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Wastewater contains many valuable constituents, including phosphorus, nitrogen and
more energy than what is required to treat it. This, combined with increasingly more
stringent effluent requirements and the desire for water reuse, creates a demand for a
system capable of both nutrient and energy recovery. The main objective was to develop
a new wastewater treatment process configuration capable of maximizing energy
recovery while enhancing biological phosphorus removal. Three pilot membrane
bioreactors were operated at SRTs ranging from 2 days to 8 days to evaluate membrane
fouling, treatment performance, sludge production and sludge settleability. The results
showed high organics removal and near complete nitrification at all SRTs. Membrane
fouling was highest at lower SRTs. The collected data were then used to calibrate a series
of model configurations. The best configuration consisted of two sludge systems in
series, with a short SRT anaerobic-aerobic first stage and an extended SRT pre-anoxic
second stage.
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Chapter 1
1 Introduction
Wastewater has recently experienced a paradigm shift, and is starting to be viewed as
a resource. With the current concerns about energy sustainability, the resulting high cost
of reactive nitrogen and an anticipated phosphorus shortage thought to occur sometime
near the year 2050 (Water Environment Research Foundation, 2010), it is becoming
advantageous to recover energy and nutrients from wastewater. Furthermore, treated
effluent requirements are becoming more stringent, demanding high removal rates of
total nitrogen, ammonia and total phosphorus. This creates a demand for a system
capable of combined nitrogen and phosphorus removal that can also achieve high energy
and nutrient recovery. The combination of all of these objectives, however, presents a
challenge, as there are conflicting design requirements, particularly the solids retention
time (SRT).
Energy can be recovered from wastewater in the form of methane gas, through
anaerobic digestion of sludge. The technology to accomplish this is already well
established. However, the potential for energy recovery is limited by the amount of
energy available in the sludge stream. Wastewater contains a significant amount of
energy (Shizas and Bagley, 2004; Heidrich et al, 2011), however, only a fraction of this is
diverted to the sludge stream during conventional wastewater treatment. Diversion of the
available energy in wastewater to the sludge stream is achieved primarily through
biomass growth. The quantity of energy diverted is limited by the efficiency of cell
synthesis, expressed as the synthesis yield, and endogenous respiration or decay
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(Tchobanoglous et al, 2004). The endogenous decay rate can be reduced, resulting in
higher net biomass production rates, through operation at short SRTs (Hait and Tare,
2011). However, the removal of ammonia through nitrification requires extended SRTs
to promote the growth of the slow growing autotrophic nitrifying bacteria. Coexistence
of heterotrophic bacteria within the same activated sludge system as nitrifying bacteria
requires long SRTs causing significant endogenous decay. This conflict between design
requirements for these two objectives can be overcome through the employment of a two
sludge system. The use of two sludge systems in series for wastewater treatment has
allowed for high energy recovery while still achieving nitrification in the full scale
wastewater treatment plant in Strass, Austria (Wett et al, 2007). This "A-B" system
consists of a short SRT "A" stage followed by an extended SRT "B" stage with a preanoxic design. Overall, the system is able to recover enough energy to meet the energy
demand required for wastewater treatment (Wett et al, 2007). However, this design does
not achieve significant removal of phosphorus.
Phosphorus removal is accomplished primarily through either chemical precipitation
with alum or iron salts, or enhanced biological phosphorus removal (EBPR). Chemical
precipitation with alum or iron salts causes higher sludge production rates, and the sludge
produced is difficult to manage and limits most applications of sludge reuse (Blackall et
al, 2002). Phosphorus removal and recovery can be accomplished through EBPR
followed by chemical precipitation with magnesium in the concentrated sludge stream
(Wiesmann et al, 2007). In the presence of ammonia under alkaline conditions this
produces struvite, which can be land applied as a slow releasing fertilizer resulting in less
runoff and less soil burning than typical phosphorus ammonium fertilizers (Shu et al,
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2006). EBPR can be accomplished at SRTs as low as 2 days (Tchobanoglous et al,
2004). Furthermore, application of EBPR at lower SRTs requires less COD
(Tchobanoglous et al, 2004). Therefore, it should be feasible to incorporate EBPR into
the A stage of the A-B system.
The main objective of this research was to develop and evaluate a modified A-B
system capable of recovering energy and nutrients from wastewater while still producing
high quality effluent. The modified A-B system is presented in Figure 1. Based on the
operating conditions developed for the A stage, three pilot MBRs were constructed to test
the performance of the A stage while treating municipal wastewater. The MBRs were
constructed at the City of Guelph wastewater treatment plant and were operated in
parallel to compare the effects of varied hydraulic retention time (HRT) and SRT. MBRs
were used for easy manipulation of HRT and SRT separately. The sludge produced in
the MBRs was evaluated for settleability for future research using a clarifier for solidliquid separation. Furthermore, the data collected during pilot operation was used to
calibrate the modified A-B model for better evaluation of performance.
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Figure 1 - Process layout of the modified A-B system, created in GPS-X

Other objectives include:
Compare treatment performance of a short SRT MBR to two parallel operated
MBRs with more conventional SRTs, for use as a standalone treatment
system;
Compare treatment performance of three short SRT MBRs at varied HRTs,
operated in parallel;
Evaluate the membrane fouling potential of mixed liquor produced in a short
SRT MBR, in comparison to two parallel operated MBRs with more
conventional SRTs;
Compare fouling potential of three short SRT MBRs at varied HRTs, operated
in parallel;
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Perform a sensitivity analysis of the modified A-B model to identify weak
points in the calibration and identify input parameters that require further
attention in measuring during future research.
This thesis is organized in monograph format. The next section, Chapter 2, presents a
review of existing literature. The literature review is divided into three parts; energy
recovery in wastewater, short SRT systems and membrane fouling. Chapter 3, Materials
and Methods, outlines the procedures taken and equipment used throughout the research
process, such that the reader is provided with sufficient information to replicate the
research. This chapter is divided into two main sections for operation of the pilot
membrane bioreactors and the modelling. The results of the research are presented in
Chapter 4, and a discussion of the validity and implications of the results is included
within this chapter for ease of reading. Chapter 4 is divided into two main sections. The
first presents and discusses the results of the submerged membrane bioreactors in three
sub-sections; treatment performances, sludge characteristics and membrane fouling. The
second presents and discusses the results of the model in three sub-section; model
development, calibration and sensitivity analysis. Finally, Chapter 5 summarizes the
conclusions of this research and presents recommendations for future work.
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Chapter 2

2 Literature Review
2.1 Energy Recovery in Wastewater
The treatment of municipal wastewater is a very energy intensive process, requiring
1.1kJ/L to 2.4 kJ/L (Tchobanoglous et al, 2004). However, the amount of energy
available in wastewater is quite substantial. Estimates to determine the chemical energy
available in wastewater have yielded values of 6.3 kJ/L to 7.6 kJ/L (Shizas and Bagley,
2004; Heidrich et al, 2011). The strength of wastewater can vary substantially, and so
these values are more useful normalized to the concentration of COD, and can therefore
be presented as 14.7 kJ/gCOD to 17.8 kJ/gCOD. The former value was determined by
drying samples at 103oC followed by combustion in a bomb calorimeter. The drying
process can cause some volatile compounds to be released, and therefore diminishes the
energy content. The latter value of 17.8 kJ/gCOD was determined by freeze drying
wastewater samples, thus preventing the loss of compounds with low boiling points, and
may therefore be more representative.
A number of methods exist for recovering energy from wastewater, including
anaerobic production of methane and H2 gas from sludge digestion; microbial fuel cells
(MFCs); and incineration of sludge.
Microbial fuel cells use an anode-cathode arrangement to optimize on the metabolic
activity of bacteria called electrogenic bacteria (Kramer et al, 2012). These bacteria are
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able to survive in anaerobic environments by using a nearby conductive material as an
electron acceptor. In microbial fuel cells treating wastewater, organic substrate enters a
chamber containing the MFC anode. Electrogenic bacteria utilize the organic substrate as
an electron donor, and the anode as an electron acceptor. Electricity is conducted to a
cathode which is often aerated such that oxygen serves as the final electron acceptor.
Though microbial fuel cells offer a potential for efficient recovery of energy from
wastewater, there are some existing problems that must be overcome, including low
voltage output, high material costs, issues with scalability and the lack of ability to
substantially reduce nitrogen, phosphorus and sulfur concentrations in wastewater (Logan
et al, 2006).
Energy may also be recovered from the incineration of sludge. This method has the
advantage of reducing the volume of solids, thus reducing disposal costs, as well as
offering a means for destroying pathogens and toxic compounds. However, incineration
facilities have high capital and operating costs and produce air pollutants and ash, which
may contain concentrated pollutants resulting in classification as hazardous waste
(Tchobanoglous et al, 2004).
A more attractive and feasible method of recovering energy from wastewater is the
production of energy rich gases through sludge digestion in an anaerobic environment.
Anaerobic digestion of sludge can produce methane through enabling the growth of
methanogens. The anaerobic digestion process requires a diverse bacterial culture that
produces a series of biochemical reactions to degrade complex organic compounds into
simpler compounds including acetate, CO2 and H2 (Pandu and Joseph, 2012). Finally,
methanogens produce methane primarily from either acetate or H2 and CO2 (Kirsop and
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Wolfe, 1983). Typical digester gas consists of approximately 60% CH4 and 40% CO2.
The fraction of methane can be enhanced through digestion of short SRT sludge (Wett et
al, 2007; Akanyeti et al, 2010). The volume produced depends on the COD destruction
and volatile solids destruction in the digester. This can be enhanced through pretreatment of waste activated sludge with methods such as heat treating and microwaving
to speed up hydrolysis of complex organics, as well as utilizing membrane filters for
separate control of HRT and SRT (Pickel, 2010).
An alternative to methane recovery is H2 gas recovery. Although H2 has a lower
heating value than methane per mole, four moles can be produced in place of one mole of
methane (see Equation 1). It is also attractive due to its potential use in fuel cells.
Hydrogen fuel cells can directly convert chemical energy to electrical energy, whereas
methane combustion converts chemical energy to thermal, thermal to mechanical and
finally mechanical to electrical, where each step has its own associated energy losses.
The production of H2 gas in digesters can be accomplished similar to methane
production, except methanogens are inhibited to prevent the conversion of H2 to methane.
Since the optimal pH for methanogens is between 6.0 and 7.5, production of H2 gas can
be enhanced by operating below pH 6.0 (Pandu and Joseph, 2012). Ultimately this
process requires further research, since it is difficult to achieve simultaneous high yield
and high production rate, which would be necessary for full scale H2 gas production
(Obazu et al, 2012).
Equation 1
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The selection of an energy recovery method affects the percent of energy recovered
from the stream in which the method is applied, which in most cases is the sludge stream.
Ultimately, however, the potential for energy recovery in these cases is limited by the
amount of energy in the sludge stream. It is therefore necessary to draw our attention
towards bulk stream processes, in order to enhance the recovery of energy into the sludge
stream.
In the bulk stream, COD can be removed through three main mechanisms (Gaudy and
Gaudy, 1988; Liu et al, 2012):
1. Microbial degradation, including extracellular degradation from enzymes and
microbial uptake for respiration and growth.
2. Adsorption of non-particulate COD to sludge.
3. Sedimentation of particulate COD. This is affected by microbial activity
through hydrolysis of influent particulate COD as well as assimilation of
soluble COD to form new cells.
The third mechanism directly results in recovery of bulk stream COD to the sludge
stream. This mechanism is then enhanced by the first two mechanisms. Ultimately
colloidal and soluble COD must be converted to particulate COD and then recovered
through solid/liquid separation. Microbial growth results in an increase in particulate
COD through consumption of soluble COD, whereas respiration and maintenance result
in degradation of COD towards unusable end products such as CO2 and H2O. It is
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therefore important to understand metabolism kinetics to optimize on growth versus
respiration and maintenance.
The growth of microorganisms is typically described by four phases; lag phase,
exponential growth phase, stationary or maintenance phase and death phase (see Figure 2).
Microbial growth involves two types of reactions; catabolic and anabolic. Catabolic
reactions degrade energy rich substrate into end products, producing heat and some form
of usable energy such as ATP. ATP provides energy for anabolic reactions, which
synthesize cell material from precursors, which may be produced in the catabolic
reactions. A portion of the ATP is used to drive maintenance processes such as
movement and active transport across membranes. In the stationary phase the net growth
rate is approximately zero and majority of the useable energy produced in catabolic
reactions is used for maintenance processes. The decay phase, which may also be
referred to as endogenous decay or endogenous respiration, is characterized by a net
reduction in cells. Net growth is outweighed by cell death and cell lysis (Bitton, 2010).
When external substrate is depleted microorganisms consume internally stored
compounds to drive maintenance processes (Ni et al, 2010).
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Figure 2 - Microbial growth stages (Bitton, 2010)

In a continuous bioreactor at steady state the growth rate can be estimated as the
volatile solids wasting rate. It should be noted, however, that a portion of the volatile
solids wasted contains volatile solids from the influent, which are therefore not produced
by growth in the bioreactor. Volatile solids wasted normalized to the quantity of
substrate consumed produces the observed yield, which is a useful parameter for
estimating the energy recovered. The observed yield can be increased by reducing the
solids retention time (Hait and Tare, 2011). SRT is therefore the key parameter for
maximizing the energy recovery from the bulk stream.
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2.2 Short SRT systems
Although there have been many studies investigating the effects of SRT on
performance and other factors, most research focuses on SRTs greater than 3 days. In
MBR systems there is an increasing trend to study longer and longer SRTs to the point of
no waste MBR systems, in order to reduce membrane fouling (Drews, 2010). There is
very little research on short SRT (less than 3 days) systems in either CAS or MBR
configurations. Table 1 summarizes the existing studies on short SRT systems. It is
expected that operation at short SRTs may be advantageous in achieving higher recovery
of energy from the bulk stream to the sludge stream by avoiding endogenous respiration
or decay.
Table 1 - Current state of the research on short SRT systems

Scale
Lab (4 L)
Lab (2.8 L)
Lab (3.5 L)
Lab (15 L)
Pilot (1514 L)
Lab (6 L)
Lab (10 L)
Pilot (4000 L)
Lab (60 L)

Wastewater Type
Synthetic
Municipal after
screen
Synthetic
Municipal
Municipal primary
clarifier effluent
Synthetic
Synthetic filtered
SBR supernatant
Municipal
Synthetic

SRTs (d)
3, 5, 10
0.25, 0.5, 1

HRTs
(h)
6
1.2

0.25, 0.5, 2.5, 5
3, 5, 10, 20
2, 3, 4, 5

3, 6
4+6*
1 to 4

3, 10
2, 5, 10, 40

6, 12
24

<2
0.5, 1, 2, 3

2
48

Secondary
Treatment Reference
MBR
Duan et al (2009)
MBR
Akanyeti et al (2010)
CAS, MBR Ng et al (2005)
Ax/O-MBR Ng et al (2006)
MBR
Trussel et al (2006)
A/O-MBR Xia et al (2012)
SBR-MBR
Jarusutthirak and
Amy (2006)
A-B
Haider (2003)
SBR, MBR Harper et al (2006)

*4 hour anoxic and 6 hour aerobic HRTs
Ng and Hermanowicz (2005) compared MBR and CAS systems with SRTs of 0.25 d,
0.5 d, 2.5 d and 5 d, and with HRTs of either 3 h or 6 h, using synthetic wastewater.
Some important findings are the effect of SRT on COD removal, nitrification and
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flocculation of biomass. In the MBR system, reducing SRT appeared to have very little
effect on COD removal likely due to the retention of colloidal COD by the microfiltration
membrane. In the CAS system however, reductions in SRT resulted in higher effluent
COD due to high colloidal COD in the permeate as well as poor settling resulting in
higher effluent TSS. It should be noted that the permeate COD in the MBR was
consistently lower than the soluble COD in the CAS system. This may be due to the
retention of non-flocculating biomass in the MBR resulting in a biomass with a higher
surface area allowing for more efficient removal of soluble COD when compared to the
CAS system. For both MBR and CAS systems the nitrification process is reported to be
complete at an SRT of 5 d, partially complete at an SRT of 2.5 d and to have ceased at
SRTs less than 2.5 d. However, examination of the reported results shows effluent
ammonia concentrations of 20.7 mg/L, 19.4 mg/L and 20.7 mg/L in the MBR system and
21.4 mg/L, 21.4 mg/L and 20.6 mg/L in the CAS system for SRTs of 2.5 d, 0.5 d and
0.25 d respectively. These results suggest that nitrification has in fact ceased at an SRT
of 2.5 d. This is consistent with the value reported by Tchobanoglous et al (2004), that
nitrification should not occur in SRTs less than 3 days. Figure 3 shows the effect of SRT
on ammonia removal based on data found in literature. Ammonia removal higher than
80% is not seen in SRTs less than 3 days.
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Figure 3 - Comparison of ammonia removal percent versus solids retention time based on data found in
literature.

A later study by Akanyeti et al (2010) compared SRTs of 1 d, 0.5 d and 0.25 d with
an HRT of 1.2 h in an MBR fed with real wastewater. The study looked at improving
methane recovery in an anaerobic digester by increasing the biomass yield in an aerobic
MBR. It was confirmed that very low SRTs resulted in high observed yields with values
of 0.38, 0.51 and 0.68 g COD biomass/g COD removed, for SRTs of 1 d, 0.5 d and 0.25 d
respectively. The sludge from the 1 d SRT aerobic system was digested anaerobically for
20 days resulting in a 64% recovery of sludge COD as methane COD.
The settleability of activated sludge is greatly dependent on SRT. In general,
increasing SRT leads to improved settleability (Valigore et al, 2012; Liao et al, 2001; Li
and Yang, 2007). It is understood that proper settling sludge requires bioflocculation to
occur. It has been suggested that short SRT systems are more dominated by growth
phase activity than stationary phase activity, compared to long SRT systems. During
exponential growth phase EPS concentrations are low and bioflocculation ability is weak,
14

where as EPS concentrations in stationary phase are high and bioflocculation ability is
stronger (Badireddy et al, 2010). A lack of bioflocculation in short SRT systems can
result in non-flocculated biomass in CAS effluent (Hait and Tare, 2011; Ng and
Hermanowicz, 2005). Bioflocculation is generally thought to be governed by EPS.
However, measurements of total EPS concentrations do not always correlate with
bioflocculation ability (Liao et al, 2001). Furthermore, concentrations of loosely bound
EPS have a strongly negative correlation with bioflocculation ability (Li and Yang,
2007). What may be more important are the surface characteristics of the biomass. Both
increased hydrophobicity and reduced negative surface charge are associated with
reduced effluent SS concentrations and increased SRT (Liao et al, 2001). It is therefore
not the quantity of EPS that is important, but the characteristics and composition of EPS.
Although short SRT systems provide the possibility for higher energy recovery, the
lack of nitrogen removal makes it unfeasible for application as a stand-alone treatment
process. However, a two-sludge process implemented at the WWTP in Strass, Austria
has proven to achieve 80% TN removal and effluent ammonia < 5 mg/L. This process,
called A/B process, consists of an A-stage 0.5 d SRT sludge system, which removes 5565% of the organic load, followed by a B-stage 10 d SRT pre-anoxic sludge system
which performs nitrogen removal (Wett et al, 2007). Priority treatment is of ammonia
removal over TN removal. With the use of online ammonia probes, the aeration is
adjusted in order to enhance nitrification when necessary, including aeration of the
anoxic zone during peak loads. With the combination of process optimization, and the
enhanced methane recovery due to the short SRT in the A stage, this plant is able to
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achieve on average net positive energy production. A process flow diagram for a similar
plant in Eschweiler, Germany can be seen in Figure 4.

Figure 4 - Process flow diagram for the two stage A-B WWTP in Eschweiler, Germany (Haider et al, 2000).

2.3 Membrane fouling
The use of membrane filters for solid–liquid separation provides higher quality
effluent than the conventional method of a secondary clarifier. It also provides a distinct
advantage for experimentation with alternative operating conditions. In a CAS system
the choice of SRT is limited by the characteristics of the sludge and design of the
clarifier, since high MLSS concentrations lead to poor settling sludge (Tchobanoglous et
al, 2004), and low SRT sludge tends to have poor flocculation, leading to washout of
non-flocculating microorganisms (Ng and Hermanowicz, 2005). This causes
unnecessary loss of useful sludge and poor effluent quality. MBRs, however, can achieve
high or low SRTs without concern over settleability. Use of membrane filtration requires
close attention to membrane fouling, especially at low SRTs, which produce sludge with
high fouling propensities (Drews, 2010; Ng et al, 2006; Trussel et al, 2006). This is due,
primarily, to the production of high concentrations of soluble microbial products (SMP),
with high fouling propensities.
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A critical review of membrane fouling by Le-Clech et al (2006) presents a three stage
fouling process for constant flux operation at sub-critical flux:
1) Long term fouling begins with conditioning of the membrane, which can occur
at sub-critical flux or even zero flux. This stage involves initial pore blocking, adsorption
of colloids to the membrane and attachment of EPS and small floc to the membrane as a
result of random drifting of biomass against the membrane.
2) Once the membrane is conditioned, it is more favourable for other colloids and
particles to attach to the membrane and deposits of SMP from stage 1. This stage is
associated with a steady rise in TMP.
3) As pores continue to clog and deposited material creates areas of low
permeability, the total flow rate is redistributed to other pores. This results in a higher
flux for pores that handle more of the total flow rate, and may therefore have a flux above
critical flux. This results in accelerated fouling and is associated with a rapidly increasing
TMP.

2.3.1 Soluble microbial products
Microbial activity results in formation of organic polymers found in mixed liquor
supernatant. These polymers are called soluble EPS, or more commonly soluble
microbial products (SMP). SMP are thought to be the dominant foulants in low SRT
systems (Drews, 2010). The occurrence and fouling propensity of SMP are affected by a
variety of operating conditions. These operating conditions and their role in SMP related
fouling can be seen in Table 2.
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Table 2 - The role of various operating conditions in SMP related fouling of membranes

Parameter
MLSS

Role in SMP related fouling of membranes
Increasing MLSS increases viscocity, which lowers permeability
(observed at MLSS > 12 g/L).
Mixed results at lower concentrations, but may play a role in
protecting the membrane from colloidal and soluble foulants.
Concentration of SMP increases as SRT decreases. Increasing
SRT increases MLSS.

SRT

Increasing SRT increases protein to carbohydrate ratio.
Increasing HRT decreases MLSS.

HRT
Temperature

pH
DO
Aeration rate

Sudden changes cause increased SMP concentrations and
therefore higher fouling.
Higher temperatures result in higher rejection of proteins and
therefore higher concentrations in the mixed liquor.
Increased pH results in higher rejection of proteins and therefore
higher concentrations in the mixed liquor.
<0.5 mg/L: Net release of SMP
3 - 5 mg/L: Optimal concentration
Creates shear forces along surface of membrane, lateral liquid
flow across fibres and lateral fibre movement, removing large
particles. Increased effect at higher aeration rates.
Increasing aeration rate can cause release of SMP. Effect is more
prominent with lower SRT.

References
Trussel et al
(2007)
Le-Clech et al
(2006)
Pan et al (2010),
Ng et al (2006),
Duan et al (2010)
Ng et al (2006)
Tchobanoglous et
al (2004)
Drews et al (2007)

Drews et al (2007)
Drews et al (2006)
Lu et al (2001)
Wicaksana et al
(2006)
Ji and Zhou
(2006), Trussel et
al (2007)

SMP can be divided based on the proportional rate of formation with respect to the
influent substrate, or the biomass concentration. SMP that forms at a rate proportional to
the influent substrate is term utilization-associated products (UAP), and SMP that forms
at a rate proportional to the biomass concentration is termed biomass-associated products
(BAP) (Namkung and Rittmann, 1986). Ni et al (2010) further subdivided BAP into
growth associated BAP (GBAP) and endogenous associated BAP (EBAP). By their
definition, UAP is formed during the utilization of external substrate, and is excreted into
the liquid phase. GBAP is formed by hydrolysis of EPS during the growth phase when
external substrate is available. EBAP is formed by hydrolysis of EPS during the
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endogenous phase when there is no longer any external substrate. Concentrations of
UAP and GBAP rise as external substrate is consumed until the external substrate is
depleted. Once the external substrate is depleted, UAP is consumed and concentrations
of EBAP begin to rise. While UAP is consumed, the concentration of GBAP remains
constant, likely because GBAP is not as readily biodegradable as UAP. Ni et al (2010)
determined that the molecular weights were different for UAP, GBAP and EBAP. Based
on GPC chromatography they found approximate peaks of 250 kDA, 1200 kDa and 4800
kDa for UAP, GBAP and EBAP, repectively. While these values will likely vary with
different operating conditions and different wastewaters, they provide insight on the
mechanisms causing different MW distributions of SMP. Tian et al (2011) suggested that
low SRT systems have high concentrations of UAP and low concentrations of BAP,
while high SRT systems have high concentrations of BAP and low concentrations of
UAP. They suggested that there exists an optimal SRT where the total SMP can be
minimized. Their model determined an optimal SRT of 40 days to minimized SMP,
however this would likely vary with different wastewater and other operating conditions.
SMP consists mainly of biopolymers, in particular proteins, humic acids and
carbohydrates or polysaccharides. Many recent studies have focused on measuring the
concentrations of these components of SMP, to determine their effects on fouling, in
particular proteins and polysaccharides. Analyses of fouled membranes shows that the
fouled layer consists primarily of proteins and polysaccharides (Jarusutthirak and Amy,
2006; Metzger, Le-Clech et al, 2007; Zhou et al, 2007; Kimura et al, 2005). However,
attempts to find correlations between the concentrations of these foulants and fouling
rates have not always been successful. Kimura et al (2005) found no correlation between
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concentration of DOC, carbohydrates, and proteins; and the rate of membrane fouling,
despite the clear presence of carbohydrates and proteins on the fouled membranes.
Studies that do find correlations often have varying results as to whether proteins or
carbohydrates have higher fouling propensities. Yigit et al (2008) found that
carbohydrates had a greater effect on reducing critical flux than proteins. Trussel et al
(2006) found the fouling rate during steady state operation had a higher correlation with
carbohydrates than proteins. Conversely, Ji and Zhou (2006) found the protein to
carbohydrate ratio on the membrane surface increased with continuous operation,
suggesting a higher adsorption rate of proteins than carbohydrates to the membrane. Ng
and Ng (2010) also found that proteins caused the most significant fouling. Arabi and
Nakhla (2008) compared different protein to carbohydrate ratios in the raw influent, and
found that for higher ratios there were higher fouling rates. Despite decreasing influent
carbohydrate concentrations, and constant protein concentrations there was an increase in
both carbohydrate SMP and protein SMP in the mixed liquor. This increase in SMP was
associated with a decrease in bound EPS for both carbohydrates and proteins.
Kimura et al (2005) varied HRT and SRT to see the effect on membrane fouling. It
was found that the trial with the lowest F/M ratio had the lowest fouling rate. It is
difficult to compare all of the fouling results from this study, however, because two
different permeate fluxes were used which affects membrane fouling through transport
mechanisms.
Tian and Su (2012) measured the sensitivity of biomass flocs to shear forces. The
flocs in a short SRT MBR had a higher sensitivity to shear forces compared to a longer
SRT MBR. This may explain the results found in a study by Trussel et al (2007), where
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increasing aeration rate led to higher concentrations of carbohydrate SMP and protein
SMP for a 10 d SRT MBR, but had no effect for 20 d and 30 d SRT MBRs.

2.3.2 Mixed liquor suspended solids
There is some confusion in the literature as to the effect of MLSS on membrane
fouling. There have been mixed results concerning the overall effect on membrane
fouling, as well as the effects on concentrations of SMP.
Three of the studies examined showed decreasing concentrations of carbohydrates
with increasing MLSS (Ng et al, 2006; Duan et al, 2010; Duan et al, 2009). Two of the
studies showed decreasing protein concentrations with increasing MLSS (Ng et al, 2006;
Duan et al, 2010). Conversely, Brookes and Jefferson (2006) found increasing MLSS
resulted in higher concentrations of both carbohydrates and proteins.
Yigit et al (2008) found increased MLSS led to increased fouling, however, two
factors may have caused this. 1) concentrations of carbohydrate and protein SMP were
seen to rise with increasing MLSS. This is not the observed trend for most studies (Pan
et al, 2010; Ng et al, 2006; Duan et al, 2010). 2) Experiments were done using a single
MBR starting with low MLSS and progressing towards higher MLSS. Therefore the high
rate of fouling in the high MLSS trials may have been influences by conditioning of the
membrane in earlier trials.
One potentially important role of MLSS in membrane fouling at short SRTs is the
idea of a dynamic membrane. This concept suggests that when suspended solids form a
cake layer on the membrane the cake layer acts as a pre-filter to protect the membrane
from soluble and colloidal foulants (see Figure 5). This concept was demonstrated by
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comparing a conventional suspended growth MBR with an attached growth MBR. Both
systems exhibited similar SMP concentrations, however the MLSS was considerably
higher in the conventional MBR. It was seen that the fouling rate was considerably
higher at low MLSS concentrations, even during short-term operation (Lee et al, 2001).
This suggests that the fouling propensity of SMP is considerably higher than the fouling
propensity and viscosity effects of MLSS. Under the presence of SMP, MLSS acts to
protect the membrane from fouling more so than its contribution to fouling.

Figure 5 - Fouling of membranes through a) Adsorption of SMP, b) dynamics membrane protected from SMP
by cake (Lee et al, 2001).

22

Chapter 3

3 Materials and Methods
3.1 Experimental setup and operation
The experimental setup seen in Figure 6 was installed at the City of Guelph
wastewater treatment plant. The setup consisted of a raw wastewater tank with 120 L
capacity for water level control, three membrane bioreactor tanks with 12 L capacity and
three permeate storage tanks. A fine screen with pore size of 1 mm was installed
upstream of the raw wastewater tank to remove hair and large particles that might clog
the inlet. The raw wastewater tank was equipped with a coarse bubble diffuser to ensure
complete mixed conditions; an overflow pipe to maintain water level and reduce the HRT
and SRT to prevent biological growth; and a ball float valve as a backup level controller
in the event that the overflow pipe clogs. A level sensor was installed to turn off sludge
pumps and permeate pumps in the event that the water level drops due to low influent
flow.
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Figure 6 - Process flow diagram of experimental setup

The membrane tanks were each equipped with a single ZeeWeed-10 hollow fibre
ultrafiltration membrane module (GE Water & Process Technologies, Oakville, Canada).
Membrane fouling was controlled with cyclic coarse bubble aeration (10s ON/10s OFF)
to scour the membranes. Cyclic aeration was controlled using solenoid valves (Skinner
Electric Valves, USA) and a digital timer (model 451, Gralab, USA). Additional aerators
were not used, since the scouring aerators maintained sufficient DO levels and created
complete mixed conditions. Constant permeate flux was maintained with variable speed
magnetic drive gear pumps (Micropumps Inc., USA). Influent flow to the reactors was
maintained by a hydraulic gradient between the raw wastewater tank and the membrane
tanks. A piping system was installed between the raw wastewater tank and the
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membrane tanks to buffer disruptions in the hydraulic gradient, caused by the cyclic
aeration, and therefore preventing sludge loss to the raw wastewater tank (see “Buffer
Pipe”, Figure 6).
In order to determine the membrane fouling and fouling rate the pressure between
the membrane modules and the permeate pumps was measured and data-logged using a
logging unit on 20 second intervals (Model AD128C-T2, Omega, USA) and pressure
transducers (Model 68075, Cole-Parmer, USA).
Peristaltic pumps were installed to withdraw sludge from the membrane tanks. A
digital timer (model 451, Gralab, USA) turned the sludge pumps on for 30 seconds every
15 minutes. Sludge was pumped at a rate less than the daily wasting, in order to allow for
sampling of sludge. The sludge was pumped into a storage container to monitor daily
pumping rate. Sludge samples or manual wasting were withdrawn such that the sum of
the pumped sludge and manually wasted sludge was equal to the daily wasting
requirement.

3.2 Experimental plan
Two batch tests were conducted to compare operation at different SRTs and
HRTs. Batch 1 consisted of operation at 3 hours HRT, and MBRs A-1, B-1 and C-1 were
operated at SRTs of 8 days, 4 days and 2 days, respectively. Batch 2 consisted of
operation at 2 days SRT, and MBRs A-2, B-2 and C-2 were operated at HRTs of 3.4
hours, 2.6 hours and 1.1 hours, respectively. See Table 3 for experimental operating
conditions.

25

Table 3 - Experimental operating conditions (mean ± standard deviation)

Operation of Batch 1 began on May 23, 2012. All reactors were seeded with 10 L
of mixed liquor sludge from a large pilot MBR utilizing the same wastewater, and filled
to a total of 12 L with raw wastewater. Due to foaming problems, resulting in loss of
sludge, all three MBRs were partially reseeded with 6.6 L of mixed liquor sludge from
the same large pilot MBR on May 28, 2012. The operating period of Batch 1 is therefore
considered to be from May 28 till July 13, 2012. MLSS, COD, BOD and NH3-N were
monitored (see section 3.4 for measurement procedures) to track the progression of the
systems towards steady-state. The systems were determined to be at quasi-steady-state
on June 18, 2012 (see Figure 23 in Section 0).
Operation of Batch 2 began on July 16, 2012 and was run until August 24, 2012.
Operation of MBRs between Batch 1 and Batch 2 was not interrupted, and therefore the
MBRs were not reseeded at the beginning of Batch 2. Quasi-steady-state was reached on
August 1, 2012. In this batch the cyclic aeration control was applied to the raw

26

wastewater tank as well, such that a sufficient aeration rate could be applied for mixing,
while reducing the DO level to reduce biomass growth. The test conditions were
controlled by adjusting the permeate pump flow rates, the sludge pump flow rates and
manual wasting rates.

3.3 Wastewater
The wastewater used was municipal wastewater from the City of Guelph WWTP
after screen. The raw wastewater was fed into an equalization tank that was aerated to
maintain complete mix conditions. In order to properly evaluate the performance of the
MBRs, samples were taken from the raw wastewater tank to represent the influent
wastewater. Temperature, pH and DO were measured directly in the raw wastewater
tank. Temperature was recorded daily, pH was measured three times a week using a pH
meter and probe (sensION156, Hach, USA) and DO was measured three times a week
using a DO meter and probe (model 52 and 5239, YSI Incorporated, USA). The
characteristics of the wastewater used during the two batches of experiments can be seen
in Table 4.
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Table 4 - Characteristics of raw wastewater during period of experimental batches (mean ± standard deviation
[No. of readings])

3.4 Sample analysis
Samples of 750 mL were taken from the raw wastewater tank six times per week.
Samples of 1 L were taken from the three permeate tanks six times per week. Samples of
500 mL of mixed liquor were taken from the three MBRs three times per week. Samples
were immediately transported on ice to the Environmental Engineering Laboratory at the
University of Guelph. Samples were measured for TSS, VSS, BOD5, ammonia and total
phosphorus using Standard Methods. Standard methods used for ammonia and total
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phosphorus were the Phenate Method and Ascrobic Acid Method with Persulfate
Digestion, respectively (APHA, 1985). COD was measured for unfiltered wastewater
and wastewater filtrate from 1.5 µm glass filters using Hach high range COD test kits
(Method 8000, Hach, USA). COD was measured for permeate and mixed liquor filtrate
from 1.5 µm glass filters using Hach low range COD test kits (Method 8000, Hach,
USA). Nitrate was measured using Hach kits (Method 8039, Hach, USA). Total
nitrogen and TOC were measured for the 1.5 µm filtrate samples and permeate samples
using a TOC analyzer (Model TOC-vcsh, Shimadzu) with an attached total nitrogen unit
(TNM-1, Shimadzu). All parameters were measured three times per week except BOD,
which was measure once per week.
Total soluble COD and inert soluble COD were determined by measuring the
truly soluble COD in the raw wastewater and permeate from an MBR with SRT greater
than 3 days. Truly soluble COD was measured using a coagulation, sedimentation and
flocculation method described elsewhere (Mamais, Jenkins and Pitt, 1993), followed by
COD analysis with Hach test kits. Biodegradable COD was estimated based on measured
BOD and typical values for biodegradable COD to BOD ratios. Slowly biodegradable
COD, readily biodegradable COD and non-biodegradable particulate COD fractions were
calculated from total soluble COD, inert soluble COD, biodegradable COD and total
COD.
Soluble phosphorus fraction was determined based on unfiltered wastewater and
wastewater filtrate from 0.45 µm glass fibre filters measured using the Ascorbic Acid
Method with Persulfate Digestion. Soluble nitrogen fraction was determined based on
soluble nitrogen and total nitrogen. Soluble nitrogen was determined from wastewater
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filtrate from 0.45 µm glass fibre filters and measured using the total nitrogen unit. Total
nitrogen was measured using an Alkaline Persulfate Oxidation Digestion method
described elsewhere (EPA, 2004), followed by analysis with the total nitrogen unit.
Sludge samples were measured on site for sludge volume index (SVI) according
to Standard Methods (APHA, 1985). Oxygen utilization rate (OUR) was measured by
raising DO concentration above 5 mg/L and then measuring and recording the DO
concentration with time. The mixed liquor sample was removed from aeration once the
DO was above 5 mg/L and was continuously mixed. DO was measured every 15 seconds
for 3 minutes or until the DO concentration dropped below 1 mg/L. A plot of DO
concentration vs time yields a straight line, where the slope of the line is the OUR.
Dividing the OUR by the MLVSS gives the specific oxygen utilization rate (sOUR).
Zone settling velocity (ZSV) was measured according to Standard Methods
(APHA, 1985). Mixed liquor samples were allowed to settle and the supernatant was
decanted to concentrate the mixed liquor to approximately 15 g/L. ZSV was measured
after a series of dilutions to get a plot of ZSV vs MLSS concentration.
Concentrations of proteins and humic acids were measured at the end of each
batch test using the corrected Lowry method (Frolund, Grieb and Nielson, 1995). The
total carbohydrate concentration was measured using the Anthrone-Sulfuric Acid method
with Glucose as the standard (Gaudy, 1962).

3.5 Quality assurance and quality control
In order to ensure that the data collected was both accurate and precise, quality
assurance and quality control (QAQC) practices were performed according to Standard
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Methods (APHA, 1985). The following QAQC practices were performed during the data
collection period, which apply to measurement of COD, TN, TOC, NH3-N, TP and NO3N:
1. Calibration curves were remade every 3 months,
2. Reagent blanks were prepared on a daily basis for every set of samples to be
measured,
3. A duplicate sample was prepared on a daily basis for every set of samples to
be measured,
4. Laboratory fortified blanks were prepared on a daily basis for every set of
samples to be measured,
5. Laboratory fortified matrix was prepared on a daily basis for every set of
samples to be measured.
The results of the QAQC measurements can be seen in Appendix A.

3.6 Statistical analysis
Data collected during parallel operation of the three MBRs during steady-state
conditions were compared to determine differences in performance. The statistical
significance of the differences in performance was determined using the independent
Student's t-test or Welch's t-test. The values for t and degrees of freedom (d.f.) were
calculated as follows:
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t=

X1
2
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X2
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n2
2

d.f.=

2

2

( s1 / n1 +s 2/ n 2)
2
2
(s1 /n 1) /( n1− 1)+( s22 / n2)2 /(n 2− 1)

Where,

X = mean of the sample values
s2 = variance of the sample values

n = number of sample values

3.7 Model development
Several WWTP configurations were developed to enhance sludge production rates for
enhanced energy recovery, while still treating the wastewater to an acceptable level. The
WWTP configurations were tested using a computer model to verify and compare their
sludge production rates and treatment performances. The computer model was also used
to optimize the design of these systems. The software used was GPS-X version 6.0.1
(Hydromantis, Hamilton, ON). The model used was a modification of the IWA
Activated Sludge Model 2d developed by Hydromantis, called MANTIS2d
(Hydromantis, Hamilton, ON). The WWTP configurations tested can be seen in Figure 7
to Figure 11.
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Figure 7 - Model wastewater treatment plant configuration - stage A only

Figure 8 - Model wastewater treatment plant configuration - stage A and B
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Figure 9 - Model wastewater treatment plant configuration - stage A with anaerobic tank and stage B

Figure 10- Model wastewater treatment plant configuration - stage A with anaerobic tank and stage B with
anoxic tank

Figure 11 - Model wastewater treatment plant configuration - stage A with anaerobic tank, stage B with anoxic
tank and sludge recycle from stage B to A
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3.8 Model calibration
The WWTP configurations described in section 3.7 were developed using default
kinetic parameters, stoichiometric parameters and raw wastewater characteristics. In
order to validate these WWTP configurations, the kinetic and stoichiometric parameters
must be calibrated using data from a physical system. Using the raw wastewater
characteristics from Guelph's WWTP, presented in section 3.3, the model kinetic and
stoichiometric parameters were adjusted to match the results from the MBR pilots,
presented in section 4.1.1 and 0. A model configuration was created to match the setup
of the pilots, as seen in Figure 12, in order to calibrate the model parameters. Model
parameters were adjusted to match the MLVSS and effluent COD to the results of reactor
B-1 to within 10%. These model parameters were then evaluated using the operating
conditions of the other 5 pilot reactors.

Figure 12 - Model configuration of the pilot setup.
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3.9 Model sensitivity analysis
After calibration of the model, a sensitivity analysis was performed to determine the
most influential parameters on the model. The method used was that presented by
Weijers and Vanrolleghem (1997). 17 input parameters were analyzed to determine their
influence on 9 output parameters. The 17 input parameters include several kinetic and
stoichiometric parameters, as well as influent flow rate and a variety of wastewater
composition parameters. The 9 output parameters were, effluent constituents (ammonia,
nitrate, total nitrogen, soluble phosphate, total phosphorus, total COD), MLVSS in stage
A and stage B, and the overall yield coefficient of the plant. The input parameters were
individually adjusted plus and minus 10%. The sensitivity of an output parameter to a
specific input parameter can be determine by the normalized sensitivity coefficient (Si, j),
as seen in Equation 2, which is based on the ratio of the resulting percent change in the
output parameter (yi) from a 10% change in the input parameter (xi).
Equation 2

Furthermore, the overall effect of a single input parameter on the system can be
determined based on the sensitivity of all of the output parameters to that individual input
parameter, called the sensitivity measure, which can be determined using Equation 3.
Equation 3
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Since the WWTP configurations being considered in this paper involve a two sludge
system with a portion of sludge from each stage being exchanged to the other, there is an
added complexity to the system that is not seen in conventional WWTPs. For this reason
it is important to understand how this system will respond to variations in kinetic
parameters, stoichiometric parameters or influent characteristics, and to what degree each
input parameter affects the system. Through understanding the influence of model input
parameters on the system, it becomes clear which input parameters require particular
emphasis in future work. If the model is sensitive to a particular kinetic parameter, for
example, it is important that future studies put an emphasis in accurate measurement of
that kinetic parameter.
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Chapter 4

4 Results and Discussion
4.1 Performance of submerged membrane bioreactors
4.1.1 Treatment Performance
4.1.1.1 Batch 1
Table 5 shows the mean and standard error of the operating conditions that were not

directly controlled during the experimental batch. In order to compare the differences in
operating conditions between reactors it is important to understand the statistical
significance of these differences. Using a paired student t-test, the p values were
calculated for the differences between MBR A-1 and B-1; MBR B-1 and C-1; and MBR
C-1 and A-1. Data sets were considered statistically different if the p values were less
than 0.05. The only operating conditions considered statistically different were the
MLSS with values of 5.3 ± 1.7 g/L, 3.8 ± 1.1 g/L, and 1.9 ± 0.7 g/L and the MLVSS with
values of 4.3 ± 1.3 g/L, 3.0 ± 0.9 g/L, and 1.4 ± 0.7 g/L for reactors A-1, B-1 and C-1,
respectively. This difference is expected, and is evident when looking at Equation 4
(Tchobanoglous et al, 2004). As such, any differences in treatment performance between
the three reactors can be considered a result of the changes in SRT.
Equation 4

X=

SRT Y (S o− S)
HRT 1+k d SRT
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Where,

X = biomass concentration (mg/L)

SRT = solids retention time (d)

HRT = hydaulic retention time (d)

Y = true yield (gVSS/gCOD)

So = influent substrate concentration (mg/L)
S = effluent substrate concentration (mg/L)

kd = endogenous decay coefficient
Table 5 – Batch 1 operating conditions that were not directly controlled (mean ± standard error)

Figure 13 shows the permeate COD and removal efficiencies of the three reactors, as

well as the raw influent COD, throughout the operating period. The average removal
efficiencies were 90.2±4.7%, 88.9±3.1%, and 88.9±3.2%, for reactors A-1, B-1 and C-1,
respectively. Although these removal efficiencies are low for MBRs, it should be noted
that the raw influent contains 8% inert soluble COD (see Table 4 in Section 3.3). BOD
removal efficiencies were consistently high with mean values of 97.9±0.9%, 98.4±0.5%
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and 98.1±0.5% for reactors A-1, B-1 and C-1, respectively. Based on the paired student
t-test the differences in the removal efficiencies between reactors for both COD and BOD
are insignificant (P>0.05). These results therefore suggest that the SRT of an MBR can
be reduced to 2 days without detriment to organic substrate removal. This is consistent
with previous findings when reducing SRT to 3 days (Duan et al, 2009; Trussel et al,
2006) and 2.5 days (Ng et al, 2005). However, Trussel et al (2006) found that reducing
SRT to 2 days resulted in a slight increase in effluent COD. It should be noted that their
study altered the HRT in order to maintain similar MLSS concentrations in all
experiments. As a result, their lowest SRT (2 days) also maintained the lowest HRT (1.1
hours). This may be a contributing factor to the higher effluent COD.
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Figure 13 – Temporal plot of raw influent COD, effluent COD and COD removal during Batch 1.

The influent concentrations, effluent concentrations and removal efficiencies of
ammonia throughout the operating period can be seen in Figure 14. After reaching steady
state, all three reactors achieved near complete nitrification, with average effluent
ammonia concentrations of 0.06±0.06 mg/L, 0.08±0.05 mg/L, and 0.14±0.13 mg/L, for
reactors A-1, B-1 and C-1, respectively. This is contradictory to previous findings that
the minimum SRT for nitrification is 3 days (Tchobanoglous et al, 2004). One possible
explanation is the occurrence of significant biofilm on the large membrane surface area.
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In the current study, the membrane fibres alone provide an effective surface area of 77.5
m2/m3. The biofilm allows for retention of slow growing nitrifying bacteria even at a 2
day SRT. This is further enhance by accumulation of sludge cake on the membrane
fibres. In comparison, a moving bed bioreactor with an effective surface area of 335
m2/m3 is capable of producing effluent with ammonia concentrations less than 1 mg/L
while operated at an HRT and suspended SRT of 4 hours (Ivanovic and Leiknes, 2008).
Another explanation is the membrane filtration provides an almost absolute barrier to
retain all the biomass, thereby, preventing the washout of nitrifying bacteria.

Figure 14 – Temporal plot of raw influent ammonia, effluent ammonia and ammonia removal during Batch 1.
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A nitrogen balance of reactors A-1, B-1, and C-1, and the raw influent can be seen in
Figure 15. The average total soluble nitrogen in the raw wastewater was 27.4±3.5 mg/L

during batch 1. From a fractionation of the raw influent nitrogen content it was found
that the total soluble nitrogen was 79±2% of the total nitrogen. Therefore the total
nitrogen in the raw wastewater is estimated to be 34.7 mg/L. The average total soluble
nitrogen concentrations in the permeates of reactors A-1, B-1 and C-1 were 23.1±0.8
mg/L, 22.4±0.3 mg/L and 21.4±0.8 mg/L, respectively. A paired student t-test shows the
lower effluent nitrogen concentration in permeate C-1 to be statistically significant with p
values less than 0.05 when compared to permeates A-1 and B-1. Bacterial cell tissue
requires approximately 0.12 g N/g biomass (Tchobanoglous et al, 2004). Therefore, a
higher growth rate, or higher steady state volatile solids wasting rate, should contribute to
a higher removal of soluble nitrogen. This may explain the reductions in effluent
nitrogen concentration with decreasing SRT. An estimate of the nitrogen removed
through wasted biomass is included in Figure 15. However, this is merely an estimate
based on volatile sludge production rates. The actual nitrogen content in the wasted
biomass may differ. Future research should include regular measurement of nitrogen
content in wasted sludge to improve mass balances.
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Figure 15 - Nitrogen balance during Batch 1.

Total phosphorus removal can be seen in Figure 16. The average steady state
phosphorus removal efficiencies for reactors A-1, B-1 and C-1 were 72.7±7.4%,
72.2±10.6% and 74.4±10.1%, respectively. A paired student t-test shows the differences
in removal efficiencies to be insignificant with P values greater than 0.3. From a
fractionation of phosphorus in the raw influent the phosphorus content was determined to
be 30% soluble. Therefore the majority of the phosphorus removal is likely due to
particulate phosphorus retention by the membranes.
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Figure 16 – Temporal plot of phosphorus in raw wastewater and its removal from Batch 1 tests.

A phosphorus balance can be seen in Figure 17. Non phosphorus accumulating
bacteria have a typical phosphorus content of approximately 2% by mass, whereas PAOs
have a phosphorus content of approximately 30% (Tchobanoglous et al, 2004). It is
expected that there is minimal growth of PAOs since there is no anaerobic zone in the
reactors. Therefore, an estimate of the phosphorus content in the wasted biomass based
on the phosphorus content of non phosphorus accumulating bacteria is included in Figure
17. It should be noted that any influent particulate phosphorus that is not hydrolyzed is

also removed with wasted sludge. Additionally phosphorus may be removed through
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mineralization. Most likely the hydrolysis rate of particulate phosphorus is similar to the
phosphorus uptake rate for biomass growth plus the mineralization rate, since the effluent
soluble phosphorus concentrations are similar to the influent soluble phosphorus
concentrations for all three reactors. Future research should include regular measurement
of phosphorus content in wasted sludge to improve mass balances.

Figure 17 - Phosphorus balance during Batch 1.
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4.1.1.2 Batch 2
Table 6 shows the operating conditions that were not directly controlled during batch

2. Four of these operating parameters were found to have differences between reactors
that were statistically significant (P<0.05). These operating parameters were pH, DO,
MLSS and MLVSS. Since all three reactors were operated with the same aeration rate,
the differences in DO concentrations were likely a result of the differences in HRT.
Higher loading rates would require more oxygen to oxidize the substrate. Therefore, for
a fixed aeration rate an increase in loading rate would result in a lower DO concentration.
This is consistent with the trend observed here. The observed trend for MLSS and
MLVSS is also expected, as these parameters are a direct function of HRT (See Equation
4, in section 4.1.1.1). The observed trend in pH values is more difficult to predict as

there are some processes, such as nitrification, which produce H+ and there are other
processes, such as denitrification, which produce OH-. However, it is expected that the
pH did not have an effect on the results in this study, as the differences in pH values
between reactors are small, despite the statistical significance. Furthermore, the pH
values are within the ideal pH ranges for nitrification and denitrification, which are 7.5 to
8.5 and 7.0 to 8.5, respectively (The Water Planet Company, 2012).
Table 6– Batch 2 operating conditions that were not directly controlled (mean ± standard error)
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Total COD removal can be seen in Figure 18. The average COD removal efficiencies
for reactors A-2, B-2 and C-2 were 90.3±4.3%, 90.2±3.2% and 90.1±3.4%, respectively.
Differences in removal efficiencies between the three reactors are insignificant (P>0.45).
Once again the relatively low COD removal efficiencies can be attributed to the 8% inert
COD in the influent. The average BOD removal efficiencies were 95.4±2.8%,
92.8±4.0% and 90.2±1.4% for reactors A-2, B-2 and C-2, respectively. The lower
removal efficiency of reactor C-2 with respect to reactor A-2 was statistically significant
(P<0.05). This means that there is a reduction in organic substrate removal under
operation at the short HRT of 1.1 hours. This presents a limit to the operation of short
SRT systems for high rate wastewater treatment.
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Figure 18 – Temporal plot of raw influent COD, effluent COD and COD removal during Batch 2.

A temporal plot of ammonia removal can be seen in Figure 19. During initial operation
effluent ammonia concentrations were erratic and periodically out of range of the test
used (>3.0 mg/L) and are therefore not presented in the results. However, those results
still reveal a disruption to nitrification, even in reactor A-2, which later exhibited near
complete nitrification. This disturbance is likely a result of the change in operating
conditions between batch 1 and 2. The reduction to a 2 day SRT in reactors A-2 and B-2
from the initial SRTs of 8 days and 4 days in reactors A-1 and B-1, respectively, resulted
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in a higher washout of suspended biomass likely affecting nitrification rates. The
reduction in HRT between batch 1 and 2 in reactors B-2 and C-2 is synonymous with an
increase in loading rate. It is likely that the biomass initially present in the reactors did
not have the capacity to treat the sudden rise in loading rates resulting in higher than
normal effluent ammonia concentrations. With continuous exposure to elevated loading
rates the reactors are able to support higher biomass concentrations providing a higher
treatment capacity. A similar disturbance occurred in reactor A-2 after a fouled
membrane was replaced on August 13, 2012, resulting in a higher permeate flow rate.
Excluding this disturbance, the average steady state effluent ammonia concentrations
were 0.20±0.16 mg/L, 0.79±0.53 mg/L and 11.2±6.5 mg/L for reactors A-2, B-2 and C-2,
respectively. Differences in effluent concentrations were statistically significant
(p<0.05). As previously discussed, the occurrence of near complete nitrification in the 2
day SRT reactors is likely due to retention of slow growing nitrifying bacteria as a result
of biofilm growth and sludge cake build up on the high membrane surface area. If this is
true, then the membrane surface would have a limited capacity to support biomass in a
biofilm and accordingly treatment performance would suffer with increasing loading
rates. This explains the increasing effluent ammonia concentrations with decreasing
HRT. This trend was seen in a study by Wijeyekoon, Mino, Satoh and Tomonori (2004)
who found lower ammonia removal rates when higher ammonia loading rates were
applied.
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Figure 19 – Temporal plot of raw influent ammonia, effluent ammonia and ammonia removal during Batch 2.

A temporal plot of TN removal can be seen in Figure 20. Average steady state total
nitrogen removal rates were 29.8±9.1%, 25.9±10.0% and 17.4±9.7% for reactors A-2, B2 and C-2, respectively. The lower removal efficiency in reactor C-2 was statistically
significant compared to both A-2 and B-2 (P<0.05). However, differences in removal
efficiencies between reactors A-2 and B-2 were statistically insignificant (P>0.15). The
lower removal efficiency in reactor C-2 cannot be explained by biomass growth, as
differences in yield coefficients were statistically insignificant (P>0.25, see section 0). It
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is therefore either differences in hydrolysis rates of influent particulate nitrogen, or
reduction of nitrous oxides to nitrogen gas. However, there is not sufficient information
to conclusively support either of these hypotheses.

Figure 20 – Temporal plot of raw influent total soluble nitrogen, effluent total soluble nitrogen and total
soluble nitrogen removal during Batch 2.

Figure 21 shows a nitrogen balance for the reactors in batch 2. From this figure it is

evident that there is more nitrogen that is unaccounted for with increasing HRT. Once
again this may be due to unhydrolyzed influent particulate nitrogen retained by the
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membrane and wasted with the sludge, or removal of nitrates through denitrification.
Once again, neither of these hypotheses can be supported conclusively with the data
available. Regular measurement of the nitrogen content in the wasted sludge would
allow for more conclusive understanding of the nitrogen balance.

Figure 21 - Nitrogen balance during Batch 2.

A temporal plot of phosphorus removal can be seen in Figure 22. Effluent phosphorus
concentrations were fairly consistent throughout the operating period for each reactor
separately, and were fairly consistent between reactors. Average removal efficiencies
were 70.3±13.5%, 70.7±11.5% and 72.21±13.5% for reactors A-2, B-2 and C-2,
respectively. Differences in removal efficiencies were insignificant (P>0.35). With no
anaerobic zones it is expected that there was little growth of PAOs. Therefore
phosphorus removal was likely predominantly a result of non-hydrolyzed influent
particulate phosphorus, mineralized phosphorus and non-PAOs being retained by the
membrane and removed through wasted sludge.
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Figure 22 – Temporal plot of raw influent total phosphorus, effluent total phosphorus and total phosphorus
removal during Batch 2.
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4.1.2 Sludge characteristics
4.1.2.1 Energy recovery and savings
Figure 23 shows a temporal plot of MLSS concentrations and influent TSS

concentrations during batch 1. Although the MLSS concentrations are quite erratic, this
can be mostly attributed to variations in raw influent COD. Comparing Figure 23 to Figure
13 in section 4.1.1.1, it is evident that fluctuations in MLSS directly follow fluctuations

in influent COD. However, there are a few fluctuations that can be attributed to
operational malfunctions. On June 4th the aerator controller malfunctioned and caused
the DO concentrations in all three reactors to drop below 0.5 mg/L. 1 litre of healthy
sludge was used to re-inoculate the reactors. On June 24th the permeate pump for reactor
A-1 malfunctioned resulting in no raw influent entering the reactor and consequently a
drop in MLSS. On July 11 the aerator for reactor A-1 was clogged causing the DO
concentration to drop, and the sludge to settle and concentrate at the bottom of the reactor
where waste sludge was withdrawn. Consequently the MLSS dropped, and data was not
used after this point.
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Figure 23 - Temporal plot of MLSS and influent TSS concentrations during Batch 1.

The true yield coefficient and biomass decay rates can be determined from a plot of
specific biomass growth rate versus specific substrate utilization rate. Figure 24 shows a
plot of the specific growth rate, determined as the reciprocal of SRT, versus the specific
substrate utilization rate. The true yield coefficient and the biomass decay rate can be
estimated as the slope and intercept from the line of best fit, with values of 0.41 g VSS/g
COD and 0.04 d-1, respectively. The true yield is consistent with that found by Ng and
Hermanowicz (2005) for an MBR with a value of 0.42 g VSS/g COD, and is within the
typical range of 0.3 to 0.6 g VSS/g COD reported by Tchobanoglous et al (2004).
However, the decay coefficient is slightly lower than the typical range of 0.06 to 0.15 d-1
reported by Tchobanoglous et al (2004). The observed yield coefficients for reactors A1, B-1 and C-1 were 0.24±0.09, 0.40±0.12 and 0.42±0.18 g VSS/g COD. As expected
the lowest observed yield occurred in the system with the highest SRT and the highest
observed yield occurred in the system with the lowest SRT. However, while the low
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observed yield in reactor A-1 was statistically significant compared to reactors B-1 and
C-1 (p<0.05), differences in observed yield between reactors B-1 and C-1 were
statistically insignificant (p>0.40).

Figure 24 - Plot of specific growth rate versus specific substrate utilization rate for determination of true yield
coefficient and biomass decay rate.

Considering Equations 5, 6 and 7 presented by Tchobanoglous et al (2004), we can
derive a relationship between the observed yield and the true yield, seen in Equation 8.
We can see that differences between the observed yield and true yield are a result of the
last three terms in Equation 8. During batch 1, the HRT is kept constant between reactors.
This means that Q and V are the same between reactors. As discussed in section 4.1.1.1,
differences in COD removal efficiencies were statistically insignificant. Therefore (So–
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S) was approximately equal for all reactors. The reactors were operated in parallel, so
Xo,i was equal for all three reactors. Therefore, differences in Yobs must be a result of fd
and X. Considering this, reactor B-1 may have a higher fraction of cell mass remaining
as cell debris than reactor C-1, resulting in similar observed yields.
Equation 5

Y obs =

r XT,VSS
r SU

Equation 6

Equation 7

r SU = (S− S o )Q
Equation 8

Y obs =Y −

kd X
f d kd X
X o,i
+
+
(S o− S )Q (S o− S )Q (S o − S )V

Where,
Yobs = Observed yield (g VSS/g COD)
Y = True yield (g VSS/g COD)
rXT,VSS = total volatile suspended solids production rate (g VSS/d)
rSU = substrate utilization rate (g COD/d)
kd = endogenous decay coefficient (d-1)
X = biomass concentration (g VSS/L)
fd = fraction of cell mass remaining as cell debris (g/g)

58

Xo,i = influent non-biodegradable volatile suspended solids (g VSS/L)
So = influent substrate concentration (g COD/L)
S = effluent substrate concentration (g COD/L)
Q = influent flow rate (L/d)
V = reactor volume (L)
High observed yields present the potential for high energy recovery as biogas.
Through the use of an anaerobic digester, the wasted sludge can be digested to produce
biogas. The biogas can be combusted in a microturbine to produce electricity which can
offset the energy demand of the WWTP. The volume of biogas produced can be
estimated based on the mass of volatile solids destroyed during digestion. Assuming
50% of the VSS entering the digester are destroyed and a conservative yield of 0.75 m3
biogas/kg VSS destroyed (Tchobanoglous et al, 2004), we can estimate the biogas
production rate for the WAS produced in this study. For reactors A-1, B-1 and C-1, the
VSS wasting rates were 6.4±2.4, 9.4±2.0 and 10.2±3.8 g/d. Based on these values the
volume of biogas produced after anaerobic digestion would be approximately 2.4, 3.5 and
3.8 L/d, respectively. Assuming the biogas is produced with a methane content of 65%
by volume, the lower heating value of the biogas would be about 22,400 kJ/m3
(Tchobanoglous et al, 2004), which would produce 54, 79 and 86 kJ/d of heat after
combustion, respectively. Using a Capstone microturbine with a rated efficiency of 26%
(Capstone Turbine Corporation, 2002) this would produce approximately 14, 21 and 22
kJ/d of electricity, respectively. Based on an estimate of 17.8 kJ/gCOD in the influent
(Heidrich et al, 2011) these systems would recover approximately 3.0, 4.6 and 4.9% of
the available energy in the raw influent wastewater as electricity, respectively. Assuming
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a large full scale WWTP were to be implemented requiring 1500 MJ of electricity to
process each 1000 m3 of wastewater, these systems would offset approximately 9%, 14%
and 15% of the electrical energy requirements, respectively.
Although 15% electrical energy offset doesn't meet the goal of an energy neutral
WWTP, some of the values used may be conservative. For example, a previous study has
shown that anaerobic digestion of sludge produced in a short SRT system can produce
biogas with a methane content of 84% (Akanyeti et al, 2010). That value is considerably
higher than the value of 65% used in this study. Methane yields from anaerobic digestion
of short SRT sludge should therefore be investigated more in future studies.
Furthermore, the percent offset values are based on typical energy requirements for
an activated sludge system performing nitrification and using filtration for solid-liquid
separation. There are many design and operational changes that can reduce the total
electrical demand and therefore increase the percent offset. Of particular concern are
reductions in aeration requirements, as this constitutes about 55.6% of the total plant
energy usage (Tchobanoglous et al, 2004). Aeration requirements are dictated by the
mass of oxygen required for biochemical degradation of organics and nitrification; the
efficiency of aerators to dissolve oxygen; and the efficiencies of motors, compressors and
blowers to drive aeration.
Of particular interest for this study is the mass of oxygen required for biochemical
degradation of organics. Since not all of the bCOD is completely oxidized to CO2 and
H2O, the actual oxygen required is less than the bCOD. The bCOD that is not completely
oxidized either remains as unhydrolyzed particulate COD, is discharged with the effluent
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or is used for cell synthesis and growth. Therefore a higher growth rate or higher VSS
wasting rate should result in a lower oxygen requirement. This can be seen in Equation 9
(Tchobanoglous et al, 2004):
Equation 9

Ro =Q (S o − S )− 1. 42P X,bio

Where,
Ro = oxygen required, kg/d
PX,bio = biomass as VSS wasted per day, kg/d
1.42 = COD of biomass, gCOD/gVSS
In batch 1, Q and (So – S) were approximately equal for all three reactors. However,
the VSS wasting rate was seen to be higher with decreasing SRT. Therefore, the oxygen
requirement should theoretically be lowest for reactor C-1 and highest for reactor A-1.
This is confirmed by measurements of oxygen utilization rate (OUR). For reactors A-1,
B-1 and C-1 the OURs were 55±26, 44±19 and 28±7 mg/L/h, respectively. Since the raw
influent COD was highly variable throughout the test period, the OURs were also erratic,
and differences in data sets were statistically insignificant (p>0.05). However,
throughout the test period, the OUR of A-1 was consistently higher than B-1 which was
consistently higher than C-1. This suggests that the observed trend may still be valid.
The observed trend shows lower oxygen utilization rates for lower SRTs. Therefore
when reducing SRT a lower aeration rate can be employed, thus reducing energy
requirements. Converting OURs to the mass of oxygen required per litre of treated
wastewater produces values of 160±74, 130±58 and 83±22 mg/L for reactors A-1, B-1
and C-1, respectively. Comparing these values to the influent COD of 250±101 mg/L, it
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is evident the energy savings in aeration associated with wasting biomass. Based on
mean values, operation at an SRT of 2 days appears to require 49% less oxygen to
produce treated effluent than operation at an SRT of 8 days. This reduction in oxygen
requirements is achieved through diverting 59% more COD to the sludge stream.
Figure 25 shows a temporal plot of MLSS and influent TSS concentrations during

batch 2. The erratic concentrations of MLSS seen in Figure 25 can be explained by the
erratic concentrations of influent COD seen in Figure 18 in section 4.1.1.2.

Figure 25 - Temporal plot of MLSS and influent TSS concentrations during Batch 2.

In batch 2, the HRT was varied by changing the flow rate, rather than the reactor
volume. It is understood that a higher flow rate of wastewater would require more
oxygen to treat. Therefore, in the case of batch 2 it is more useful to compare the mass of
oxygen required per litre of treated wastewater. For reactors A-2, B-2 and C-2 these
values are 88±14, 91±28 and 86±33 mg/L, respectively. It is clear that changing the HRT
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does not have much effect on the oxygen requirements. Furthermore, the VSS produced
per litre of treated wastewater are 86.5±21.7, 92.5±19.7 and 89.4±12.4 mg/L,
respectively. This suggests that there would be little difference in the volume of biogas
produced if these sludges were digested anaerobically. Therefore, changes in HRT
appear to offer no reductions in aeration requirements nor increases in energy recovery.
However, reducing the HRT produces a smaller volume of WAS with a higher MLSS
concentration which consequently requires smaller equipment for sludge processing.
4.1.2.2 Sludge settling
The solids volume index (SVI) values for reactors A-1, B-1 and C-1 were 163±31,
151±26 and 159±60 mL/g, respectively. Differences in SVI values between reactors
were statistically insignificant (p>0.25). Values greater than 100 mL/g are associated
with filamentous bacteria causing sludge bulking which can have a detrimental effect on
sludge settling (Sezgin, Jenkins and Parker, 1978). However, Dick and Vesilind (1969)
caution against using SVI to compare settleability between WWTPs stating that it is only
valid as an indicator of change within a single WWTP. Instead, these values serve to
show that for three reactors operated at different SRTs using the same wastewater there is
little difference in resulting SVI values. A more useful parameter for evaluating
settleability is the initial settling velocity or zone settling velocity.
For all reactors in both batch 1 and batch 2, sludge samples were concentrated and the
zone settling velocity (ZSV) was measured at a wide range of MLSS concentrations. A
plot of ZSV vs MLSS was fit with both Dick's equation and Vesilind's equation (Dick
and Young, 1972 ;Vesilind, 1968). The associated settling constants and the quality of
the fit expressed as R2 are summarized in Table 7. Reactor A-1 was malfunctioning at the
63

time of the zone settling velocity measurements, and the data is therefore not included.
For all reactors except B-2, Dick's equation provided a better fit to the data. Dick's
equation was therefore used to calculate the solids flux. A plot of solids flux vs MLSS
can be seen in Figure 26. Included in Figure 26 is a hypothetical state point analysis to
better evaluate the settleability of the different sludges. Using somewhat typical values
for a conventional complete mixed activated sludge system, with an MLSS of 4 g/L, an
overflow rate of 22 m3/m2/d and an underflow rate of 14 m3/m2/d (RAS of 64%), it can be
seen in Figure 26 that for all sludges analyzed the clarifier would be underloaded and
should theoretically be able to produce clarified effluent. However, if a higher MLSS is
desired then the clarifier would need to be designed with a lower overflow rate and
therefore a larger surface area. Considering an MLSS of 8 g/L, the largest clarifier would
be needed for reactor B-1 which had an SRT of 4 days, while the other four reactors
analyzed had SRTs of 2 days. This is contradictory to previous findings that settling
improves with increased SRT (Valigore et al, 2012; Liao et al, 2001). However,
differences between reactors B-1 and C-1 are very small, and can most likely be
attributed to measurement errors. A more significant difference can be seen between
results from batch 1 and batch 2. Note that reactors C-1, A-2, B-2 and C-2 were all
operated at an SRT of 2 days. Reactor C-1 was operated at an HRT of 3 hours, which is
midway between reactors A-2 and B-2 which were operated at HRTs of 3.4 and 2.6
hours. It would be expected that the settleability of the sludge from reactor C-1 would be
somewhere between that of reactors A-2 and B-2. However, reactor C-1 is seen to have
less settleable sludge than both reactors A-2 and B-2. It is likely that temporal factors
such as temperature and the composition of the wastewater have a notable effect on the
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settleability of the sludge, making it difficult to compare settling between two
experimental batches. Comparing settling performances within each batch, and not
between batches, it can be seen that there are minimal differences in settleability. This
suggests that it may be feasible to use a secondary clarifier for solid-liquid separation of 2
day SRT sludge. However, this needs to be further investigated, as there is some
variation in the settleability of sludge produced in an MBR and sludge produced in a
CAS system (Ng and Hermanowicz, 2005).
Table 7 - Mathematical fits to zone settling velocity curves using Dick's equation and Vesilind's equation.

Dick's

Vesilind's
k

ZSV = vox
MBR B-1
MBR C-1
MBR A-2
MBR B-2
MBR C-2

Vo
25.382
15.297
17.195
12.966
6.294

k
-2.179
-1.895
-1.648
-1.612
-1.263

ZSV = voexp(-kx)
R2
0.993
0.975
0.989
0.955
0.997

Vo
6.821
5.552
7.270
4.966
2.103

k
0.337
0.309
0.306
0.265
0.171

R2
0.956
0.971
0.982
0.990
0.954
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Figure 26 - Solids flux curves for MBR sludges in Batch 1 and 2, including a hypothetical state point analysis.

1.1.1 Membrane fouling
Figure 25 shows the temporal progression of trans-membrane-pressure (TMP) during

batch 1. Since the reactors were operated with a relatively low permeate flux of 4.6
L/m2/h for reactor A-1 and 4.3 L/m2/h for reactors B-1 and C-1, the total rise in TMP
throughout the operating period was minimal, and none of the membrane modules
required chemical cleaning. The fouling rates can be compared by using a linear
regression fit to the TMP data after day 25, when the systems were determined to be at
steady-state. The steady-state fouling rates for reactors A-1, B-1 and C-1 were 0.06, 0.12
and 0.26 kPa/d, respectively. This shows a clear trend, when the SRT is halved, the
steady-state fouling rate is approximately doubled. The causes of differences in fouling
rates are discussed later on in this section.
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Figure 27 - Temporal plot of trans-membrane pressure during Batch 1

Figure 28 shows the temporal progression of TMP during the second batch. Membrane
modules were replaced when the TMP exceeded 55 kPa. This occurred three times for
reactor C-2 and only once for reactors A-2 and B-2. However, this is not sufficient
information to draw conclusions on the effect of HRT on fouling, since the HRT was
varied by varying membrane flux. Considering equation Equation 10, it is clear that TMP
is directly proportional to membrane flux. It is therefore more useful to consider
differences in resistance for this experiment. However, it is also well understood that the
fouling rate at a given point of operation, is dependent on the foulants already deposited
on the membrane (Le-Clech et al, 2006). Since the fouled membrane modules in the
three reactors were replaced with clean membrane modules at different times, it is
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difficult to compare fouling rates at any given time. Instead, points in time when the
filtration resistances of two reactors are approximately equal are considered. The fouling
rates are compared in the period of time immediately following the point when the
filtration resistances are equal. On day 31, reactors A-2 and B-2 both had a filtration
resistance of approximately 1013 m-1. Their respective fouling rates between day 31 and
day 39 were 1.1X1012 m-1d-1 and 1.9X1012 m-1d-1. On day 16, reactors B-2 and C-2 both
had a filtration resistance of approximately 3X1012 m-1. Their respective fouling rates
between day 16 and day 22 were 0.2 m-1d-1 and 1.6 m-1d-1. Comparing rates of change in
filtration resistance as opposed to TMP and considering periods of time when filtration
resistances are initially equal allows for a clear comparison of fouling rates. From this
method we can conclude that the fouling rate for reactor C-2 is greater than that of reactor
B-2 which is greater than that of reactor A-2. The causes of differences in fouling rates
are discussed later on in this section.
Equation 10

R=

TMP
J

Where,
R = filtration resistance (m-1)

TMP = trans-membrane pressure (Pa)

μ = dynamic viscosity (Pa*s)
J = membrane flux (m3/m2/s)
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Figure 28 - Temporal plot of trans-membrane pressure during Batch 2

Figure 29 shows the concentrations of soluble microbial products, including

carbohydrates, proteins and humic acids. While there does not appear to be a clear trend
for concentrations of carbohydrates or proteins, humic acids and total SMP appear to
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increase with decreasing SRT. SMP have been shown to be a prominent cause of
membrane fouling, and the trend of increasing SMP with decreasing SRT is thought to be
the dominant cause of increased fouling rates in low SRT MBRs (Drews, 2010). This
correlation is confirmed in this study, showing higher total SMP concentrations and
higher fouling rates at lower SRTs.
Reactor C-2 is seen to have a lower concentration of total SMP than reactor A-2.
However, reactor C-2 was also determined to have a higher fouling rate than reactor A-2,
which is not consistent with current understanding of the role of SMP in membrane
fouling. SMP measurements were only measured once and therefore may not be
representative of the entire operating period. In previous studies TOC and COD have
been used as a means to estimate total SMP concentrations (Ni et al, 2010; Pan et al,
2010). Since TOC and COD were measured three times per week, they may be more
representative measures of total SMP.

Figure 29 - Mean concentrations of total SMP and SMP components during Batch 1 and 2.
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Figure 30 shows concentrations of TOC in the permeate and in the mixed liquor

filtrate after vacuum filtering through a 1.5 µm filter. There is a small increase in both
permeate and filtrate TOC when reducing SRT from 8 days to 4 days. However, there is
very little difference between TOC concentrations in the reactors with SRTs of 4 days
and 2 days. The most prominent trend is the increasing concentration of filtrate TOC
with decreasing HRT seen in reactors A-2, B-2 and C-2. This is most likely a result of
selective retention of colloidal TOC by the membrane, resulting in a higher accumulation
of particles greater 0.04 µm in reactors with lower HRTs. This is likely a contributor to
the increasing fouling rates observed with decreasing HRT. This same trend is confirmed
by measurements of COD as can be seen in Figure 31.
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Figure 30 - Mean concentrations of total organic carbon in permeate and mixed liquor filtrate during Batch 1
and 2.
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Figure 31 - Mean concentrations of chemical oxygen demand in permeate and mixed liquor filtrate during
Batch 1 and 2.

It should be noted that membrane fouling comparisons during batch 2 may not be
fully conclusive. While comparing changes in resistance as opposed to changes in TMP
accounts for the effects of flux seen in Darcy's law, this is not the only effect that flux has
been found to have on membrane fouling. Increasing membrane flux can affect
membrane fouling through altering the force balance on particles between flux induced
convective drag and back transport induced by crossflow or, in the case of the current
study, air scouring (Li, Fane, Coster and Vigneswaran, 1998). In order to compare the
effect of HRT on membrane fouling, a better approach to controlling HRT would have
been to vary the volume of the reactor, or increase the flowrate by increasing the number
of membrane modules, thus keeping the membrane flux constant. Future studies should
take this approach when comparing HRTs.
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4.2 Model
4.2.1 Model Development
4.2.1.1 Stage A design
A few design parameters including HRT, SRT and recycled activated sludge rate
(RAS), were varied in order to determine their effect on the treatment performance and
sludge production rate in an activated sludge model using GPS-X. Additionally, several
WWTP configurations were consider, as presented in section 3.7. The first configuration
tested was stage A only, as seen in Figure 7. The purpose of stage A is to achieve high
sludge production through the use of a short SRT in order to reduce endogenous
respiration. The effect of varying HRT, SRT and RAS can be seen in Figure 32, Figure 33
and Figure 34, respectively.
As seen in Figure 32, the HRT of stage A has little effect on treatment performance or
sludge production rate, presented as wasted VSS. There is a minor reduction in effluent
COD with increasing HRT, however, the effect is negligible. What is more significant is
the effect of HRT on MLSS concentration and recycled sludge concentration (Xr). It is
clear that reducing HRT results in more concentrated sludge. While this has little effect
on the main objectives, using a low HRT would required a smaller activated sludge basin,
and the resulting high recycled sludge concentration means that the wasted sludge would
also have a high solids concentration. This means that smaller sludge processing
equipment would be necessary. Therefore, using a short HRT can reduce the capital cost
of the WWTP without detriment to treatment performance or sludge production rate.
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Figure 32 - Effect of HRT on stage A performance and sludge production.

As seen in Figure 33, the SRT is a critical design parameter. Higher SRTs are
associated with higher treatment performances, higher MLSS concentrations and lower
sludge production rates due to endogenous respiration. Conversely, lower SRTs are
associated with higher sludge production rates, lower MLSS concentrations and lower
treatment performance, with some exceptions. Reducing the SRT to 2 days results in
higher total nitrogen removal due to higher demand of nitrogen for biomass growth.
Below an SRT of 2 days, the COD removal efficiencies begins to drop more noticeably,
causing the sludge production rate to decrease and consequently the TN removal to
decrease. However, while this is an issue when looking only at stage A, the addition of
stage B allows for near complete COD removal and complete nitrification. This will be
discussed later in this section.
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Figure 33 - Effect of SRT on stage A performance and sludge production.

As seen in Figure 34, the RAS has little effect on treatment performance or sludge
production rate. A noticeable effect of changing RAS is the reduction in recycle sludge
concentration. This would suggest that a lower RAS is more advantageous. However,
what is not shown in this figure is the effect of RAS on clarifier design. A RAS of 50%
requires a surface overflow rate of 8.3 m3/m2/d while a RAS of 150% requires a surface
overflow rate of 38.5 m3/m2/d in order to achieve the same effluent TSS concentration.
In other words, a considerably larger clarifier would be necessary if a RAS of 50% were
to be used as opposed to a RAS of 150%.
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Figure 34 - Effect of RAS on stage A performance and sludge production.

For the evaluation of other configurations to accompany stage A, the design of stage
A consist of an HRT of 1 hour, an SRT of 1.5 days and a RAS of 150%. This design is
then re-evaluated during the optimization of the final design.
4.2.1.2 Configuration selection
Using the stage A design parameters determined in section 4.2.1.1, a series of plant
configurations are evaluated. The configurations used were previously presented in
section 3.7, Figure 7 to Figure 11. The treatment performance of the different
configurations are presented in Figure 35. The first configuration tested was stage A only,
labelled as "A" in Figure 35. It is evident that this configuration is not sufficient as a
standalone treatment process. The effluent COD is very high due to suspended solids in
the effluent. Furthermore, there is no nitrification due to the low SRT used. This is
evident by the high effluent ammonia concentration and the lack of nitrous oxides in the
76

effluent. The second configuration was stage A and B (see Figure 8), labelled as "A-B".
The addition of stage B offers complete nitrification and near complete COD removal.
Note that the influent inert soluble COD concentration was 21.5 mg/L, meaning that the
effluent biodegradable COD was less than 3 mg/L. While the addition of stage B offers
drastic improvements to the treatment performance, the effluent TP and TN
concentrations are still too high.
This leads to the next configuration used which is stage A with anaerobic tank and
stage B (see Figure 9). Four alternatives were considered for this configuration. The first
alternative partitions 1/6th of the activated sludge basin volume for use as the anaerobic
phase, labelled as "AnA-B 1". The second alternative partitions 1/3rd of the activated
sludge basin volume for use as the anaerobic phase, labelled as "AnA-B 2". The third
and fourth alternatives use a 50 mg/L dose of acetate and have the same anaerobic phase
partition volumes as AnA-B 1 and AnA-B 2, respectively. The third and fourth
alternatives are labelled "AnA-B 3" and "AnA-B 4", respectively. The addition of an
anaerobic phase without dosing acetate does not offer much change in effluent total
phosphorus. This is seen in Figure 35 by comparing AnA-B 1 and AnA-B 2 to A-B.
However, comparing AnA-B 1 and AnA-B 2 to AnA-B 3 and AnA-B 4 it can be seen
that the addition of acetate does offer some reduction in effluent TP, with the lowest
concentration seen in AnA-B 4. It can also be noted that the effluent TN is lower in both
AnA-B 3 and AnA-B 4. This is due to the additional COD from the acetate causing
higher biomass growth which increases the demand of nitrogen for biomass growth.
However, there is still insufficient nitrogen and phosphorus removal.
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This leads to the next configuration used which is stage A with anaerobic tank and
stage B with anoxic tank (see Figure 10). Two alternatives were tested for this
configuration. The first alternative is without any methanol dosing, and the second is
with a 50 mg/L dose of methanol as an organic carbon source for denitrification. The
two alternatives were labelled "AnA-AxB 1" and "AnA-AxB 2", respectively. The
addition of the anoxic zone in stage B offered a small reduction in effluent total nitrogen,
seen by comparing "AnA-B 4" to "AnA-AxB 1" in Figure 35. However, a more
significant drop in effluent total nitrogen was observed with the addition of a 50 mg/L
dose of methanol. Ultimately, the total nitrogen and total phosphorus removal is still not
sufficient.

Figure 35 - Effluent concentrations of various constituents for the model WWTP configurations tested.

A final configuration was tested as an attempt to improve both the total phosphorus
and total nitrogen removal efficiencies. This configuration included a recycle stream of
mixed liquor sludge from stage B to stage A. Since there is solid-liquid separation
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between stage A and stage B, the addition of a sludge recycle stream from stage B to
stage A results in a large increase in solids removal from stage B and consequently a
considerable reduction in the SRT of stage B. This is detrimental to nitrification, and a
portion of biomass is therefore allowed to overflow from the clarifier in stage A in order
to control the SRT in stage B. The effect of varying both the sludge recycle rate and the
SRT of stage B on treatment performance and sludge production rate are summarized in
Figure 36.

With increasing SRT in stage B, slow growing nitrifying bacteria are able to develop
a significant population, and ammonia is oxidized to nitrous oxides as seen in Figure 36
(b) and (c). The degree of nitrification is seen to be higher with lower sludge recycle
ratios at SRTs around 5 days. However, at SRTs greater than 10 days the degree of
nitrification is similar for all sludge recycle ratios tested. Looking at Figure 36 (c), it is
evident that there is a higher degree of denitrification with increasing sludge recycle ratio.
The net effect on total nitrogen removal can be seen in Figure 36 (a). This is because the
recycle stream brings nitrate to the anaerobic tank in stage A. In the stage A anaerobic
tank, denitrifying bacteria are able to utilize the readily biodegradable COD in the
influent to oxidize nitrate. Without the sludge recycle stream from stage B to stage A,
denitrification can only occur in the anoxic tank in stage B. In the anoxic tank the
majority of readily biodegradable COD has already been depleted by activity in stage A,
meaning the only available organic carbon source for denitrification is through the
chemically dosed methanol. Recycling nitrate to the anaerobic tank in stage A presents
the potential for reducing the required methanol dose in the anoxic tank. However, it also
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presents competition for PAOs, since they require the readily biodegradable COD in the
influent to be fermented to acetate for PHA storage.
Phosphorus removal is seen to be enhanced through increasing the sludge recycle
ratio from stage B to stage A. With a RAS ratio of 50%, effluent total phosphorus can be
reduced below 0.4 mg/L by increasing the SRT in stage B above 5 days (see Figure 36
(d)). The dependence of phosphorus removal on the SRT of stage B is likely due to the
lower growth rate of PAOs compared to non-phosphorus accumulating heterotrophic
bacteria (maximum specific growth rates used in the model were 1.0 d-1 and 3.2 d-1,
respectively).
Figure 36 (f) shows the change in sludge production with RAS ratio and stage B SRT.

It is seen that increasing the SRT with a RAS of 25% or 50% causes the sludge
production rate to rise initially. This is likely associated with increases in COD removal,
as seen in Figure 36 (e); increases in the degree of nitrification, indicating higher
autotrophic biomass growth; and increases in phosphorus removal, also adding to the
sludge mass. However, further increase in SRT beyond about 5 days results in continual
decrease in sludge production rate. This is likely because there is no longer increases in
growth associated with substrate or nutrient removal, and further increasing SRT results
in higher endogenous respiration rates. With a RAS ratio of 10%, there is no initial rise
in sludge production with increasing SRT. This is likely because the lowest SRT tested
with a 10% RAS ratio already had near complete bCOD removal, and increasing SRT
decreased phosphorus removal. Therefore, increasing SRT of stage B with a 10% RAS
only decreases the sludge production.
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Figure 36 - Effect of sludge recycle from stage B to stage A and varied SRT of stage B on treatment
performance, (a) to (e), and sludge production (f).

Using the information gathered in this section, a final optimized A-B model was
created. The operating conditions are summarized in Table 8. The dosing rates for
acetate and methanol were reduced to 20 mg/L and 0 mg/L, respectively, while still
maintaining high treatment performance. Note that by the definition of SRT, stage B has
a negative SRT due to a higher mass flow rate into the reactor than the mass flow rate out
of the reactor. This is due to the elimination of the methanol dose. Since the majority of
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the biodegradable COD is consumed in stage A, the biomass in stage B undergoes
endogenous decay without biomass growth, resulting in net loss of biomass. The
definition of SRT for most MBRs is the ratio of the volume of the reactor to the wasting
flow rate. By this definition the SRT in stage B would be 10 days.
Table 8 - Operating conditions of the final optimized A-B model.

Parameter
Stage A
Anaerobic HRT
Aerobic HRT
SRT
RAS
Clarifier overflow rate
Acetate dose
Stage B
Anoxic HRT
Aerobic HRT
SRT
RAS
Methanol dose
Full Plant
RAS
HRT
SRT

Units

Value

h
h
d
%
m3/m2/d
mg/L

0.334
0.666
2
150
6.7
20

h
h
d
%
mg/L

0.8
3.2
-29.2*
100
0

%
h
d

50
5
4.2

*mass flow rate in is greater than mass flow rate out

The performance of the final optimized A-B model is summarized in Table 9. The
system is able to produce high quality effluent, while producing a biomass yield of 0.35
gVSS/gCOD. In comparison, a standalone MBR operated at an SRT of 10 days and an
HRT of 4 hours treating the same wastewater would produce a biomass yield of 0.30
gVSS/gCOD.
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Table 9 - Performance of the final optimized A-B model.

Parameter
Ammonia
Nitrite
Nitrate
Soluble PO4
COD
TN
TP
Y

Units
Value
mgN/L
0.78
mgN/L
0.17
mgN/L
9.36
mgP/L
0.28
mg/L
24.48
mgN/L
10.84
mgP/L
0.509
gVSS/gCOD
0.35

4.2.2 Model Calibration
In order to better evaluate the performance of the optimized A-B model, the model
parameters were calibrated using the results from the pilot experiments presented in
section 4.1.1 and 0. The model parameters that were adjusted to fit these results can be
seen in Table 10. This table shows the default values used in GPS-X 6.0.1 and the
adjusted values after calibration, as well as values typically found in WWTPs as listed by
Tchobanoglous et al (2004).
Table 10 - Model parameters manipulated during model calibration.

Parameter
Inert soluble COD fraction
Heterotrophic yield coefficient
Maximum specific heterotrophic growth rate
Heterotrophic decay coefficient
Substrate half saturation constant
Fraction of phosphorus in inert particulate
COD

Units
gCOD/gCOD
d-1
d-1
mgCOD/L

Default Calibrated
0.05
0.107
0.666
0.585
3.2
3
0.62
0.15
5
30.1
0.01

Typical range*
0.568-1.36
0.6-6
0.06-0.15
10-60

0.02

*Values reported by Tchobanoglous et al (2004)
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The calibrated values listed in Table 10 were used in the model pilot configuration
(see Figure 12) and tested under each of the 6 pilot operating conditions (see section 3.2
for full operating conditions). The resulting output from this model is compared to the
actual values measured in each of the 6 pilots, as can be seen in Figure 37. The most
accurately calibrated parameter is the MLVSS, as seen in Figure 37 (a) and (f), with the
exception of the 8 day SRT reactor, which predicted a higher MLVSS than what was
actually measured. Attempts to calibrate ammonia removal were unsuccessful due to the
abnormal results found during pilot operation, as discussed previously in section 4.1.1.
Nitrate removal was also not calibrated since nitrate measurements during pilot operation
showed significant interference (see quality assurance and quality control results in
appendix 6A). Calibration of the total phosphorus removal was successful when
calibrating each batch of results separately. However, calibrating the model parameters
using the results from one batch, and then applying those model parameters to the other
batch resulted in significant error in predicting total phosphorus removal. It should be
noted that the phosphorus fractionation presented in Table 4 was performed using
wastewater collected during the fall, and therefore may not be representative of the
phosphorus fractions during the two batches of experiments, which were both performed
during the summer.
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Figure 37 - Comparison of calibrated model results to pilot results
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The performance of the final calibrated A-B model is summarized in Table 11. The
system is able to produce high quality effluent, while producing a biomass yield of 0.41
gVSS/gCOD. In comparison a standalone MBR operated at an SRT of 10 days and an
HRT of 4 hours treating the same wastewater would produce a biomass yield of 0.32
gVSS/gCOD.
Table 11 - Performance of the final calibrated model.

Parameter
Ammonia
Nitrite
Nitrate
Soluble PO4
COD
TN
TP
Y

4.2.3

Units
Value
mgN/L
0.35
mgN/L
0.07
mgN/L
16.52
mgP/L
0.80
mg/L
28.53
mgN/L
17.06
mgP/L
1.05
gVSS/gCOD
0.41

Sensitivity Analysis

The calibrated model parameters were input to the final optimized A-B model. The model
was then subjected to a sensitivity analysis to identify the most influential input parameters.
Table 12 identifies the output parameters (columns) that are sensitive to a variety of input
parameters (rows), denoted with an "x". An output parameter was determined to be sensitive
to an input parameter if the normalized sensitivity coefficient was greater than 0.25.

Many of the sensitivities are self evident, for example the observed yield is sensitive to the
heterotrophic yield coefficient (see Equation 8), while others may require some explanation.
The MLVSS in stage B is sensitive to both the inert particulate COD fraction and the inert soluble
COD fraction, while the MLVSS in stage A is not. This sensitivity may be due to the means in
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which the two fractions were varied. When either the inert particulate COD fraction or the inert
soluble COD fraction was reduced, the model compensated by increasing the slowly
biodegradable COD fraction. It would therefore be logical to deduce that the slowly
biodegradable fraction is not fully hydrolyzed in the high rate stage A, and is therefore
consumed in stage B, causing a rise in MLVSS. However, the reverse trend occurs. When the
inert particulate COD fraction is reduced the MLVSS in stage B is reduced. The cause of this
trend is a reduction in the solids overflow rate of the clarifier in stage A. The reason for the
improved clarification, however, is not clear.

The output parameters that are sensitive to the most number of input parameters are the
effluent ammonia, soluble phosphate and total phosphorus, as well as the MLVSS in stage B.
Conversely, the output parameter that is sensitive to the least number of input parameters is
the MLVSS in stage A. The effluent total nitrogen, COD, nitrate and the observed yield are each
only sensitive to 4 of the 17 analysed input parameters. This offers a degree of confidence in
the precision of the model.
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Table 12 - Sensitivity of various model output parameters to a series of model input parameters determined from the normalized sensitivity coefficient. An "x" indicates
that an output parameter is sensitive to an input parameter with a normalized sensitivity coefficient value greater than 0.25.

The sensitivity measure of the 17 input parameters analysed are summarized in Table 13.
The input parameters are listed based on their sensitivity measure, in order of highest to lowest.
The sensitivity measure helps identify the input parameters that have the most impact on the
system. The parameter with the highest impact on the system is the total phosphorus
concentration in the influent. Looking back to Table 12 it can be seen that only the effluent
phosphate and total phosphorus concentrations are sensitive to the influent TP concentration.
However, the degree of sensitivity is considerably high. This is because phosphorus is mainly
removed through biomass growth, and that growth is limited by the biodegradable COD that is
available meaning there is a fixed capacity for phosphorus removal. As a result an increase in
influent TP directly results in an increase in effluent TP. Conversely COD and nitrogen are
removed not just through biomass growth, but through normal metabolism. As a result effluent
COD and TN are not as sensitive to changes in influent COD and TN. COD does, however, affect
8 of the 9 output parameters in consideration, and therefore still has a high sensitivity measure.

Of the top ten input parameters listed in Table 13, all were experimentally measured except
the phosphorus content of inert particulate COD. This adds to the degree of confidence in the
accuracy of the model. To increase the accuracy of the model, steps should be taken to increase
the accuracy in measurement of these parameters.
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Table 13 - Sensitivity measure of the 17 input parameters analysed. The parameters are ranked from highest
to lowest.

Input parameter
Influent total phosphorus
Influent flow rate and all RAS flow rates
Influent total COD
Influent flow rate
Heterotrophic Yield coefficient
Influent total nitrogen
Phosphorus content of inert particulate COD
SRT of stage A
Inert particulate COD fraction
Inert soluble COD fraction
Endogenous decay coefficient
Phosphorus content of inert soluble COD
Readily biodegradable COD fraction
Maximum specific growth rate
Hydrolysis rate constant
Substrate half saturation constant
Saturation coefficient for particulate COD

δi
2.092438
1.964406
1.924242
1.450598
1.041871
0.780662
0.737296
0.492426
0.453871
0.320913
0.181194
0.098448
0.09669
0.079593
0.073952
0.053485
0.053142
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Chapter 5

5 Conclusions and recommendations
5.1 Conclusions
Three MBRs were operated in parallel to compare the effects of operating at SRTs of
2 days, 4 days and 8 days; and HRTs of 3.4 hours, 2.6 hours and 1.1 hours on treatment
performance, membrane fouling, sludge production and sludge settleability while treating
municipal wastewater. From the results obtained through operation of three MBRs to test
the performance of short SRT activated sludge systems treating municipal wastewater as
well as development and calibration of a modified A-B model, several conclusions can be
made as follows:
The SRT of an ultrafiltration membrane bioreactor can be reduced to 2 days
without detriment to organic substrate removal, nitrification or total
phosphorus removal, as compared to SRTs of 4 days and 8 days. This is
contradictory to previous findings, that near complete nitrification should not
occur at SRTs less than 3 days. Nitrification at an SRT of 2 days is thought to
have been achieved in this study through reactor design, with a high ratio of
membrane surface area to reactor volume (77.5 m2/m3), thus allowing for high
retention of slow growing nitrifying bacteria in the biofilm and sludge cake on
membrane fibres. This can be achieved while operating at HRTs between 3.4
hours and 2.6 hours. However, operation at an HRT of 1.1 hours results in
minor deterioration of organic substrate removal and significant reduction in
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nitrification. This is a result of the limited capacity of the system to support
nitrifying bacteria. Decreasing the HRT increases the ammonia loading rate
eventually resulting in an overloaded system;
Reducing SRT increases the observed yield through reduced endogenous
decay. As a result, reducing the SRT from 8 days to 2 days caused the
diversion of 59% more COD to the sludge stream, increasing the potential for
energy recovery from sludge digestion. The diversion of COD to the sludge
stream also resulted in a 49% reduction in oxygen requirements at an SRT of
2 days when compared to an SRT of 8 days, as determined through
measurements of oxygen utilization rate;
The correlation between SMP and membrane fouling is confirmed in this
study. Lower SRTs were found to produce higher concentrations of SMP and
were also found to have higher fouling rates;
The activated sludge model created using GPS-X was calibrated using the
data collected from the MBR pilots. Several wastewater treatment process
configurations were evaluated, and the configuration with the highest
performance consisted of two sludge systems in series, with the first sludge
system using an anaerobic-aerobic configuration and the second sludge
system using a preanoxic configuration. This modified A-B configuration is
capable of producing high quality effluent while recovering 74% of the
influent phosphorus and producing 28% more volatile solids than an MBR
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operated at an SRT of 10 days and an HRT of 4 hours, treating the same
wastewater.
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5.2 Recommendations
From the results presented in the thesis, several recommendations can be drawn to
improve future research as follows:
Future research should include regular measurement of nitrogen and
phosphorus content of wasted sludge to aid in mass balances;
In order to better understand the capabilities of energy recovery from
wastewater, more research should be done on anaerobic digestion of sludge
produced from short SRT aerobic systems, specifically a direct comparison of
the methane yields and methane content of biogas produced from digestion of
short SRT sludge to that of high SRT sludge;
The tools used to measure settleability of sludge produced by short SRT
systems were SVI and ZSV. Results from these measurements showed no
significant reduction in settleability when reducing SRT. This type of finding
needs to be confirmed through operation of a CAS system with the same
operating conditions, as there is discrepancy in the settleability of sludge
produced by MBRs and sludge produced by CAS systems. Further
understanding of the relationship between settleability of MBR sludge and
CAS sludge could be achieved by transferring sludge from a steady state
MBR to a CAS system;
Further research should be done involving a hybrid system of suspended
biomass with a short SRT and fixed film biomass to see the effect of the
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biofilm presence on sludge production. This could present a means for
achieving high energy recovery while still allowing for nitrification to occur.

5.3 Final note
This thesis serves as a proof of concept for what can be accomplished in future
wastewater treatment plant designs. The A-B system found in the WWTP in Strass,
Austria is a milestone for the new wastewater paradigm. This design shows that
WWTPs, which are normally among the largest consumers of energy, can become energy
neutral. Such a design is of utmost importance with the current peak oil crisis, and global
warming.
The results of this thesis show that the A-B system can be successfully adapted to
include other objectives, such as phosphorus recovery. While the A-B system serves as a
means for partial mitigation of the world energy crisis, the modified A-B system should
serve as partial mitigation of the up and coming phosphorus crisis. Current mining of
phosphorus for use as fertilizer uses phosphorus in a throughput system with a large
portion of this discharged through our wastewater systems. Since there are no possible
alternatives for phosphorus to support life, it is critical that we turn the phosphorus
throughput into a phosphorus cycle by recovery from wastewater.
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6 Appendices
A.

Quality assurance and quality control
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