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Abstract. The presented study involved designing a computer model of a sequencing batch reactor (SBR)
at laboratory scale. The data pertaining to the technical aspects of the bioreactor and quality indicators of
wastewater constituted the input for the employed simulation tool, i.e. GPS-X software package. The results
of a simulation involving a 12-hour operation cycle are presented in this work; each cycle included 6
phases: filling, mixing, aeration, settling, decantation and idling (wasting of excess sludge). The simulations
were carried out using two different modes of aeration. Concentration of dissolved oxygen (DO) was
maintained at constant level of 2 mgO2/L using the PID controller in the first case. On the other hand,
variation of DO concentration was employed in the aeration stage of the second variant, which was
achieved using appropriately elaborated set point of oxygen concentration, considering the specific intervals
in oxygen supply. The changes observed in DO concentration varied from 0.5 to 2.5 mgO2/L. This research
proved that the second variant, involving variation of DO concentration, was characterised by reduced
levels of pollution indicators in treated sewage, as well as lower consumption of electricity, both of which
contributed towards improving the effluent quality and resulted in significant degree of dephosphatation.

1 Introduction

Computer software that allows for modelling of the
existing wastewater treatment systems is becoming more
frequently used for examining the prospective results of
modernisations. These programs enable to test different
solutions before they are introduced, thus avoiding the
least efficient or defective options. The removal of
biogenic compounds is crucial from the point of view of
environmental protection, and it necessitates appropriate
operation of each device in the wastewater treatment
plant (WWTP). Stability of the system is susceptible to
even minor changes in the process conditions. Therefore,
the selection of suitable solutions, yielding the most
favourable outcomes at lowest financial outlays,
constitutes a significant advantage of applying
simulation software. This software enables also to verify
the correct operation of a system with no need of
constructing pilot plants. Additionally, using above-
mentioned software, it is possible to design a few
alternatives and select the best one, e.g. in terms of the
cost or environmental impact.

Currently, specialist simulation tools and computer
modelling software are a key factor for planning
technological changes in WWTPs. It is argued that in the
future, the operation of each WWTP will depend on
them [1-5]. They enable to gain insights for devices that
undergo dynamic changes; thus, the limits and static
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values taken into account at the designing stage are
significantly expanded. Application of mathematical
models by WWTPs operators is possible via specialised
software, such as GPS-X, SIMBA, STOAT, BioWin and
WEST etc. [6]. The first one constitutes a dedicated
simulation software, developed by Hydromantis
Environmental Software Solutions that aims at carrying
out simulations for both municipal as well as industrial
wastewater treatment processes, with the flexibility of
utilising different devices. This software, depending on
the needs of a user, also enables to employ various
process models, including mechanical parts of the plant,
biological components with continuous flow and batch
bioreactors, as well as sludge disposal systems.

Batch reactors, which also comprise Sequencing
Batch Reactors (SBRs), represent a type of bioreactors
used for removal of nitrogen, phosphorus and carbon
compounds from the wastewater subjected to treatment
under aerobic and anaerobic conditions. A major
difference between treating wastewater in a continuous
flow system and a batch reactor is that in the latter the
processes are carried out in a single chamber, which
simultaneously functions as a reaction chamber and a
secondary settling tank. The operation of SBR includes
cyclic change of phases that occur in a sequence. Most
often, 2-4 cycles are performed daily [7-13]. Treating
wastewater in SBRs is highly advantageous, as it enables
to control the aerobic conditions that are prone to
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changes over time. It also allows adjusting the length and
order of individual phases [14-19]. The basic operation
phases in SBRs are as follows: filling, mixing, aeration,
settling, decantation, idling [20-23].

SBRs can be successfully used in the settlement units
with either low or highly time-variable wastewater flow.
Moreover, they are employed in combined systems that
enable the pre-treatment or treatment of medical and
pharmaceutical, toxic or recalcitrant wastewater. On the
other hand, conducting research and implementing new
measurement methods, technological solutions or
exploitation strategies can be greatly supported by
appropriately smaller bioreactors, constructed at
laboratory scale [14, 24-34]. This is because smaller
dimensions of the chamber enable for the simulation of
different sludge operation conditions, as well as various
length of cycles or individual phases.

The presented research aimed at simulation of the
processes in the SBR, which removed nutrients under
diversified aeration conditions. The computer model
simulating the operation of the SBR was presented in the
work, along with the results obtained from the simulation
of municipal wastewater treatment processes. The
influence of two different aeration modes — constant
oxygen level of 2.0 mg/l, and varied oxygen
concentrations was assessed using the results of computer
simulations.

2 Materials and methods

2.1 Modelled object

Creating a computer model enabled carrying out the
simulations for an SBR that operated at a laboratory
scale and was characterised by the active volume of 8 L
(total volume of 10 L), as well as influent/effluent
volume of 2.5 L [30]. Prior to the experiments, a start-up
of the reactor was performed, resulting in initial lowered
treatment efficiency. However, the system regained
stability afterwards, and the quality of effluent was
improved. Simulating the standard conditions of SBR
operation at laboratory scale was the first stage of the
conducted research. The parameters determined using
the results obtained from laboratory measurements were
employed in the simulation. Table 1 presents the influent
parameters used as input for the model.

The following stage of the research involved
implementing modifications that improved the removal of
biogenic compounds. In accordance with the literature
data, appropriate settings of the operation cycle, and
process conditions in the reactor enable to achieve
relatively low concentration of phosphorus, without
chemical precipitation. This is because the removal of
biogenic compounds is governed by the aerobic-anaerobic
conditions [35]. Modification of the experiment consisted
in the introduction of certain intervals in the supply of
compressed air during the aeration phase. Concentration of
dissolved oxygen (DO) in the reaction chamber was altered
by turning the aeration valve on and off.

The considered system comprised the following
objects: Influent, Advanced SBR, Equalization tank and
Effluent (Fig. 1). Activated sludge process was modelled
with the use of ASM2d model. Simulation of the carbon,

nitrogen, and phosphorus transformation processes was
carried out using the Carbon-Nitrogen-Phosphorus
library (CNPIib).

Table 1. Influent data used in model.

Parameters Value Unit
COD 766 mg/L
BOD:s 435 mg/L
TSS 319 mg/L
Total nitrogen 107 mg/L
TKN 105 mg/L
Total phosphorus 18.0 mg/L
Ortho-phosphate 13.7 mg/L
Nitrate and nitrite 1.9 mg/L
Ammonia 85 mg/L
XCOD/VSS (icv) 1.95 mgCOD/mgVSS
BODs/BODutimate (fbod) 0.65 -
VSS/TSS (ivt) 0.8 mgVSS/mgTSS
CODsoble (firscod) 0.35 -
CODrnert (fi'si) 0.15 -
CODsoluble VFA (f7sf) 0.18 -
CODsubstrate (fixs) 0.8 -
CODus (fixbh) 0.06 -
CODas (frxba) 0.01 -
CODroly-p B(fixbp) 0.01 -
CODpua (fixbt) 0 -
Phosphorus soluble Ortho-p 09 )
(frsp)
Phosphorus particulate xpp 0 _
(frxpp)
TKN Ammonium (frsnh) 0.95 -
influent SBR eq. tank effluent

Fig. 1. Elements of the modelled system with labels of stream:
inf— influent, ovfsbr — SBR overflow, dec — SBR outflow,
ovftank— tank overflow, eff — eftluent, was — excessive sludge,
x —unused.

Two cycles (12 hours each) were carried out daily in
the model experiments. The length and types of
particular phases were in employed accordance with the
operation cycle of laboratory scale SBRs. Each cycle
involved the following six phases: | — filling (30 min), 1l
— mixing (120 min), Il — aeration (420 min), IV —
settling (90 min), V — decantation (50 min), and VI —
idling (removal of excessive sludge — 10 min). The
analysis of system operating under laboratory conditions
constituted the basis for the simulation (it was assumed
that concentrations of quality indicators contained in the
influent in each operation cycle were unchanged).

2.2 Simulation scenarios

Two variants of simulations, differing in respect to the
aeration method, were employed for the considered
model, each lasting for 20 cycles (10 days). The first
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variant represents the standard system. The reactor was
aerated for 420 minutes with a fixed oxygen content (2
mgO,/L), which was maintained using a PID controller
that allowed for automatic regulation of the introduced
stream of air. In the other case, the second variant
involved implementation of intervals during the aeration,
resulting in diversification of DO content, ranging from
0.5 to 2.5 mgO,/L. A data file fed to the simulation
program enabled to adjust the DO setpoint during
aeration. Thus, scheduled intervals of compressed air
supply to the bioreactor chamber were introduced. This
enabled to regulate the concentration of DO and
maintain it above the level of 0.5 mgO»/L at the end of
each interval of aeration, thus meeting the assumed
requirements.

3 Results and discussion

SBRs are characterised by the variability of processes in
treatment cycles. Taking this factor into account, each
simulation involved 20 cycles. The concentration
profiles of COD, BODs, TSS (Fig.2), nitrogen
compounds including ammonia, nitrate and nitrite, TKN
and TN (Fig.3) and phosphorus compounds, measured as
ortho-phosphate and total phosphorus (Fig.4), were
analysed in both simulation variants.

In the first simulation variant (constant aeration),
COD, BODs and TSS reached the concentrations of
57.2, 6.7 and 16.9 mg/L, respectively. The concentration
of nitrogen compounds i.e. nitrate and nitrite, ammonia,
TKN and total nitrogen, amounted to 27.3, 1.9, 3.2 and
30.4 mg/L, respectively.
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Fig. 2. Effluent levels of COD, BODs and TSS obtained for

aeration with DO at constant level (upper) and with intervals

(lower).
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Fig. 3. Effluent levels of nitrogen compound indicators
obtained for aeration with DO at constant level (upper) and
with intervals (lower).
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Fig. 4. Effluent levels of phosphorus compound indicators
obtained for aeration with DO at constant level (upper) and
with intervals (lower).
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On the other hand, the concentrations of soluble
ortho-phosphates and total phosphorus reached 12.9 and
13.6 mg/L, respectively. Although the achieved quality
of effluent was unsatisfactory, especially considering the
values of phosphorus compounds, it depicted the
conditions characterising a standard operating system.

In the other variant, involving aeration intervals, the
values of COD, BODs and TSS concentrations equalled
55.8, 6.0 and 17.1 mg/L, respectively. The compounds of
nitrogen, including nitrate and nitrite, ammonia, TKN as
well as total nitrogen amounted to 26.5 mg/L, 0.5 mg/L,
1.7 mg/L, and 28.2 mg/L, respectively. On the other
hand, the soluble ortho-phosphate and total phosphorus
corresponded to 2.3 and 3.3 mg/L, respectively.

Following a 10-day simulation, the depicted
concentration profiles were characterised by a relative
stability. However, the comparison of both variants
showed the greater efficiency of the second one,
particularly in respect to the concentration of phosphorus
and to a lesser extent, nitrogen. In the case of
phosphorus, the efficiency was greater by almost 58 p.p.
As far as COD, BODs, and TSS are concerned, the
resulting concentrations were similar, but nevertheless
slightly better for the second variant.
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Fig. 5. Concentration profiles of ortho-phosphate, poly-
hydroxy-alkanoates and active PAO biomass obtained for
aeration with DO at constant level (upper) and with intervals
(lower).

The most significant results obtained in the course of
simulations pertained to the removal of phosphorus;
hence, more relevant data connected with this finding
should be considered. Because the simulation was
conducted for 20 cycles, it would be inconvenient to

present the changes occurring in particular phases on a
single graph. For this reason, the graphs that compared the
both variants were prepared for the last day of the
simulation, i.e. 1 cycle and shown in Figure 5. Three state
variables related to dephosphatation are presented: soluble
ortho-phosphates, active poly-P accumulating
microorganism biomass (PAOs) and poly-hydroxy-
alkanoates (PHAs), along with phase identifier. The
second variant of the simulation exhibited a favourable
influence on the increase of PAOs, contributing to a
greater efficiency of PHAs storage as well as improved
uptake of soluble ortho-phosphate during the aeration
phase.

Table 2 shows all the important indicators, including
the influent and effluent of the reactor chamber.
Additionally, the comparison of both considered
simulation variants was carried out by calculating the
treatment efficiency based on the concentrations
characterising the influent and effluent.

Table 2. Effluent quality for both simulated variants expressed
as concentration and efficiency.

Indicator Variant 1 Variant 11
mg/L (%) mg/L (%)

Ammonia nitrogen 1.9 (97.7) 0.5(99.4)
TKN 3.2(97.0) 1.7 (98.4)

Total nitrogen 30.4 (71.6) 28.2 (73.6)
Total phosphorus 13.6 (24.5) 3.3 (81.7)
Orthophosphate 12.9 (5.5) 2.3(82.9)
COD 57.2 (92.5) 55.8(92.7)

BODs 6.7 (98.5) 6.0 (98.6)

TSS 16.9 (94.7) 17.1 (94.6)

The biological treatment of wastewater involves the
microorganisms that remove pollutants by taking part in
various processes, including nitrification, denitrification,
mineralisation and biological dephosphatation. High
concentration of TN in both simulation variants resulted
from inefficient denitrification under anoxic conditions of
the activated sludge operation. This, in turn, was caused
by highly efficient oxidation of ammonia nitrogen to
nitrate, along with a low reduction of nitrates to molecular
nitrogen.

4 Conclusion

The results of computer simulations obtained in this
study were employed for evaluating the impact of two
aeration modes, i.e. with a constant oxygen level of 2.0
mg/L as well as variable oxygen concentrations. The
simulation involved the concentration profiles of several
quality indicators, including COD, BODs, TSS, nitrogen
compounds (with ammonia, nitrate and nitrite, TKN and
TN) and phosphorus compounds, measured as ortho-
phosphate as well as total phosphorus.

This research indicated that the second variant,
involving changes of DO concentrations during the
aeration phase was more successful in removing the
biogenic compounds. The removal of total phosphorus
and orthophosphates improved from 24.5% to 81.7% and
from 5.5% to 82.9%, respectively. On the other hand, the
efficiencies of COD, BODs and TSS removal were
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similar; however, the second variant exhibited a slightly
higher efficiency in the removal of COD and BOD5, and
lower efficiency for the removal of TSS. Additionally,
the second variant was characterised by greater energy
efficiency, because less power was used as a result of
intervals in the aeration phase.

Because only a single factor was considered in the
simulation comparing the two variants, it can be stated
that the higher effluent quality obtained in the second
variant is the outcome of implementing intervals in the
introduction of compressed air during the aeration phase
that diversifies DO concentrations as a result.
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