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Operational analysis and conclusions
from the implementation of membrane
technologies in public swimming pools
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Public swimming pool facilities are characterized by high water consumption associated with technological processes
such as filter backwashing, pool water renewal, and compensation of operational water losses. To reduce the con-
sumption of potable water and minimize technological wastewater discharge, membrane-based water recovery sys-
tems are increasingly implemented. This study presents an operational analysis and comparison of the water recovery
systems implemented at three public swimming pool facilities (SP1, SP2, and SP3), which differ in technological con-
figuration, membrane type, and integration with swimming pool water treatment systems. The research included
analysis of technical documentation, on-site inspections, and evaluation of operational parameters related to water
recovery and consumption. The results confirmed the high effectiveness of membrane technologies in reducing potable
water consumption and technological wastewater discharge. In facility SP1, the recovery system covered approxi-
mately 91.7% of the water demand associated with filter backwashing, whereas in facilities SP2 and SP3, the recovery
capacity exceeded the facilities' technological water demand. Membrane fouling, particularly in wastewater streams
containing surfactants, cosmetics, and organic compounds, was identified as the main operational limitation. The results
indicate that membrane technologies constfitute an effective solution supporting sustainable water management
in swimming pool facilities. However, their long-term operational efficiency strongly depends on appropriate waste-
water stream selection, effective pre-treatment, and optimization of membrane cleaning strategies.

Keywords: swimming pools, membrane technologies, water reuse, membrane fouling, sustainable swimming pool
management

Obiekty basenowe charakteryzujq sie wysokim zuzyciem wody zwigzanym z procesami technologicznymi, takimi jak
plukanie 16z filtracyjnych, od$wiezanie wody basenowej oraz uzupetnianie strat eksploatacyjnych. W celu ogranicze-
nia zuzycia wody wodociggowej oraz ilosci $ciekéw technologicznych coraz czeéciej wdrazane sq systemy odzysku
wody wykorzystujgce technologie membranowe. W pracy przedstawiono analize eksploatacying i poréwnanie syste-
méw odzysku wody wdrozonych w trzech publicznych obiektach basenowych (SP1, SP2 i SP3), réznigcych sie konfi-
guracjqg technologiczng, rodzajem membran oraz sposobem integracji z ukladem uzdatiania wody basenowe;.
Badania obejmowaty analize dokumentacii technicznej, wizje lokalne oraz ocene parametréw eksploatacyjnych
zwigzanych z odzyskiem i zuzyciem wody. Uzyskane wyniki potwierdzity wysokg skutecznosé technologii membrano-
wych w ograniczaniu zuzycia wody wodociggowej oraz redukgii ilosci $ciekdw technologicznych. W obiekcie SP1
system odzysku pokrywat okoto 91,7% zapotrzebowania na wode do pfukania ztéz filiréw, natomiast w obiektach SP2
i SP3 zdolnos¢ odzysku przekraczata zapotrzebowanie technologiczne tych obiektéw. Najwazniejszym problemem
eksploatacyjnym okazat sie fouling membranowy, szczegélnie w przypadku sciekéw zawierajgcych surfaktanty,
kosmetyki i zwiqzki organiczne. Wyniki analizy wskazujq, ze technologie membranowe stanowiq skuteczne rozwigza-
nie wspierajqgce zréwnowazonq gospodarke wodng w obiektach basenowych, jednak ich efektywnos¢ zalezy od
wiasciwego doboru strumieni éciekéw, odpowiedniego przygotowania wody oraz optymalizacji proceséw czyszcze-
nia membran.

Stowa kluczowe: baseny, technologie membranowe, odzysk wody, fouling membranowy, zréwnowazone zarzqdzanie
obiektami basenowymi
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Introduction

The public swimming pool facilities
belong fo the group of buildings characteri-
zed by a high intensity of water and energy
consumption [1-3]. Sanitary requirements
related to swimming pool water quality, the
need to maintain stable physicochemical
and microbiological parameters, and the
need to ensure adequate user comfort result
in continuous freatment and replacement of
significant water volumes [4, 5]. Modern
swimming pool facilities constitute complex
technological systems in which water and
wastewater management plays a key role
from operational, economic, and environ-
mental perspectives [6, 7]. Water consump-
tion in swimming pool facilities is associated
with domestic and sanitary purposes, inclu-
ding showers, sanitary installations, cle-
aning processes, and catering services, as
well as with technological processes directly
related to the operation of swimming pool
water freatment systems. The primary sour-
ces of technological water consumption inc-
lude backwashing of filter beds, periodic
pool water renewal required by sanitary
regulations, compensation for operational
water losses, and water demand for measu-
rement systems and auxiliary installations.
A significant operational issue is water loss
resulting from evaporation from the water
surface, water splashing by users, water
carried out on the human body, and the
operation of water attractions and overflow
systems. Addifionally, considerable volumes
of technological wastewater are generated
during filter backwashing, foot paddling
pools and water refreshing. In facilities
without water recovery systems, the entire
volume of backwash wastewater is dischar-
ged into the sanitary sewer system, resulting
in high consumption of potable water, incre-
ased load on the sewage infrastructure, and
increased operational costs [ 1, 8].

To reduce water consumption and
improve environmental performonce, water
recovery and recirculation systems are
increasingly implemented in swimming pool
facilities [9, 10]. Membrane technologies
play a particularly important role in these
systems, enabling the separation of suspen-
ded solids, organic compounds, and selec-
ted microbiological contaminants from bac-
kwash wastewater. The membrane proces-
ses most commonly applied in swimming
pool water recovery systems include micro-
filtration (MF) and ultrafiliration (UF), opera-
ting either independently or in hybrid confi-
gurations combined with additional disin-
fection processes [11-13].

Membrane technologies enable high
treatment efficiency and water recovery
rates of approximately 80-90%, while
simultaneously reducing potable water
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consumption and wastewater discharge
volumes. However, the operational perfor-
mance of membrane installations depends
on numerous factors, including the qualitati-
ve composition of the backwash wastewa-
ter, the hydraulic loading of the membrane,
the frequency of cleaning, the susceptibility
to membrane fouling, and the effectiveness
of pre-treatment processes [ 14-17].

An additional operational problem
involves water losses associated with perio-
dic membrane cleaning and concentrate
discharge into the sewer system. Despite the
increasing implementation of membrane
technologies in swimming pool water
management systems, a significant research
gap still exists regarding the actual opera-
tional performance of these installations.
The available studies mainly focus on labo-
ratory or industrial applications [18-23],
while analyses of the long-term operation of
membrane sysfems in real public swimming
pool facilities remain limited. In parficular,
there is a lack of comparative studies that
address different technological configura-
tions, membrane operational stability,imple-
mentation challenges, and the practical
effectiveness of membrane-based water
recovery systems operating in public swim-
ming pool facilities.

The aim of this study is to conduct an
operational analysis and comparison of
membrane based water recovery systems
applied in selected public swimming pool
facilities. The scope of the study includes the
evaluation of technological configurations
of water recovery systems, the evaluation of
operating parameters and comparison of
technological configurations of water reco-
very systems, assessment of water recovery
potential,identification of operational chal-
lenges, and analysis of the practical appli-
cability of membrane technologies in public
swimming pool facilities. Unlike previous stu-
dies focused on membrane fouling mecha-
nisms [24] or wastewater management from
a circular economy perspective [25], the
present work provides a comparative asses-
sment of different full-scale membrane reco-
very system configurations implemented in
public swimming pool facilities. Particular
attention is given to technological design,
operational experience, implementation
challenges, and the practical applicability
of membrane based water recovery sys-
tems.

Materials and methods

The study was conducted through ana-
lysis of real full-scale membrane installations
operating at three public swimming pool
facilities, designated SP1, SP2, and SP3.
The adopted methodology had an imple-
mentation oriented and operational charac-
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ter and was focused on evaluating the per-
formance and effectiveness of water reco-
very systems under real operating
conditions, taking info account both techno-
logical aspects and practical operational
constraints associated with their application.

The research approach was based on
the case study method, involving facilities that
differ in technological configuration, water
management strategies, and integration of
membrane systems info swimming pool water
treatment installations. The invesfigations con-
ducted included an assessment of the
applied design solutions, an analysis of
membrane technology implementation, and
an evaluation of system operation under real
operating conditions. In addifion, technologi-
cal and operational limitations were identi-
fied, and the practical efficiency of water
recovery and reuse was assessed.

In the first stage of the study, a detailed
analysis of the technical, technological, and
operational documentation of the investiga-
ted facilities was performed. The analysis
included technological flow diagrams, mem-
brane system design parameters, hydraulic
configurations of water recovery units, inte-
gration methods for membrane installations
with existing water treatment systems, and
assumptions regarding the recirculation and
reuse of recovered technological water.
Based on the collected documentation, diffe-
rences between the applied technological
solutions were identified, together with the
design assumptions adopted during the
implementation stage of the systems.

The next stage involved on-site inspec-
tions and direct observation of the operation
of the membrane system under real opera-
ting conditions. During field investigations,
the organization of water management
within the facilities, the operational strate-
gies of the recovery systems, and the actual
working conditions of the membrane instal-
lations were evaluated. Particular attention
was paid to operational aspects such as
hydraulic stability of the systems, frequency
of membrane cleaning and backwashing
processes, operational reliability, mainte-
nance requirements, and degree of integra-
tion between recovery systems and the
remaining elements of pool water freatment
technology. The observations conducted
enabled identification of discrepancies
between design assumptions and actual
operational practice.

An important part of the methodology
was the analysis of operational data obta-
ined from the investigated facilities. The ana-
lysis included parameters related to the
water balance of the systems, including fresh
water consumption, the volume of generated
backwash wastewater, the technological
efficiency of water recovery, and variability
of operational parameters over time.
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The frequency and intensity of membrane
cleaning procedures, the appearance of
membrane fouling behaviour, and the influ-
ence of operating conditions on the stability
of the system were also evaluated.
The operational data constituted the basis
for assessing the effectiveness of recovery
systems and determining their actual poten-
tial to reduce potable water consumption
and minimise the discharge of technological
wastewater.

To compare the capacity of the recove-
ry systems with the water demand associa-
ted with filter backwashing, annual water
demand values were estimated using ope-
rational data and engineering calculations.
The frequency of filter backwashing was
determined using historical data obtained
from the Building Management System
(BMS) and verified through consultations
with facility operators. The volume of water
used during individual backwashing events
was estimated based on measured bac-
kwash durations, pump capacities, and filter
surface areas. The resulting annual demand
values were subsequently compared with
the nominal recovery capacities of the ana-
lysed installations. Therefore, the presented
demand-coverage indicators should be
interpreted as estimates based on operatio-
nal observations and engineering calcula-
tions rather than values derived from a com-
plete long-term water balance.

Based on the analysis and observations,
the main operational issues related to mem-
brane installations in swimming pool facilities
were identified. Particular attention was paid
to the membrane fouling mechanism, the
influence of the quality and composition on
the membrane process, the necessity of
periodic cleaning procedures, and limitations
resulfing from the technological configuration
of the recovery systems. This enabled the
assessment of actual implementation barriers
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and the identification of factors that affect the
durability, operational stability, and efficien-
cy of membrane systems.

The analysis of results was performed
using a comparative approach, faking into
account differences in the technological
configurations of the investigated membra-
ne systems, the varying operational condi-
tions of the analyzed facilities, and seasonal
variability of the operational parameters.
The interpretation of results was carried out
primarily in the context of the practical
applicability of membrane technologies in
water management systems of public swim-
ming pool facilities, with particular emphasis
on implementation efficiency, operational
limitations, and potential optimization stra-
tegies for water recovery systems.

Characteristics of implemented
recovery systems

In SP1, a single-stage technological
water recovery system based on PVDF
membranes was implemented for the treat-
ment of the backwash wastewater genera-
ted during the pool filter backwashing pro-
cesses. The system was infegrated into the
swimming pool water treatment installation
and operates in a closed-loop configura-
tion, enabling the reuse of recovered water
for technological purposes. The nominal
capacity of the membrane station is
15 m3/h. The membrane installation was
equipped with four Koch PURON® MP
ultrafiltration modules based on polyester-
-reinforced PVDF braided hollow-fiber
membranes operafing in an outside-in con-
figuration. The nominal membrane pore size
was 0.03 pm, and the total active membra-
ne area amounted to 204 m2. The bac-
kwash wastewater generated during filter
backwashing is directed to a sedimentation
tank, where preliminary separation of

suspended solids and sludge sedimentation
takes place. The settled sludge is discharged
into the sanitary sewer system, while the
supernatant water is pumped fo a vacuum
filtration unit equipped with AFM (Activated
Filtler Media) glass media, which serves as
a prefreatment stage for reducing suspen-
ded solids prior to the membrane process.
It should be noted that the AFM filter consti-
tuted a pretreatment unit within the water
recovery installation. The backwash water
treated in the recovery system originated
from the main swimming pool water treat-
ment system, which is based on pressure
sand filters. Following AFM filtration, the tre-
ated stream is directed to a buffer tank
responsible for hydraulic equalisation and
stabilization of the membrane system.
Subsequently, the water is supplied to a sin-
gle-stage membrane installation equipped
with PVDF membranes. The membrane pro-
cess provides the final polishing of the tech-
nological water stream and enables the
removal of fine suspended particles and
selected microbiological contaminants.
The recovered water obtained after mem-
brane treatment is disinfected by chlorine
dioxide (ClO2) dosing and subsequently
stored in a reclaimed water tank. The reco-
vered water is then reused for swimming
pool filter backwashing processes, contribu-
ting to a reduction in potable water con-
sumption and minimizing the volume of
technological wastewater discharged into
the sewer system. The implemented configu-
ration represents a hybrid water recovery
system that combines sedimentation, granu-
lar media filtration, and membrane separa-
tion processes to enhance water recovery
efficiency and stabilize the quality parame-
ters of the technological water stream.

Figure 1 presents a simplified block dia-
gram of the water recovery system applied
in SP1 facility.

Fig. 1. Scheme of the water recovery system in SP1 ( sedimentation, AFM filtration,
and single-stage PVDF membrane filtration)

Rys. 1. Schemat systemu odzysku wody w SP1 (sedymentacia, filtracja AFM

i jednostopniowa filracja membranowa PVDF)
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In SP2, a two-stage water recovery sys-
tem based on PVDF ultrcfiltration membra-
nes was implemented for the treatment and
reuse of technological wastewater genera-
ted during swimming pool operation.
The membrane installation operates with
a nominal capacity of 12 m3/h and was inte-
grated into the swimming pool water treat-
ment sysfem in a closed-loop configuration.

Backwash wastewater generated
during the pool filter backwashing proces-
ses is directed to a sedimentation tank.
In addition, rainwater collected from the
roof drainage system is infroduced into the
backwash water tank, increasing the volu-
me of water available for recovery and
reducing the facility's demand for potable
water. The settled sludge is discharged into
the sanitary sewer system, whereas the
supernatant stream is pumped into a vacu-
um filter equipped with AFM glass media
prior to membrane treatment. Following
AFM filtration, the treated stream is directed
to a buffer tank to stabilise the hydraulic
conditions of the membrane installation.
The buffer tank additionally receives swim-
ming pool make-up water resulting from
mandatory pool water renewal required by
sanitary regulations. The volume of water

introduced into the system is controlled
based on the number of users entering the
pool facility and in accordance with the
applicable national sanitary regulations
governing the operation of the public swim-
ming pool. The pretreated water is subsequ-
ently supplied to the ultrafiltration system
consisted of six Koch PURON® MP mem-
brane modules arranged in two treatment
lines, each containing three membrane
modoules. The modules were based on PVDF
braided hollow-fiber membranes operating
in an outside-in filtration mode with a nomi-
nal pore size of 0.03 pm. The total active
membrane area of the installation was 306 m2.
The ultrafiltration process provides a final
polishing of the recovered water stream and
stabilization of its physicochemical and
microbiological quality parameters.
Recovered water obtained after the ultrafil-
trafion process is disinfected by chlorine dio-
xide (ClO2) dosing and stored in a recla-
imed water tank. The treated water is then
reused for the backwashing of the pool filter
and replenishing water losses in the pool.

The technological configuration of the
water recovery installation and its integra-
tion info the swimming pool water treatment
system are presented in Figure 2.

The technological configuration imple-
mented in SP3 was based on a hybrid
membrane recovery system integrating
ceramic membrane filtration and PVDF
ultrcfiltration. The pretreatment stage of the
recovery system remained identical fo that
used in SP2 and included sedimentation
and AFM glass media filtration prior to
membrane treatment. Similarly to SP2, the
installation operates in a closed-loop confi-
guration and includes rainwater harvesting,
as well as swimming pool water renewal
streams within the recovery system. The main
difference between SP3 and SP2 is the
application of a ceramic membrane system
as the first stage of membrane separation.
The ceramic stage consisted of eight
SiCBlox™ FX silicon carbide (SiC) flat-sheet
membrane modules operating in an out-to-
-in filtration mode with a nominal pore size
of 0.1 pm and a total membrane area of
55.2 m2. The second treatment stage consi-
sted of three Koch PURON® MP ultrafilira-
tion modules based on PVDF braided hol-
low-fiber membranes with a nominal pore
size of 0.03 pm and a total membrane area
of 153 m2. Consequently, the total membra-
ne area of the SP3 recovery system amoun-
ted to 208.2 m2.
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The ceramic membrane stage provides
higher mechanical and chemical resistance,
enabling operation under increased conta-
minant loading and more intensive cleaning
conditions. Following membrane treatment,
the recovered water is disinfected by chlori-
ne dioxide (ClO2) dosing and reused for
technological purposes within the swimming
pool facility.

The technological configuration of the
SP3 water recovery system and its integra-
tion info the pool water treatment installation
are presented in Figure 3.

Results

The conducted analyses enabled evalu-
ation of the applied technological solutions
and assessment of the impact of membrane
systems on reducing potable water con-
sumption and minimizing the volume of
technological wastewater discharged into
the sewer system.

Water recovery efficiency
and coverage of technological
water demand

Analysis of the three investigated water
recovery systems demonstrated significant
differences in water demand, wastewater
generation, and operational efficiency
between the analyzed facilities. The highest
technological water demand was observed
in facility SP1, characterized by a large sca-
le water treatment installation and infensive
operational load associated with high visitor
capacity typical of aquapark type facilities.
Based on operational data from the Building
Management System (BMS), consultations
with facility operators, and calculations of
backwash water volumes using backwash
duration, pump capacity, and filtration sur-
face area, the annual water demand
for filter backwashing in SP1 was estimated
at approximately 128,900 m3/year.
Comparison of this value with the nominal
production capacity of the recovery instal-
lation indicates that the system has the
potential o cover approximately 91.7% of
the water demand associated with filter
backwashing processes. This indicates
a water recovery efficiency exceeding
90%, demonstrating a substantial reduction
in potable water consumption and techno-
logical wastewater discharge despite the
facility's very high hydraulic load. In con-
trast, at facilities SP2 and SP3, the maximum
production capacity of the recovery systems
exceeded the annual technological water
demand associated with filter backwashing
processes. This indicates that the recovery
installations were capable of fully covering
the demand for technological water requ-
ired for filter backwashing and provided an

additional operational reserve capacity.
The maximum annual recovery capacity of
the implemented two-stage membrane sys-
tems was higher than the technological
water demand associated with filter bac-
kwashing processes, indicating that the
recovery installations were capable of fully
covering the operational demand for tech-
nological water used in filter backwashing
processes [26].

The obtained results clearly demonstra-
te that appropriately designed membrane
recovery systems utilizing high quality
membrane separation processes combi-
ned with chlorine dioxide (ClIO2) disinfec-
tion can fully satisfy the technological
water demand associated with filter bac-

kwashing processes in medium sized
public swimming pool facilities. However,
this conclusion refers specifically to filter
backwashing water demand and should
not be interpreted as covering the total
technological water demand of the facili-
ties. In the case of SP2 and SP3, the inte-
gration of additional wastewater streams,
including rainwater harvesting and pool
water renewal streams, further increased
the operational potential of the recovery
systems and improved the overall water
management efficiency of the facilities.
It should be noted that the comparison per-
formed in this study relates exclusively to
water demand associated with filter bac-
kwashing processes.

Table 1. Comparison of technological configurations and operational parameters of water recovery

systems in SP1, SP2, and SP3

Tabela 1. Poréwnanie konfiguracji technologicznych i parametréw eksploatacyjnych systeméw

odzysku wody w SP1, SP2 i SP3

Parameter sp 1

sp22 SP3

Main swimming pool filtration )
n swimming poot fira Pressure sand filters

Vacuum activated glass Vacuum activated glass bed

system bed filters filters
Quantity 44 pcs. 6 pes. 6 pes.
rsown;“;’“‘"g pool fiers diameter | 56 2800 mm 1600-2600 mm 1600-2600 mm
Annual washings consumption 128 900 m3/year 6 967 m3/year 7659,2 m3/year

Single-stage recovery

Type of recovery station

station

Two-stage recovery stafion

Two-stage recovery station

Recovery station pretreatment

AFM glass media

AFM glass media

AFM glass media

filtration filtration filtration
Nominal capacity of the water 3 3 3
recovery installation 15 m°/h 12m°/h 12m7/h
Maximum daily water 3 3 3
324 m3/d 259,2m3/d 244,8 m3/d

recovery capacity

Estimated annual economic
benefit

410 600 EUR/year®

310 500 EUR/year?!

293 300 EUR/year?)

Maximum annual recovery
capacity

118 260 m3/year

94 608 m3/year

89 352 m3/year

Type of membranes

PVDF

PVDF + PVDF

SiC + PVDF

Membrane supplier

Koch Separation
Solutions

Koch Separation Solutions

Koch Separation Solutions

Membrane model

PURON® MP

PURON® MP

SiCBlox™ FX + PURON® MP

Membrane type

Braided hollow-fiber

Braided hollow-fiber UF

Flat-sheet ceramic UF +

UF braided hollow-fiber UF
Filtration mode Outside-in Outside-in Out-to-in + outside-in
Nominal pore size 0,03 pm 0,03 ym 0,1+0,03 um
Number of membrane stages 1 2 2

Number of membrane

4 x PURON® MP

2 x 3 PURON® MP

8 x SiCBlox™ FX +

modules 3 x PURON® MP
6.9 m? (SiCBlox™ FX);
2 2 1
Membrane area per module 51m 51 m 51 m2 (PURON® MP)
Total membrane area 204 m2 306 m? 208,2 m?

Type of recycled wastewater
streams

Pressure filter
washings

Pressure filter washings,
rainwater, pool water
refreshing

Pressure filter washings,
rainwater, pool water
refreshing

1) A comprehensive quantitative analysis of water consumption is provided in [24]
2) A detailed quantitative characterization of individual wastewater streams for one of the twin facilities is provided in [25]
31 SP1 (Mazowieckie Voivodeship): estimated using a combined water supply and wastewater tariff of 14.90 PLN/m?

(3.47 EUR/m3)

4 SP2 and SP3 (Dolnoslgskie Voivodeship): esfimated using a combined water supply and wastewater tariff

of 14.10 PLN/m? (3.28 EUR/m?)
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The overall water demand of swimming
pool facilities additionally includes pool
water renewal, evaporation losses, splash-
-out losses, water carried out by bathers,
and other operational water uses.
Nevertheless, even under such conditions,
the implementation of membrane recovery
systems enables a substantial reduction in
potable water consumption and minimizes
the volume of technological wastewater
discharged into the sewer system. In addi-
tion to reducing potable water consump-
tion, the analysed recovery systems may
generate significant economic benefits
through reduced water supply and waste-
water discharge costs. Based on the maxi-
mum annual recovery capacity and regio-
nal water and wastewater tariffs, the
potential annual savings were estimated at
approximately 410,600 EUR/year for
SP1, 310,500 EUR/year for SP2, and
293,300 EUR/year for SP3. These values
should be treated as indicative estimates,
as they do not include investment costs,
energy consumption, membrane replace-
ment, or other operating expenses.

The comparative analysis also demon-
strated the influence of system configura-
tion and wastewater stream diversification
on operational performance. Facilities SP2
and SP3, which use two-stage recovery
systems and additional water streams,
achieved higher operational flexibility and
a greater degree of technological water
demand coverage recovery potential com-
pared to the single-stage recovery confi-
guration applied in SP1.

Operational experience and
implementation challenges

Operational analysis demonstrated
that the real operating conditions of mem-
brane installations significantly influence
hydraulic stability and membrane durabili-
ty. The systems operated in a cyclic mode
consisting of permeate production and
automatic cleaning processes performed
after each production cycle. The hydraulic
regeneration process included air and
water backwashing, affer which the system
returned to the next filtration cycle.
According to the adopted operational stra-
tegy, a single filtration cycle lasted
30 minutes, after which an automatic bac-
kwashing process was initiated. Hydraulic
regeneration included air and water
washing lasting 3 minutes and 10 seconds,
after which the system returned to the sub-
sequent filtration cycle. Additionally, perio-
dic chemical membrane cleaning using
the Clean-In-Place (CIP) method was car-
ried out when a persistent decline in
hydraulic performance or an increase in
transmembrane pressure (TMP) above
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the manufacturer’s recommended threshold
was observed. Chemical cleaning proce-
dures were performed using sodium hypo-
chlorite solutions and citric acid solutions.
Despite the use of automated cleaning pro-
cedures and periodic chemical regenera-
tion, a gradual decline in membrane per-
formance was observed, associated with
progressive fouling. This phenomenon
resulted in reduced permeate flow and
increased hydraulic resistance within the
system. Fouling intensity strongly depen-
ded on the type of treated wastewater stre-
am and its level of contamination. A deta-
iled analysis of the decrease in membrane
performance over time was presented in
the previous study [24].

Under long-term operating conditions,
it was assumed that a decrease in mem-
brane performance to approximately 70%
of nominal capacity represents the thre-
shold for membrane regeneration or repla-
cement. However, the final decision
depends on the operational strategy adop-
ted by the facility operator and on the
acceptable reduction in the system's
hydraulic performance. During on-site
inspections and operational analysis of
the investigated facilities, significant
differences were identified between indivi-
dual technological wastewater streams.
The results confirm that the actual efficiency
and operational stability of membrane sys-
tems depend not only on installation
design parameters but primarily on the
characteristics of the treated wastewater,
the operational strategy, and the effective-
ness of membrane cleaning and regenera-
tion processes.

Figure 4 presents a comparison of an
unused PVDF membrane and a membrane
with visible fouling deposits that require
chemical regeneration.

a)

e

Discussion

Technological configuration
of implemented recovery systems

The analysis of the systems in SP1, SP2
and SP3 confirms that the technological
configuration of the water recovery instal-
lations in swimming pool facilities should
be individually adapted to the type of tre-
ated wastewater stream, the size of the
facility, and the intended direction of reuse
of reclaimed water. The facilities investiga-
ted applied systems consisting of sedimen-
tation, AFM media filtration, and single- or
two-stage membrane filtration, which is
consistent with the approaches reported in
the literature, where swimming pool bac-
kwash water recovery systems are com-
monly based on the combination of pretre-
atment processes, ultrdfiltration, and final
disinfection. Studzinski et al. [10] demon-
strated that a treatment system integrating
flocculation, prefiltration, ultrofiltration, and
ozonation can effectively treat backwash
water from the swimming pool and enable
its subsequent reuse.

The results obtained for SP2 and SP3
also indicate that extending the recovery
system by incorporating additional stre-
ams, such as rainwater and swimming
pool water renewal streams, increases the
overall water balance potential of the
installation. At the same time, the literature
emphasises that the utilization of rainwater
in swimming pool facilities requires careful
consideration, as the quality of the rainwa-
ter strongly depends on the catchment sur-
face, atmospheric contamination, and sto-
rage conditions. Rainwater harvesting has
been identified as a promising supplemen-
tary water source for recreational and
tourist facilities, including swimming pool
installations, particularly in the context

Fig. 4. PVDF membrane: a) unused polyvinylidene fluoride (PVDF) membrane; b) fouled membrane surface
with visible contaminant deposits requiring chemical regeneration [24]

Rys. 4. Membrana PVDF: a) nieuzywana membrana z polifluorku winylidenu (PVDF); b) powierzchnia
membrany z widocznymi osadami foulingowymi wymagajqca regeneracii chemicznej [24]
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of sustainable water management and
potable water demand reduction [27, 28].
However, its application should be prece-
ded by a detailed quality assessment and,
if necessary, addifional freatment processes.

From a design and operational per-
spective, the comparison between SP2 and
SP3 is particularly significant, since the main
difference between these systems involves
the application of a ceramic membrane as
the first filtration stage in SP3. Such a confi-
guration may increase the resistance
of the system to variable contaminant
loading conditions and intensive cleaning
procedures. This observation is consistent
with general conclusions reported in the
membrane technology literature, based on
which membrane material selection and
chemical resistance are key factors determi-
ning process stability, particularly in systems
exposed to severe fouling conditions and
frequent contact with chemical cleaning
reagents [29-31].

Water recovery efficiency
and impact on facility water
management

The results obtained confirm the high
potential of membrane technologies in
reducing the consumption of potable water
and minimizing the volume of technological
wastewater discharged info the sewer sys-
tem. In the case of SP1, the recovery system
is capable of covering approximately
91.7% of the water demand associated with
swimming pool filter backwashing proces-
ses, whereas in SP2 and SP3 the production
capacity of the installations exceeds the
technological demand resulting from filter
backwashing operations. Similar environ-
mental benefits have been reported in the
literature, where pool backwash water
recovery is considered an important appro-
ach to reduce water losses in aquatic facili-
ties. Studzinski et al. [10] emphasized that
swimming pool filter backwashing proces-
ses generate significant water losses.
Therefore, the implementation of backwash
water recovery systems has considerable
operational and environmental importance.

However, the comparison of SP1 with
facilities SP2 and SP3 demonstrates that the
production capacity of a recovery installa-
tion should not be evaluated independently
of the actual water balance of the facility. In
medium sized facilities, membrane recovery
systems may fully satisfy the technological
water demand, whereas in large scale aqu-
aparks such as SP1, backwash water reco-
very can substantially reduce potable water
consumption but may sfill be insufficient to
cover the total water demand associated
with pool water renewal, evaporation los-
ses, water splashing, and other operational

losses. Consequently, the design of water
recovery systems should be preceded by
a defailed analysis of the water balance and
an assessment of which wastewater streams
are the most appropriate for reuse [24].

The literature also emphasizes that the
reuse of treated backwash water and other
technological wastewater streams can
reduce costs related to potable water and
wastewater discharge [32-34]. However, it
simultaneously generates additional opera-
tional costs associated with treatment pro-
cesses, pumping, disinfection, and membra-
ne maintenance. Wolska et al. [35] indica-
ted that recirculation of pretreated
backwash water may reduce environmental
costs related to water abstraction and
wastewater discharge, although additional
treatment-related expenditures must also be
considered.

Therefore, water recovery systems must
be evaluated not only in terms of their
maximum production capacity but also
with respect to the facility's actual water
demand, the quality of reclaimed water,
the intended reuse applications, and the
economic justification for meeting a speci-
fic water quality standard. Based on cur-
rent local water and wastewater tariffs, the
potential annual economic benefits asso-
ciated with water recovery were estimated
at approximately 410 600 EUR/year for
SP1, 310 500 EUR/year for SP2, and
293 300 EUR/year for SP3. In practical
applications, the most rational use of rec-
laimed water appears to involve technolo-
gical purposes such as filter backwashing,
compensation of selected operational
water losses, toilet flushing, and cleaning
operations, rather than consistently aiming
to achieve water quality standards for
potable or swimming pools.

Operational experience and
implementation challenges

The most significant operational limita-
tion observed in the analyzed installations
was membrane fouling, leading to a gradu-
al decrease in hydraulic performance and
an increase in flow resistance. This observa-
tion is consistent with data from the literature
[36-38] indicating that fouling represents
the main challenge in the operation of
microfiltration (MF) and ultrafiltration (UF)
systems, while its intensity depends on the
composition of the treated medium, inclu-
ding the presence of organic compounds,
colloids, mineral deposits, biofilms and sur-
factants.

The membrane cleaning strategy also
plays a crucial role in maintaining operatio-
nal stability. In the investigated systems,
a cyclic operating mode was applied, con-
sisting of permeate production, air and
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water backwashing, and periodic chemical
CIP (Clean-In-Place) cleaning procedures.
Previous studies [17,39] have shown that
maintaining an appropriate fransmembrane
pressure (TMP) and optimising backwa-
shing frequency and CIP procedures are
essential for stable membrane performance
and limiting irreversible fouling. Studies con-
ducted by Alhussaini et al. [34] in UF sys-
tems demonstrated that backwash trigge-
ring methods and operational strategies
based on specific TMP values significantly
influence hydraulic recovery and long-term
process efficiency.

From an implementation perspective,
the results obtained for SP1, SP2 and SP3
indicate that the primary challenge is not the
technological feasibility of water treatment
itself, but rather the maintenance of stable
long-term installation operation. This requ-
ires careful selection of wastewater streams
directed to recovery systems, expansion of
pre-treatment processes for highly contami-
nated streams, and continuous monitoring
of operational parameters, including per-
meate flux, TMP, backwash frequency, and
CIP efficiency.

Consequently, membrane technologies
should be considered an effective but ope-
rationally sensitive tool for water manage-
ment in public swimming pool facilities. Their
effectiveness depends not only on the selec-
tion of membranes, but primarily on the pro-
per design of the entire technological sys-
tem. Key factors include wastewater stream
selection, hydraulic stabilization, appro-
priate pre-treatment, effective disinfection,
and an operational strategy adapted to the
actual hydraulic and contaminant loading
conditions of the facility.

Conclusions

The analyses conducted confirmed the
high effectiveness of membrane technolo-
gies in reducing the consumption of pota-
ble water and minimizing the volume of
technological wastewater generated in
swimming pool facilities. At the same time,
it was demonstrated that the efficiency
and operational stability of water recovery
systems depend not only on the applied
membrane technology but also on the
installation's technological configuration,
the types of treated wastewater streams,
and the facility's operational conditions.
The main contribution of this study is the
comparative evaluation of three different
full-scale membrane recovery system con-
figurations operating in public swimming
pool facilities. Unlike previous studies
that focus on individual installations or
specific operational aspects, the present
work compares different technological
approaches and identifies practical

instal.pcz.pl



implementation experiences relevant to

future membrane system applications for

swimming pool water management.

e Membrane technologies allow for signi-
ficant reduction of potable water con-
sumption and technological wastewater
discharge in swimming pool facilities.

e In medium sized facilities such as SP2
and SP3, the recovery systems were ca-
pable of producing larger volumes of
reclaimed water than the actual techno-
logical filter backwashing water de-
mand of the facilifies.

e In SP1, which represents a large-scale
aquapark with high hydraulic and ope-
rational loads, the recovery system co-
vered approximately 91.7% of the water
demand associated with filter backwa-
shing. The general water demand exce-
eded the production capacity of the re-
covery installation.

e Membrane fouling was identified as the
most significant operational limitation,
leading fo a decrease in hydraulic per-
formance and the need for periodic
membrane cleaning.

e Stable long-term operation of membra-
ne installations requires appropriate wa-
stewater pre-treatment, effective prefil-
tration, and optimization of membrane
backwashing and cleaning processes.

e Membrane fechnologies constitute an
effective tool that supports sustainable
water management in public swimming
pool facilities.
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