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Abstract

Modelling control strategies for chemical phosphorus removal at Tivoli wastewater
treatment plant.
-Sara Rosendahl

Wastewater compose an environmental risk as it contains high levels of nutrients, in-
cluding phosphorus. Wastewater treatment plants (WWTPs) reduce phosphorus by
using coagulants that precipitate soluble phosphate into metal phosphate, which is
separated by settling. Coagulant flow is regulated by a control strategy, typically feed-
forward or feedback control. Feedforward is based on incoming wastewater distur-
bances whereas feedback control uses outgoing process values. Incoming phosphate is
hard to measure and can be estimated using soft sensors. Modelling control strategies
can help decide which strategy that is most suitable. Models describing phosphorus
removal are Activated Sludge Model, ASM2d, and primary clarifier model. ASM2d
models phosphorus precipitation and the primary clarifier model settling of particles.

Tivoli WWTP faces challenges to reach effluent requirements of phosphorus. The
wastewater flows through an equalisation tank, Regnbdgen, before being pumped to
Tivoli. Particulate matter settles in Regnbdgen, which is removed by reducing the wa-
ter level in Regnbdgen. This rapidly increases incoming particulate load to Tivoli.
Tivoli’s current control strategy is feedforward proportional to suspended solids. It
is suspected, that this strategy overdose coagulant during the emptying of Regnbégen.

The purpose of this thesis was to find the optimal control strategy for phosphorus
precipitation at Tivoli WWTP, by using a model-based approach. Control strategies
modelled are; feedforward, feedback and these two control strategies combined. Ad-
ditional issues resolved are 1) calibration of a model that predicts the effect of chemical
dosage on effluent phosphorus concentration from the primary clarifier, 2) calibration
of a soft sensor, 3) determination of which control strategy that is most suitable.

ASM2d and a primary clarifier model were used to create a model describing chemical
phosphorus removal. The calibration matches measured phosphate concentration, but
underestimate peaks. The primary clarifier model was calibrated by minimising load
differences for phosphate and total suspended solids, and was calibrated satisfyingly.
A simplified soft sensor was constructed, described by a linear relationship between
phosphate and pH. Three disturbances for feedforward control were analysed; mea-
sured phosphate, the soft sensors estimation of phosphate and Tivoli’s current control
strategy. The optimal control strategy was found through a multi-criteria analysis.

The optimal control strategy is the combined control strategy, when feedforward is
proportional to incoming measured phosphate. The performance of all analysed feed-
forward disturbances were significantly improved when combined with feedback con-
trol. Furthermore, consequential error are distinct when the soft sensor miss-predict
incoming phosphate concentration. If the phosphate concentration cannot be correctly
measured/estimated, feedback control alone has the best performance.

Keyword: Wastewater treatment plant, phosphorus precipitation, control strategy, feed-
forward, feedback, ASM2d and primary clarifier model.
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Referat

Modellering av styrstrategier for kemisk fdllning av fosfor vid Tivoli avloppsre-
ningsverk.
- Sara Rosendahl

Avloppsvatten utgor en miljorisk da det innehédller hoga halter av naringsdmnen, in-
klusive fosfor. Avloppsreningsverk minskar mangden fosfor genom tillsdttning av fall-
ningsmedel som reagerar med 16st fosfat, varpa metallfosfat bildas. Metallfosfat avkiljs
genom sedimentering. Flodet av fillningsmedel regleras av en styrstrategi, ofta fram-
koppling eller aterkoppling. Framkoppling baseras pd inkommande parameterar i av-
loppsvattnet, medan dterkoppling anviander utgdende processviarden. Inkommande
fosfat dr svart att méata och kan uppskattas med soft sensors. Modellering av styrstrate-
gier ger information om vilken strategi som fungerar bast. Modeller som beskriver ke-
misk fosforrening dr Activated Sludge Model, ASM2d, och forsedimenteringsmodell.
ASM2d modellerar fosfatutfallning och forsedimenteringsmodellen sedimentation.

Tivoli avloppsreningsverk har aterkommande haft problem att nd utslappskrav for fos-
for. Avloppsvattnet passerar ett utjgmningsmagasin, Regnbdgen, innan det nér Tivoli.
I Regnbdgen sedimenterar partikuldrt material, och darfér sianks nivdn i Regnbdgen
dagligen for att pumpa materialet till Tivoli. Under nedpumpningen ¢kar inkomman-
de belastningen till Tivoli markant. Tivolis nuvarande styrstrategi dr framkoppling
proportionell mot suspenderat material, och denna styrstrategi misstanks 6verdose-
ra fallningsmedel vid nedpumpningar.

Syftet med uppsatsen var att genom modellering hitta en optimal styrstrategi for fall-
ning av fosfat vid Tivoli avloppsreningsverk. Styrstrategier undersokta dr; framkopp-
ling, terkoppling samt nér dessa tva styrstrategier kombineras. Ytterligare angeldgen-
heter genomforda var; 1) kalibrering av en modell som forutsédger effekten av fallnings-
medel pa utgdende fosforkoncentration fran férsedimenteringsbassangen, 2) kalibre-
ring av en soft sensor, 3) avgora vilken styrstrategi som dr mest lamplig.

ASM2d och en forsedimenteringsmodell anvéandes, som tillsammans beskriver kemisk
fosforrening. Kalibreringen av ASM2d matchar uppmatt fosfatkoncentration, men un-
derskattar dynamiken. Forsedimenteringsmodellen kalibrerades genom att minimera
skillnader i massbalanser for fosfat och totalt suspenderat material. Kalibreringen var
tillfredsstédllande. En forenklad soft sensor konstruerades, dér en linjar korrelation mel-
lan fosfat och pH anvands. For framkoppling undersoktes tre parametrar; uppmatt fos-
fat, soft sensorens uppskattning av fosfat samt Tivoli’s nuvarande styrstrategi. Genom
en multikriterieanalys avgjordes vilken styrstragi som var optimal.

Den optimala styrstrategin var en kombinerad styrstrategi, da framkopplingsparame-
tern var uppmatt fosfat. Prestandan for alla framkopplingsparametrar forbdttrades av-
sevédrt vid kombinering med dterkoppling. Foljdfel var tydliga nér soft sensoren miss-
forutspddde inkommande fosfat. Slutsatsen blev att ifall inkommande fosfatkoncent-
rationen inte kan métas / uppskattas korrekt dr aterkoppling den bésta styrstrategin.

Nyckelord: Avloppsreningsverk, fillning av fosfor, styrstrategier, framkoppling, ater-
koppling, ASM2d och férsedimenteringsmodell.
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Populdrvetenskaplig sammanfattning

Avloppsvatten innehdller mycket organiskt material och néring i form av fosfor och
kvive, och kan darfor orskaka dvergddning i hav och sjdar. Overgddning kan leda till
laga syrenivder vilket &r farligt for vattenlevande organismer. De ladga syrenivderna
uppkommer da bakterier som lever i vattnet forbrukar syre vid nedbrytning av organ-
iskt material. Avloppsreningsverk uppgift dr att minska méngderna organiskt material
och nédringsamnen, for att undvika 6vergddning.

Avloppsreningsverk bestdr typiskt av tre olika reningssteg; ett mekaniskt, kemiskt och
biologiskt. Den mekaniska reningen tar bort storre material fran avloppsvattnet, sdsom
kvistar, trasor och sand. Den kemiska reningen minskar mangden fosfor fran avlopps-
vattnet. Den biologiska reningen bryter bakterier ner organiskt material, pd samma
sdtt som i naturen. For att den biologiska reningen ska lyckas, dr det viktigt att bak-
terierna har bra forutséttningar for att vaxa och frodas. Da krédvs det att avloppsvattnet
inte har brist pd naring.

Detta projekt fokuserar pa den kemiska reningen. Vid den kemiska reningen tillsétts
ett fillningsmedel som reagerar med 16st fosfat, varpa metallfosfat falls ut. Metallfos-
faten klumpar ihop sig och bildar kemiska flockar. Dessa flockar sedimenterar, och
pa detta sitt kan fosfor separeras fran avloppsvattnet. For att {4 en bra avskiljning av
fosfor ar det viktigt att ratt méngd fallningsmedel tillsatts. For lite fallningsmedel gor
att fosforhalterna ut fran reningsverket ar for hoga, medan for mycket fallningsmedel
leder till naringsbrist for bakterierna i den biologiska reningen. Kemikaliedoserin-
gen sker automatiskt och regleras via styrstrategier, som rdaknar ut ett flode av fall-
ningskemikalier.

Tva vanliga styrstrategier ar framkoppling och aterkoppling. Framkoppling styrs prop-
ertionellt mot en parameter i inkommande avloppsvatten; vanligen fosfat eller sus-
penderat material. Inkommande fosfat dr svart att méata direkt pa avloppsreningsverk,
men kan uppskattas pd plats med soft sensors. Soft sensors kombinerar information
frdn andra variabler i inkommade avloppsvatten, och kan dad uppskatta inkommande
fosfatkoncentration. Aterkoppling utgar fran avloppsvattnets koncentration av fosfat
efter den kemiska reningen, och jamfor den uppmaitta fosfatkoncentrationen med ett
onskat borvdarde. Borvdrdet dr den optimala fosfathalten for bakterierna i den biolo-
giska reningen. Felet mellan uppmatt och 6nskad fosfatkoncentration anvands for att
berdkna kemikaliedoseringen.

Modellering av det kemiska reningssteget 6kar forstdelsen kring processerna som sker,
och kan ddarmed ge indikationer pa vilken styrstrategi som dr mest lamplig. En ak-
tiverad slammodell, ASM2d, och en forsedimenteringsmodell har anvénts i detta pro-
jket. I ASM2d berdknas fdllningen av fosfat och i forsedimenteringsmodlen berdknas
sedimenteringen av partiklar i forsedimenterinsbassangen.

Tivoli avloppsreningsverk dr det stdrsta avloppsreningsverket i Sundsvall. Tivoli har
aterkommande haft svarigheter med att uppna riktviarden for utgaende fosfathalt. In-
nan avloppsvattnet ndr Tivoli passerar det ett utjgmningsmagasin, Regnbagen. I Reg-
nbagen ar flodet ldgt, vilket gor att material som finns i avloppsvattnet sedimenterar.
Darfor sdanks vattennivan i Regnbdgen dagligen, och vid nedsankningen pumpas det
sedimenterade materialet upp till Tivoli. Vid nedpumpningen 6kar inkommade belast-
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ning till Regnbagen markant. Tivolis nuvarande styrstrategi dr framkoppling prop-
ertionell mot inkommade suspenderat material. Denna styrstrategi misstdnks over-
dosera fallningsmedel vid nedpumpmingarna.

Syftet med detta projekt var att hitta en optimal styrstrategi for fallning av fosfat pa
Tivolis avloppsreningverk. Mélet var att modellera flodet av fallningsmedel for de tre
styrstrategierna framkoppling, aterkoppling samt nér framkoppling och aterkoppling
kombineras. Foljande angeldgenheter behdvdes 16sas for att uppna syftet.

¢ Utveckla en kalibrerad modell som forutsdger effekten pa utgaende fosforkon-
centrationen fran forsedimenteringsbassiangen da fiallningsmedel tillsdtts.

¢ Utveckla en soft sensor som kan forutsdga inkommande kocentration av fosfat
till Tivoli.

* Avgora vilken styrstrategi som dr mest lamplig med héansyn till stabiliteten av
utgdende fosfatkoncentration till den biologiska reningen, anvandning av fall-
ningsmedel, produktion av slam och komplexiteten av styrstrategin.

Genom att kaliberara ASM2d och forsedimenteringsmodellen erholls en modell som
kan berdkna fosfatkoncentrationen frdn den kemiska reningen, nér fallningsmedel till-
satts. En forenklad soft sensor utvecklades, som inte kombinerade information av
alla parametrar i inkommade avloppsvatten utan jamforde parametrarna med inkom-
mande fosfathalt individuellt. Den parametern som bést korrelerade med inkom-
made fosfatkoncentration var pH. Genom pH kunde variationerna i inkommade fosfat
forutses, men forutsagelsen underskattade dynamiken i fosfatkoncentrationen. Som
framkopplingsparameter anvandes den nuvarande styrstrategin, uppmatt fosfat samt
soft sensorens uppskattning av fosfat. En multikriterieanalys konstruerades for att
avogra vilken av styrstrategierna som var den optimala.

Resultatet blev att den kombinerade styrstrategin var den basta, da framkoppling
styrdes propertionellt mot uppmatt fosfat. Den nést bésta styrstrategin var dterkop-
pling. Tredje bast var framkoppling styrd propertionellt mot uppmitt fosfat. Framkop-
pling som inte styrdes propertionellt mot uppmaitt fosfat presterade generellt daligt,
och foljdfel fran soft sensorns estimeringen av inkommande fosfat var tydliga. Sdmst
var den nuvarande styrstrategin ddr framkopplingen styrs propertionellt mot sus-
penderat material. Alla tre styrstrategier baserade pa framkoppling forbattrades markant
ndr framkopplingen kombinerades med aterkoppling.

Det kunde ddrmed faststéllas att styrstrategins prestanda paverkas mycket av framkop-
plingensparametern - i de fall da inkommande fosfat inte korrekt kan uppskattas dr det
béttre att endast anvanda dterkoppling som styrstrategi. Rekommenderade styrstrate-
gier till Tivoli &r 1) kombinerad styrstrategi dédr framkopplingen styrs propertionellt
mot uppmatt fosfat, och tillsdtta en utredning ifall inkommande fosfat kontinuerligt
kan matas eller utveckla en traditionelll soft sensor, 2) endast aterkoppling, 3) kom-
binerad styrstrategi dar framkoppling styrs propertionellt mot pH, men forst forbattra
korrelationen mellan pH och inkommande fosfat.



Contents

1__Introductionl 1
1.1 Purposeandissues| . ... .. ... ... ... ... . ... . ... 1

12 Boundaries|. . . . .. ... 2

2 Theory] 2
RI Wastewater. . . . . . ... ... 2
2.1.1 Phosphorusin wastewater| . . ... ................. 3

2.2 Wastewater treatment process| . . . . ... ... ... ... 0L 3
2.1 hanical treatment . . . . ... ... ... ... ... . ..., 3

2.2 Biological treatment| . . . . ... ... ... .. 000 4

ical treatmenti. . . . ... ... ... Lo L 5

2.3 Removal of phosphorus . . . ... ... ... ... ... ... ... 5
231 Settlingof particles| . . ... ... ... oL 6

R4 Modellingof WWTP| . . . . ... ... ... 7
241 Modelsetup|. ... ...... ... .. ... 7

2.42  ASM2d: Activated Sludge ModeINo.2d] . . . ... ..... ... 9

2.4.3 Primary clarifiermodel] . . ... ... ... ... ... 0 L. 10

2.5 Control strategies| . . . . ... ... ... . o 0 0L 11
R.51 Feedback and & feedforward controll . . ... ........... 11

2.5.2  Control strategies for phosphorus precipitation| . . ... ... .. 13

2.6 Controller tuning approach - The Lambda method| . . . . . .. ... ... 14

B Background| 15
B.I National analysis: Experiences from other WWTPs|. . . . . ... ... .. 15
ivoi WWTP| . ... ... 17

B.2.1 Purpose and problems with the equalisation tank] . . . . ... .. 17

.22 Current control strategy| . . . . ... ............... .. 18

B.2.3 Tivoli’sissue with irregularToad] . . . . .. ... ... ... .. ... 18

4 Method 18
4.1 Samplingofdatal ... ... ... ... .. ... o 0oL, 19
“4.1.1 Datameasurements . ......................... 19

.12 Sampling campaign/ . . . ... ... ... ... ... 0L 20

2 lcalibration . . . . .. .. ... .. 21

2.1 Influent characterisation| . . . . . . ... ... ... ... ...... 21

422 Additionofcoagulant . . ... ... ..o oo o000 21

423 ASM2dmodell. . ... ... oo oo 22

4.2.3.1 Adjust stoichiometric coefficients for aluminium based |

| precipitation| . . . . ... 22

4.2.3.2 Determine phosphate concentration to calibrate ASM2d

| byl ... 23
4.2.3.3 Rate constant for precipitation and redissolution] . ... 23

@4.2.4 Primary claritiermodel] . . .. ... ... ... 000000 24

4.2.4.1 Adjust stoichiometric coefficients for aluminium based |

recipitation| . . .. ... ... o o 0000000 24

242 lances| . . ... ... ... ... . o L. 25




4.3 Prediction of phosphate] . . .. ... ... .. ... .. . 0 L.
4.4 Control strategies| . . . . ... ... ... .. ..o o oL

B41 Feedforward . .......... ... ... ... ... ...
442 Feedbackl. ... .. ... ... ... ... o oo
4421 TuningthePl-controller] . .. ... ............

43 F mbined with feedforward| . . . . . ... ... .

4.5 Multi-criteriaanalysis| . ... .. ... o oo oo

1.2 Primary clarifiermodell . . . ... ... ... ... o000

b.2  Prediction of phosphate, . . .. ... ... ... 0 000
mbined feedforward with f ntroll . . ... .. ... . ..

.4  Evaluation of the control strategies and multi-criteria analysis| . . . . . .
b.5 Consequentialerrors| . . ... ...... ... ... ... ........
5.5.1 Estimation of phosphate]. . ... ....... ... ... ... ...
.52 Comparison over model parameters for ASM2d| . . . . ... ...

.6 Improvements and uncertainties| . . . .. ... ... o 00000

6 Conclusions!

[Appendix A Background: National analysis|

[Appendix B Method: Data|

[Appendix C Method: Soft sensor - prediction of phosphate|

[Appendix D Result: Estimations of phosphate]

[Appendix E Result: Performance of the control strategies|




1 Introduction

The importance of well treated wastewater increases as the anthropogenic impact on
the world grows (UNESCO | 2020). Wastewater contains high levels of nutrients and
pathogens, and therefore compose a risk for human health and environment. Phos-
phorus is often the limiting nutrient in surface waters, and increasing levels of phos-
phorus will therefore contribute to eutrophic conditions (Welch | |1980). To avoid eu-
trophication it is essential that wastewater treatment plants (WWTP) are successful in
removing phosphorus from the wastewater. One of the more efficient processes to re-
move phosphorus is though coagulation, in which soluble phosphate is precipitated
into particulate material that can be removed by settling (Manamperuma et al , 2017).

Modelling control strategies for chemical phosphorus removal can improve the perfor-
mance of phosphorus precipitation, and help decide which control strategy that is most
suitable. A control strategy regulates the flow of coagulant used to precipitate phos-
phorus. Feedforward control is commonly used for chemical phosphorus removal,
and is based on the characteristics of incoming wastewater (SvensktVatten |, 2010c). In-
coming soluble phosphate is hard to measure online at WWTPs, but can be estimated
using soft sensors (IVL , 2008). Studies have shown that feedback control can improve
chemical phosphorus removal, as feedback control tends to reduce and stabilise ef-
fluent phosphate concentration from the primary clarifier as well as reduce coagulant
consumption (Ingildsen , 2002) & (Liu & Ratnaweera , 2016). Models describing chem-
ical phosphorus removal are Activated Sludge Model, ASM2d, and a primary clarifier
model. ASM2d calculates the precipitation of phosphorus and the primary clarifier
model calculates the settling of particles (Henze, et. al. | 2002) & (Otterpohl et al |
1994).

Tivoli WWTP faces challenges to reach effluent requirements for phosphorus concen-
tration. These challenges are believed to partly derive from the coagulation process,
where feedforward control is currently used to regulate the dosing of precipitation
chemicals before the primary clarifier. The coagulation process at Tivoli is affected by
an equalisation tank, Regnbdgen, which creates peaks of incoming particulate solid
loads. It is suspected that the current control strategy overdose coagulant during these
peaks and thus excess phosphorus removal, which affects the following biological pro-
cesses. Tivoli WWTP therefore has a need to optimise the control strategy for chemical
phosphorus removal.

1.1 Purpose and issues

The purpose of this thesis is to find the optimal control strategy for chemical precip-
itation of phosphorus at Tivoli WWTP using a model-based approach. The goal is to
model three control strategies that regulate the dosage of precipitation chemicals to the
primary clarifier. The control strategies investigated are 1. Feedforward control based
on incoming wastewater characteristics; 2. Feedback control based on effluent phos-
phate concentration from the primary clarifier; and 3. A combination of feedforward
and feedback control strategies.

Issues to be resolved in order to fulfil the purpose of the thesis are;

1. Develop a calibrated model that predict the effect of chemical dosage on phos-



phorus concentration from the primary clarifier.

2. Develop a soft sensor that predict incoming soluble phosphate concentration to
Tivoli WWTP.

3. Determine which control strategy that is most suitable with regard to the stabil-
ity of the effluent phosphate concentration from the primary clarifier, coagulant
dosage, sludge production and the complexity of the control strategy.

In addition to this, a national analysis of commonly used control strategies at WWTPs
in Sweden will be made.

1.2 Boundaries

The project will focus on chemical phosphorus removal using chemical precipitation.
Therefore, only a basic description of the general wastewater treatment process will
be covered regarding mechanical and biological treatment. Important processes for
a WWTP’s general performance that do not directly influence chemical precipitation,
such as sludge treatment and production, will be skipped completely.

Furthermore, the theory will be focused on the treatment steps that Tivoli uses. Tivoli
uses a simple activated sludge treatment step in the biological treatment, with no ex-
panded nitrogen removal process. Only theory regarding activated sludge is therefore
covered. Similarly, Tivoli uses pre-precipitation and thus little attention will be given
to simultaneous and post-precipitation.

ASM2d and a primary clarifier model are used in this thesis. Only precipitation pro-
cesses in ASM2d are explained in this thesis. Other biological processes are not elabo-
rated as ASM2d model is used only to simulate chemical precipitation and redissolu-
tion of phosphate happening in the primary clarifier.

2 Theory

This chapter covers general information about wastewater and the treatment of wastew-
ater. The chapter also presents information about the used models, ASM2d and the
primary clarifier. Furthermore are control strategies, their implementation in WWTPs
as well as current research covered. Lastly, is the Lambda method described, which is
a controller tuning approach.

2.1 Wastewater

Wastewater consists mainly of water that is used in households but might also contain
stormwater that is either lead into the sewer network or leaks into the pipes (Svenskt-
Vatten |, 2010a). The characteristics of wastewater depends largely on the characteristics
of the community and industries connected to the sewer network, and the condition of
the sewage system (SvensktVatten , 2010a)). Generally, wastewater contains high con-
centrations of nutrients and organic matter, as well as heavy metals, organic toxicants
and pathogens. The nutrients, phosphorus and nitrogen, increase the risk of eutroph-
ication in recipients which can cause low dissolved oxygen levels. The organic matter



requires much oxygen during degradation, further reducing oxygen levels in recipi-
ents. Low oxygen levels are problematic for higher developed organisms. Dead zones
are areas where the oxygen level is reduced so no or little aquatic life can live (Welch |
1980).

2.1.1 Phosphorus in wastewater

Phosphorus is present in wastewater in both dissolved and particulate states. Particles
smaller than 1.2 ym are considered dissolved (Metcalt & Eddy |, 2014). Dissolved phos-
phorus can be both organic and inorganic. Dissolved inorganic phosphorus is known
as orthophosphate, PO4-P, which is chemically reactive soluble phosphate. Orthophos-
phates are salts of orthophosphoric acid, H3POy,.

Polyphosphates and organic phosphorus are also present in wastewater. Polyphos-
phates are polymers of H3PO,4 and breaks down to orthophosphates. The organic
phosphorus can also be transformed to orthophosphates during the biological treat-
ment (SvensktVatten |, 2010b).

Organic phosphorus is usually bound to colloidal and suspended particles (Kemira |,
2020). Colloidal particles are around 0.01 - 1 pm and are thus smaller than suspended
particles. The difference between particle types is whether gravity affects the parti-
cle enough to settle. Colloidal particles are kept in suspension by Brownian motionm
and will therefore not settle. The colloidal particles are also negativity charged, thus
repelling each other. Even though colloidal particles are small enough to pass as dis-
solved, they are usually considered to be particulate. The distinction between colloidal
particles and dissolved material is not standardised (Metcalf & Eddy |, 2014).

2.2 Wastewater treatment process

The treatment process of wastewater varies largely between WWTPs, but typically con-
sists of three steps; mechanical, biological and chemical (SvensktVatten ,2010a).

2.2.1 Mechanical treatment

The primary treatment is mechanical and the purpose is to remove large material that
can cause damage to the treatment process (SvensktVatten , 2010b). A typical mechan-
ical treatment process consists of three steps; wastewater passing through screens, a
sand trap or grit chamber that is followed by a primary clarifier. A primary clarifier is
a basin in which heavier material is allowed to settle. These steps are shown in figure
The screens remove large materials such as rags and twigs. Sand traps are usually
aerated and designed to make heavier particles settle, such as sand and coffee grounds.
Mechanical treatment removes around 30-70 % of suspended solids and 30 % of BOD
(biochemical oxygen demand), (Kemira |, [2020).

IBrownian motion is a random movement of small particles in a fluid. Colloidal particles are bom-
barded by water molecules driven by thermal motion. This keeps the particles in suspension (Metcalf &
Eddy | 2014).
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Screen Grit chamber Sedimentation

Figure 1: Illustration of the primary, mechanical treatment (Kemira | 2020).

2.2.2 Biological treatment

Biological treatment is typically the secondary treatment, and the purpose is to remove
organic matter (Kemira ,2020). Organic matter is oxidised by microorganisms that con-
sume substrate for cell growth and metabolism. In addition to substrate, microorgan-
isms also need nutrients for cell growth and metabolism. Most of the microorganisms
are heterotrophic and undergo respiration. As microorganisms consume substrate, or-
ganic material is transformed into carbon dioxide. Most of the microorganisms are
bacteria, but higher developed organisms such as protozoa and metazoa can also be
present. The composition of bacteria in wastewater is ever changing due to variations
in incoming wastewater composition and process conditions inside the WWTP. More
diverse bacteria communities and presence of higher developed organisms are associ-
ated with better performance of the biological treatment (SvensktVatten , 2010b). The
biological treatment performance is typically improved when there is a steady incom-
ing load of organic matter and nutrients to the treatment step (Kemira , 2020).

Figure 2{shows the layout of the biological treatment. During aeration the growth rate
of bacteria is increased, which reduces organic matter present in the wastewater. The
sedimentation occurs at the secondary clarifier, in which flocs consisting of bacteria are
formed and settles. Some of the bacteria are returned to aeration through the return
sludge, and the rest is surplus sludge which is treated separately. The process of using
the return sludge is called activated sludge and makes the bacteria composition more
diverse. By increasing the time bacteria spend in the biological treatment, it enables
higher developed organisms to evolve (SvensktVatten |, 2010b).

N
%ﬂ?ﬁlﬂ“{“‘é@ — —

Aeration Sedimentation

Returm sludge Surplus sludge

Figure 2: [llustration of the biological treatment process (Kemira | 2020).

The benchmark ratio for optimal growth of bacteria between BODy7, nitrogen and phos-
phorus is 100:5:1 during aeration. A lack of any of these variables will therefore dete-
riorate the bacteria’s ability to grow (SvensktVatten , 2010b).
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During the biological treatment up to 90 % of the organic matter can be removed. Since
bacteria consume nutrients, a reduction of 25-40 % for phosphorus and nitrogen also
takes place during the biological treatment (SvensktVatten |, 2010a)).

2.2.3 Chemical treatment

The main purpose of chemical treatment in municipal WWTPs is to remove phos-
phorus, but the chemical treatment also reduces organic matter and bacteria. The
treatment process is known as tertiary treatment, but can be placed both before (pre-
precipitation), during (simultaneous precipitation) and after (post-precipitation) the bi-
ological treatment step (SvensktVatten ,2010b). The pre-precipitation process is shown
in figure 3| The coagulant is a chemical precipitant and, when mixed with wastewater,
allows soluble phosphate to form chemical floc and precipitate. The mixing can occur
in the clarifier itself or in a separate flocculation chamber. The flocs are separated by
settling in a clarifier. The treatment efficiency for phosphorus removal is >90 % for
pre-precipitation (Kemira , 2020).

Coagulant
% L= k= ‘ %
$ = || —
Girit chamber Coagulation Primary sedimentation

Figure 3: An illustration of the chemical treatment process (Kemira |, 2020).

Pre-precipitation allows the biological step to be smaller, as much of the organic mat-
ter is precipitated and separated before the biological treatment. This leads to re-
duced energy costs, due to less aeration in the biological step (SvensktVatten , 2010Db).
Some WWTPs experience more control over the biological treatment step with pre-
precipitation, since it is possible to adjust incoming phosphorus concentration to the
biological treatment by adding chemical dosage (Kemira | [2020). Pre-precipitation also
results in higher biogas production, because more organic matter is present in the
chemical sludge and therefore not transformed into carbon dioxide. There are two
main disadvantages with pre-precipitation. The first is risk of overdosing the coag-
ulant, which will result in a lack of phosphorus in the biological treatment and limit
bacterial growth. The second is the increased production of chemical sludge, which if
not used for biogas production will increase costs (SvensktVatten |, 2010b).

2.3 Removal of phosphorus

There are three main reactions that occurs when a coagulant is added to wastewater;
particle, -phosphorus, and hydroxide precipitation (SvensktVatten , 2010b). Particle
precipitation occurs when the surface charge of colloids are destabilised by a cation
from the coagulant, in a process called charge neutralisation. This process is very fast



and takes about 0.01 - 1 seconds. The neutralised particles allows particles to aggregate.
The aggregate adsorbs more particles and forms chemical floc, which is removed by
settling (Kemira |, 2020).

Phosphorus precipitation removes othophosphate, as shown in equation [1| for an alu-
minium based coagulant. Orthophosphate reacts with cations and form aluminium
phosphate, a salt that is hard to dissolve. The precipitate is however dependent on
pH, and it’s lowest solubility is around a pH of 6 (SvensktVatten | 2010c). The forma-
tion of aluminium phosphate takes less than 1 second, and the precipitate is removed
by settling. From equation (1] it is clear that the theoretical molar ratio between alu-
minium and phosphate is 1:1. In practice, a ratio of 1-1.5 moles per aluminium is typi-
cally required, as aluminium also reacts with other compounds within the wastewater
(Kemira , 2020).

The formation of metal hydroxide precipitation occurs when metal salts react with wa-
ter, equation Aluminium hydroxide floc will form, and as it settles it sweeps through
the wastewater and colloidal particles are adsorbed onto the floc. This process is called
sweep coagulation. The reaction time is around 1-7 seconds (Kemira | 2020) (Metcalf
& Eddy ,|2014). The reaction releases hydrogen ions, which lowers alkalinity and pH.
This can affect the metal hydroxide precipitation, since its solubility is sensitive to pH.
The precipitation ranges between a pH of 5 to 7, with the lowest solubility around a pH
of 6. Some WWTPs overdose coagulant to achieve a pH with low solubility (Metcalf
& Eddy | 2014). However, coagulants contain heavy metals and are costly. Therefore,
many WWTPs avoid overdosing coagulant.

APT + HPO}™ <= AIPO, + H* (1)

AP 4+ 3H,0 <= AI(OH)3+3H" 2)

There are immensely more water molecules than orthophosphate present in wastew-
ater. Therefore, most of the coagulant react with water (equation [2), instead of or-
thophosphate. To ensure a good reduction of dissolved phosphorus, it is important to
have a swift mixing when the coagulant is added. Flocs are brittle and break easily.
After floccuation it is therefore important to have a slow and steady flow (Kemira |
2020).

2.3.1 Settling of particles

The four main types of settling are discrete particle settling, flocculant settling, hin-
dered settling and compression. Discrete particle settling removes larger particles,
such as sand. Particles in discrete particle settling does not interfere with other par-
ticles. Flocculant settling is applied when coagulants are used, and removes chemical
floc. During this settling particles flocculate which enables a faster settling. Hindered
settling occurs after the biological treatment, where the concentration of particles is
big enough to create interparticle forces that hinder settling on neighbouring particles.
Compression happens in lower layers of the surplus sludge (Metcalf & Eddy | 2014).

For a particle to settle, its critical settling velocity must be equal to or greater than
the surface load according to equation 3| The settling velocity can be estimated with
Stokes equation, equation ] It should be noted that the settling velocity of a particle
is quadratic proportional to its diameter. Flocculation is therefore crucial for a good

6



settling. Stoke’s equation assumes that particles are round, which usually is not true.
Therefore Stoke’s equation is rarely fit to be used in practical applications, but it gives
a good overlook over which parameters that effect settling velocity (Metcalf & Eddy ,
2014) (SvensktVatten ,[2010Db).

ho h
Ucritical = ?0 = hog = % = Surface Load (3)
0
8oy — p)d
Usettling = pTuf 4)

In the equations are v ica1 = settling velocity of particle [m/h], h, = height of clarifier
basin [m], t= detention time [h], Q = flow [m3/h], A = area of clarifier basin [m?],
Vsettling = settling velocity [m/s], g = acceleration due to gravity [m/ s?], pp = density of
particle [kg/ m3], ot = density of fluid [kg/m3], d = diameter of particle [m] and p= the
viscosity of fluid [kg/(s-m)].

2.4 Modelling of WWTP

The importance of optimising the wastewater treatment process continues to grow,
as the requirements on treatment efficiency becomes stricter and incoming load to
WWTPs increase. The technologies becomes more advanced, which leads to a need
to have more control over the processes. Modelling wastewater treatment plants can
significantly increase the understanding behind the processes that occur, improve the
performance of the WWTP as well as reduce costs (Vanrolleghem | |1999).

24.1 Model setup

Models used in this project are ASM2d and a primary clarifier model, both typically
implemented in Benchmark Simulation Model No. 2, BSM2, which is a simulation
environment in Matlab-Simulink. BSM2 is developed for benchmarking control strate-
gies at WWTPs and designed to view the WWTP as one unit where each treatment
process affect and interact with other processes. BSM2 typically includes all processes
happening at a WWTP, including the biological treatment step and sludge treatment
(Nopens et al |, 2010).

The model layout used in this thesis is seen in figure ] Input data can be chosen to
be either constant or dynamic. The module Addition of coagulant adds coagulant flow
and concentration of metal hydroxide within the coagulant to the model. The module
ASM2d contains the ASM2d model, and calculates the precipitation of phosphate, and
how much metal phosphate that is formed. The module primary clarifier model calcu-
lates the settling of particles, including chemical floc, in the primary clarifier.



Constant data Addition of Primary | Water
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Primary
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Figure 4: Model layout.

The model setup includes a Simulink-model, run-file, C-files, initialisation files and
influent data. The model set up is described in table

Influent data consists of state variables, table2] The state variables are divided into dis-
solved components and particulate components, and mainly consists of phosphorus,
nitrogen and carbonaceous material, described by COD (chemical oxygen demand),
(Henze, et. al. ,[2002).

Table 1: Files included in the model setup.

File- type Description
Run-file
run_primaryclarifier.m  Runs the simulation in Matlab-Simulink.

Simulation model

primaryclarifier.slx Model layout in Simulink.

C-files

asm2d_bsm?2.c: Contains the ASM2d model.

primclar_bsm?2.c: Contains the primary clarifer model.

Initalisation files

asm2dinit_bsm?2: Defines model parameters for the ASM2d model.
primclarinit_bsm?2: Defines model parameters for the primary clarifier model.
Influent data

constinfluent_bsm2: A constant mean value of influent data.
dynamicluent_bsm2:  Dynamic influent data.




Table 2: State variables.

Dissolved components:

So, Dissolved oxygen gO,m3

Sr Readily biodegradable substrate gCODm™3

Sa Fermentation products (acetate) g COD m—3

SN H, Ammonium gN m3

Sno, Nitrate (plus nitrite) gN m—3

S PO, Phosphate gP m~3

S1 Inert, non-biodegradable organics gCODm3
SALK Bicarbonate alkalinity mole HCO3 m~3
Particulate components:

X7 Inert, non-biodegradable organics gCODm™?

Xs Slowly biodegradable substrate gCODm™?

XH Heterotrophic biomass gCODm™3
Xpao Phosphorus-accumulating organisms, PAO g COD m 3

Xpp Stored poly-phosphate pf PAO gPm3

XpHA Organic storage products of PAO g CODm™3
Xaur Autotrophic, nitrifying biomasss gCODm™
XMeOH Metal hydroxide, Me(OH)3 g Me(OH)3 m~3
XMep Metal phosphate’, MePOy g MePOy m3
XTss Particulate material as model component g TSS m—3

242 ASMa2d: Activated Sludge Model No. 2d

ASM2d is developed by Henze et al | (2000). The model portrays simultaneous pre-
cipitation and redissolution of phosphate together with several biological processes.
ASM2d is an expansion of ASM1 (Activated Sludge Model No. 1), that describes
carbon oxidation, nitrification and denitrification within an activated sludge system.
ASM1 models the growth of biomass, decay, ammonification of organic nitrogen and
hydrolysis. The growth rates of microorganisms in ASM1 and expansions are mainly
based on the Monod equation, equation [5| where p= growth rate of bacteria [g Xs (g
Xp) ™ d1, fimax = maximal growth rate [g Xs (g Xg) 1 d1], K g = half velocity constant
[g COD g, m™3] and S = available substrate [g COD m>3].

S
U= ,umax—KS S (5)

The expansion to ASM2d includes biological phosphorus removal, denitrifying phos-
phorus accumulating organisms as well as chemical precipitation and redissolution of
phosphorus. Biological activity is neglected in this thesis. Therefore, only theory con-
cerning the process rate of chemical precipitation and redissolution will be described
below. For a description covering biological activity it is refered to (Henze, et. al. |
2002).



Precipitation and redissolution of phosphate, Spo,, are processes that can be reversed.
At steady state they are in equilibrium, see equation|6|

XmeoH + Spo, = XMmep (6)

The process rates of precipitation and redissolution, cprg & erep, are modelled with
equation [7| & |8 respectively. Kprg and Kgrgp are rate constants for precipitation and
redissolution. Kajx is a saturation coefficient for alkalinity. Kpgrg is measured in [m3
g(Me(OHg,)'1 d1], Kgep in [d] and K1 x [mole HCO™! 3 m™3].

PPRE = kpRrE - SPO, * XMeOH )

SALK
—k Xagop - — ALK 8
PRED RED " &MeP " 1~ g 8)

2.4.3 Primary clarifier model

The primary clarifier model is based on Otterpohl & Freund |(1992) and Otterpohl et al
(1994). It assumes a completely mixed tank in which no biological activity occurs. It
also assumes that concentrations of incoming soluble components remain unchanged,
and that incoming flow rate is equal to the combined flow rate of effluent wastewater
and primary sludge, figure

Primary clarifier

zp'\' Qpi Zpo, on

per “pe

l Zpul qu

Figure 5: Primary clarifier model layout.

Primary effluent concentration, Z, \, is the overflow from the tank and is calculated
according to equation (9 whereas effluent primary sludge concentration, Z,, \, is the
underflow according to equation 10| (Otterpohl et al |, 1994).

Zpox(t) = fiZpix(t) )
2 ) = (1= 0G4 £) 2yt (10
pu(t

fy is the effluent concentration factor and is given by equationwhere fox k is O for all
soluble fractions and 1 for all particulate fractions except Xs where it is 0.5. Ncobp 18
the particulate COD removal efficiency, and is given by the fraction of COD removal
efficiency, ncop, and fx, which is a mean fraction of particulate COD, CODpayt, and
total COD, CODyt, equation[12]-
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. flcopp

flcopp = W?OD (12)

ncop(t) = feorr(2.88 - fx —0.118) - (1.45+ 6.15 - Ln(ty,) - 24 - 60)) (13)
CODpart

fx = oD (14)

The particulate COD removal efficiency is described by the correction factor removal
efficiency, fcorr, Which has a value of 0.65. t,, is a mean hydraulic retention time and is
calculated as in equation |15, where V. is the volume of the reactor and Qp, the mean
flow, which is calculated according to equation Q; is the total outflow from the
primary clarifier and ty is a time constant = 3/24.

_ Vpe
n(t) = Qi (t) +0.001 (15)
40, 1
e CLCRCIO) 16

Qpu is the flow rate of the primary sludge. It is proportional to the influent flow rate,
fps, and is estimated to 0.007, according to equation[I7]

Qpu = fps = 0.007 (17)

2.5 Control strategies

The choice of control strategy has a big impact on the performance of chemical phos-
phorus removal (SvensktVatten |, 2010c). An optimised control strategy can increase
the stability of effluent phosphorus concentration from the primary clarifier and re-
duce the risk of overdosing coagulant. Overdosing coagulant are associated with lack
of phosphorus in biological treatment, higher costs, increased sludge production and
higher presence of heavy metals in the primary sludge (SvensktVatten , 2010c).

2.5.1 Feedback and & feedforward control

Common control strategies in industrial processes are feedback control and feedfor-
ward control. Feedback control regulators use the error (difference between the output
value from the process and the desired setpoint) to calculate the control signal. A feed-
forward controller calculates the control signal using incoming characteristics.

Figure [p] illustrate a block schedule for a feedback regulator. S represents the system,
and y is the systems outgoing process value. R is the reference value and e is the
error between the r and y. Kgp is the proportional gain from the regulator and u is
the calculated control signal. A proportional feedback regulator, called P-regulator,
calculates the control signal according to equation (18 and (19, where uy is the offset-
signal.
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Figure 6: Block schedule over a feedback regulator.

M:KFB'€+MO (18)
e=r—y (19)

The gain decides how much the proportional feedback will affect the control signal.
The P-regulator can compensate disturbances in the process, but cannot eliminate them.
A Pl-regulator, described in equation 20} introduces an integrating term that is propor-
tional to the error value and eliminates disturbances, but can create instability (Iorkel
& Ljung | 2006) & (SvensktVatten , 2010c).

u=K(e+uy+ Tll /e(t)dt) (20)

Ty is integral time and decides how much the integrating term will influence the control
signal.

Figure [/|illustrates a block schedule for a feedforward regulator. Feedforward control
uses incoming characteristics, which in this context can be seen as a disturbance, to
regulate a control signal. Feedforward control steers the regulator proportional to the
disturbance according to equation where Kgp is the gain and d is the disturbance
the regulator is proportional to. Therefore, using feedforward control disturbances can
be compensated immediately. However, feedforward control has no control over the
outgoing process value in contrast to feedback control (Torkel & Ljung |, 2006).

o

FF

Figure 7: Block schedule over a feedforward regulator.

u = Kpp - d (21)

Feedback control can be combined with feedforward control. Figure [§| illustrates a
block schedule for a regulator using combined feedback and feedforward control.
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Figure 8: Block schedule over a combined feedforward and feedback regulator.

2.5.2 Control strategies for phosphorus precipitation

Control strategies generally used for phosphorus precipitation are time-based, feedfor-
ward and feedback control. The strategies can be combined with each other.

In time-based control the dosage of coagulant is a function of time, equation 22| &
The control signal, u, is the flow rate of coagulants, which is the estimated amount of
coagulant the regulator calculated should be dosed. Incoming load is higher during
daytime, and time-based control is a simple strategy to compensate for the extra load
(SvensktVatten |, 2010c).

u=K(t) (22)
K(t) =k1(daytime)
k2(nighttime) (3)

Feedforward is commonly used for phosphorus precipitation. Incoming wastewater
characteristics, such as flow or incoming pollutant load, are used to a calculate con-
trol signal. Equation |24/ shows the control signal when it is proportional to incoming
phosphate load (SvensktVatten ,[2010c).

u = Krr - Qiy - POy in P (24)

Feedback control regulators uses effluent phosphate concentration from the primary
clarifier or flocculation chamber to calculate an optimal control signal (SvensktVatten
, 2010c). Even though WWTPs measure effluent phosphate concentration from the
WWTP, these are rarely used for real-time control purposes. This might be due to
time lag between dosing and effluent phosphate concentration from the WWTP (Rat-
naweera & Fettig , 2005).

Ingildsen | (2002) compared four control strategies for chemical phosphorus removal.
The first strategy was a constant dose of coagulants, and the second and third was
feedforward control proportional to incoming 1) flow 2) phosphate load. The fourth
control strategy used a PI regulator measuring phosphate as process value. The phos-
phate sensor was placed at the end of the flocculation chamber to reduce time lag.
The study was carried out at Kéllby WWTDP, which uses post-precipitation. The result
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showed that feedback control had the best performance, and could almost perfectly
match the desired setpoint. It also consumed less coagulant. Feedforward control
based on incoming phosphate load performed second best, followed by feedforward
proportional to flow.

Liu & Ratnaweera | (2016) compared feedforward control with a combined strategy
of feedforward and feedback control, for a WWTP and a drinking water treatment
plant, DWTP. The dosage was modelled empirically as a function of flow, incoming
suspended solids, pH, conductivity, phosphate, temperature, interaction among vari-
ables and variables squares. When the combined control strategy was studied, the
process values from the feedback control was also added. The process values were
turbidity and suspended solids. The study assumed feedback control parameters were
measured immediately after dosing coagulant, and thus took no consideration to hy-
draulic retention time. The result showed that combining feedforward and feedback
improved model qualities for dosage adjustment, which made effluent concentration
more stable. Coagulant dosage for the WWTP was reduced by 9 %.

2.6 Controller tuning approach - The Lambda method

The Lambda method is commonly used to calibrate regulators. The method consists
of four steps and is described by SvensktVatten | (2010c). The process for tuning a PI
regulator is outlined below.

1. Change of setpoint value.

2. Measure the step response from the process value, Ay, and note time for step
response change.

3. Calculate lambda, A.
4. Calculate control parameters for the regulator, based an the Lambda value.

The regulator should be disconnected at step 1. The change of setpoint value should
be swift and the amplitude, Au, saved. At step 2, the time it takes for the process value
to reach 63% of the setpoint is noted as T, figure[9]. Any possible dead time, L, should
also be noted. The process gain, Kp, is calculated as in equation 25,

Step response

Figure 9: Parameters used in the Lambda method.
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Ay
Kp=—2 2
P= 1 (25)
In step 3, lambda is calculated according to equation[26] p should be adjusted to fit the
process. A low value, <1, will result in a swift regulation whereas a high value, >3, will
lead to a slow but stable regulation. Common values for p are between 2 and 3.

A=p-T (26)

Control parameters calculated at step four are control gain, Kgg and T; according to
equation[27]& 28 The control parameters are starting values, and can if needed further
be fine-tuned.

T
Kpp = KA+ L) (27)
T,=T (28)

3 Background

This section contains the performed national analyses. The section also describes Tivoli
WWTP, and Tivoli’s issue with irregular load deriving from Regnbdagen.

3.1 National analysis: Experiences from other WWTPs

Experiences from other WWTPs were gained by contacting several municipal corpora-
tions with a questionnaire. The questions asked in the questionnaire are shown below.

1. How many PE E| is the WWTP designed for, and what is the current load?
2. What is maximum designed influent flow rate, and what is the average influent flow rate?

3. What is the wastewater treatment process? Is pre-precipitation, simultaneous precipita-
tion or post-precipitation used?

4. What coagulants are used for chemical precipitation?
5. Which control strategy is used for chemical precipitation?
6. Does the control strategy give satisfactory results?

A summary of the questionnaire is seen in table 3| The full overview is seen in ap-
pendix |Al From table [3|it is clear that both the placement of the chemical treatment
and control strategy varies much within Sweden. All WWTPs expect Kungsdngsverket
were satisfied with their control strategy, who are having issues with post-precipitation.
Both Ons WWTP and Himmerfjirdsverket uses pre-precipitation and face challenges
with their control strategy during high flows. Ons WWTP uses feedforward propor-
tional to TSS, which is the same control strategy as Tivoli currently has.

2PE stands for population equivalent and is organically degradable material. 1 PE equals 70 grams
of BOD?, biochemical oxygen demand for 7 days (Naturvardsverket | 2017).
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Table 3: Chemical treatment and control strategies of WWTPs within Sweden. Chemi-
cal treatment and control strategies within parenthesis are used occasionally.

Treatment plant Chemical treatment Control strategy Satisfactory

Organisation and/or city results?

- Tivoli pre-precipitation feedforward: SS and No

MittSverige Vatten & Avfall time proportional

Sundsvall

- Simsholmen pre-precipitation time proportional yes

Tekniska kontoret, Jonkiping

- Kungsédngsverket pre-precipitation feedforward: flow yes

UppsalaVatten post-precipitation feedforward: phosphate’| no ﬁ
(simultaneous precipitation) (feedforward: flow) -

- Ryaverket simultaneous precipitation feedback: phosphate yes

Gryvabb, Goteborg (direct precipitation) (feedback: SS & flow) yes

- Ons WWTP pre-precipitation feedforward: SS yes

Vakin, Umed post-precipitation feedback: flow yes

- Képpalaverket simultaneous precipitation teedback: phosphorous yes

Kippalaforbundet, Stockholm — post-precipitation teedback: phosphate yes
(direct precipitation) ﬂ - -

- Himmerfjardsverket pre-precipitation feedforward: flow and ye

Syvab, Stockholm teedback: SS & phosphate

- Goviken pre-precipitation teedforward: TS and yes

Ostersunds kommun teedback: flow
(post-precipitation) -

- Henriksdals WWTP pre/simultaneous precipitatio time proportional yes

Stockholm Vatten & Avfall post-precipitation teedback: phosphate yes

- Bromma reningsverk pre/simultaneous precipitationﬂ still testing -

Stockholm Vatten & Avfall (summer) feedforward: flow yes

(post-precipitation)

(feedback: phosphatem

3Incoming phosphate concentration to the chemical treatment.

“Low total organic carbon create challenges for this precipitation, and the process can be optimised.
Today, coagulant is overdosed.

SWorks well under normal circumstances. During extreme high flows, the dosage must be adjusted.

6Uses Actiflo, which is a more affective than conventionall direct precipitation. Actiflo improves
settling by add polymers, micro sand followed by a lamell discs (Sweco |, 2013).

7Works well under normal circumstances but need much manual control under high flows.

8Coagulant is dosed at inlet of the WWTP, but is not oxidised before the biological treatment. There-
fore it works as a simultaneous precipitation.

9Coagulant is dosed at inlet of the WWTP, but is not oxidised before the biological treatment. There-
fore it works as a simultaneous precipitation.

1OWith restriction deriving from flow.
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3.2 Tivoli WWTP

Tivoli WWTP is the largest WWTP in Sundsvall and currently receives a load of 50 000
PE and has an average influent flow rate of 23 000 m3/day. Tivoli is designed for up to
85 000 PE and a maximum influent flow rate of 26 400 m>/day. Tivoli started operating
in 1970 and is build inside of Norra Berget, a mountain north of Sundsvalls city. The
treated effluent from Tivoli is released into Sundsvallsbukten (MSVA |, 2020). Tivoli’s
wastewater treatment process is seen in figure

Coagulant
Haga- Sandtrap & Primary Secondary
ledningen Screens flocculation chamber clarifier Aeration  clarifier
—
. Decanter
Regnbagen Primary Return sludge
sludge Surplus

v sludge

Figure 10: Overview of Tivoli WWTP.

The wastewater enter Tivoli WWTP either from Haga-ledningen or from an equal-
isation tank, Regnbagen. About one fifth of the wastewater originates from Haga-
ledningen, which is an upstream sewer network. The rest of the wastewater is first
upheld in Regnbagen. Tivoli has two parallel precipitation lines between the screens
up to the secondary clarifier, where the wastewater is distributed over four clarifiers.
The coagulant is added at the inlet of the sand trap. The outflow from the decanter is
added to one of the primary clarifiers. The decanter originates from a sludge thickener
(Malovanyy | 2015) .

3.2.1 Purpose and problems with the equalisation tank

Regnbdgen is a later extension to Tivoli, and was built in 1990 to avoid overloading that
were a result of combined pipes for storm- and drainage water in the sewage system.
During storm weather and snow melting the combined pipes resulted in flows that
exceeded Tivoli’s wastewater treatment capacity. Regnbdgen consists of a 2 km long
tunnel inside of Norra Berget and holds 30 000 m>. Wastewater is pumped 5-25 m up
from Regnbégen to Tivoli WWTP, depending on the current water level inside the tank.

Although Regnbagen successfully avoids overloading since its installation, the equal-
isation changes the pollutant dynamics of incoming wastewater. Typically, incoming
load is mirrored by societies activities, and there is a good correlation between incom-
ing phosphate and suspended solids. Sand, sludge and suspended solids present in
the wastewater in Regnbdgen settles, due to the wastewater slow flow rate inside Reg-
nbagen. The settled matter is removed 1-2 times a day, by reducing the water level
in Regnbdgen and pump the settled matter to Tivoli WWTP. Reducing the water level
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in Regnbagen cannot be done during periods with high flow, which results in an ac-
cumulation of settled material in Regnbagen. When the water level in Regnbdgen is
reduced, incoming particulate load to Tivoli increases rapidly as the settled matter is
pumped to Tivoli. Incoming suspended material is therefore more dependent on the
water level in Regnbdgen, than on societies activities

3.2.2 Current control strategy

The coagulant used at Tivoli is PAX, which is an aluminium based coagulant. The dos-
ing of PAXis currently regulated by feedforward control proportional to incoming con-
centration of suspended solids. Tivoli additionally uses a time-based control. During
daytime between 08:00-16:00, more coagulant is dosed per kg suspended solids than
during nighttime. The dosing of PAX is also adjusted to the water level in Regnbégen.
The water level can be divided into a top layer, which is the standard level, middle and
bottom layer. During the standard water level, no extra coagulant is added. When the
water level in Regnbagen is reduced, the water level is cut to middle- and bottom layer.
During the emptying, extra coagulant is dosed in order to achieve sufficient cleaning
due to higher loads of particulate matter present in the lower layers. The extra dose of
coagulant is higher when water is pumped from the bottom level than from the middle
layer.

Tivoli used to regulate the coagulant dosage by feedforward control proportional to
incoming soluble phosphate, with good results. However, the phosphate sensor was
quickly polluted by incoming wastewater. This created difficulties to keep the sensor
clean and the control strategy was therefore changed to proportional to suspended
solids, as sensors measuring suspended solids are less sensitive.

3.2.3 Tivoli’s issue with irregular load

The current control strategy significantly increases the coagulant dosage during the
emptying of Regnbagen, in order to compensate for the extra incoming load. A high
dosage of coagulant can result in the precipitation of phosphate being to high, which
will deteriorate the growth of bacteria during aeration. Consequences of this are far-
reaching, as it makes the bacteria composition less diverse and therefore negativity
effect the biological treatment step. At the same time, if load peaks are not addressed
with the right chemical dosage effluent concentration of phosphate will be to high.

Tivoli uses pre-precipitation and lacks consequently ability to reduce the phosphate
concentration after the biological treatment. It is therefore extra important, that the
precipitation of phosphorus works to satisfaction.

4 Method

This section describes first sampling of data, followed by model calibration of ASM2d
and the primary clarifier model. Next, the construction of the soft sensor is described
followed by the development of the control strategies. Lastly, the upbringing of a
multicriteria-analysis is descried.

Malin Tuvesson, personal communication.
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4.1 Sampling of data

4.1.1 Data measurements

Data for this project consists of both lab measurements and online data. Table [4]lists
all measurements used in this project, and figure [11| shows where in Tivoli the mea-
surements were taken. Online data is shown above the blue line in figure 11, and lab
measurements under the same line.

Table 4: Data measurements. Filtered phosphate of online data is denoted as PO4-P**
and lab measurements are denoted as PO,4-P*.

Online data

Lab measurments

Index Measruement Unit Index Measurement Unit
H Height of wastewater [m] Con Conductivity [S/m]
in Regnbagen
T Temperature [°C] PO4-P  Phosphate [mg/1]
Qw Waterflow [m3/h] PO4-P* Filtered phosphate [mg/1]
pH pH -log[H*] through 1.2 pm
SS Suspended solids [mg/1]
Qc Coagulantflow [1/h]
POy4-P **  Filtered phosphate [mg/1]
through 0.45 pm
Qps Primary sludgeflow [m3/h]
TSpg Total solids in [%]
primary sludge
Sand trap &
Regnbagen Screens flocculation chamber Primary clarifier
R — — — | — - - — o — >
Con, PO,-P* PO,-P, PO,-P*
Qps
TSps

Figure 11: Measurements taken at Tivoli.

Online data is continuously measured by sensors. The data was collected from aCurve{H
with the time resolution of one hour. Lab measurements were sampled by two carousel
samplers, the first placed after the screens and the second after the primary clarifier.
The carousel samplers were set to fill a bottle with wastewater at predetermined in-
tervals. The wastewater was analysed around 08:00 each morning, which means that
wastewater could stand up to 24 hours in the bottle.

12A program used at Tivoli for monitoring and analysing online data.
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Phosphorus measurements were analysed at an accredited lab by staff. The pore size
of filters used in the lab are 1.2 pm, and filtered phosphate values from the lab can thus
be considered dissolved. The filtered phosphate measured by the sensor has a pore
size of 0.45 ym. It was believed that the difference in pore filter size would have no
impact on effluent phosphate concentration from the primary clarifier, and thus that
PO4-P** would be mirrored by PO4-P*.

Conductivity was measured directly at Tivoli using a multi-sensor. The sensor mea-
sures conductivity both with and without temperature correction. Conductivity with
temperature corrections was used in calculations, as the wastewater had time to war-
m/cool before it was analysed.

At Tivoli suspended solids, SS, and total solids, TS, are measured. The model simulates
total suspended solids, TSS. In this thesis, TS and TSS are assumed to be equivalent.

4.1.2 Sampling campaign

The sampling campaign took place between the 15th and 19th of March. Data measure-
ments for conductivity, incoming lab filtered phosphate, PO4-P*, and effluent phos-
phate, PO4-P, was sampled every second hour from 00:00 on the 15:th to 08:00 on the
19:th of March. To confirm that effluent phosphate measured by the sensor, PO4-P**,
was mirrored by lab measurements, PO4-P*, six samples of PO,-P* effluent from the
primary clarifier were sampled. However, the assumption that pore filter size would
have no impact on effluent phosphate concentration proved to be false. This created
complications in the calibration of ASM2d, as PO4-P* is the incoming concentration to
the primary clarifier but there were no continuous measurements of effluent PO4-P*
from the clarifier. This is further discussed in section 4.2.3.2 Determine phosphate con-
centration to calibrate ASM2d by.

For the construction of the soft sensor, additional measurements were taken to vali-
date the correlation between incoming soluble phosphate and other characteristics in
incoming wastewater. The sampling of validation data was taken every third hour
from 00:00 on the 22:nd to 00:00 the 23:rd of March.

Two complications appeared during the sampling campaign. The first happened on
the 16:th at 14:00, when the carousel sampler containing incoming wastewater missed
to fill the bottle. No lab measurements was therefore collected for incoming wastew-
ater at this time. The second happened on the 15:th between 13:00 to 14:00, when the
electricity had a breakdown. Therefore, no online data was collected during this time.

Furthermore, two circumstances appeared that might have influenced the results. On
the 16:th between 14:00 to 16:00, measurements for flow rate was reduced to zero and
shortly afterwards increased to twice the typical flow rate. These measurements were
considered to be outliers and were deleted. Coagulant flow also had similar deviating
values and were considered as outliers. Lastly, between the 15:th to the 17:th only one
of the sand traps, where the flocculation occurs, was in use. This increases the flow
rate and thus shortens time for flocculation. Both primary clarifiers were in use.
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4.2 Model calibration

ASM2d and the primary clarifier model were calibrated according to Tivoli’s condi-
tions. This was done by 1) characterise influent parameters, 2) adjust ASM2d to an
aluminium based coagulant and calibrate model parameters, 3) adjust the primary
clarifier model to an aluminium based coagulant and calibrate model parameters.

4.2.1 Influent characterisation

Influent characterisation parameters to the model consists of state variables, table
and two additional parameters; flow rate and temperature. Henze, et. al. | (2002) has
proposed literature values for the state variables, but the model provided had default
values that varied slightly. The parameters for the influent characterisation measured
in this project are soluble phosphate, which is filtered phosphate, PO4-P*, particulate
materia]@ flow rate and temperature. The parameters that are not measured were
estimated by the standard influent characterisation used in BSM2. The parameters
where therefore estimated by running the simulation in steady state with the models
default values, but with updated values for the measured parameters. Mean values
used for the simulation of the measured parameters are seen in table 5| The simulation
saved new values for the state variables, which were used as influent characterisation
further on.

Table 5: Measured parameters for influent characterisation.

Parameter Tivoli mean value Unit
Soluble phosphate  Sposp+ 2.2 gP -3
Particulate material Xygg 250 gTSS m>
Flow rate Ow 23 000 m3/ day
Temperature T 8.9 °C

Prior to running the simulation the flow rate was converted from [m3/h] to [m3/ day],
which is the required unit set by the model. Additionally, the volume of the primary
clarifier been updated according to the size of Tivoli’s primary clarifier.

For dynamic influent data the model requires a measurement every 15:th minute. Since
both lab and online data had a wider time resolution, dynamic influent data was inter-
polated. The interpolation for online data is shown appendix[B figure 1, and measured
lab data with the interpolation is shown in appendix [B| figure 2.

4.2.2 Addition of coagulant

The main coagulant dosage characteristics required for modelling are coagulant flow
rate, concentration of aluminium hydroxide, AI(OH); within the coagulant, and con-
centration inorganic suspended solids, ISS, within the coagulant. For the calibration

13Particulate material is the concentration of total suspended solids, consisting of measured sus-
pended solids in the wastewater and of particulate matter from the coagulant.
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of ASM2d and the primary clarifier model, the measured coagulant flow rate was con-
verted into [m3/ day].

The concentration of aluminium hydroxide was calculated by first finding the mass of
aluminium dosed per cubic meter PAX, and use stoichiometry to find the concentration
of aluminium hydroxide, equation [29]-

MmMa] = UpAX * PPAX * AlProcent (29)
m
NAI(OH); = NAl = M_ilz (30)

MmaioH);,  Maiom); * "al(0H);
UpAX UPAX

(31)

CAI(OH); =

In the equations are m=mass [g], v=volume [m3], opax = density of PAX [g/ m3)),
Alprocent= procent weight of aluminium in PAX, n=mol, M=molar weight [g/mol] and
c=concentration [g/m?].

The concentration of ISS was assumed to be equal to the concentration of aluminium
hydroxide, according to equation

CISS = CAI(OH)s (32)

4.2.3 ASM2d model
4.2.3.1 Adjust stoichiometric coefficients for aluminium based precipitation

ASM2d was calibrated after an aluminium based coagulant using stoichiometry co-
efficients for aluminium hydroxide and aluminium phosphate, AIPOy,, table @ This
enables ASM2d to calculate the process rate of precipitation and redissolution, accord-

ing to equation[/] &

Table 6: Stoichiometry of precipication and redissolution of phosphate. It is shown
how many grams of Xj0m3, X arp, and Xrss that is reduced or formed when 1 g Spo,p
is precipitated /redissolved.

Process Sro, Xawon); Xawro, Xtss
Precipitation -1 -2.52 3.94 1.42
Redissolution 1 2.52 -3.94 -1.42

Spo,pr, Xaiony, and Xapo, are the compounds molar weight divided by the molar
weight of phosphate. Equation (33 & 34| shows the calculation of Xajomn),. Xarpo, and
Spo, were calculated similarly. For Spp,, only the phosphorus atom is included in the
molar weight because ASM2d is set to calculate phosphate in [gP/ m?3], instead of
[gPO4-P/ m3]. Xtsg is the absolute value difference between X Al©OH); and Xaipo, -

M(AI(OH)3) = M(AI) +3- M(OH) = 26.98 + 3 - (16 + 1.008) = 78.004  (33)
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M(AI(OH)3)  78.004

X (Al(OH)s = M(P) 3097

=2.52 (34)

4.2.3.2 Determine phosphate concentration to calibrate ASM2d by

Input phosphate concentration to the model is incoming lab filtered phosphate, PO4-
P*. Figure |12 shows all measured effluent phosphate concentrations. As it was be-
lieved that PO4-P* and PO4-P** would mirror each other, the plan had been to calibrate
ASM2d after the sensor. However, the sensor measured PO4-P** to be significantly
lower than the samples of lab filtered phosphate, PO4-P*.

5 T T T T

i % Lab:PO4-P* | |
4 Lab: PO4-P
3k Sensor: PO4-P™ | |

PO4-P [g/m?]
N

—

0
Mar 15 Mar 16 Mar 17 Mar 18 Mar 19

2021

Figure 12: Measured effluent phosphate concentration from the primary clarifier.

This provided a complication, as it is desirable that the effluent concentration used to
calibrate ASM2d by should correspond to the incoming concentration. It was therefore
tested to estimate effluent PO4-P* by using a historical fraction, which was calculated to
0.72. This historical fraction originates from a time when Tivoli used iron as coagulant
and both phosphate and filtered phosphate was measured after the primary clarifier.
The conformity of the estimated PO4-P* by the historical fraction with measured POy-
P* during the sampling campaign are shown in appendix [D} figure 1. The historical
fraction miss-predicted two of the six measurements considerably.

It was decided to calibrate ASM2d against the sensor measurements, PO4-P**, as the
historical fraction miss-predicted the effluent PO4-P* concentration. Furthermore, it
was in the interest of the staff to calibrate the ASM2d after the sensor as it is easy to
implement in practice. However, when interpreting the model results, the difference
between the filter pore size in input and effluent phosphate concentrations should be
remembered.

4.2.3.3 Rate constant for precipitation and redissolution

De Haas et. al. |(2001) suggested values for Kprg, Krpp and Kapx, defined in equation
& 18|, for alu Attempts were made to calibrate ASM2d accordingly. However,
the suggested values by De Haas et. al. |(2001) resulted in too low precipitation. The
rate constants were therefore significantly increased to receive a higher precipitation.
Two promising combinations of values of the parameters are shown in table [/} The

14 An aluminium sulphate that can be used as coagulant.
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best alternative was determined by calculating the percentage difference between the
models estimations of phosphate and the measured phosphate concentration.

Table 7: Tested combinations of values for Kprg, Krgp and Kapx. Alternative 1 is
suggested by |De Haas et. al. | (2001).

Combination of parameters Kpre Kred Kalk Percentage difference
Alternative 1 0.0006 0.00036 0.5 -206,2

Alternative 2 50 10 0.4 0.165

Alternative 3 100 60 0.5 -28.3

Alternative 2 had the smallest difference between the estimated phosphate concen-
tration and the measured, and was judged to be the most promising combination of
parameters. Alternative 2 is therefore used further on. However, an additional con-
sequential error analysis was performed which compares alternative 2 and 3 perfor-
mance of the modelled phosphate concentration for the optimal control strategy.

To investigate whether ASM2d’s performance was affected by using PO4-P* as input
parameter but calibrate ASM2d after PO4-P**, it was also tested to calibrate ASM2d
after the historical fraction. Good values for rate constants were Kprg=0.8 , Krpp=0.48
and K1 x=0.5 when ASM2d was calibrated after the historical fraction.

4.2.4 Primary clarifier model
4.2.4.1 Adjust stoichiometric coefficients for aluminium based precipitation

The primary clarifier model was calibrated so the stoichiometric coefficients would
match aluminium, equation The equation calculates total incoming aluminium
from the ASM2d module to the primary clarifier module. In the equation are AI(OH)3
and AIPO4 multiplied with the fraction of the molar weight of aluminium in alu-
minium hydroxide and aluminium phosphate. The total amount of incoming alu-
minium to the primary clarifier is seen in figure

Alyor = 0.35- AI(OH)3 4 0.22 - AIPO, (35)
| Incoming aluminium |
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™
E
2
< of i

0 | | | |
Mar 15 Mar 16 Mar 17 Mar 18 Mar 19
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Figure 13: Total amount of incoming aluminium to the primary clarifier.
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The total amount of aluminium present in the primary clarifier affects the settling.
If the total amount of aluminium is low, the correction factor removal efficiency for
aluminium, Alcoyr, is low which leads to a poor settling and vice versa. There is a linear
relationship between the lowest and highest Al.o+ according to equation Aliot. max
and Aliot min define limitations of the correction factor removal efficiency. If the current
aluminium present in the primary clarifier is smaller than Al min, the correction factor
removal efficiency is not lower than Alor.min and vice versa if the aluminium present
is higher than Alot.max-

Al — Al '
Alcorr — Alcorr_min + (Altot — AlCO}’V.mi?Z) : Ac;zrzmax . Aljozr’nj”n (36)
ot.max ot.min

An approximation of the maximum and minimum aluminium present in the primary
clarifier was found through looking at figure and suitable values for Aliotmax and
Aliot min could be determined.

Apart from the parameters in equation [36} feorr, fx and fpg defined in equation
and (17| also had to be adjusted. fps is the proportional primary sludge flow rate to the
influent flow rate, and could be calculated since both flow rates are measured. The
other parameters could not be calculated, and different magnitudes of the values were
tested. The default and selected values after calibration are shown in table[8l

Table 8: Calibration of the primary clarifier model.

Combination of Parameters Altot. min Altot. max Alcorr. min Alcorr. max fcorr fX fPS
Default 20 80 1 1.3 0.65 0.85 0.007
Selected 3 11 1 1.2 03 039 0.0063

The values were chosen after an iterative process, where one value was changed at a
time. The performances of tested values were evaluated against mass balances, with
the goal to minimise differences between modelled and estimated load of phosphate
and total suspended solids. The mass balance of total suspended solids were also
validated by adjusting modelled total suspended solids in the primary sludge against
measured total solids, as a step in the iterative process.

4.2.4.2 Mass balances

In order to receive reliable mass balances, a comparison over flow and a mass balance
over modelled aluminium in the primary clarifier was conducted.

For the comparison over flow, figure incoming flow to the primary clarifier was
compared to total outgoing flow from the primary clarifier, for both measured and
modelled flow. The total outgoing flow consists of the overflow from the primary
clarifier and the flow of the primary sludge. The models estimation of total outgoing
flow proved to be the exact same as measured incoming flow.
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Figure 14: Comparison over flow.

The mass balance for aluminium were calculated according to equation 37 & 38| where
l=load [g/day], c=concentration [g/ m3] and q=flow [m3/ day].

line = Cinc - Jinc (37)
lout = Cout.Water - Jout Water + CSludge * YSludge (38)

Incoming concentration was the state variables Me(OH)3 and MePO, saved after the
ASM2d module, and outgoing concentration was the same state variables saved after
the primary clarifier module. Equation 35/ was used to calculate the total amount of
aluminium the in state variables. The mass balance for aluminium load is shown in
figure[15 The percentage difference between incoming and outgoing load was roughly
1.2 %.
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Figure 15: Mass balance for aluminium over the primary clarifier.

Equation[37/and B§ were also used to create mass balances for the load of soluble phos-
phate and total suspended solids. Incoming concentration for the mass balance over
phosphate was PO4-P*. The models estimation of outgoing phosphate concentration
was calculated by adding the state variables Spp, and contribution of phosphate in
Xmep. The concentration of phosphate within aluminium phosphate was calculated
according to equation 39 where 0.25 is the molar weight fraction of phosphate.
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Cp = 0.25- Carp (39)

Incoming total suspended solids consists of measured suspended solids and the calcu-
lated contribution of aluminium hydroxide and inorganic suspended solids deriving
from the coagulant. Outgoing total suspended solids is the models estimation of total
suspended solids. The modelled load in the primary sludge was compared to and ad-
justed after measured total solids, figure[16] The concentration of measured total solids
were estimated by assuming 1% = 10 000 [g/ton] according to SvensktVatten | (2010d).
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Figure 16: Measured and modelled load of total solids/ total suspended solids in pri-
mary sludge.

It was decided to not include the contributions from the decanter to the model. This
was primarily done by two reasons. The first was that neither ASM2d or the primary
clarifier model includes this contribution. The second reason was that the available
data from the decanter was old, and therefore uncertain how much it resembled the
current contribution of phosphate and suspended solids. The available data was anal-
ysed, and the contributions from the decanter were small in comparison with incoming
load.

4.3 Prediction of phosphate

Incoming phosphate is hard to measure online (IVL , 2008), which creates challenges
if feedforward control proportional to incoming phosphate is to be implemented at
Tivoli. A soft sensor is a virtual sensor that can estimate parameters that are hard to
measure online, by combining information from more easily measured parameterﬁ
(IVL}, 2008). The original plan was to calibrate a soft sensor but due to lack of equip-
ment not all easily measured parameters could be measured.

Instead, a simplified version of a soft sensor was created that didn’t combine the in-
formation of the easily measured parameters. The constructed soft sensor only inves-
tigates the correlation between incoming phosphate and other incoming parameters
individually. Regression lines were plotted showing the correlation of incoming fil-
tered phosphate, PO4-P*, with incoming suspended solids, flow rate, temperature, pH,

15Easily measured parameters are needed for calibration of a soft sensor are flow, temperature, TSS,
pH, conductivity and redox potential (IVL }2008).
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conductivity and the water level in Regnbdgen. Data used for the construction of the
simplified soft sensor were sampled between 15:th to the 19:th of March. The data had
first been interpolated to 15 minutes long intervals, in order to enable the prediction to
be used in dynamic simulations later on, see appendix B|figure 1 and 2.

Suspended solids and pH had promising linear relationship with filtered phosphate,
see appendix [C] figure 1, and therefore attempts were made to find a linear equation.
Outliers were deleted in order to improve the correlation. For suspended solids all
values above 350 mg/1 were considered outliers, and all values below 7 was consid-
ered outliers for pH. These limitations were motivated in order to improve the linear
relationship. However, for suspended solids, the limit excluded all peaks which is not
desirable, because it eliminated the effect of Regnbdgen. The linear regression that
estimates phosphate from suspended solids and pH is shown in figure

3r 3r
O  Data points O  Data points
Linear regression Linear regression
25}
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Figure 17: Linear regression for soluble phosphate plotted against suspended solids
and pH.

The equation calculating phosphate from suspended solids had a r? value of only 0.007,
whereas the r? value when pH was the independent variable proved to be higher, with
a value of 0.377. Therefore, only pH was used to predict phosphate, according to equa-
tion

Phosphate concentration = —13.2575 + 2.0226 - pH (40)

Calculating incoming phosphate from equation [40] gave negative phosphate values

where pH<7, which occurred between 00:00 and 08:00 on the 15:th, due to the lim-
itations earlier drawn. Two paths were tested to overcome this. The first path was
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simply not to view values pH<7 as outliers. However, this resulted in a much lower r?

value of 0.19. The second path was to compare what the measured incoming PO,4-P*
had been during the time when pH was below seven, and set the estimated phosphate
concentration to a value close to the measured value. The second path was chosen,
and all negative phosphate values were set to 1. This path was further motivated by
examine the pH level during the past year, where pH<7 was observed roughly 3 % of
the time.

To ensure that equation 40| not only works on calibration data, the equation was val-
idated with measurements from the validation data, sampled the 22:nd and 23:rd of
March. Additionally, consequential errors were analysed deriving from the miss-prediction
of phosphate for feedforward control proportional to pH.

4.4 Control strategies

The control strategies; feedforward, feedback and feedforward combined with feed-
back are used to regulate the chemical dosage of the precipitant, and thereby effluent
phosphate concentration. A reference value for effluent phosphate concentration from
the primary clarifier was set to 0.76 [mg/1] according to the benchmark ratio for opti-
mal bacteria growth. The reference value only considers the ratio between BOD; and
phosphate, as there is no continuous measurements for nitrogen. The calculated ref-
erence value is based on the mean value of BOD; from one year prior the sampling
campaign.

44.1 Feed forward

Three feedforward strategies were examined proportional to different disturbances.
The strategies were:

¢ Feedforward based on the concentration of incoming suspended solids, FF: TSS.
¢ Feedforward based on incoming load of filtered phosphate, FF: PO4-P.

* Feedforward based on incoming load of filtered phosphate, calculated using a
soft sensor based on incoming pH measurements, FF: pH.

FF: TSS represents Tivoli’s current control strategy. The flow of chemical dosage for FF:
TSS was therefore measured, and could be used directly.

The coagulant flow for FF: PO4-P and FF: pH were estimated by calculating the load of
incoming phosphate, and using stoichiometry to find the mass of aluminium required
to precipitate the incoming phosphate load. The theoretical stoichiometry between
phosphate and aluminium is 1:1, as seen in equation[I]} By using the weight percent of
aluminium in PAX and the density of PAX, the required chemical dosage was found,

equation [41]- 44}

Ip=cp- Qwater (41)
/
Ny =np = M_Pp (42)
nAj
gy = —— 43
A (43)
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MpAX mAl/Alprocent
PPAX PPAX

qPAX,T = (44)

In the equations are 1=load [g/d], c=concentration[g/ m3], qwater=flow rate of wastew-
ater [m3/d], n=mol, M=molar weight [g/mol], Alpercent= weight present of aluminium
in PAX, p=density of PAX [g/ m3] and grax. 7= theoretical required chemical dosage to
precipitate the incoming load of phosphate.

The calculated coagulant flow, qpax_ 1, is strictly theoretical and does not account for
the precipitation calibrated in the model. To overcome this, incoming phosphate con-
centration was varied in steady state and effluent phosphate concentration analysed.
The goal was to get the effluent concentration equal to the reference value. Seven
variations of incoming phosphate were tested, from the minimum to the maximum
phosphate concentration observed throughout the sampling campaign, table 9 The
coagulant flow used for each simulation was calculated depending on incoming phos-
phate concentration, equation 41|- 44! Incoming phosphate concentration smaller than
the mean concentration resulted in an effluent phosphate concentration lower than
the reference value, and thus an overdose of coagulant. Incoming phosphate exceed-
ing the mean value of phosphate also exceeded the reference value, and was therefore
under-dosed. By multiplying the coagulant flow with a proportional gain for each sim-
ulation, the reference point for each effluent phosphate concentration was reached for
all incoming concentration in steady state. This coagulant flow is denoted as qpax_r.

Table 9: Tested incoming phosphate concentrations in steady state. The percentage
refers to the mean value of the phosphate concentration.

Phosphate concentration || Min 60% 80% Mean value 120% 140% Max
Proportional gain, Kgr 0.136 0.501 0.804 0.986 1.107 1.194 1.278

The relationship between gqpax. T and qpax_ R is described by the linear equation

dpax.r = —0.25355 + 1.7129 - gpax.T (45)

Equation 45/ was used to calculate the chemical dosage for dynamic simulations. How-
ever, this resulted in negative flows for a limited number of occasions. To avoid nega-
tive coagulant flows, all qpax r <0 was set to 0. A comparison over qpax. T and gpax. R
is seen in figure It is seen that qpax. r follow the dynamic of qpax. T, but have more
significant peaks.
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Figure 18: Theoretical, qpax 1, and adjusted coagulant flow to the reference value,
qPAX. R

4.4.2 Feedback

A loop was created from the primary clarifier module to the addition of coagulant,
and within the loop was a feedback regulator added, figure The control strategy
for feedback control is denoted FB.

Regulator

Addition of
coagulant

Constant data ASM2d Primary {1,

clarifier |Water

Dynamic data

Primary
sludge

Figure 19: Simulink model for feedback control.

Incoming parameter to the feedback module is phosphate concentration, and outgoing
parameter is the calculated flow rate of coagulant. An anti-windup was included in the
regulator, which ensures that coagulant flow doesn’t exceed chosen limits. The lower
limit was set to zero, as a negative flow is not possible. The upper limit was set to 6
[m3/d], a coagulant flow rate that is only exceeded twice in 1.5 years.

4.4.21 Tuning the PI- controller

The control parameters for the PI- controller were calculated with the Lambda method.
The change of setpoint correspond to a change in coagulant flow, and the step response
in the process value is the phosphate concentration. The setpoints were set so the
process values captured the reference point with +0.5, table
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Set point Step response

Initial 0.318 0.81
After setpoint change 0.372 0.71

Table 10: Shows changes in setpoint, and corresponding change in process value.

At first, attempts were made with p=1-3 but this resulted in a regulator that was too
slow. Therefore, lower p-values were tested. Table [11{shows tested p-values and cor-
responding values for the process control parameters gain, Kgg.

Table 11: Tuning the PI-controller

Control parameter p=0.1 p=0.25 p=0.5

T7 0.1364 0.1364 0.1364
Krg -5.335 -2.1340 -1.067

Evaluation of the p-values was done by investigating the step response of the pro-
cess value when the reference value was changed. In practice, the optimal phosphate
concentration changes depending on the current benchmark ratio for bacteria growth.
During the sampling campaign, the optimal phosphate concentration would be 0.81
mg/1. By changing the reference value from 0.81 to 0.76 (the optimal concentration of
phosphate during the last year), the setting time and oscillation for the p-values could
be seen. This is shown in figure 20l From the figure it is clear that oscillating behaviour
increases when p is reduced. It is also seen that higher p-values result in slow changes,
but little overshoot.
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Figure 20: Change of reference value of phosphate concentration from 0.81 to 0.76.
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It was judged that p=0.25 was best suited. This is motivated by the phosphate reaches
the new reference value the quickest. Furthermore, the change in reference value is
0.05, and the overshoot for p=0.25 is roughly 0.011, which in comparison is small.
Therefore is the risk low that an overshoot would have a significant negative affect
on the biological treatment step.

44.3 Feedback combined with feedforward

The combined feedforward and feedback control strategy was constructed by adding
a summation block within the module Addition of coagulant. The anti-windup was kept
within the regulator. The same disturbances were evaluated as for feedforward control.
The combined feedforward and feedback control strategies are denoted FF & FB: TSS,
FF & FB: PO4-P and FF & FB: pH.

A challenge with combining feedforward with feedback control is to find a good ratio
of the contribution of feedforward and feedback respectively. Equation [46| estimates
Krppp that determines how large the contribution of feedforward control should be.

ul —u2
vl — 02

In the equation, u is the input signal, which corresponds to the coagulant flow, and v
is a disturbance, in this case incoming phosphate to the primary clarifier.

Krrrp = (46)

The value received by equation 46| was Kgppg = 0.34, which means that 34% of the
dosage from feedforward control was used, and the contribution of feedback control
made up the rest of the total dosage for the combined strategy. The calculated Kgrrp
did not give satisfactory results and other values for Kgppg were tested. The p-value
chosen for the feedback regulator was low compared to values proposed by Svenskt-
Vatten |(2010c), which means the feedback regulator might be very swift. By combining
feedforward with feedback, the p-value can sometimes be set to a higher value as the
contribution of feedforward control allows feedback control to be slower [0 Tested
combinations of Kpgrg and p values are shown in table

Table 12: Tuning the combined regulator.

Control parameter Kgrrp p

Option 1 034 025
Option 2 034 05
Option 3 0.7 0.25

There is a balancing act between the stability of outgoing phosphate concentration
from the primary clarifier and swiftness of changes in coagulant flow. The phosphate
concentration and coagulant flow was evaluated by running ASM2d and the primary
clarifier model, for all three options. The feedforward contribution was proportional
to measured incoming phosphate. Additionally, the contribution of feedforward and
feedback control to the total chemical dosage was investigated for the best option.

16Bengt Carlson, personal communication.
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4.5 Multi-criteria analysis

The control strategies were evaluated with a multi-criteria analysis. The criteria in-
cluded the mean value of modelled phosphate concentration, the maximum variation
in phosphate concentration, coagulant use, produced sludge and complexity, table
The criteria were weighted with a factor. Four intervals were created, and the perfor-
mance of the control strategy determined in which interval the control strategy was
placed in for each criteria. Points to the control strategies were determined by mul-
tiplying the index of the given interval with the factor for each criteria, and sum up
the points. This way, control strategies placed in interval 4 for a certain criteria would
receive higher points than a control strategy placed in interval 3. The control strategy
with the highest points was viewed as the most promising.

Table 13: Weighting and intervals for the criteria in multi-criteria analysis.

Variable Factor Interval

1 2 3 4
Mean value PO4-P 0.3 £+ >0.05 =£0.03 —-0.05 =£0.01 -0.03 =+ <0.01
Max. variation 0.2 >0.94 0.66— 0.94 0.39— 0.66 <0.39
Coagulant dosage 0.25 > 642 534— 642 425— 534 <425
Produced sludge 0.1 >506 504— 506 502— 504 <502
Complexity 0.15 FF+FB FB FF Current

The intervals for mean value of phosphate were determined with regard to the refer-
ence value. The closer the mean value of phosphate was to the reference value, the
higher interval would be control strategy be allocated in. The intervals limits are cho-
sen so an equal distribution between the performance of the control strategies would
be allocated.

The maximum variation in phosphate concentration is the difference between the high-
est and lowest modelled phosphate value. Coagulant dosage is consumed PAX in
[kg/d], and produced sludge is produced primary sludge in [ton/d]. The intervals of
the criteria span, coagulant dosage and produced sludge are calculated according to
equation 47|, where X is the index of the calculated interval.

Criteriay,. — Criteria,,;,
4

Interval X = Criteria,,;;, + X - (47)

The interval’s for complexity were based on how hard the control strategy would be to
implement in practice. The current control strategy would be the easiest to continue to
practice, and was therefore placed in interval four. To combined control strategy is the
most complex strategy, and was therefore allocated in interval 1.

34



5 Results and discussion

This section presents both results and associated discussion. Results from the model
calibration of ASM2d and the primary clarifier model, the performance of the soft sen-
sor and tuning of the combined control strategy is presented first. The subsection is
followed by the results of the combined control strategy and the multi-criteria analy-
ses. Next, consequential errors are pinpointed from the prediction of phosphate and
choice of model parameters for ASM2d. The section is concluded with some general
comments of improvements and uncertainties.

5.1 Model calibration

51.1 ASM2d

The result from the calibration of ASM2d is shown in figure It was decided to
calibrate ASM2d after alternative 2, as the percentage difference between estimated
and measured phosphate is only 0.165 %. The ASM2d estimation follows the dynamic
of the measured phosphate concentration decently, and the estimation does not capture
peaks. It also does not follow the measured phosphate as well as expected with respect
to the low percentage difference. It can therefore be concluded that the estimation,
almost equally, overestimates and underestimates the measured concentration. The
model estimation for alternative 1 and 3 are seen in appendix D) figure 2.
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Figure 21: Outgoing phosphate concentration from the primary clarifier, calibrated
against the sensor.

The decision to calibrate ASM2d after phosphate measured by the sensor, PO4-P**,
even though PO4-P* does not comprehend with phosphate measured by the lab, PO4-
P*, as seen in figure (12| had several consequences. The first complication is seen in fig-
ure 21}, where the swift drop at the beginning of the simulation likely is due to the mis-
match between input parameter, incoming PO4-P* to the primary clarifier, and what
the model is calibrated after, outgoing PO4-P** from the primary clarifier. Addition-
ally, it was required to significantly increase the rate constants for precipitation and
redissolution, Kpre and K o4, proposed by De Haas et. al. | (2001) in order to for the
estimation of phosphate to match the magnitude of sensor measured phosphate. This
is clearly seen in appendix D} figure 2, where alternative 1 resembles values proposed
by De Haas et. al. | (2001).
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If the model instead was to be calibrated after the historical fractions estimate of POy4-
P*, figure 22} the swift drop in the estimation of phosphate would disappear. However,
the estimation would completely miss the frequent occurring dips in late morning.
These dips derive from the measured phosphate, PO4-P, which the historical fraction
used to estimate filtered phosphate. As seen in figure (12} the dips occur for both POy-
P and PO4-P**, but are much more significant for POy-P. It is therefore likely that the
dips are amplified in the estimation of filtered phosphate, PO4-P*. If filtered phosphate
outgoing from the primary clarifier had been measured frequently during the sampling
campaign, the dips would likely be reduced which might have resulted in the best
model estimation of phosphate.
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Figure 22: Outgoing phosphate concentration from the primary clarifier, calibrated
against the historical fraction.

Calibrating ASM2d after the historical fraction resulted in Kpre to be increased from
0.0006 (proposed by De Haas et. al. | (2001)) to 0.8. Calibrating ASM2d after the sensor
(PO4-P*), Kpre was set to 50. To calibrate the model after PO4-P* would stray less from
earlier studies, which would have been preferable. By increasing the ratio between
Kpre and K (4, an even lower Kyre value than 0.8 could most likely be achieved.

5.1.2 Primary clarifier model

Result of the calibration of the mass balances are seen in figure 23| and The load
percentage difference for phosphate is 0.69%, and 17.0% for total suspended solids.
Modelled outgoing phosphate load nicely follows the measured incoming load. The
conformity between modelled and measured load for total suspended solids is weaker.
Measured suspended solids have sharp, high peaks deriving from the emptying of
Regnbagen. The model acknowledged these peaks, but not to the same extent. The
modelled peaks are also delayed and tends to linger. This is probably due to that the
settling of matter depends on size of the flocs created.
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Figure 23: Mass balance over phosphate load.
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Figure 24: Mass balance over total suspended solids.

The correction factor removal efficiency, f.orr, proved to have a great impact on the
settling. f.orr reduces the modelled load of total suspended solids in primary sludge.
The selected value for o is significantly lower than the default value (0.3 vs 0.65).
As the modelled overestimated the load in the primary sludge, see figure [15, further
reducing f.orr would have resulted in a better mass balance. However, reducing f.orr
further seemed illogical.

There are two main uncertainties for the calibration of the primary clarifier model. The
tirst regards the decanter which is not included in the mass balances. The contribution
of decanter was small, and probably does not have a major impact on the mass balance.
However, measured total solids in the primary sludge will likely be somewhat higher
due to the contribution of material in the decanter. As the primary clarifier model
was calibrated against measured total solids, the percentage difference of 17% is likely
somewhat bigger than the calculated.

The second uncertainty is that no consideration is taken to differences between the
total suspended solids and total solids. The sensor for total solids is also insensitive for
higher loads, which makes the evaluation even more difficult.

5.2 Prediction of phosphate

A simplified soft sensor proportional to incoming pH was constructed to predict in-
coming soluble phosphate concentration to the primary clarifier, described by equa-
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tion [0l Figure 25/ shows the performance of the calibration of the soft sensor. The
prediction follows the dynamics nicely, but does not acknowledge the sharp peak on
the 15:th, or the magnitude of the peak on the 17:th. Between 00:00 and 08:00 on the
15:th, the prediction is set to one due to incoming pH<7.
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Figure 25: Calibration of the soft sensors prediction of soluble phosphate.

Figure 26/ shows the soft sensors performance for the validation data. The prediction

captures the dynamic but is overestimated for all points, except at 11:00 on March the
22:nd.
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Figure 26: Validation of the soft sensors prediction of soluble phosphate.

Both calibration and validation of the soft sensors performance captures the dynamics
of the measured phosphate nicely. However, the prediction tends to underestimate the
stretch of the magnitude of the phosphate concentration. This indicates that pH alone
cannot fully predict incoming phosphate concentration. The prediction also holds one
major drawback, which is that the predicted phosphate concentration will be negative
when pH<7. For data used in this thesis this could be compensated, but a further
development of the correlation is encouraged to avoid this drawback if a soft sensor
based on pH is to be used in practice.

Even though the simplified soft sensor cannot predict incoming phosphate, the corre-
lation captured the dynamics. One explanation for this correlation is that anaerobic
degradation occurs in Regnbagen. [Liu et al | (2002) investigated a WWTP for snack
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food industries. This WWTP faced challenges with a high variation in pH and, like-
wise Tivoli, used an equalisation tank before the treatment plant. Liu et al | (2002) con-
cluded that the large pH derivation derived from hydrolysis in the equalisation tank,
caused by long hydraulic retention time. The hydrolysing processes produced volatile
fatty acids, VFA, which reduced the pH. There are bacteria known to use VFA for stor-
age of energy. In the process of gathering VFA, the bacteria can release phosphate in
the wastewater (SvensktVatten |, 2010c). As the settled matter in Regnbdgen is only
removed during the emptying of Regnbagen, the matter has a long retention time. It
it therefore possible that hydrolysing processes are triggered, which could reduce pH
within the settled matter. This might be the theoretical explanation of the correlation
between pH and incoming phosphate to Tivoli. This theory should be further investi-
gated if pH is to be used as a soft sensor at Tivoli. However, it should also be noted
that none of the WWTPs in the national analysis use feedforward control proportional
to pH.

It was also surprising that the correlation between suspended solids and phosphate
was not better. Several of the WWTPs in the national analyses uses feedforward con-
trol proportional to suspended solids with satisfactory results. This might be explained
with the settling of material in Regnbagen. During the emptying of Regnbdgen, much
settled material will enter Tivoli, causing sharp peaks in incoming suspended solids
seen in figure 27, Similar peaks can be observed for PO4-P* but those are not as obvi-
ous.
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Figure 27: Incoming concentrations of phosphate, soluble phosphate and suspended
solids.

This illustrates that Regnbagen reduces the typical correlation between incoming solu-
ble phosphate and suspended solids, as suspended solids settles whereas the dissolved
PO4-P* does not settle. Due to the settling, incoming suspended solids to Tivoli is more
dependent on the clearance of Regnbdgen, than of societies activities. As PO4-P* does
not settle, the concentration depends more of societies activities and therefore follow
the flow of wastewater. However, as previously discussed, phosphate is likely released
due to anaerobic degradation in Regnbdgen, which increases the dissolved phosphate
concentration in the lower layers of Regnbagen. Comparing PO4-P and PO4-P* in fig-
ure[27|shows that the peaks are more distinct for POy4-P, than PO-4-P*. This is probably
due to some phosphate is organically bounded, and therefore settles as it is particulate.
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5.3 Combined feedforward with feedback control

Figure |28/ shows that option 3 gives the smallest deviation from the reference value.
Increasing the p-value results in bigger oscillation from the reference value (option 2
had highest p-value). The contribution of feedforward could therefore not noticeable
allow an higher p-value for feedback control. Increasing Kgppp reduces the oscillation
(option 3 had highest Kgppg). This means that it is favourable for the combined control
strategy to have a larger contribution of feedforward control.
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Figure 28: Outgoing phosphate concentration from the primary clarifier for tested val-
ues on control parameters.

Option 3 proved to have slightly more rapid changes in coagulant flow compared to
option 1 and 2, figure 29 However, as the changes in coagulant flow are quite similar
for all options, it could be concluded that option 3 does not have a significant disad-
vantage regarding changes in coagulant flow. As option 3 resulted in the most stable
outgoing phosphate concentration from the primary clarifier, and only scarcely notice-
able quicker changes in coagulant flow, it was decided to proceed with option 3.
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Figure 29: Total coagulant dosage for tested values for control parameters.

Figure [30| shows that feedforward primarily contributes to the total dosage, and that
the rapid changes in coagulant flow are mainly due to the feedforward contribution.
This is to be expected, as the Kgppp for option 3 is 0.7.
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Figure 30: Contribution of feedforward and feedback control to the total coagulant
dosage for option 3.

5.4 Evaluation of the control strategies and multi-criteria analysis

Figure[31|shows the modelled outgoing phosphate concentrations for all control strate-
gies, and figure 32| the corresponding chemical dosage. Values for mean value of phos-
phate, maximum variation of phosphate concentration and coagulant use are shown
in appendix|6} table 1.
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Figure 31: Outgoing phosphate concentrations from the primary clarifier.
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Figure 32: Coagulant flow rate.

It is seen in figure 31| that the control strategies FF & FB: PO4-P and FB generate phos-
phate concentration closest to the reference value. FF alone tend to stray the furthest
from the reference value, with the exception of FF: PO4-P. FF: pH has the biggest max-
imum variation of phosphate concentration and FF: TSS is generally much lower than
the reference value. All feedforward control strategies are significantly improved when
combined with feedback control.

The coagulant flow rate, figure 32, is slightly lower for FF & FB: PO4-P, compared to
all other control strategies. FF: TSS and FF & FB: TSS have sharp peaks each morning,
that are not observed for the other control strategies. The peaks derive from the emp-
tying of Regnbagen, when incoming load increase due to pumping of settled matter to
Tivoli WWTPD, as seen in figure 27} By comparing figure 31|and 32|it is seen that shortly
after the peaks of increased coagulant flow, there is a significant drop in phosphate
concentration. This confirms that the current control strategy overdose coagulant dur-
ing the emptying of Regnbdgen, which endangers the bacteria growth during aeration.
The current coagulant dosage that FF:TSS represents is, as described, not linear with
suspended solids but increases depending on the current water level in Regnbdgen.

Table |14/ summarises the multi-criteria analysis.
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Table 14: Multi-criteria analysis.

Control strategy Mean value Max. variation Coagulantuse Produced sludge Complexity Score

FF: TSS 1 3 1 1 4 1.7
FF: pH 2 1 3 4 3 24
FF: PO4-P 3 4 3 4 3 3.3
FB 4 4 3 4 2 3.45
FF & FB: TSS 1 3 2 3 1 1.85
FF & FB: pH 3 4 3 4 1 3.0
FF & FB: POs-P 4 4 4 4 1 3.55

The highest scoring control strategy from the multi-criteria analysis was FF & FB: POy,-
P, closely followed by FB. Generally, control strategies including feedback control per-
formed well. Feedforward control for FF: TSS and FF: pH resulted in the lowest and
second lowest score, whereas FF: PO4-P scored third highest. This indicates that the
choice of disturbance that feedforward control is proportional to is of great importance.
FB scored higher than all FF control strategies and all FF control strategies were sig-
nificantly improved when combined with feedback. This implies that implementing
feedback control greatly can improve the chemical phosphorus removal at Tivoli.

This conclusion is however largely affected by the choice of interval limits for the
multi-criteria analysis, table[I3| Interval 4 for the criteria mean value PO,4-P is achieved
if the mean value of PO4-P strays no further than +< 0.01 [PO4-P g/ m3] from the refer-
ence value, which is a very narrow limit. If this limit instead was set to +< 0.02 [PO4-P
g/ m?3] both FF: PO,4-P and FF & FB: pH would be placed in interval 4, resulting in FF:
POy4-P would be achieve the highest score with a total point of 3.6. Further increasing
the limit to £< 0.03 [PO4-P g/ m3] would however have no affect on the outcome of the
multi-criteria analysis.

The choice of interval also has a great impact on the maximum variation in phosphate.
The maximum variation for FF: pH is significantly wider compared to the other con-
trol strategies, which is clear from figure 31|and appendix|6 table 1. Since the intervals
are equally divided between the highest and lowest value for each control strategy, the
great variation between lowest and highest phosphate concentration from FF: pH in-
creases the range significantly. The intervals are therefore wider, and less sensitive. The
same tendency exists also for the criteria coagulant dosage where both FF: TSS and FF
& FB: PO4-P has deviating values, appendix 6| table 1, and the criteria sludge produc-
tion. To instead use a linear relationship that could calculate what interval/point the
control strategies should achieve based on the control strategies performance, could
have made the multi-criteria analysis more sensitive.

The current control strategy, FF: TSS, scored least points and FF & FB: TSS second
least in the multi-criteria analysis. This is mainly due to low scores for the criteria
mean value of phosphate, which had the highest factor, but also due to low scores for
coagulant use and, for FF & FB: TSS, complexity. It should also be noted, that the large
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max. variation of phosphate for FF: pH forces both FF: TSS and FF & FB: TSS into
interval 3, even though the variation for these two criteria ‘s is rather large as seen in
appendix [f] table 1. This implies that feedforward control proportional to suspended
solids is not suitable for Tivoli WWTP. This is probably due to the incoming load of
suspended solids during the emptying of Regnbagen does not describe the load of
incoming soluble phosphate.

FB performs better than FF: POy4-P in terms of matching the reference value. This con-
firms the conclusion by Ingildsen | (2002). However, the coagulant usage was also re-
duced for Ingildsen | (2002) when feedback control was applied, which is not observed
in this thesis. Modelled coagulant flow in this thesis for FB is on the contrary slightly
higher than FF: POy4-P (454 vs 453 [kg/d]), see appendix || table 1. In compliance with
Liu & Ratnaweera | (2016) combining feedforward control with feedback resulted in
more stable effluent concentrations and reduced coagulant dosage, compared to only
feedforward control.

It is seen in appendix|6|table 1 that the sludge production increases when the coagulant
dosage is increased, but the increase of sludge production is only around 1.02% when
the coagulant use increases with 1.61 %, calculated from the median value of coagulant
use. Reducing coagulant use does not have any affect on the produced sludge. This
indicates that the produced sludge is highly dependent on incoming suspended solids
present in the wastewater, and that coagulant dosage barely has noticeable affect on
the amount of produced sludge.

5.5 Consequential errors

5.5.1 Estimation of phosphate

Consequential errors from the miss-prediction of phosphate are distinct when eval-
uating the maximum variation in phosphate concentration. FF: pH has a maximum
variation of 1.21, which is nearly double size compared to FF: TSS which has the sec-
ond biggest maximum variation of 0.66. The large maximum variation for FF: pH
deviates from an under-dosage of coagulant causing effluent concentration to increase
in the beginning of the simulation, figure This under-dosage derives from a sig-
nificant miss-prediction of phosphate at the same time, where the predicted incoming
phosphate was underestimated, figure By comparing figure 34f and 33} it can be
concluded that the greater the difference between measured and predicted phosphate,
the further will outgoing phosphate stray from the reference value for FF: pH.

44



T T T T
1.6 7
Reference value

FF: pH .

RN AN AN, U
06l U.\/ \,\/ \—*J -

Mar 15 Mar 16 Mar 17 Mar 18 Mar 19
2021

Figure 33: Outgoing phosphate concentration for FF: pH

15 T T T T

Zero differene

. NM N
0 VAR Ve BV ]

o
[6)]
T

-1
Mar 15 Mar 16 Mar 17 Mar 18 Mar 19

2021

Figure 34: Difference between measured and calculated phosphate from the soft sensor.

5.5.2 Comparison over model parameters for ASM2d

Two good alternatives were found when ASM2d was calibrated against PO4-P**, al-
ternative 2 and alternative 3. As mentioned, alternative 2 has a smaller percentage
difference and is therefore used in the thesis. However, as seen in appendix [D] figure
2, alternative 3 performs better regarding capturing peaks than alternative 2, but al-
ternative 3 tends to overestimate the phosphate concentration. To evaluate weather
alternative 3 would have been better, a comparison over alternative 2 and alternative 3
for the highest scoring control strategy, FF & FB: PO4-P, was conducted. The compari-
son is seen in figure
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Figure 35: Outgoing phosphate for alternative 2 and 3 from the calibration of ASM2d,
for FF & FB: PO,-P.

Alternative 3 have more dynamics in estimated phosphate concentration compared
to alternative 2. Both alternatives had a mean value of 0.76 PO4-P g/ m3. This in-
dicates that the overestimation of phosphate concentration from alternative 3, seen in
appendix[Dfigure 2, is compensated when the optimal control strategy is applied. This
implies that alternative 3 would have been better to use, as it preserves the dynamic’s
and therefore resembles the reality better.

5.6 Improvements and uncertainties

Measured data is a probable source of error. Lab samples could stand up to 24 hours in
bottles before being analysed. These bottles were not placed within a refrigerator, and
it is therefore likely that biological activity occurred which could affect several values
of sampled lab data.

Only one of the sand traps was used between the 15:th to the 17:th, which is roughly
from start to midway into the sampling campaign. As coagulant is added at the inlet
of the sand traps, this might have reduced flocculation due to a higher flow rate of
wastewater which could lead to a higher effluent phosphate concentration. However,
both measured PO4-P and PO4-P** shown in figure [12] are slightly lower during the
tirst half of the sampling campaign. This leads to the conclusion that using only one of
the sand traps did not significantly affect measured effluent phosphate concentration,
and thereby not modelled phosphate as well.

An uncertainty with the development of qpax T is the assumed 1:1 ratio between alu-
minium and phosphate, based on equation |1} In practice the ratio can be 1-1.5 moles
aluminium per mole phosphate. This leads to an underestimation of required coagu-
lant for feedforward control proportional to measured and estimated phosphate load.
This does however not explain why steering to suspended solids, FF: TSS and FF & FB:
TSS, has a much greater coagulant use, see appendix [f|table 1. The reason why FF: TSS
and FF & FB: TSS have greater coagulant use is due to a sharp increase of coagulant
flow, figure 32| when incoming load to Tivoli increases during the emptying of Reg-
nbagen. An underestimation of coagulant deriving from the aluminium/phosphate
ratio would be continuous throughout the simulation.

The coagulant flow, qpax R, is calculated according to equation 45/ when feedforward
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control is proportional to measured or estimated phosphate load by the soft sensor. The
upbringing of equation 45 only regards deviations in incoming phosphate concentra-
tion. Investigating deviations in load instead of concentration could possibly improve
the calculated coagulant flow. Deviations on load could be investigated likewise as
deviations in phosphate concentration was investigated, but changing incoming flow
and keep incoming phosphate concentration constant. Equation45|could be combined
with the correlations from deviation in incoming flow.

The best value for the control parameter Kpg was chosen when p=0.25, which is very
low. A greater p-value resulted in a slow regulator to slow for the system. The reason
why the typical p-values (p=1-3) did not work as expected is unclear. One explana-
tion might be that the hydraulic residence time in the primary clarifier has an impact.
Problems with long residence time are not uncommon for Pl-regulators, and both In-
gildsen |(2002) & [Liu & Ratnaweera | (2016) avoided this problematic by placing/mod-
elling their phosphate sensor between the flocculation chamber and the primary clari-
tier. The reason for this problem is that incoming variation to the primary clarifier can
vary quickly, but the residence time is usually quite long, in Tivoli around 2-3 hours.
Therefore, measured phosphate concentration at the end of the primary clarifier (from
which the process error is calculated from) don’t necessarily correspond to the incom-
ing phosphate concentration.

There are therefore several uncertainties and assumptions that make the result less
robust. The main issue which impairs the credibility is the choice of interval limit for
mean value of phosphate, where small changes alter the outcome of the multi-criteria
analyses.

6 Conclusions

The purpose of the thesis was to find the optimal control strategy for phosphate pre-
cipitation at Tivoli WWTP. Issues resolved are;

1. Develop a calibrated model that predict the effect of chemical dosage on phosphorus con-
centration from the primary clarifier.

2. Develop a soft sensor that predict incoming soluble phosphate concentration to Tivoli
WWTP.

3. Determine which control strategy that is most suitable with regard to the stability of the
phosphate concentration, coagulant dosage, sludge production and the complexity of the
control strategy.

A calibrated model that can predict the effect of chemical dosage on phosphorus con-
centration was developed, using ASM2d and a primary clarifier model. ASM2d should
be further calibrated to improve the model’s estimation of peaks in phosphate concen-
tration. The primary clarifier model was calibrated satisfactory.

A conventional soft sensor was not developed. However, a simplified soft sensor using
pH to predict phosphate was developed. This simplified soft sensor cannot satisfactory
predict incoming variations of phosphate.

The optimal control strategy is combined feedback and feedforward proportional to
incoming measured phosphate, FF & FB: PO4-P.
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Additional conclusions are that combining feedforward with feedback control will
greatly improve the control strategies performances. Furthermore, the choice of dis-
turbance when feedforward control is implemented, is essential for the control strate-
gies performance. If phosphate concentration cannot be correctly estimated, feedback
control alone will have a better performance. The recommended control strategies pro-
posed to Tivoli are presented in order of best expected performance;

1. FF & FB: PO4-P. For this control strategy, Tivoli is encouraged to investigate the
possibilities to use a sensor that measures incoming soluble phosphate concen-
tration or calibrate a conventional soft sensor.

2. Feedback control. The calculated control parameters should be fine-tuned.

3. FF & FB: pH. For this control strategy, Tivoli is encouraged to further investigate
the mathematical and theoretical correlation between pH and incoming phos-
phate.
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A Background: National analysis

Table 1: Summarise of the questionnaire for the national analysis.

Treatment plant Load [pel Inflow [m?/h] Coagulant

Organisation and/or city Current Max capacity Current Max capacity

- Tivoli 50000 85000 1000 1100 PAX(AICl3)

MittSverige Vatten& Avfall

Sundsvall

- Simsholmen 60000 95000 1080 1800 FeCl3

Tekniska kontort, [onkoping

- Kungsangsverket 192 000 200 000 2140 4800 PIX (FeCl3)

UppsalaVatten

- Ryaverket 900000 missing 16145 14400 Quickfloc(FeSOy)

Gryvabb, Goteborg

- Ons avloppsreningsverk 101700 166 000 1300 2100 PIX(FeCl3)

Vakin, Umed

- Kdappalaverket 559 000 700 000 6 400 8 700 FeSO4

Kippalaforbundet, Stockholm

- Himmerfjardsverket 224059 340000 4000 6000 FeCl3

Syvab, Stockholm

- Goviken 65000 110000 750 2500 PIX(FeCl3)

Ostersunds kommun

- Henriksdals reningsverk 960 000 missing 12600 16200 Quickfloc(FeSOy)

Stockholm Vatten & Avfall

- Bromma reningsverk 277000 missing 54000 5700 Winter: PIX(FeCl3)

Stockholm Vatten & Avfall Summer: Quickfloc
(FeSO4)




B Method: Data

Data used is seen in figure 1 and 2. Figure 1 shows online data, and figure 2 shows lab
measurements.
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Figure 1: Online data.
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Figure 2: Lab measurements.



C Method: Soft sensor - prediction of phosphate

Figure 1 shows regression lines when incoming soluble phosphate is plotted against
suspended solids, flow, temperature, pH, conductivity and water level in Regnbdgen.
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Figure 1. Regression lines.



D Result: Estimations of phosphate

The historical estimation of effluent soluble PO4-P* is seen in figure 1. Figure 2 shows
the ASM2d estimation outgoing PO4-P** for the three calibration alternatives, as well
as measured PO4-**.
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Figure 1. Estimated outgoing PO4-P* from primary clarifier.
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Figure 2. ASM2d estimation of outgoing PO4-P** from primary clarifier.



E Result: Performance of the control strategies
Table 1 shows the performance of each criteria for the control strategies.

Table 1: Modelled performance of the control strategies for the multi-criteria analysis.

Control strategy Mean value Max. variation Coagulant use Produced sludge

PO;-P [g/m3] PO4-P [gim®]  [kg/day] [ton/day]
FF: TSS 0.58 0.66 750 507.9
FF: pH 0.80 1.21 465 499.8
FF: PO4-P 0.78 0.39 453 499.8
FB 0.76 0.29 454 500.0
FF & FB: TSS 0.65 0.61 606 503.3
FF & FB: pH 0.74 0.33 471 499.9
FF & FB: PO4-P 0.76 0.11 317 499.9
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