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Abstract

Stringent phosphorus discharge standards (i.e. 0.15 — 0.3 9 Prthe Baltic area will
compel wastewater treatment practice to augment enhanced biological phosphorus removal

(EBPR) with chemical precipitation using metal salts. This study examines control of iron
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chemical dosing for phosphorus removal under dynamic loading conditions to optimize
operational aspects of a membrane biological reactor (MBR) pilot plant. An upgraded version
of the Benchmark Simulation Model No. 2 (BSM2) with an improved physico-chemical
framework (PCF) is used to develop a plant-wide model for the pilot plant. The PCF consists
of an equilibrium approach describing ion speciation and pairing, kinetic minerals
precipitation (such as hydrous ferric oxides (HFO) and ReBOwell as adsorption and co-
precipitation. Model performance is assessed against data sets from the pilot plant, evaluating
the capability to describe water and sludge lines across the treatment process under steady-
state operation. Simulated phosphorus differed as little as 5-10% (relative) from measured
phosphorus, indicating that the model was representative of reality. The study also shows that
environmental factors such as pH, as well operating conditions such as Fe/P molar ratios (1,
1.5 and 2), influence the concentration of dissolved phosphate in the effluent. The time
constant of simultaneous precipitation in the calibrated model, due to a step change
decrease/increase in FeS@osage, was found to be roughly 5 days, indicating a slow
dynamic response due to a multi-step process involving dissolution, oxidation, precipitation,
aging, adsorption and co-precipitation. The persistence effect of accumulated iron-
precipitates (HFO particulates) in the activated sludge seemed important for phosphorus
removal, and therefore solids retention time plays a crucial role according to the model. The
aerobic tank was deemed to be the most suitable dosing location foy &8dtbn, due to

high dissolved oxygen levels and good mixing conditions. Finally, dynamic model-based

analyses show the benefits of using automatic control when dosing chemicals.

Key words: Iron, Membrane bioreactors, Phosphorus removal, chemical precipitation, Plant-

wide model, Wastewater treatment
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Nomenclature

ADM1

A|3+

ASM
ASM2d
BOD,
BR1/ANOX
BR2/ANOX
BR3/FLEX
BR4/AERO
BR5/AERO
BR6/DEOX
BR7/ANOX
BSM2

Ca

CAS

Cl

CO

COD

DO

EBPR

EPA

Fe

FeCk

Anaerobic Digestion Model No. 1
Aluminium ion

Activated sludge model

Activated Sludge Model No. 2d
7-day biochemical oxygen demand
Anoxic bioreactor 1

Anoxic bioreactor 2

Swing bioreactor 3 (anoxic/aerobic)
Aerobic bioreactor 4

Aerobic bioreactor 5

De-aeration bioreactor 6
Post-anoxic bioreactor 7
Benchmark Simulation Model No. 2
Calcium

Conventional activated sludge
Chloride

Carbon dioxide

Chemical oxygen demand
Dissolved oxygen

Enhanced biological phosphorus removal
Environmental Protection Agency
Iron

Iron chloride

(gCOD.ni)

(mole.L™")

(mole.L™")

(gCOD.ni°)

(g.m°)



FeSQ
Iron(ll) or
Fe**
Iron(lll) or
Fe3+

ISS

K

MBR

Mg

MLSS

Na
NH;3
NH4-N
NOs-N
O,

pH
PO,*
PO,-P

RAS

So2

Iron(ll) sulphate

Ferrous iron

Ferric iron

Inorganic suspended solids
Potassium

Membrane bioreactor
Magnesium

Mixed liquor suspended solids

Order of the precipitation reaction

Sodium

Ammonia

Ammoniacal nitrogen

Nitrate nitrogen

Oxygen

Hydrogen potential
Phosphate ion
Orthophosphate phosphorus
Returned activated sludge
Fermentation products
Readily biodegradable organics
Inert biodegradable organics
Dissolved oxygen

Time

(mole.L™")

(mole.L™")

(9SS)m

(mole )

(gSS.n?)

(gN.m"®)

(gN.m"°)

(standard)

(@F)m

(gCOD.nt?)
(gCOD.nt?)
(gCOD.nt?)
(9-m?)

(min, h, day)



TIC
TN
TOC
TP
TSS
VFA
VSS
WAS

WWTP

Xaut
Xrepos
Xy
XurFo

XHFOH

XHFO,H,P

Xnro,L

XuFo,Lp
X

Xiss
Xpao

XpHA

Xpp

Temperature

Total inorganic carbon

Total nitrogen

Total organic carbon

Total phosphorus

Total suspended solids

Volatile fatty acids

Volatile suspended solids

Waste activated sludge

Wastewater treatment pant

Autotrophic biomass

Iron phosphate mineral state
Heterotrophic biomass

Hydrous ferric oxide

Hydrous ferric oxide with high adsorption
capacity

Xnro.nWith adsorbed phosphate
Hydrous ferric oxide with low adsorption
capacity

Xnro,LWith adsorbed phosphate

Inert non-biodegradable organics
Inorganic suspended solids state
Phosphorus-accumulating organisms state
Polyhydroxy-alkanoate state

Polyphosphate state

(°C, K)
(gC.nm%)
(gN.m?°)
(gC.nm)
(gP.nt%)
(gSS.nt)
(gCOD.ii)

(gSS.n?)

(gCOD.nP)
(gFe.m’)
(gCOD.nP)
(g.m°)

(g.m°)

(g.m°)

(g.m°)

(9.m°)
(gcoB)m

(gSS.n?)

(gCOD.m

(gCOD.ni°)

(g.m°)
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Xs

Xrss

Slowly biodegradable substrate state

Total suspended solids state

(gCOB).m

(gTSS.n?)
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Resear ch highlights

A plant-wide model calibrated against extensive pilot-plant data describing phosphorus |
dynamics with iron (Fe) dosing.

» Good agreement between measured and modelled P (5-10% (relative) difference).

» P concentration strongly depends on pH, Fe/P ratio and influent P load.

* P removal control strategies substantially reduce FeS€e.

* Model shows aerobic tanks are the most suitable dosing location fon,Féi®to fast oxidation

of F€* to Fe".

1 Introduction

In recent years, effluent discharge limits to receiving waters are becoming more stringent, owing
increased awareness and growing concerns regarding pollution and degradation of water resource:
example, current effluent standards in Stockholm (Sweden) restrict the concentrations of total phosph
(TP) in treated wastewater discharge to less than 0.3Plawever, these requirements are expected to
be tightened to achieve more efficient phosphorus removal. The future annual average emission stan
for TP in Stockholm, Sweden, will likely be 0.2 gPmith the operational effluent target set at 0.15

gP.m® (Andersonet al, 2016). To meet these stricter quality standards, the effluent should contain ve
low concentrations of dissolved phosphorus and almost no suspended solids. Wastewater treat
facilities will need to undergo significant (structural/operational) modifications and/or improvements

far as nutrient removal is concerned. A number of existing wastewater treatment plants are seekir
intensify treatment using conventional activated sludge (CAS) systems coupled with membrane sc
separation referred to as membrane bioreactors (MBRs) (Judd, 2008). Since MBR systems have
selectivity and can be operated with high suspended solids concentrations and longer sludge rete

times, a smaller footprint results. Consequently, biological nutrient removal in MBRs is becoming mc
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popular as a means of treating wastewater and has now been successfully achieved at lab-, pilot an

scale (Bertanza et al., 2017; Wang et al., 2014).

In terms of biological treatment options, enhanced biological phosphorus removal (EBPR) is n
common practice. However, the feasibility of EBPR systems may be limited to some extent (Ekal
2010) by wastewater characteristics and other environmental factors such as temperature and
loading. In such situations, phosphorus (P) removal by biological means can be supported by cher
precipitation processes (De Haesal., 2000a). In current practice, chemical phosphorus removal i
conventional activated sludge plants is mainly performed by the addition of iron (Fe) or aluminium s
upstream of the primary clarifier (pre-precipitation), to mixed liquor in the activated sludge tan
(simultaneous precipitation or co-precipitation) and/or to the tertiary processes (post-precipitati
(Henzeet al., 2002; EPA, 2010). The phosphorus removal efficiency depends on a number of fact
including pH, temperature, redox conditions, dosing location, reactor configuration, and iron a
phosphorus conversions by microorganisms present in the wastewater (Det dha2000a; Wanegt

al., 2014). In turn, these factors will dictate the forms of iron, either ferrit")(Beferrous (F&"), and
influence the rate and extent of iron transformations. As an illustration, when ferric salts are added tc
mixed liquor, the salt ionizes to yield the free metallic ions, a portion of which may then react wi
orthophosphate (P£P) to form insoluble ferric phosphate precipitates (strengite). The precipitates mig
then be separated out by sedimentation or membrane filtratiore(\&lu 2015). However, the majority
of ferric ions will combine with hydroxide ions to form a variety of hydroxide complexes, termed hydrot
ferric oxides (HFO) with high sorption capacity, which will subsequently assist in the removal
phosphorus by adsorption and co-precipitation (Setital., 2008). Due to high costs of ferric iron salts,
Fe is in some instances added as ferrous iron, such as in, BaBQvhich may oxidize to Beat the
dosing point if oxidizing conditions prevail in the physical or biological treatment stage (EPA, 2010).
order to achieve greater degrees of P removal, higher levels of iron or smarter dosing strategies mz

required (e.g. optimum dosing location, molar ratio requirements).



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

For MBR systems, and for CAS plants without tertiary treatment, biological treatment is usually the fit
treatment step, which means that the process will have to operate with much lower phospht
concentrations. Phosphorus is an essential nutrient for microbial growth and its shortage may |
biological activities, such as nitrification and denitrification processes (Plafipal., 2003). This

introduces a sensitive interaction between biology and precipitation chemistry, requiring optin
phosphorus removal control strategies and operational settings to achieve efficient and robust waste
treatment. A more detailed insight into the interactions between iron species and phosphorus with
biological nutrient system with membrane separation is of particular importance to many countri
Wastewater utilities are assessing biological nutrient removal with MBRs to establish a suitable treatn
pathway in line with stricter discharge requirements in the future (Dagjgal, 2010). While current

studies have significantly increased knowledge of the process design with membrane technology
modified biological treatment, there is still a need to further clarify the impacts of ferric and ferrous ir
dosing on phosphorus removal in the activated sludge system. Gaining insight into iron speciation
iron species transformation through modelling is paramount to capture the mechanisms of ir
precipitation, as their nature, movement and fate in bioreactors would impact both phosphorus rem

efficiency as well as membrane performance characteristics.

A recent study proposed a mechanistic chemical P removal modelling approach, which describes
kinetics precipitation and flocculation of HFO as well as P adsorption onto HFO particulates and
precipitation (Hauduet al., 2015). This model had been calibrated and validated with lab-scale data or
removal with iron in synthetic agueous solutions. The model framework of Hatcalc (2015) was

demonstrated to be well-suited for benchmark development procedures for optimizing control :
operational strategies for chemical dosing in a plant-wide context (®tlah, 2017), however this

approach has not been validated with real wastewater for full-scale implementation. By the way
contrast, Kazadi Mbambat al. (2016) validated a phosphorus plant-wide model with spontaneou

precipitation in anaerobic digestion, but did not include simultaneous precipitation of P with metals in
9
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activated sludge system. The main reason of excluding simultaneous precipitation by Kazadi gthamt
al. (2016) was that P was solely removed by biological processes in the modelled full-scale syst
Consequently, the approach of Haudt@l (2015) and the plant-wide model of Soketral. (2017) have

not yet been tested on full-scale data with diverse dynamics, and this is the focus of the present study

The main novelty of this contribution is to predict P and Fe transformations in both water and sluc
lines. Current modelling approaches and understanding of the reaction mechanisms of iron

phosphorus are applied to pilot-scale data to evaluate control and operational strategies. The study
focuses on the impact of the Fe/P molar ratio system when the pH varies, and its effect on effluen
concentration, for example due to routine membrane cleaning with acidic solutions. Special focus
placed on validating these aspects using recent model development. The paper is structured to
present the underlying principles of the plant-wide model including the precipitation model, then t
validation step with static pilot-test data and other steady-state analyses, after which dynamic simulat

are used to examine the influence of operational and control factors.

2 Methodology

2.1 Pilot-plant configuration

The MBR pilot-plant under study is located at the R&D facility Hammarby Sjostadsverk, which
adjacent to Henriksdal wastewater treatment plant (WWTP) (850,000 PE), the largest in Stockh
(Sweden). The purpose of the pilot-plant is to evaluate the design of a future full-scale facility &
optimize operation and control. The pilot-plant design mimics the configuration of the future full-sce
facility, which consists of pre-aeration tanks, primary clarifiers and membrane bioreactors with ano

and aerated zones. The scale factor used in the design and rebuilding of the pilot-plant compared wit

10
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full-scale plant is 1:6,700, except for the primary sedimentation, which is relatively small (scale fac
1:12,000), and as a result led to poorer Total Suspended Solids (TSS) separation efficiency than wou
expected from full-scale. A major difference for the operating strategy and control between pilot and f
scale, is that the pilot has only two membrane tanks that can be put into operation for optimal/ene

efficient membrane operation, whereas each line in the full-scale system will have 12 membrane tank:

The pilot-plant treatment process consists of a conventional primary treatment including a pre-aera
step, where FeSQs added, followed by seven bioreactors operated as a 4-stage modified Ludza
Ettinger (MLE) process consisting of two anoxic (BR1/ANOX and BR2/ANOX), one aerobic/anoxi
(BR3/FLEX), two aerobic (BR4/AERO and BR5/AERO), one de-oxygenation (BR6/DEOX) and on
post-anoxic (BR7/ANOX) compartments (Figure S1 and Table S1). The Henriksdal wastewater treatn
plant consists of two influents: Sickla influent (SIN) and Henriksdal influent (HIN). The influent to th

pilot-plant was derived from HIN.

From the mixed liquor suspended solids (MLSS) in the membrane bioreactor tanks, clarified permeate
final discharge is produced. The retentate from the MBRs is distributed to the bioreactors as retul
activated sludge (RAS), while a small portion is bled as waste activated sludge (WAS). A sluc
treatment facility was constructed at the pilot-plant but not yet in operation during this project; howev
anaerobically digested supernatant (Table 1) from Henriksdal WWTP was blended with the RAS flow

the RAS-deoxygenation zone (RASDEOX) and then fed to the first anoxic reactor.

Although the pilot-plant during the time of the study did not have an operational sludge treatment tr
(anaerobic digester), an interaction with sludge treatment was physically simulated by adding diges

back into the membrane module and routinely removing WAS and primary sludge from the pilot-plant.

11
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2.2 Membrane bioreactors

The MBR pilot uses GE hollow fiber membranes (nominal pore sizey)4vith two cassettes (2.5m x
1.0m x 0.34m) of three membrane modules each, immersed in each membrane tank. Each module
membrane area of 34.2rand consists of a variety of fiber strands with attachment at the top and botto
of the cassette frame. The filtered water (permeate) is transported on the inside of the fiber:
connections in both the bottom and the top of the module. The membranes are kept clean during opel
by aeration from below and backpulse cleaning-in-place (CIP) with hypochlorite and citric/oxalic ac
solution twice per week, respectively. The bioreactors are operated with a hydraulic retention time (H|
of 12 hours and a sludge retention time (SRT) of about 23 days. The membrane modules are opera
cyclic mode with 9 minutes of filtration at a constant flux of 19.4£hil (LMH) followed by a 1 minute

relaxation.

2.3 Chemical addition

Phosphorus was removed from the agueous phase by chemical precipitation, dosingHE€5@ron

(1) sulfate heptahydrate) and Fg@H,O (iron (1) chloride hexahydrate) at three distinct dosing points.
FeSQ was dosed in the pre-aeration tank before the primary clarifier and in the aerobic ta
(BR4/AEROB), whereas Feg€Wwas added at the end of the post-denitrification (BR7/ANOX) before the
membrane tanks. The addition of Fe0 the pre-aeration tank was flow-proportional with an annual
average dose of 10 gFe3nwhile the addition of FeSOn the BRA4/AEROB was controlled to achieve
a set point of 0.2 gP.thin the treated effluent, with a maximum dose of 15 gPeReC} added before
the membrane tanks was also controlled to achieve a set point of 0.18 igPthe effluent, with a
maximum dose of 15 gFe-mBrenntaplus (a mixture of proteins, sugars and alcohols) with concentratic
of about 400,000 gCOD.thwas used as an external carbon source. It was dosed at a flowrate of 0.C
m>.d’ in the post-anoxic tank (BR7/ANOX) and the dosage was controlled to achieve a pre-selec

nitrate concentration set point of 3 g\Erim the effluent.

12
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2.4 Influent characterisation

2.4.1 Routine measurement data

A SCADA (supervisory control and data acquisition) system provided the following daily data: (1) flo
rates of water and sludge streams, (2) air flow rate to the activated sludge system, (3) phosg
phosphorus (P£P), (4) nitrate nitrogen (N&N) in treated effluent, (5) dissolved oxygen (DO), (6) total
suspended solids (SS), (6) temperature and (7) pH in membrane tank 2. In addition, the operating u
(Stockholm Vatten och Avfall (SVOA)) provided data from routine sampling and off-line analysis whic
included daily and weekly measurements on composite samples from auto-samplers located a
influent, primary effluent, effluent, bioreactor 4 and RASDEOX line. Analyses on the influent an
effluent included total organic carbon (TOC), 7-day biological oxygen demand AB®BS, volatile
suspended solids (VSS), total dissolved solids (TDS), volatile fatty acids (VFA), ammoniacal nitrog
(NH4-N), NOs-N, total nitrogen (TN), P@P, total phosphorus (TP), alkalinity, iron (Fe) soluble calcium
(Ca), magnesium (Mg), sodium (Na) and potassium (K). Analyses were generally done using Stan
Methods (APHA, 2012). The samples were conserved with 1-part 4M sulfuric acid to 100 parts sarr
volume, except for samples tested for TOC, which were instead conserved with 2M hydrochloric acic
the same proportions. In addition to external analyses, other samples, as described in Section 2.4.2,
analysed internally (on site) for TSS, filtered and total COD, TN ang-MHy colorimetric methods
using a spectrophotometer (WTW Photolab 6600). Data collected over a period from 20 June 2016 t

April 2017 were selected and averaged, before use as a representative measure of steady state cond

2.4.2 Additional data measuring campaign

Additional sampling and off-line analyses were required for model calibration, these were carried ou
augment routine measurements at the pilot-plant. Grab and composite samples were collected daily
week during the period 12/07/2017 to 19/07/2017, from five different points: influent, primary effluer
effluent, from one of the bioreactors (BR4/AEROB) and RASDEOX return sludge. Samples were sto

13
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230
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238

in a cooler box with ice bricks and transported to an external laboratory (Eurofins Environment Swe

AB), which conducted the analyses.

2.5 New model configuration describing plant wide P-Fe interactions

2.5.1 Plant wide model

The plant-wide model was adapted from the Benchmark Simulation Model No. 2 (BSM2) (Getrahey
2014, Soloret al., 2017). The primary clarifier was modelled as one non-reactive settler (Otterpohl a
Freund, 1992). Biokinetics in the activated sludge plant were described by ASM2d @iethze€2000),
expanded to include physico-chemical processes as described below in Section 2.5.2. Furthermore
TSS in ASM2d was computed from volatile suspended solids (VSS) and inorganic suspended solids (
(Ekama and Wentzel, 2004). The membranes were simply described as a reactive filtration system
wastewater entering at the bottom, permeate exiting at the top of the membranes and retained bio
leaving from the base to be recycled back to the activated sludge system as RAS. Sludge thickening
dewatering units were assumed to be ideal (with constant split fraction and characteristics) with no h

up volume or reactions (Jeppsson et al., 2007).

The pilot-plant during the time of the study did not have a sludge treatment train, but had WAS remo
and digestate added to simulate the physical interaction between the liquid and sludge lines (See Se
2.1). To capture this interaction in the model, an anaerobic digester was included on the thickened sl
line (Figure 2). This allowed a full evaluation on the impacts of iron salts to be carried out in the pil
plant as a whole. Biochemical conversion processes in the anaerobic digester were described b
ADML1 (Batstoneet al., 2002), upgraded to include recent developments, including physico-chemical a
biological iron, sulphur and phosphorus transformations (Flores-Adsiah, 2016). For a full exposition

of the extended ADM1 model, as well as a detailed description on the matrix format used to represen
anaerobic digestion model, the original publications (Batseire., 2002; Soloret al., 2017) can be

consulted. Model interfaces were used to translate state variables between the ASM2d and ADM1
14
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between the ADM1 and the ASM2d, based on continuity principles (Nopemd., 2009), and in

accordance with Solon et al. (2017).

The membrane model consisted of a simple reactive filter to describe the cycling of RAS between
membrane module and the activated sludge line. Membrane fouling was not considered in the mod
minimise unnecessary model complexity, because it would require a large number of parameter
calibrate a fouling model. Also, backwashing and relaxation were not physically modelled. Howev
aeration for controlling membrane fouling was incorporated in the MBR model to evaluate its impact

the activated sludge treatment.

2.5.2 Physico-chemical framework describing Fe precipitation and oxidation/reduction reactions

The activated sludge model was extended with the chemical precipitation processes of two mine
namely hydrous ferric oxide and iron phosphate (strengite, F2R{). Removal of P by chemical
precipitation and sorption were assumed to take place in parallel, and were therefore competing for f
iron in the wastewater within the bioreactors (¥fwal., 2015). Iron transformations were described using
the hydrous ferric oxide (HFO) model, which describes how the precipitation of freshly formed a
highly reactive HFO provides a number of adsorption sites for ions on its surface (Hawady@015).
However, a simplified HFO model was used (Solon, 2017; SUMO, 2018). Briefly, the HFO mod
describes the precipitation of amorphous iron hydroxide or HFO particulatgs),(X{phosphate
adsorption/binding onto 2to and the ageing of HFO as the extent of crystallinity increases. HFO initially
precipitates with a high adsorption capacityfX+), which has an open structure and easily accessible
binding sites. Through the aging processroXloses reactivity and develops a more compact structure
and less accessible sites (thus high reactivifyoX transforms over time into low reactivityyXo ().
Adsorption of phosphates onto HFO leads to production of HFO with bound phosphatg £r

XuroLp)- The binding of P to Xonp in the model description is reversible, which means that a

15
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270

271

272
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274

275

276

277

278

279

280

281

282

transformation of Xro 1 iNto Xuro,L in the model would decrease the concentrationgbx and thereby

induce a transformation ofgo 1 pinto Xyro n @s well as cause a release of P.

When iron salts, such as FeS@re added to the aerobic tank?'Reill undergo oxidation into ferric iron

as follows:
FE '+ Y% Q+H — Fe" + % HO (3)

The reaction consumes a stoichiometric amount of 0.14gF#*. The oxidation of ferrous iron leads to
the formation of ferric iron and subsequently to HFO precipitates, which will affect the removal of P |
adsorption and co-precipitation through the HFO pathway as shown above. The complete stoichiomr

and kinetic rates used for the HFO model can be found in Solon (2017).

Direct iron phosphate precipitatiolspo) Was described as a reversible process using supersaturation
the chemical driving force. The model consisted of two parts; an algebraic equation set for aqueous-p
reactions (weak acid-base and ion-pair equilibrium) and rate expressions for minerals precipitat

minerals dissolution and gas transfer (Kazadi Mbamba et al., 2015a; b).

In the extended ADM1 (Soloet al, 2017), mineral precipitation is also described as a reversible proce:
using supersaturation as the chemical driving force. The multiple minerals in the extended ADML1 incli
calcite, aragonite, amorphous calcium phosphate and struvite. Furthermore, the extended ADML1 incli
iron phase transformation. Ferric iron in the form of hydrous ferric oxidgso@X Xuro 1) undergoes
reduction to ferrous iron using hydrogen and sulfide as electron donor @a@bn2017). Once released,
Fe* can preferentially bind with®Sto form iron sulphide. Additionally, B&in excess may also combine
with soluble phosphate present in the anaerobic digester to form viviang@Qhe). FePQ, if

undersaturated, may undergo dissolution releasifigafel soluble P.
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Gas transfer in the plant-model was described using single-flm mass transfer-controlled proce:
(Batstoneet al., 2002). The gases included werea@d CQ in ASM2d, and C@ NHs, H,O and CH

were modelled in ADM1.

2.6 Ancillary elements

2.6.1 Influent COD fractions

The fractionation of COD in the influent was performed using the routinely analysed data provided by
pilot-plant operator. As in ASM2d, the COD fractions in the influent included readily biodegradab
organic compounds (fermentabl&:) fermentation products{), inert soluble organic compounds)(
slowly biodegradable organic compound&)(and inert particulate organic compound§),(using a
physico-chemical and biological characterization method (Roelewtldal, 2002). Particulate
components, namely heterotrophic organisiXg (vere considered to be 6% of the influent total COD
while the nitrifying organismsXayt) were assumed to be negligible in the influent as per Hehaé
(1995). Total suspended solidXr§s), total dissolved ammonia nitrogedfs), nitrate Guos) and
inorganic soluble phosphoruSs64 were assumed to be equal to experimentally measured values, whi
the remaining variables in the influent, including dissolved oxy§es) @nd dissolved dinitrogersg(,),

were set to zero.

2.6.2 Synthetic influent data generation

The static influent fractions obtained from the analyses above, were used to determine dynamic infli
base characteristics. A simplified dynamic influent generator was used to re-create long-term wastev
dynamics (Gernaegt al., 2011; Flores-Alsinat al., 2014). Since data related to influent wet weather
flow-rate conditions were missing for the pilot system, the measured flow rate data were used instea

temperature module was not included in the model, because measured temperature data were avz
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and used instead. Finally, an additional module had to be included in the model in order to capture

dynamics of cations (Na, K, Ca, Mg) and anions (ClI) in the influent.

2.6.3 Calibration procedure and more parameters

A step-wise calibration procedure was used (Kazadi Mbagnhladh, 2016), whereby kinetic parameters
were adjusted to minimize discrepancies between the model outputs and static measured data fror
pilot-plant. Besides the influent characterisation described above and adjustment of the maximal rat
autotrophic biomass (0.5 and decay of autotrophic bacteria (0:3),dnodel parameters for ASM2d
and ADM1 were kept at default values (Hereteal., 2000; Batstonet al., 2002; Flores-Alsinat al.,
2016). The Davies approximation to activity coefficients was used with temperature correction, ¢
equilibrium constants were also adjusted for temperature using the constant-enthalpy form of the v
Hoff equation (Stumm & Morgan, 1996). For minerals precipitation reactions in the anaerobic diges

precipitation rate coefficients from a previous study were used (Kazadi Mbamba et al., 2015b).

2.7 Scenario analyses

Scenario analyses were used to investigate the performance of the plant-wide model and the impe
simultaneous precipitation on phosphorus removal under dynamic conditions. The criteria that were
to assess model performance, were related to effluent quality in the water line, including NBs-N

and PQ-P. The following six scenarios were assessed:

i) Scenario 1 — plant-wide model with MBR, chemical precipitation, closed loop DO controllers in tf
aerobic zones and N@ontroller in the post-anoxic zone. For the DO controllers, the DO concentratior
in the aerobic tanks were controlled to a set point of 2.0° (pynmanipulating the air supply rate, while
an external carbon source was added to the post-anoxic tank to maintain the concentratigN @it SO

gN.m* for the NQ controller.
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i) Scenario 2with step change in FeQ@ose This scenario determined the phosphorus response tim
constant under dynamic conditions with the calibrated plant-wide model, when the dosage of iron <
was changed (increased or decreased by 10%), to assess how this would affect phosphorus remove
time constant was determined as the time required by the effluent P to reach 63.2% (from a 10% F¢

step decrease or increase) of its total change.

i) Scenario 3with phosphorus controllerThe base case was simulated as in Scenario 1 except fc
dosing of Fe salts, with a predefined concentration of phosphorus in the effluent being controlled
manipulating the dose flow rates (FeS@ FeC§). This scenario examined whether inclusion of a
phosphorus controller for chemical precipitation, would be essential to achieve low P efflue
concentrations, whilst at the same time preventing detrimentally low P concentrations with adve

effects on biological processes in the bioreactors.

iv) Scenarios 4, 5 & 6 were designed to investigate the impact of changing dosing location for i
sulphate to the activated sludge system. During this simulation analysis, &d&@on was varied
between three different locations, namely anoxic (BR1/ANOX), aerobic (BR4/AER), and RAS

deoxygenation (RASDEOX) compartments in Scenario 4, Scenario 5 and Scenatrio 6, respectively.

3 Results and discussion

3.1 Steady-state influent characteristics

Data from 2015 were used to fractionate COD and calculate COD ratios, which were obtained from
2016-2017 data used in the steady-state simulations. Table 2 shows the measured total, filterec
flocculated COD data, as well as the various COD fractions obtained from the 2015 data. The rea
biodegradable and fermentation products fractions accounted for 13% and 9% of total COD, respecti
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The slowly biodegradable fraction had the highest percentage (56% of total COD), while the ni
biodegradable organics and the heterotrophic biomass represented 11% and 6% of total C
respectively. The non-biodegradable fraction was used as one of the calibration parameters for sludg
in the activated sludge system; however, the effect of this parameter adjustment was outweighed b
separate effect of an adjusted primary clarifier efficiency influencing the amount of particulates enter

the activated sludge system.

The averaged influent measurements and modelled influent composition for the pilot-plant are prese
in Tables 3 and 4, respectively. The pilot-plant has limited COD data available and so the total org:
carbon (TOC) measurements were converted to COD using an observed COD/TOC ratio of 3.5. The |
had a medium strength influent with respect to concentrations of organic matter (148 §TGZIm
gCOD.m? and nutrients, such as ammonia nitrogen (37 gi)l.mnd orthophosphate phosphorus (3.3
gP.m%). The influent contained 6.23 ginof total phosphorus, of which about 53% was soluble
phosphorus. Total nitrogen included 76% ammoniacal nitrogen, while the remainder was orge
nitrogen. The raw wastewater influent contained 249 gTS$frtotal suspended solids (TSS), of which

86% was volatile and the remainder was inorganic.

Using the COD ratio described above, the estimated organic matter content included a significant qua
of soluble COD (174 gCOD.H), including VFAs (40 gCOD.). The results of the characterization

showed a low (0.15) ratio between the readily biodegradable and slowly biodegradable substrates.
ratio of inert organic matter to slowly biodegradable substrate was also 0.15. These ratios did not ch
substantially after the primary clarifier, because the clarifier was performing very poorly with a remo\

efficiency of less than 30% TSS.
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3.2 Dynamic influent characteristics

Figure 1 shows a representative pilot-scale data set over 294 days from June 2016 to April 2017, tog
with the BSM2 influent generator model simulations for flow rate, COD,-NFind PQ-P. Simulation

results were in reasonably good agreement with measured results in terms of concentrations of amr
nitrogen, phosphate, COD and TSS. We note that the influent generator provided modelled data at &
intervals, whereas actual measurements were relatively sparse with only daily or weekly sampling
analysis. The representative influent file created by the BSM2 influent generator model was used

dynamic simulation analyses.

3.3 Plant steady-state results

3.3.1 Model calibration

Figure 2 presents the modelled steady state and average measured data for key variables. Wit
minimal parameter adjustments described in Section 2.6, it was possible to achieve good agree
between modelled and measured TSS,-P@nd NH-N in the different streams of the pilot-plant.

Further, the model was able to confirm the observed concentration of P in the effluent. For the ste:
state scenario, differences between measured and modelled phosphorus of 5-10% were obs:
throughout the pilot-plant, and the prediction error for ammonia nitrogen was low at below 1%. T
relative error for measured and predicted suspended solids (SS) in the primary effluent, mixed liquor
return activated sludge was reasonable at 3%, 1% and 6%, respectively. However, significant
differences were seen in the effluent, likely due to faulty SS meters in the pilot-plant. The model inst

assumes ideal complete retention of solids, due to the presence of the membranes.

The total iron concentration was low in the effluent (0.12 gBg.indicating that almost all of the added
iron salts precipitated out of the mixed liquor and were incorporated into the activated sludge. Avails
data for iron speciation and the precipitation model were limited, nevertheless pilot-plant performa
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with respect to final effluent concentration of total iron was predicted very reasonably. Given the |
concentration of total Fe in the effluent, it could be assumed that dosingdtd¢i@ membranes provided
additional removal of P, with no evidence of short-circuiting of dissolved iron. As such, a large amount
iron minerals in the form of HFO (about 70% of iron precipitates) and iron phosphate (approximat
30% of iron precipitates) were retained in the activated sludge within the bioreactors, with the associ
precipitation and adsorption most likely accounting for the phosphorus removal. The proportion
HFO/FePQ significantly varies depending on a number of operational factors, including sludge age, r
Fe/P ratio, the transformation betweeri'fad F&", and the equilibrium concentrations of ferric iron and
soluble phosphate. These factors are vital when assessing control strategies with respect to effi
removal of phosphorus. While pilot-plant data related t6" famd F&" species were unavailable, a
literature review shows that ferrous iron added to an oxidizing environment fully converts to ferric irc
which then participates in P removal via precipitation or adsorption pathways @ahg2014). Whilst,

the conversion of ferrous iron to ferric iron could be implemented as a simple instantaneous reactic
fast kinetic approach was used instead in this modelling study, and did not compromise simulation sp
In general, dosing of Bémay be preferred to avoid an oxidation step; however, this would depend on |
relative cost of ferric and ferrous salts. In general, the study showed that iron speciation is key in stud

Fe chemistry and will therefore increase understanding of chemical P removal mechanisms.

In terms of energy recovery, the model simulated biogas production at 2.4 Nmhich is probably
lower than expected due to the low sedimentation efficiency in the primary clarifier (less than 30¢
However, experimental data were not available to confirm prediction accuracy, due to the lack c

dedicated sludge treatment train.

3.3.2 Impact of pH and Fe/P molar ratio

The calibrated plant-wide model was used to carry out further simulations to study the impact of pH

molar ratio of Fe/P on the removal efficiency of phosphorus. As shown in Figure 3, the effluent
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concentration substantially decreased with decreasing pH at all Fe/P molar ratios. For example, fol
lowest ratio (Fe/P=1), the effluent P dropped from 0.39 gratmhigher pH (7.4) to 0.02 at pH 6.7.

However, the relative differences of P concentrations in the effluent between the highest and lowest
ratios was higher (0.63) at higher pH but became smaller (0.09) at lower pH. This shows that the pH
the molar ratio of iron to the phosphorus concentrations affect the competition between hydroxyl ions
phosphates for ferric ions at the point of addition. These results are in good agreement with other stt
(Hauduc et al., 2015). In general, the pH of a wastewater affects chemical species distribution of the v
acid-base systems, such as phosphate, and ferric iron speciation, which in turn dictate simultan
chemical precipitation and adsorption. Furthermore, the results show that increasing the concentratiol
iron salts may not translate in further removal of phosphorus when residual P concentration is alre
very low. This is in agreement with other studies, which have reported that the efficiency of dos

chemicals declines significantly at low phosphorus concentrations (De Haas et al., 2000a; 2001b).

3.4 Assessment of model dynamic responses

3.4.1 Time constant of chemical precipitation

Figure 4 presents the results of simulations where a step change in the dose,of&eB@oduced. The

time constants of the response of the P concentration were found to be 5.25 days and 5 days, whe
iron dose rate was decreased and increased by 10%, respectively. Therefore, when the dosingsof Fe
changed in the wastewater treatment system, the effluent P varies accordingly in a time-depen
manner with slow dynamics. With the observed first-order response, the initial change in effluent F
greatest, eventually levelling off at a new equilibrium state at least within about 5 days. The overall s
response is likely the result of the complex multi-step process of dissolution, oxidation, formation, gro

and aging of HFO complexes, affecting phosphorus adsorption in a time-dependent manner in the mo

Similarly, the experimental investigations (shown in Figure S2) at the pilot-plant under study simila

showed a slow response when the dosed amount of precipitants was changed, and therefore corro
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these simulation results (Figure 4). The representation in the model (as seen in the simulation res
induces a persistent effect of the dosed iron being recycled in the sludge and continuing to ren
phosphorus well after reducing/stopping the chemical dosing. Again, this was corroborated by ac
measurement observations in the pilot plant. Specifically, the model description includes chem
phosphorus removal via two simultaneous reactions: a reaction of phosphate and HFO (by adsorptior
co-precipitation) as well as a rapid direct iron phosphate precipitation (possible at the point of chem
addition) (Wuet al, 2015). Freshly formed HFO and possibly (amorphous) iron phosphate in tt
wastewater, are potentially highly reactive (high surface areas or many binding sites) and able to pal
in the removal of phosphorus from wastewater. However, reactivity of HFO deteriorates through age
that occurs as the minerals accumulate in the bioreactors and continues to be recycled as part of the
This indicates that the progressive accumulation of the Fe precipitates continuously facilitates additic
phosphorus removal. The implication of this assertion is that the solid retention time (SRT) play:
critical role in determining the effluent P concentration. In other words, during simultaneot
precipitation, iron dosed directly to the bioreactors or membrane tanks within the MBR system, wh
sludge recycling is taking place with much longer SRTs (23 days), will participate in P remov:
Additionally, the effluent P will decrease with increasing SRT, indicating that the sludge age is one of
key operational parameters controlling the iron sludge content in the bioreactors and influences both t
in the effluent and eventually the membrane characteristics. On the other hand, a higher SRT w
involve the potentially competing effect of accumulating older less reactive sludge. However, from pil
plant observations in this study, HFO reactivity is reasonably maintained, presumably by iron, cycling
the MBR system, undergoing reduction-oxidation reactions whilst alternating between anoxic and aert

conditions (Blighet al., 2017). This is represented in the model.

3.4.2 Plant-wide dynamic results

In order to demonstrate the application of the plant-wide model, several scenarios were considere

which effluent phosphorus concentrations around 0.05-0.4 YRene obtained, using a stoichiometric
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molar ratio Fe/P = 2 with respect to the influent concentration. The effect of increasing or decreasing
guantity of dosed chemicals was investigated as part of Scenario 2. The dosing chemicajsa(ideSO
FeCk) were fed directly to the aerobic tank and membrane tanks, respectively. Their concentrations v
decreased by 10% after 120 days while the plant was operated under dynamic conditions. Dosing F
to the aerobic tank led to the oxidation of F-evhich played a key role in removing P. Figure 5a displays
the total phosphorus in the influent, which is also compared to the total amounts of iron salt dosed a
three dosing locations to remove phosphorus from the influent, as shown in Figure 5b, as well as
concentration profile for phosphorus in the secondary effluent, as shown in Figure 5c. The striking fea
in controlling PQ in the effluent is that the total amount of added iron was reduced by 18% from 10
gFe.d" in Scenario 1 (PPopen loop) to 889 gFeldin Scenario 3 (POclosed loop). This reduction
clearly shows the benefits of controlling Fe dosage and how it could significantly impact the operatio
cost of removing P from wastewater. It is worthwhile to mention that about 8.9% of the iron dosed in
first scenario, was added as’Eevhile the remainder (91.1%) was dosed as Re$Be overall amount

of F€"* was 8.6% in the second scenario, however, it increased significantly to 44.6% in Scenario 3 |
Section 3.4.2 for further discussions). The simulation results in Figure 5¢ show that the concentratior
phosphorus in the effluent increased by approximately 44% for'treeé@nario and decreased by 15% for
the 3¢ scenario, respectively. The increase of phosphorus in the effluent i theeBario is due to the

decreased contribution of the iron salt flows to the aerobic tank and membrane tanks.

Scenario 2 was carried out to simulate the behaviour of the pilot-plant if the, HeS&ye had been less

than required for a significant period of time, and the control system takes corrective measures to er
that the effluent quality is maintained. For example, after a period of limited dosage (e.g. due to incor
concentration of precipitation chemicals), the modelling results (Figure 5c¢) showed that such sceng
could be compensated for by increasing and decreasing subsequent Fe salt dosage in a controlled m
As indicated above, redox cycling of iron in an MBR system is expected to maintain or reduce the rat

HFO reactivity loss as a result of reduction in anoxic zones and oxidation in aerobic zonese(R&light
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2017). To this end, the presence of the accumulated precipitates has a beneficial effect on phospf
and a major mechanism of phosphorus removal, likely due to the long contact time with the accumul:
sludge leading to removal of P by adsorption or co-precipitation. The amount and reactivity of exist
minerals present in the activated sludge are among the most influential factors for phosphorus remov

simultaneous precipitation adsorption reactions.

Figure 6 shows the results of concentration profiles of ammonia nitrogen in the secondary effluent for
first three scenarios combined. The simulation results indicate that the concentrations of amme
nitrogen in the effluent decreased by approximately 8.7% for"thec2nario and decreased by 8.2% for
the 3% scenario, respectively. The spikes in the simulated ammonia concentrations corresponded
well to lower concentrations of soluble phosphate in the bioreactors. Overall, these results indicate
phosphorus deficiency due to simultaneous precipitation may be detrimental to autotrophic nitrifyi
bacteria, which require enough phosphorus for cell growth. It should be noted that a phosphc
limitation can occur when the concentration of phosphorus is in the range of 0.1 to 0°3\gBtoalf &
Eddy, 2004). This highlights the necessity to control the level of bioreactor phosphate concentration

reduce the risk of biological processes being limited by low phosphate.

3.4.3 Impact of controlling iron salt (Fe$& FeCk) dosing

The impact of imposing a basic control and operational strategy for maintaining the concentration
phosphate below a required future effluent standard, was investigated for demonstration purposes.
results in Figure 5c¢ (Scenario 3) indicate that the implementea®@rol strategy, enabled the plant to

reach P effluent concentrations of about 0.15 gPamstipulated by the future effluent quality standard,
whilst at the same time ensuring that the iron dosage was appropriate. However, the location of the t
controllers appeared to be an important factor for achieving minimum consumption of iron coagulal
For example, when the sensor for Fe®l0sage was at the same location (secondary effluent) as the ot

for FeCk dosage, the simulation indicates that only the gFeGhtroller with the lower set point (0.15
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gP.m°) was effective. Moving the location of the FeS@ntroller before the post-anoxic tank (at the
outlet of the anoxic tank before addition of Fgd#d to a reduction of iron coagulant by 15% since both
controllers were working as per set criteria. This is in agreement with the recommendations of Ingild
& Olsson (2002), that sensors located in close proximity to the controlled processes are preferable
good controller performance. Controlling Fe salts dosing also provides additional benefits of maintain
optimal conditions for nitrification/denitrification processes. It has been shown that biological nutrie
removal mechanisms function less well in the presence of chemical precipitation, under conditions wi
the P concentration in the activated sludge is too low and potentially limiting (Rétilgds 2015). Such
conditions with low P may be prevalent in WWTPs with MBRs and chemical P removal, such as in
pilot-scale plant under study, designed to reach very low effluent P concentrations. Therefore, i
recommended to control the addition of iron salts. When the P controllers are maintained at their
points by closed-loop control, the simulations indicate that the WWTP will not only achieve lower

values in the effluent but also more efficient chemical use.

3.4.4 Impact of iron dosing location

To maximize the removal of phosphorus in the presence of iron salts, different iron dosing locatit
including the aerobic tank, anoxic tank and RASDEOX stream, were investigated. Given that
dissolved oxygen content of the RASDEOX stream from the membrane tanks is high and can have im
on the denitrification process in the anoxic tank, simulations were used to analyse whether adding F
salts in this location could provide additional benefits in reducing the oxygen level in the stream be
recirculated to the activated sludge. Figure 7 shows the results of the simulated effluent P concentra
for the impact of FeSg£dosing at the three different locations in the activated sludge system for Scenar

4,5 and 6. The dosing location in each case was changed at the beginning of the simulation.

In comparison to Scenario 4 (default dosing location), the simulation results indicate that 1

concentrations of phosphorus in the effluent increased by roughly 17% and 13% fdt dmel 4"
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scenarios, respectively. Whereas in the case of ammonia nitrogen concentration in the effluent,
reduction is small: 0.96% in thé"4cenario and 1.8% in th& Scenario. The decrease of nitrate in the
effluent in the fifth scenario is likely due to the decreased contribution of RASDEOX oxygen entering t
anoxic tank. In general, the results show that iron addition at these locations had a limited impac
phosphorus removal performance. The implication would be that /&g should be fed at an
aeration stage in the activated sludge process, where there is good mixing. When dosed prior tc
aeration tank, ferrous salts will dissolve and then some of the resulfihgifde oxidized to ferric iron

by nitrate (anoxic zone), whereas the remaininfg #él undergo oxidation in the aerobic zone.

3.5. Discussion

3.5.1 General description of P/Fe interactions in water treatment systems and singularity of the prese

research

The study summarized in this paper has gone beyond the state of the art mathematical modelling pre
with an approach accounting for P and Fe transformations in both water and sludge line. Simula
results were validated with N, P, Fe and TSS measurements at different parts of the plant. As far a
authors are aware, the work herein does not resemble any other study in the published literature. Pre
studies described Fe-P processes with lab-scale data (Hauduc2015) or, when full-scale, only the
water line had been accounted for (de Haas 2000a; 2000b; 2001). Full-scale examples predictir
dynamics, verified with experimental data, did not include the Fe component (Kazadi-Mbamaba
2016). The latter has a strong effect on the overall process performance as shown bgt (&ql@017)

and by the present study results.

3.5.2. Model based optimization for improved performance

The overall results of this study demonstrate an iron transformation and precipitation model as pat

plant-wide model is a suitable tool for assessing chemical P removal from activated sludge. The m
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enabled the prediction of iron consumption and P effluent and could be used to develop control strate
to optimize simultaneous precipitation in terms of chemicals consumption while maximizing nutrier
removal as far as stringent effluent discharge requirements are concerned. However, a com
calibration and validation of an activated sludge model combined with chemical P removal requi
additional influent characterization of soluble chemical components, particularly iron species, to
incorporated into the physico-chemical module. In general, wastewater utilities only carry out limit
routine measurements, which also include very limited measurements of soluble chemical compon
To increase the accuracy of predicting simultaneous precipitation, it would be essential to perfc
additional measurements that cover other relevant components, especially non-typical wastew
constituents (e.g. iron species) that play a significant role in modelling chemical P removal, but for wh

there is currently limited knowledge.

The model analysis focused quite extensively on the fate of iron and phosphorus in the activated sl
system. However, it should be pointed out that the plant-wide model used, included a sludge treattr
train which consisted of sludge thickening, digestion and dewatering. During anaerobic digestion of ws
activated sludge, iron is released as a result of HFO reduction and iron phosphate dissolution leadil
an increased soluble concentration of iron. Sludge digestion also produces sulphide due to sulg
reduction and the degradation and reduction of sulphur-containing organics (Bats&dne002). The
produced sulphide preferentially binds with iron to form iron sulphide minerals leading to a lo
concentration of dissolved sulphide and hence decreaSesdrcentration in the biogas phase é&al.,
2013). Therefore, the model also has the potential to evaluate chemical dosing in anaerobic digestel

hydrogen sulphide removal from biogas.
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4 Conclusions

The present study demonstrates that an integrated model (ASM2d, ADM1, physico-chemical mode

suitable to account for biological nutrient and chemical P removal through Fe precipitation. T

integrated model gave good results (representative of reality) when validated against the pilot-s

measurement data. The following were key modelling outcomes:

1)

2)

3)

4)

5)

6)

The plant-wide model was able to replicate with acceptable accuracy the trends in effluent solt
ammonia (1%), phosphate (5-10%) and suspended solids (1-6%) under steady-state.
Simultaneous precipitation of FeP@nd HFO particulates including adsorption of P on HFO sites
were the main mechanisms for phosphorus removal in the MBR system.

The simulations confirmed that the modelling approach was valid, particularly the dependency
pH, which showed a strong expected effect. The ratio of Fe/P was also identified as influent
which should be set (where possible) based on an effluent P target. At higher ratios, lowe
concentrations are expected in the effluent. However, when the P concentration in the mi
liquor is very low (<0.2 mgP 1), an increasing Fe/P ratio does not translate linearly into furthe
removal of P.

When the P controllers were maintained at their set points by closed-loop control of the iron s:
dose, the WWTP achieved lower P values in the effluent. Accordingly, it is recommended
control the addition of iron salts, which would normally also have a positive impact on tr
operational cost of P removal in wastewater.

The time constant of simultaneous precipitation in the calibrated model, in response to step che
increase or decrease in FeS@bse, was found to be roughly 5 days. This indicated a slow
dynamic response, likely due to multiple steps of dissolution, oxidation, precipitation, agin
adsorption and co-precipitation processes.

The dosing point of FeSOin the activated sludge system was analysed for three differen

locations: aerobic, anoxic and RASDEOX tanks. Dosing at the aerobic tank had a slightly higl
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effect on the chemical P removal. Locations with high DO and good mixing conditions a

considered to be preferable for FeS@dition due to fast oxidation of ¥ao Fe™.
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717

718 Figure 1 — Dynamic plant influent for representative measured and simulation data. The blue and 1

719 solid lines represent the measured and simulated results, respectively.
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Figure 2 — Steady-state comparison between the model prediction and measured data for representative streams and variables across the pilot
treatment plant. FePOwas added in a pre-aeration tank (before primary settling tank, not shown) and in the first aerobic tasnaseCl

added before the MBRs.
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Figure 3 — The impact of pH and Fe/P molar ratio on the dissolved phosphorus in the

effluent.
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Figure 4 — Dynamic response in effluent P to step change in iron salt (fre8€age

decrease (a) and increase (b).
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Figure 5 — Total phosphorus in the influent (a), total amount of added iron (FasD
FeClk) at the three dosing locations for Scenarios 1 — 3 (b) and dynamic simulations of the

soluble phosphate in the treatment plant outflow for Scenarios 1 — 3 (c).
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Figure 6 — Dynamic simulations of ammonia nitrogen in the treatment plant outflow for

Scenarios 1 - 3.
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Figure 7 — Dynamic simulations of the soluble phosphate and ammonia nitrogen in the
treatment plant outflow for Scenarios 4, 5 and 6. The blue solid, red solid and yellow solid
lines show the simulation results for the Scenario 4, Scenario 5 and the Scenario 6,

respectively.
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Table 1 — Composition of the supernatant from the full-scale anaerobic digesters at

Henriksdal WWTP.

Parameters Values
Total COD (gCOD.mv) 502
Soluble COD (gCOD.ft) 337
Total nitrogen (gN.r) 523
Ammoniacal nitrogen (gN.m 460
Total phosphorus (gP:f 18.2
Orthophosphate phosphorus (gF)m 1.60
Total iron (gFe.r) 1.10
Total suspended solids (gSS)n 1560
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Table 2 — Measured total, filtered and flocculated COD for the 2015data, as well as COD

fractions calculated and retained for the 2016/2017 data.

Parameters COD (g.m™) COD ratio
COD 466+42 1
Soluble COD 17449 0.4
Flocculated COD 122+9 0.26
Readily biodegradablegS 60 0.13
Fermentation productsaS 40 0.09
Inert biodegradable organics, S 22 0.05
Non-biodegradable organics, X 61 0.11
Slowly biodegradable substrate; X 245 0.56
Heterotrophic biomass,yX 38 0.06
Autotrophic biomass, 247 0 0
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Table 3 — Averagsteady-state influent composition of the pilot-scale WWTP used for

influent characterization (2016/2017 data)

Parameters M easur ements
Total COD (gCOD.r) 521
Soluble COD (gCOD.f) 174
Flocculated COD (gCOD./) 137
BOD; (gCOD.m°) 234
TN (gN.m°) 48
Ammoniacal nitrogen NE(gN.ni®) 37
Nitrate, NC, (gN.m°) 0.12
Total phosphorus, Ptot (gPin 6.23
Orthophosphate phosphorus (gF)m 3.3
Total organic carbon, TOC (g’ 141
Total inorganic carbon, TIC (g:f 75
Total suspended solids, TSS (gTSS)m 249
\Volatile suspended solids, VSS (gVSS) 223
\VFA (gCOD.ni%) 40
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Table4 — Averagesteady-state influent composition of the pilot scale WWTP used for
influent steady state model validation. COD ratios determined previously was used for the

influent composition.

Model influent composition (ASM 2d variables) Values
Dissolved oxygen, & (g.ni°) 0
Readily biodegradable - $gCOD.nt°) 67
Fermentation products (acetate),(§COD.m°) 45
Ammoniacal nitrogen, i (gN.m°) 37
Nitrate (plus nitrite) Syoz (gN.m°) 0.12
Phosphate, 54 (gP.nt°) 3.3
Inorganic carbon,$(gC.ni°) 75
Inert biodegradable organics(§COD.m?>) 25
Inert non-biodegradable organics,(¥COD.m°) 47
Slowly biodegradable substrate; (COD.n°) 314
Heterotrophic biomass,;gCOD.nm°) 24
\VVolatile suspended solidsyt (g.ni°) 223
Inorganic suspended solidsg(g.m°) 26
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Resear ch Highlights

A plant-wide model calibrated against extensive pilot-plant data describing
phosphorus (P) dynamics with iron (Fe) dosing

Good agreement between measured and modelled P (5-10% (relative) difference).
P concentration strongly depends on pH, Fe/P ratio and influent P load.

P removal control strategies substantially reduce G&®6ke.

Model shows aerobic tanks are the most suitable dosing location for,Fe&Oto

fast oxidation of F& to Fe".



