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Abbrevations

AS — Activated Sludge

B1O-P — Biological phosphorus removal
BNR — Biological Nutrient Removal
BOD - Biological Oxygen Demand

BODS5 — The amount of dissolved oxygen consumed in five days by biological
processes

CAS - Conventional Activated Sludge

CEPT — Chemical Enhanced Primary Treatment

COD - Chemical Oxygen Demand

EPS — Extracellular Polysaccharide Substances

HRT — Hydraulic Retention Time

KARV- Existing Kalmar Waste Water Treatment Plant
KSWWTP — Kalmarsund Waste Water Treatment Plant
MBR — Membrane BioReactor

MF — Microfiltration

MLSS — Mixed Liquor Suspended Solids

NF — Nanofiltration

PAO — Phosphorus Accumulating Organisms

Poly-P — Polyphosphate

POA4-P — Orthophosphate

RO — Reverse Osmosis

SBR — Sequencing Batch Reactor

SecS — Secondary Settling



SRT - Sludgre Retention Time

SS — Suspended Solids

TOTP — Total Phosphorus

TSS — Total Suspended Solids

UF — Ultrafiltration

WWTP — Waste Water Treatment Plant
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Sammanfattning

MBR, membranbioreaktor, &r en relativt ny reningsteknik som anvénder sig av
membranfiltration for att separera det aktiva slammet fran det biologiskt renade vattnet.
Genom att analysera analysresultat fran KalmarsundsReningsVerket, KARV, fran de
senaste sex aren (2008- 2013) och anta att PO4-P ut fran mellansedimenteringen skulle
motsvara totala utslappet fosfor i en MBR, kan man utreda om en framtida MBR med
samma driftsatt som det som anvants under de sex utvéarderade aren, skulle uppna nya
hogre reningskrav géllande totalfosfor. Kraven for utslapp av totalfosfor forvantas i
framtiden att ligga pa 0,2 mg/L eller 0,1 mg/L motsvarande dagens krav pa 0,3 mg/L
som arsmedel. Berdkningar presenterade i tabeller och diagram visar att dessa framtida
krav inte skulle uppnas. For att uppna dessa kravs det okad dosering av
fallningskemikalier eller annan atgard. Det biologiska steget ar i behov av en viss
mangd tillganglig fosfor for att bakterierna ska kunna reproduceras och prestera
optimalt. Utgangspunkten for arbetet &r att driftsattet under de gangna sex aren har
sakerstallt precis ratt mangd fosfor till biomassan i det aktiva slammet. Om sa ar fallet
skulle 6kad dosering av fallningskemikalie for att ta bort ytterligare fosfor kunna
resultera i fosforbrist i biosteget med minskad effektivitet som fojld. Den effekten skulle
kunna vara en vasentlig design-aspekt for en framtida MBR i Kalmar.

1 Summary

MBR, Membrane BioReactor, is a relatively new wastewater treatment technique using
membrane filtration to separate particles from the biologically treated water. By means
of analyzing analysis results from KARV, the existing wastewater treatment plant in
Kalmar, from the recent six years and assuming that PO,-P in the water from the
secondary settling tank equalizes with total effluent phosphorus in an MBR, the
opportunity of an MBR to reach future effluent requirements could be assessed. The
future effluent requirement for phosphorus is expected to be 0.2 mg/L or 0.1 mg/L.
Today the phosphorus effluent requirement in Kalmar is 0.3 mg/L total phosphorus as
annual average. Results from data analysis presented in figures shows that with the
same operation strategy as during the six evaluated years, the future requirements would
not be reached. Phosphorus is essential for yield and performance of biomass in the
biological treatment step. The starting position for the work is that the way of operation
during the six recent years would have given exactly the right amount of P to the
bacteria in the biological treatment step. An increased dose of chemicals for phosphorus
removal could lead to P-deficiency in the biological treatment step and thus decreased
efficiency. This effect could be an essential aspect in the design of a future MBR in
Kalmar.



2 Introduction

A membrane bioreactor (MBR) combines biological wastewater treatment with
membrane filtration. The difference between MBR and conventional activated sludge
(CAS) is that MBR separates the active sludge from the biologically treated water by
filtration instead of sedimentation (Krzeminski et al., 2012).

In Kalmar, Sweden, an investment in a membrane bioreactor is expected to have the
potential to lead to low phosphorus concentrations in the effluent of 0.2 mg/L or 0.1
mg/L. 0.2 mg/L is the expected requirement in the near future. It is discussed that 0.1
mg/L could be a possible future requirement for Kalmarsund WWTP (KSWWTP).
These low phosphorus concentrations are expected to result in a risk for deficiency of P
in the biological treatment step.

An MBR results in a reduced number of treatment steps from four to two (chemical
treatment and final filtration can be eliminated). This means that low phosphorus
concentrations need to be achieved already in the biological treated water. With this, the
risk of phosphorus shortage increases in an MBR due to reduced treatment steps and
absence of reason for further addition of chemicals to adjust PO4P concentrations.

2.1 Aim

The aim with the study is to deliver a conclusion that will contribute to the choice of
the future wastewater treatment technique at KSWWTP.

2.2 Premise

It is claimed that phosphate phosphorus (PO4-P) in Secondary Settling (SecS) waters
would equalize total phosphorus concentration in an MBR permeate due to the complete
separation of solids in the filtration process.



3 Method

3.1 Working method

Litterature research resulted in gathering of facts on phosphorus concentrations in
MBR-permeate, current authority requirements on phosphorus in the effluent from
WWTPs, dosing rates of precipitation chemicals when achieving phosphorus contents
of less than 0.1 mg/L in the MBR-permeate and risk for defiency of P in the activated
sludge with the MBR-process.

Data on phosphate phosphorus in the outlet from the secondary settling waters from the
recent six years of operation, collected from file folders at KSWWTs lab, were
evaluated. The mean value was calculated for each year, quarter and month over a six-
year period. PO4-P values were taken into account in diagrams showing the limit of 0.1
mg/L and 0.2 mg/L, respectively.

3.2 Problem definition

The bacteria in a wastewater treatment plant have a certain need of phosphorus for yield
and effective performance. KARV have during a decennium worked with optimization
of operation to reach a strategy that secures exactly the right amount of P to the
biological treatment step. With this work it can be postulated that the strategy of
operation during the last six years (2008-2013) would have given exactly enough
phosphorus to the biological treatment step and this can be summarized as a premise.
More exactly the premise says that KARV management during 2008-2013 gave exactly
the right amount of P to the biological treatment step to avoid P-deficiency in the AS.
With this base it is theoretically possible to verify if a future possible MBR could
achieve expected future requirements. If not, there is a risk for deficiency of P and
inefficiency of bacteria if the base is correct.

It is presumed that particular phosphorus concentration in MBR-permeate will be near
zero because of the total elimination of solids. Therefore, the total phosphorus
concentration in the effluent will be the same as PO4-P-concentration. These statements
lead to two questions:

e Could KSWWTP with the help of an MBR installation reach the future
requirements of 0.2 mg/L and 0.1 mg/L of total phosphorus in the effluent as
annual, quarterly and/or monthly average?

e Isthere arisk for P-deficiency and consequently ineffective bacteria
performance in an MBR for KSWWTP with future effluent standard of 0.2 or
0.1 mg/L total phosphorus, respectively?



4 Technique

4.1 Treatment process at the existing wastewater treatment plant in
Kalmar
The existing wastewater treatment plant in Kalmar is made up of three steps:

1. Mechanical treatment
2. Biological treatment
3. Chemical treatment

The mechanical treatment consists of screening in two 3 mm slit screens, removal of
sand and fat in two aerated grit traps and reduction of suspended solids in primary
clarification tanks. In order to optimize reduction of organic matter in the mechanical
treatment stage and minimize need for precipitation chemicals in the chemical treatment
stage, precipitation chemical ironchloride and polymers are added before the primary
clarification tank.

The biological treatment stage consists of two different treatment techniques for
oxidation of organic matter and biological nitrogen removal:

1. Conventional activated sludge process (CAS) in two lines with secondary settling
tanks — the mechanically treated water is led to the AS process for biological treatment
with predenitrification.

2. Sequencing batch reactor (SBR) — a part of the flow after the grit trap is led to the
SBR process for biological treatment with intermittent aeration.

The biologically treated water is led to the chemical treatment stage where precipitation
of the compound polyaluminumchloride is added as well as polymer.
Aluminumchloride binds the remaining soluble fosfate chemically, and the polymer
supports flocculation of chemical sludge and remaining organic flocs from the
biological treatment stage. After tertiary settling in the chemical stage, the treated water
is led to the recipient (Kalmar Vatten, 2012).

4.2 Membrane BioReactor technique (MBR)

4.2.1 Basics about membrane filtration

Membrane filtration is a separation technique. Depending on the size of the pores,
membrane filtration can separate particles, bacteria, or molecules, respectively, from
water. There are several membrane processes whereas the most widely used ones are
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO).
All these are processes that produce permeate and concentrate and they all have
different separation ranges (Coté et al., 2004).

Over the last 10 years, MBRs have been developed as an effective secondary treatment
technology with membranes applied usually in the range of those of MF and UF.
Membranes can be made from ceramic and plastic materials but also metallic
membranes exist. Polymeric materials like celluloses, polyamides and polyethylene are
the most common membrane materials and have a necessary chemical and physical
resistance (Coté et al., 2004).



There are two ways of separation in MBR that can be carried out, either with vacuum-
driven membranes immersed directly to the bioreactor, or by pressure-driven filtration
in side-stream MBR. Vacuum-driven membranes operate in a dead-end mode in
submerged MBRs and are the most common configuration with immersed membranes
(Radjenovic et al., 2008). An example of a membrane called Hollow Fiber can be seen
in Figure 1.
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Figure 1. Schematic and cross section picture of membrane type Hollow fiber (DIC
Corporation, 2014).

4.2.2 MBR

MBR is referred to as “the technology of membrane separation of activated sludge” and
was first established for a small niche market of ship-board sewage, high strength
industrial effluent and landfill leachate in the 1970s and 1980s. Nowadays MBRs are
based on the immersed filtration system with low negative pressure for wastewater
treatment (Moeslang and Brockmann, 2010).

The MBR can give a total nitrogen value of < 5 and a total phosphorus value of < 0.3
(Fleischer et al., 2006, Moeslang and Brockmann, 2010). The MBR effluent
microbiologically undercuts any applicable standard due to the physical barrier of the
membrane. For example, total coliform typically < 100 cfu/ 100 ml, total salmonella
0/1000 ml and helminth eggs are absent (Moeslang and Brockmann, 2010).

4.3 Phosphorus to the biostep

1-2 % of the total suspended solids (TSS) for bacteria mass in the mixed liquor consist
of phosphorus (Radjenovic et al., 2011, Henze et al., 2002). Phosphorus is used in the
cell for yield of bacteria and it is essential for the bacteria to get enough phosphorus
needed in the bacterial treatment processes. The choice of precipitation chemical
depends on which substance works best for removal of phosphorus. As a consequence,
most of the phosphorus in either soluble, particulate or colloidal form in wastewater can
be removed by chemical precipitation, and this may lead to phosphorus shortage and
affect the bacteria in the biological treatment processes (Water Environment Federation,
2013). In order to minimize risk for lack of phosphorus, the concentration of P in the



waters from the presettling tanks needs to be over 1.0 mg P/L. If it is not, shortage of P
can occur in the biological treatment step and sometimes phosphorus needs to be added
to receive good water treatment (Kemira Kemi AB, 2014). The optimum for biological
processes is that BOD5/Ptot >20 (Janeczko, 2003). The relationship BOD7/N/P in
wastewater should be 100/4/1 to prevent shortage of P to occur in biological treatment
processes (Hawerman, 1992).

4.4 Background: Examples of MBR plants

Even though MBR is a new and relatively young technology, there are hundreds of full
size plants in operation all over the world and it is now a standard technology
(Moeslang and Brockmann, 2010). There are no fullscale wastewater treatment plants
with MBR technique in Sweden today, but the possibility increases with lower prices
for the membranes and less need of energy for operation.

In Varsseveld, the Netherlands, a pilot study over five years showed promising results
as the first full-scale plant in the Netherlands. Overall the plant results were very
positive with permeate concentrations of 5 mg Ntot/L and 0.15 mg Ptot/L. The MBR in
Varsseveld had very high influent phosphorus concentrations due to the discharge of
industrial effluents. The removal of phosphorus is achieved by chemical precipitation
with a ferric salt (FeCISO,). The effluent requirement in the winter period (November —
March) is 1.0 mg P/l and the effluent target value in summer is (April — October) is 0.15
mg P/l (Van Bentem et al., 2010). This shows that dependent on period of the year, the
effluent phosphorus varies in concentration.

In Chesapeake Bay, Virginia, a pilot program was performed at a new wastewater
treatment facility called Broad Run Water Reclamation Facility (Fleischer et al., 2006).
A combination of biological and chemical phosphorus removal was applied to reliably
achieve effluent concentrations for total phosphorus of less than 0.1 mg/L and
occasionally even as low as 0.03 mg/L. Because phosphorus is released under anaerobic
conditions and only taken up subsequently in the downstream anoxic and aerobic zones,
phosphorus would be available in the zones where active biological growths occur.
Fleischer et al. claimed this means a good biological growth will occur.

For chemical precipitation an aluminum salt was used, and the lowest effluent
concentrations were achieved when dosing 73 mg/L alum (Fleischer et al., 2006). To
ensure there would be enough phosphorus in the reactor for good biological growth and
to reduce the amount of chemical needed for phosphorus removal, biological
phosphorus removal was included. The effluent TP was around 2,7 mg/L during the
initial operating periods. As claimed by Fleischer et al., microscopic examination of the
Mixed Liquor Suspended Solids (MLSS) confirmed that phosphorus accumulation
organisms (PAOs) were present. Alum addition began on March 5, 2001 at an initial
dose of 23 mg/L. The dose was increased in steps to 73 mg/L, resulting in a decrease in
effluent TP concentration from 2.7 mg/L to as low as 0.01 mg/L. Using the average
effluent TP before alum addition of 2.7 mg/L, this corresponds to a dose of 27 mg of
alum/mg TP, or a molar dose approximately 2.5 mole Al/mg TP. The average effluent
TP concentration at a dose of 73 mg/L was 0.03 mg/L, which implies that with a lower
dose it might be able to achieve the 0.1 mg/L treatment requirement

The alum dose was lowered during the last few weeks of the pilot study, but the effluent
TP concentration did not increase very rapidly and did not increase beyond 0.1 mg/L
until 14 days after the alum dose was reduced. This slow response to the decrease in



alum dose is another indicator that it may have been possible to achieve the 0.1 mg/L
TP objective at an alum dose lower than 73 mg/L during this study. To reach values
below the strict limit of 0.1 mg/L effluent phosphorus, it is predicted that metal salts
need to be added. The experience from similar systems in Chesapaeake bay indicates
that a condition of limited phosphorus can occur (Fleischer et al., 2006). This example
of plant in Chesapeake Bay shows that due to chemical adding the phosphorus
concentration decrease and there is hard to find the optimal dose of participation
chemical for good biological growth.

Today Broad Run Water is in operation, built in 2008, and reaching the required strict
standards. The high effluent requirements have been applied due to the fact that it is
upstream of a drinking water supply. With the more strict limit of 0.1 mg/L total
phosphorus, the Broad Run Water facitilty sets a new technology standard for the whole
world (Loudoun County Sanitation Authority, 2014).

Another test of nutrient removal capatibility in a pilot MBR plant was done with
wastewater from municipal sewage in the US (Daigger et al, 2005). The pilot was
operated for 112 days and alum was added to remove phosphorus. During the first 51
days no alum was added to regulate the base amount that could be removed by
biological activity alone. For the rest of the 50 days (day 52-112), alum was added to
maximize phosphorus removal and an effluent of 0.1 mg/L phosphorus could be
achieved. Dose of alum varied between 23 and 73 mg/L with an average dose of 43
mg/L. Without alum addition, total phosphorus concentration in the effluent was 2.76
mg/L in average with a minimum of 1.88 mg/L. Daigger et al. claimed these values
were lower than effluent values from a conventional AS plant and were reached without
any biological or chemical phosphorus removal competences. With the addition of
alum, an average total phosphorus of 0.24 mg/L in the effluent was reached with a
minimum value of 0.02 mg/L. The operating period of the pilot plant included several
days with TP effluent less than 0.1 mg/L. The addition of chemical for participation of
phosphorus seems effective achieving low effluents, indicating that chemical adding is
beneficial in reaching the strict limit of 0.1 mg/L.



5 Results

5.1 Data analysis

Data analysis of PO4-P- concentrations during six recent years in outlet from secondary
settling tanks in Kalmar was carried out. The mean values for PO,-P create a curve
which tells the average values for annual, quarterly or monthly concentrations.

As stated in Problem Definition, chapter 3.2, it can be presumed that particular
phosphorus concentrations in the MBR permeate will be near zero due to the total
elimination of solids. Therefore the total phosphorus concentration in the effluent from
an MBR is expected to be the same as the PO4-P-concentration. Future effluent
requirements for phosphorus, may be 0.2 or 0.1 mg/L either as yearly average, quarterly
averge or monthly average or a combination of these. Estimations summarized in
diagrams were set up which show mean values for years, quarters and months. As seen
in figure 2-4, the theoretical future effluent concentrations for total phosphorus from an
MBR with the same operational strategy for preprecipitation as during the recent six
years, would not reach the requirements of 0.1 mg/L or 0.2 mg/L phosphorus effluents
in any of annual, quarterly or monthly average diagrams (Figure 2-4) except for the
limit of 0.2 mg/L for annual average of PO4-P (Figure 2).

5.1.1 Annual average

The annual average values for PO4-P-concentrations did not exceed the limit of 0.2
mg/L. With the limit of 0.1 mg/L, annual average did not reach the requirement and had
values that exceeded the limit (Figure 2).
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Figure 2. Annual average PO4-P concentrations in comparison to effluent standards of
0.2 mg/L (black line) and 0.1 mg/L (red line).

5.1.2 Quarterly average

Quarterly average for PO4-P concentrations did not reach the limit of 0.2 mg/L or 0.1
mg/L respectively with 16.7 % of the values, over the limit of 0.2 mg/L and 45.8 % of
the values, over the limit of 0.1 mg/L (Figure 3). The opportunity to reach the 0.2 mg/L
limit may be easier than reaching the 0.1 mg/L limit.
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Figure 3. Quarterly average of PO4-P concentrations in comparison to effluent standards

of 0.2 mg/L (black line) and 0.1 mg/L (red line). Arrows show values over 0,2 mg/L
limit - 40f24:16,7 % and values over 0,1 mg/L limit - 11 of 24 : 45,8 %.

5.1.3 Monthly average
Monthly average did not reach the limit of 0.2 mg/L (marked with black) or 0.1 mg/L
(marked with red) respectively. Values over the limit of 0.2 mg/L marked with orange

circles and values over the limit of 0.1 mg/L marked with green circles show exceeding

values. A returning spike can be seen in the summer period but only every other year
and is easily spotted in Figure 4 indicating high PO4-P values.
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Figure 4. Monthly average of PO,4-P concentrations in comparison to effluent standards

of 0.2 mg/L (black line) and 0.1 mg/L (red line).

5.2 Problem definition control

By means of analyzed data and literature studies the problem definition questions could

be answered. In the premise (chapter 2.2 page 2) it is suggested that PO4-P in SecS
waters equalizes the total phosphorus concentration in an MBR process permeate. The
results show that the annual average of total phosphorus concentration in the effluent
from a future MBR operated with the same strategy for preprecipitation as during the

recent six years, should achieve the future effluent requirement of 0.2 mg/L, but not the




more strict requirement of 0.1 mg/L. For the requirement of 0.1 mg/L the effluent
phosphorus values, more than half of all values were over the limit.

The quarterly average values would not achieve the limit of 0.2 mg/L or 0.1 mg/L
effluent phosphorus, respectively. With 16.7 % of the values exceeding the 0.2 mg/L
limit and 45.8 % of the values exceeding the 0.1 mg/L limit.

Monthly average values would neither reach the effluent limit for phosphorus of 0.2
mg/L nor of 0.1 mg/L. Monthly average values exceeding the limit of 0.2 mg/L effluent
phosphorus with 16 out of 72 PO4-P values and 33 out of 72 PO4-P values exceeding
the limit of 0.1 mg/L effluent phosphorus.

The KSWWT would not have reached the requirements during the years 2008-2013
with the theory that PO4-P in SecS waters equalizes with total phosphorus
concentration in an MBR process permeate. Basically one can conclude, that a future
MBR-plant in Kalmar operated with the same precipitation strategy as the existing plant
has been operated with during the recent six years, would result in total phosphorus
concentrations in the effluent that would exceed the future stringent requirements of 0.2
mg/L or 0.1 mg/L of total phosphorus as quarterly or monthly average. In annual
average, the requirement of 0.1 mg/L phosphorus would exceed the limit but as annual
average, the requirement of 0.2 mg/L would be achieved.

The strategy for phosphorus removal would need to be adjusted to reach the future
requirements. An increased dose of preprecipitation chemicals is assumed to be the
most effective solution, but this might lead to P-deficiency. The shortage of P is caused
by the elimination of most phosphorus in the water due to chemical addition.

An addition of more chemicals for preprecipitation of phosphorus in order to reach
future requirements at KSWWTP would lower the amount of phosphorus to the
biological treatment step, and the balance of operation with exactly the right amount of
P to the AS would be disturbed. This results in a risk for P-deficiency and consequently
risk for unfunctional bacteria metabolism and even risk for ineffective bacteria
performance with future effluent standards of 0.2 or 0.1 mg/L total phosphorus.
However, this aspect needs to be quantified in order to be able to specify the effect on
design data of a future MBR-plant.
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6 Discussion

With the effectiveness of nutrient removal, MBR is a good alternative for the future
WWTPs to reach the future requirements. Due to the total exclusion of solids, an MBR
will give us zero particular phosphorus concentration (Pellegrin et al., 2013). As
presented in chapter 3.2, Problem Definition, KARV have during a decennium worked
with optimization of operation to reach a strategy that secures exactly the right amount
of P to the biological treatment step. The premise (chapter 2.2) says that KARV
management during 2008-2013 gave exactly the right amount of P to the biological
treatment step to avoid P-deficiency in the AS. With this base it is theoretically possible
to verify if a future possible MBR could achieve expected future requirements. If not,
there is a risk for P-deficiency and inefficiency of bacteria if the base is correct.

As presented in chapter 5, Results, an MBR at KSWWTP with the same strategy for
preprecipitation as has been used the recent six years would not lead to desired effluent
values of 0.2 mg/L and 0.1 mg/L. The only exception is for an annual average of 0.2
mg/L.

A future MBR at KSWWTP could meet a requirement of 0.2 mg/L as annual average
an. In figure 2 all the values are under 0.2 mg/L and the most recent values are way
below the limit of 0.2 mg/L. The curve showing the annual average PO4-P
concentrations flattens out during the years 2012-2013 with values close to 0.1 mg/L.
This might indicate more stable operation during the recent two years and a slight
chance that stable operation with a somewhat higher dose of preprecipitation chemicals
could lead to annual average concentrations below 0.1 mg/L (Figure 2).

Quarterly average mean values for 0.2 mg/L limit do not exceed the limit more than a
few times (Figure 3). There are only one or two values that do not reach the requirement
and top over the limit of 0.2 mg/L for quarterly average. With an adjustment in
chemicals, the operation of KSWWTP may reach the requirement for 0.2 mg/L even as
quarterly average values.

Values over the limit 0.1 mg/L in quarterly average do not stand the requirements
(Figure 3). The arrows in figure 3 show the values beyond the limit and almost half of
the values (45.8%) are over the limit. They all appear in warm periods like April-June
and July-September and may be related to water flow. Also a disorder in operation can
be the reason to the extremely high spikes (e.g Figure 3). The drastic change from very
high to very low values that can be observed in all diagrams may be due to overdose of
FeC|3.

In all cases, except PO,4-P as annual average and effluent phosphorus limit of 0.2 mg/L,
PO,-P exceeds the requirement limits. Increased precipitation or other measures need to
be taken in order to achieve phosphorus concentrations in the effluent that would meet
the future requirements. An increased dosage of chemicals to preprecipitation is
neccessary for effluent phosphorus to be below the limits of 0.2 mg/L and 0.1 mg/L. As
a consequence, most of the phosphorus in either soluble, particulate or colloidal form in
wastewater can be removed by chemical precipitation, and this may lead to phosphorus
shortage and affect the bacteria in the biological treatment processes (Water
Environment Federation, 2013). Because of the elimination of most phosphorus in the
water, the bacterial treatment step does not receive the amount of nutrient needed and
function of the bacteria may become ineffective.
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In chapter 4.4, Background: Examples of MBR Plants, the MBR plant in Chesapeake
Bay was operated with a chemical precipitation to decrease effluent phosphorus. The
plant reached the stringent requirement of 0.1 mg/L effluent phosphorus. With an
increased alum addition the concentration of total phosphorus decreased, but took a long
time to increase to the original concentration after decreasing the alum addition. The
recover-period of 14 days for total phosphorus concentration may indicate that the
biological step was affected by overdosing of alum (Fleischer et al., 2006). 14 days may
also relate to a sludge age which means that the chemicals have been washed out with
the excess sludge.

If the effluent concentrations exceed the required value and it is decided to use even
more chemical addition as preprecipation, the biological treatment step may not get the
phosphorus needed and our bacterial processes would not function properly. This would
give an unfunctional biological treatment step (Fleischer et al., 2006) and make the
bacteria slower, which is indicated in the period of 14 days to recover of phosphorus
concentrations at the plant in Chesapeake Bay (Fleischer et al., 2006). It can be assumed
that an unfunctional biological treatment step leads to the need of larger volumes than
for a plant without shortage of P. But because MBR works at high MLSS concentration
and eliminates the loss of slow growing nitrifiers, the technique has demonstrated
superior performance for nitrification even at very low temperature (Coté et al., 2004).
Due to effects of shortage of phosphorus, MBR would be a risky choice with no
specified solutions to phosphorus shortage in bacterial processes affecting bacteria
performance. But the MBR process can achieve a very high removal of total phosphorus
to an effluent level of 0.1 mg/L chemically.

The effect of inefficiency of bacteria in the biological treatment step due to shortage of
P needs to be specified microbiologically. Does shortage of P affect the activated sludge
content and indirectly the bacterial processes? The effect of shortage of P on the
bacterial processes, like nitrification by nitrifiers, needs to be quantified. Do the
nitrifiers become slower and ineffective as an affect of shortage of P?
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7 Conclusion and recommendations

A membrane bioreactor is a relatively new and unproven technique which can make it a
bit risky for well-informed water treatment people. The high cost of operation and
membranes can discourage, but advantages like the small size may attract others. The
greatest advantage is the very effective nutrient removal which is very lusted for with
the future requirements of low effluent phosphorus of 0.2 mg/L and 0.1 mg/L. With the
premise that PO4-P concentrations in the outlet from the secondary clarifier at KARV
can be equated with total phosphorus concentrations in the permeate from a future
MBR, none of the furure requirements could have been reached with an MBR operated
with the same preprecipitation strategy used at KARV during the recent six years,
except for 0.2 mg/L as annual average. Increased addition of chemicals in the MBR
could help to lower phosphorus concentrations. The postulation that the strategy of
operation during the recent six years (2008-2013) gave exactly enough phosphorus to
the biological treatment step to avoid P-deficiency in the AS, leads to the conclusion
that increased chemical precipitation might result in a high risk fér shortage of P. The
effect of shortage of phosphorus needs to be specified quantitatively in regards to
decreased bacteria performance. Prior to that it would be of help if the maxmimum
possible dosage of precipitation chemical to the activated sludge stage at KSWWTP in
order to prevent phosphorus deficiency could be specified.
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Appendix: Facts and explanations

Appendix A Nutrients

Relatively high nitrogen and phosphate concentrations in wastewaters base on
municipal wastewater that contains feaces and urea and on common discharge of partly
treated industrial wastewater. Phosphates and nitrates are both rate-limiting for the
process of eutrophication. Their removal from wastewater is essential for Water
Management. Organic carbon and nutrients are removed from wastewater in the
biological stage of a wastewater treatment plant. This is carried out by microbes that
live and grow embroiled in Extracelluldr polysaccharides (EPS) that binds the bacteria
and forms flocs. The floc-forming is a vital part of the activated sludge treatment of
wastewater and allows adsorption of soluble substrates and the adsorption of the
colloidal matter macromolecules also found in wastewaters. The microbial community
in activated sludge has a large diversity of eukaryotes, prokaryotes and viruses whereas
bacteria dominate and play the key role in the degradation process (Radjenovic et al.,
2008).

Orthophosphate is the not the only, but the major, form of phosphorus in raw municipal
wastewater. Other phosphorus forms, polyphosphates or condensed phosphates and
organic phosphorus, will be converted in orthophosphate during biological treatment
processes. By chemical addition the major and principal form of phosphorus,
orthophosphate ions, can be removed. Environmental factors influence and limit the
growth of the microbes. The main two are temperature and pH value which indicates the
acidity or alkalinity of the aqueous environment (Radjenovic et al., 2008). Other
environmental factors are the resouces of nutrients, mainly N and P. Wastewater content
plenty of N but also some P. Dependent on shape of the plant and the operation strategy
of the plant, P can be a scarce commodity.

Nitrification and denitrification

Biological nitrification is an aerobic process where ammonia is converted to nitrite
(NOy) and then to nitrate (NO3). Nitrogen can be removed from wastewater by reducing
the produced nitrate to nitrogen gas (N), anoxic denitrification. Nitrification is,
because of low growth rate of nitrifying bacteria, a rate-limiting step in the biological
removal of nitrogen in wastewater treatment plants. For nitrification to occur, the net
rate of accumulation of biomass needs to be less than the bacterial growth rate. To
increase the nitrification capability of the activated sludge, long sludge retention times
are required. In MBR-plants, nitrifying bacteria are prevented from being washed out
from the bioreactor due membrane filtration (Radjenovic et al., 2008).

Bacteria

It is essential for the bacteria to get enough energy for the bacterial treatment processes.
Phosphorus is used in the cell for growth but only a small amount of phosphorus is used
in the cell, only 1-2 % of the total suspended solids (TSS) bacterial mass in the mixed
liquor. In an MBR, phosphorus removal is often being improved by a physical retention
of PAOs where the membrane will act as a physical barrier. Intermittently aerated
MBRs can remove phosphorus biologically, but due to inhibition by nitrate, biological
phosphorus removal does not happen on a higher level (Radjenovic et al., 2008).
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Appendix B Phosphorus removal

Biological phosphorus removal

Phosphorus removal can be divided into two process groups: chemical and biological
processes. The biological removal or Bio-P-process has both anaerobic and aerobic
zones where the phosphorus release from the bacteria to the water occurs in the
anaerobic zone. During the anaerobic conditions, cellular energy in form of Poly-P can
be used as energy at uptake of organic carbon to the cell. This is achieved by
simultaneous release of phosphorus.The bacteria is being stressed and ‘eats’ organic
material and stores it as energy in their cells. The stored energy is later used as carbon
source in the aerobic zone whereas phosphorus is being absorbed from the water to the
bacteria cell. The phosphorus is now stored as Poly-P and is later used as energy, when
the organic material is being metabolised by the bacteria in the anaerobic zone
(Borglund, 2004).

Chemical phosphorus removal

Chemical phosphorus removal is achieved by chemical precipitation of phosphorus.
Precipitation of phosphorus is the transformation of solube phosphorus that is present in
the wastewater as orthophostphate ions to an insoluble chemical compound (salt). IN
order to remova P from the water, these insoluble precipitates are separated from the
water by filtration or sedimentation (Water Environment Federation, 2013). The
chemical phosphorus removal is also called “removal by salt addition” and can be
applied as direct precipitation, pre-precipitation, simultaneous precipitation or post-
precipitation. Sometimes one plant has several metal salts added in different points of
the plant which result in the application of two or several kinds of precipitation at one
plant (Kraume et al., 2005).

The precipitated phosphate, transformed into hardly soluble aluminum, iron or calcium
salts, is withdrawn as chemical sludge (in simultaneous precipitation together with the
excess sludge) (Kraume et al., 2005). The phosphorus removed remains fixed in the
waste sludge as inorganic precipitate and is not released. Chemical phosphorus removal
can be used as a primary removal process or in combination with biological removal
process but is often the main phosphorus removal method of choice for small and
medium size plants where biological phosphorus removal is not practical or economical
(Water Environment Federation, 2013).

The major form of phosphorus in raw municipal wastewater is orthophosphate ions.
This is the principal form of phosphorus that is removed by chemical addition. A
biological process will contain residual soluble phosphorus in its effluent, primarily in
the orthophosphate form with an impact of from refractory dissolved organic
phosphates. These can be of concern where very stringent limits of total phosphorus at
the level of 0.1 mg/L or less is required (Water Environment Federation, 2013).

Aluminum

Aluminum is one of the most commonly used chemical for phosphorus removal. There
are several aluminum compounds used for phosphorus removal in the wastewater
industry. The most widely used chemical for phosphorus removal is aluminum sulfate,
known as alum. Other aluminum chemicals are polyaluminum chloride (PACI) and
sodium aluminate. The aluminum ion, that is the active precipitating agent, combines
with orthophosphate ions to form aluminum phosphate.

AP + (PO4)* — AIPO, (Water Environment Federation, 2013).
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Iron

In phosphorus precipitation with Iron based chemicals, trivalent ferric (Fe**) salts and
chiefly ferric chloride (FeCls) are the most commonly used iron compounds. Sometimes
even ferric sulfate (Fe2(SQO,)s3) is used. Ferric salts addition is often used for odor control
and can therefore be a chemical of choice for phosphorus removal. Frric ions form ferric
phosphate when combined with orthophosphate ions.

Fe** + PO,* — FePO, (Water Environment Federation, 2013).

Other salts

Other common salts are lime and magnesium hydroxide. Lime has become less
common but has historically been used to remove phosphorus and increase alkalinity.
Today lime is unusual at wastewater treatment plants because of the lime handling
difficulties and the accessibility of more effective chemicals. Lime addition for
phosphorus precipitation need a high pH of >10 and is therefore not compatible with
biological treatment. Magnesium hydroxide is a high cost chemical to precipitate
phosphorus. Magnesium hydroxide works by raising the pH and gives the same result as
lime addition (Water Environment Federation, 2013).

Doses

The doses of chemical injection need to be in a well-established design where the point
and location of the chemical injection is measured. Also the chemical dose control must
be observed. Chemicals can be added in different locations depending on the aim.
Chemicals for phosphorus removal are injected in the sludge stream either upstream or
downstream of the membrane tanks depending on the location of sludge recycle pumps
(Pellegrin et al., 2013).
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Appendix C Advantages and Disadvantages of an MBR

The MBR has been used for over 20 years and there are 800 installations of MBR-plants
in Europe alone. There are advantages with MBR-technique that in many ways can
make it a better choice than a conventional activated sludge process, but there are also
disadvantages to have in mind regarding MBR (Krzeminski et al., 2012). In table 1, the
main advantages and disadvatages of MBR are listed.

Table 1. Advantages and disadvantages of MBR

Advantages Disadvantages
Elimante secondary High cost for energy
clarifiers and tertiary consumption

filtration processes

Little space — low footprint | Membrane fouling

Effective nutrient removal | Pretreatment required

Low sludge production Risk for AOX-production by
usage of NaOCl as cleaning
chemical

Effective microbial Risk for lack of P

particles removal

Clarifiers, filtration and footprint

An MBR eliminates secondary clarifiers and tertiary filtration processes which results in
reduced footprint on the environment. Other processes with an MBR like digesters or
UV disinfection or chlorine can be eliminated or minimized. Microbial pathogens like
parasites and bacteria are rejected by the membranes because of their much larger size
than the pore size of the membranes. Viruses can be smaller but are normally rejected
because of the association with suspended solids. The quality of solids separation in an
MBR does not depend on the mixed liquor suspended solids concentration or
characteristics. Because mixed liquor concentrations are raised, the aeration volume can
be reduced and therefore the plant footprint decreases (Coté et al., 2004).

An MBR can be designed with long sludge age, and therefore have a low sludge
production. Another advantage is that MBR produces effluents with MF/UF quality
that are suitable for reuse application. The effluent produced can also be used as a high
quality feed water source for treatments like Reverse Osmosis. An MBR consists of a
conventional activated sludge process combined with membrane separation to recollect
the biomass (Santosa et al., 2011).

The small footprint of an MBR can be an advantage that is used to address issues of
visual pleasantness, odour and noise. MBR plants in a crowded city for example where
the entire application is held in a building which is designed to blend in with its
surrounding landuse contribute. The buffer distance can therefore be reduced and the
plant can have a small space to the nearest neighbor. With this, also the surrounding
land values increase (Chapman et al.,(n.y)).

Cost and space

Pretreatment for MBR is important but varies somewhat with the size and capacity of
the plant. Small plants have an overall lower MBR cost that is relative to the cost of the
membranes, therefore it is less desired to protect the membranes with pretreatment in
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example of antifoulants that help keep some compounds such as iron in suspension.
Maximizing the lifespan with a multi-step pretreatment process is less of a concern.
Large plant membranes are a larger percentage of the overall plant cost and therefore
the use of a multi-step pretreatment process is important. The pretreatment is
maximizing the membrane life and minimizing upcoming membrane replacement costs
(Coté et al., 2006).

A comparison of capital costs of conventional AS plants with MBR plants give that
MBR plants are less expensive because savings associated with eliminating secondary
clarifiers and reducing the size of aeration tanks are made. But for MBRs the operation
and maintenance costs like materials, energy and chemicals always are higher (Coté et
al., 2004).

Membrane braiding and fouling

The first generation of MBRs had large diameter tubular membranes and pretreatment
became an issue first around the 90s. Membranes without any pretreatment or poor
treatment have a risk of membrane braiding due to build ups of hair, trash and other
fibrous material. This leads to an increased risk of sludge accumulation and damage to
the membranes. The quality of the effluent values could be affected and trash in the
mixed liquor can stop aeration which would decrease the membrane’s efficiency. Also,
because the membranes are building up a complete barrier, the trashes will build-up in
the bioreactor (Coté et al., 2004).

The MBR membranes contain filtration in different separation ranges that allows the
membranes to reduce suspended solids to below detection limit. To keep the membranes
from fouling on the permeate side chlorine and/or acid in the backpulse water could be
used to keep the effluent water clean (Coté et al., 2004).
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