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Abstract In this paper a method to determine the cycle time for Sequencing Batch Membrane Bio-
reactors (SBMBRS) is introduced. One of the advantages of Sequencing Batch Membrane Bioreac-
tors is the simplicity of adapting them to varying wastewater composition. The benefit of this flexi-
bility can only be fully utilised if the cycle times are optimised for the specific inlet load conditions.
This requires either proactive and ongoing operator adjustment or active predictive instrument based
control. Determination of the cycle times for conventional SBR plants is usually based on historic
experience. Due to the higher MLSS concentrations in SBMBRs and the limited experience with
their application, a new approach to calculate the cycle time had to be developed. Based on results
from a semi-technical pilot plant, the paper presents an approach for calculating the cycle time in
relation to the influent concentration according to ASM 1 and the German HSG Approach. The
approach presented in this paper considers the increased solid contents in the reactor and the result-
ant shortened reaction times. This allows for an exact calculation of the nitrification and denitrifica-
tion cycles with a tolerance of only a few minutes. Ultimately the same approach can be used for a
predictive control strategy and for conventional SBR plants.
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1 INTRODUCTION

Sequencing Batch Membrane Bioreactors typically use sequenced filling and discharge cycles oper-
ated in a membrane bioreactor. This is regardless of the fact that the membranes can be installed in
the Sequencing Batch Reactor or in a separate reactor and shared between different SBRs. In regard
to the membrane bioreactor the advantages of the sequencing batch cycle is the improved denitrifica-
tion performance and the improved sludge quality due to the initially higher organic loading com-
pared to continuous flow plants. This improves the membrane performance as it is widely accepted
that the sludge quality e.g. measured as sludge volume index (SVI) is a good indicator for the filter-
ability of the sludge (e.g. Meng and Yang, 2007). In regard to the sequencing batch reactor technology
the use of membranes has the advantage of a reduced cycle time as a result of the elimination of the
settling phase as well as the reduced reactor volume due to the higher mixed liquor suspended solids
(MLSS) concentration possible when using membranes for the sludge separation process. These and
other advantages have led to an increased interest in the Sequencing Batch Membrane Bioreactor
technology over the last decade. Sequencing Batch Membrane Bioreactors have been used for the
treatment of greywater (Scheumann and Kraume, 2008 and Kraume et al., 2010), municipal
wastewater (Krampe and Krauth, 2001, Huggins et al., 2009, Serrano et al., 2011 and Laera et al.,
2011) and industrial wastewater (Martinez et al., 2003, Bae et al., 2003, Vargas et al., 2008 and Shari-
ati et al., 2011).

The downside of the combination of the SBR and Membrane Bioreactor technologies is the risk of
increased membrane fouling which has been widely reported by several authors (Defrance and Jaffrin,
1999, Shin and Kang, 2002, Kang et al., 2003, McAdam et al., 2005, Vargas et al., 2008, Scheumann
and Kraume, 2008, Tu et al., 2010, Xi et al., 2011, Shariati et al., 2011). Laera et al. (2011) conclude
that SBMBR systems offer a great flexibility and that the operator can easily manage to obtain the
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desired effluent quality with negligible effects on biomass yield and filtration performance. Kraume
et al. (2010) found that in the case of space limitation like e.g. in hotels, the small footprint of the
SBMBR can outweigh the inconveniences of potentially required higher membrane surface as a result
of increased fouling. Pressl et al. (2010) successfully tested a small 15 PE SBMBR system for appli-
cations with increased requirements for surety of pathogen removal and achieved stable operation
with excellent performance. Based on the available literature, the performance of the membranes was
not focus of this research.

The next step towards a broader implementation of the SBMBR technology is to provide more clarity
in regard to the design and layout. Apart from the hydraulic capacity of the plant, the determination
of the cycle times for the biological processes is very important. If the cycle times are too long, the
available volume is not utilised efficient, if the cycle times are too short, the effluent targets cannot
be achieved. Usually the cycle times are assumed based on experience but these experiences are cur-
rently not available for SBMBR systems. The overall focus of this research was the improvement of
the denitrification performance of MBRs by means of a sequencing batch cycle. Aim of this study
was to determine the required cycle times for SBMBR applications and develop a method to predict
the required cycle times for new plants. Another aim was to demonstrate the benefit of advanced
cycle time control in regard to improved capacity and effluent quality for SBMBR plants. The key
findings of the study are summarised in this paper based on the operation of a pilot plant in municipal
wastewater.

2 DESCRIPTION OF THE PILOT PLANT AND TEST

The pilot plant consisted of a reactor with a volume of 3.16 m3 at top water level and 1.58 m? at
bottom water level, thus allowing for a maximum volume exchange ratio (VER) = 0.5. A stirrer was
installed above the submerged membranes. All installations, including the membranes, could be
pulled out of the reactor for cleaning. The plant was fed with pre-treated municipal wastewater from
the Teaching and Research Sewage Treatment Plant of Stuttgart University. The average BODs/COD
ratio of the sewage is 0.65 and for the purpose of this study only the COD was analysed and converted
into BODs using the above ratio where required for calculations. The average results for the different
periods are summarised in Table 1 and 2.

The membranes were hollow fibre membranes with a pore size of 0.1 um from Mitsubishi Rayon
Co., LTD company in Tokyo, Japan. The membranes were configured in a module with a total mem-
brane area of 64 m2 (manufacturer’s information). During the filtration cycles the membranes were
operated at a constant net flux of 10 L/m?/h. The filtration cycles were set to 10 minutes with 8 min
filtration and 2 min pause. No permeat backwash was trialed during the trials.

On-line measuring equipment for ammonia and nitrate was installed in a bypass package which in-
cluded pre-filtration by Kubota plate membranes. The intake to the plate membranes were installed
in the downstream area of the pilot plant at the level of the hollow fibre module. This arrangement
always guaranteed sufficient overflow of the membranes. A pump served to produce the necessary
negative pressure. The settings remained constant during the entire test period with the time to convey
the samples from the reactor to the analyser being approximately 10 minutes. The NH4-N concentra-
tion was measured using a Hach-Lange AMTAXinter Analyser and NOx-N was measured using a
Hach-Lange NITRATAX Analyser.

The investigations were divided into three test periods. In the first period, the plant was operated with
constant reaction times. In the second period, the duration of the reaction times was controlled by the
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ammonium and nitrate concentrations in the reactor. In the last test period, the influent composition
and the solids contents in the reactor were purposefully varied. The pilot plant was dynamically sim-
ulated in parallel, on the basis of the ASM 1 (Gujer et al., 1987) using the software package Simba
3.4+ (ifak, 1998).

3 RESULTS AND DISCUSSION

3.1 Membrane performance

As mentioned before, the net flux during filtration was fixed to 10 L/m?/h for the purpose of this trial
after a short start-up phase. With constant flux the transmembrane pressure increased over time, once
a transmembrane pressure of 0.25 bar was reached the membranes were chemically cleaned with
sodium hypochlorite and caustic soda. The performance of the membranes is summarised in Figure
1.
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Figure 1: Membrane flux and transmembrane pressure over the trial period

In addition to the flux during the extraction phase, the daily average flux calculated based on the daily
throughput is presented. The increased plant throughput during the phases with controlled cycle times
can be seen as the reason for the faster increase of the transmembrane pressure in the second half of
the study. As the purpose of the trials was to optimise the nitrogen removal performance of SBMBRs
the hydraulic performance of the membranes was not optimised.

3.2 Tests with constant cycle time
In the first test with the exchange ratios 0.1, 0.2 and 0.3 the duration of the denitrification phase
(mixing) and the nitrification phase (aeration without permeate extraction) for each exchange ratio
was fixed. The following objectives were pursued in this section:
e Testing a simple system with fixed cycle times, particularly with a focus on small wastewater
treatment systems.
e Gathering of experiences with the online system and appropriate control variables for the au-
tomation of the cycle times.
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The key operational data are summarised in Table 1. As expected the nitrogen removal efficiency
dropped with increased VER while the capacity increased.

Table 1: Extract of results with fixed cycle times (average values)
Exchange ratio [-] VER=0.1 VER =0.2 VER =0.3
Qud [mé/d] 3.55 5.02 6.34
COD [mg/L] 384 355 393
SS [mg/L] 170 163 150
TKN [mg/L] 57.5 44.2 60.8
Ptot [MQ/L] 6.9 6.5 7.8
MLSS [g/L] 15.6 12.7 11.7
BOD:s sludge loading rate
[kg BODs/kg MLSS/d] 0.032 0.046 0.061
SRT [days] 58 49 26
trin [min] 9 16 27
tmix [min] 30 29 25
taerate [MiN]* 30 47 42
textract [MiN] 15 36 62
Ninorg,eff [mg/L] 7.8 8.3 19.2
non [%] 83.2 70.7 59.9
* only considering aeration without permeat extraction

3.2  Test with variable cycle time

The same exchange ratios were used in the second test; however the length of the phases was con-
trolled using the online instruments. The denitrification phase was controlled by the NOx-N analyser.
The aeration, and as a result, the nitrification cycle started once the NOx-N concentration dropped
below 2 mg/L. Due to the time delay of 10 minutes in the bypass measurement loop and the measuring
interval of the instrument, the actual NOx-N-concentration in the reactor was usually already well
below 1 mg/L. The nitrification cycle was controlled via the NHs-N analyser. The setpoint for Am-
monia was set to 5 mg/L, because the ammonium analyser had a longer sample interval and as a result
a longer time delay (20 minutes). The nitrification (aeration) continued during the subsequent extrac-
tion phase which added additional time to the nitrification cycle. Typically, complete denitrification
and nitrification could be achieved with these settings.

Table 2: Extract of results with analyser controlled cycle time (average values)
EXChange ratio ['] VER = 0.1contr VER = 0.2c0ntr VER = O.3contr

Qd [m3/d] 7.34 6.94 6.12

COD [mg/L] 315 261 227

SS [mg/L] 145 126 108

TKN [mg/L] 49.2 38.0 34.7

Ptot [MQ/L] 6.1 5.4 4.7

MLSS [g/L] 15.6 13.7 11.1

BOD:s sludge loading rate

lkg BODxkg ML 5/d] 0.055 0.044 0.036
SRT [days] 28 31 41
trin [min] 8 18 30
Imix [min] 7 35 67
taerate [Min]* 12 8 20
textract [MIN] 13 34 62
Ninorg,eff [mg/L] 55 5.2 11.1
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Non [%0] 85.1 82.2 62.5
* only considering aeration without permeat extraction

By controlling the cycle times, the plant throughput was significantly increased (Table 2) with the
exception of the exchange ratio of 0.3. At the same time the efficiency of the nitrogen removal was
improved for all exchange rates. For the exchange ratio of 0.2contr the theoretical elimination rate for
the cycle setup (mpn = 1 — VER = 80%) was exceeded, which can be attributed to the simultaneous
denitrification at the beginning of the aeration phase.

With the exchange rate of VER = 0.1contr, it was difficult to control the cycle times due to the time
delay of the online analyser in relation to the required response times. Because the average response
time was about 40 minutes and the measured delay for NH4-N was already 20 minutes, the “aeration
without permeate extraction” cycle was often missed. The subsequent phase of extraction was not
sufficient for a complete nitrification, which lead to an accumulation of ammonium in the system.
This continued until the NH4-N concentration of 5 mg/L was constantly exceeded and a long period
of aeration was initiated. This effect led to elevated effluent concentrations.

3.3  Predicting the cycle time

One crucial design parameter for SBR plants is the cycle and reaction time. In case of sequencing
batch membrane bioreactors, the current experienced based approach is not directly applicable, so
that the usual estimation of the cycle times is imposed with increased uncertainties. Within the project
the calculation of the cycle times was tested and will be presented and discussed specifically for the
nitrification. For the denitrification, the approach is similar, but in that case the substrate consumption
and the hydrolysis of particulate, easily degradable substrate into dissolved substrate must be consid-
ered as well.

The nitrification rate can be calculated using Equation 1 based on the ASM 1 (Gujer et al., 1987).
This formula does not consider the incorporation of nitrogen into the biomass as this is described in
a different process of the ASM 1. However, the incorporation of nitrogen can be considered as a
percentage ratio e.g. 5% of BODs or 2.5% of COD for the growth of biomass. The respective process
rate is calculated using a reduced TKN starting concentration.

ds 1 S S
i:_.#A. NH . ° Xga Eqg. 1
dt Y, K +Snm ) (Koa +So

Based on the design TKN concentration and the design DO setpoints during the nitrification phase, it
is possible to calculate the required time for the nitrification cycle once the autotrophic biomass con-
centration (Xga) and the other relevant coefficients are available.

The concentration of the active autotrophic biomass (Xga) can be calculated according to the German
HSG Approach (Bohnke, 1989) using a steady state approach as follows:

YA 'tss,dim “Or '|_SNH4,N,av - SNH4,eff ,avJ {kg MLSS}

Xga = Eqg. 2
> 1+ by - f7 pa - tss aeros m? |
with:  Xpga = Concentration of autotrophic biomass in kg MLSS/m?
Ya= 0.15 kg MLSS/kg nitrogen eliminated (autotrophic biomass yield)
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SRTot = Total sludge retention time

Or = Volumetric loading rate

SNH4,Nav = Average concentration of ammonium nitrogen to be nitrified
SnHaeffav =  Average concentration of ammonium nitrogen in the effluent
ba = 0.05 day™ (decay rate autotrophic bacteria)

froa = 1.09(™19) (temperature coefficient autotrophic bacteria decay)
SRTaerob =  Aerobic sludge retention time

Similarly, the ratio of the heterotrophic biomass and the inert ratio of the activated sludge can be
determined with the formulas of the HSG Approach (Bohnke, 1989). Table 3 shows a comparison of
the active autotrophic and heterotrophic biomass ratios and the inert ratio for the different test periods
as described before which were calculated with this approach.

Table 3: Calculated fractionation of the activated sludge
vometrieexchange aio o1 02 03 Olew  O%m  O03um
Xga [kg MLSS/m?] 0.17 0.13 0.22 0.24 0.19 0.16
(1.0 %) (0.8 %) (20%) (1.6%) (1.5%) (1.5 %)
XH [kg MLSS/m3] 2.66 2.75 3.57 3.88 3.51 2.65
(16.3%) (16.7%) (32.0%) (25.3%) (27.6%) (24.7 %)
Xi [kg MLSS/m3] 13.50 13.63 7.37 11.21 9.04 7.94
(82.7%) (826%) (66.1%) (73.1%) (71.0%) (73.9%)
Xtotal [Kg MLSS/m3] 16.33 16.51 11.15 15.33 12.74 10.75

For the other parameters required in Equation 1, such as half-saturation coefficients etc., a large
amount of information based on practical experience is available. Within this project, two common
sets of parameters were compared: the standard parameter set of the software package SIMBA (ifak,
1998) and a parameter set determined especially for SBR plants by Oles (1991). Those parameter sets
were tested in a simulation study modelling the whole process with the ASM 1. The relevant param-
eters that are required to describe the nitrification according Eq. 1 are summarised and compared in
Table 4.

Table 4: Tested kinetic and stoichiometric Parameters
Value at 20°C
Parameter Unit Oles (1991) Ifak (1998)
Ya g COD (g N)* 0.28 0.24
HA day*! 0.75 0.8
KnH g NHs-N m-3 2.0 1.0
Ko g0, m3 0.4 0.4

Table 5 shows a comparison of the standard deviations for the different parameter sets based on the
modelling study for the whole system using the ASM 1.

Table 5: Average standard deviations for NOx-N and NH4-N of the different parameter sets

Parameter set O NHs-N O NOx-N (9 NHs-N+ 9 NOx-N)/2
[ma/l] [ma/l] [ma/l]

ifak (1998) 1.20 0.93 1.07
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Oles (1991) 1.79 3.12 2.46

The best results were achieved with the standard parameter set (ifak, 1998) due to the fact that Oles
(1991) used values that were specific to particular wastewaters and plants. The values used in the
standard parameter set have been compiled from the experiences of numerous software users and thus
have a greater claim of general validity.

To finally determine the nitrification times using Equation 1, the temperature and the oxygen contents
in the reactor during the nitrification phase have to be assumed in addition to the previously discussed
parameters. Due to the very low oxygen concentration at the beginning of the aeration phase, the
oxygen content has a strong influence on the determination of the theoretical nitrification times. Fig-
ure 2 directly compares the measured and the calculated times using the described approach. The
bisecting line has been entered into the diagram as ideal value.

The fractionation of the influent for both the dynamic simulation and for the recalculation of the
single cycles was done according to the recommendations of Leaflet No. 15 “Simulation of municipal
wastewater treatment plants” of the North Rhine-Westphalia Environment Agency (LUA NRW,
1998). Information about the fractionation of the necessary influent parameters for the ASM 1 from
few continuously measured parameters can be found in Rolfs et al. (2001).
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Figure 2: Comparison of calculated and measured nitrification times (determined from the daily
average values)

The deviations noted in Figure 2 are a result of calculating nitrification times and the relevant param-
eters using daily average values. For the verification of the results, single cycles of different days and
times were selected and the course of the nitrification was recalculated on the basis of the start values,
the oxygen concentration, and the steady state determined ratio of the autotrophic biomass. Three
exemplary cycles are presented in Figure 3Figure .
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Figure 3: Comparison of single measured nitrification cycles with the respective calculated de-
velopments

The maximum deviation between the measured and the calculated cycle times was 10 minutes. Thus,
it is possible to reliably determine the necessary nitrification time with the presented method. Similar
results were also achieved for the denitrification times (Krampe, 2001). There, the deviation was
slightly higher, as it is necessary to additionally consider other variables of the substrate consumption
and of substrate storage processes which are not contained in the model.

In principle, the method presented here is also suitable for the predictive control of SBMBRs and
conventional SBR plants. Some work has been conducted for conventional SBR plants in regard to
real time control (Andreottola et al., 2003, Puig et al., 2005, Wiese et al., 2006 and R6nner-Holm and
Holm, 2009). Yet, the method presented here is a simple initial approach towards the predictive cal-
culation of the necessary cycle times for SBR systems. Especially in-situ online instruments using
UV-Vis spectrometry and ion selective techniques offer the opportunity to provide fast and reliable
data that can be used to improve the capacity and performance of existing SBR plants. To move
towards the increased implementation in practice, further work on easy controllers is required.

4 SUMMARY AND CONCLUSIONS

Sequencing Batch Membrane Bioreactors have gained a lot of attraction over the last decade and
significant research has been carried out. SBMBRs have been applied to a wide range of applications
ranging from greywater to difficult industrial wastewaters. It is expected that in future, more SBMBR
will be installed especially for smaller and decentralised applications.

During the design and layout it is important to predict the cycle times for the design conditions. For
conventional SBR systems this prediction is usually based on experience from other plants. These
experiences are currently not available for SBMBR systems as the typically increased MLSS concen-
trations result in significantly reduced cycle times compared to conventional SBRs. An overestima-
tion of the cycle time will ultimately lead to an overdesign of the plants whereas an underprediction
will result in capacity shortfalls or effluent quality deterioration. Therefore it is crucial to reliably

predict the cycle time. Based on the operational data of the pilot plant and a simulation study of the
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plant, this paper presents a way to calculate the cycle time for the nitrification, based on a steady state
approach for the biomass calculation and the nitrification rate calculated using the relevant formula
from the ASM1. Two different standard sets for relevant kinetic and stoichiometric parameters were
tested and the ifak (1998) set was selected due to the lower standard deviation achieved during the
modelling. No further calibration of the model was carried out to keep the approach as generic as
possible. Using this method it was possible to calculate individual nitrification cycles with an accu-
racy of 10 minutes. The accuracy was reduced when applying the method to daily average cycles but
this was expected. Nevertheless it was still possible to calculate the nitrification times with an accu-
racy of £20 minutes for most of the cases. A similar approach can be taken for the prediction of the
denitrification cycles. This will provide more certainty for future design of SBMBR systems.

Secondly the advantage of improved cycle time control for SBMBR systems using online NHs-N and
NOx-N analysers has been demonstrated for the treatment of municipal wastewater. Compared to a
time based cycle time operation, the control of the cycle time using online data significantly increased
the plant capacity while at the same time improved effluent quality. The next step is a predictive
control of the cycle times based UV-Vis and ion selective online analysers in the sewage. Based on
the described method of calculating the cycle times it is possible to develop predictive control systems
for SBMBR systems but also for conventional SBR systems. This will ultimately lead to a very flex-
ible treatment process that can utilise all the advantages that the SBMBR and SBR technology offer.
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