweat secretion is double what it is at 29°C,

whereas it does not vary between 25 and 29°C.
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Figure 5: Evolution of the normalized sweat release as a function of the pool water temperature for
different data from the literature. Reproduced from (Keuten et al., 2014) with the permission of

Elsevier.

Based on the reference values set by the World Health Organization (WHO) (World Health
Organization., 2006), the volume of perspiration translates to a quantity of nitrogen provided in the
form of 68% urea, 18% ammonia, 5% amino acids, 1% creatine, and 8% other compounds for a total of

992 mg/L.

All of the above information, combined, leads to the conclusion that in an aquafitness pool, for
example, the nitrogen secretion of bathers will be on average 774 mg per bath. This value corresponds
well with the data generated by Seux et al. (Seux, 1988), who concluded a secretion of 860 mg of total
nitrogen per bath. To this, Seux et al. (Seux, 1988) adds the urine secretion per bather, estimated
between 25 and 60 mL, which corresponds to 215 mg of nitrogen. The high value was later confirmed
by Erdinger et al. (Erdinger et al., 1997). These values are also confirmed by the body fluid analog
defined by Judd and Bullock (Judd et al., 2003) and used in many studies since then (Hua et al., 2022;
Peng et al., 2021).By adding an additional safety margin, the average secretion per swimmer taken into

consideration to size a bio-mineral filtration system is 1,200 mg of nitrogen.

10
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Phosphorus data are less detailed in the scientific literature. The main contribution comes from Schulz
et al. (Schulz, 1981) who establishes a secretion of 0.55 mg from sweat to which is added 45 mg

provided by urine. As a result, the average phosphorus secretion taken into consideration is 60 mg.

When sizing its bio-mineral filtration systems, Aquatic Science uses these anthropogenic pollution
values and the operating scenarios to ensure a good match between the filtration capacity and each

pool (Aquatic Science, 2022b).

2.2.2. Microbiological pollution

Bathers bring with them bacteria and various micro-organisms into the pool (Figure 6). These can be
of fecal or non-fecal origin. Among the first category, there are viruses, protozoa and bacteria (an

exhaustive list can be found in (AFSSET, 2009)).

Microorganisms of Microorganisms of
fecal origin non-fecal origin
L ]
i Bacteria Bacteria |
Norov\i/rl:;s E. coli S. aueus Virus
iti i Shigell A. hydrophila Adenovirus
Hepatitis A virus igellaspp . Molluecivoevirus
Adenovirus Salmonella Streptococcus spp ol )
Rotavirus C. jenuni P. aeruginosa aplllomavirus
Astrovirus Mpycobacterium spp
Enterovirus L. pneumophila
Enterococcus spp —|

Protozoa Protozoa
Giardia Fungi Acanthamoeba spp
Cryptosporidium Candida albicans Naegleria fowleri

Dermatophytes
Aspergillus spp

Figure 6: Bacteria classification of fecal or non-fecal origin.

Among all the microorganisms that can be encountered in swimming pools, the pathogens most
frequently implicated in sporadic cases or epidemic outbreaks in France, as example country leader in
Europe, are listed in Table 1. In other countries, same pathogens are also responsible for epidemic
outbreaks as collected in (Barna et al., 2012; Bonadonna et al., 2019; Gromicko, 2023; Hassanein et al.,
2023).

11
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Table 1: The pathogens most frequently implicated in sporadic cases or epidemic outbreaks in

France.

Micro- Origin Mode of Associated Population group at Link with
organism (H=human: contami- pathologies risk bathing
A=animal) nation waters
Pseudomonas Hydrotelluric Respiratory Ottitis, folliculitis, Children, elderly, (World
aeruginosa (biofilms), fecal contact urinary or immunodeficient Health
(H,A), skin respiratory infection, | persons or those with | Organization
mucosa (H,A) conjunctivitis mucovisidosis ., 2006)
Shigella sp. Fecal (H) Fecal-oral Gastro-enteritis Young children (World
Health
Organization
., 2006)
Crypto- Fecal (H, A), Contact, Acute gastro- Children, elderly or (Coupe et
sporidium spp hydrotelluric fecal-oral enteritis, chronic for immunodeficient al., 2006;
(oocytes) immunodeficient persons Graczyk et
patients and al., 2007;
potentially lethal for Karanis et
some at-risk al., 2007;
populations World
Health
Organization
., 2006)
Giardia Fecal (H,A) Fecal-oral Gastro-enteritis All (Coupe et
duodenalis al., 2006;
Graczyk et
al., 2007;

12
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Karanis et
al., 2007;
World
Health

Organization

., 2006)
Adenovirus Fecal (H,A) Fecal-oral, Gastro-enteritis, Immunodeficient (World
respiratory conjunctivitis, acute persons Health
mucosa respiratory disease Organization
., 2006)
Calicivirus Fecal (H,A) Fecal-oral Gastro-enteritis All (World
(incl. Health
norovirus) Organization
., 2006)
Enterovirus Fecal (H) Fecal-oral, Respiratory disease, Children (World
respiratory | skin infection, heart Health

disease, meningitis

Organization

., 2006)

We note that among the pathogens frequently present in swimming pools, all are of fecal origin with

the exception of Pseudomonas aeruginosa which are generally found in lawns bordering certain

outdoor swimming pools.

It is interesting to note that protozoa are listed among the pathogens encountered in swimming pools

while they are not among the indicator organisms. For example, numerous studies have revealed that

Cryptosporidum oocysts are frequently observed in chlorinated swimming pools (Coupe et al., 2006;

Graczyk et al., 2007; Karanis et al., 2007; World Health Organization., 2006). An exhaustive study

showed that they were present in 7.7% of hotel swimming pools and in 33.3% of swimming pools

13
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frequented by schools for an overall average of 16.7% (Xiao et al., 2017). The presence of these
pathogens being sporadic, other bacteria have been selected to play the role of indicators of
contamination and dysfunction of disinfection (Coupe et al., 2006; Graczyk et al., 2007; Karanis et al.,
2007; World Health Organization., 2006). The indicators of the sanitary quality of water reflecting fecal
contamination are generally Escherichia coli and Enteroccocus spp (World Health Organization., 2006).
Regarding pathogens of non-fecal origin, the indicators of the sanitary quality of water are generally

Pseudomonas aeruginosa and Staphylococcus aureus (World Health Organization., 2006).

These bacteria that are indicative of a health risk, described as "indicator bacteria", are almost always
brought in by the various routes of contamination. In this sense, they play their role as indicators well.
For example, Elmir et al. (Elmir et al., 2007) demonstrated that healthy carrier swimmers bring on
average 5.5x10° colony-forming units (CFU) of Enterococcus and 6.1x10° CFU of Staphylococcus
aureus. These results reinforced older studies such as those by Robinton et al. (Robinton et al., 1966)

and Smith et al. (Smith et al., 1993).

Taking the French legislation relating to artificial bathing as a reference, which provides for a dilution
factor of the potential for inter-bather contamination, each bather must have a minimum of 10 m?3 of
water. If we consider that the bacteria brought in by a bather are dispersed in a homogeneous way in
the whole of the volume of water available to them, in periods of maximum frequentation, the average
contribution related to the measurement of the quality of the water of bathing will be 65 CFU/100 mL
of Staphyloccocus aureus and 6 CFU/100 mL of Enterococcus on average per healthy carrier. Knowing
that for Staphyloccocus aureus, 20% of adults are healthy carriers and 60% occasional carriers, the
expected average levels will be around 13 to 52 CFU/100 mL, i.e., greater than all the regulations in

force for the quality of swimming pool water (Kluytmans et al., 1997).

As with organic pollution, usage scenarios must be carefully considered. The calculation summarizing
the contributions by bathers assumes a homogeneous distribution of the contribution of each.

However, this will never be the case. It is easy to imagine that the close proximity of a bathing couple,

14
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for example, locally creates very different situations. The place of sampling, attendance, and the type
of activity in progress at the time of sampling will influence the representativeness of the sample on
the overall assessment of the health risk. However, it is important to define an overall risk in order to

adapt the size and calibration of disinfection systems and to set up an appropriate operation.

2.3. Impact of swimming pool type on the contents of organic pollutants entering the water - A

comparative study at the “Centre Scientifique des Techniques du Batiment” (CSTB) in Nantes

In swimming pools, the size of the filters is calibrated to the filtration rate, which ensures treatment of
the entire volume of water in a maximum time depending on the basin size and local legislation
(European Standards, 2012). As organic matter brought in by bathers reacts with the disinfectant to
form by-products, accumulation is possible. Washing the filters makes it possible both to maintain their
performance and also to renew the water so as to reduce the concentrations of by-products. The
consumption of disinfectants will therefore depend on the load of bathers and the contribution of

anthropogenic pollution.

In artificial pools such as bio-mineral pools, the absence of disinfectant means that there is no
accumulation of by-products. Analyses carried out on a pool with bio-mineral filtration that had been
in operation for 6years in Belgium showed that, without changing the water, there was no
accumulation and that the oils in sun creams were degraded by bacteria. On the other hand, there
could be accumulation of organic matter likely to promote algal and bacterial development. The
combined role of mechanical filtration and biological filtration is to ensure the elimination of this

material to prevent its accumulation.

To remove any ambiguity on this question, Aquatic Science commissioned a comparative study at the
Center Scientifique des Techniques du Batiment (CSTB) in Nantes. This center has an indoor

experimental pool (shown in Figure 7), the characteristics of which are listed in Table 2.

Table 2: Characteristics of the indoor experimental pool at the CSTB.
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Characteristic Value

volume of water

Useful volume (m3) 42.24
Length (m) 8
Width (m) 4
Depth (m) 1.32
Temperature (°C) 273
Number of body fluid analogue 4
injections
Buffer tank (m?3) 4
Water flow (m3.h?) 15to 40
Renewal rate (h) to filter the total 1to3

Water treatment

Sand filter, chlorine-based

disinfection, pH regulation

In a complementary way, a mechanical device of artificial swimmers makes it possible to reproduce

the real water mixing conditions of several swimmers (see Figure 7) as well as the organic pollution

brought in by the latter in the form of an organic liquid called body fluid analogue (BFA). The

composition of the added BFA is based on the formulation proposed by Judd et al. (Judd et al., 2003).

16
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Figure 7: Picture of the indoor pool at the CSTB.

For the test to be carried out under realistic bathing attendance conditions, the maximum daily
attendance (MDA) defined by French legislation was used as a benchmark (Gouvernement frangais,

2019). This MDA is fixed by decree according to the following formula:

MDA = (Viotal + Vrecycled + View) / 10 (2)
Where Viotal is the total volume accessible to swimmers (expressed in cubic meters); Viecycled is the
volume of water recycled and treated during the daily bathing operating period (expressed in cubic
meters), which is equivalent to the filtration rate multiplied by the number of opening hours; Vhew is
the volume of new water brought into the bathing area during the daily operating period for bathing
(expressed in cubic meters).

For example, a swimming pool such as that of the CSTB, open from 8 a.m. to 8 p.m,, filtered with a

flow rate of 25 m3/h can accommodate:

MDA = (42 + (12 * 25)) / 10 = 34 persons

The same pool, open from 10 a.m. to 7 p.m., filtered at 15 m3/h can accommodate:

MDA = (42 + (9 * 15) / 10 = 18 persons
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The decree provides that these figures can be doubled by decision of the Director General of the
Regional Health Agency (ARS) at the request of the person responsible for bathing management. In the

examples above, the authorized attendance therefore increases to 68 and 36 people respectively.

In this context, the comparative study carried out was based on attendance ranging from 18 to
54 people per day (CSTB Recherche, 2018). The same attendance was simulated for the two conditions,
one where the swimming pool operated with its standard filtration-chlorination system and one where
a Vitii bio-mineral filtration (Aquatic Science, 2022b) system was installed. During the “chlorinated”
test, the average water temperature during the tests was 29.6°C, the air was 27.2°C, and the relative
humidity 62.8%. During the “bio-mineral” test, the average water temperature was 29.5°C, the air

27.1°C, and the relative humidity 63.8%.

During the chlorinated condition (Figure 8) there is a slight increase in the concentration of total
organic carbon (TOC) in the water due to the introduction of organic pollution from swimmers into the
pool. A significant increase in the trichloramine concentration in the air is observed after 2 days of
operation with an increase from 0.005 to 0.13 mg/m? to reach 0.29 mg/m3 on the 7th day of the
experiment. Knowing that the French Agency for Food, Environmental and Occupational Health &
Safety (ANSES) proposes a maximum value of trichloramine in the air of 0.3 mg/m?3 in its 2010 report

(AFSSET, 2012), this threshold was reached in 7 days.

For its part, the combined chlorine value remained below the concentration of 0.6 mg/L required by

the decree of April 7, 1981 (Gouvernement francais, 1981) with a maximum value of 0.4 mg/L.
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Figure 8: Evolution of different chemical concentrations over 7 days for a classical chlorinated pool

system.

In the bio-mineral condition, none of the measured values showed any variation throughout the
experiment (Figure 9). The TOC and the concentrations of calcium, magnesium, nitrates, phosphates,
the complete alkalimetric title (CAT), and the hydrometric title (HT) did not change significantly. This
high stability of the water parameters during the bio-mineral condition was also observed when no
new water supply was added. In contrast, during the chlorinated experiment, 30 L of new water per

bather was added.

Finally, product consumption was very different between the two conditions. During the chlorine
experiment, 4.62 L of sodium hypochlorite at 48% and 0.99 L of 35.3% sulfuric acid were used. At the
same time, the consumption of products (minerals and bacteria) during the bio-mineral experiment

was only 0.47 L, i.e., a quantity of over 10 times less product.

These test conditions have shown that Aquatic Science's well-sized Vitii bio-mineral filtration system
(Aquatic Science, 2022b) was perfectly capable of controlling organic matter and maintaining constant
water quality without adding new water and without the accumulation of potentially toxic by-
products. On the other hand, the chlorine condition showed that the organic matter secretion by
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swimmers generated an estimated chlorine consumption of 15 mg/Cl,/mg C (Tsamba et al., 2020). All
this chlorine reacts with organic matter to form many disinfection by-products, generating a significant
chemical risk for bathers (Carter et al., 2017). These risks range from lung disease to decreased fertility

following exposure in young children (Nickmilder et al., 2011; Rosenman et al., 2015).

As a conclusion to this section, it is reasonable to say that, unlike disinfectant pools, bio-mineral

filtration does not generate chemical risks for bathers.
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Figure 9: Evolution of different chemical concentrations over 7 days for a pool with bio-mineral

filtration.
2.4. Impact of pool type on microbiological pollution

As detailed in Section 2.1, the microbiological risk is treated by the disinfectant in swimming pools and
by UV radiation in artificial swimming pools with bio-mineral filtration. In swimming pools, this leads
to antagonism between attendance levels and the effectiveness of disinfection. The more bathers

there are, the more their organic inputs will neutralize chlorine and therefore less active chlorine will
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be available to disinfect the water (Fernandez, 2016; Zhang et al., 2023). Furthermore, the addition of
more disinfectant is not an option insofar as the neutralization of chlorine by organic inputs generates
disinfection by-products posing a chemical risk for bathers (Carter et al., 2019). In summary, the more
bathers there are, the higher the chemical risk and the less effective the disinfection (Carter et al.,

2019; Zhang et al., 2023).

Added to this is the fact that chlorine, the most commonly-used disinfectant, is only slightly effective
against certain pathogens, including, among the most common, the protozoan Cryptosporidium spp.
That said, in general, cases of contamination in swimming pools are very low compared to the number
of people practicing sports or leisure swimming (Bonadonna et al., 2019; Dallolio et al., 2013). The

standards applied for water disinfection are fully operational (Barna et al., 2012).

In artificial bathing, less knowledge is available on the effectiveness of measures taken to ensure the
sanitary quality of water. The risk incurred by bathers is different from that incurred in a chlorinated
pool (Casanovas-Massana et al., 2013; Shoults et al., 2021), here ultraviolet radiation combined with
an advanced oxidation process (AOP) ensures powerful reduction of the various pathogens

encountered in swimming pools (Ekowati et al., 2019; Shoults et al., 2021).

Table 3 shows the UV dose expressed in mlJ/cm? required for a 99.99% reduction in exposed
microorganisms. The cited references illustrate the highest doses listed in the perpetual inventory
maintained by the International UV Association (Abshire et al., 1981; Blatchley Ill et al., 2016; Bounty
et al., 2012; Chang et al., 1985; ClauR, 2006; Gerba et al., 2002; Linden et al., 2009; Malayeri et al.,
2018; Nwachuku et al., 2005; Park et al., 2011; Qian et al., 2004; Shin et al., 2005; Thurston-Enriquez

et al., 2003; Wilson, 1992).

Table 3: UV dose (in mJ/cm?) required for a 99.99% reduction in exposed microorganisms.
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Micro-organism

Strain

UV lamp type

UV dose

(mJ/cm?) for

99.99%

elimination

References in bathing

waters

Pseudomonas ATCC 9027 Low pressure 17.0 (Abshire et al., 1981)
aeruginosa ATCC 27853 Low pressure 3.1 (ClauR, 2006)
NCTC 10662 Low pressure 5.0 (Blatchley Ill et al., 2016)
Shigella sp. S. dysenteriae Low pressure 2.8 (Wilson, 1992)
S. sonnei Low pressure 6.5 (Chang et al., 1985)
Cryptosporidium spp - Low and 6.0 (Qian et al., 2004)
medium
pressure
Giardia duodenalis - Low and 3.4 (Qian et al., 2004)
medium
pressure
Adenovirus Type 1 Low pressure 138 (Nwachuku et al., 2005)
Type 2 A549 cell Low pressure 168 (Linden et al., 2009)
line
Type 2 ATC VR-846 Low pressure 206 (Bounty et al., 2012)
Calicivirus (including CRFK cell line Low pressure 30 (Thurston-Enriquez et al.,
Norovirus) 2003)
ATCC CCL-94 Low pressure 26 (Park et al., 2011)
Enterovirus Coxsackievirus Low pressure 33 (Gerba et al., 2002)
BGM cell line — B3
Coxsackievirus Low pressure 24 (Shin et al., 2005)

BGM cell line — B4
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In addition to this list of pathogens most frequently responsible for infections in swimming pools,

Table 4 shows the same values for the indicator bacteria.

Table 4: UV dose (in mJ/cm?) required for a 99.99% reduction in indicator organisms.

Micro-organism Strain UV lamp type UV dose References in bathing
(mJ/cm?) for waters
99.99%
ATCC 11229 Low pressure 8.4
ATCC 700891 Low pressure 13.0 (Quek et al., 2008)
Enterococcus spp. S. dysenteriae Low pressure 2.8 (McKinney et al., 2012)
E. faecium Low pressure 13.0 (Moreno-Andrés et al.,
2016)
E. Faecalis Low pressure 14.0 (Abshire et al., 1981)
Pseudomonas ATCC 9027 Low pressure 17.0 (McKinney et al., 2012)
aeruginosa 01 Low pressure 6.3 (Chang et al., 1985)
Staphylococcus ATCC 25923 Low pressure 10.0 (Chang et al., 1985)
aureus

The UV dose emitted during disinfection is calibrated to ensure a minimum of 25 mJ/cm? and an
optimum of 40 mJ/cm? so that none of the pathogens or indicator bacteria undergo a reduction of less
than 4-log (99.99%). Only certain adenoviruses will be weakly affected by this disinfection treatment

(McKinney et al., 2012; Moreno-Andrés et al., 2016; Quek et al., 2008).

Unlike disinfectant treatment, UV disinfection does not lose its effectiveness in the event of high traffic.
On the other hand, as only the water taken up by the filtration system is disinfected, it is essential that
all the water in the pool is taken up. If the pool has a dead zone, its water is not disinfected and there

is a risk of localized pathogen development.
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Although public biological and bio-mineral swimming pools are multiplying in Europe (>150), there is
no legislative consensus concerning health and safety management. In addition, standards vary greatly
from region to region and from country to country. As a result, water quality management is put into
perspective in relation to the oldest and most complete standards, with a focus on the situation in

France, a reference country and leader of the European swimming pool market (Fairland, 2022).

In Austria, since 2015, a specific standard has been in operation (Austrian law, 2015). It defines
bacterial thresholds to classify water as "Excellent", "Very good", "Good" and "Poor" on the basis of
three bacteriological parameters expressed in the form of concentrations in colony forming units per
100 mL (CFU/100 mL) for the bacterium Escherichia coli, for the bacterial genus Enterococcus, and for
the bacterium Pseudomonas aeruginosa (Abshire et al., 1981). In other regions, a fourth indicator is
frequently measured, the bacterium Staphylococcus aureus. As this is not the case in Austria, we do
not have a reference value for this parameter. Furthermore, as 20% of individuals have been shown to
be permanent carriers of Staphyloccocus aureus (Kluytmans et al., 1997), 60% are intermittent carriers,
and only 20% of adults are non-carriers, it is inevitable that these bacteria will temporarily find their
way into pool water before being filtered out. This will be more prevalent for a swimming pool
frequented by children, who are carriers in 60% of cases. For this parameter, we therefore only indicate
the threshold value defined in French legislation and we provide it as the threshold for excellent to

good quality.

In order not to confuse the risk of potential accumulation with the bacteria brought in by bathers,
reference can also be made to the European Directive of February 15, 2006 on the quality of bathing
water in the natural environment (lakes, rivers, etc.) (Parlement Européen, 2006). However, this

Directive only sets thresholds for so-called “good” water quality for 2 indicators.

Table 5 summarizes this data and shows that, by defining categories of water quality, the Austrian

legislation has already taken account of this Directive and the reflection proposed in this document.
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Table 5: Austrian water quality parameters for bacteria concentrations (Austrian law, 2015) in water

for bathing in natural environments.

Parameter Excellent Very Poor water  Directive
water good 2006/7/CE
water
E. coli <25 26-100 | 101- >1000 >1000
1000
Enterococcus <15 16-50 51-400 >400 >400
P. aeruginosa 0 1<25 25<100 >100
Staphylococcus <20 >20
aureus

When an analysis reveals that all the parameters correspond to "Excellent" quality water, this reflects
the perfect functioning of the filtration system, so no corrective action is to be taken. In all other cases
where analysis reveals that the water is not "Excellent" for all the parameters, corrective action must
be taken. Action is recommended when the water is of "Very Good" quality, is important when the

water is of "Good" quality, and is essential if the water is of "Poor" quality.

The results of analyses of the quality of bathing water for systems equipped with bio-mineral filtration
for three reference cases are presented in Section 4, which demonstrate that it is appropriate to define
protocols for the sanitary management of water quality, suitable for defined categories of water

quality.

3. Summary of standards applicable to biological pools in Europe

3.1.Introduction

The title of this section can be confusing. According to the French Public Health Code, for example, a
swimming pool is defined as “an establishment or part of an establishment which includes one or more

artificial pools used for bathing or swimming activities” (article D1332-1). Up to this point in the
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definition, there is nothing to distinguish a so-called “traditional” swimming pool from a so-called
“biological” swimming pool. In the following article of the Code, the notion of disinfection is introduced
and, in article D-1332-4, clarity is made on the specification of "traditional" swimming pools whose

water must be "filtered, disinfected” and disinfectant used.

As the main characteristic of a biological swimming pool is to not use disinfectant products, an essential
difference appears. Figure 10, published by ANSES in (AFSSET, 2009), illustrates the sequences that

make it possible to clearly distinguish between the different places for bathing or swimming.

‘ Water dedicated to bathing ‘

Disinfected and
disinfecting water ?

Yes No

o

Suimming o
Captured water and

held captive ?
No

Yes
Artificial bathing Open bathing
Good hydraulic Regulations
management ?
es - No
Recirculation ? Health risks category
not recommended
No . - —__Yes

Open svsfem Closed system
Treatment ? @
No 7. Yes No - Yes
Bathingin.open Environmental Health risks - h'— o
system risks category not category not
recommended recommended J S— stem
Artificial bathing with Artificial bathing with
biological filtration other treatment

Figure 10: Sequence scheme to distinguish between the different places for bathing or swimming,

translated from (AFSSETfsset, (2009).

When the water is not disinfecting (e.g., chlorine-treated), it is officially necessary to speak of bathing.
In the case of developed places, we refer to artificial bathing. Then, good hydraulic management, a
closed system, and the use of efficient filtration leads to the definition of artificial bathing with

treatment by biological filtration. The activity of Aquatic Science is located squarely in this category of
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bathing place. That being said, in everyday language the first part of the definition of the swimming

pool prevails, i.e., one or more artificial pools used for bathing or swimming activities.

To mark the distinction, if the term swimming pool is used, it will be followed by "with biological
filtration". Alternatively, the term bathing is used. The first pools of this type accessible to the public
date to the 1980s in Germany and Austria (Couleur Nature, 2022). These pools with biological filtration
are subject to local permissions, as was the first such pool installed in Combloux, France in 2002

(Delohen, 2012).

These pioneering facilities were well-received by the public, but also had limitations in terms of
operation, positioning them in a segment of activities that is not very comparable to that of traditional
swimming pools. All resorted to biological filtration by lagooning. This approach makes it difficult to
heat water, equip indoor establishments, accommodate a large audience, etc. This has led
professionals in the sector in France under the aegis of their association (UNEP) to distinguish two sub-
categories of swimming pools with biological filtration. In concrete terms, this resulted in the

publication of two professional rules:

- C.C.10-RO (July 2013) — Design and construction of biological pools with intensive filtration (Thepaut

et al., 2013)

- C.C.9-R0O (December 2017) — Design and construction of artificial swimming pools with biological

filtration (Esser et al., 2017)

The technology developed by Aquatic Science falls into the so-called "intensive" category, which offers
a real alternative to traditional swimming pools. In this case, the biological filtration is no longer done
by lagooning, but in three stages comprising mechanical filtration, bacterial filtration, and disinfection
by oxidizing UV. In addition to these filtration stages, the mineral balance of the water is maintained.
We then distinguish a sub-category of swimming pools with biological filtration, namely swimming

pools with bio-mineral filtration.

27



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

The first swimming pool with bio-mineral filtration accessible to the public was installed in Belgium in
2012 (Aquatic Science, 2022a). The largest in size and attendance to date is in the Paris region and

accommodates up to 900 people per day in a volume of water of 1300 m3.

The regulatory framework in which these various pools with biological filtration have evolved over the

years can be summarized as briefly presented in the next section.

3.2.The microbiological/bacteriological quality parameters of biological swimming pool waters

The health parameters measured differ slightly from one country to another, but constants emerge:
the measurement of Escherichia coli, Enterococci, and Pseudomonas aeruginosa (Gouvernement
flamand, 2019; Switzerland law, 2016; Walloon law (Belgium), 2013). The transposition of the

standards applied to traditional pools to biological pools can be summarized and applied as follows:

- Escherichia coli

In traditional swimming pools, E. coli is a control germ indicator of recent fecal contamination, which
reflects a decrease in the effectiveness of the disinfection treatment and the potential presence of
other pathogenic germs. The main risk associated with the presence of E. coli concerns gastroenteritis

and the risk of urinary tract infections (Barna et al., 2012; Gromicko, 2023).

In a bio-mineral pool, disinfection is ensured by treatment based on ultraviolet (UV) radiation with
additional oxidation such as photocatalytic UV. The UV dose required for the elimination of 99.99% of
E. coli is 7.242.55 mJ/cm? according to the synthesis of 48 studies carried out by Malayeri et al.
(Malayeri et al., 2018). The combination of the impoverishment of the medium in order to limit
bacterial proliferation, a UV treatment delivering a minimum of 25 mJ/cm? and a hydraulic circuit
making it possible to treat the entire volume of water repeatedly in accordance with the legislation

makes it possible to limit the contribution of bacteria by swimmers.

Bio-mineral filtration technology is therefore perfectly suited to controlling the risk associated with the

release of fecal bacteria by swimmers.
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- Enterococcus

Enterococci are bacteria that usually appear in the form of chains. These are opportunistic pathogens
causing sepsis, urinary tract infections, or abdominal infections of intestinal origin. They are the cause
of more than 10% of nosocomial infections (AFSSET, 2009, 2012). For a very long time, Enterococci
were classified within the genus Streptococcus, until 1984, when an analysis of the genome indicated
that it was more appropriate to create the genus Enterococcus (AFSSET, 2009, 2012). As their name
suggests (enteric + shell), Enterococci are part of the commensal flora and are found in particular in
the digestive and genitourinary tracts. The ecology of Enterococci is different from that of Streptococci
and their adaptation to the intestinal environment, where they are normally commensal minorities,
gives them several properties that are different from Streptococci; In particular, they are more
resistant in outdoor environments. As with E. coli bacteria, their presence in water is an indicator of

fecal pollution.

The most common ailments are (AFSSET, 2009, 2012):

- urinary tract infections and abdominal abscesses where they are found alone or in association with

E. coli bacteria;

- peritonitis;

- secondary infections of surgical wounds, especially abdominal ones, responsible for abscesses;

- slow or subacute endocarditis (5 to 10% especially in elderly men) which can lead to bacteremia and

septicemia.

In 2004 (AFSSET, 2009, 2012), Enterococcus spp. took the place of the fecal coliform group for the new
French federal standard for the quality of bathing water at public beaches, as this indicator is
considered to be representative of many other fecal pathogens and, in particular, is found in

wastewater.
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The two species most frequently encountered in human pathology are Enterococcus faecium and
Enterococcus faecalis, which can cause infections in weakened patients. They are opportunistic

pathogenic bacteria.

The dose required to achieve a 4-log reduction (99.99%) of these two bacteria is respectively

13 mJ/cm? (McKinney et al., 2012) and 12 to 14 mJ/cm? (Chen et al., 2016; Moreno-Andrés et al., 2016).

Oxidizing UV treatment delivering a minimum of 25 mJ/cm? is therefore perfectly suited to eradicating

these bacteria.

- Pseudomonas aeruginosa (from (Zini et al., 2010))

Pseudomonas aeruginosa is an abundant ubiquitous bacterium in soils, plants, and water. It is
distinguished by its great adaptability (the strains require very few nutrients), by its ability to survive
for several months in water or even to multiply there, and by its ability to colonize humans. Under
laboratory conditions, its optimum temperature for growth is 37°C, but the bacterium can multiply up

to a temperature of 42°C (Husson et al., 2000).

Water is the natural reservoir of P. aeruginosa. Some authors consider that its presence constitutes an
indicator of contamination of surface water, domestic wastewater, and agricultural effluents (de
Vicente et al., 1988; Geldreich, 1996; Warburton et al., 1994). The concentration of P. aeruginosa in
surface water receiving wastewater and runoff can vary between 1 to 10,000 cells/100 mL (Geldreich,
1996). Its concentration in river water, near urban runoff sites, can be significant and vary from 100 to
1000 cells/100 mL (Alonso et al., 1989). Unlike bio-mineral pools, in other swimming pools and bathing
areas whose water is not chlorinated, the concentration of P. aeruginosa can exceed
1,000 cells/100 mL (Mena et al., 2009). In bathing waters, the number of P. aeruginosa is correlated
with the number of bathers (Seyfried et al., 1984). This germ, adapted to the water environment, is
able to very quickly colonize wet surfaces (walls and bottom of basins), to spread throughout the

installation (filters, pumps, pipes, etc.) and to colonize biofilms (Mena et al., 2009).
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Among the bacteria of the genus Pseudomonas, P. aeruginosa is the species most commonly
associated with human pathologies. In addition to the fact that it is the cause of nosocomial infections
in subjects whose immunity is weakened (it represents 10% of hospital nosocomial infections), P.
aeruginosa is recognized as being responsible for infections during swimming in recreational waters.
(Mena et al., 2009). The infectious dose is difficult to establish because it varies according to the strain
and the mode of transmission: orally, it would be around 108 CFU in mice and 10%° CFU in humans; by
inhalation, the LD50 in mice is estimated at 2.7x107 CFU, which suggests a relatively high infectious

dose in humans; via the dermal route, this is not known (Mena et al., 2009).

To achieve a 4-log reduction (99.99%) of Pseudomonas aeruginosa, the UV dose required is 3.1 to
6.2 mJ/cm? (Blatchley lll et al., 2016; ClauR, 2006). Again, the photocatalytic UV treatment delivering

a minimum of 25 mJ/cm? is therefore highly suitable for eradicating these bacteria.

3.3.Regulations region by region

In terms of biological swimming pools, there is no regulatory homogeneity across Europe. The tables
below summarize the situation in the regions where specific legislation has either been published or is
under specific examination, in order of importance from the point of view of the number of equipped

swimming pools.

In France, the legislative framework has recently evolved. Since 2006 and the referral to AFSSET (now
ANSES) relating to the health risks associated with artificial bathing, recommendations had been given
to the Regional Health Agencies (ARS). A certain margin of maneuver was left to their discretion. This
was particularly the case for the levels of Pseudomonas aeruginosa which varied according to the
bathing size between 10 and 100 CFU/100 mL. The situation has been clarified since the entry into
force on April 15, 2019 of a decree and its implementing orders (Gouvernement frangais, 2019). The

standards applied can be summarized as shown in Table 6:

Table 6: Water quality parameters for bacteria concentrations in France (Gouvernement frangais,

2019).
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Parameters/norm France

Acceptable Poor
Escherichia coli (in CFU/100 mL) <100 >500
Enterococcus (in CFU/100 mL) <40 >200
Pseudomonas aeruginosa (in >100
CFU/100 mL)

565

566 In Wallonia, the oldest bio-mineral swimming pool has been in operation since the end of 2012. It has
567  been the subject of a permission. This remains the reference document, which has since been applied
568  to other establishments open to the public. Its operating permit has evolved over time and has led to
569  areduction in the limits of microbiological parameters. The limits of the first and the second allowed

570 arelisted in Table 7 as the limits of excellent or poor water quality.

571 Table 7: Wallonia water quality parameters for bacteria concentration (Walloon law (Belgium), 2013).

Parameters/norm Wallonia

Excellent Acceptable Poor
Escherichia coli (in CFU/100 mL) <50 50%<...<500 >500
Enterococcus (in CFU/100 mL) <20 20<...<200 >200

Pseudomonas aeruginosa (in

CFU/100 mL)

572

573 In Austria, a specific standard was published on the subject in June 2015 (Austrian law, 2015) (Table 5).
574  In Flanders, legislation exists concerning swimming ponds (zwemvijvers) (Gouvernement flamand,
575 2019). A more comprehensive and demanding bill is, however, being drafted. In Table 8, the values

576  given under the headings “Poor, Acceptable, and Very Good” correspond to the limit values and
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577  recommended values for swimming ponds. The limit values of the new legislation in preparation are

578 indicated under the heading “Bio Pool”.

579 Table 8: Flanders water quality parameters for bacteria concentration (Gouvernement flamand,

580  2019).
Parameters/norm
Excellent Acceptable Poor Bio Pool
Escherichia coli (in CFU/100 mL) <1000 1000%<...<2000 >2000 >100
Enterococcus (in CFU/100 mL) <400 400<...<700 >700 >50
Pseudomonas aeruginosa (in >10
CFU/100 mL)

581

582 In Switzerland (Switzerland law, 2016), according to the ordinance relating to so-called “biologically
583 regenerated” bathing waters, a single maximum threshold has been set for three indicator bacteria

584  (Table9).

585  Table 9: Switzerland water quality parameters for bacteria concentration (Switzerland law, 2016)

Parameters/norm Switzerland

Excellent Poor
Escherichia coli (in CFU/100 mL) <100 >100
Enterococcus (in CFU/100 mL) <50 >50
Pseudomonas aeruginosa (in <10 >10
CFU/100 mL)

586

587 It emerges from these comparisons that the Austrian legislation segmenting water quality into 4
588 categories ranging from “Excellent” to “Poor” combines both health and safety and indicators of

589  possible malfunctions.
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The question of the release by bathers of Staphyloccocus aureus is, however, not resolved by the
threshold value of the Austrian legislation. Only release by bathers during immersion in water, before
the water has time to be filtered, can lead to this threshold being exceeded if bathing density
corresponds to the maximum authorized in France. As we have seen, the release by swimmers can

reach 52 CFU/100 mL without the proper functioning of the filtration being incriminated.

4. Summary of analysis results — Example of 3 public swimming pools

4.1.Introduction

In order to properly position the strengths and weaknesses of the technology in the context of
maintaining the sanitary quality of bathing waters, three representative bathing scenarios (two in

France and one in Belgium) are detailed below.

For these three infrastructures in operation before the publication of the French decree relating to
biological bathing (April 2019) (Gouvernement francais, 2019), a detailed analysis of the health control
reports carried out by the reference laboratories was undertaken. These data are therefore completely

objective and reliable.

4.2.Summary of data collected from three bio-mineral pools in France and Belgium

These three pools correspond to three different use scenarios, making them very representative of the

diversity of infrastructures.

Bathing pool A is a fine example of a large-volume outdoor communal swimming pool, it belongs to a
French public school. At the other end of the spectrum of swimming pools, bathing pool B is a French
aquafitness pool. It is a small heated indoor swimming pool frequented by a large number of bathers.
Bathing pool C is intermediate because it is heated, indoors, but successively very popular for
recreational activities (aquabike, baby swimmers, etc.) and little used for relaxation and care activities;

it is a Belgian aquafitness pool.

4.3.Bathing pool A
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The characteristics of this pool are summarized in Table 10.

Table 10: Characteristics of the pools A, B, and C.

distributed over the entire
shallow depth

- A bottom suction circuit
via large bottom drains

-An overflow channel along
the entire length of the pool

for surface recovery

distributed on one side of
the swimming pool

- A suction circuit from the
bottom by 2 bottom drains
- Distribution of skimmer on
2 sides of the pool for

surface suction

Opening date July 2016 December 2018 December 2012

Capacity 1,700 m3 50 m3 50 m3

Filtration rate 635 m?/h from 70 to 105 m?/h 35 m?/h

Maximum instantaneous | 170 people 5 people Unlimited

attendance (MIA)

Maximum daily attendance | 1100 people 110 people Around 120 people per
(MDA) week

Hydraulic characteristics - Discharge network | - Discharge network | - Discharge network

distributed on one side of
the swimming pool

- A bottom suction circuit
via 1 bottom drain

- Distribution of skimmer on
the opposite side to the
pool discharge for surface

suction

Thermal characteristics

- Water heating by a few °C
to allow comfortable
outdoor use from mid-May
to mid-September

- Large shallow beach
actively contributing to

water warming.

- Heat pump to maintain the
water temperature

between 29 and 32°C

- Heat pump to maintain the
water temperature

between 28 and 30°C

Games and accessories

- 5 pentaglides in operation
a few hours a day
- 90 m3/h slide in operation

a few hours a day.

- Addition of equipment for
the practice of Aquagym

such as Aquabikes

- Addition of equipment for
the practice of Aquagym

such as Aquabikes
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Average water temperature

24.5042.50°C with a

maximum at 29.40°C (n=32)

28.60+2.30°C with a

maximum at 32.10°C (n=29)

29.70+1.10°C with a

maximum at 31.20°C (n=85)

always basic (n=32)

always basic (n=14)

Transparency background visible in 100% | background visible in 100% | Not measured
of cases (n=32) of cases (n=29)
Average pH 8.05+0.37, i.e., pH which is | 7.90+0.30, i.e., pH which is | 7.92+0.17, i.e., pH which is

always basic (n=85)

In addition to these water parameters, the bacteriological parameters had the following results

(Table 10):

Table 10: Bacteriological parameters measured for bathing pool A.

Bathing pool A E. coli ‘ Enterococcus P. aeruginosa S. aureus

Number of samples 32 32 32 32
Mean count (CFU/100 mL) 1 0 4 0
Standard deviation 4 0 16 0
“Excellent water” threshold 32 32 28 32
% of samples 100.00% 100.00% 87.50% 100.00%
“Very good water” threshold 0 0 2 0
% of samples 0.00% 0.00% 6.25% 0.00%
“Good water” threshold 0 0 1 0
% of samples 0.00% 0.00% 3.13% 0.00%
% “poor water” 0.00% 0.00% 0.00% 0.00%

Table 10 shows us that none of the 32 samples was non-compliant for bacteria. That said, 2 analyses
revealed the presence of fecal bacteria, E. coli, but in sufficiently low numbers so that it does not affect
the quality of the water. In addition, 4 analyses revealed the presence of Pseudomonas aeruginosa.
Two of these analyses contained less than 25 CFU/100 mL of this bacterium and one analysis a

concentration between 25 and 100 CFU/100 mL, i.e., the value defined for “good” water.
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4.4.Bathing pool B

The characteristics of this pool are summarized in Table 10. In addition to these water parameters, the

bacteriological parameters had the following results (Table 11):

Table 11: Bacteriological parameters measured for bathing pool B.

Bathing pool B E. coli Enterococcus P. aeruginosa S. aureus
30 30 30 30
Mean count (CFU/100 mL) 3 3 28 15
Standard deviation 7 12 7 34
“Excellent water” threshold 29 27 24 16
% of samples 96.67% 90.00% 80.00% 53.33%
“Very good water” threshold 1 2 4 10
% of samples 3.33% 6.67% 13.33% 33.33%
“Good water” threshold 0 1 1 1
% of samples 0.00% 3.33% 3.33% 3.33%
% “poor water” 0.00% 0.00% 3.33% 10.00%

Table 11 reveals the presence of Staphyloccocus aureus in almost 50% of the samples reaching
problematic levels in 10% of cases. It is noted that attendance is generally much higher (up to 3-

4 times) than the maximum instantaneous attendance (MIA) at the time the samples are taken.

As detailed in other sections of this document, Staphylococcus aureus is a bacterium for which 20% of
the adult population are permanent carriers and 60% intermittent carriers (Kluytmans et al., 1997). In
a relatively low volume of water per bather and with abundant attendance, the release by bathers is
therefore sufficient to reach the maximum threshold without there being any bacterial development

in the pool.

To fully define the context for which attendance becomes excessive compared to non-disinfectant

technology, an action plan is being implemented for this bathing area. A follow-up of the bacterial
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contribution by the swimmers will be carried out thanks to samples taken several times a day. It will
be possible to monitor whether there is an accumulation over time and whether operating constraints
must be imposed to avoid this accumulation of Staphylococcus aureus. The UV treatment applied is

calibrated to ensure the death of these bacteria with an efficacy greater than 99.99%.

4.5.Bathing pool C

The characteristics of this pool are summarized in Table 10. In addition to these water parameters, the

bacteriological parameters had the following results (Table 12):

Table 12: Bacteriological parameters measured for bathing pool C.

Bathing pool C E. coli Enterococcus P. aeruginosa S. aureus

Number of samples 91 90 15 93
Mean count (CFU/100 mL) 28 3 6 49
Standard deviation 120 7 9 142
“Excellent water” threshold 79 84 7 70
% of samples 86.81% 93.33% 46.67% 75.27%
“Very good water” threshold 8 6 8 4
% of samples 8.79% 6.67% 53.33% 4.30%
“Good water” threshold 3 0 0 5
% of samples 3.30% 0.00% 0.00% 5.38%
% “poor water” 0.00% 0.00% 0.00% 15.05%

Table 12 reveals a frequent problem of excessive presence of Staphyloccocus aureus in 15% of the
samples. In this specific case, a problem of water contamination following a failure of the water heating
circuit had been identified. Several consecutive analyses revealed this problem before it could be
perfectly localized and treated. This does not explain all the overruns, but illustrates the relevance of

the indicator.
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As for bathing pool B, to fully define the context for which attendance becomes excessive compared
to non-disinfectant technology, an action plan is being implemented for this bathing area. A follow-up
of the bacterial contribution by the swimmers will be carried out thanks to samples taken several times
a day. It will be possible to monitor whether there is an accumulation over time and whether operating
constraints must be imposed to avoid this accumulation of Staphylococcus aureus. The UV treatment

applied is calibrated to ensure the death of these bacteria with an efficacy greater than 99.99%.

5. Conclusions and perspectives

In this review, we have illustrated the state of the art concerning bio-mineral swimming pools and
compared it to traditional swimming pools. Bio-mineral swimming pools use a combination of
mechanical filtration, bio-filtration, and UV-treatment to disinfect the water. There is no chemical
addition to the water, it is not disinfectant. Within bio-mineral pools, the bacterial population is
influenced in time and space by bathers in such a way that the environment close to each bather
constitutes a micro-ecosystem in itself. As a result, a single one-off sample taken near a bather only
very slightly reflects the health risk incurred by all the bathers frequenting an establishment. The

analysis of the water quality needs to be different to a traditional swimming pool.

Two main risks exist in a pool: chemical (only organic pollution for the bio-mineral pool) and biological
risks, both of which are linked to the bathers. We call this anthropogenic pollution. Contrary to a
traditional swimming pool, no risk is associated to chemicals such as chlorine in a bio-mineral pool as
no chemical treatments are added. Organic pollution levels depend on three factors: bather hygiene,
activity of the bathers, and the water temperature. The biological pollution can be of fecal or non-fecal
origin. Studies in test tanks have shown that bio-filtration is well-adapted to maintaining the quality of
the water concerning the treatment of organic pollution. This type of filtration clearly avoids the many
chlorine by-products present in classical swimming pools, which can lead to many chemical risks for
the bathers. Concerning the biological risks, the bio-mineral pool relies on UV-treatment to degrade

bacteria. Unlike disinfectant treatments, UV disinfection does not lose its effectiveness in the event of
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high traffic in the pool. On the other hand, as only the water taken up by the filtration system is
disinfected, it is essential that all the water in the pool is filtered. If the pool has a dead zone, its water

is not disinfected and there is a risk of localized pathogen development.

As these bio-mineral pools are spreading across Europe, legislation is gradually following. The health
parameters measured differ slightly from one country to another, but constants emerge: the
measurement of Escherichia coli, Enterococci, and Pseudomonas aeruginosa. In terms of biological
swimming pools, there is no regulatory homogeneity across Europe. The Tables presented in this
review summarize the situation in the regions where the number of bio-mineral pools is the highest.
From these comparisons, it is apparent that the Austrian legislation segmenting water quality into 4
categories ranging from "Excellent" to "Poor" combines both health and safety and indicators of

possible malfunctions.

Then, a study of three real sites of bio-mineral pools was presented. Bacteria used as indicators of
bathing water quality can be broken down into three categories: fecal pollution indicators, external

pollution indicators, and inter-bather contamination indicators.

It appears that, whatever the type of swimming pool, bio-mineral filtration makes it possible to achieve
performances comparable to those encountered in chlorinated swimming pools concerning the risks
associated with fecal contamination and external pollution. On the other hand, when frequentation is
high, as is the case in small swimming pools used for Aquafitness, monitoring the risks of inter-bather
contamination as illustrated by the presence of Staphylococcus aureus reveals a recurring problem.
The simple addition of these bacteria by bathers during their immersion is enough to exceed the
threshold value before the UV + bio-filtration system (Figure 2) has been able to disinfect the water

and reduce the presence of these bacteria.

Knowing that this parameter is not evaluated in bathing waters in the natural environment, and that
numerous studies show that Staphyloccocus aureus are always detected even on beaches (Goodwin

et al., 2012; Thapaliya et al., 2017; Topic et al., 2021), we propose the definition of three thresholds,
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i.e., 0 CFU/100 mL (threshold value in Wallonia) for water of excellent quality, less than 20 CFU/100 mL
(threshold value in France) for water of very good quality, less than 50 CFU/100 mL (contribution of
bathers by simple immersion) for good quality water, and more than 50 CFU/100 mL for poor quality

water.

Combined with the Austrian regulations, these various thresholds lead to the proposal shown in

Table 13.

Table 13: Proposed water quality parameters for bacteria concentrations

Parameter Excellent Very Good Poor water Directive
water good water 2006/7/CE
water (Parlement
Européen,
2006)
E. coli (CFU/100 mL) <25 26-100 101-1000 >1000 >1000
Enterococcus <15 16-50 51-400 >400 >400
(CFU/100 mL)
P. aeruginosa 0 1<25 25<100 >100
(CFU/100 mL)
Staphylococcus aureus 0 0<20 20<50 >50
(CFU/100 mL)

For each of the thresholds and for each parameter, actions to be taken to return to excellent water
quality are described. This document could therefore be converted into an operator manual for the

management and use of bio-mineral bathing pools.
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