
IN DEGREE PROJECT ENVIRONMENTAL ENGINEERING,
SECOND CYCLE, 30 CREDITS

,  STOCKHOLM SWEDEN 2018

Pilot-scale plant application of 
membrane aerated biofilm reactor 
(MABR) technology in wastewater 
treatment

QIANQIAN LI

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF ARCHITECTURE AND THE BUILT ENVIRONMENT



TRITA TRITA-ABE-MBT-18431

www.kth.se



	

Pilot-scale plant application of 
membrane aerated biofilm 

reactor (MABR) technology in 
wastewater treatment 

 
QIANQIAN LI 
 

Supervisor 
Erik Levlin 
 
Examiner 
Elzabieta Plaza 
 
 
 
 
 
 
 
 
 
Degree Project in Environmental Engineering & Sustainable Infrastructure 
KTH Royal Institute of Technology 
School of Architecture and Built Environment 
Department of Sustainable Development, Environmental Science and Engineering 
SE-100 44 Stockholm, Sweden 



 ii	 	

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
TRITA-ABE-MBT-18431 
 
  



 iii		

 

  Abstract: 
This membrane aerated biofilm reactor (MABR) pilot project was performed at Ekeby wastewater 
treatment plant (WWTP) in Eskilstuna, Sweden. This plant is facing a future challenge of effluent 
TN < 10mg/L according to the new standard and the growing population, where higher treatment 
capacity is needed. The MABR as a newly invented technology, is chosen as a promising 
countermeasure towards the challenge, because of the simultaneous nitrification and denitrification 
of this technology. By the time of reporting, this project is still on-going, and more information will 
be reported later in separate report.  

The feed water comes from the secondary clarifier of full-scale plant. Dissolved oxygen (DO), 
processing air and flow rate was manually controlled to test different operational settings. However, 
there were a lot challenges during the testing period which makes it hard to evaluate the 
performance of this pilot. The ammonium removal efficiency is satisfying when the pilot was 
running smoothly. However, the TN removal efficiency did not comply with the expectation, 
achieved in average of 39,01%, due to the limitation of readily bio-degradable COD (rbCOD), which 
is a limitation of the biological process in general and is not specific to MABR. 

This technology is considered as promising by the end of the current testing period, since it can 
oxidize the ammonium effectively with smaller volume.  

 
Key Words: Membrane aerated biofilm reactor, municipal wastewater treatment, nitrogen    
removal, SND-MBR, Zeelung 
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SAMMANFATTNING 
Detta pilotprojekt med membranluftad biofilmreaktor (MABR) utfördes på Ekeby 
avloppsreningsverk i Eskilstuna, Sverige. Denna anläggning står inför en framtida utmaning med 
utflöde-TN <10 mg / L enligt den nya standarden och den växande befolkningen, där högre 
behandlingskapacitet behövs. MABR som nyutvecklad teknik, väljs som en lovande motåtgärd för 
utmaningen på grund av den samtidiga nitrifikationen och denitrifikationen med denna teknik. Vid 
rapporteringstillfället är projektet fortfarande pågående och mer information kommer att 
rapporteras senare i separat rapport. 
Matarvattnet kommer från den sekundärfällningen i fullskaleanläggningen. Löst syre (DO), 
bearbetningsluft och flödeshastighet kontrollerades manuellt för att testa olika driftsinställningar. 
Det fanns emellertid många utmaningar under testperioden vilket gör det svårt att utvärdera 
prestanda för denna pilot. Ammoniumavlägsningsgraden var tillfredsställande när piloten körde 
smidigt. TN-avlägsningseffektiviteten som i genomsnitt uppnådde 39,01% TN-avlägsning 
motsvarade emellertid inte förväntan, på grund av begränsningen av lätt biologisk nedbrytbar COD 
(rbCOD), vilken är en begränsning av den biologiska processen i allmänhet och inte specifik för 
MABR. 

Denna teknik anses vara lovande vid slutet av den aktuella testperioden, eftersom den kan 
oxidera ammoniumen effektivt med en mindre volym. 
 
Nyckelord: Membranbelukt biofilmreaktor, kommunal avloppsrening, kväveavlägsnande,, SND-
MBR, Zeelung 
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Introduction & Literature review 
Over decades, it was widely agreed that wastewater treatment plants (WWTPs) could be considered 
as a significant point source in responsible of the pollution to natural water body.(Paetkau and Cicek, 
2011) The effectively removal of nutrient from the effluent of WWTPs is thus important for the 
sustainable development in the future. 

The Ekeby WWTP in Eskilstuna municipality (Sweden), is facing a huge challenge of future 
population expansion and lowered total nitrogen (TN) discharge permission of 10mg/L, which cannot 
be met by the current conventional process with TN of 14mg/L in the effluent. Therefore, they need 
an up-grade of the current treatment plant and the most preferred option is to improve the effluent’s 
quality with current infrastructures from the both economical and practical point of view. 

As a result of the feasibility study carried out by Sweco AB, the MABR technology has good potential 
to meet the future need of Ekeby WWTP. 

Therefore, the objectives of this project are: (1) To provide a promising solution for the Ekeby WWTP; 
(2) To provide opportunities for the project team to get familiar with this MABR technology; (3) To 
investigate the optimal settings for the pilot and provide as a future reference for the design of full-
scale plant. 

The Zeelungâ MABR (Membrane Aerated Biofilm Reactor) process as a newly introduced wastewater 
treatment technology, which allows a WWTP expansion within existing volumes; removes nitrogen 
through nitrification-denitrification process in a higher efficiency and with reduced energy 
consumption compared with conventional technology.(Côté and Peeters, 2015)  

As nitrogen removal is our prior concerns in this study, literature reviews were mainly carried out 
based on nitrogen removal, membrane technology and past study on the MABRs. 

Membrane Technology 
Since this study focuses on the specific hollow-fibre membrane, therefore, only a brief introduction 
will be made regarding various membrane type. 

Different type of membrane 

Microporous membrane 

Microfiltration membrane is more likely to function as a normal filter and the pore size is normally 
ranging from 0,01 -10 µm in diameter, so that any particles larger than that will be rejected by the 
membrane. (Baker, 2012) Using the microporous membrane to separate the solute is more like a 
function of molecular pore size distribution. Generally, only molecular size significantly different 
from the pore size can be effectively separated using this kind of membrane, for instance, 
microfiltration and ultrafiltration membrane. 

Nonporous, dense membrane 

Substrates are transported through nonporous, dense membrane under the difference of driving force 
of pressure, concentration, or electrical potential gradient. The separation of different substrates in a 
mass substrate is affected by their relative transport rate within the membrane, which means the 
nonporous, dense membrane can even separate substances with similar size as long as there is a 
significant concentration difference across the membrane. The applications of such membrane 
include gas separation, evaporative separation and reverse osmosis membranes. 

Electrically charged membrane 

Nanofiltration can stop particles below 0,001 µm. Normally, it can remove the selected dissolved 
components from wastewater. It is basically developed as a membrane softening process which offers 
an alternative to chemical softening. But the NF often follow behind the pre-treatment. Furthermore, 
like microfiltration, it can also be used as a pre-treatment process before reverse osmosis, in order to 
minimize small particles, remove turbidity and bacteria and lower the operation pressure for RO 
membrane. 
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Anisotropic Membrane 

The high transport rate across the membrane is desirable from the economic point of view. The 
thinner the membrane is the higher the transport rate is. Therefore, the membrane should be as thin 
as possible. 

Anisotropic membrane as a main breakthrough of membrane technology in fabrications during the 
past 40 years, consists of very thin layer that is supported by a thicker porous 

structure. Such structure can provide a higher flux and the separation rate is only determined by the 
surface layer, while the porous substructure only function as a supportive mechanism. Hence, most 
of the commercial processes are using such membranes. 

Ceramic and metal membranes 

All those membranes discussed above are organic polymers and most of commercial membranes are 
polymer materials based. 

Recently, interest in different membrane formed materials has increased. For instance, ceram is a 
special material of microporous membranes, which can be applied in microfiltration and 
ultrafiltration where the resistance of solvent and thermal stability is preferred, though some dense 
metal membranes are also used to separate hydrogen from gas mixtures(Baker, 2012). 

 Hollow-fibre membrane 

The kind of membrane that was used in this study (hollow-fibre membrane) is dense-wall, gas-
transfer membrane. There are different materials used for hollow-fibre membrane, most of them are 
polymeric material (fossil-based membrane, cellulose triacetate and acetate). Also it is commonly 
used for water purification process. 

However, different from those common purposes that used for micro/ nano- filtration or separation, 
the hollow-fibre membrane in this study is used for oxygen supply in the wastewater treatment 
process and as a supportive material for biofilm to attach. The detailed explanation can be found in 
following section “Membrane aerated biofilm reactors”. 

Membrane application in the water treatment 

Membrane will play an increasingly important role in the water purification or treatment process, 
because the increasing demand of safe water and in the meantime, high cost-efficiency is needed. 
Membrane technology is a low-energy separation process and can be operated under varies conditions, 
which makes it have sufficient potential to be applied in different sections.(Alberto and Alessandra, 
2017)  

However, the operation is not cheap and the membrane itself is a major part that is costly. Besides, 
high requirement of operational condition (for instance, RO membrane operates under high 
pressure); frequent maintenance and protection of membrane will all commit to spending increases. 
Therefore, studies have been carried out there years trying to find different configurations and 
optimal conditions to reduce cost. 

There are mainly three purposes of water treatment when membrane technology is applied: For 
domestic wastewater, normally MBR (membrane bio-reactor) is used, while membrane that mostly 
used are microfiltration or ultrafiltration membrane. 

For producing industrial water, due to the huge variance of industrial and varied application of water 
which leads a great diversity of requirement of industrial water, there is no generally applicable 
method for industrial water. Different methods are applied, for instance, chemical precipitation, 
evaporation, adsorption, crystallization or solvent extraction. Membrane can also be applied in 
processes such as distillation or liquid- liquid extraction. 

For drinking water, membrane was used mainly for the purpose of purification, for instance, the 
reverse osmosis (RO) membrane for desalination of brackish water.  

The removal of nitrogen 
After decades of study and research in the field of nitrogen removal, there are different pathways for 
nitrogen to be removed from the wastewater, both physically, chemically and biologically. Comparing 
with biological means, chemical/physical approaches have certain advantages, for instance, it’s more 
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feasible to control the process; more adaptive for the flow fluctuations; more durable to the high 
loading of contents in the wastewater which may have bio-toxicity to the organism, etc. However, the 
dosage of chemical can be expensive also there is high risk of releasing ammonia gas into the 
atmosphere directly in a physical process (e.g. air/steam stripping), where ammonium and ammonia 
exist in the wastewater in equilibrium based on pH. Therefore, biological methods are considered as 
more economic and sustainable. (Gupta, n.d.)  

The equilibrium equation can be expressed as: 

NH3 + H2O « NH4+ + OH-  

Nowadays, biological approach is more widely used in the treatment of municipal WWTP and 
physical/chemical methods are used in pre-treatment and industrial wastewater. A simplified 
illustration of the nitrogen removal pathways is as shown in fig. 1.  

Biologically, nitrogen can be removed by conventional nitrification/ denitrification, Sharon process, 
deammonification process, Anammox process and CANON process.  

Conventional nitrification/ denitrification 

In a conventional process, ammonia will be first oxidized to nitrite with the presence of oxygen in the 
solution by nitrosomonas then unstable nitrite will be readily oxidized to nitrate by nitrobacter under 
aerobic condition. Due to this, nitrite concentration at any given time is usually low.  

Denitrification normally happens under anoxic condition by heterotrophic bacteria where free 
dissolved oxygen is absent and biodegradable carbon source is needed. Nitrate will be reduced to 
nitrogen gas where carbon source will act as an electron acceptor. The process can be expressed as 
follow: 

Nitrification: 

NH4+ +1.5 O2 ® NO2- + H2O + 2H+ 

NO2- + 0.5 O2 ® NO3- 

Denitrification: 

NO3- + 5/6CH3OH ® 0.5N2 + 5/6CO2 + 7/6H2O + OH-  

The conventional process is also categorized in two types which is determined by the different 
configurations as post-denitrification and pre- denitrification.  

Figure 1 Transformation pathway of nitrogen (Motlagh and Goel, 2014) 



 4	

It has been studied by a lot of researchers that a pH around 7-9 should be maintained during the 
process to achieve a desirable nitrogen removal rate. Especially, at pH below 6, it was examined that 
the growth of nitrifiers will be inhibited.  

Pre-denitrification 

The pre-denitrification happens a in single-sludge systems and the effluent from the aerobic zone is 
recycled to the anoxic zone (fig. 2).  

After the primary sedimentation tank, the influent enters the anoxic zone where denitrification takes 
place while utilizing the carbon source as electron acceptor from the influent and the recycled nitrate 
from aerobic zone.(Kim et al., 2011) 

In this case, the oxidization of COD in the aerobic zone is avoid and theoretically no additional carbon 
source is needed.  

However, the presence of oxygen in the anoxic zone due to the internal recycle from aerobic zone 
might slow down the denitrification process, therefore, supplementation of carbon source may be 
required.(Motlagh and Goel, 2014) 

Post-denitrification 

In the post-denitrification process, primary influent flows into the aerobic zone, where nitrification 
firstly take place and the nitrate-rich flow enters the anoxic zone where denitrification takes place 
subsequently (Fig. 3).  

Since most of internal COD is oxidized during the aeration step, the internal carbon source in the 
anoxic stage is insufficient. Addition of external carbon source is therefore needed to achieve 
denitrification in the anoxic stage.  

 
 

 

Sharon process 

In the Sharon process (Single reactor system for High activity Ammonium Removal Over Nitrite), a 
two-step process, a partial nitrification takes place first under relatively temperature (around 35ºC, 
an optimal range of 35-45 ºC was proposed). (Van Hulle et al., 2010) With a low sludge retention time, 
high operation temperature and no biomass recirculation, only AOB (Ammonium Oxidizing Bacteria) 
will be maintained in the solution, so that ammonia will only be partially oxidized to nitrite and no 
further oxidation will be proceeded. Then a shortened denitrification takes place under anoxic 
condition, where nitrite will be reduced into nitrogen gas directly with carbon source as an electron 
donor. 

The reaction kinetics is as followed: 

NH4+ +1.5 O2 ® NO2- + H2O + 2H+ 

NO2- + CH3OH ® N2 + H2O +OH- 

It was proved that, Comparing to ammonia removal over nitrate, SHARON process is more 
sustainable with using 25% cut of O2 demand and 40% cut of carbon source demand, which resulting 
in 30% sludge production reduction and 20% CO2 emission reduction.(Kempen et al., 2005) 

DEMON process 

DEMON (Deammoniafication) is a two-step process which involves nitritation and anammox process. 
Firstly, ammonium will be partially oxidized to nitrite under aerobic condition with autotrophic 
bacteria, which is the same as in section 1.1.2.  

Carbon source 

Sludge recycle 

Sedime
ntation Aerobic Anoxic Sedime

ntation 

Figure 2 Schematical diagram of post-denitrification 

Internal recycle 

Sludge recycle 

Sedime
ntation Anoxic Aerobic Sedime

ntation 

Figure 3 Schematical diagram of pre-denitrification 
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Secondly, nitrite together with ammonium under anoxic condition by another species of autotrophic 
oxidizing bacteria, which utilize nitrite as an electron acceptor instead of carbon source to oxidize 
ammonium(NH4+) to nitrogen gas (N2). The kinetics of deammoniafication is as followed: 

Nitritation: 

NH4+ +1.5 O2 ® NO2- + H2O + 2H+ 

Annamox: 

NH4+ + NO2- ® N2 + 2H2O 

Comparing DEMON process to the conventional nitrification/ denitrification, the demand of oxygen 
supply and carbon source is therefore reduced significantly. (Capodaglio et al., 2016) 

Anammox 

In the anammox process, ammonia is oxidized to nitrogen gas by using nitrite instead of oxygen as a 
final electron donor. In this process, around 89% of influent nitrogen in the form of ammonium and 
nitrite is converted into nitrogen gas where the rest (around 11%) is converted to produce new cell 
material and maintain the electron equilibrium. (Ruscalleda Beylier, 2012) 

However, a certain nitrite concentration must be maintained to make the anammox process proceed 
smoothly, it is therefore usually coupled with nitritation process, which is so called DEMON process 
as mentioned in section 1.1.3. 

The reaction kinetic is as followed: 

1NH4+ + 1.32NO2- + 0.066HCO3- + 0.13H+® 1.02N2 + 0.26NO3- + 0.066CH2O0.5N0.15 + 2.03H2O 

CANON process 

CANON (completely autotrophic nitrogen removal over nitrite) process, which is almost the same 
with DEMON process, is also a combination reaction of nitritation and Anammox process. The 
identical difference between these two is that CANON process can take place in one stage where 
DEMON has to take place in two stages. 

In the CANON system, two types of bacteria can co-exist in the same reactor, because of both aerobic 
zone and anoxic zone exists with the depth of biofilm where anoxic exists deeply inside the biofilm 
where oxygen cannot infiltrate(Chen et al., 2016). 

The reaction kinetic is as followed: 

 NH4+ + 0.85O2 ® 0.435N2 + 0.13NO3- + 1.3H2O +1.4H+ 

The MABR technology 
As a newly introduced technology to the market, membrane aerated biofilm reactor (MABR) has 
attracted a lot of attention and there are some studies based on MABR or relative topics have been 
carried out these years. The material for the MABR is actually dense-wall gas permeable membrane. 

Membrane aerated biofilm reactors 

This article summarized the current situations and assessed the potential of the MABR technology for 
the purpose of wastewater treatment (Syron et al., 2013).  

The fundamental conception of a MABR was well illustrated in this article with a comprehensive 
figure to demonstrate the process of nitrogen removal (Fig. 4). Air or oxygen was fed in the hollow 
fibre membrane with certain pressure, which could be either top-to-bottom or the opposite and 
oxygen will diffuse into the biofilm through the gas permeable membrane. So that an aerobic zone 
will be formed from the surface of membrane to a certain width of biofilm and anoxic zone will be 
formed both in the biofilm and bulk liquid where oxygen can no longer or only a little amount 
permeates to. In the aerobic zone, where nitrification takes place under the effect of heterotrophic 
nitrifiers. Then nitrite/ nitrate will diffuse to the anoxic zone where denitrification can take place 
subsequently under the effect of denitrifiers while using the carbon source from the wastewater. 
Scouring of biofilm will be scheduled with proper intermission to maintain a suitable thickness.  
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There was research suggest that the thickness of aerobic zone mainly depend on the ration of COD 
loading and the process air pressure into the membrane. (Casey et al., 1999) And there are three broad 
categories of membrane materials that were discussed, micro-porous or dense membrane or 
composite material. 

Micro-porous material normally has larger gas-diffusion coefficient, therefore high O2 transfer 
efficiency can be achieved. However, studies also suggested that, the efficiency might weaken due to 
the potential of microorganism grows on the pores. (Semmens, Michael, 2005) Also, this type of 
membrane has to be operated below their bubble pressure to prevent the detachment of biomass. 

On the other hand, dense membrane (nonporous) is applied in several MABR tests, although 
successfully application was limited. Due to its higher diffusion resistance, though the inter-
membrane pressure could be higher if demanded. Also it has better resilience to chemical/ physical 
erosion. 

Contrarily, composite membrane consists of a thin nonporous-gas-permeate membrane on the 
surface that coated on a micro-porous membrane. Its performance is generally good since it has the 
potential ability of deliver oxygen in high efficiency and without these difficulties with traditional 
micro-porous material in the meantime. Although it has also been concerned about high cost when 
try to apply it into the commercial market. 

There are two types of MABR configurations have been used. 

a. The hollow-fibre module, which has relatively larger surface area, however, when compactly 
packed, it could lead to the clogging of biofilm.(Semmens et al., 2003) 

b. Flat-sheet membrane, which is less common than hollow-fibre and has less specific surface 
area. 

Besides, there were also two types of oxygen transfer mode mentioned, dead-ended and open-ended. 

a. In a dead-ended mode (One end of the membrane lumen is closed), it can theoretically 
achieve 100% of O2 content utilization, though the transfer rate will be reduced due to the 
condensation in the lumen. 

b. In an open-ended mode (Both ends of the membrane lumen are open), water condensation 
will not be a problem, though the utilization will obviously be lower, and the oxygen transfer 
rate will be determined by the intra-membrane air pressure and the mass balance transfer 
coefficient. 

Figure 4 Schematic figure of MABR process in terms of nitrogen transformation (Syron et al., 2013) 
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As for proper membrane thickness, it is always wanted to be controlled at an optimal thickness which 
is best for the performance. However, it is always the most significant challenge since it is hard to 
keep a balance between the growth of biomass and the detach of it in the practical operation.  

There were also studies suggested that right after the period of scouring, there will be a deterioration 
of treatment performance.  

By the date this article published which was in 2013, there wasn’t commercial module for MABR be 
introduced to the market, but to date, there is, such as the one that will be studied in this paper which 
will be discussed later. 

The periodic venting of MABR lumen for the better performance 

Since a large part of oxygen will be wasted in the open-ended module when comparing with the close-
ended module as mentioned in the section 1.3.1., however, the close-ended module often suffers from 
the bask-diffusion which will lead to lower OTR. In order to find a feasible solution for this, P. Perez-
Calleja, M. Aybar, etc. came up with the idea that periodically venting the MABR lumen might 
improve the performance of the close-ended module. (Perez-Calleja et al., 2017) 

The experiment and the simulation is done with a lab-scale equipment. The results which was done 
by using the oxygen free water show that when the air or oxygen is supplied to the close-ended lumen 
of the clean membrane where no biofilm is attached, the DO on the membrane surface decreases from 
6mg/L to 0,5mg/L or 35mg/L to 5mg/L respectively. By comparison of experimental values and 
simulation values using the model they determined, it was proved very accurate. 

They also studied the impact of the water flow pattern with the same or counter direction to the air 
supply direction. The result shows that with counter-current, the DO concentration is decreasing 
rather progressively towards the end of the membrane when comparing with the co-current air supply, 
which only gradually slightly decreasing alone the membrane lumen. 

To study the impact of periodic venting on the improvement of OTR and OTE comparing with the 
conventional close-ended MABR, the range of venting interval was determined from 1min to 30 min 
close with 20s open was simulated and the prediction result shows that the average OTE is 2-4 times 
higher than the permanently close-ended MABR. Specially, when the venting period smaller than 20 
min, the OTR is higher than the open-ended MABR while no significant effect on the OTE. For 
different venting interval, the OTE was ranging from 75%-98% and OTR was 0,79-0,38 mg/m2/s, 
respectively, while for the open-ended MABR (clean membrane with no biofilm attachment), the OTE 
and OTR is 0,47% and 0,42 accordingly.  

Figure 5 The thickness of biofilm along the membrane surface 
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Furthermore, experiments were carried out use synthetic wastewater for both MABR-1 (open-ended) 
and MABR-2 (close-ended) without venting, the thickness of the biofilm was constant for the MABR-
1 while the biofilm is thicken at the gas supply end whereas reduced at the closed end of the membrane 
for MABR-2, which can be explained by the DO pattern alone the membrane surface. 

After the 20s open/ 20min close venting strategy was applied to MABR-2, the thickness of biofilm is 
more or less constant comparing with the permanent closed strategy (Fig.5).  

It was also noticed that when the venting strategy was applied, the removal of COD in the MABR-2 
was almost as same as MABR-1, which was 117g/m2/d (MABR-2) versus 121g/m2/d (MABR-1).  

As a conclusion of this study, the close-ended MABR with proper venting strategy is very promising 
to improve the OTR and the removal of contaminants comparing with the permanently close-ended 
MABR; to improve the OTR and OTE without significant compromise of the treatment performances 
when comparing with the open-ended MABR.  

However, since it’s a lab-scale study, further study is needed to address the critical factors that affect 
the selection of venting duration and close duration. 

 

Effect of Oxygen Gradients on the MABR nitrifying process  

The purpose of this study is about investigating the effect of gradient DO at membrane surface to the 
nitrification rate; the extent of nitrification shortcut; the structure microbe, mainly in the anoxic bulk 
liquid, using FISH (fluorescence in situ hybridization) and micro-sensors.(Downing and Nerenberg, 
2008) 

Shortcut nitrification was their primary interest in the study and they proposed a new concept as 
HMBP (Hybrid Membrane Biofilm Process) in 2007, which is the nitrification takes place on MAB 
(membrane aerated biofilm) and denitrification takes place in the bulk liquid. The membrane was 
exposed to the 3g N/L ammonia and the different DO concentration was manipulated by altering the 
intra-membrane air pressure. 

It was noticed that, nitrification rate can be controlled by altering the feed air pressure into the 
membrane, when the DO on the membrane-biofilm interface was 3.5mg/m3 the formation of nitrite 
was 3 to 4 times more than nitrate and another study on the MABR technology showed, when DO 
level on the interface reached 6.4g/m3 the nitrite formation was twice higher than nitrate. Moreover, 
the selection of microorganism is also important in facilitating the nitrogen removal performance, for 
instance, there was study indicated Nitrobacter spp. has outstanding performance on nitrite 
oxidation rate than Nitrospira spp., which could affect the nitrite accumulation in the 
system(Schramm et al., 1999). 

Both AOB and NOB was quantified throughout the biofilm using FISH, which result in AOB density 
was relatively uniform in the biofilm while NOB density decreased significantly with the depth of 
biofilm and the greatest density was on the membrane-biofilm interface, also decreased with the 
process air pressure. 

The study showed that under intra-membrane pressure of 35kPa, the oxygen concentration in the 
majority part of biofilm was below 2 g/m3 (O2 concentration was 3.5 g/m3 at the membrane surface) 
and high nitrite accumulation in the bulk liquid was observed. Moreover, when the intra-pressure 
dropped to 14kPa, a complete nitrite accumulation was observed while the oxygen concentration of 
biofilm was near/ below 2 g/m3. 

Therefore, a compromise between higher nitrification which leads to more effective treatment 
performance and maximized nitrification shortcut, which leads to less demand of COD is to be made. 

A model was established using AQUASIM 2.0 computer program and calibrated with the 
experimental data. The modelling result showed different nitrite accumulation rate within a range of 
DO in both bulk liquid and on the membrane surface (Table 1). 
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Table 1 Modelled flux for ammonium, nitrite and nitrate as a function of DO at membrane interface and bulk liquid 
(Downing and Nerenberg, 2008) 

  

And the modelling result showed that more than 40% nitrite accumulation occurred even when DO 
reached 8 g/m3, which indicated that certain extent of nitrification shortcut always exists. 

Furthermore, in this study, some uncertainties exist: 

a.  little study was made on examine the DO concentration within the biofilm.  

b. Besides, the relationship between the community structure of microbe and DO was also unclear.  

c.  Whether DO concentration or ammonium loading was the controlling factor of shortcut. 

d.  What DO concentration on the membrane surface is desired to maximize the extent of nitrification 
shortcut. 

DO at membrane-biofilm 
interface (g/m3) 

DO in the bulk 
liquid (g/m3) 

NH4+ (g 
N/m2/d) 

NO2- (g 
N/m2/d 

NO3- (g 
N/m2/d) 

NO2- 

(%) 

2 

0 0.91 0.86 0.05 95 

0.5 1 0.64 0.36 64 

1 1.11 0.66 0.45 59 

2 1.3 0.77 0.53 59 

4 

0 1.09 0.56 0.54 51 

0.5 1.17 0.63 0.53 54 

1 1.27 0.64 0.63 50 

2 1.41 0.65 0.77 46 

8 

0 1.35 0.61 0.74 45 

0.5 1.39 0.66 0.73 47 

1 1.44 0.71 0.74 49 

2 1.5 0.7 0.81 46 

Figure 6 The different configurations of the pilot study (Jeff et al., 2017). 
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Nutrient removal intensification with MABR 

A pilot scale MABR at the Guelph wastewater treatment plant in Ontario, Canada was operated for 
500 days from April 2015 – September 2016 for the simulation of the upgrade of the conventional 
activated sludge process. The main objectives are to investigate different process configurations and 
calibrate the parameters of a simulation model and subsequently, how different process 
configurations can be used for the nutrient removal intensification, including the study of phosphorus 
removal. Mainly the performance of nitrogen removal was reviewed and summarized in the following 
(Jeff et al., 2017).  
Table 2 The influent characteristics 

Parameter Counts Average, mg/L Median, mg/L 

TSS 243 230 218 

VSS 200 164 161 

COD 241 438 433 

sCOD 240 120 116 

NH4-N 250 24 24 

NO3-N 234 1,6 0,7 

TP 33 7,1 5,9 

PO4-P 159 1,6 1,0 

Table 3 The operational condition and general performance 

General operational condition 

Flow Rate (m3/d) 22 

Bio-Volume (m3) 6,8  

HRT 7,5 h 

SRT 4-8d 

MLSS (g/L) 1,5-3,5  

RAS ratio 1 

DO (mg/L) 

Zeelung Compartment 0,17-0,3 

                                                
 
1 The nitrification rate in tank 1 &2 

Aerobic Compartment 0,94-1,26 

Performance 

NR 2,6 /1,2 g/m2/d1 

OTR (g/m2/d) 10 

NH4-N removed in ZL 36%/39%2 

NH4-N removal 96% 

TIN removal 74% 

PO4-P removal 73% 

sCOD 76% 

2 The proportion of NH4-N converted in the ZL 
compartment in tank 1 &2. 
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Despite of the different process settings, configurations and upsets, the influent characteristics and 
performance of this pilot project is summarized in table 2 and 3: 

The configurations (Fig. 6) are: with the primary effluent from the WWTP as influent, followed by 4 
biological tanks, which with a total volume of 6,8 m3. The tank 1 &2 were acting as anaerobic zone for 
the denitrification process / SND process with the Zeelung module and the surface area of each ZL 
module is 39m2. 

 

The oxygen transfer rate (OTR) in this paper was in average 10 g/m2/d in the ZL compartment which 
ranging from 8 – 12 g/m2/d. And it was observed that the OTR increases together with the loading 
rate. When the pilot was configured with 2 ZL modules (Fig.6), the amount of ammonium nitrogen 
that was removed in the ZL compartment (tank1 + tank2) was approximately 2 3 while with only one 
module (Fig. 6-B), the ammonium nitrogen was removed by the ZL compartment was 
approximately1 3. Additionally, the data of 60 days in the testing period was used to calibrate the 
MABR model in the GPS-X and satisfying result was obtained.  

Case study at Environment Canada’s Wastewater Technology Centre  

A 220 days pilot-scale study of MABR was carried out at Environment Canada’s Wastewater 
Technology Centre, in Ontario, Canada, where primary effluent from nearby WWTP was used as 
influent in this case (Côté and Peeters, 2015).  
The MABR module consists of innumerous oxygen-permeable hollow-fibre membrane cord, which 
evenly distributed around the circumference of a yarn reinforced core. The air will process through 
the cord from the top to the bottom and let nitrifying biofilm grow on the surface of membrane. So 
that an aerobic zone for nitrification will be formed close to the membrane surface and an anoxic zone 
will be formed in the bulk liquid where denitrification can take place. And a course bubble mixing 
system is at the bottom of each module to control the thickness of biofilm and mix the wastewater 
inside the cord bundles. 

Three MABR modules, each with a surface area of 3.5m2, were placed in the biological tanks in series 
where each of them has a volume of 100L, 300L in total. See Table 4 and 5 for the operation settings 
of process air and the influent quality from primary clarifier. 

As a result of the MABR technology in this study, the median removal rates are: TSS 91%, COD 83%, 
NH4+ 95% and TIN 47%. 
Table 4 Operation settings for process air in the bio-reactor tank* 

Feed gas 

Process 
pressure 67kPa 

Flow rate 
(QPF) 5.3 L/h/m2 

O2 transfer 
efficiency 30 - 40% 

Exhaust gas 

Exhaust 
pressure 25kPa 

Exhaust Flow 
rate 4.5 L/h/m2 

O2 content 12 -16% 

Coarse bubble 
mixing gas 

Gas mixing 
mode** 12s on/ 108s off 

Mixing gas 
flow rate 28L/h/m2 

* All value is considered at standard temperture 
and pressure                                                                                                  
** The sparging gas contributes negligible oxygen 
transfer 

 

And they found that this process is not sensitive with the presence of organic, as they compared the 
result (C/N ratio is 7,3) with another study with similar result (C/N ratio is 0,5), the rather high 
organic loading in this study did not cause a significant decrease of nitrification rate. Whereas, in the 
conventional biofilm nitrification process, due to the competition between autotrophic AOBs and 
heterotrophic NOBs (Water Environment Federation, 2010). 
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Table 5 Influent characteristics of primary effluent 

Parameter 
Median Value 
(mg/L) Range(mg/L) 

TSS 144 44 - 270 

COD 239 98 - 440 

sCOD 32 20 -65 

BOD 174 58 - 342 

Ammonium 23.7 10,6 – 33,4 

 

Previous MABR pilot study results review 

Five pilot plants in both Europe and North America that operated under different operational 
conditions for the municipal wastewater treatment plant. According to Dwight Houweling,et al., 2017: 
the critical performance indicators, such as OTR, OTE (oxygen transfer efficiency) and NR was 
repeatable among the five plants, although they were running under different operational conditions, 
scales and loading rate. Consequently, it was learned that the concentration of NH4-N has the biggest 
effect on the performance and the treatment performances are durable to the peak flow.  

For optimal conditions, increasing process air during the peak flow an OTE can still be maintained 
greater than the conventional fine bubble aeration (Dwight et al., 2017). 

There are two different configurations of the pilot, one is MABR/AS process pilot and the other one 
is hybrid MABR reactor pilot (Table 6).  

The hybrid MABR reactor configuration is to immerse a full cassette MABR (Fig. 7) into the existing 
activated sludge basin while the MABR/AS process pilot configuration is quite similar with the one 
that was used in this thesis (Fig. 9). Although, these pilots were operating at different location, time, 
condition and duration, it still can be observed that the in average, OTE, OTR and NR for these 5 
pilots were in the range of 29% - 40%; 8,7 – 10,8, accordingly.

However, the other operational conditions were not mentioned in the document, therefore, further 
comparison of these pilots cannot be made. 

Figure 7 View of full cassette MABR reactor(Dwight et al., 2017) 
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 Table 6 Overview details of MABR pilot 

 

Case study at Ekeby WWTP in Eskilstuna, Sweden 
Project description  
The current treatment process on-site 

According to the explanation made by Lina Falk (the process engineer of Ekeby WWTP), the current 
treatment process at the Ekeby WWTP in Eskilstuna consists of three major steps: Mechanical 
treatment; chemical treatment and biological treatment (Fig.8).  

Firstly, the raw wastewater is lifted by 3 large Archimedean screw pumps and goes into the mechanical 
treatment step (1), after that, the water passes through 3 parallel belt screens with 6 mm perforated 
holes to get rid-off trash and large particles. After the screening step, the coagulant (ferrous sulfate) 
is added to remove phosphorus then the water flows to the sand trap (2) where small particles and 
floating substances (sand and grit) is removed. Then the water continues to flow into the pre-aeration 
tank (2) where the residual coagulant is oxidized before the next step.  

1 
2 

3 

4 

5 

6 

7 

8 

10 

11 

9 

Figure 8 The current treatment process of Ekeby WWTP (Eskilstuna Strängnäs Energi och Miljö AB, 
2017). 
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In the next step (3), the primary clarifier, substances such as suspended solids, flocs formed by the 
coagulant, are deposited by the sedimentation and the sludge that is formed at the bottom is raked by 
the sludge scrapers into the sludge hoppers, from that the sludge is pumped to a belt filter press for 
sludge dewatering. After that, the dewatered sludge is then pumped into the anaerobic digesters (4) 
for the production of biogas. The remaining digested sludge is dewatered with screw presses (5) and 
transported to the landfill in Eskilstuna which is out of use, to cover the old land fill. The biogas is 
then upgraded and used as compressed natural gas (6). 

Subsequently, the primarily treated wastewater continues entering the next step, biological treatment 
(7), which consists of conventional activated sludge for the nitrogen removal with aerobic 
compartment (nitrification) and anaerobic compartment (denitrification). Followed by the biological 
tank is the secondary clarifier (8) where the biomass carried over from the previous step is settled and 
pumped back to the biological tanks as return activated sludge. 

The treated water passes through another post clarifier (9), before it is led out to the wetland (10) for 
final polishing prior to the discharge into the natural waterbody, the Eskistuna River (11).  

MABR pilot description 

The pilot skid used in this study is a rather compact one (Fig. 9) and installed with one Zeelung 
module (Fig. 10) is as shown in fig. 10. A Zeelung 500 MABR pilot module was installed on site of the 
Ekeby WWTP, which is a downscale version of a full scale WWTP that used to illustrate the 
performance of this technology and collect data for the future design of the full-scale plant. 

The whole MABR pilot process (Fig.11) consists of several units. After the feed pump, there is a break 
tank, where the subsequent units take the incoming water from. A biological process tank with 500L 
volume, of which ZL compartment is 166L and the aerobic compartment is 414L. Process air will be 
supplied from the top to bottom of the Zeelung module. Followed by the biological process tank is a 
secondary clarifier with an automatic scraper installed to remove the solids from the effluent. A return 
activated sludge (RAS) pipe is connected back to the ZL compartment from the bottom of the 
secondary clarifier. Two online sensor are installed in the break tank and after the secondary clarifier, 
to monitor the pH, temperature, NH4-N and NO3-N in the feed and effluent of the pilot. (SWECO AB, 
2017)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 MABR pilot skid 

Figure 10 Zeelung module 



 
15	

The pilot was basically setup and started the auto-operation from the 28th of June. It took 2 weeks 
for the sludge seeding and start-up to be done. The seeding sludge was collected from full scale plant 
at Ekeby WWTP and the feed water to the pilot was taken from the effluent of the primary clarifier 
(also called primary effluent) of the full-scale plant.  

Counting from the first day that sampling and analysis was started, the pilot has been running for 143 
days till the 1st of December 2017. The pilot study is expected to be finished in 2018 2018 and up till 
the day of this report is done, the project is still on-going. In this report, only data collected from the 
Day 1 (12th of July 2017) to Day 143 (1st of December 2017) is reported and all the evaluation and 
discussions are based on this certain period. Further data will be available later and a comprehensive 
paper will be issued later by the proper organisations or individuals. 

If the MABR technology is to be applied at Ekeby WWTP in the future, the Zeelung cassette will be 
submerged in the biological unit directly without any new construction (Fig. 8, unit 7). 

Pilot project timeline 

A detailed timeline of the piloting project from Day 1 to Day 143 is as illustrated in table 7: 

The light red blocks indicate the day where there were issues with the pilot itself or with the feed line, 
which had interference on the operation and performance of the pilot. The orange blocks indicate 
when there were some additional tests or activities that the pilot was operating under special 
conditions, which will be discussed in detail later. 

For the operational settings, there were several changes regarding the control of DO in the aerobic 
compartment; the process air flow rate into the membrane; the feed flow rate to the pilot was kept 
constant until two flow patterns were introduced, which was calculated based on different population 
scenario by the consultant of Sweco. 

  

Figure 11 MABR Pilot flowsheet ( SWECO AB, 2017) 
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Table 7 Timeline of the pilot project from Day 1 to Day 143 

Date Events Operational 
settings 

Day 1   722 cc/min3 

Day 10   DO set point as 
2mg/L4 

Day 14  Sludge caked 375 cc/min 

Day 17   WAS set as 
95L/h 

Day 20 Sludge re-seeding   

Day 25   DO set point as 
1,5 mg/L 

Day 35 Phase 2 started Feed flow 
140L/h 

… … … 

Day 41   Feed flow 176L/h 

Day 45 Pilot accidentally 
shut-down 

Floating sludge 
in the clarifier 

Day 48 

… 
Day 49 Pilot restarted 

Day 50 Analysis for the 
collected samples 

… 
… 

Day 55 Feed flow 209 
L/h 

Day 63 
Water sample 
variation test 

… 

Day 64 
Feed flow 
126L/h; Sudden 
stop 

Day 65 Back Mixing test 
… 

Day 66 Analysis of Back 
mixing samples 

Day 69 
… 

Flow pattern 1 
(HRT 2,8h) 

Day 73 SRT 12d 

Day 77 Membrane 
inspection 

Gasket 
installation 

Day 84 Back mixing test   

Day 85   
Flow pattern 2 

HRT (2,4h) 

Day 94  525 cc/min;  

Day 96   DO set as 
1,0mg/L  

Day 98   Mixing air 
reduced from110 
sec off/5 sec on 
to 2 sec on … … 

Day 101   
Mixing air 
reduced to 220 
sec off/2 sec on 

Day 113   720 cc/min 

Day 121 Acetate dosing 
started 

… Day 123 Pilot stopped 

Day 124   

Day 126   DO set as 2mg/L 

Day 132   SRT 14d 

Day 133 On-site sludge 
escape … 

Day 141   
Extended 
Scouring of 
biofilm 

…   … 

Day 143 On-going 

 

                                                
 
3 The setting of process air into the Zeelung hollow-
fibre lumen. 

4  The trigger point of fine bubble aeration in the 
aerobic compartment is usually 0,2 mg/L lower than 
the setpoint. The actual average DO varied ± 0,15 
mg/L comparing with the set point. 
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Pilot general operation  

The process air is supplied on a constant flow rate and a scouring in the ZL compartment is setup on 
a specific frequency to control the proper thickness of the biofilm. In the meantime, a mixing aeration 
is also employed on a more frequently basis, ranging from 10s-on/50s-off to 2s-on/220s-off, 
depending on the different situation we had (Table 8). 

And the RAS flow rate is always constant throughout the whole testing period at 70% of the feed flow. 
The dissolved oxygen in the aerobic compartment is control by the intermittent fine bubble aeration. 
Table 8 The general operational settings 

Primary effluent feed 

Temperature (⁰C) 11-22 

Flow rate (L/hr) 85- 209 

ZL compartment 

ZL process air flow 
(cc/min) 375-720 

ZL mixing aeration 
2-10s-on/110-220s-

off 

ZL scouring aeration 3min/6hr or 12hr 

Aerobic Compartment 

DO (mg/L) 1.0-2.0 

RAS flow 

RAS flow rate 70% of feed flow 

 
Performance evaluation, data and methodology 

To make performance evaluation of the MABR pilot scale technology, to monitor and control the 
operation process, 5 sampling points are set, which are: 

a. Sampling at the primary effluent (Feed to the pilot) 

b. Sampling in the Zeelung compartment 

c. Sampling in the aerobic compartment 

d. Sampling from the RAS line 

e. Sampling from the secondary clarifier (Effluent from the pilot) 

Analytical parameters 

To assess the performance and improve the application of this technology, several parameters at 
different sampling points mentioned above in the whole process are chosen for analysis.  

COD and sCOD 

COD (chemical oxygen demand) is an indicator of the demand of oxygen of organic chemicals in the 
sample that can be oxidized chemically in an acid solution.(Tchobanoglous et al., 2013) 
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In order to assess the treatability of the wastewater, sCOD (Soluble COD) was also introduced to 
fractionate the COD further into sCOD and particulate COD. sCOD was measured based on the 
samples that through a glass fibre filter with 0.45µm pore size. So that, the biodegradable part of COD 
can be obtained eventually. 

BOD7 and sBOD7 

BOD (Biochemical Oxygen Demand) is a measurement used basically to determine the approximate 
oxygen demand is needed for biodegradation of the organic matters that present in the sample. 

Practically, BOD can serve as a reference value for the size design of a WWTP; to assess the efficiency 
of certain treatment process. 

It is known that when nitrification occurs, the BOD value will be higher than the actual value. The 
oxygen demand associated with ammonia oxidation is also called NABOD (Nitrogenous biochemical 
oxygen demand). Therefore, BOD7 that filtrates by 0.45µm filter is also introduced to get rid of the 
nitrifying bacteria. 

Nitrogen & Phosphorus 

Nitrogen and phosphorus is the essential nutrient source for the growth of microorganism. Therefore, 
in this study, several nitrogen-related parameters are chosen: 

Total nitrogen (TN), ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N), nitrite (NO2-N), Total 
Phosphorous (TP) and phosphate phosphorus (PO4-P) are chosen as analytical parameters to control 
the operation process also assess the performance of the MABR technology.  

Nitrate nitrogen is the most stable form of nitrogen oxidation product in wastewater. The monitor of 
nitrate concentration can be practically used to assess the extent of nitrification and used to modify 
the operational parameters, for instance, flow rate, HRT and the aeration process. Also it should be 
controlled due to its occasionally fatal effects on infants. 

Although nitrite is usually present in very low concentration, it can be extremely toxic to most of the 
aquatic species. 

As for the removal of phosphorus, since it’s not a main concern of this study, no coagulant was added 
for the removal of phosphorus. 

 Suspended Solids (TSS, MLSS & VSS, MLVSS) 

Total suspended solids (TSS) in the feed and effluent is important for assessment of the TSS removal 
efficiency. High TSS in the effluent might cause high turbidity in the recipient water body. And TSS 
content in the feed also contributes to the selection of proper treatment process. 

The VSS and MLVSS is the solids that will be volatilized when the TSS and MLSS be combusted under 
500± 50°C. Moreover, the VSS or MLVSS is a good indicator for the growth of biomass. 

SVI (Sludge volume index) 

The SVI is calculated based on the sludge volume (SV, is defined as the volume of settled sludge after 
30min in an 1 or 2 graduated cylinder.) and the mix liquor suspended solids (MLSS), to examine the 
settling ability of the sludge to prevent the sludge bulking in the treatment process.  

Other general parameters 

a. pH, temperature, conductivity and dissolved oxygen. 

Those are basic water parameters that used to manually control the process and be aware of any 
unusual changes of the water quality in each stage. For instance, dosing caustic if pH drops, or 
cooling/heating the feed water to test this technology under different circumstances. 

b. Performance indicators 

Nitrogen load (NL) 

𝑁𝐿 = 𝑄)*×𝐶-./0-12 𝐴45                 ① 

Where NL is in g/d/m2;  
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Q89 − the daily flow rate, L/d; 

𝐶-./0-12 − the concentration of NH4-N in the feed, g/L; 

A;< − the total surface area of the Zeelung module, which equals to 10 m2 in total. 

 
Nitrification Efficiency (NE) 

𝑁𝐸 = (𝐶-./0-?1@ − 𝐶-./0-BC) ÷ 𝐶-./0-?1@          ② 

Where NE is in %; 

𝐶-./0-?1@ − the mixing concentration of NH4-N that flows into the Zeelung compartment, without 
nitrification but with the dilution of RAS flow and back mixing flow; 

𝐶-./0-BC  − the actual concentration of NH4-N that entering the aerobic compartment (the 
concentration measured in the ZL compartment); 

 

Nitrification Rate (NR) 

𝑁𝑅 = 𝐶-./0-12 ∗ 𝑁𝐸 ∗ 1000                          ③ 

Where NR is in g/d/m3 

𝐶-./0-12 − the concentration of NH4-N in the feed, g/L; 

Exhaust oxygen (EO) is also measured as an indicator of the oxygen transfer efficiency (OTE), Oxygen 
transfer rate (OTR) and oxygen uptake rate (OUR).  Expressed in the volumetric fraction of oxygen 
in air. 

Oxygen transfer efficiency: 

OTE	 = 20,9% − 𝐶RS×
T0UV,W%
T0XYZ

÷ 20,9%          ④ 

Where OTE is in %; 

The atmosphere oxygen content is considered as 20,9% 

𝐶RS is the exhaust oxygen content, %; 

Oxygen transfer rate: 

OTR = (]^1_	120]^1_	12× T0UV,W% ÷ T0XYZ )
`Za÷b?

÷ 𝐴45           ⑤ 

Where 𝑄d)e	)* is the process air into the ZL, L/d; 

𝑀Sais the molar mass of oxygen, which equals 32g/mol; 

𝑉h is the molar volume of gas under the standard atmospheric pressure, which is 22,414L/mol; 

𝐴45 is the surface area of the ZL membrane, which is 10m2. 

Analytical Methods On-site 

According to the sampling schedule, all samples should be 24hr composite samples, taken by an 
automatic sampler, on a 5min interval with 30ml sample taken at a time, except RAS and samples 
from aerobic compartment for the analysis of SV, MLSS and SVI on-site, which can only be grab 
samples. 

A detailed sampling schedule can be found in appendix1. 

All samples were collected in the early morning of each sampling day, therefore composite samples 
are considered as representing the situation of a day before.  
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DO, pH, temperature and conductivity and EO 

A multi-function portable meter (HACH Lange, Sension TM+ MM 156) was used for the 
measurement of DO, pH, temperature and conductivity on-site, 3 times /week. The device was 
calibrated properly following the instruction manual. 

EO was measured with a MaxO2+AE Industrial™ portable DO meter constantly throughout the 
whole project period. And it is connected at the end of the EO hose from the Zeelung compartment. 

The EO value was recorded manually 3 times/ day before an online camera was installed to record it 
24hr from Day 84. 

SV, SVI and TSS 

Sludge volume is measured with the grab samples taken from aerobic compartment when the fine 
bubble aeration is on. And it is defined as the volume of sludge settled after 30min in a 1 graduated 
cylinder on-site. 

SVI was calculated based on the equation 6, 

SVI = lb
mll

            ⑥ 

Where SV is in ml/L and TSS is in g/L. 

TSS (for the samples from aerobic compartment and RAS, also refer to MLSS) is measured at the 
following steps with a reference of Swedish Standard (SS-EN 872:2005): 

a. A glass fibre filter paper with a pore size of 1.2 µm and a vacuum filter is used to filter the samples 

b. Around 50-100ml well mixed sample is filtered through the glass fibre filter paper 

c. The filter paper is then dried up in the oven under 105 ºC for more than 1.5 hr. 

d. The dried filter paper then will be weighted on the scale to determine the TSS according to the total 
mass it gained after the drying. 

However, due to the limited condition on-site, a scale with an accuracy of 1mg is used, instead of 
0.1mg as stated in the standard method. 

Cuvette test  

Analysis for COD, sCOD, Total nitrogen (TN), ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-
N), nitrite (NO2-N), Total Phosphorous (TP) and phosphate phosphorus (PO4-P) on-site are carried 
out using the cuvettes that produced by HACH™. Each parameter has a specific cuvette which is 
proved to be highly accurate and almost error free. A summary of cuvettes used in this study can be 
found in appendix 2. 

All water samples are filtered with 0.45µm filter paper before analysis except for TN, TP and COD.  

The 10ml and 1ml pipettes produced by VWR are used to take accurate amount of water sample for 
the cuvette test. 

After a certain reaction time, as specified for each cuvette, a spectrophotometer DR2800 is used to 
analyse the concentration for each parameter of the water sample. 

Data and analytical methods 

Data source 

Due to the limited analytical instruments on-site, some analysis is done by the ESEM laboratory, 
meanwhile, for the accreditation of the pilot project, some analysis is done by the ALcontrol 
laboratory on a weekly basis, which is accredited by SWEDAC (Board of Accreditation and Technical 
Control) according to SS-EN ISO / IEC 17025.  

An over view of all data collected for the whole period, from 3 different sources (Day 1 to Day 143) is 
summarized in appendix 3. 

Also, in this report, analysis and discussion will be made mainly based on the data obtained on-site, 
and additionally, TSS, MLSS and MLVSS from ESEM lab will be used, unless otherwise stated. 
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Overall, the sampling data is collected for 61 days out of 143days in total, where on-site analysis has 
been done for 44 days in total. 

However, throughout the whole testing period, we encountered a lot of challenges and difficulties 
from so many aspects, which will be described in detail in another section, led to less valid data sets 
available to make a reliable analysis and evaluation to this MABR technology.  

Regarding how many data is used in each evaluation will be specified accordingly in each following 
section. 

Analytical methods of data 

In order to get a clearer view of the data and also find out the potential correlation between each 
parameter and the operational settings, Microsoft Excel 2010 and IBM SPSS Statistics 24 are 
employed. 

a. Microsoft Excel 2010 

Microsoft Excel is mainly used to generate graphs and figures in this study. 

b. IBM SPSS Statistics 24 

SPSS is used to eliminate outliers in the data set and also find the correlations between each 
parameter.  

Results and Discussion 
Overview of the treatment efficiency 
Nitrogen removal efficiency 

Ammonium nitrogen removal efficiency 

The ammonium oxidation efficiency is calculated based on 51 data points where all samples are 24h 
composite samples (where 16 data points are from the AL control).  

Furthermore, the feed NH4-N coming into the pilot is considered as diluted by the RAS when entering 
the biological tank.  

Therefore, there is a difference of NH4-N concentration between the feed from the full-scale plant and 
the feed goes into the Zeelung compartment, the NH4-N is diluted to around 60% in average and 
around 37,44% NH4-N is converted to NOX-N and N2 gas in the Zeelung compartment (Fig. 12).  
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The maximum and minimum NH4-N feed concentration to the pilot is 26,60mg/L and 9,92 mg/L, 
where the removal efficiency is 98,51% and 99,07%, respectively. The maximum removal efficiency is 
99,82%, minimum is 30,43% and the average removal efficiency is 91,94%, while all composite data 
are considered, including those when the pilot was not operating under normal condition. Based on 
38 data points, when the pilot was running under normal condition, an average removal efficiency of 
95,15% was obtained. 

Most of the removal efficiency (more than 77,27% data) is above 90% (Fig. 13). A decrease was 
observed from Day 8 (60%) to Day 14 (30,43%), where on Day 14 a severe sludge clogging was noticed 
in the secondary clarifier, which suggested that the solid was not effectively recycled to the biological 
tank even before day 8, that led to the poor nitrification rate. Therefore, there was barely NH4-N 
oxidation and resulted in unsatisfied NH4-N removal efficiency from Day 8 to Day 14, based on the 
limited data points. 

After collecting samples on day 16, an attempt on recover the system was carried out. The biological 
tank was drained to 2/3 and filled up with waste water; no feed into the pilot; the internal recirculation 
and fine bubble aeration was on. 

It turned out that the ammonium removal efficiency recovered soon, one day after (day 17), the 
removal efficiency was increased to 54,2% from 29,39%. Although, before Day 22, 0,45um filter paper 
was not available and those data before Day 22 were not considered when analysing the data 
statistically, still it was considered valid data to describe the recovery of the system. 

 

However, in order to fully recover the biological process, the biological tank was drained to half on 
day 20 and refilled with new activated sludge from the full-scale plant. 

A significant improvement of ammonium removal efficiency can be observed from the composite 
samples collected on day 22, the removal efficiency increased sharply to 99,4%. Another rather 
obvious decline was observed from day 48 to day 50, day 122, day 133 and day 140, while pilot was 
not in the normal operation. There will be detailed discussion in the next section. 

Over all, the ammonium removal efficiency was quiet satisfying when the pilot was under steady 
operation. 

 

Figure 13 The feed & effluent NH4-N vs. Oxidation efficiency 
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The removal of TN 

The total nitrogen removal is one of our main objectives. Throughout the whole test period, the TN 
removal efficiency reached highest with 58,3% on Day 136 with an average of 39,01%, based on 47 
valid data points in total, including 16 data points from AL control. However, it’s plainly to observe 
(Fig. 14) that the TN removal efficiency is not very steady, though it’s generally increasing, thus several 
breakdowns can be observed and reached the lowest removal efficiency of 20,97% on Day 16.  

A rapid drop was observed from Day 7 to Day 9, when the sludge was clogged in the secondary clarifier. 
Due to the poor solid recycling to the biological tank, the low biomass led to the poor denitrification 
performance. 

 

The main objective of TN in the effluent was set as <10mg/L despite the variance of incoming 
wastewater quality, several changes of operational settings were carried out, to achieve the goal. 

Especially the temperature of incoming water started to drop rather quickly from Day 100, also the 
ammonium nitrogen load was decreasing when the winter came. 

In order to cope with the drop of temperature and available nutrient, the process air was increased to 
720cc/min from 525cc/min on Day 113 and the TN removal efficiency in generally increased.  

However, as it can be observed (Fig. 14), the goal had only be met for 4 times during the testing period, 
while the TN in the influent was also rather low, on Day 126, Day 129, Day 136 and Day 143, when the 
extra carbon source (acetate) was added to the ZL compartment from Day 121, which in average equals 
to 40mg/L sCOD. 

The reason for the addition of rapidly biodegradable carbon source was that when considering the 
COD and sCOD coming from the wastewater, it was considerably lower than the desirable value for 
the denitrification in the ZL compartment, which is a critical limitation to the biological process and 
is not specific for MABR. However, due to several operational issues and after the dosing of acetate 
(Day 121), the TN removal efficiency did not increase right away and had some fluctuations. But still 
it can be stated that the addition of extra carbon source did help with improving the denitrification 

Figure 14 The feed TN vs. Removal efficiency with temperature variance 
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process, especially considering the low incoming water temperature, which will slow the growth rate 
of microorganism. Therefore, the compromise of TN removal efficiency, apart from the operational 
issues, was mainly caused by the lack of carbon source in the feed water to the pilot.  

The nitrogen load (NL) & nitrification rate (NR) in the ZL compartment  

In order to get a comprehensive view of the performance of the Zeelung module and to provide a 
reference for the future design of the full-scale plant, the ammonium nitrogen load (NL) and 
nitrification rate (NR) in the Zeelung compartment was calculated based on 39 available data points, 
including 16 data points from AL control. 

Table 9 Ammonium nitrogen load and Nitrification rate in the ZL compartment 

 Max Average Min 

Feed NL 
(g/m3/d) 26,60 (Day 31) 20,25 9,92 (Day 94) 

NR in ZL 
(g/m3/d) 11,73 (Day 122) 6,39 1,44 (Day 15) 

NR/NL ratio 66% (Day 94) 33% 1% (Day 63) 

As it can be observed (Fig.15), the NL varied during the whole testing period due to the nature of the 
incoming wastewater. It reached highest at 26,60/m3/d (Day 31) and lowest at 9,92g/m3/d (Day 94) 
with an average value of 20,25 g/m3/d. 

The NR varied as well, the maximum value was 11,73 g/m3/d (Day 122), the minimum value was 1,44 
g/m3/d (Day 15) while the average value was 6,39 g/m3/d. 

Figure 15 Nitrogen load & Nitrification rate in ZL compartment 
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However, the minimum and maximum of NL and NR are not necessarily related to one another, due 
to the other operational parameters. Preferably the NR to NL ratio (Nitrification efficiency) was 
introduced to better describe the nitrification extent in the ZL compartment. As it can be observed 
from the data (Table 9), around 33% of the ammonium nitrogen was oxidized in the ZL compartment 
during the testing period (including when the pilot was running under unexpected circumstances). 

The Nitrogen balance in the whole treatment process 

In order to calculate the nitrogen balance of this pilot process, 38 data points obtained on-site were 
chosen and average value was used. A nitrogen balance of the treatment process in the testing period 
can be obtained (Fig. 16) 

 

The production of N2O in the bio-treatment is toxic, however, it is related with the amount of 
ammonium, the activity of AOB/NOB, oxygen contend, biodegradable organic compounds, etc. (N2O 
mechanism) Due to the limited conditions, it’s not studied in this project. Therefore, the production 
of nitrous oxide is neglected and assumed to be converted to nitrogen gas eventually in the 
denitrification process. The Total nitrogen flows into the pilot on a daily average is 82,20 g/d and 
30,55 g/d N2 gas is released into the atmosphere, where 51,48 g/d total nitrogen is released to the 
recipient water body and 0,16g/d nitrogen is produced with the waste activated sludge. 

COD removal efficiency  

COD was analysed as a measure of carbon source that is needed in the denitrification process in the 
ZL compartment. 

In total 48 composite sample points are available for the evaluation of COD removal efficiency and 45 
data points are available for the evaluation of sCOD removal efficiency, including 16 data points from 
AL control. The profile of feed COD/ sCOD and effluent COD/ sCOD can be obtained (Fig.17 & 18). 

The removal efficiency of COD and sCOD is generally increasing with the increase of the COD and 
sCOD in the feed. However, due to the variance of operation condition and the nature of incoming 
wastewater, the removal efficiency varied; the maximum and minimum removal efficiency did not 
necessarily correspond to the max and min feed COD. Moreover, COD & sCOD in the effluent is 
considered as non-biodegradable. 

Figure 16 Average nitrogen balance 
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The removal of Phosphorous 

Since the removal of phosphorus is not an objective of this pilot testing, no coagulant was added for 
the removal of phosphorus, therefore, the phosphorus was removed mainly biologically.  According 
to 46 data points from 24h composite samples, while 16 data points were obtained from AL control. 

As shown in table 11, the total phosphorus was removed by 65,31% in average according to the 
available data. However, due to the increase of pH alone the biological reaction process, the adsorbed 

Figure 18 Feed & Effluent COD vs. COD removal efficiency 

Figure 17 Feed & Effluent sCOD vs. sCOD removal efficiency 
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phosphate phosphorus will be released from the sludge, therefore we observed generally increasing 
of PO4-P in the effluent, comparing with the influent.  

 Table 10 COD & sCOD removal efficiency                                  Table 11 Total phosphorus removal efficiency 

 

Comparisons of different case studies vs. this project 
There were several studies regarding the MABR technology, especially the Zeelung module, were 
carried out in recent years as mentioned in section1.3. 

The operational conditions varied from different pilots and locations across the Europe and South 
America, such as NL, processing air, feed flow, etc. 

The performances were not easy to compare since the operational conditions of each project was not 
specified in detail. A comprehensive summary of different operational conditions and performances 
from different studies can be made (Table 12). 

The OTE in different project did not differ too much, although in this study, the OTE reached a higher 
limit of 69%, though the conditions of processing air were not available. Nonetheless, when looking 
into OTR, it can be found that the highest OTR can reach 16g O2/m2/d, which in a wide range of 6,3 
– 16g O2/m2/d. 

As it can be observed from the table above, the despite of different NL and feed flow, the nitrification 
rate on the membrane is rather consistent regardless the scale of the project (total surface area, bio-
volume, HRT, SRT, etc.), with a NR around 2 g/m2/d. 

The SRT varied on a wide range (4 – 14d) due to different characteristics of the feed water, which 
resulted in different MLSS in the aerobic compartment that ranging from 0,52 – 3,8 g/L, while mostly 
MLSS was maintained in a range of 2,2g/L <MLSS < 3g/L.  

HRT in different projects has a quite significant difference due to the different bio-volume and feed 
flow. The performance on ammonium nitrogen removal was repeatable across different project which 
can reach an average removal efficiency above 90%. 

 

 

 

  Max Average Min 

Feed TP 
(mg/L) 

3,10  

(Day 
134) 

1,36 0,40 
(Day24) 

TP removal 
efficiency, % 

85,69 
(Day133) 65,31 1,41  (Day 

140) 

Feed PO4-P 
(mg/L) 

1,00  
(Day 
134) 

0,41 
0,03  

(Day 
112&143) 

Effluent 
PO4-P 
(mg/L) 

0,90  
(Day 52) 0,28 0,04  

(Day 8) 

  Max Average Min 

 Feed COD 
(mg/L) 

300,00  

(Day 
134) 

128,31 55,90 
(Day112) 

COD 
removal 

efficiency, % 

87,50 
(Day133) 66,37 

30,40 
(Day 
108) 

Feed sCOD 
(mg/L) 

110,90 
(Day 
122) 

62,91 
34,00  

(Day 43 
&57) 

sCOD 
removal 

efficiency, % 

84,85 
(Day 
134) 

56,66 
29,32 
(Day 
112) 
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Table 12 Summary of operational conditions & performances regarding different pilots 

 

Proving Membrane 
Aerated Biofilm 
Reactor (MABR) 
Performance and 

Reliability (Dwight 
et al., 2017) 

A new membrane-
aerated reactor for low 

energy wastewater 
treatment (Pierre Côté 
and Jeff Peeters, 2015) 

Nutrient Removal 
Intensification 

with MABR (Jeff 
et al., 2017) 

This pilot 
study 

Surface area 
(m2) 10 - 1920 10,5 39 10 

OTE (%) 29 - 40% 30 - 40% - 24 – 69% 

OTR (g 
O2/m2/d) 8,7 - 10,8 8 - 15 8 - 16 6,3 - 13,2 

NR (g/m2/d) 1,6 - 2,3 1,5 - 3 1,2 - 2,6 
0,37 - 5,93 

(Avg. 2,37) 

Bio-volume (m3) - 0,3 6,8 0,5 

SRT (d) < 5 7,5 4 - 8 12 - 14 

HRT (h) 0,38 - 55 7,5 7,5 2,4 - 3,6 

MLSS (g/L) 1,56 1,5 - 2,5 1,5 - 3,5 
0,52 - 3,8  

(Avg. 2,59) 

Processing Air 
(L/h/m2) - 5,3 - 2,25 - 4,32 

ZL mixing air - 12s on/ 108s off - 2-10s-on/110-
220s-off 

RAS flow rate 66% of feed flow7 100 - 150% of feed flow 100% of feed flow 70% of feed 
flow 

NH4-N removed 
in ZL (%) 30 - 50 - 36 - 39 

1 - 66  

(Avg.33%) 

Effluent NH4-N <5,0 <5,0 1,3 1,65 

NH4-N 
removal % - 95 97,5 91,94 

TIN removal (%) - 47 80,9 - 

TN removal (%) - - - 38 

COD Removal 
(%) - 83 88,0 66,37 

sCOD Removal 
(%) - - 77,5 56,66 

PO4-P Removal 
(%) - - 73,1% - 

TP Removal (%) - - - 65,31 

                                                
 
5 The HRT of 0,38 was just a rapid test, doesn’t have any meaning for accessing the performance; 
6 Only 1 MLSS value in average of 1 pilot was mentioned in the report; 
7 Only 1 RAS setting of 1 pilot is mentioned in the report; 
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Evaluation of different operation strategy  
The different flow patterns 

Different flow patterns (Fig.19) were applied throw out the whole testing period. The flow was kept 
constantly throughout before Day 65, although different flow rates were applied. From Day 69 to Day 
84, flow pattern 1 was applied with an average flow of 176L/h. Then, from Day 85 to till Day 143, the 
flow pattern 2 was applied with an average flow of 207L/h.   

As it can be observed in the previous section (Fig.14), by employing the different flow patterns, it does 
not really have an obvious impact with the treatment performance, since the characteristics of the raw 
wastewater change all the time in the reality and the hourly analytical data is not available, therefore, 
it’s hard to conclude if there is any impact on the treatment performance due to the change of flow 
pattern. Although, the increasing of feed flow did not cause obvious drop of the TN removal and the 
oxidation of ammonium, it might suggest that there is still room for increasing the feed flow. However, 
due to the low temperature during the winter time, the increase of feed flow might not be a good idea. 

The control of dissolved oxygen 

The dissolved oxygen in the aerobic compartment was manually altered several times, from 1,0mg/L 
to 2,0mg/L, on a 0,5 interval. Since DO in the aerobic compartment only affects the oxidation of 
ammonium and nitrite nitrogen coming from the Zeelung compartment, it doesn’t contribute to the 
TN removal. 

Although the 24-composite sample that filtrated through proper filter paper on-site was not available 
for the analysis before Day 22, another filter paper with smaller pore size was used temporarily. 
Therefore, the results before Day 22 was not included in the statistical analysis but still it was 
considered as valid referential data when control the DO in the aerobic compartment. 

The DO was set as 2mg/L from Day 10 to Day 24. Before Day 10 the DO values were not available 
because there were issues with the DO sensors and a leakage of air in supplying line was found. 

The NH4-N level in the effluent was considerably low after the sludge reseeding on the Day 20; 
achieved NH4-N removal efficiency more than 99% on Day 22 and 23 which was considered as full 
nitrification achieved. Therefore, the DO was reduced to 1,5mg/L from 2mg/L at Day 25. The NH4-N 
concentration in the ZL compartment (Fig.20) was considered as the same that flowed into the 
aerobic compartment and the effluent ammonium nitrogen level was kept at a satisfying low level 
from Day 25 to Day 98, despite of few days of shut down, which proved that the DO is sufficient 
enough in the aerobic compartment to oxidize the excessive ammonium coming from ZL 
compartment. 

Figure 19 Flow patterns throughout the day 
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Subsequently, the DO was reduced to 1,0mg/L on Day 96. The ammonium nitrogen level was kept 
steady in the effluent for around two weeks. Whereas, a sharp increase was observed on Day 134 where 
the sludge might be carried over from the full scale plant to our feed pipe line due to a sludge pipe 
broke on the full-scale plant since Day 123, as we observed an abnormal value of influent COD of 260 
mg/L, which might interfered the nitrification process in the ZL compartment as the ammonium 
nitrogen level in the ZL compartment also increased. Besides, the temperature was gradually 
dropping which might inhibit the ammonium oxidation due to the low activity of AOB, therefore the 
DO was increased again to 2mg/L to cope with the cold temperature. 

Moreover, a sharp drop of NR/NL ratio was observed from Day 126 to Day 129, when it dropped from 
0,57 to 0,25 sharply.  

Hence, it might be suggested that the biofilm on the membrane was too thick or coated by sludge due 
to the excessive sludge carried over from the plant. 

As a countermeasure, an extensive scouring of the biofilm for 5min every 3 hours was carried out on 
Day 141 till the next day in the morning. 

It was expected that an increasing of NR/NL ratio should be observed, yet only one data point was 
available during this testing period, though it did show increasing of NR while NL was lower. Thus, 
no solid conclusion can be drawn at this moment due to lack of data, further information might be 
available later to confirm this. 

The different process air settings 

The process air into the membrane lumen was changed 3 times, from 720cc/min at the beginning 
then reduced to 375cc/min on Day 14. Later on, it increased to 525 cc/min on Day 94 and then 
increased back to 720cc/min on Day 114. 

Despite of the NL into the pilot, the oxygen transfer rate (OTR) was increasing /decreasing with the 
increasing /decreasing of the oxygen transfer efficiency (OTE) from Day 14 to Day 94 with an average 
OTE of 0,57 and OTR of 9,2 g/m2/d (Fig. 21). 

After that, when the process air further increased to 525cc/min, during Day 94 to Day 113, the OTR 
did not increased significantly (with an average value of 9,41 g/m2/d) and instead, the OTE dropped 
to 0,41 in average. 

Figure 20 NH4-N in ZeeLung vs. NH4-N removal efficiency 
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Moreover, the processing air was increased further to 720cc/min on Day 113, then the OTE dropped 
to 0,31 in average, though the OTR increased to 9,86 g/m2/d in average. 

It’s plainly to see that the most effectively use of oxygen was during Day 14 to Day 94; the process air 
of 525 cc/min from Day 94 to Day 113 might be not necessary as it did not contribute to the OTR and 
the process air of 720cc/min did increase the OTR but also resulted in more air and energy was wasted. 
Only it might be necessary as keeping the nitrification rate (NR) in the Zeelung compartment under 
lower temperature. 

Figure 22 The denitrification rate with different carbon source as a function of temperature (Tchobanoglous et al., 
2013) 

Figure 21 The oxygen transfer rate vs. Oxygen transfer efficiency 
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The dosing of extra carbon source 

The acetate was added from Day 122 at a concentration of 40mg/L sCOD in average as extra carbon 
source for the denitrification process, to cope with the low temperature and the low sCOD in the 
wastewater to the. Furthermore, the operation of pilot was interfered by different issues, including 
sudden shut and the excessive solids carried over from the full-scale plant due to the broke of sludge 
pipe. In consequence, under such challenging situation, it’s hard to conclude directly from the data 
that to how much extent, dosing of acetate improved the denitrification process. After the dosing, the 
TN did drop to 10mg/L in the effluent, while the NL to the pilot dropped as well.  

However, according to the research,(Tchobanoglous et al., 2013) the denitrification rate is higher 
when using acetic acid as carbon source comparing with the carbon source in the wastewater itself 
under all temperature (Fig. 22).

Besides, when looking into the available temperature data, the wastewater temperature was around 
10-12 ºC at the time of dosing, which comparing with the warmer period before (Fig. 14), the TN 
removal efficiency did not drop significantly while the pilot was running smoothly, which proved from 
the side that adding acetate did help with the denitrification process. But to further evaluate the 
impact of acetate dosing, more data is needed. 

 

Encountered challenges in the operation 
During the whole testing period, a lot of challenges and issues came up, caused the shutdown of the 
process; failure of automatic samplers, which leads to no composite samples available for certain 
sampling point and grab samples had to be taken; the failure of power supply; the sludge splitting of 
the full-scale plant which led to very high COD and TSS in the feed to the pilot, etc. 

The Recovery of the pilot after a 5-days shut-down 

The pilot experienced an unexpected shut-down due to a failure of power supply in the afternoon on 
Day 45 and restarted on Day 49. Therefore, there was neither feed supply nor air supply to the 
biological tank. In order to make a benefit of this unexpected event, composite samples were taken 
right after the pilot restarted. 

Three-days of continuously sampling was carried out to assess the recovery of this system. According 
to the analysis done on-site on Day 50, Day 52 and analysis done by AL control on Day 51, the 
nitrification rate recovered rather quickly (Table 13). Luckily, an analysis was done right before the 
pilot was shutdown, therefore a comparison can be made. It’s obviously to see that the NH4-N 
removal efficiency recovered rapidly right after one day the pilot restarted, from nearly 0 (no feed into 
the pilot) to 84,35% and finally reached the normal performance of 98,29% after 3 days. 
Table 13 The recovery of TN, NH4-N and COD removal efficiency after the 5-days shutdown 

Date 
COD Removal 
efficiency, % 

sCOD Removal 
efficiency, % 

N-NH4 Removal 
efficiency, % 

TN Removal 
efficiency, % 

Day 45 76,87% 38,65% 92,42% 32,06% 

Day 50 41,95% 69,14% 84,35% 35,60% 

Day 51 66,67% 57,89% 87,20% 53,13% 

Day 52 56,02% 65,95% 98,29% 51,08% 

On day 45, there was sludge caking in the secondary clarifier, therefore the TN removal efficiency was 
affected due to low recirculation of activated sludge into the biological tank. This could also be proved 
by the sCOD removal efficiency, it was low on Day 45, which means less denitrification in the Zeelung 
compartment.  But still an increasing trend of TN removal can be observed during these three days 
(Day 50 to Day 52) after the restart, from 36% to 51%, also the removal efficiency of sCOD increased. 
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Sludge caking in the secondary clarifier 

Severe sludge caking was found on Day 14 in the secondary clarifier, since the scraper on the top of it 
was not working at the time, which led to poor settlement of the solids coming out from the biological 
tank. Consequently, poor MLSS recycle to the biological tank. The lack of biomass directly hindered 
the nitrification and denitrification process in the biological tank. 

Also, when look at few available data points of SVI before Day 21 when new sludge was seeded (Table 
14). 
Table 14 MLSS, SV & SVI during sludge clogging 

 MLSS, g/L SV, ml/L SVI 

Day 8 0,67 215 322,34 

Day 9 2,30 645 280,43 

Day 16 0,52 150 286,26 

As suggested by the poor ammonium nitrogen removal before Day 22, the SVI confirmed that there 
were no enough nitrifying bacteria available. 

Normally in the activated sludge process, the SVI value less than or equals to 120 is preferred 
(Tchobanoglous et al., 2013) as it’s considered as well settling sludge. Therefore, the reseeding of 
sludge was needed for the better operation of the process. 

The SVI (Fig. 23) was mainly maintained in the range of 160 – 112, excluding when the pilot was shut-
down. Moreover, during Day 24 to Day 119 where the effluent ammonium nitrogen was kept at a 
rather satisfying level while the SVI was below 150 and above 98,2. Thus, it might suggest that the 
optimal SVI control for this WWTP with the Zeelung technology complies with the recommended SVI 
value for the general activated sludge process and potentially with a tolerable SVI smaller than 150. 

Figure 23 The SVI in the aerobic compartment vs. NH4-N in effluent 
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Back-mixing in the biological tank 

The back-mixing that is the flow from aerobic compartment to the Zeelung compartment, due to the 
loose of the seal between two compartments, which is due to the limitation of the pilot equipment and 
will not occur in a full scale plant. Sequentially, led to the excessive oxygen getting into the Zeelung 
compartment that jeopardized the anoxic condition in the bulk liquid; compromised the 
denitrification rate and the attachment growth of nitrobacter which directly affect the nitrification 
process on the surface of ZL membrane. 

The back-mixing test was carried out on Day 65 when the process air into the ZL module was stopped 
for 24 h, feed flow rate reduced, and the fine bubble aeration was kept. The composite sample was 
collected the other day on Day 66 and analysis was carried out.  

The back-mixing flow rate was calculated using the ammonium balance over the Zeelung 
compartment. Assumptions were made to simplify the calculation.  
Equation 1The calculation of back-mixing flow rate 

𝐶-./0-BC =
(𝐶-./0-oppq×𝑞sttu + 𝐶-./0-w^x×𝑞ydlz)

𝑞sttu + 𝑞ydlz
 

Where: 

𝐶-./0-BC is the actual NH4-N concentration in the Zeelung compartment as the measured value, 9,3 
mg/L; 

𝐶-./0-oppq	is the measured NH4-N concentration in the feed flow, 22,4 mg/L; 

𝐶-./0-w^x  is the calculated NH4-N concentration in the RAS based on the grab sample, which 
approximately equals to the NH4-N level in the effluent plus 0,4mg/L, according to the grab samples 
during the day at different time, 0,48 mg/L; 

Figure 24 The Exhaust oxygen concentration vs. oxygen transfer rate in the Zeelung compartment 
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𝑞sttu is the feed flow to the pilot, 126 L/h; 

𝑞{|}~	h)�)*� = 𝑞ydlz − 𝑞ydl 

𝑞ydl is the actual RAS flow according to the flow transmitter, 98,5 L/h 

𝑞ydlz is the hypothetical RAS flow into the ZL compartment if there was no back mixing, L/h; 

Once the results were obtained, the equation above was used to calculate the back-mixing flow and a 
positive result was obtained at approximately 88L/h. 

Then, by considering the exhaust oxygen concentration (EO) as a reference, the date that the back-
mixing started can be identified (Fig. 24).  

The exhaust oxygen (EO) increased significantly from Day 51 (from 9,3% to 11,4%) when the process 
air flow was kept constantly. Therefore, the starting date of back mixing was most likely from Day 51 
and ended after Day 81 when the new test result showed no back-mixing flow from aerobic 
compartment and the EO dropped again, which proved the effectiveness of new gasket installation 
(Fig. 24). 

Although, another increase of EO was observed from Day 93, (the EO raised from 9,4% to 14,5% 
within 3 days) when the process air was increased to 525cc/min and increased further when the 
process air was raised again to 720cc/min, the oxygen transfer showed the opposite trend. Also there 
were two peaks of OTR when the process air increased, which suggested that it might be the result of 
microorganisms’ adaptation behavior due to the sudden change of oxygen condition. Furthermore, 
several low peaks were observed on Day 126, 136 and 143, while the incoming NL was very low (Fig. 
15) due to rain and water precipitation, but the high NR/NL ratio proved that the nitrification is 
working just fine. 

Possible optimizations 
Adding another baffle 

Since the pilot equipment has its limitations when comparing with a real full-scale plant, it does not 
reflect to everything that would be observed in a full-scale plant.  

As the total nitrogen removal objective cannot be met effectively even when increasing the process air. 
In order to allow the pilot equipment to better represent the hydraulic conditions in the real world, 
apart from adding acetate, adding another baffle might be a promising solution for this to both 
increase the denitrification volume and to minimize the effect of potential back-mixing.  

Because as it can be observed that the oxidation of ammonium nitrogen in the aerobic compartment 
is satisfying even when the nitrification rate (NR) dropped significantly in the ZL compartment, for 
instance, Day 56, Day 70 and Day 71, where the ammonium nitrogen removal efficiency was not 
compromised (Table 15).  
Table 15 The Ammonium nitrogen removal efficiency when the NR in ZL dropped 

 NL, g/m3/d NR, g/m3/d NR/NL ratio NH4-N removal, % 

Day 56 13,30 1,33 0,10 99,59 

Day 70 24,40 2,47 0,27 97,31 

Day 71 23,00 2,98 0,13 95,65 

As it can be observed, the removal of ammonium nitrogen was satisfying even when the nitrification 
process in the ZL did not proceed well. In this case, since the expansion of biological tank was not 
possible due to the limitation of pilot equipment, thus there should be space for adding another baffle 
to expand another anoxic compartment without compromising the nitrification in the aerobic 
compartment. Consequently, to increase the denitrification volume and acting as a buffer zone for the 
potential back mixing flow which is also from the aerobic compartment.  
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 Increasing the return activated sludge (RAS) flow 

Despite of increasing the denitrification rate in the ZL compartment, increasing the RAS flow ratio 
can also contribute increase the TN removal efficiency. The RAS ratio was kept constant as 0,7 of the 
feed flow throughout the whole testing period. Theoretically, if the RAS flow was increased as much 
as the feed flow, the TN in will be diluted more when entering the ZL compartment. 

As proximately calculated based on the average TN in (24,5mg/L) and TN out (15mg/L) with the RAS 
ratio of 1, the effluent TN can be reduced to 10,25mg/L, if we assume the denitrification rate remains 
the same as 9,5mg/L in average. 

Changing the feed flow from the top-bottom to the bottom-top

For the convenience of sampling and maintenance, the lid of the biological tank was kept open 
throughout the whole testing period. Although the amount of DO comes into the ZL compartment 
though the open air was considered as neglectable. However, the regular check-up by the portable DO 
meter from the top of the tank shows a variance of 0,1mg/L to 0,4 mg/L, while the embedded DO 
sensor in the lower middle of the tank shows an average DO level of 0,05mg/L, based on 125 valid 
daily data points within the testing period. 

Moreover, when the DO level in the bulk liquid reaches above 0,2mg/L the denitrification process will 
be inhibited (Tchobanoglous et al., 2013). In this case, although the grab sample of DO at the higher 
top of the tank is not sufficient enough to identify if there is problem with the DO control in the ZL 
compartment due to the excessive DO coming from the air or from the backmixing flow. Therefore, 
changing the feed flow from top-bottom to bottom-top to eliminate the potential impact of DO coming 
from the air.  

Conclusions 
Due to a lot operational issues, (pilot shut down, air leakage, sludge clogging, etc) the performance of 
this pilot during the testing period was compromised which makes the evaluation of the performance 
rather difficult.  

In this study, the ammonium nitrogen removal achieved an average of 91,94% where under the 
normal operation, it reaches 95,15% in average with a NH4-N concentration varied from 9,92mg/L to 
26,6 mg/L. The removal efficiency of NH4-N is more sensitive to the sudden increase of NH4-N 
concentration under lower temperature comparing with warmer period. 

The removal of TN hit the objective of TN Effluent < 10 mg/L only 4 times under lower NL, with an 
average removal efficiency of 38%, with an average TN Feed of 15mg/L and was mostly limited by the 
insufficiency of COD. The TN in the feed varied from 13,6 mg/L to 32 mg/L and the TN Feed 
concentration is generally lower during winter time.  

The unsatisfying TN removal efficiency was mainly caused by the lack of carbon source in the feed 
water to the pilot, due to the previous steps, which is believed not to be an issue in the future plant 
since other pre-treatment process will be employed.  

Thus, the denitrification rate when configuring the full-scale plant with Zeelung module is expected 
to be better, due to larger biological volume, higher COD and sCOD available for the bacteria to reduce 
the NOx to nitrogen gas. 

In this study, the MABR technology was proved functioning very well as it can reach an NR of 11,73 
g/m3/d with a single Zeelung module with approximately 10m2 surface area. The oxidation of NH4-N 
in the Zeelung compartment reached 33% in average, with 1/3 volume of the biological tank, which 
proved the effectiveness of the Zeelung technology. The removal of COD and sCOD efficiency achieved 
66,37 % and 56,66%, respectively. 

Besides, although the TP removal is not the main concern in this pilot study, the removal efficiency 
still can achieve 65,31% in average with the TP varied from 0,4mg/L to 3,1 mg/L without addition of 
any coagulant.  

Apart from the treatment performance, the SVI of the pilot in average was 148,4 however, considering 
the steady operation period, it could suggest that the optimal SVI control should be 100 – 120 for this 
pilot at the Ekeby WWTP in Eskilstuna, with an upper tolerable limit of 150. 
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The process air on the other hand, proved that the best OTE (in average of 0,57) appeared under the 
processing air flow rate of 375cc/min without compromising the NH4-N removal efficiency, however, 
the higher flow rate might be needed to cope with the dropped temperature. 

Besides, regardless these days where the pilot was not running smoothly, the result shows that the 
pilot is resistant to the various change of feed flow up to 209L/h in a daily base, with HRT of 2,4h. 

As the conclusion of this study which is a part of the piloting project in Eskilstuna, the hollow fibre 
membrane did provide a better opportunity of upgrading the treatment process to cope with the 
increasing demand of treatment capacity in the future with the current volume of biological tank. 
However, in order to facilitate the SND process in the Zeelung compartment, the anoxic condition in 
the bulk liquid should be well maintained and the sufficient carbon source should be guaranteed. Also, 
the optimal operational condition should be investigated further under smoothly operational 
condition. Testing different settings at the same time or within short period is not preferred. 
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Appendix 1: Sampling schedule 
 

Parameter Units 
Feed to 
MABR 
pilot 

Mixed liquor 
in the MABR 

(Outlet) 
Aerobic 

compartment RAS Secondary 
Effluent 

Tag MABR 1 MABR 2 MABR 3 MABR 
4 MABR 5 

Analysis On-site 

pH/temperature/conductivity  3/week 3/week - - 3/week 

Exhaust process air O2 mg/L - 5x3/week - - - 

DO mg/L - - 2/week - - 

SVI  - - 2/week - - 

COD  mg/L 2/week - - - 2/week 

COD 0.45 µm filtrate mg/L 2/week 2/week - - 2/week 

NH4-N mg/L 2/week 2/week - 2/week 2/week 

NO3-N mg/L 2/week 2/week - 2/week 2/week 

NO2-N mg/L 2/week 2/week - 2/week 2/week 

N-tot mg/L 2/week - - - 2/week 

P-tot mg/L 2/week - - - 2/week 

PO4-P mg/L 2/week 2/week - 2/week 2/week 

By the ESEM laboratory  

TSS mg/L 2/week - - - 2/week 

VSS mg/L 2/week  - - 2/week 

MLSS mg/L - - 2/week 2/week - 

MLVSS mg/L - - 2/week 2/week - 

BOD7 0.45 µm filtrate mg/L 1/week 1/week - - 1/week  

BOD7 mg/L 1/week - - - 1/week 

Alkalinity, mg/L CaCO3 mg/L  1/week - - - 1/week 

By ALcontrol (external laboratory) 

Fe (total) mg/L 1/week - 1/week - 1/week 

Alkalinity, mg/L HCO₃ mg/L 1/week - - - 1/week 

COD  mg/L 1/week - - - 1/week 

COD 0.45 µm filtrate mg/L 1/week 1/week - - 1/week 

NH4-N mg/L 1/week 1/week - 1/week 1/week 

NO3-N/ NO2-N mg/L 1/week 1/week - 1/week 1/week 

N-tot mg/L 1/week - - - 1/week 

P-tot mg/L 1/week - - - 1/week 

PO4-P mg/L 1/week 1/week  1/week 1/week 

SS mg/L 1/week - - - 1/week 

BOD7 0.45 µm filtrate mg/L 1/week 1/week - - 1/week 

BOD7 mg/L 1/week - - - 1/week 

TOC mg/L 1/week 1/week - - 1/week 
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Appendix 2: The summary of Cuvettes and application 
 

Parameter Cuvette 
test Range Application 

COD LCK614 50-300 
mg/L 

Feed to 
MABR 
pilot/ 
Secondary 
effluent COD LCK1414 5-60 mg/L 

COD 0.45 
µm 
filtrate 

LCK614 50-300 
mg/L 

Feed to 
MABR 
pilot/ 
Secondary 
effluent 

COD 0.45 
µm 
filtrate 

LCK1414 5-60 mg/L 
Secondary 
effluent & 
ZL sample 

NH4-N      

LCK303 2.0-47.0 
mg/L 

Feed to 
MABR 
pilot & ZL 
sample 

LCK305 1.0-12.0 
mg/L 

Secondary 
effluent/ 
ZL sample 

LCK304 0.015-
2.0mg/L 

Secondary 
effluent 
&RAS 
sample 

NO3-N LCK339 0.23-13.5 
mg/L 

All sample 
points 

LCK340 5-35 mg/L Secondary 
effluent 

NO2-N 

LCK341 0.015-0.6 
mg/L 

Feed to 
MABR 
pilot 

LCK342 0.6-6.0 
mg/L 

Feed to 
MABR 
pilot 

Tot-N 

LCK238 5-40 mg/L 
Feed to 
MABR 
pilot 

LCK138 1-16 mg/L Secondary 
effluent 

Tot-P 

LCK348 0.5-5.0 
mg/L 

Feed to 
MABR 
pilot 

LCK349 0.05-1.5 
mg/L 

Secondary 
effluent 

PO4-P LCK349 0.05-1.5 
mg/L 

All sample 
points 
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Appendix 3: The profile of water characteristics at different sampling points 
(All data included) 

a. Feed to the pilot 
Table 16 The general data profile of primary 
effluent (feed to the pilot) 

  Coun
ts 

Minimu
m 

Avera
ge 

Maximu
m 

Conductiv
ity 

(mS/cm) 
24 0,44 0,54 0,62 

Feed flow 
(L/d) 136 486,80 3559,4

0 5279,20 

Alklinity 
(CaCO3) 32 62,55 203,2

4 240,00 

pH 28 5,67 7,30 7,97 

NH4-N 
(mg/L) 61 9,92 20,77 33,50 

NO3-N 
(mg/L) 61 0,05 0,80 3,11 

NO2-N 
(mg/L) 42 0,00 0,21 0,45 

TN 
(mg/L) 56 13,60 24,52 32,00 

TOC 
(mg/L) 15 19,00 28,67 53,00 

TSS 
(mg/L) 32 12,00 52,66 96,67 

VSS 
(mg/L) 10 20,76 44,06 60,51 

BOD7 
(mg/L) 31 19,00 43,36 94,00 

sBOD7 
(mg/L) 29 8,00 16,32 26,00 

COD 
(mg/L) 54 55,90 123,19 260,00 

sCOD 
(mg/L) 54 34,00 59,71 101,90 

PO4-P 
(mg/L) 55 0,02 0,39 1,00 

TP (mg/L) 55 0,33 1,36 3,10 

Total Fe 
(mg/L) 16 4,10 5,63 9,90 

Temperat
ure (⁰C) 135 9,04 16,47 22,85 

 
b. In the Zeelung compartment 

Table 17 The general data profile in ZL 
compartment 

  Coun
ts 

Minimu
m 

Avera
ge 

Maximu
m 

Process 
air flow 

(cc/min) 
58 0,00 491,95 734,20 

Exhaust 
Oxygen 

(%) 
83 7,50 12,42 16,50 

NH4-N 
(mg/L) 55 2,02 9,21 20,20 

NO3-N 
(mg/L) 54 0,03 4,12 12,80 

NO2-N 
(mg/L) 41 0,00 0,22 1,11 

sBOD7 
(mg/L) 27 1,50 6,48 22,00 

sCOD 
(mg/L) 51 15,00 36,55 64,40 

PO4-P 
(mg/L) 52 0,05 0,32 0,85 

Temperat
ure (⁰C) 28 11,70 16,76 22,10 
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c. In the Aerobic compartment 
Table 18 The general data profile in Aerobic 
compartment 

  Counts Minmum Average Maximum 

MLSS1 
(mg/L) 35 0,52 2,50 3,80 

MLSS2 
(mg/L) 22 2,20 2,78 3,60 

MLVSS1 
(mg/L) 14 1.359 1,83 2,45 

MLVSS2 
(mg/L) 14 2,05 2,05 2,44 

SV 
(ml/L) 47 130,00 315,11 645,00 

SVI 33 76,32 145,30 322,34 

Dissloved 
Oxygen 
(mg/L) 

135 0,05 1,45 2,32 

 
d. RAS to the Zeelung compartment  

Table 19 The general data profile of RAS 

  Count
s 

Minimu
m 

Averag
e 

Maximu
m 

RAS 
Flow 

(L/hr) 
138 0,36 103,38 152,67 

RAS 
MLSS2  
(mg/L) 

21 4 587,5 6 
685,54 10825 

RAS 
MLVSS

15 3 259,88 4 
752,16 6790 

                                                
 
8 MLSS1 and MLVSS1 are results from ESEM lab 
based on a 24hr composite sample from the aerobic 
compartment or grab samples from RAS line. 

2 
(mg/L) 

NH4-N 
(mg/L) 58 0,05 3,57 25,5 

NO3-N 
(mg/L) 58 0,03 3,8 18,8 

NO2-N 
(mg/L) 42 0 0,31 1,38 

PO4-P 
(mg/L) 54 0 0,61 2,33 

8 

e. Secondary effluent (effluent from the 
pilot) 

Table 20 The general data profile of Secondary 
effluent 

  Coun
ts 

Minimu
m 

Avera
ge 

Maximu
m 

Conductiv
ity 

(mS/cm) 23 0,31 0,44 0,52 

Alklinity 
(CaCO3) 27 54,00 103,24 184,06 

pH 28 6,73 7,00 7,52 

NH4-N 
(mg/L) 61 0,04 2,56 18,50 

NO3-N 
(mg/L) 61 1,30 11,61 17,70 

NO2-N 
(mg/L) 56 0,02 0,47 2,49 

TN 
(mg/L) 56 6,88 15,36 27,10 

TOC 
(mg/L) 14 8,60 11,41 18,00 

TSS 
(mg/L) 29 2,00 15,09 83,00 
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BOD7 
(mg/L) 29 1,50 8,47 38,00 

sBOD7 
(mg/L) 28 1,00 1,99 5,40 

COD 
(mg/L) 53 15,00 44,08 143,00 

sCOD 
(mg/L) 53 15,00 27,73 61,00 

PO4-P 
(mg/L) 55 0,04 0,27 0.9 

TP (mg/L) 54 0,21 0,60 1,80 

Total Fe 
(mg/L) 14 0,59 2,77 12,00 

Temperat
ure (⁰C) 27 13,30 16,91 21,60 

 
 
 
 
 


