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This paper presents systematised information concerning advanced technologies for municipal wastewater reclamation in
15 selected facilities worldwide. The analysed plants include both low-capacity facilities, designed to service specific
needs, as well as major wastewater reclamation plants that service entire communities or cities, where the daily output can
reach even up to 500 000 m3/d. These facilities serve from 4 000 to even up to 2.3 million people equivalent. State-of-
the-art wastewater reclamation plants typically employ a combination of multiple treatment methods, such as physical (e.g.
sand traps, filtration), biological (e.g. biological reactors, membrane bioreactors) and chemical (coagulation, flocculation).
However, it is becoming more common for wastewater treatment plants to expand their processing systems with a tertiary
wastewater recycling. These include filiration processes (e.g. sand or carbon filters), biological (e.g. biological activated
carbon) and membrane, particularly microfiliration, ulirafiliration and reverse osmosis. Reclaimed water is primarily used for
irigating green space, recreational areas, crop cultivation in agriculture, as well as potable water.
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W niniejszym artykule przedstawiono usystematyzowane informacje dotyczgce zaawansowanych technologii odzysku wody
ze $ciekéw komunalnych w 15 wybranych oczyszczalniach na catym éwiecie. Analizowane obiekty obejmujg zaréwno insta-
lacje o niskiej wydajnosci, zaprojekiowane do zaspokajania konkretnych potrzeb, jak i duze zaktady odzysku $ciekéw,
obstugujqce cate spotecznosci lub miasta, w ktérych dzienna produkcja moze osiggaé nawet 500 000 m3/d. Obiekty fe
obstugujg od 4 000 do nawet 2,3 miliona oséb. Najnowoczesniejsze instalacje odzysku wody ze $ciekéw zazwyczaj wyko-
rzystujq kombinacje wielu metod oczyszczania, takich jak fizyczne (np. piaskowniki, filiracja), biologiczne (np. reaktory biolo-
giczne, bioreaktory membranowe) i chemiczne (koagulacja, flokulacja). Jednak coraz czesciej oczyszczalnie Sciekéw rozbu-
dowujq swoje systemy oczyszczania o frzeci stopien oczyszczania ciekéw. Obejmujq one procesy filtracii (np. filiry piaskowe

lub weglowe), biologiczne (np. biologiczny wegiel aktywny) i membranowe, w szczegdlnosci mikrofiliracje, ulirafiliracje

i odwrécong osmoze. Odzyskana woda jest wykorzystywana giéwnie do nawadniania terendw zielonych, terenéw rekre-
acyjnych, upraw w rolnictwie, a takze jako zrédto wody do picia.
Stowa kluczowe: scieki komunalne, odzysk wody ze $ciekéw, zaawansowane oczyszczanie sciekéw, niedobdr wody, zmia-

ny klimatu, gospodarka $ciekowa

Introduction

The progressing global water crisis results in
a shortage of sufficient natural water resources
due to the adverse influence of the climate and
the increased demand for water, which make
access to clean and safe water more difficult
(World Health Organization, 2019). According
to the estimates of the United Nations (UN), the
availability of clean and safe water intended for
human consumption may fall even by 40% in
the coming decade. By 2050, the water de-
mand will double, and more than half of the
global population will be at risk of water short-
age (Chen et al., 2022; Greve et al., 2018).

Reclaimed water, depending on its operat-
ing parameters, can be used to wash public
squares and streets, irrigate green space or
wash vehicles (urban areas), but it also finds
application in agricultural purposes (rural areas)
and industrial operations (process water in in-
dustrial plants) (Shahid et al., 2022; Yadav et
al., 2019). Risks of water shortage should be
limited by striving for increased water recycling,
meaning the use of adequately treated waste-
water for purposes broader than irrigation. Lit-
erature data indicates that municipal wastewa-
ter can constitute a source of water for supplying
electrolysers (Chauhan and Ahn, 2023; Madd-
aloni et al., 2023; Zawadzki et al., 2023), or

even a source of water infended for human
consumption (Ding, 2023; Manisha et al,
2023). The reuse of wastewater minimises the
environmental risks related to its disposal and
relieves the pressure on ecosystems as a result of
fresh water intake. In this case, wastewater be-
comes an additional resource facilitating the
achievement of sustainable water management
(Wicicka, 2021). However, the fime-variable
composition of the wastewater poses a signifi-
cant problem. The composition of municipal
wastewater varies over time and depends e.g.
on factors such as: changing atmospheric and
climatic conditions (precipitation, thaw, temper-
ature variations), the character and size of an
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agglomeration, the inflow of industrial wastewa-
ter, changes in manufacturing processes, mal-
functions and routine maintenance work. These
factors affect the wastewater composition, re-
sulting e.g. in addifional inflows of suspended
solids and biogenic substances, which influenc-
es the final treatment effect (Friedler et al., 2021;
Sanchez et al., 2021; Zawadzki, 2023).

The global water crisis and the dynamically
changing formal and legal circumstances re-
lated to the necessity of obtaining appropriate
water intake permits mean that the use of tap
water for processing or irrigation may exacer-
bate the challenges related to water shortage
(Qadir et al., 2020). Literature data indicates
that by 2030 the global yearly water demand
may reach 6 900 billion m3, which will consti-
tute over 64% of the total available volume
(Maryam and Biyilkgingér, 2019). This dem-
onstrates that the water demand already ex-
ceeds the supply, which intensifies the water
shortages over the world (du Plessis, 2023).
Therefore, it is a legitimate necessity to identify
alternative methods of water recovery. Munici-
pal wastewater treatment methods, with ap-
propriately selected technology and processing
parameters, could support the recovery process
for safe, reliable and stable water (Sikosana et
al,, 2019). The recycling of treated wastewater
under safe and cost-effective conditions is
a valuable though unpopular method of in-
creasing the water supply and relieving the
overly exploited water resources in the Euro-
pean Union (Fito and Van Hulle, 2021).

About 380 billion m® of wastewater is pro-
duced globally each year, and it is expected
that its global production, relative to the current
level, will rise by 24% by 2030 and by 51% by
2050 (Zhang and Liv, 2022). Itis estimated that
in the United States about 45 billion m? of mu-
nicipal wastewater is discharged info the envi-
ronment each year, and under 10% of the
wastewater is recycled (Li et al., 2017; National
Academies Press, 2023). In Ching, the estimat-
ed quantity of municipal wastewater discharged
into the environment is about 70 — 74 billion m3
per year (Lu et al,, 2019; Xu et al., 2020). The
recycling rate is about 10% (Goh et al., 2016).
In Europe, the calculated annual quantity of
produced municipal wastewater is about 55
billion m3 (Statista, 2023). If such great volumes
of wastewater were treated according to de-
fined criteria of water quality, they would be-
come a valuable resource with the potential to
be reused for various purposes.

A clearly increasing interest in wastewater
reclamation, including municipal wastewater
reclamation, can be observed over the last years
(Figure 1). This is related to the rapid scientific
and technological developments in the water
and wastewater sector (Wu et al., 2021), as well
as the fact that considerably more rigorous re-
quirements pertaining to water and wastewater
management are being implemented globally
(Capodaglio and Olsson, 2020; Qin et dl,
2023). More efficient and sustainable wastewa-
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Figure 1.

Trend of the number of publications per year search by words in SCHOLAR database: “Wastewater
reclamation” and “Municipal wastewater reclamation” from the years 2010 to 2023. Source: own

study based on (GOOGLE SCHOLAR, 2024)

Rysunek 1. Roczne zmiany liczby publikacji wyszukiwanych w bazie SCHOLAR wediug stéw:
“Odzysk wody ze iciekéw” i “Odzysk wody ze sciekéw komunalnych” w latach 2010 do 2023.
Zrédlo: opracowanie wlasne na podstawie (GOOGLE SCHOLAR, 2024)

ter treatment plant operation has currently be-
come the most pressing issue to solve in the entire
municipal wastewater sector. Optimising the op-
eration of Wastewater Treatment Plants (WWTPs)
requires full knowledge on the current state of
treatment and the auxiliary facilities involved in
both the wastewater treatment itself and in sew-
age sludge management. Issues related to the
wastewater treatment and reclamation are be-
coming particularly significant given that waste-
water treatment plants exhibit slow development
(Soares, 2020), while new technologies are fo-
cused more on gas emissions from the plants
(Maktabifard et al., 2023; Parravicini et al.,
2022) as well as on materials of biological ori-
gin, e.g. the recovery of bioplasics (Kumar et al.,
2022; Vasudevan and Natarajan, 2022) or
cellulose (Akyol et al., 2022; Ragi et al.,, 2022).
An additional problem can be found in the con-
stantly identified new pollutants occurring in wa-
ter and wastewater, including e.g. micropollut-
ants such as: chlorinated methanesulphonic ac-
ids, microplastics, compounds used in UV filters
and suntan creams, contrast media used in
computer-assisted tomography, or even illegal
drugs such as cocaine and its metabolites (Lem-
partetal., 2020; Pistocchi et al., 2022; Veroviek
et al,, 2023). As the micropollutant concentra-
tions increase constantly with the release of new,
resistant substances, it is necessary fo move be-
yond conventional wastewater treatment meth-
ods and proceed towards more innovative solu-
tions. Therefore this paper presents systematised
data concerning advanced municipal wastewa-
ter freatment processes as well as a compilation
of the most important technologies used for
wastewater reclamation, based on information
obtained from actual municipal wastewater
treatment plants in the world. Hence, the cur-
rently secondary municipal wastewater treat-
ment processes were discussed, including ad-
vanced processes for wastewater reclamation,
such as membrane filtration, membrane bioreac-
tors and advanced oxidation processes. Select-
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ed municipal facilities in the world that use at
least one of the processes acknowledged as
technologies for municipal wastewater reclama-
tion were summarised.

Municipal wastewater recycling
technologies

The currently conventional municipal
wastewater treatment methods are not de-
signed toward wastewater reclamation
(Cicekalan et al., 2023; Sangamnere et al,,
2023). In order to decrease the pollutant loads
(expressed as Biological Oxidation Demand —
BOD, Chemical Oxidation Demand — COD,
total suspended solids, total nitrogen, total
phosphorus), municipal wastewater treatment
plants use conventional (mechanical-biologi-
cal) wastewater treatment technologies (Rus-
sell, 2019). Each case of processes applied for
wastewater reclamation should be analysed
individually. The selection of the appropriate
treatment method depends on the purpose of
the water, its target quality and quantity, the
treated medium (wastewater) composition and
local conditions.

Commonly applied methods for wastewa-
ter reclamation include (Figure 2): coagulafion
and flocculation, sedimentation, filtration, ad-
sorption, membrane processes, membrane bio-
reactors, advanced oxidation processes.

Coagulation consists in destabilising the
colloidal system by adding the appropriate re-
agents (coagulants, flocculants) to the water or
wastewater (Abujazar et al., 2022). Coagula-
tion is applied primarily to remove colloids,
which do not undergo sedimentation by virtue
of their small size. The reagent addition leads to
the neutralisation of the suspended solids, the
generation of sludge flocks (flocculation), and
finally their removal by sedimentation and/or
filtration. The purpose of filtration is the elimina-
tion of suspended solids (Vries et al., 2017).
Filtration processes are also intended to protect
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Figure 2.

Municipal wastewater reclamation methods Source: own study based on 130779751 (Garg et al.,

2022; Ghernaout, 2018; Sturm et al., 2022)

Rysunek 2. Technologie odzysku wody ze sciekéw komunalnych Zrédio: opracowanie wlasne na
podstawie 130779751 (Garg et al., 2022; Ghernaout, 2018; Sturm et al., 2022)

downstream processing equipment from me-
chanical damage. Filtration can be applied to
wastewater treated over the course of the pri-
mary treatment plant processing chain, but it
can also be used for wastewater pre-treated
through other means (e.g. coagulation/sedi-
mentation). Prefiltration can utilise pressure filters
(in cases of low output) or (open) gravity filters
for high flows (Verma et al., 2017). Pressure-
driven membrane processes are more ad-
vanced wastewater pre-treatment methods,
which include: microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis
(RO) (Cevallos-Mendoza et al., 2022). The
separation efficiency is primarily determined by
the applied pressure and membrane pore sizes
(microfiltration, ultrafiltration) or the membrane
material (reverse osmosis — dissolution and dif-
fusion mechanism). The unquestionable advan-
tages of pressure-driven membrane separation
include the lack of chemical dosing, as the sys-
tem operation is based only on pressure as the
driving force, while the separation occurs at
room temperature, with no phase transition
(Hube et al, 2020; Obotey Ezugbe and
Rathilal, 2020).

Technologies for wastewater reclamation
often require the simultaneous integrafion of
a number of processes. Examples of such solu-
tions include biofiltration and membrane biore-
actors. The primary purpose of biofiltration is the
biological oxidation of biodegradable organic
compounds and ammonia nitrogen (Lasocka-
Gomuta et al., 2018; Paredes et al., 2016). Bio-
filiration combines the use of ozone and filiration
on activated carbon. The combination of ozona-
tion and filiration on acfivated carbon makes it
possible fo provide microorganisms with growth
conditions on a porous bed. At a correctly se-
lected ozone dose, it is possible to decompose
the organic micropollutants into simple com-
pounds that are both easily accessible and non-
toxic to the microorganisms (Peterson and Sum-
mers, 2021). Membrane bioreactors combine
micro — and/or ultrofiltration with acfivated
sludge (Aslam et al., 2017). The processes that
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occur in a membrane bioreactor include the si-
multaneous pollutant biodegradation by means
of microorganism cells and capture in the reactor
using micro — or ultrafiltration membranes. In this
system, the membrane serves as a selective and
passive screen, enabling the separation of the
treated wastewater (reclaimed water) from the
activated sludge. When combined with disinfec-
tion methods, it yields a maximum treatment ef-
fect (including the elimination of microbiological
hazards, micropollutants and oxidation product
precursors) (Al-Asheh et al., 2021).

Due to the anthropogenic characteristics of
chemical pollutants, conventional municipal
wastewater treatment methods are insufficient.
As regards the necessity of eliminating specific
pollutants such as micropollutants from waste-
water, pioneer methods in this context include
advanced oxidation processes (AOPs) (Babu
Ponnusami et al., 2023; Saravanan et al.,
2022). The common feature of AOPs is the
chemical reaction between organic pollutants
and oxidative radicals: hydroxyl or sulphate
(Duan et al., 2020; Giannakis et al., 2021;
Pandis et al., 2022). The oxidative radicals are
distinct from other, commonly applied oxidants
primarily due to their high oxidation potential
(E®). For example, the oxidation potential of
ozone, one of the strongest oxidants used in
water and wastewater treatment, is EO = 2.08 V
in an acidic medium. Meanwhile the oxidation
potential of a hydroxyl radical is E0 = 1.8 - 2.8
V, while for a sulphate radical it is EO = 2.5 -
3.1 V (Cuerda-Correa et al., 2020; Xia et al.,
2020). The AOPs that are the subject of the
most infense research are photocatalytic pro-
cesses (oxidation reactions using light, or pho-
tocatalysis) (Fang et al., 2021; Wang et al.,
2022), the Fenton process (oxidation reactions
using hydrogen peroxide) and its modifications
(Nidheesh et al.,, 2023), oxidation processes
based on reactive sulphate radicals (oxidation
reactions using persulphates and peroxymono-
sulphates) (Oyekunle et al., 2022; Wang and
Wang, 2022; Zhang et al., 2023) and ozona-
tion (oxidation reactions using ozone) (Azuma

INSTAL12/2024

et al., 2022; Rekhate and Shrivastava, 2020;
Scaria and Nidheesh, 2022). During the AOPs,
the oxidative radicals enter into a reaction with
organic substances, enabling their decomposi-
tion into environmentally-neutral compounds.
Therefore, the AOPs lead to a conversion of
macromolecular compounds into substances
with lower molecular mass, with water and
carbon dioxide as the final reaction products.
The key criterion that makes it possible to evalu-
ate the practical usefulness of advanced oxida-
tion processes, i.e. for wastewater pre-treat-
ment, eliminating compounds resistant to bio-
logical decomposition or for micropollutant
degradation, is the pollutant concentration in
the treated stream (Duan et al., 2022). How-
ever, due to the high costs of AOPs (e.g. costs
of reagents, expensive equipment), the use of
these methods should not replace but supple-
ment conventional treatment methods such as
biological or physical processes (Ren et al.,
2023; Sangeetha et al., 2023). It is recom-
mended to apply advanced oxidation as the
final stage of municipal wastewater treatment.

Advanced wastewater
reclamation at selected municipal
WWTPS

In recent years, problems with access to
clean water as well as the global water crisis
and strict legal regulations in wastewater man-
agement have forced municipal facilities all
over the world to implement additional degrees
of wastewater treatment (Echevarria et al.,
2022; Teoh et al, 2022; Zawadzki and
Smolinski, 2023). The use of secondary freat-
ment processes depends on the locations of the
treatment plants as well as the hydrogeological
conditions, e.g. recreational, protected or agri-
cultural areas, or the proximity of industrial
plants or receiving water bodies, therefore the
purposes of secondary treatment can include
e.g. irrigating green space and agricultural ar-
eas, golf fields, supplying industrial plants with
water and replenishing aquifers (Drechsel et al.,
2022; Helmecke et al, 2020; Khan et al.,
2022). Examples of secondary wastewater
treatment application by means of advanced
water reclamation processes can be found in
a number of municipal facilifies in the world
(Table 1). A broad selection of wastewater re-
cycling plants were analysed — from treatment
plants with minor outputs (up to 2 000 m3/d
and up fo Population Equivalent (PE) = 5 000),
designed to service specific sites, as well as
maijor water reclamation plants that service en-
tire communities or cities, where the daily pro-
duction often exceeds 100 000 m3, and can
reach even up to 500 000 m3/d, where the PE
can be as high as 2.3 million. In addition, five
plants were selected for an in-depth discussion
of the wastewater reclamation processes. These
sites differ in output, the serviced population
number, the applied processing methods as
well as the purpose of the recycled water.



Goreangab Reclamation Plant,
Windhoek, Namibia, Africa

Current technologies for wastewater recla-
mation enable the treatment of wastewater to
standards that fulfil the criteria for water that is
safe for human consumption, which finds confir-
mation in the practical application of these
methods all over the world. For example, about
20 000 - 24 000 m3 of municipal wastewater
is recycled daily in the water reclamation plant
in Windhoek (Namibia) to produce water for
human consumption. Built in 1968 (Haarhoff
and Van der Merwe, 1996), this wastewater
treatment plant in Namibia was the first facility
of this type, where recycling processes were
implemented to produce water fit for human
consumption from municipal wastewater, and it
is probably one of the few that still operates. The
plant produces about 25% of the total potable
water demand for the capital city of Windhoek,
with a population of over 430 000 residents.

In 2003, during the modernization of the
plant, a number of innovative tools for wastewa-
ter reclamation were installed, including biofil-
tration and granular activated carbon filtration
as well as “multi-barrier” processes such as the
mixing of reclaimed water with other potable
water sources. These tools are focused on elimi-
nating the physical and organoleptic character-
istics as well as the microbiological hazards from
the wastewater and to provide water safe for
human consumption. Furthermore, the reclaimed
water must fulfil the requirement of anthropo-
genic dissolved organic carbon (aDOC) con-
tent lower than 1 mg dm3. The combination of
multiple different technologies and tools enables
the elimination of pollutants and solids in order
to obtain clean and potable water (du Pisani
and Menge, 2013; Lahnsteiner et al., 2017).

To ensure the total removal of pathogens
and other potentially harmful pollutants, the
processing in the water reclamation plant con-
sists 10 stages of freatment (Figure 3). The treat-
ment system involves the following single treat-
ment barriers: powdered activated carbon
(PAC) dosing (optional), pre-ozonation, coagu-
lation and flocculation, dissolved air flotation
(DAF), sand filters, primary ozonation, biologi-
cal acfivated carbon (BAC) filters, adsorption on
granular acfivated carbon (GAC), ultrafiltration
(UF) as well as chlorination and pH correction
by NaOH dosing. The reclaimed water is tested
every 30 minutes (Ander and Forss, 2011).

The treatment stage begins with removing
organic substances by dosing iron chloride-
based coagulants into the wastewater. The
sludge generated after flocculation is separated
by dissolved air flotation (DAF). Dissolved air
flotation is a special type of sedimentation. DAF
uses the generation of a stable agglomerate
formed from the dispersed phase (post-coagu-
lation suspension aggregates) and gas vesicles
(Mufioz-Alegria et al., 2021). During this pro-
cess, very small gas vesicles are generated by
the pressure drop in the stream, which is first
subjected to saturation under pressure greater
than atmospheric. Dissolved air flotation is pri-
marily used to remove suspended solids and
colloidal particles. The advantage of DAF over
sedimentation is the shorter suspended solids
separation (about 5 to 15 minutes) and the
greater hydraulic load (about 5 to 12 m3 m™
h1), which results in smaller equipment, thereby
limiting the investment costs (Ktos and Tokarc-
zyk, 2010). The remaining suspended solids is
removed by rapid filters. Pre-ozonation is also
used in the Goreangab wastewater treatment
plant. Given the high rate of the occurring reac-
tions, low doses of ozone and short contact
times are typically applied in pre-ozonation.
The purposes of pre-ozonation include organic
compound oxidation, manganese and iron
compound removal and oxidation of by-prod-
ucts (Kondo Nakada et al., 2020). Pre-ozona-
tion also improves the capability of sludge flock
aggregation during coagulation and floccula-
tion (Yan et al., 2007). The technological system
is also assisted by hydrogen peroxide dosing
(H,0,) for advanced water oxidation as well
as excess ozone removal before biological fil-
trafion. The method based on the interaction of
ozone and hydrogen peroxide (H,0,/O;) is
described by Equation (1). A series of chain
reactions that include a hydroperoxyl anion
and an Oj ion initiate processes that generate

highly reactive hydroxyl radicals (*OH) (Feng,
2022).

H,0,+20, »20H" +30, (1)

Primary ozonation is carried out in a tank
divided into three parts. The ozone dose is con-
trolled by detecting the ozone remaining in the
water and generally ranges within 5 — 10 mg
O, dm3. The residual ozone depends on the
quantity of the dissolved organic carbon in the
water (1.0 - 1.5 mg O, mg! Dissolved Or-
ganic Carbon — DOC) (Ander and Forss, 2011).

Membrane ultrdfiltration is used to remove
particles larger than 0.05 pm. Ultrdfiltration is
applied e.g. to control microorganisms and tur-
bidity as well as, the colour of the water. The final
stage of wastewater reclamation is disinfection
through chlorine dosing. Considering the vari-
ous forms of chlorine presence in water (de-
pending on pH), NaOH is also added to the
water to a level of 7.8 — 8.2. The water remains
in contact with the chlorine for about 1 hour.

,Kasina Ski & Bike Park” ski
station, Kasina Wielka, Poland
Membrane bioreactor technology is used
for wastewater reclamation in the “Kasina Ski &
Bike Park” ski resort (Kasina Wielka, Poland). In
2021, the facility obtained a water permit to
discharge treated domestic wastewater, origi-
nating from existing and future facilities forming
the “Kasina-Ski & Bike Park” complex, into the
earth by means of snow guns and sprinklers.
The MBR (Membrane Bioreactor) technology
by SCHWANDER POLSKA Sp. z 0.0. sp. k. in-
volves the application of membrane filtrafion
together with treated wastewater recycling after
UV lamp disinfection to produce snow on the ski
slope in winter and to irrigate green space in
the summer (SCHWANDER POLAND, 2020).
Figure 4 presents a flow chart of the treat-
ment plant. The nominal output of the technolo-

Figure 4.

Process Flow Diagram of wastewater reclamation at , Kasina Ski & Bike Park” ski station
Rysunek 4. Schemat przeptywowy procesu oczyszczania sciekéw w stacji narciarskiej , Kasina Ski

& Bike Park”

Figure 3.

Process Flow Diagram of wastewater reclamation at Goreangab Plant
Rysunek 3. Schemat przeptywowy procesu odzysku wody ze sciekéw w zaktadzie Goreangab
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gy is about 600 m3/d of domestic wastewater
and it can service wastewater originating from
about 4 000 people. The technology uses
membrane bioreactors consisting of six MFM
300 microfiltration membranes. The microfiltra-
tion enables the separation of pathogenic bac-
teria, viruses, pharmaceuticals, antibiotics and
suspended solids. UV lamp disinfection is used
as a final stage to eliminate the remaining mi-
croorganisms. The domestic wastewater treat-
ment efficiency ranges from 95-99% for pa-
rameters such as: COD, BOD, total suspended
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solids, total nitrogen and total phosphorus
(SCHWANDER POLAND, 2021). Since the
wastewater treated by MBR is completely free
of suspended solids, the plant also uses the fil-
trate as process water. Reclaimed water can be
used as municipal water for watering and irri-
gating cultivated land, cleaning public squares
and streets and supplying car washes, or as
process water for equipment operation and in-
dustrial cleaning, making it possible to conserve
precious natural potable water resources
(WODOCIAGOWIEC, 2021).

Nartelle Wastewater Treatment
Plant (Sainte-Maxime, France)

Another example of a site using reclaimed
water for irrigation purposes is the Nartelle
treatment plant (Sainte-Maxime, France).
Sainte-Maxime is located on the north coast of
the Bay of Saint-Tropez, close to the estuary of
the river Le Préconil. The expansive, over 10-ki-
lometre-long coastline of the Sainte-Maxime
commune offers tourists several major as well as
numerous minor sand beaches separated from
one another by small rocky bays. The city also
offers tourists a number of atiractions such as its
many golf fields (SAINTE-MAXIME, 2023). In
the summer season, Sainte-Maxime must face
peak water consumption due fo the enormous
tourist traffic. The Nartelle WWTP uses a part of
the reclaimed water for golf field and green
space irrigation purposes. Each year, about
300 000 m? of water is required to irrigate 60
hectares of a golf field. The Nartelle WWTP can
service about 60 000 PE, at a constant local
population of about 15 000. The daily waste-
water production is about 5 500 m3/d (UNEP,
2011). The designed output of the facility is
about 12 000 m3 of wastewater, while its
maximum flow capacity is 960 m3/h (SAINTE-
MAXIME, 2023).

The first stage of wastewater treatment in-
volves the biological elimination of oils and fats
by means of the Biolix™ technology, mic-
rosand-assisted Actiflo™ flocculation to remove
turbidity and suspended solids, and the Bio-
styr™ technology to eliminate pollutants (COD
and BOD, nitrogen compounds - ammonia
and nitrate and total suspended solids) (David
et al., 2015) (Figure 5).

The Biolix™ technology uses biomass ca-
pable of assimilating oils and fats, resulting in

the production of sludge and carbon dioxide.
The unit comprises an array of sieves for sepa-
rating floating non-biodegradable fractions
and for supplementing nutrients for microorgan-
isms as well as an aeration system. The effi-
ciency of the technology ranges within 70 -
75% for COD reduction, 85 - 95% for HEM
(n-Hexane exiractable material) reduction and
50 - 60% for total suspended solid reduction
(VEOLIA, 2023a).

The Actiflo™ technology is an interesting
alternative to classic coagulation, flocculation
and sedimentation processes that additionally
uses microsand as the basis for producing flocks
(Zych and Heidrich, 2019). Microsand is a bal-
last for sludge flock, which exhibit very good
sedimentation properties, which makes it possi-
ble to decrease the required equipment size by
several factors, as well as to greatly simplify
and shorten the processing, thereby increasing
the possibility of controlling its course and opti-
mising the costs of water or wastewater treat-
ment (VEOLIA, 2023b). The technology finds
application particularly in the water and/or
wastewater treatment where the sludge flock
sizes are too small to produce bigger particles
(Samaei et al., 2020). An advantage of this
technology is its smaller size compared to clas-
sic water purification systems (about 20 times),
the short start-up time (up to 10 minutes) and its
resistance fo variations in the quality of the in-
flowing wastewater. A significant element of the
equipment is a hydrocyclone, which purifies
and recirculates the reclaimed microsand, en-
abling its repeated use in the process (VEOLIA,
2023c). The removal efficiency for total sus-
pended solids is at least 90%, while for BOD
and COD itis at least 60% (VEOLIA, 2015).

The Biostyr™ technology combines biologi-
cal processes, clarification and filtration within
one combined unit. The technology is infended
for removing pollutants (BOD and COD, nitro-
gen compounds — ammonia, nitrate, and sus-
pended solids) (VEOLIA, 2023d). The waste-
water freatment process in the Nartelle plant is
conducted in six aerated biological reactors
with a fluid bed. The biomass is deposited on
polystyrene beads and retained by a pre-cast
concrete nozzle deck. The wastewater flows
upwards through the fluid bed. Air is injected
through an air grate located beneath the bed,
at the bottom of the chamber, and it rises paral-
lel to the treated wastewater (VEOLIA, 2023e).

In order to adapt the treatment plant to the
requirements of water reclamation for the pur-
poses of golf field irrigation, an additional stage
of treated wastewater recycling was implement-
ed in 2006. It consists of filtration processes on
four sand filters as well as disinfection by UV and
chlorine (David et al., 2015). By reusing the re-
cycled water, the city no longer has to take water
from natural sources, which makes it possible to
increase the quantity of potable water available
to the residents. Simultaneously, it reduces the
operating costs related to purchasing tap water,
as over 280 000 m3 of potable water is annu-
ally replaced by reclaimed water (about 2 000
m3/d, depending of the season and irrigation
needs). Wastewater reclamation makes it possi-
ble to save about 12% of the annual tap water
consumption (VEOLIA, 2023f).

SHAFDAN Woastewater Treatment
Plant (Israel)

The SHAFDAN plant is the biggest WWTP
in Israel as well as one of the biggest in the

Figure 6.

Process Flow Diagram of wastewater reclamation at Shafdan Wastewater Treatment Plant
Rysunek 6. Schemat przeplywowy procesu odzysku wody ze sciekéw w oczyszczalni sciekéw
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Figure 5.

Process Flow Diagram of wastewater reclamation at Nartelle wastewater treatment plant
Rysunek 5. Schemat przeplywowy procesu odzysku wody ze scieckéw w oczyszczalni sciekéw
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Middle East. The facility has been the primary
source of water for Israeli agriculture for over
thirty years (Global Water Intelligence, 2022).
The WWTP output is 360,000 m3/d, which
constitutes about 92% of its total output. In order
to reduce the WWTP loading, the site is planned
to be upgraded to a capacity of 500,000
m3/d by 2030 (Messing and Sela, 2016).
Furthermore, it is predicted that by 2050 the
annual consumption of the reclaimed water
may double (Global Water Intelligence, 2022).

The wastewater reclamation process is con-
ducted in two stages (Figure 6). First, the raw



municipal wastewater is subjected to mechani-
cal freatment on bar screens and in a sand trap
in order to remove the solids, suspended solids,
sand and maijor fragments of various materials
found in municipal wastewater, which could
otherwise flow into the downstream elements of
the facility and result in an unnecessary in-
crease of the processed material dimensions or
lead to the damage or clogging of the equip-
ment. Afterwards, the wastewater is subjected
to biological treatment in rotating bioreactors
with activated sludge, after which the sludge is
ultimately eliminated from the wastewater in
secondary seftling tanks (Center for Water Re-
search, 2019). The pollutant removal efficiency
is relatively high, within 90% — 98.5%.

The final stage of the advanced water rec-
lamation process is injecting the treated waste-
water into the soil aquifer. Soil aquifer treatment
(SAT) effectively removes the bacterial florq,
nitrogen, organic solids as well as various mi-
cropollutants (Abdel Sattar et al., 2019; Sallw-
ey et al, 2020). The treated wastewater re-
mains in the sandy soil aquifer for an average
refention fime of 1 year. However, the pollutant
removal efficiency in the SAT system depends
on a several factors, including the quality of the
injected wastewater, the hydrogeological con-
ditions and the applied injection methods (Alam
et al., 2021; Brooks et al., 2020). The applied
technology prevents the mixing of the injected
wastewater with the water found naturally in the
soil (Global Water Intelligence, 2022). The
treated wastewater undergoes further natural

filtration in the soil aquifer until it achieves the
quality of “grey water”. The reclaimed water is
pumped and supplied for agricultural purpos-
es, thereby meeting over 70% of the irrigation
needs (Messing and Sela, 2016).

Doha West (Qatar)

Due to the considerable economic growth
and the consequent increase in water demand,
the Doha West treatment plant in Doha has
nearly doubled its output to 245,000 m3/d in
recent times, becoming the biggest operational
wastewater treatment plant in the country (Ash-
ghal, 2023). The facility uses a combination of
physical, chemical and biological processes in
order to reclaim water from municipal waste-

water for the purposes of agricultural, green
space and market garden irrigation as well as
for soil aquifer replenishment. Nearly 85% of
the reclaimed water is reused (SUEZ, 2023al).

The wastewater treatment is carried out us-
ing the Degrémont® technology and involves
three stages: primary, secondary and terfiary
treatment (Figure 7). The primary stage consists
in the mechanical wastewater treatment and
elimination of solids, suspended solids and sand
by means of step screens and sand traps. The
secondary stage involves the biological degra-
dation of pollutants based on activated sludge
and clarification. The tertiary treatment includes
advanced wastewater treatment by means of
sand filters and the membrane ulirfiltration

‘ Primary treatment ‘ |

Secondary treatment ‘

Municipal
Wastewater Grit

removal

Biological reactor Clarifiers

Tertiary treatment

- agriculture use

- irrigation of green areas
- injection into the ground to
recharge the aquifers

d,

UV disinfection Ultrafittration

Gravity sand
filtration

Figure 7.

Process Flow Diagram of wastewater reclamation at DOHA WEST Wastewater Treatment Plant
Rysunek 7. Schemat przeplywowy procesu odzysku wody ze sciekéw w oczyszczalni sciekéw

DOHA WEST

Table 1. Examples of municipal wastewater reclamation plants
Tabela 1. Przyktady komunalnych zaktadéw odzysku wody ze $ciekéw

Capacity
Plant 34 PE Wastewater reclamation processes Possible use of reclaimed water References
m
Goreangab Water Pre-ozonation, coagulation, dissolved air filtration,
Reclamation Plant rapid gravity sand filters, main ozonation, biologi- s AT (Ander and Forss, 2011;
(WRP) (Windhoek, 20000 - 24000 n/d cal activated carbon, granular activated carbon, Blending in the distibufion system Lahnsteiner et al., 2017)
Namibia) ultrofiltration, chlorination, NaOH dosing
Discharge into Hillsborough Bay, but also
Howard F. Curren Screen, grit, primary sedlmer-\fc'lt.lon 'tonks, sgcgnd— meefs ftundords for pub!n;-occess reUSe | MipA 20230, 2023b,
. av. 208 000 600000 | ary clarifier, nitrification, denitrification, denitrifica- | irrigafing green areas, filling decorative
WWTIP (Florida, USA) L . . 2 2023c)
tion filter, post-aeration ponds and fountains, direct irrigation and
indirect irrigation
Nartelle WWTP Biological removal of oil and fats (Biolix™), sus-
(Sainte-Maxim 12 000 60000 pended solids removal using microsand (Actiflo™), | Golf course irrigation system, irrigafion of | (SAINTE-MAXIME, 2023;
a Fe U) e removal of BOD, COD, nitrogen, and solids (Bios- green areas VEOLIA, 2023f)
rance ™)
Milano San R Mechanical treatment, acfivated sludge biological 1}i]e| ﬁrnjil ;:?p ;)f r\:va:e;recyctli]ngv?yturhgq;
ano San rocco av. 345 600 1050000 | ftreatment, Aquazur® sand filters, setfling clarifier | V'S Siimiection produces e Waleriar | g\e7 9023¢, 2023d)
WWTP (Milan, ltaly) by Densadea® UV disinfecti agricultural irrigation in the amount of
process by Lensadeg sinrection 14,400 m®/h in the dry season
Injection of treated wastewater into the
360 000 aquifer. In the aquifer, further natural filtra- | (Center for Water Research,
SHAFDAN WWTP 2300 000 Mechanical treatment, aerated biological reactors, tion process treats wastewater to the 2019; Global Water Intelli-
(Israel) Soil Aquifer Treatment (SAT) “gray water” quality that is used in agri- | gence, 2022; Messing and
by 2030: 500 000 ] .
culture. Reclaimed water is pumped and Sela, 2016)
supplied entirely for agricultural purposes
The Big Spring RWPF takes ca. 7 600 m3/d of
treated wastewater from the Big Spring WWTP.
The Big Spring WWTP treats the wastewater in the
Bia Soring Raw Water mechanical processes (screens, grit removal), bio- | ca. 7 600 m3/d of reclaimed water is
9 opring - logical (single rock media trickling filter, aeration | blending with surface water and used as (Lahnsteiner et al., 2017;
production Facility 7 600 n/d basin). dlarification in final clarifier. chloringti for drinki S| 4 Dh | 2007
(RWPF) (Texas, USA) asm), clarification in final claritier, chlorination, raw water for drinking water freatment oan an anapal, )
! sand filtration and dichlorination. The Big Spring plants
RWPF treats the treated wastewater by microfiltra-
tion, reverse osmosis, and advanced oxidation
process (H,0,/UV)
Microfiltration, reverse osmosis, ammonia injection | Injection into the Dominguez Gap Barrier
Terminal Island WRP ca. 45 000 130000 | reduce bromate formation in the AOP UV reac- |  to protect groundwater from saltwater | (Civiltec, 2023; LA Sanita-
(San Pedro, USA) . tors, advanced oxidation process by UV and sodi- | intrusion, transport fo industrial users in the | tion, 2023; XYLEM, 2015)
um hypochlorite Harbor area




Conventional wastewater treatment: screening, grit
removal, blOlOgl(?Gl reactor, Fe‘C|3‘d05|ng, sedi- (Ivarsson and Olander,
Beaufort West WRP mentation, pre-chlorination I o . .
. ) L Blending of 20-30% of reclaimed water 2011; Lahnsteiner et al.,
(Beaufort West, South 2 000 n/d Tertiary wastewater treatment: sedimentation, infer- ? -
. - L ) - . in the distribution system 2017; The Water Wheel,
Africa) mediate chlorination, rapid sand filtration, ultrafil- 2015)
tration, reverse osmosis, advanced oxidation pro-
cess (H,0,,/UV), final chlorination
Bee Ri'dge Water Rec- ca. 45 400 ' ' ' o (ABC7, 2022; Carollo,
lamation and Advan- n/d Mechanical treatment, biological reactors, mem- | Golf course irrigation system, roadways 2023 Sarasofa Count
ced WWTP (Sarasota By 2025: brane bioreactor, disinfection and irrigation of green areas ! 2023) Y
County, USA) ca. 68 100
Doha West WWTP Primary treatment by step screen and grit removal, | Agriculture use (55%), irrigation of green
245 500 650 000 | acfivated sludge secondary treatment, gravity sand | areas (42%) injection into the ground o (SUEZ, 2023b, 2023a)
(Doha, Qatar) - o .S y o
filtration, ultrafiltration, chlorination recharge the aquifers (3%)
Wichita Falls (Texas, chlorination, chloramination, coagulation, sedi- Blending in the distribution system. (Lahnsteiner et al., 2017;
et USA) X5, 19 000 150 000 | mentation, microfiltration, reverse osmosis, UV dis- | A blend of recycled water and raw water | Water Online, 2014; Wichi-
infection is distributed to the drinking water facilities ta Falls, 2023)
Médiouna WWTP .
(Casablanca, 3800 80 000 Pre-filtration, membrane bioreactor Irrigation of agricultural lands (Freybelz;l, 22%]]3&)NGHI ¢
Morocco) i
,Kasina Ski & Bike Snowmaking in winter. irfiaafion of areen (SCHWANDER POLAND,
Park” ski station (Kasi- 600 4000 Membrane bioreactor, UV disinfection owmaking In winier, lrigation of gree 2020; WODOCIAGO-
na Wielka, Poland) areasn summer WIEC, 2021)
. . . 3
Haliofis 2 (Nicea, Wastewater treatment and reuse, microplastic Recycllqg ‘of 5 000 000 m® water per (Smart Water Magazine,
n/d 680 000 removal, sewage sludge removal, recovery of year to irrigate green areas and clean .
France) a X . L 2023; SUEZ, 2024)
resource materials (e.g. biomethane) roads of the Nice city
Fred Hervey Water microfiliration/ultrafiltration, nanofiltration/reverse Pive-to-pipe direct pofable reuse of
Reclamation Plant (EI 37 850 865000 | osmosis, UV/H,0, [AOPs), GAC, stabilization, pe-ioplpe direct p (Villalobos, 2023)
L . reclaimed water
Paso, Texas, USA) b Cl, disinfection

n/d - no data; a The start of works is scheduled for the second half of 2024, and the commissioning will take place gradually between 2025 and 2030; b Anticipated to start up in 2027

process. The final stage is the physical (UV) and
chemical (chlorination) disinfection of the re-
claimed water (SUEZ, 2023b).

The key process to guarantee the full recla-
mation of water from wastewater is the mem-
brane filiration stage (ultrafiltration). The mem-
brane filtration system consists of Ultrablue™
ZW1000 immersed ultrafiliration membranes
with a nominal pore size of 0.02 um and
a minimum filtration module surface of 42 m2.
The membranes are characterised by a modu-
lar structure with potential for a future expansion
of the system. The membranes are located in
a gravity-fed tank. Combined with the UV and
chlorine-based disinfection processes, ultrafil-
tration provides an excellent sanitary barrier
and enables water recycling. The combination
of these processes makes it possible to use
100% of the wastewater, over half of which is
used in agriculture, about 42% for green space
irrigation, while the remainder (about 3%) is
injected into the soil aquifers (SUEZ, 2023b).

Conclusion

The implementation of wastewater reclama-
tion technologies is an important element of cir-
cular economy. Reclaimed water should limit the
global water consumption and decrease the
volumes of pollutants discharged into the envi-
ronment. The technologies applied all over the
world ensure the reclamation of water that fulfils
the physicochemical and microbiological safety
standards for water supply systems. The technol-
ogy selection must consider both the target group
of the reclaimed water users as well as the de-
sired water quality. The ideal technology should
allow the free rearrangement of individual pro-
cess devices to produce water of a quality
needed at a given moment. For example, in the
winter it could be the production of artificial snow
in ski resorts, while in the summer it would pro-
duce potable water, water replenishment in

ponds and lakes, or crop irrigation. In regions
with low population densities but a great contri-
bution of agriculture, it would be appropriate to
select a technology that meets the current re-
quirements concerning water intended for agri-
cultural irrigation. On the other hand, in regions
with great industrial presence, the potential target
groups could be inferested in the supply of both
potable and process water. The primary chal-
lenges related to municipal wastewater reclama-
tion include microbiological hazards (viruses,
bacteria, fungi, efc.). Information campaigns,
advertising brochures and meetings serve an
important role in weakening the social opposi-
tion to the reuse of water reclaimed from waste-
water. Certainly, the success of wastewater recy-
cling will be driven by demonstrators and pilot
plants showing local communities the methods of
water purification and wastewater condifioning
before reuse. The currently employed technolo-
gies make it possible to treat wastewater to
standards that fulfil the criteria of water safe for
human consumption, which finds confirmation in
both test results as well as the practical applica-
tions of these technologies all over the world.
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