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Mapping of Phosphorus at Rya Wastewater Treatment Plant
A Case Study of the Phosphorus Treatment at Rya Wastewater Treatment Plant

FRIDA BYSTROM

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Phosphorus (P) is an essential building stone for humans and plants, but it can
cause eutrophication when discharged into water bodies. Wastewater is one of the
main inputs of phosphorus into freshwater sources, and treatment of phosphorus
through chemical and biological methods is essential to reduce the concentrations
reaching recipients. Rya wastewater treatment plant (WWTP) is located in Gothen-
burg, Sweden, and employs simultaneous chemical precipitation for the reduction
of phosphorus with iron(ll) sulfate (FeSO4). Su L[cieht P removal is achieved at
Rya WWTP even as the dosage of FeSO, is low compared to recommended levels
of chemical dosing given in literature. A mass balance of the P at the WWTP was
constructed combined with laboratory tests measuring P-release/uptake and chemi-
cal precipitation with drinking water sludge (DWS) to investigate possible processes
within the plant contributing to phosphorus removal besides the chemical precipi-
tation with FeSO,.

The primary reduction of P, around 85% of the total reduction, can be observed
after the addition of FeSO,4 over the activated sludge (AS) basins and the secondary
settling tanks (SSTs) for both total P (Tot-P) and orthophosphate as P (PO,4-P) at
Rya WWTP. The remaining reduction of 15% occurs in the denitrifying moving bed
biofilm reactor (DMBBR) for the PO,4-P and through the disc filters (DF) for the
suspended phosphorus. The P-release and uptake batch test indicated that bio-P
bacteria with the ability to release and store P is present in the AS at the plant.
Combined with the observed presence of polyphosphate-accumulating organisms
(PAOs) at Rya WWTP through participation in the MiDAS project, the results
indicate bio-P treatment at the plant, but to what extent remains undecided. The
aluminium in the DWS showed that it could precipitate PO,4-P, which means that a
reduction of ca. 15-18 tonnes/yearly of PO4-P occurs before the water reaches the
AS basins at Rya WWTP. The contribution from the DWS to PO4-P reduction, the
presence of PAOs in the AS basins and their ability to store and release P are two
possible explanations for the low e [ueht concentrations of P with the sparse dosage
of FeSO;.

Keywords: Enhanced biological phosphorus removal (EBPR), chemical precipita-
tion, polyphosphate accumulating organisms (PAOSs), drinking water sludge, or-
thophosphate, Iron(ll) sulfate (FeSO,), activated sludge.






Kartlaggning av fosfor pa Ryavekert
En fallstudie av fosforreningen pa Ryaverket

FRIDA BYSTROM
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Chalmers Tekniska Hogskola

Sammanfattning

Fosfor (P) &r en viktig byggsten for manniskor och véaxter, men den kan orsaka
overgddning vid utslapp i vattendrag. Avloppsvatten ar en av de storsta kallorna
vid utslapp av fosfor till vattendrag, och rening av fosfor med kemiska och biol-
ogiska metoder ar avgdérande for att minska koncentrationerna som nar recipien-
terna. Ryaverket ligger i Goteborg, Sverige, och anvander simultanfallning med
jarn(1Dsulfat (FeSO,4) for reduktion av fosfor. Tillrackliga rening av utgaende P
uppnas vid Ryaveker dven om dosen av FeSO, ar lag jamfort med rekommender-
ade nivaer av kemikaliedosering angiven i litteratur. For att undersdka mojliga
processer inom anlaggningen som bidrar till fosforavskiljning, forutom den kemiska
utfallningen med FeSQO,, konstruerades en massbalans dver fosfor vid reningsverket
kombinerat med laboratorietester som mater P-slapp/upptag och kemisk fallning
med dricksvattenslam.

Den primara minskningen av P, cirka 85% av den totala minskningen, kan observeras
efter tillsats av FeSO,4 dver bassangerna for aktivt slam (AS) och de sekundara sed-
imenteringstankarna (SST) for bade total P (Tot-P) och ortofosfat som P (PO,-
P) vid Ryaverket. Den aterstdende minskningen pa 15% sker i de denitrifierande
biofilmreaktorerna med rorlig badd (DMBBR) for PO, och genom skivfiltren (DF)
for den suspenderade fosforn. Burktestet for P-slapp och upptag visade att bio-
P-bakterier med formaga att frigéra och lagra P finns i det aktiva slammet vid
anlaggningen. | kombination med den observerade férekomsten av polyfosfatacku-
mulerande organismer (PAOs) vid Ryaverket genom deltagande i MiDAS-projektet,
tyder resultaten pa bio-P-behandling vid anlaggningen men i vilken utstréckning ar
annu oklart. Aluminiumet i DWS visade att det kunde falla ut PO,-P, vilket in-
nebar att en minskning med ca. 15-18 ton/ar av PO,-P forekommer innan vattnet
nar AS-bassangerna vid Ryaverket. Bidraget fran DWS till minskningen av PO,-P,
narvaron av PAO i AS-bassangerna och deras férmaga att lagra och frigéra P ar tva
mojliga forklaringar till de laga avloppskoncentrationerna av P med den sparsamma
dosen FeSO, .

Nyckelord: Lyxupptag av fosfor (EBPR), kemisk fallning, polyfosfat, polyfosfa-
tackumulerande organismer (PAO), dricksvattenslam/vattenverksslam, ortofosfat,
Jarn(ll) sulfat (FeSO,), aktiv slam.
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1

Introduction

This chapter introduces the subject of P and the importance of reducing P loads
reaching waterbodies through wastewater treatment along with the purpose, aim
and limitations.

1.1 Background

P is a nutrient that is essential for both humans and plants as it is part of our bones,
nerves and even DNA (Sincero and Sincero, 2002). As P leads to algae growth when
discharged into freshwater, there is a risk of eutrophication with excessive P release
(Henze et al., 1997; Sincero and Sincero, 2002). Eutrophication is when the concen-
trations of nutrients, such as P, increase in a water body (Britannica, T. Editors of
Encyclopaedia, 2019; U.S. Geological Survey, 2018). One consequence of eutrophi-
cation is algae growing in excess due to the nutrient supply, and dissolved oxygen is
consumed during the degradation process of algae when it dies, leading to ecosystem
degradation. One of the prime sources of P in waterbodies is fertilizers and wastew-
ater treatment plants (WWTPs) (Conley et al., 2009). P ends up in wastewater as it
discharges from households, industries and natural runo (Metcalf and Eddy, 2014).

Treatment of P in WWTPs can be chemical, biological or a combination of the two
(Yeoman et al., 1988). A precipitation chemical in the form of metal salts is mixed
with wastewater for particles to form larger particles ( ocks) that separate from the
wastewater during chemical precipitation (Henze et al., 1997). P stores in bacte-
ria called polyphosphate-accumulating organisms (PAOs) with varying aerobic and
anaerobic conditions during biological P (bio-P) removal, which makes it possible
to separate P from water into sludge (la Cour Jansen et al., 2009).

Rya WWTP is located in Gothenburg, Sweden, and serves wastewater treatment
to the 887 442 connected Population Equivalents (PE) from domestic households
and 70 000 PE from industry in Vastra Gotaland County (Gryaab, 2022). Physical,
chemical and biological treatment is applied at the WWTP to reduce the nutrients,
degradable and organic materials, particles, objects and settleable substances that
reach Gota River. Drinking water sludge (DWS) from the drinking water treatment
plants Lackarebéck and Alelyckan is also sent to Rya WWTP for further treat-
ment through the wastewater piping system (Pacoste et al., 2020). The physical
processes include bar screens, settling tanks and disc Iters while activated sludge,
nitrifying trickling Iters, nitrifying moving bed bio Im reactors, and denitrifying
moving bio Im reactors are biological treatments. The chemical treatments consist
of simultaneous chemical precipitation and direct precipitation.

Simultaneous chemical precipitation is used at Rya WWTP as P treatment by

1



1. Introduction

adding Iron(I)Sulfate (FeSO;) with a molar ratio between 1.0-1.3 mole Fe/mole
incoming P (Gryaab, 2022). The concentration of P in the e uent at Rya WWTP
reached 0.18 mg/L on average in 2021, which is lower than the maximum concen-
tration of 0.3 mg/L stated in the environmental permit for Rya WWTP set by
the Environmental assessment delegation in Vastra Gotaland County on January
29, 2020. The necessary molar ratio between Fe and incoming P in literature is 2
mol Fe/mol P to reach an e uent concentration of 0.3-0.5 mg/L (Henze et al., 1997,
Metcalf and Eddy, 2014). As the dosage of Fe is low at Rya WWTP compared to lit-
erature, the question of any other processes occurring within the plant that reduces
the P concentration and makes it possible to achieve a low e uent concentration
has emerged.

1.2 Purpose & Aim

This thesis investigates possible reasons for P reduction at Rya WWTP besides
chemical precipitation with FeSQ, as the low dosage of Fe indicates that alterna-
tive processes contribute to the removal of P.

This thesis aims to map out how P travels within the WWTP and why the dosage
of precipitation chemicals is low. The following questions will be answered to reach
the aim:

How does P travel within the plant, and where does reduction occur?
Does any bio-P treatment occur within Rya WWTP?

" Do the precipitation chemicals in the DWS that reaches Rya WWTP a ect
the phosphorous treatment?

1.3 Limitations

The results of this thesis are applicable at WWTPs with similar conditions as Rya
WWTP, as it consists of a case study. The e ects of drinking water sludge on other
substances than P treated at the WWTP will not be discussed within the scope of
this thesis. The capacity of the activated sludge to biologically treat wastewater is
only evaluated for P.



2

Theory

This chapter covers the basics of wastewater treatment, a more in-depth description
of the P treatment at WWTPSs, the concept of P-release and uptake tests, and an
extensive description of the treatment at Rya WWTP.

2.1 Wastewater treatment

Wastewater is puried to remove nutrients, metals, organic materials, hydrogen
sulphide and pathogens to avoid eutrophication, odour, toxicity for water living
organisms and humans, or bio-accumulation (Henze et al., 1997). The treatment
methods of wastewater divide into physical/mechanical, chemical, and biological
(Metcalf and Eddy, 2014).

2.1.1 Wastewater composition

The sources of wastewater include domestic/sanitary wastewater, industrial wastew-
ater, in ltration/in ow from leaks in pipes, and stormwater, which is runo from

rain or snow (Metcalf and Eddy, 2014). Stormwater is also diverted to WWTPs for
treatment if the stormwater and wastewater collection systems are combined . The
main components in wastewater include microorganisms, biodegradable and other
organic materials, nutrients, metals, and other inorganic materials (Henze et al.,
1997; Sincero and Sincero, 2002). The sources and composition of the wastewater
determine what type of treatment is needed to achieve set target values in accor-
dance with laws and regulations.

The characteristics of wastewater are physical, chemical or biological (Metcalf and
Eddy, 2014; Sincero and Sincero, 2002). The physical properties include colour,
odour, solids and temperature. The chemical properties in wastewater are organics
such as pesticides and oils, inorganic constituents such as heavy metals and P, and
gases. The biological content of wastewater consists of organic materials, plant
components, viruses and protists (Metcalf and Eddy, 2014).

2.1.2 Physical/Mechanical treatment

The physical/mechanical treatments involve no change of the substance as in bio-
logical or chemical operations, it is instead moved around and transferred (Metcalf
and Eddy, 2014; Sincero and Sincero, 2002). The physical methods include sedimen-
tation, gas transfer, adsorption, mixing and occulation, and membrane lItration.
Mixing is either done rapidly to mix two substances, such as chemicals and wastew-
ater, or to keep contents suspended in e.g. aerobic digesters. Flocculation forms
larger particles (ocs) by collisions of particles that make them stick together and

at a slower pace than mixing. Membrane ltration can Iter both dissolved and

3



2. Theory

particulate substances by Itration through a medium with hydraulic pressure or
vacuum. The substance desired for removal, the adsorbate, is accumulated onto an
adsorbent, commonly activated carbon in wastewater treatment, during adsorption
(Metcalf and Eddy, 2014). Sedimentation takes place in a rectangular or circu-
lar tank as particles sink to the bottom of the tank through gravity (Sincero and
Sincero, 2002).

2.1.3 Chemical treatment

There is a chemical change in the composition of substances during chemical treat-
ment (Sincero and Sincero, 2002), with treatment methods such as coagulation,
chemical precipitation or ion exchange (Metcalf and Eddy, 2014). Coagulation and
chemical precipitation for chemical removal of P are described further in Section
2.2.1. lon exchange is a process that removes dissolved ionic constituents by replac-
ing dissolved ions with ions from an insoluble material (Metcalf and Eddy, 2014;
Sincero and Sincero, 2002).

2.1.4 Biological treatment

It is essential with organic waste, electron acceptors, a temperature suitable for the
desired bacteria, a pH between 6 and 8 for most bacteria, and nutrients such as
carbon or nitrogen that makes up the structure of bacteria for microbial growth in
all biological treatment processes (L. K. Wang et al., 2010). Activated sludge is a
popular treatment method where bacteria convert organic matter to gases or cell
tissue, removing it from the wastewater (Metcalf and Eddy, 2014). The microorgan-
isms, the activated sludge, are kept suspended through aeration or stirring and form
ocs that separate from the water in a settling tank (Henze et al., 1997; Metcalf
and Eddy, 2014). Sludge is returned from the settling tank to the activated sludge
tank, where the sludge incorporates into the activated sludge. Part of the sludge,
called waste activated sludge (WAS), is withdrawn from the system.

Moving bed bio Im reactors (MBBRS) is another biological treatment process, but
unlike the activated sludge process, there is no return of activated sludge. The mi-
croorganisms instead grow on a suspended media that separate from the e uent
water with screens (Metcalf and Eddy, 2014).

Nitri cation and denitri cation that reduce nitrogen levels take place in the acti-
vated sludge process (L. K. Wang et al., 2010). Nitri cation occurs during aero-
bic conditions by autotrophic bacteria, commonly Nitrosomonas and Nitrobacter in
wastewater treatment (Henze et al., 1997). The Nitrosomonas oxidize ammonium
to nitrite while Nitrobacter oxidizes nitrite to nitrate. These bacteria have a slow
growth rate compared to denitrifying bacteria. The denitrifying bacteria are het-
erotrophic bacteria that oxidize nitrate to atmospheric nitrogen. The denitri cation
process occur under anaerobic conditions and is anoxic as nitrate is the oxidizing
agent. These aerobic and anaerobic zones also make it possible for the growth of P
reducing bacteria, further explained in Section 2.2.2.

4



2. Theory

2.1.5 Sludge treatment

Sludge forms as wastewater pass through di erent treatment processes and con-
stitutes are separated (Henze et al.,, 1997; Metcalf and Eddy, 2014). The sludge
from the separation of particles through primary sedimentation is primary sludge,
the sludge from biological treatment is named secondary sludge (Metcalf and Eddy,
2014), and the sludge from chemical treatment is called chemical sludge (Sincero
and Sincero, 2002). As mentioned in Section 2.1.4, there is also return activated
sludge and WAS. As the sludge consists of many unwanted components removed
from wastewater, it has to go through further treatment before its nal disposal
(Metcalf and Eddy, 2014). The nutrients in the sludge allow for usage as fertilizer
for crops but as it contains toxic substances such as heavy metals, it is essential to re-
duce the incoming concentrations of these substances to allow for the reuse of sludge.

Even as the sludge consists of particles, it still has a low solids content of between
0.25-12% of its weight and is, therefore, a liquid or semisolid liquid (Metcalf and
Eddy, 2014). A large part of the sludge treatment consists of volume reduction and
dewatering, with the steps and treatment methods:

Preliminary operation: grinding, screening, blending, degritting
Thickening: otation, centrifugation, gravity belt

Stabilization: anaerobic digestion, composting, heat drying
Conditioning

Dewatering: centrifuge, screw press, drying beds

The preliminary treatments of sludge have the goal of reducing particle sizes, ho-
mogenization and removal of grit (Metcalf and Eddy, 2014). The thickening step
is applied to reduce the volume of the sludge. Stabilization is for mass reduction,
resource recovery and product recovery before the conditioning step that improves
the dewatering capacity of the sludge. The dewatering step is a second volume re-
duction of the sludge before it can be stored or disposed of directly. The end use of
sludge is most commonly within agriculture as a fertilizer, incineration or land lling.

As P is a nite resource and the use of agricultural fertilizers increases, there is
a risk of a fertilizer shortage in some parts of the world as prices are pushed up
(Childers et al., 2011). The mining of P is carbon-intensive and the re ning process
where it converts into phosphoric acid requires extensive inputs of other substances.
Focus has shifted to recycling the sludge containing P from wastewater to avoid
unsustainable mining of P (Childers et al., 2011; Metcalf and Eddy, 2014).

2.1.6 Heavy metal treatment

Heavy metal removal from wastewater occurs through ion exchange (Papadopoulos
et al., 2004), chemical precipitation (Fu and Wang, 2011), adsorption, coagula-
tion and occulation, otation, membrane ltration, or electrochemical methods (L.
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Wang et al., 2007). The method of removal depends on several factors such as cost
both for installation and operation, incoming metal concentrations, as well as regu-
lations and threshold values (Kurniawan et al., 2006). Even as metals removes from
the water through these processes, they will generate varying amounts of sludge
that contains the metals removed from the water, which can a ect the end-use of
the sludge (Fu and Wang, 2011).

2.2 P treatment

The fractions of P present in wastewater before any treatment, divided into dissolved
and particulate P with some examples of the inorganic P, are shown in Table 2.1
(Henze et al., 1997; Metcalf and Eddy, 2014). The total P (tot-P) content in the
wastewater is the sum of the concentrations of these fractions in the water. Partic-
ulate P contains polyphosphates (poly-P) and orthophosphates that are biologically
bound or chemically precipitated, but is only listed as organic in the table as the
separation methods for particulate P are not a ected by the P composition (Henze
et al., 1997). The dissolved orthophosphates are ready to be used as energy by
bacteria in their current form, but poly-P goes through hydrolysis to convert into
orthophosphate used as energy (Metcalf and Eddy, 2014). Larger molecules, either
particulate or dissolved, are degraded to smaller molecules by facultative and obli-
gate anaerobes during hydrolysis. Hydrolysis is a slow process compared to bacterial
growth and is often the limiting step in the bio-P treatment (Henze et al., 1997).

Table 2.1: P fractions in wastewater (Henze et al., 1997; Metcalf and Eddy, 2014).

Dissolved P

Orthophosphate H3POy4, H,PO, , HPO?Z |, PO}
Polyphosphate (Poly-P) 2+ P-atoms, O-atoms (and H-atoms)
Organic

Particulate P

Organic

To remove P from wastewater the dissolved P must convert into particulate P and
be removed with separation methods such as sedimentation or lItration (Henze et
al., 1997). Primary settling tanks reduce the particulate P in incoming wastewater
with up to a 25% reduction of the incoming tot-P (Svenskt Vatten, 2007). The
wastewater has to pass through chemical and biological treatment as described in
Section 2.2.1 and 2.2.2 to reduce the concentrations of dissolved P (Henze et al.,
1997; Metcalf and Eddy, 2014; Svenskt Vatten, 2007).

2.2.1 Chemical treatment of P

P can be treated chemically through precipitation with metal salts in four steps:

precipitation, coagulation, occulation, and separation (Henze et al., 1997; Svenskt
Vatten, 2007). The process operates with direct, simultaneous, multipoint, pre-
or post-precipitation and uses aluminium or iron as metal salts. Some of the most
common aluminium and iron salts used for chemical precipitation of P in wastewater
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treatment are in Table 2.2. The di erent operating modes are dependent on the
point of precipitation chemical addition in the treatment process. To reach an
e uent concentration of 0.3-0.5 gP/m? a molar ratio of 2 between F& or Al®* and
incoming Tot-P is recommended (Henze et al., 1997; Metcalf and Eddy, 2014).

Table 2.2: Metal salts used for chemical precipitation in wastewater treatment (Svenskt Vatten,
2007).

Aluminium
Aluminium sulfate Al 2(SOy)3
Aluminium chloride AICI 3

Polyaluminium chloride (PAC) (AI(OH) xCl3 x)n ; 0<x<3, n 2

Iron

Iron(l11) chloride FeCl 3
Iron(ll) chloride FeCl ,
Iron(ll) sulfate FeSO4
Iron(l1l) sulfate Fe 2(S0q4)3
Iron(I1l) chlroide sulfate CIFeO 4S

The rst step of precipitation occurs as the precipitant mixes with the wastewater,
where metal ions precipitate P (Henze et al., 1997). The simpli ed reactions of
this process for F&" and AI** is shown in the reaction Equations 2.1 and 2.2. The
primary reaction is when phosphate reduction occurs, but the side reaction is where
the metal ions precipitate with the hydroxide into larger particles that catch smaller
particles for settling. When using Iron(ll) sulfate in waters with a pH over 8.5, the
Fe?* is oxidised to Fé* rapidly with the same reactions (Svenskt Vatten, 2007).
Since there are many competing reactions taking place when a precipitant is added
to wastewater, as it consists of a wide variety of substances, the dosage is decided
based on either bench-scale or full-scale tests (Metcalf and Eddy, 2014).

Main reaction:Me®" + H,PO, | MePO,+2H" (2.1)

Side reactionMe*" +3HCO, ! Me(OH);+3CO, (2.2)
where:

Me = metal salt

The coagulation process takes place in the same tank as the precipitation, where
colloids with a particle diameter of between 1 um and 1um form larger particles
(Henze et al., 1997). During occulation, the particles grow in size and form ocs,
which occur as the particles collide by stirring the water. These ocs separate from
the water through Itration or sedimentation.

The process of direct precipitation in Figure 2.1 is when the precipitation chemical

adds after the mechanical treatment and no further treatment, such as a biologi-
cal step, is installed after the sedimentation basin (Svenskt Vatten, 2007). All of
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the metal salts in Table 2.2 are possible precipitants with direct precipitation, but
polyaluminium chloride (PAC) and iron chloride (FeCl) are the most common. PAC
or FeCl is added into a occulation basin or sedimentation basin and achieves an
e uent concentration of Tot-P around 0.4-0.6 g/m3. Henze et al. (1997) state that
direct precipitation is applicable when the receiving water body can withstand an
increased oxygen consumption from the higher organic load in wastewater treated
with direct precipitation compared to the other operating modes.

Figure 2.1: The process of chemical precipitation of P with direct precipitation. Adapted from
Svenskt Vatten (2007).

FeCl or PAC is most commonly added during pre-precipitation before the mechan-
ical treatment, as seen in Figure 2.2 (Svenskt Vatten, 2007). Precipitation and
occulation occur either in the sand trap or at the inlet of the sedimentation basin
before it settles. During simultaneous precipitation Fe or PAC is dosed into the ac-
tivated sludge basin (Henze et al., 1997; Svenskt Vatten, 2007), as shown in Figure
2.2. Both precipitation and occulation take place in the aerated parts of the basin
and separates from the water in the following sedimentation tank, which simultane-
ously occur for the biologically treated constituents. The activated sludge consists of
biological and chemical sludge, leading to increased sludge volumes in the AS basins
to achieve su cient treatment to compensate for the lowered fraction of biological
sludge. F&* in the form of FeSQ is applicable in this operating mode, which is the
cheapest precipitation chemical as it is a by-product from other processes.

Figure 2.2: The process of chemical precipitation of P with pre-precipitation and simultaneous
precipitation. Adapted from Svenskt Vatten (2007).

All of the precipitation chemicals in Table 2.2 can be dosed after the biological
treatment during post-precipitation, shown in Figure 2.3. The wastewater has to
pass through a sedimentation basin in an activated sludge system before adding
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the precipitation chemical to avoid chemical sludge in the activated sludge. The
precipitation, occulation and separation occur in a occulation and sedimentation
basin. Multipoint precipitation can be applied when further treatment compared
to the already discussed operation modes is required (Metcalf and Eddy, 2014;
Svenskt Vatten, 2007). As the gure shows, there are several possible combinations
of additional points during this operating mode, depending on the needs of the
WWTP.

Figure 2.3: The process of chemical precipitation of P with multipoint precipitation and post-
precipitation. Adapted from Svenskt Vatten (2007).

Besides the operating modes there are several factors that in uence the choice of
precipitation chemical. Some of these are:

" pH - the metal salts goes through di erent reactions and their ability to pre-
cipitate P depends on the pH of the wastewater (Sincero and Sincero, 2002;
Svenskt Vatten, 2007).

The composition of the incoming wastewater (Svenskt Vatten, 2007).
Sludge build up - the chemicals create varying amounts of sludge.

The content of heavy metals in the precipitation chemical.

2.2.2 Biological Treatment of P

Biological P removal builds on altering between aerobic and anaerobic conditions
for bacteria to assimilate P into sludge (AnoxKaldnes, 2020; Henze et al., 1997,
Metcalf and Eddy, 2014; Svenskt Vatten, 2007). Removal of WAS is the only option
to reduce the concentration of P in the wastewater as P is not part of any gas in
the same way as nitrogen converts to nitrogen gas (AnoxKaldnes, 2020; Metcalf and
Eddy, 2014; Svenskt Vatten, 2007). This process is called Enhanced Biological P
Removal (EBPR) and aims to optimize the concentration of P Accumulating Or-
ganisms (PAOs), which is the bacteria that stores P (AnoxKaldnes, 2020; Metcalf
and Eddy, 2014).

Bio-P has the ability to reduce incoming concentrations of P between 20-50% (Sven-
skt Vatten, 2007), which often is lower than the reduction needed to reach discharge
limits in Sweden (la Cour Jansen et al.,, 2009). This is signi cantly lower than

the 85-95% reduction that can be achieved through chemical precipitation (Svenskt
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Vatten, 2007), and has led to most plants that has adapted biological treatment in
Sweden uses it combined with chemical treatment (la Cour Jansen et al., 2009).

As seen in Figure 2.4, PAOs consumes easily degradable organic material, Volatile
Fatty Acids (VFAs), and produces an organic polymer called Poly-hydroxyalkanoate
(PHA) stored within the bacteria during anaerobic conditions (AnoxKaldnes, 2020;
Metcalf and Eddy, 2014). The energy needed to produce PHA is formed during
the hydrolysis of stored Poly-P into phosphate, which causes a release of phosphate
into the wastewater but decreases the organic material as the PAOs consume it
(AnoxKaldnes, 2020; Metcalf and Eddy, 2014; Svenskt Vatten, 2007). The stored
PHA is oxidized and forms poly-P bonds within the cell, leading to a P-uptake and
cell growth when reaching the anaerobic zone. As the PAOs increase in the presence
of oxygen, the uptake of P will be higher than the release in the anaerobic tank,
leading to a removal of P from the wastewater through the WAS.

Figure 2.4. The process of P-release and uptake in a Bio-P process. Adapted from Borglund
(2004), Henze et al. (1997) and Svenskt Vatten (2007).

Some of the more commonly found types of PAOs are Accumulibacter and Tetra-
sphera (Metcalf and Eddy, 2014). Accumulibacter has been credited as the most
important PAO when it comes to EBPR but Tetrasphera has been found in higher
quantities at WWTPs in recent studies (Nielsen et al., 2019). Much is still unknown
about the Tetrasphera PAO, but studies indicate that they use amino acids (AA)
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or glucose as a carbon source compared to Accumulibacter that prefer VFAs (R.
Liu et al., 2019; Metcalf and Eddy, 2014). Close et al. (2021) discovered that an
activated sludge consisting of only Tetrasphera as PAO could not achieve complete
uptake of observed P, while an activated sludge consisting of both Tetrasphera and
Accumulibacter could achieve complete uptake during aerobic conditions.

Accumulibacter work as both PAO and glycogen accumulating organism (GAO)
when there are limited amounts of P in the wastewater (Kolakovic et al., 2021).
GAO stores glycogen during aerobic conditions and consumes glycogen during anaer-
obic conditions to provide energy for volatile fatty acids (VFA)-uptake and Poly-

-hydroxyalkanoate (PHA) production (Metcalf and Eddy, 2014). EBPR is not
achieved with GAO as they, unlike PAO, does not store polyphosphate and use as
energy source during VFA-uptake. This means that GAO and PAO compete for
VFA under anaerobic conditions and if the population of GAO dominates it will
inhibit phoshporus removal.

An anaerobic tank with access to VFAs followed by aerobic or anoxic tanks is needed
to achieve EBPR, which can be done both in the mainstream where all of the
wastewater passes through or in sidestreams (Metcalf and Eddy, 2014; Svenskt
Vatten, 2007). Figure 2.5 shows an example of an Anaerobic/Oxic (A/O) process,
which is a mainstream process commonly used in Sweden (Svenskt Vatten, 2007).
In the A/O process, the water rst passes through an anaerobic tank followed by an
aerobic tank to simulate PAO growth before entering a sedimentation tank where the
sludge is recycled to the anaerobic tank to supply the bacteria with VFAs (Metcalf
and Eddy, 2014).

Figure 2.5. Biological P treatment with a two-stage Anaerobic/Oxic (A/O) process. Adapted
from Svenskt Vatten (2007).

The University of Cape Town (UCT) process shown in Figure 2.6 is a mainstream
process combining P and nitrogen treatment (Metcalf and Eddy, 2014; Svenskt
Vatten, 2007). The wastewater passes through an anerobic tank to where sludge is
recycled from an anoxic tank to avoid nitrate entering the anaerobic tank (Metcalf
and Eddy, 2014). An anoxic tank is placed after the anaerobic tank to where
nitrate and return sludge is sent from an aerobic tank and sedimentation tank that
the wastewater passes through after the anoxic tank.
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Figure 2.6: Biological P treatment with the University of Cape Town (UCT) process. Adapted
from Metcalf and Eddy (2014 and Svenskt Vatten (2007).

The PhoStrip process as seen in Figure 2.7 is a sidestream Bio-P process, where
not all return sludge is put through anaerobic conditions (Svenskt Vatten, 2007).
Part of the return sludge is sent to a stripper tank which is a gravity thickener with
anaerobic conditions (Metcalf and Eddy, 2014). The sludge is recycled to the return
sludge stream after generating PAO in the stripper tank while the P that is released
from the sludge is sent to a mixing tank. The P is treated chemically with lime in
the mixing tank and sent back to the start of the process at the rst sedimentation
tank.

Figure 2.7. Biological P treatment with the PhoStrip process. Adapted from Levin (1987).

2.2.3 P-release and uptake tests

P-release and uptake tests can be performed in a laboratory to determine the capac-
ity of an activated sludge to remove P biologically (Tykesson and la Cour Jansen,

2005). The method is not standardised but Tykesson and la Cour Jansen (2005)
gives a description of the method that is used by other researchers conducting the
tests (Palatsi et al., 2021; Salmonsson et al., 2017; Tomei et al., 2020), and Borglund
(2004) presents a more detailed description of the test following a similar procedure.
An example of a laboratory setup for the test is presented in Figure 2.8. The out-
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