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Submerged membrane bioreactors (SMBR) are hybrid systems that couple a bio-
logical reactor, where the biodegradable substrates are consumed by the active biomass,
and a membrane module, which prevents the solids to pass into the effluent, replacing
the classical separation and recirculation unit.

An improved version of an available mathematical model describing a SMBR was
used to search for the optimum operating strategies of a semi-continuous system for
wastewater treatment. The model takes into account two simultaneous processes: bio-
logical chemical oxygen demand (COD) removal and the cake layer formation/removal
onto the membrane surface.

Based upon this model, an optimization was done, searching for the operating pa-
rameters which maximize the final global conversion of ammonia plus ammonium nitro-
gen. These optimal values were then used to study the behavior of the system for two
operating strategies: discontinuous and continuous permeate recycling. The results
showed that the former strategy is the most effective.
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Introduction

Fresh water is being called the “blue gold” of
the 21st century. It is a natural resource already in
short supply and will become even scarcer with
increased urbanization and population, climate
change, and industrial pollution, turning it into hu-
manity’s most precious resource and one of the ma-
jor environmental issues of this century.

In this context, there are two important ways of
coping with water scarcity: the first is to increase
the water usage efficiency through either the reduc-
tion of fresh water consumption, or the increase of
water reuse through a better optimization of water
networks; the second is to increase constantly the
importance of the wastewater treatment, finding
ways to cut energy consumption and to foster sys-
tem’s efficiency.

One of the most widely used waste removal
methods is biological treatment. The two main pro-
cesses utilized for secondary (biological) treatment
are the trickling filtration – lesser and lesser impor-
tant – and elimination with activated sludge.1

All activated sludge systems include a sus-
pended growth reactor, in which the wastewater, re-
cycled sludge, and molecular oxygen transported

from air bubbles are mixed, a separator and pump
station for sludge recycle and a wasting line. The
latter is intended to limit the accumulation of dead
cells and, at the same time, to keep the activated
sludge concentration into some predefined limits.
The oxygen, coming from air – the usage of pure
oxygen is discouraged due to the high operating
and safety costs – must be transferred into waste-
water, hence the need for an energy-intensive air
supply system, which is also responsible for the en-
ergy dissipation at molecular level through mixing.
The separator is usually a sedimentation tank that is
designed to have a dual function as both clarifier
and thickener.2

The microorganisms found in activated sludge
could be lumped into four generic categories: bacte-
ria, fungi, protozoa and rotifers.3 The growth and
predominance of each of these types are controlled
by a number of feed and operating conditions in-
cluding type of waste-organic matter (food), meta-
bolic rate, size, nature of the process. In activated
sludge, bacteria are the most frequent microorgan-
isms. They exist as both individuals and colonies.
Some are strictly aerobic while others are anaero-
bic. This ability to perform in the presence and ab-
sence of oxygen is an important asset which helps
maintaining an acceptable sludge activity at low
concentrations of oxygen.4
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The bacteria are classified in heterotrophs and
autotrophs and the former are predominant in acti-
vated sludge processes. The autotrophic bacteria re-
duce the oxidized compounds with carbon (from
i.e. carbon dioxide) for the cellular growth, on be-
half of nitrification, which is a two-step process of
oxidizing the ammonia to nitrate.

The heterotrophs oxidize the carbonaceous or-
ganic matter to gain energy and are responsible for
the denitrification process. Denitrifying bacteria re-
present approximately 80 % of all bacteria floccu-
lated and dispersed in the activated sludge process.4

Submerged membrane bioreactors

The SMBRs are hybrid systems, which group
in the same unit the reaction and the separation
steps,5,6 according to the process intensification
principles. The gains are twofold: increase of bio-
mass concentration inside the bioreactor and the
mass transfer area, accordingly, to obtain a higher
flux of substrate to be processed and raise of the
mass transfer driving force, keeping the product
concentration as low as possible, removing it from
the vicinity of the activated sludge.

The main advantages of the SMBRs, besides
the higher effluent quality, are the smaller overall
reactor volume, compared to the aeration and sedi-
mentation basins used in the conventional activated
sludge plants, and the reduced footprint and sludge
production through maintaining a high biomass
concentration in the bioreactor.7–10 The long sludge
retention time (SRT) achieved in the SMBRs, which
can be manipulated independently from hydraulic
retention time (HRT) due to membrane separation,
also allows the retention of the microorganisms
with low growth rate, such as the nitrifying bacte-
ria, which is important for the efficiency of the ni-
trification process.7,8,11 As such, SMBRs are nowa-
days being accepted increasingly as the technology
of choice, as suggested by a number of indicators.12

The major drawback of SMBRs, which consti-
tutes the motif for the slow acceptance of this tech-
nology, is the high investment costs, compared to
other processes.13 While the activated sludge plants
have average cost to high value ratios, and the bio-
logical aerated filters have low-average cost to av-
erage value ratios, SMBRs are perceived as having
high cost to high value ratios. Unless a high output
quality is required for the discharged water, un-
reachable by conventional methods of treatment, in-
vesting large amounts of money in an SMBR will
not be a priority.10,12 Other drawbacks of SMBRs
are the high oxygen demands caused by the long
SRT, leading to a high aeration costs8,13 and the
membrane fouling.10,14

Many studies have been performed for the op-
timization of membrane modules used in gaseous
mixtures separations (e.g. CO2 removal from natu-
ral gas), methanol synthesis, etc., but few attempts
were made for optimizing membrane bioreactors
used in wastewater treatment and they are all exper-
imental. Schoeberl et al. studied the influence of
suction time, backwash time and aeration intensity
on fouling, using a complete factorial experiment.15

According to their paper, suction time was the most
important parameter affecting the fouling rate, fol-
lowed by aeration intensity and backwash time, which
enhanced the fouling only at high suction times.

In this context, our study aims to find the opti-
mal operating conditions and strategies for a
semi-continuous SMBR system for wastewater
treatment, using an improved version of a mathe-
matical model previously developed and calibrated
by Di Bella et al.9

The physical model

The physical model is an abstraction of the ex-
perimental set-up used by Di Bella et al.9 to de-
velop the mathematical model. The system is sche-
matically presented in Fig. 1. The whole system
works semi-continuously, which renders the mathe-
matical treatment more complex. The raw waste-
water passes through a 2 mm screen to remove hair,
debris, rags, sand, etc. prior to be fed into the reser-
voir (1) (Fig. 1 for details). Thereafter, the waste-
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F i g . 1 – Set-up of the system subject to optimization:
1 – wastewater tank; 2 – membrane bioreactor; 3 – permeate
tank; 4 – sludge tank; 5 – air sparger. The continuous and the
dashed grey lines symbolize the continuous and discontinuous
recirculation of the permeate, respectively.



water feeds the SMBR (2), where the organic matter
and the nitrogen based compounds are removed.
The permeate is withdrawn through the membrane
module and stored in the tank (3). After a while, the
feeding of wastewater and the permeate suction are
interrupted and a fraction of the latter is pumped
back through the membrane for a period of time to
clean the pores and to remove the cake from the
surface. The wasted sludge, which should prevent
the accumulation in excess of dead cells, is continu-
ously withdrawn from the bottom of the bioreactor
and stored in the tank (4).

The bioreactor is aerated and stirred by two
fine bubble air spargers located at its bottom, out-
side the membrane module. Another air sparger,
placed under the membrane module, produces con-
stant bubble swarms which generate strong turbu-
lences when flowing tangentially with respect to the
membrane surface; the air bubbles entrain continu-
ously a part of the biomass stuck there, thus clean-
ing at least partially the surface of the membrane.
The process takes place until the total consumption
of the wastewater in the feed tank (1).

The mathematical model

The mathematical models developed for bio-
logical wastewater treatment in MBRs are generally
classified in three categories:9 biomass kinetic mod-
els, membrane fouling models and integrated mod-
els.

The kinetic models are mainly based on the ac-
tivated sludge models9,16–18 (ASMs) which have
been modified to take into account the formation
and degradation of the soluble microbial products
(SMP) in the SMBR. The SMP category lumps all
the soluble organic matters produced by mixed bac-
teria in the bioreactor. They are of crucial impor-
tance for biological wastewater treatment systems
because of their significant impact on both effluent
quality and treatment efficiency.9 They are formed,
on one hand, as a result of biological degradation of
the initial substrate (the utilization associated prod-
ucts, UAP), and, on the other, as a result of biomass
decay (the biomass associated products, BAP).19

The membrane fouling models are based
upon solid-liquid separation (in which case the
filtration process is replaced by an ideal settler
with unitary efficiency) or upon the resistance-in-se-
ries representation. Mostly, they are empirical mod-
els.

The integrated models basically couple the ki-
netic and the fouling models (such as the resis-
tance-in-series model) and they often consider the
formation and degradation of SMP.9

For this study, the system presented in Fig.1 is
abstracted into an integrated model consisting of
two sub-models: one for the biological removal of
the pollutants from the wastewater and the other for
the physical removal of the solids from the perme-
ate, due to cake deposition upon the surface of the
membrane. The organic matter is lumped into two
groups: the soluble matter formed by particles that
can pass a 0.45 �m filter and the particulate matter,
with particles larger than 0.45 �m, which are re-
tained in the bioreactor by the membrane acting
like an ideal filter with a homogenous distribution
of the pores.9 The microorganisms are classified in
heterotrophs and autotrophs and the lag phase ap-
pearing when the operating conditions are changed
is disregarded.

The dynamic equations of the biological pro-
cess are based upon mass balances around the
whole SMBR for all wastewater components; the
Monod type kinetics applies for the different sub-
strates.9,17,20 The mass balances for two generic sub-
strates are given by eq. (1), for the soluble case, and
by eq. (2) for the insoluble case, respectively:
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where M is the number of soluble species, N is the
number of particulate species, � and 	 represent the
coefficients of the reaction rates, �prod. and �cons. are
the formation and consumption rates of the soluble
or insoluble species present in the wastewater. The
complete stoichiometry and kinetic expressions are
presented in Table 1.

When the permeate is withdrawn through the
membrane during the filtration period, the soluble
components (denoted by Si in the previous equa-
tions) enter the permeate tank (3, in Fig. 1) with the
concentration from the bioreactor, C i

R , considered
perfectly mixed. Here, the fresh permeate is mixed
with the existing one collected in the previous fil-
tration periods and a new concentration, C i

P , is
reached. This average concentration results from a
mass balance around the permeate tank (3), which
is also assumed perfectly mixed:
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The mean concentration in the waste tank, C i
W ,

is obtained the same way:
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where P is the total number of species in the waste-
water, soluble and insoluble.

The two periods, treatment and cleaning/back-
wash, differ only with respect to the values of the
inlet flow, QIN, the permeate flow, QP, and the back-
flow for membrane cleaning, QB. During the treat-
ment period, the backflow is zero, while throughout
the cleaning period, which starts when cake resis-
tance becomes too high, the inlet and the permeate
flows are zero; the waste inlet flow, QW, is always
constant and different from zero no matter the inter-
val. These periodic changes cause the continuous

variation of the average concentrations in the waste
tank, while the permeate concentration remains
constant during the backwashing.

The membrane sub-model describes the forma-
tion of cake layer on the surface of the membrane
during the filtration period and the detachment dur-
ing the backwash period.

Two opposite forces21 act on a sludge particle
approaching the membrane and affect its tendency
of attachment: a drag force by suction which leads
to attachment and a lifting force given by the turbu-
lent flow of the bubble swarm, carrying the particle
away from the membrane surface. In these condi-
tions, the rate of biomass accumulation during the
filtration period can be written as:22

d

d

M

t

C J

J C d G

G M

V t

sf SS

d p

sf

f f

�
� �

� � � �
�

� � � �

� �

24

24

12 2	 �




( )

� M sf

(5)

92 P. BUZATU and V. LAVRIC, Optimal Operating Strategies of a Submerged …, Chem. Biochem. Eng. Q. 25 (1) 89–103 (2011)

T a b l e 1
– Kinetics’ coefficients and stoichiometry for the biological processes

Process

Component
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Hydrolysis of entrapped organic nitrogen



During the cleaning process, the cake is not
compressed further due to the lack of permeate suc-
tion. The compression coefficient, 
, may then be
presumably reduced to one-tenth of its initial value
and the biomass detachment is:22
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Based upon eq. (6), the backwashing period
ends when there are no particles on the membrane
surface, i.e. Msf is zero.

The main drawback of this approach is that the
permeate flux is assumed constant. The mathemati-
cal model has been solved using an in-house
Matlab™ program based upon ode15s integration
function for systems of stiff ordinary differential
equations.

Measuring the performance of the system

In order to assess the completeness of the treat-
ment, a performance criterion should be used, valid
irrespective of the working strategy. The dynamic
nature of the system given by the periodic change
of the input and output flows, with consequences
upon the biological transformation, renders more
difficult the computation of such a criterion. For the
present study, global conversion, defined as the ra-
tio between the quantity of substrate consumed by
microorganisms during a certain amount of time
and the quantity initially fed in the supplying vessel
and the bioreactor (1 and 2, Fig. 1), is a suitable
metric in assessing the performance of the MBR at
any moment. Noting with V0 the initial volume of
wastewater in the feed tank (1), with V the same
volume corresponding to the time when the global
conversion is evaluated and with VR the volume of
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the bioreactor, the amount of the generic substrate,
mIN, that has to be processed by the biomass is:

m V V cIN R IN� � �( )0 (7)

where cIN is the initial generic substrate concentra-
tion in the feed tank (1) and in the bioreactor (2).

At any given moment �, the untransformed ge-
neric substrate is the sum between what was col-
lected in the permeate and waste tanks and what re-
mained untransformed in the bioreactor and the
feeding vessel:

m Q c t t Q c t tOUT P W( ) ( ) ( )�
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where c is the concentration of generic substrate in
the reactor, while c P and cW are its means in per-
meate and wasted sludge, respectively.

Using (7) and (8) the global conversion of the
generic substrate is:
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Taking into account their importance into the
economy of the treatment process and the quality
of the discharged water, two were the pollutants
for which the global conversion was computed:
ammonia ( )C NH and soluble biodegradable sub-
strate ( )C S whose formulas are obtained replacing
the corresponding notations in (9).

Results and discussions

The base case

The concentration profiles for the state
variables that describe the dynamic of the waste-
water system including the SMBR were obtained
by solving the mathematical model using the re-
commended values for the operating parameters:9

tF = 9 min and kL·aV = 2.5 h–1. The parameters of the
model9,17 are listed in Table 2 and the initial values
for the state variables9,17 are presented in Table 3.

The dynamic of the concentrations of the
readily biodegradable substrates in the bioreactor
and permeate are shown in Fig. 2, for a ratio of per-
meate to waste flows equal to two.
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T a b l e 2
– The parameters of the mathematical model

Para-
meter

Value
Measuring

units
Para-
meter

Value
Measuring

units

�H, 0.25 h–1 
g 0.8 –

�A 0.0333 h–1 
h 0.4 –

�SMP 0.3458 h–1 
UAP,H 0.82 –

bH 0.092 h–1 
UAP,A 1.03 –

bBAP,H 0.0138 h–1 YH 0.67 gCOD gCOD
–1

bA 0.0021 h–1 YA 0.24 gCOD gNH4+
–1

bBAP,A 0.0058 h–1 YSMP 0.84 gCOD gCOD
–1

ka 0.0033 m3 gCOD
–1 h–1 ixb 0.086 gN gCOD

–1

kh 0.1250 gCOD gCOD
–1 h–1 ixp 0.06 gN gCOD

–1

KS 20 g m–3 fp 0.08 –

KO,H 0.2 g m–3 fb 0.006 –

KSMP 132.68 g m–3 � 0.47 –

KNO 0.5 g m–3 	 0.01 –

KNH 1 g m–3 � 0.09 kg m–3 h–1

KO,A 0.4 g m–3 G 720000 h–1

kX 0.03 gCOD gCOD
–1 SO

* 10 g m–3

V0 0.3 m3 VR 0.19 m3

S 0.93 m2 J 0.0215 m3 m–2 h–1

T a b l e 3
– The initial values of the state variables

Component Value Measuring units

SS 200 g m–3

XS 100 g m–3

XBH 25 g m–3

XBA 8 g m–3

SSMP 0 g m–3

SO 2 g m–3

SNO 1 g m–3

SNH 15 g m–3

SND 9 g m–3

XND 0 g m–3

SI 2 g m–3

XI 3 g m–3

Msf 0 kg m–2



The combined analysis of the four profiles in
the SMBR (Fig. 2) reveals three distinct regions
throughout the whole working time:

– the first period is characterized by a pro-
nounced increase in the concentration of the dis-
solved oxygen (DO); the mass transfer driving
force (the difference between the saturation concen-
tration of DO and the actual concentration) is high
and as such the oxygen flux coming from air over-
comes the microorganisms consumption by meta-
bolic activities. The increase in the DO in the liquid
phase causes a decrease of the mass transfer driving
force. At the same time, however, as the concentra-
tion of DO increases, so does the consumption rate
of some metabolic processes – see the reaction rates
column in Table 1, lines 1–5, 11 and 12. Thus, there
is a moment when the flow of oxygen consumed in
the metabolic processes equals the flow of oxygen
provided by the air and its concentration profile
reaches a maximum;

– the second period is characterized by an in-
tensification of the biological processes as a result
of both the augmentation of the heterotrophs con-
centration (Fig. 3) and the relatively high DO con-
centration. Consequently, the DO starts decreasing
to a minimum value at which the flow of oxygen
transferred from the gaseous phase equals the mi-
croorganisms’ consumption. The oxygen consumed
by heterotrophs increases continuously because
they grow faster, thus diminishing the concentration
of the readily biodegradable substrate, SS, as well.
In contrast, the reduction of both autotrophs and
ammonia concentrations determines a decrease of
oxygen used for nitrification;

– the third period is characterized by the re-
sumed growth of the DO concentration. Although
the concentration of heterotrophs is more than three
times higher than in the first period (Fig. 3), imply-
ing higher oxygen consumption, the decrease in the
concentration of carbonaceous substrate is such that
it becomes rate limiting. At the same time, the am-
monia reaches a minimum plateau (Fig. 2) sufficient
for a process rate which allows the autotrophs to
consume all the ammonia flow fed to the MBR. A
change in the carbonaceous substrate profile can be
observed (Fig. 2), from an accelerated decrease to an
asymptotic one, as the kinetic passes from zero to
first order as the substrate concentration drops.

The concentration of the soluble microbial
products increases continuously, but a lower slope
can be observed after the moment at which the am-
monium and carbonaceous substrates decrease to
very low levels in the reactor. The SMP are formed
as a result of the activity or the degradation of the
heterotrophs and autotrophs and become substrate
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F i g . 2 – Temporal profiles of the readily biodegradable
substrates for the proposed values of the operating parameters9

(SS – carbonaceous substrate, g m–3; SNH – ammonia plus
ammonium nitrogen, g m–3; SO – dissolved oxygen, g m–3;
SSMP – soluble microbial products, g m–3; superscript R – reac-
tor, superscript P – permeate)

F i g . 3 – Concentration profiles of the heterotrophs (XBH,
g m–3) and autotrophs (XBA, g m–3) for the proposed values of
the operating parameters9(tF = 9 min, kLaV = 2.5 h–1)



for the heterotrophs. When the concentration of the
ammonia (SNH) and soluble substrate (SS) reach their
limits, the heterotrophs concentration continue to
grow, but slower than before, causing a reduction in
the amount of produced SMP.

The dynamic of heterotrophs and autotrophs is
presented in Fig. 3, where a divergent behavior is
observed. The growth of heterotrophs is accelerated
until the concentration of readily biodegradable
substrate, SS, decreases to values for which the
growth rate changes from zero to first-order. Simul-
taneously, the growth of heterotrophs diminishes
also because of the DO low level.

The concentration of autotrophs decreases con-
tinuously with a constant rate given by the linear
reduction of ammonia concentration. Once this sub-
strate reaches its lowest limit, the reduction of
autotrophs concentration caused by the imbalance
between growth rate and death rate intensifies. For
operating periods larger than 15 h, stabilization to a
value ensuring balanced growth and death would be
expected. It is worth noting that both heterotrophs
and autotrophs vanish from the system through
wastage line flow, which could be assimilated to
cells death with respect to its effects.

The performance of the system, expressed as the
global conversions of ammonia and carbonaceous
substrates, is presented in Fig. 4. While the global
conversion of ammonia is a sigmoid curve, in the case
of the carbonaceous substrate the final asymptote cor-
responding to large operating periods does not exist,
although the inflexion point had been already reached
around 10 h. The behavior on the last part of the am-
monia curve is the result of the decrease of the con-
version caused by reaching the limit concentration of
this substrate in the reactor, which is not the case for
the readily biodegradable substrate.

Throughout the operating period, the concen-
tration of solids deposited on the surface of the
membrane has periodic variations (not shown here).
In the filtration step, the cake thickness increases
linearly to a certain value, after which the cleaning
period follows and it starts decreasing, also linearly,
to almost zero at the end of the cleaning period. Al-
though some studies21,23–25 suggest that a thin cake
layer could act as a secondary filter, thus preventing
the membrane from a more severe fouling, our
model doesn’t provide any information about the
characteristics of the cake, making it impossible for
us to evaluate its contribution to the membrane
fouling and filtration performance.

Sensitivity analysis against two candidate
control variables

The parameters whose influence upon the be-
havior of the system was studied were the filtration
period, the volumetric mass transfer coefficient and
the permeate to waste ratio.

While Di Bella et al. chose two fixed values
for the filtration and backwashing periods, we con-
sidered that the latter is not an independent vari-
able, but it depends upon the quantity of solids de-
posited on the membrane surface, which increases
with the length of the filtration period. Considering
this, it may seem that the longer the cleaning pe-
riod, the better. But during backwashing, the pro-
cess is less efficient because the feeding is inter-
rupted and the concentration of the microorganisms
lowers due to the decreasing availability of the sub-
strates and continuous waste sludge removal; there-
fore washing should last as little as possible.

For the filtration period, the interval of choice
was between 5 and 20 minutes considering that at
higher values the hypothesis of constant flux
through the membrane could not be valid anymore
due to the thickness of the cake.

The air plays an important role in the activity
of the activated sludge and the good mixing of the
liquid, but an air flow higher than necessary leads
to unjustified aeration costs; the interval of choice
for the volumetric mass transfer coefficient, which
is a measure of the air flow, was between 1 and
6 h–1.

The results have been expressed as the profiles
of the global conversions of the ammonia and car-
bonaceous substrates at the end of the operating pe-
riod against each of the two variables and are repre-
sented in Fig. 5.

The analysis shows that for both substrates the
final global conversion has a maximum depending
on the duration of filtration, situated at approxi-
mately 11 min, which is not far from the experi-
mental value used by Di Bella.9
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The volumetric mass transfer coefficient has a
significant influence on the final global conversions
only for values smaller than 1.5 h–1 after which both
global conversions reach a plateau. This may sug-
gest that after this point the value of this parameter
becomes less important and that it would be ideal –
from an economically point of view – to work
closer to the beginning of this plateau. Neverthe-
less, the filtration period and the volumetric mass
transfer coefficient are not independent. The influ-
ence of the filtration period on the global conver-
sion was studied for kL · aV equal to 2.5 h–1, while
the influence of air flow-rates upon the global con-
version was studied for the filtration period of
9 min. Therefore, both variables were chosen as
commands in the optimization procedure.

Another component of the sensitivity analysis
was the response of the system to the variations of
the ratio between the permeate and the waste flows.
The preliminary simulations for ratios between 1
and 10 showed that the performance of the system
has increased asymptotically with this ratio. Conse-
quently, ten was considered as working value and
this ratio was left unchanged for all further simula-
tions.

The optimization of the treatment process

The results of sensitivity analysis showed that
the process is prone to optimization, using two con-
trol variables – the filtration period and the air flow,
the latter with direct implications upon the avail-
ability of DO for the microorganisms. The length of
the period in which the bioreactor is working at
high substrate concentrations in the feed depends
not only upon the biomass concentration, but also
upon the air flow, which affects both the local tur-
bulence near the surface of the membrane and the
rate of oxygen mass transfer to microorganisms,
represented by the volumetric mass transfer coeffi-
cient, kL·aV.

The system at hand is discontinuous; therefore
the optimization is restricted to the operating period
which ends when the feed tank becomes empty. For
this reason the objective function to be minimized
is given by eq. (10) computed for the end of the
working period (the ammonia was chosen as refer-
ence since it is the most aggressive pollutant).

f Cob NH
end� �1 (10)

The optimization has been carried out using
the genetic algorithm toolbox from Matlab™,
MathWorks, Natick, MA. The filtration period was
varied within the range 5–20 min and the air flow
within 0.18–0.72 m3 h–1. The number of chromo-
somes was 20 and the number of generations was
set to l00. The following values for the operating
parameters were obtained after optimization:
tF = 13.8 min and Qair = 0.7 m3 h–1, corresponding
to a specific mass transfer coefficient, kL·aV, equal
to 5.8 h–1.

The performance of the system improves when
working with the optimized values of the operating
parameters. The final concentrations for the readily
biodegradable and ammonia substrates are smaller,
but still significantly higher than zero (Fig. 6).
These residual concentrations are the consequence
of the discontinuous operating mode of the system;
immediately after the start-up the effluent concen-
trations are high and only after a rather long period
they decrease to acceptable levels. This is caused
by the fact that the pollutant flow consumed by the
bacteria in the bioreactor is small at the beginning
because the initial concentration of the cells is low.

As the quantity of substrate in the bioreactor
decreases (the concentration diminishes through
evacuation in the effluent and consumption in the
biological process) the permeate is diluted to the fi-
nal values in Fig. 6.

The improvement produced by the optimiza-
tion can also be observed in the case of the global
conversions (Fig. 6), when the values at the end of
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F i g . 5 – The variation of the final conversions of the ammo-
nia plus ammonium nitrogen and carbonaceous substrates with
the filtration period and volumetric mass transfer coefficient



the operating period are higher than those in the
non-optimized case.

A promising strategy of increasing the global
performance of the system is to recycle the perme-
ate collected during the operating period for a sup-
plemental treatment. This way, the unreacted sub-
strates will be consumed by the biomass which
reached higher concentrations in the bioreactor at
the final of the working time.

The recycling of the permeate can be done two
ways: either at the end of the operating period, by
refilling the feed tank (1) and rerunning the process
until the consumption of the recycled permeate
(referred to as discontinuous recirculation), or by
continually recycling a fraction of permeate in
the feed tank (referred to as continuous recircu-
lation). This fraction must be chosen so that the
permeate tank (3) still holds the necessary amount
of liquid for the cleaning of the membrane at all
time.

The discontinuous recirculation is justified by
the high biomass concentration at the end of the
first operating period compared to the beginning
of the process. The microorganisms, being now

in a much higher concentration, are capable of fur-
ther reducing the residual pollutants in the perme-
ate.

The continuous recirculation finds its justifica-
tion in the need of reducing the high concentration
of the pollutants in the effluent right from the be-
ginning of the treatment process.

The effect of recycling the permeate

The dynamic of the system in response to the
discontinuous recirculation of permeate is shown in
Fig. 7. For the soluble biodegradable substrate, SS,
and ammonia plus ammonium nitrogen substrate,
SNH, respectively, the curves are typical, meaning
their concentrations are diminishing during the sec-
ond treatment. On the contrary, the DO profile has a
specific evolution; in the bioreactor it has small
variations given by the interplay between its level
and the feeding flow of substrates into the bio-
reactor. At the beginning of the second period, DO
sharpens its increase, due to the positive imbalance
between the transfer rate from air bubbles and the
rate of consumption into the biological processes.
After a while, the consumption rate, which rises
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F i g . 6 – Temporal profiles of the ammonia plus ammonium
nitrogen and carbonaceous substrates in the permeate and
their global conversions after optimization – comparison with
the basic profiles

F i g . 7 – Temporal profiles of the readily biodegradable
substrates for the discontinuous recirculation (the notations are
the same as in Fig. 2)



based upon the higher DO, overcomes the supply
rate, decreased by the decline of the mass transfer
driving force, and therefore the DO concentration
reaches a peak then starts falling. The drop is even-
tually counterbalanced by the raise of the mass
transfer rate.

The SMP (Fig. 7) profile for the first operating
cycle is the same as for single operated period;
then, the concentration in the permeate increases
sharply because the initial concentration in the per-
meate tank for the second period is the concentra-
tion in the reactor at the end of the first one, which
is higher than at the beginning of the treatment pro-
cess. Due to the fact that in the new operating pe-
riod the heterotrophs are subjected to very low sub-
strates levels (Fig. 7, ammonia and soluble sub-
strate profiles, after 15 h), their concentration
reaches a plateau (Fig. 9) and the increase in SMP
is now much lower than before.

Both conversions experience an important sup-
plemental growth despite the lower concentrations
of substrates in the new feeding and the operating
conditions, which now are not optimal (Fig. 8). The
significant drop in the slope of the conversions’ in-
crease witnesses these changes. The raise, although
slower, is the result of the activity of the hetero-
trophs and autotrophs, whose concentrations are
much higher than during the first period, for the
former, and still sufficiently high, for the latter
(Fig. 9).

The temporal profiles for the continuous
recirculation of a fraction of the permeate are pre-
sented in Fig. 10. The operating period can be di-
vided in two different regions, the first character-
ized by a significant reduction of the substrates en-
tering the membrane bioreactor, when the process is

carried out at relatively high rates of oxygen con-
sumption (Fig. 10, time up to 60 h), and the second,
when the feeding concentrations become equal to
the levels in the bioreactor (including SMP, whose
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F i g . 8 – Global conversions of the ammonia plus ammo-
nium nitrogen and carbonaceous substrates for the discontinu-
ous recirculation (the notations are the same as in Fig. 3)

F i g . 9 – Concentration profiles of the heterotrophs and
autotrophs for the discontinuous recirculation (the notations
are the same as in Fig. 3)

F i g . 1 0 – Temporal profiles of the readily biodegradable
substrates for the continuous recirculation (superscript F –
feeding; the rest of the notations are the same as in Fig. 2)



level at the end of the operating period is higher
than in the two previous operating strategies). This
leads to the reduction of the oxygen consumption
so the system approaches saturation, which means
that the aerobic biological processes are carried out
at a minimum level. It should also be noted that af-
ter approx. 8 h, the concentration of ammonia in the
bioreactor decreases to very low levels resulting in
a reversal of autotrophs behavior – their concentra-
tion starts falling slowly but irreversibly, in aver-
age, to very low values (Fig. 11). Due to the mini-
mum concentration of ammonia in the bioreactor,
reached after 10 h, the growth rate of the autotrophs
is smaller than the death rate for the current concen-
tration of oxygen in the bioreactor, which makes
the consumption of the oxygen smaller than the
flux coming from the gaseous phase; thus, its con-
centration increases. This effect causes an enhance-
ment of the growth rate of the heterotrophs which
consume increasingly more oxygen but this con-
sumption is not high enough to diminish the oxygen
concentration (Fig. 10).

The concentrations of microorganisms have
typical profiles for growth in abundance and lack of
substrate, respectively (Fig. 11). During the first pe-
riod, when the ammonia has high values, both types
of microorganisms grow as a result of substrate
abundance. This growth stops when the concentra-
tion of the substrate becomes very small and the
feed flow is not sufficient to ensure conditions for
further growth. From this moment, the concentra-
tions of the microorganisms start to decline, the
autotrophs reaching very low levels.

It can be noted that the process already attained
its high conversion limit, reached when the con-
centration of the readily biodegradable substrate

in the feed tank becomes very small (Fig. 10, after
60 h and Fig. 12). Thus, the further operation
of the MBR becomes economically inefficient,
the more so as the concentration of the ammo-
nia drops to negligible values after 60 h of opera-
tion.

Conclusions

An improved version of a mathematical model
describing a submerged membrane bioreactor was
used to simulate the behavior of a discontinuous
system for ammonia and carbon-based substrate re-
moval from water, using a set of published values
for the parameters. A sensitivity analysis was car-
ried out with respect to the filtration period, air
flow (which affects the specific mass transfer coef-
ficient, kL·aV) and permeate to wastage flow ratio,
showing that the latter influences the process for
uneconomic values only (lower than 3); for higher
values, the effect is asymptotic. Consequently, the
other two variables were chosen for an optimization
study and can be seen as commands for better con-
trolling the wastewater treatment with this new hy-
brid bioreactor. The optimal values found using the
genetic algorithm routine implemented in Matlab™
are 13.8 min for the filtration period and 0.7 m3 h–1

for the air flow.

The results corresponding to these operating
conditions showed that the concentration of the pol-
lutants (ammonia and carbonaceous substrates) in
the permeate were smaller than in the un-optimized
case, but not small enough to discharge the pro-
cessed water into the environment. Two strategies
were used to improve the performance of the bio-
logical wastewater treatment system already work-
ing under the optimal operating conditions, namely
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F i g . 1 1 – Concentration profiles of the heterotrophs and
autotrophs for the continuous recirculation (the notations are
the same as in Fig. 3)

F i g . 1 2 – Global conversions of the ammonia plus ammo-
nium nitrogen and carbonaceous substrates for the continuous
recirculation



the continuous recycling of a fraction of the perme-
ate and the reuse of the permeate after the first cy-
cle of treatment. In both cases we seek to break
down to a convenient level the ammonia past
through the bioreactor in the first half of the discon-
tinuous working period, when the concentration of
the microorganisms was too low to insure a conve-
nient degradation.

Of these two methods, the discontinuous recy-
cling proves to be the most efficient, lowering the
water pollution under the level suitable for dis-
charge into environment; at the matter of fact, the
discharge water concentration of ammonia becomes
zero.

A clearer picture of how the two optimal stra-
tegies (since they work with the optimal found
parameters) of recycling the permeate improved
the performance of the system at hand is shown
in Fig. 13. As expected, there is a perfect match
between the first period of the discontinuous
recycling and the single period operated system.
Then, in the former’s case, the rest of the substra-
tes are processed during the second period, pro-
fiting from availability of the biomass at high con-
centrations. The second strategy, the continuous re-
cycling of a fraction of the permeate, gives the
same performance till SNH vanishes. After that
moment, there is a slow decline in the perfor-
mance, compared to the previous two operations,
because the concentrations of the substrates in the
feeding tank diminishes more and more, with re-
spect to the values at which the biomass was ex-
posed in the other two cases (Fig. 13, the lightest
color line). Although this strategy gives close con-
version compared to the discontinuous recycling of
the permeate, the working time renders it less at-
tractive.
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N o t a t i o n s

bA � autotrophic decay coefficient for formation of
particulate, h–1

bH � heterotrophic decay coefficient for formation of
particulate, h–1

bBAP,A� autotrophic decay coefficient for formation of
BAP, h–1

bBAP,H� heterotrophic decay coefficient for formation of
BAP, h–1

c � concentration of generic substrate in the reactor,
g m–3

c P � mean concentration of generic substrate in per-
meate tank, g m–3

cW � mean concentration of generic substrate in the
wasted sludge tank, g m–3

cIN � the initial generic substrate concentration in the
feed tank and in the bioreactor, g m–3

Cd � lifting force coefficient, –

Ci
P � mean concentration of the component i in the

pearmeate tank, g m–3

Ci
R � the concentration of the component i in the reac-

tor, g m–3

Ci
W � mean concentration of the component i in the

waste tank, g m–3

COD � chemical oxygen demand, gCOD m–3

CSS � suspended solid concentration of biomass sludge,
kg m–3

dp � particle size, �m

fB � inert fraction of biomass leading to soluble prod-
ucts, –

fP � inert fraction of biomass leading to particulate
products, –

G � local shear intensity, h–1

ixb � ammonia fraction in biomass, gN gCOD
–1

ixp � ammonia fraction in particulate products,
gN gCOD

–1

J � permeate flux, m3 m–2 h–1

ka � ammonification coefficient, m3 gCOD
–1 h–1

kh � hydrolysis coefficient, h–1

KNH � ammonia half-saturation coefficient for auto-
trophic biomass, gN m–3

KNO � nitrate half-saturation coefficient for denitrifying
heterotrophic biomass, gN m–3

KO,A � oxygen half-saturation coefficient for auto-
trophic biomass, gO2

m–3
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KO,H � oxygen half-saturation coefficient for hetero-
trophic biomass, gO2

m–3

KS � substrate half-saturation coefficient for hetero-
trophic biomass, gCOD m–3

KSMP � SMP half-saturation coefficient for heterotrophic
biomass, gCOD m–3

kX � half-saturation coefficient for hydrolysis of par-
ticulate biodegradable substrate, –

M � the number of soluble species in the system

Msf � dynamic sludge film cake on the membrane,
kg m–2

N � the number of particulate species in the system

P � the total number of species in the system, soluble
and particulate

Qair � air flow, m3 h–1

QB � backwashing flow rate, m3 h–1

QIN � influent flow rate, m3 h–1

QP � permeate flow rate, m3 h–1

QW � wasted flow rate, m3 h–1

S � surface of the membrane, m2

SI � soluble inert organic matter, gCOD m–3

SMP � Soluble Microbial Products

SND � soluble biodegradable organic nitrogen, gN m–3

SNH � ammonia plus ammonium nitrogen, gN m–3

SNO � nitrate plus nitrite nitrogen, gN m–3

SO � dissolved oxygen, gO2
m–3

SS � soluble biodegradable substrate, gCOD m–3

SSMP � total soluble microbial product, equals to SBAP

plus SUAP, gCOD m–3

t � time, h

tF � filtration period, min

V � actual volume of wastewater in the feeding tank,
m3

Vf � volume of permeate produced in a filtration pe-
riod, m3 m–2

VR � reactor volume, m3

V0 � initial volume of the wastewater, m3

XBA � active autotrophic biomass, gCOD m–3

XBH � active heterotrophic biomass, gCOD m–3

XI � particulate inert organic matter, gCOD m–3

XND � particulate biodegradable organic nitrogen, gN m–3

XS � particulate biodegradable organic matter, gCOD m–3

YA � autotrophic yield coefficient, gCOD gNH4
–1

YH � heterotrophic yield coefficient from substrate,
gCOD gCOD

–1

YSMP � heterotrophic yield coefficient from SMP,
gCOD gCOD

–1

G r e e k l e t t e r s

� � stickiness of biomass, –

	 � erosion rate coefficient of dynamic sludge film, –


 � compression coefficient for dynamic sludge
layer, kg m–3 h–1


UAP,A� UAP formation constant of autotrophs, –


UAP,H� UAP formation constant of heterotrophs, –


g � correction factor for anoxic growth of hetero-
trophs, –


h � correction factor for anoxic hydrolysis, –

�A � maximum specific growth rate for autotrophs, h–1

�H � maximum specific growth rate of substrate for
heterotrophs, h–1

�SMP � maximum specific growth rate of SMP for
heterotrophs, h–1

� � reaction rate, g m–3 h–1

I n d i c e s a n d s u p e r s c r i p t s

B � backwash

IN � inlet

P � permeate

R � reactor

W � waste

prod. � production

cons. � consumption

– � mean value
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