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The growing environmental concerns associated with elevated levels of ammonium nitrogen in municipal
wastewater, along with increasingly stringent discharge regulations, necessitate the development and
implementation of advanced and highly efficient treatment technologies. This study is aimed at optimizing the
operational parameters of a membrane bioreactor system for urban wastewater treatment, focusing on the
balance between treatment performance and operational sustainability. Membrane bioreactor systems offer
several key advantages over conventional biological treatment methods, including higher biomass retention,
improved effluent quality, compact system design, and the ability to support simultaneous nitrification and
denitrification processes within a single reactor. To investigate optimal operating conditions, GPS-X
simulation software was used to model 36 combinations of filtration duration and washing duration over a
10-day dynamic period. The impact of these parameters on critical performance indicators — transmembrane
pressure, hydraulic load, hydraulic permeability, nitrogen removal efficiency, and washwater consumption —
was assessed. The simulations demonstrated that the optimal operating regime involved a filtration duration
of 30 minutes combined with a washing duration of 180 seconds. Under these conditions, transmembrane
pressure was minimized (1,586 kPa), while ammonium and nitrate nitrogen concentrations in the treated
effluent were effectively reduced to 0.13 mg N/L and 11.36 mg N/L, respectively — well below the regulatory
limits for discharge. Additionally, the system exhibited favorable hydraulic permeability
(0.3635 m3/(mzkPa-day)) and moderate washwater usage (13.1 m3¥/day), contributing to operational cost
efficiency and membrane longevity. These results not only confirm the suitability of membrane bioreactor
technology for nutrient removal but also emphasize its practical potential for municipal implementation in
Ukraine. The study highlights the role of simulation-based optimization in achieving both environmental
compliance and resource-efficient operation, reinforcing the relevance of membrane bioreactor systems as a
core component of modern wastewater management strategies.
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1. Introduction documentation, the maximum permissible

total nitrogen concentration, including
ammonium, nitrite and nitrate, at the outlet of
a water treatment plant is no more than
42 mg/L (Sablii et al., 2021).

Due to the increasingly stringent
requirements for the quality of treated
wastewater (WW) discharged into water
bodies, the need to develop new treatment
methods and improve the efficiency of the
existing ones has grown. Today, biological

Adverse environmental impacts associated
with the presence of ammonium nitrogen
include eutrophication, which has a negative
effect on aquatic organisms due to reduction of
dissolved oxygen in water, which is used to
oxidise ammonia to nitrate. Given these
adverse impacts, it is necessary to limit and/or
remove ammonium nitrogen emissions.
According to the regulatory and technical
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nitrogen removal is mainly carried out through
nitrification and  denitrification (as in
Anoxic/Oxic technology) in such facilities as
an aerotank nitrifier and  denitrifier,
respectively. Aerobic autotrophic nitrifiers
oxidise ammonia to nitrite and then to nitrate.
Under oxygen-free conditions, nitrate is
reduced to nitrogen gas by heterotrophic
denitrifying  bacteria. Since autotrophic
ammonia-oxidising bacteria have a low growth
rate, nitrification is the limiting factor in
biological nitrogen removal. Thus, the main
challenge in biological nitrogen removal is
maintaining the proper level of nitrifiers in the
aeration tank.

In recent years, membrane bioreactor
(MBR) have become a focus of designing WW
treatment plants. The combination of
membrane technologies and a bioreactor
(aerotank/anaerobic  digester) is a new
direction in WW treatment that has not yet
been implemented in Ukraine. For example,
there is a pressing problem of sewage
treatment in the pharmaceutical industry,
which traditional biological treatment plants
cannot cope with due to a number of
disadvantages. These include large volumes of
aeration tanks and secondary settling tanks, as
well as an insufficient degree of treatment,
which in most cases does not meet the
standards for the permissible discharge of
pollutants, requiring the use of post-treatment
facilities. Traditionally, the pharmaceutical
industry has used aerobic treatment methods in
aerotanks to treat WW. However, operational
experience has shown that this method is
ineffective in removing all potentially
hazardous pollutants in Ww
(Khrystenko A. M., 2023).

The MBR process was introduced in the
late 1960s, as soon as commercial
ultrafiltration (UF) and microfiltration (MF)
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membranes became available. The original
technology was introduced by Dorr-Olivier
Inc. and combined the use of an activated
sludge bioreactor with a cross-flow membrane
filtration circuit (C.V. Smith et al., 1969). The
flat sheet membranes used in this process were
polymeric and had a pore size of 0.003 to 0.01
m (D. Enegess et al., 2003). Although the idea
to replace the settling tank in the traditional
activated sludge process was attractive, it was
difficult to justify the use of such a process due
to the high cost of the membranes and the
potential for rapid loss of performance due to
fouling. As aresult, the focus was on achieving
turbulent flows, and therefore it was necessary
to pump suspended solids at high cross-flow
rates at high energy costs (in the order of 10
kWh/m®) to reduce fouling. Due to the low
efficiency of the first generation of MBRs,
they were only used in niche areas with special
needs, such as isolated trailer parks or ski
resorts, for example.

The breakthrough for MBR came in
1989 with Yamamoto's idea to immerse
membranes in a bioreactor (K. Yamamoto et
al., 1989). Until then, MBRs were designed
with a separation device located outside the
reactor and relied on high TMP to maintain
filtration. The lower operating costs obtained
with the submerged module configuration, as
well as the steady decline in membrane costs,
contributed to the exponential growth in the
number of MBR installations starting in the
mid-1990s. While the first MBRs operated at
solids retention times (SRT) of up to 100 days
with suspended solids levels of up to 30 g/L,
the trend in recent years has been toward
shorter SRT (around 10-20 days) and, as a
result, more manageable suspended solids
levels (10-15 g/L). Due to these new operating
conditions, overall maintenance has been
simplified, as membrane cleaning is required
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less frequently. A number of MBR systems are
now commercially available, most of which
utilize submerged membranes, although some
external modules are also available; these
external systems also utilize two-phase flow to
combat fouling. In terms of membrane
configurations, hollow fiber and flat sheet
membranes are mainly used for MBRs (D.
Enegess et al., 2003).

The MBR has attracted the attention of
engineers mainly because it can maintain a
high dose of activated sludge (AS) in the
reactor (up to 6-8 g/L). Accordingly, the
following advantages can be distinguished due
to this feature:

1. The retention time of biomass can be
controlled as long as desired, which will create
favourable conditions for the normal growth of
some species of bacteria with low growth rates,
such as nitrifier bacteria.

2. It is possible to implement simultaneous
nitrification and denitrification due to the high
dose of AS, which makes it easy to form an
aerobic zone and an oxygen-free zone in one
reactor.

3. Better and more reliable effluent quality
compared to the conventional process and no
need for post-treatment and usually
disinfection.

4. Simple automatic control and compactness
of the entire system.

The purpose of this work is optimisation of
technological parameters of biological
treatment of urban sewage sludge using MBR-
based technology to ensure efficient removal
of nutrient compounds and use of MBR
membranes.

2. Materials and Methods
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used in the course of the study. The software
uses the Runge-Kutta-Felberg method, an
algorithm for numerical solution of differential
equations, to calculate  technological
parameters.

One of the GPS-X software features is
dynamic analysis, which allows you to set the
time interval in which the programme will
constantly calculate the system parameters. In
this study, a period of 10 days was chosen,
during which the software calculated the outlet
concentrations  of  pollutants  (BODs,
ammonium nitrogen, nitrate nitrogen) and the
hydraulic parameters of the MBR membranes
(transmembrane pressure, Hydraulic load,
flux).

The inlet parameters of municipal WW
used for the calculation and normative values
as the target ones are shown in Table 1.

Table 1. Characteristics of WW entering the
WW treatment plant
(average daily discharge = 2000 m®/day)

. Inlet | Normative
Indicator
value value
F
Suspended solids, 250 15
mg/L
BODrotal, mg O2/L 220 3
Ammonium, mg/L 30 0,5
Nitrate, mg/L 45 40

The  GPS-X  software (v8.0.1,
Hydromantis Environmental Software
Solutions, Inc., Hamilton, ON, Canada) was

WASTEWATER TREATMENT

The diagram of the water treatment plant
used for modelling is shown in Fig. 1.

The design and technological parameters
of the treatment plant were specified and
presented in Table 3.

After the design parameters of the WW
treatment plant were calculated and entered
into the programme along with the process
parameters, the modelling and optimisation of
the target parameters was started. The input
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data of the process parameters were set,
namely the flushing flow, bubbling air flow,
washing (WD) and filtration (FD) duration of
the MBR (the latter two parameters were
subject to optimisation).

For optimisation, the following FD and
WD were selected as shown in Table 2
(Alnaizy etal., 2012; Aidan et al., 2008; Albasi
et al., 2002; Hashino et al., 2011; Bouhabila et
al., 2001; Hirani et al., 2010; lvanovic et al.,
2008; Jiang et al., 2003; Jiang et al., 2005; Ngo
et al., 2009; Rosenberger et al., 2002;
Schoeberl et al., 2005; Smith et al., 2005;
Srijaroonrat et al., 1999; Villarroel et al., 2013;
Yigit et al., 2009).

Table 2. Input data for FD and WD

WD, s FD, min
30 10
60 20
90 30
120 40
150 50
180 60

Next, 36 FD and WD value pairs were
formed and 36 simulations were run.

The biological treatment of the effluent
is represented by an anoxic—aerobic sequence
involving a denitrifier and an aeration tank. In
the denitrifier, denitrification processes are
carried out wunder anoxic (oxygen-free)
conditions, which are maintained through the
prevention of aeration and the use of
mechanical mixers. These mixers ensure
homogeneous distribution of substrates and
biomass throughout the reactor, improving the
efficiency of contact between denitrifying
bacteria and available nitrate nitrogen. Under
these conditions, nitrate is reduced to nitrogen
gas (N2), which escapes into the atmosphere,
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effectively removing nitrogen from the
wastewater.

The success of this biological process
depends heavily on the availability of easily
biodegradable organic matter, which serves as
an electron donor for  denitrifying
microorganisms. Optimizing this stage is
crucial, as incomplete denitrification may lead
to accumulation of intermediate forms such as
nitrite or even nitrous oxide (N:O), a potent
greenhouse gas.

Following the denitrification stage,
wastewater enters the nitrifier aeration tank,
where aerobic conditions are provided by
pneumatic aeration systems. This reactor
supports both the oxidation of residual organic
pollutants and the two-step nitrification
process. The first step involves ammonia-
oxidizing bacteria (AOB), which convert
ammonium (NH4") into nitrite (NO2"). In the
second step, nitrite-oxidizing bacteria (NOB)
further oxidize nitrite into nitrate (NOs").
These processes are strictly aerobic and require
tight control of dissolved oxygen levels to
ensure high efficiency and avoid inhibition of
nitrifying bacteria due to oxygen deficiency or
overloading.

To enhance the overall nitrogen removal
efficiency, an internal recirculation system is
used. A portion of the treated flow — ranging
from 100 to 300% of the influent flow, and in
some cases up to 500% - is returned from the
end of the nitrifier (aerobic stage) back to the
denitrifier (anoxic stage). This nitrate-rich
flow, referred to as nitrate recirculation,
provides sufficient nitrate for the denitrifying
microorganisms to act upon in the anoxic zone,
reducing nitrate levels in the final effluent.

This recirculation system also ensures
hydraulic balance and consistent nutrient
availability throughout the system. It supports
the stability of the nitrogen cycle, reduces

66



Water and Water Purification Technologies. Scientific and Technical News

fluctuations in effluent quality, and minimizes
reliance on chemical additives. Furthermore,
operational flexibility can be achieved by
adjusting the recirculation rate depending on
the influent load, seasonal variations, or
specific treatment goals.

After completing this anoxic—aerobic
loop, the biologically treated water is directed
into the MBR unit, where final polishing and
solid-liquid separation occur. MBR integrate
biological treatment with membrane filtration,
resulting in high-quality effluent and compact
system  design.  Within the MBR,
concentrations of BODs, ammonium, and
nitrate are further reduced to values below
discharge limits. Ultrafiltration membranes
retain suspended solids, activated sludge and
pathogens, allowing only treated water to pass
through. This results in low turbidity and
pathogen-free effluent, which is suitable for
reuse or direct discharge into natural water
bodies.

To maintain  optimal  microbial
conditions in the denitrifier, a portion of the AS
is recirculated from the MBR back to the
anoxic reactor at a rate of 30-100%. This
internal recycling of biomass helps sustain
microbial activity and supports continuous
denitrification without introducing fresh
influent.

At the same time, permeate (clarified
treated water) is directed to a UV disinfection
unit. Here, any microorganisms that may have
passed through the membrane, including
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viruses or ultrafine bacteria, are exposed to
ultraviolet radiation that damages their DNA
and renders them inactive, further enhancing
effluent safety.

The biological and membrane treatment
stages together result in minimal sludge
production compared to traditional systems.

However, excess sludge inevitably
accumulates and must be managed. Surplus
sludge from both the primary clarifier and the
MBR is directed to a sludge thickener, where
water is separated to concentrate the solids.

This thickened sludge is then treated in
an anaerobic digester, where microbial
fermentation processes decompose 40-50% of
the organic content into biogas—primarily
methane (CH.) and carbon dioxide (CO.). The
resulting biogas can be captured and utilized as
a renewable energy source for internal plant
needs (e.g., heating, electricity generation).

The stabilized (digested) sludge, with
reduced volume and odor, is transferred to
sludge drying beds or storage facilities. Due to
its nutrient content and pathogen reduction
during digestion, the biosolids can be
repurposed as agricultural fertilizer or soil
conditioner, thus contributing to circular
economy principles and sustainable waste
management.

This closed-loop approach minimizes
environmental impact, recovers valuable
resources, and enhances the overall ecological
efficiency of the wastewater treatment plant.
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Inlet

Primary clarifier Anoxic tank Aerotank MBR UV lamp Cutlet

AS recirculation

nitrate recirculation

Mechanical dewatering

Sludge thickener Anagrobic d\gester Sludge for removal

Fig. 1. Schematic of a water treatment plant with a capacity of 2000 m®/day based on MBR

Table 3. Design and technological parameters of the plant's treatment facilities

Process

Process Design parameter Value Value
parameter
Maximum value 250 m® - -
Anoxic reactor
Depth 40m Mixing method Mechanical
Maximum volume .
250 m® Air flow rate ~ 23500 Nm®/day

of the regenerator

i Dose of sludge
Maximum volume

750 m? in th : L
Aerotank of the aerator SUm n the 9339/
regenerator
Dose of sludge
Depth 4,0m in the aeration 6 g/L
tank
Reactor volume 51 m3 Air flow rate 5721 Nm®/day
Total membrane Washing
3814 m2 . 10-210s
MBR area duration
- - Filtration time 5-60 min
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3. Results and Discussion

Dependencies of TMP, Hydraulic load,
productivity, ammonium nitrogen, nitrate

19
1,85
18
1,75
17
1,65
1,6
1,55
15 /
1,45
1,4

TMP, kPa
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nitrogen concentration and washingwater
consumption on the duration of filtration and
washing are shown in Fig. 2-7, respectively.

—e—30s
60s
90s
120s

—0—150s

40 50 60 70
FD, min

—e—180s

Fig. 2. Dependence of TMP on FD at different WD (marked in different colours)

The transmembrane pressure increases
with increasing filtration duration. The higher
transmembrane  pressure  observed  at
10 minutes of filtration compared to
20 minutes is likely due to unstable operating
conditions — short cycles don’t allow the
membrane to reach a steady filtration state,

0,4

0,38

5 0,36
0,34
0,32

m?3/(m?-kPa-day
o
w

0,28
0,26

Hydraulic permeability,

FD, min

causing frequent startups and pressure spikes
due to initial fouling layer formation. The
lowest TMP (1,586 kPa) is achieved at
FD = 30 min and WD = 180 s, which indicates
lower energy consumption and reduced
membrane wear. This is the ideal mode for
reducing operating costs.

—0—30s
60s
Ns
120s

—e—150s

—0—180s

40 50 60 70

Fig. 3. Dependence of hydraulic permeability on FD at different WD (marked in different colours)
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With increasing FD, the permeability observed at FD =30 min and WD =180 . This
decreases (which is expected due to membrane ensures long-term operation of the membranes
contamination). The high stable hydraulic without the need for frequent cleaning.

permeability (0.3635 m3/(m2-kPa-day)) is also

29,50

28,50
— 27,50
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Ng 26,50 60<
~
= 2550 90
2
S 2450 120's
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'C—SG 23,50 —e—150s
S 2250 —e—180s
2 $

21,50

20,50

0 10 20 30 40 50 60 70

FD, min

Fig. 4. Dependence of hydraulic load on FD at different WD (marked in different colours)

The efficient hydraulic load WD = 180 seconds. This makes it possible to
(23.66 L/(m2:hr)) is  achieved  under achieve high productivity with stable operation
the same conditions: FD = 30 minutes, of the plant.

0,25
0,23
0,21
——30s
0,19
o —o—60
S 0,17 )
IS 90s
£015 120’
(&)
0,13 —e—150s
0,11 = —e—180s
0,09
0,07
0 10 20 30 40 50 60 70
FD, min

Fig. 5. Dependence of ammonium concentration in treated water on FD at different WD (marked in
different colours)
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Having FD = 30 min, WD = 180 s, the standard (0.5 mg/L). This indicates effective
normative level ammonium concentration is nitrification due to sufficient aeration time and
achieved: 0.13 mg/L, which is lower than the good conditions for the growth of nitrifiers.

14
135 —o—* g ——o
o B3 ./0-" ¢ * * ——305
S 125 —e—60s
5 12 . 90
£115 / - -4 - 4 120's
© 1 ’/‘/‘_—+ —e—150s
10,5 —0—180s
10
0 10 20 30 40 50 60 70
FD, min

Fig. 6. Dependence of nitrate concentration in treated water on FD at different WD (marked in
different colours)

With the same parameters, the nitrate lower than the standard (40 mg/L). This
concentration is 11.36 mg N/L, which is also indicates effective denitrification.

440,000
_ 390,000
3]
§ 340,000 —e—305
£ 2 290,000 —e—60s
G S
€ o 240,000 90
5 o 120s
S & 190,000
S —e—150s
S 140,000 180 s
< 90,000 —

40,000

0 10 20 30 40 50 60 70

Fig. 7. Dependence of washing water consumption on FD at different WD (marked in different

colours)
The most optimal washing regime is This allows to achieve resource savings
FD = 30 min and WD = 180 s, at which water without compromising cleaning efficiency.

consumption is 130.91 m3/10 days.
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4. Conclusions

The modelling and analysis of the
membrane bioreactor operating modes provide
efficient removal of ammonium and nitrate
nitrogen to levels that meet the standards
revealed that the optimal parameters among
the options considered are 30 min of filtering
and 180 s of washing, because superb
parameters are achieved with this mode:

e the lowest transmembrane pressure -
1.586 kPa — which will have the lowest
operating costs;

e hydraulic permeability -
0.3635 m*(m?-kPa-day) — which allows
for a longer membrane operation time in
the filtration mode without washing;

e hydraulic load value — 24,0 L/(m?-hr) — at
which splendid permeate yield efficiency is
achieved;

e the concentrations of ammonium and
nitrate nitrogen — 0.13 mg N/L and
11.36 mg N/L, respectively — which do not
exceed the normative levels: 0.5 and
40 mg N/L, respectively;

e optimum water discharge for washing —
130.91 m%/10 days.

Thus, the selected mode allows
achieving high efficiency of WW treatment at
reduced operating costs thanks to downsizing
water discharge for washing membranes,
which confirms the feasibility of using MBR
for municipal WW treatment.
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3pocmaroui exonoeiuni GUKIUKU, NOB’A3AHT 3 NIOBUWEHUM BMICIOM AMOHIUHO20 A30M) 8 MICbKUX

CMIYHUX 600aX, 4 MAKOHC NOCUNEHHS HOPMAMUBHUX BUMO2 00 CKUOI8, 3yMOBII0I0Mb He0OXIOHICb
VAPOBAOJCEHHS — eeKMUBHUX MEXHON02I OUUWeHHsA. Y ybomy 00CniodceHHi NpogedeHo
ONMUMI3ayito excniIyamayiiiux napamempie MemopanHo2o diopeakxmopa O0ns OYUWEHHS CIMIYHUX
800 i3 (POKYCOM HA OO0CACHEeHHs OANAHCY MIdC epeKmusHicmio ma eKOHOMIYHICmIO pobomu.
Membpannuti  6iopeaxmop Mmae nepesazu HAO MPAOUYIUHUMU MeMOOAMU 3A80SKU BUCOKILL
KOHYyeHmpayii 0iomacu, NOKpaweHil sSKOCmi OYUWeHHS, KOMNAKMHOCMI Mad MONICIUBOCE
oonouacHoi Himpugixayii ma oenimpudghixayii. 3a donomozcoio npoecpamnozo 3abesneyenns GPS-X
3mo0envogarno 36 kombOiHayii mpuearocmi ginempayii ma npomusanus npomseom 10 0i6 y
OUHAMIYHOMY pedcumi. Byno oyineno 6niug yux napamempis Ha OCHOBHI NOKAZHUKU eeKmuUeHOCmi:
MPancMemMOpanHUuLl MUckK, 2iopasiiyHe HaABAHMANCEHHS, 2IOPAGIIYHY NPOHUKHICMb, eqheKmMUBHICIb
BUOAIIEHHS A30MY MA UMpamu 600U HA NPOMUBAHHA. Pe3ynbmamu mMo0ento8anus nokasaiu, wo
onmumanvuum € pedcum iz mpuganicmio ginempayii 30 xeunun ma npomusanns 180 cexyno. 3a
MAaKux ymoe mparcmemopannuii muck 3uusicysascsi 0o minimymy (1,586 klla), a xonyenmpayii
AMOHINIHO20 ma Himpamuo2o azomy y cmokax egexmueno smenutysaucoy 0o 0,13 me Nlom® i
11,36 me N/om? 6i0no6iono — 3nauno HudCUe 6CMAHOBIEHUX HOPMAMUBHUX Medic sl ckudy. Takooic
Odocsienymo  npuvinsamuoi  eiopasniunoi nponuxrocmi (0,3635 v3/(m?klla-006a)) ma nomiprozo
cnoocusannsi 6oou (13,1 m3006y), wo cnpusic sHudxicennro sumpam i 008208IYHOCMI MeMOPAH.
Pezynomamu niomeepoacyoms egexmuenicms membpaHno2o 0Oiopeakmopa siK NnepcneKmuHoi
MexXHON02I1 OJis1 MYHIYUNAIbHO2O OYUWEHHS. CIMIYHUX 800 8 YKpaiHi.

Kniouosi cnosa: diomexnonozis, cmiuni 600u, 0io102iuHe OUUWEHHS CMIYHUX 800, MeMOPAHHU
biopeakmop, onmumizayis.
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