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Miljgteknologisk Udviklings- og Demonstrationsprogram

Projektet, som er beskrevet i denne rapport, er stgttet af Miljgteknologisk Udviklings-
og Demonstrationsprogram, MUDP, som er et program under Miljgministeriet, der stgt-
ter udvikling, test og demonstration af miljgteknologi.

MUDRP investerer i udvikling af fremtidens miljgteknologi til gavn for klima og milja i
Danmark og globalt, samtidig med at dansk veekst og beskeeftigelse styrkes. Program-
met understgtter dels den bredere miljgdagsorden, herunder rent vand, ren luft og sik-
ker kemi, men understatter ogsa regeringens malsaetninger inden for klima, biodiversi-
tet og cirkulzer gkonomi.

Det er MUDP’s bestyrelse, som beslutter, hvilke projekter der skal modtage tilskud.
Bestyrelsen betjenes af MUDP-sekretariatet i Miljgstyrelsen.

MUDP-sekretariatet i Miljgstyrelsen

Tolderlundsvej 5, 5000 Odense| TIf. +45 72 54 40 00

Mail: ecoinnovation@mst.dk
Web: www.ecoinnovation.dk

Denne slutrapport er godkendt af MUDP sekretariatet, men det er alene rapportens forfat-
ter/projektlederen, som er ansvarlige for indholdet.
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Preface

This development and demonstration project is conducted by SAMN Forsyning A/S, Aalborg
University, KD Maskinfabrik, SUEZ Water A/S and COWI A/S. The project is partly founded by
Miljgteknologisk Udviklings- og Demonstrationsprogram (MUDP), however a large part of the
economy comes from SUEZ Water A/S and a smaller part from the rest of the partners. The
project is published by The Danish Environmental Protection Agency.

The steering committee for this MUDP project consists of:
e SUEZ Water A/S

o COWIA/S

e Aalborg University

o SAMN Forsyning A/S

o KD Maskinfabrik A/S

The advisory group for this MUDP project consists of:
e Herning Vand A/S

e Aarhus Vand A/S

e DANVA

e Hjgrring Vandselskab A/S

e VandCenter Syd A/S

The project started in January 2018 and ended in February 2021. Experiments were per-
formed in the period November 2018 to the end of April 2020.

This main focus of this project is to examine and demonstrate the effect of two innovative ways
of using well-known technologies for organic micropollutant removal at wastewater treatment
plants and show that treatment of organic micropollutants can be implemented at small, me-
dium or large wastewater treatment plant in a cost effective way. These tested technologies
are not widespread in Denmark but are used in Switzerland among others. Ozonation which is
normally used as a tertiary treatment is injected into mixed liquor activated sludge (aeration
tank) combined with tertiary treatment.

Process of adsorption on powder activated carbon (PAC) in a pulsed sludge-blanket reactor in
Pulsazur™ is used to eliminate dissolved organic matter and micro-pollutants in advanced
treatment. Filtration using granular activated carbon is also normally used as a tertiary treat-
ment. In this project the effect of dosing powdered activated carbon in activated sludge pro-
cess tank is investigated. The effect on the “conventional activated sludge” treatment is also
evaluated.

By accepting the economic support from the MUDP program, the steering committee have
committed to communicate the results from the project. Which have been done by articles in
technical magazines, national magazines, theme days, webinars and others. In 2021 two
presentations and one poster about the project will be held at the IWA conference.

The detail discussion of the test results is presented in:

Appendix 1. Effect of ozonation and PAC conditions on micropollutant removal
Appendix 2. Removal of Micropollutant from sludge liquid and solid phases
Appendix 3. Physical-chemical sludge characterization

Appendix 4. Sludge characterization by light microscopy and 16S rRNA sequencing
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Sammenfatning, dansk

| de seneste ar har der veeret et gget fokus pa mikroforureninger i renset spildevand. | Schweiz
er der indfert lovgivning, som kraever, at der implementeres rensning for mikroforureninger pa
starre kommunale renseanlaeg, samt renseanlaeg, med udlgb til seer som fungerer som drikke-
vandsreservoir eller recipienter med lav fortynding af det rensede spildevand. | Schweiz benytter
de fleste centraliserede renseanlaeg ozonering og/eller aktivt kul som en tertizer behandling til
fiernelse af mikroforurenende stoffer.

Ved udgivelsestidspunktet for denne rapport, er det endnu ikke defineret i Danmark, om be-
handlingen skal udfgres lokalt (decentralt) pa hospitaler eller centraliseres i kommunale rense-
anlaeg. Indtil videre pa Herlev Hospital behandles spildevandet lokalt for fiernelse af mikroforu-
reninger i et dedikeret renseanlaeg tilknyttet hospitalet ved hjeelp af ozonering og GAC-filtre
(Granular Activated Carbon filtre). Det er det samme for Nyt Aalborg Universitets Hospital, hvor
hospitalets spildevand vil behandles ved en kombination af PAC-MBR og tertizer ozonering.

| dette projekt anvendes ozon og aktivt kul innovativt. Ozonering tilfgres bade i procestanken og
som en tertizer behandling, bedre kendt som fler-punkts ozonering. | efterfglgende eksperimen-
ter tilseettes pulveriseret aktivt kul (PAC) direkte til procestanken, og der udfgres ingen terticer
behandling.

Teknologierne er testet pa Braedstrup Renseanlaeg, Samn Forsyning. Renseanlaegget bestar af
to adskilte biologiske behandlingslinjer. Der er feelles ristefunktion og sand- og fedtfang for de
to linjer, men i udigbet fra sand- og fedtfanget deles spildevandsstremmen til de to proceslinjer.
Indigbet for de to linjer er dermed de samme, og ydeevnen af de testede teknologier kan direkte
sammenlignes med konventionel aktiv slambehandling.

Dosering af 3.98 mgO3/l i procestanken og 7.2 mgO3/I som tertiaer behandling viste de bedste
resultater for ozoneksperimenterne. Ved anvendelse af denne konfiguration blev der opnaet en
gennemsnitlig fiernelse af 93% af mikroforurening og koncentrationer af alle malte mikroforure-
ninger var under PNEC (Predicted No Effect Concentration) efter ozonering. @kotoksiciteten af
det ozon-behandlede spildevand var lig med eller lavere sammenlignet med det konventionelt
behandlede spildevand. Desuden blev en forbedret fiernelse af antibiotikaresistente bakterier
observeret. Ozoneringen andrede det mikrobielle samfund i den eksperimentelle linje, men
uden tab af kritiske mikroorganismer. Ozoneringen effekt pa forbedret SVI og dermed slammets
bundfzeldningsegenskaber blev tydeliggjort.

For et 100.000 PE renseanleeg, der behandler 8.300.000 m%/ar, kan fler-punkts ozonering im-
plementeres og drives for 26-42 DKK/ar pr. indbygger afthaengigt af den anvendte ozondosis.

Dosering af 5 mg PAC/I eller 10 mg PACI/I i procestanken forarsagede en gget fiernelse af
mikroforurenende stoffer sammenlignet med konventionel behandling. Koncentrationen for
visse mikroforureninger var over PNEC, og yderligere behandling ses derved ngdvendig for at
na ikke skadelige koncentrationer for alle mikroforureningerne.

For et 100.000 PE renseanlaeg, der behandler 8.300.000 m?ar, kan PAC-dosering i procestan-
ken implementeres og betjenes for 23-31 DKK/ar pr. indbygger athaengigt af den anvendte PAC-
dosis.
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Summary, English

The focus on micropollutants in treated wastewater have increased in the recent years. Swit-
zerland have implemented legalisation which requires micropollutant removal at larger munici-
pal centralised wastewater treatment plant (WWTP) or WWTPs that discharge to lakes with
drinking water interest or recipient with small dilution of the treated wastewater. In Switzerland,
most centralised WWTPs are using ozonation and/or activated carbon as a tertiary treatment
for micropollutant removal.

In Denmark it is not defined yet if the treatment should be performed locally at hospitals or
centralized in municipal WWTPs at the time of this report. So far, at Herlev Hospital the
wastewater is treated locally for removal of micropollutants in a dedicated WWTP to hospital
wastewater by ozonation and GAC filters. It is the same for NAU hospital, where the hospital
wastewater is going to be treated by combination of PAC-MBR and tertiary ozonation.

In this project ozone and activated carbon are used in an innovative way. Ozonation is applied
in the process tank and as a tertiary treatment called multiple point ozonation. In subsequent
experiments powdered activated carbon (PAC) is added to the process tank, and no tertiary
treatment is performed.

The technologies are tested at Braedstrup WWTP in Samn Forsyning. This WWTPs has two
separated biological treatment lines. The two lines separate in the outlet of the sand- and
grease trap. Inlet measurements for the two lines are thereby the same, and the performance
of the tested technologies can be directly compared to conventional activated sludge treat-
ment.

Dosing 3.98 mgOs/l in mixed liquor in process tank and 7.2 mgOs/l as tertiary treatment
showed the best results for the ozonation conditions. Using this configuration an average re-
moval of 78% after mixed liquor ozonation and 93 % after of micropollutants were obtained,
and concentrations of all measured micropollutants were below PNEC (predicted no effect
concentration) after ozonation. The ecotoxicity of the ozonated treated wastewater was equal
or lower compared to conventional treated wastewater and it improved removal of antibiotic
resistant bacteria. The ozonation changed the microbial community in the experimental line,
but without loss of any critical microorganisms. The ozonation improved the SVI and thereby
the settleability of the sludge. For a 100,000 PE WWTP treating 8,300,000 m?year multipoint
ozonation can be implemented and operated for 26-42 DKK/year per inhabitant depending on
the applied ozone dosage.

Dosing 5 mg PAC/I or 10 mg PAC/I in the process tank caused an increased micropollutant re-
moval compared to conventional treatment by 20-30%. The concentration for some micropollu-
tants were above PNEC, and further treatment is thereby necessary to reach safe concentra-
tions for all micropollutants. For a 100,000 PE WWTP treating 8,300,000 m®/year PAC dosing
in the process tank can be implemented and operated for 23-31 DKK/year per inhabitant de-
pending on the applied PAC dosage.
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1. Introduction

Micropollutants are seen in many different forms and can affect the life on earth in many and
severe ways. Released micropollutants to the aquatic or freshwater environment can affect the
organisms living here.

An example of micropollutants which affects the aquatic environment is xenobiotics and phar-
maceuticals transported to the aquatic environment through sewage and wastewater treatment
plants (WWTP). Different groups of chemicals have different effects. One example is endo-
crine disrupting chemicals where oestrogenic substances affect the reproductivity of male fish
and cause them to evolve female characteristics (Walker, et al., 2012). Laboratory studies
have shown that fathead minnows affected by the antidepressant sertraline showed less anxi-
olytic behaviour than fathead minnows not affected. The fish affected by sertraline spend less
time hiding during light hours than fish not affected (Valenti, et al., 2012). A lot of different
studies worldwide have shown the presence of pharmaceuticals, for example psychoactive
drugs, antihistamines, B-blockers, antibiotics, anti-inflammatories and synthetic hormones, in
aquatic organisms (Huerta, et al., 2018).

Another important pollutant which is lead to the aquatic environment through wastewater
(among others) is antibiotics and antibiotic resistant bacteria and genes. Discharge of antibiot-
ics to the aquatic environment enhance the selection of antibiotic resistant bacteria and
spreading of antibiotic resistance.

Control of antibiotic resistant bacteria is very important since infections by antibiotic resistant
bacteria already cause 25.000 deaths a year in Europe and 700.000 deaths a year globally. If
no actions are taken, antibiotic resistance might cause millions of deaths globally, and more
deaths than cancer in 2050. The economic will also be affected by the antibiotic resistant bac-
teria, and in some simulations, the effect on the future economic is larger than the economic
crisis in 2008-2009 and costs trillions of dollars (European Commission, 2017).

One way antibiotic resistant bacteria and genes are transferred is through the environment.
The environment hosts a large pool of antibiotic resistant bacteria and antibiotic resistant
genes. Humans and animals affect the pool of antibiotic resistant bacteria and genes, and hu-
mans are affected by the pool in the environment (Bengtsson-Palme, et al., 2018). In “A Euro-
pean One Health Action Plan against Antimicrobial Resistance (AMR)” this interaction is de-
scribed by the “One Health” principle which is described as “a term used to describe a princi-
ple which recognises that human and animal health are interconnected, that diseases are
transmitted from humans to animals and vice versa and must therefore be tackled in both. The
One Health approach also encompasses the environment, another link between humans and
animals and likewise a potential source of new resistant microorganisms. This term is globally
recognised, having been widely used in the EU and in the 2016 United Nations Political Decla-
ration on AMR” (European Commission, 2017). Discharging of antibiotic resistant bacteria to
the environment is therefore important to human health.

Antibiotic resistant bacteria and genes are among others transferred between hosts (animals,
humans, environment and others) through sewage, WWTP and water bodies. However un-
treated sewage released into water bodies poses a bigger risk, since treatment in WWTP often
lower the abundance of resistant genes and the total bacterial abundance (Bengtsson-Palme,
et al., 2018).
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Pharmaceuticals including Antibiotics are used in hospitals and in private households. At
Herlev Hospital the wastewater is treated to remove pharmaceuticals, endocrine disrupters
and antibiotic resistant bacteria. Other hospitals in Denmark discharge their wastewater to mu-
nicipal WWTP where it is treated along with household wastewater. The WWTP aren’t de-
signed to remove pharmaceuticals and xenobiotics, nevertheless some substances are re-
moved to a large extent while other substances pass through the WWTP with none or limited
degradation.

In other European countries for example Switzerland recently legalisation requires that larger
wastewater treatment plants treat the wastewater to remove micropollutants, including 10
pharmaceuticals and 2 corrosion inhibitors. The goal is to have an average removal of the 12
micropollutants higher than 80% over the whole WWTP. This treatment is primarily performed
as tertiary ozonation or a tertiary filtration with granular activated carbon.

In this project, the known technologies to remove micropollutants from the wastewater (ozona-
tion and activated carbon adsorption) are used in a new innovative way. The processes are
implemented in the conventional biological treatment processes at Braedstrup WWTP. The
new way to use these technologies are thereby tested in full scale. The experiment prove that
these known technologies can be used in this new innovative way, that the technologies can
be implemented in an existing wastewater treatment plant without need for big rebuilding and
that it is possible to treat the water at a low cost.

Braedstrup WWTP has been found as an ideal plant for these tests since the plant has two
separate biological treatment lines. At Braedstrup WWTP, all wastewater is treated in a screen
and a sand- and grease chamber, and afterwards the wastewater is directed in to two sepa-
rate biological treatment lines, which have separate sludge recirculation systems. Experiments
can therefore be performed in one line while the other line acts as a reference line which allow
direct comparison of the effect of the different tested technologies. The inlet concentration of
the different micropollutants to the two lines will be the same, since they share the same inlet.
There is no hospital in the catchment area to Breedstrup WWTP. Therefore, the WWTP will be
affected by pharmaceuticals and xenobiotics which are present in normal household
wastewater. Braedstrup WWTP is shown in FIGURE 1. The experimental line and reference
line split in the outlet of the sand- and grease trap.

FIGURE 1. Show Breedstrup WWTP. The experimental line and reference line split in the out-
let of the sand- and grease trap.

Implementation of these known technologies in an innovative way in an existing WWTP should
prove that it is possible to treat municipal wastewater, at WWTP, and remove micropollutants
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to a level below predicted no effect concentration (PNEC) at a low cost. The effect of the con-
ventional activated sludge process and effects to the sludge will be investigated too.

Key figures for Braedstrup WWTP are given in TABLE 1. If the wastewater flow is below 800
m?/h the wastewater is distributed evenly to the two biological treatment lines. If the wastewater
flow exceeds 800 m3/h, the inlet to the reference line (line 2) remains at 400 m3/h and the inlet
to the experimental line (line 1) will increase to 700 m3h reaching the plant’s maximum hydraulic
capacity at 1,100 m?h.

TABLE 1. Braedstrup WWTP key figures.

Parameter Unit Value
Capacity PE 16,000
Annual flow average m3/year 1,300,000
Daily flow average m3/d 3,500

Q max dry weather m3/h 360

Q max rain weather m®h 1,100
Sludge production ton/year 1,500

The outlet concentrations from both lines fulfil the discharge requirements. Average outlet con-
centrations in the period October 2018 to February 2019 shows very similar outlet concentra-
tions from the two lines for most parameters, however the outlet concentration of Total-N and
NH4-N is higher in line 1. For further information see Appendix 1, chapter 6.
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2. Objectives

Multiple point ozonation has been tested successfully at both laboratory and pilot scales in
SIPIBEL TRIUMPH Project in 2013-2015. In this innovative approach, the remaining technical
challenges are the final adjustment of ozone dosing points, dosing amounts and certain details
of the injection systems of ozone.

In present project, the overall objective is to demonstrate the removal efficiency of multiple
point ozonation and compare it with Powder Activated Carbon (PAC) addition to process tank
at full scale, to reach PNEC values at the outlet of WWTP.

Project’s main objectives include:
To demonstrate the positive nexus in applying ozone into Conventional Activated
Sludge: improve SVI, control bulking problem in secondary clarifier, disinfection by ter-
tiary ozonation and micropollutant removal in sludge
To test, optimize and commercialize the technical design of the solution in full scale.
To assess whether ozone injection in activated sludge can reduce micropollutant con-
centrations in both the liquid and solid phases of the sludge
To estimate Total Cost of Ownership (TOC) for both multiple point ozonation and Power
Activated Carbon (PAC) addition to process tank.

New important knowledge on how the ozone should be applied into mixed liquor by develop-
ment of dosing equipment, injectors and monitoring equipment are gathered from the project
and the effects on the effluent quality are demonstrated.
This project is an opportunity to:
Test and compare the efficiency of both micropollutant treatment processes on a new
array of pharma components.
Measure on a large-scale project, the impact of ozone on the biological treatment and
the impact of ozone injection on sludge
Demonstrate new and cost-effective solutions that can remove micropollutant in any
small, medium or large wastewater treatment plant with a reasonable cost.

Based on the full-scale test results from biological process monitoring program, ozone dosing
injection equipment, PAC injection to process tank, the outcome are a fully documented solu-
tion adapted to Nordic conditions.

In this project, not only these two technologies are tested and demonstrated, but also the need
for services and maintenance are documented and total costs of ownership demonstrated.
After positive demonstration, the multiple point ozone injection can be a “Proof of Concept”
and are documented with clients, universities and operators in the industry.

21 Project key performance indicators

Process characterization:
o Micropollutant removal from water and sludge
o Enhanced Sludge Volume Index (SVI)
o Physical-chemical sludge characterization
o Toxicity effects and Disinfection
Total Cost of Ownership of the micropollutant removal.
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3. Baseline tests

To assess which micropollutants are present in treated wastewater discharged from
Braedstrup WWTP to environment, a pre-screening of 365 compounds was conducted.

Pre-screening results showed 36 compounds have relatively high concentration in outlet of the
plant which have been chosen to analyse during the experimental phases. These compounds
appear in various list from different studies among others:

AMK-list (BIOFOS’ Arbejdsgruppe omkring hospitalsspildevand Opdaterede Anbefalede

Maksimale Koncentrationer (AMK) for leegemiddelstoffer. 2015)

e This list includes recommended maximum concentrations for pharmaceuticals.

e The Switzerland list of indicators: In Switzerland larger WWTPs (> 80,000 PE) or WWTPs
which discharge to lakes or rivers used for drinking water is required to perform micropollu-
tant removal by ozonation or filtration using activated carbon. To evaluate the removal effi-
ciency five compounds from a predefined list holding 12 compounds (10 pharmaceuticals
and 2 corrosion inhibitors) must be measured. For each sampling, the arithmetic mean of
the removal efficiencies for the 5 compounds should be above 80 %.

o MERMISS-list: Danish MUDP project investigating pharmaceutical removal in wastewater

using MBBR technology and ozone.

Information about PNEC and degradability are thereby known for most of the chosen com-
pounds.

The chosen 36 compounds are presented in TABLE 2. As seen from the table, the chosen
compounds originate from many different categories of pharmaceuticals for example analgesic
(painkiller), antidepressant and anti-infective. Pharmaceuticals are divided into groups using
the ATC system. This system divides the different compounds into groups depending on which
organ system the pharmaceutical affect for example nervous system.

TABLE 2. Pharmaceuticals and other micropollutants investigated at Breedstrup. ATC codes
for the different compounds are given in Appendix 1.

PNEC
ATC Family Compound ng/l] PNEC Reference*
ng
Alimentary tr.act Steroid medicament Prednisolone 2.000 AMK 2013
and metabolism
Lipid modifying agents Atorvastatin 200 AMK 2013
Cardiac therapy Ibuprofen 4.000 AMK 2015
Agents actingonthe oo josartan 120 AMK 2015
Cardiovascular  renin-angiotensin system
system i
y Agents acting onthe ) (. ian 1,000,000 FASS
renin-angiotensin system
Beta-blocking agent Metoprolol 7.300 FASS
Beta-blocking agent Propranolol 100 AMK 2015
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PNEC

ATC Family Compound Ing/1] PNEC Reference*
ng
Recommendations
Azithromycin 19 for 2nd watch list,
EU
Cefalexin - -
Ciprofloxacin 89 AMK 2015
Clarithromv- Recommendations
romy 120 for 2nd watch list,
cin EU
Antiinfectives for S
. Antibiotics .
systemic use Recommendations
Erythromycin 200 for 2nd watch list,
EU
Ofloxacin 100 AMK 2015
Sulfa- 120 AMK 2015
methoxazole
Sulfapyridine - -
Trimethoprim - -
Antiandrogens Bicalutamide 100 AMK 2015
Antineoplastic and Antimetabolite Capecitabine 200 AMK 2015
immunomodula- Anti-estrogens Fulvestrant -
ting agents M henoll
Immunosuppresant ycoapCigno ¢ 100 AMK 2015
Recommendations
Musculo-skeletal Analgesic Diclofenac 50 for 2nd watch list,
system EU
Analgesic Naproxen 6.400 AMK 2015
Antiepileptic Carbamaze- ., AMK 2015
pine
Antiepileptic Gabapentin - -
Analgesic Tramadol 2.300 AMK 2013
Nervous system Analgesic Paracetamol 9.200 AMK 2015
Antidepressant Sertraline 0,52 AMK 2015
Antidepressant Venlafaxine 100 AMK 2015
Antidepressant Citalopram 8.000 AMK 2015
Psycholeptic Zopiclone - -
Antiparasitic prod-
ucts, insecticides Antiprotozoals Metronidazole 12.500 FASS
and repellents
Antiparasitic prod- Recommendations
ucts, insecticides Neonicotinoid insecticide Imidacloprid 8,3 for 2nd watch list,
and repellents EU
Contrast media (x- _ Contrast media (X-ray) lomeprol 1.000.000 FASS
ray) Contrast media (X-ray) lohexol 1.000.000 FASS
(methyl) 1H- ) )
Benzotriazole
Corrosion inhibi- > 4+5-Methyl- ) )
tors benzotriazole
Dimethylben- ) )
zotriazole
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PNEC

ATC Family Compound ng/l] PNEC Reference*
ng
Perfluorinated PFOA - -
Substances PFOS - -

* Local Government Denmark (KL): Proposal for administrative basis for pharmaceuticals in
hospital wastewater, recommended maximum concentration for connection to sewer, Input for
KL working group concerning hospital wastewater. Prepared by DHI, June 2013, (in Danish);
AMK (2015). BIOFOS’ Arbejdsgruppe omkring hospitalsspildevand Opdaterede Anbefalede
Maksimale Koncentrationer (AMK) for laeagemiddelstoffer. 2015; the Swedish Farmaceutiska
Specialiteter - www.fass.se; European Union updated watch list (Review of the 1st Watch List
under the Water Framework Directive and recommendations for the 2nd Watch List, EUR
29173).

The baseline test has been conducted in September-December 2018 in 3 campaigns, in 9
sampling days. In each campaign, the concentrations of selected compounds have been
measured in influent of the plant and effluents of line 1 and line 2, and in each sludge, recircu-
lation lines, in both solid and liquid phase of the samples. The reason was to evaluate the per-
formance of conventional activated sludge in both line 1 and line 2 comprehensively, in differ-
ent weather conditions and flow and pollution loads.

3.1 Removal of pharmaceuticals from water

At Braedstrup WWTP the inlet concentrations of the different compounds fluctuate. The top
three most abundant pharmaceuticals in the influent of the WWTP was paracetamol (painkiller,
7.100-160.000 ng/l), gabapentin (antiepileptic, 18,000-50,000 ng/l) and ibuprofen (pain-
killer/antiinflammatory, 9,000-39,000 ng/l). Although, Braedstrup WWTP does not receive
wastewater from hospitals, the two x-ray contrast media, iohexol and iomeprol, are found in
the range 6,400-24,000 ng/l and 250-25,000 ng/l, respectively. These compounds are mainly
expected to be present in wastewater from hospitals.

During the baseline test 31 of the 36 chosen compounds were measured above Limit of Quan-
tification (LQ). The measured inlet concentrations are given in FIGURE 2. This figure shows
the minimum measured concentration, quartile 25, median, quartile 75 and maximum concen-
tration.
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FIGURE 2. Average (based on 9 samples) inlet concentration of the 31 pharmaceuticals quan-
tified above their limit of quantification (LQ) in liquid phase for the baseline samples. It shows
the minimum, quartile 25, median, quartile 75 and maximum concentration. Notice logarithmic
scale.

The distribution of the different "pharmaceutical groups” for example analgesic and antiepilep-
tic in the inlet and outlets of Braedstrup WWTP are shown in FIGURE 3. The differences be-
tween inlet distribution and outlets distribution are the removals in the activated sludge plants.
From this, it is found that for example Paracetamol is almost completely degraded.
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FIGURE 3. Percentage distribution of the different ATC groups/substance families of the over-
all concentration at Braedstrup WWTP inlet and outlets after conventional activated sludge

(CAS).

The removal efficiencies for the different compounds in the two lines at Braedstrup WWTP are
shown in FIGURE 4. The outlet concentrations from both lines are presented in Appendix 1.
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Removal efficiency (%) - Baseline test — both are under conventional treatment (n=9)
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FIGURE 4. Removal efficiency (Rw %) for the 36 pharmaceuticals investigated in the Baseline
test. Compounds where neither positive or negative removal efficiency are given, did not fulfil
the rules of calculation or the concentration was below Limit of Quantification at all time. The
five compounds with a negative removal are from left to right: citalopram, erythromycin car-

bamazepine, propranolol and venlafaxine.
For some compounds the removal efficiency fluctuates significantly. For example, Bicalutam-
ide was in Line 1 relatively removed (46%) one day, while it showed negative reduction (-23%)
the next day. While Line 2 showed 43% removal and -8% on the same correspondingly days.
Largely, the removal difference among different compounds in WWTPs could be ascribed to
numerous factors such as retention time, inlet concentrations, micropollutant properties and

operational conditions.
Negative eliminations might be caused by transformation of different metabolites or conjugates

into the parent compounds during biological treatment. When human use different pharmaceu-
ticals, the pharmaceuticals might be excreted as conjugates, meaning that an extra molecule
is attached to the pharmaceuticals. During the biological process at the WWTP this extra mol-
ecule can be removed from the “original” pharmaceutical. The metabolite might not be de-
tected in the inlet sample, but the parent pharmaceutical is detected in the outlet sample lead-
ing to negative removal. It could be also an analytical problem. Besides, the water quality is
not the same between the WWTP inlet and outlet and it can affect micropollutant analysis (dis-

solved organic matter, other unknown micropollutants with a similar retention time in liquid
chromatography or similar mass for mass spectrometry). There is also the release of micropol-

lutants adsorbed onto or inside faeces and other solids. Another hypothesis is a modification
of water quality (pH, temperature, redox potential) which can release micropollutants which are

for example complexed with metals, etc...For further explanation se Appendix 1.

To make sure that two lines are comparable, and thereby make sure that the effect of mixed
liquor ozonation and PAC dosing can be evaluated, the removal efficiencies in the two lines
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are compared, see FIGURE 5. The comparison is made because the lines do not have the
same configuration.
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FIGURE 5. The removal efficiency ratio between Braedstrup WWTP Line 1 and Line 2 for the
29 calculable removal efficiencies. The average ratio is 0.9 illustrated by the orange line.

A ratio of 1 shows equal removal efficiency in the two lines. The average ratio is 0.9 supporting
similarity across both lines. The negative ratio for propranolol is because it was negatively re-
moved in line 1 (-17%) but positively removed in line 2 (15%). This negative result affects the
average, for remaining compounds the removal efficiencies are similar. However, the two lines
are well suitable for evaluating the efficiency of the ozonation and PAC dosing.

During the baseline tests 6 compounds were measured above PNEC in the outlets from the
reference line and the experimental line. These consist of two antibiotics, one anti-inflamma-
tory, one antidepressant, one antiandrogen and a blood-pressure regulator (Azithromycin, Sul-
famethoxazole, Diclofenac, Venlafaxine, Bicalutamide and Candesartan) (FIGURE 6). Addi-
tional 5 compounds were measured in the inlet at concentrations above PNEC. The concen-
trations of these compounds were reduced to levels below PNEC during normal biological
treatment. For further information see Appendix 1.
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Figure 6 Average inlet concentration and outlet concentration from Braedstrup WWTP (n=9) of
those 6 micropollutants above PNEC (Blue dots) in the fall of 2018 (Baseline). Note logarith-
mic scale.

3.2 Micropollutants in sludge liquid and solid phases

In order to study the micropollutant concentration in sludge, in each campaign, sludge sam-
plings have been taken from activated sludge recirculation pipes of each line. In addition to
other analysis, 30 compounds were analysed in the WWTP inlet, liquid phase and 11 com-
pounds in solid phase (capecitabine, carbamazepine, citalopram, clarithromycin, diclofenac,
erythromycin, ibuprofen, metoprolol, naproxen, propranolol and tramadol).

Of the 30 micropollutants studied during Baseline tests, 10 were not detected in the liquid
phase of the sludge for both lines (dimethylbenzotriazole, capecitabine, cefalexin, ciprofloxa-
cin, ibuprofen, imidacloprid, metronidazole, ofloxacin, prednisolone and zopiclone). On the
other hand, almost all 11 compounds are mainly found in the solid phase.

The comparison of sludge analysis result in line 1 and line 2 shows that the two lines have
similar micropollutants levels in the solid phase of the sludge. The calculation of the concentra-
tion ratio of the two lines for each micropollutant, as well as for the average concentration and
the sum of the concentrations, confirms this observation. For further detail see Appendix 2.
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4. Multiple point ozonation

Multiple point ozonation lies on the combination of conventional activated sludge and multi-
point ozone injection at low dose. Ozone can be injected in 4 different points as shown in FIG-
URE 7:

e Ozone injection after pre-treatment and before biological treatment
e Ozone injection in activated sludge mixed liquor in aerobic tank

e Ozone injection in return sludge flow

e Ozone injection after secondary clarifier

The combination of two or more ozone injection points allows optimal micropollution treatment
and induces positive synergistic effects. The biological treatment is optimized to maximize the
removal of biodegradable micro-pollutant. Ozone oxidizes biological recalcitrant substances in
both soluble and particulate phases into more assailable substances.

Sand Bar screen Primary Fec Biclogical treatment Secondary
y o .
removal clarifier ? Anoxic Aerobic clarifier
v v l . | AT | AIr v v
PP N Treated
wastewater | X ‘ ‘ @. . ® effluent

Intemal recirculation
. Return sludge flow

Primary
sludge Secondary
sludge

' Ozone injection point

FIGURE 7 Possible points of ozone injection to conventional wastewater treatment plant in
multi points ozonation solution

Configuration of the ozone dosing points into the biological treatment, or into the pol-
ished effluent, shall be defined according to the quality requirements on nutrients and
to required micropollutant removal.

4.1 General description of experiments

In order to scope the whole experimental program, comprehensive study of the Braedstrup
WWTP has been conducted. The performance of the plant for one year and analysis statistic
of the biological key parameters have been deeply evaluated.

Evaluation of the design and performance of the plant showed the combination of ozone injec-
tion in activated sludge mixed liquor in aeration tank and ozone injection after secondary clari-
fier is the best suited to Braedstrup WWTP line 1.

According to baseline test results, total ozone dose of 11 mg/l has been chosen to remove the
list of 36 selected compounds below PNEC values.
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In order to evaluate the performance of multiple points ozonation, testing of two different ozo-
nation strategies were conducted. In first strategy, low ozone dose in mixed liquor and high
ozone dose after secondary clarifier to remove micropollutant to below PNEC values.

Each ozonation strategy should last for 3 months to assess the effect of ozonation in mixed lig-
uor ozonation and sludge parameters.

The ozonation in the biological reactor was conducted with a venture ejector in full-scale. This
use of the ozonation technology is innovative and is demonstrated in full scale in this study.
The tertiary ozonation was conducted on a smaller part of the wastewater flow (10 m3/h),
since this technology is well tested and established in other countries.

The first ozonation condition conducted of 3.98 mg Os/l dosing in the biological reactor and
dosing of 7.20 mg/l as a tertiary treatment. The results of the first strategy could help us to de-
fine the ozone dose in two points ozonation in second ozonation strategy.

The second ozonation condition conducted of 7.20 mg Os/l dosing in the biological reactor and
dosing of 3.98 mg O3/l as a tertiary treatment.

A schematic drawing of the experimental layout is presented in FIGURE 8. In the experimental
line, a wastewater sub-stream is pumped from one ring in the process tank through an ozone
injector and into another ring in the process tank. The aeration tanks shown in the schematic
drawing is thereby to different zones/rings in the process tank.

ozonated
tertiary

treat
Bated effluent

secondary
effluent

— Wastewater tertiary ozonation

aeration tanks secondary
settler
urban I
effluent ‘

—0ZONE a5

FIGURE 8. Schematic drawing of the experimental layout in Braedstrup WWTP.

FIGURE 9. 2 points ozone injection - point 1: mixed liquor ozonation by venture ejector, Point
2: tertiary ozonation in ozone contact tank
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4.2 Degradation of micropollutants by multiple points
ozonation

421 Removal of pharmaceuticals from water

During the ozonation condition 1, 30 compounds were included in the survey. Samples were
taken at the inlet, after integrated ozonation and after tertiary ozonation in the experimental
line, and in the outlet of the reference line. After tertiary ozonation 4 compounds were meas-
ured above detection limit. For further details see Appendix 1.

During the ozonation condition 2, 32 compounds were included in the survey, since the per
fluorinated substances PFOA and PFOS were added to the survey. PFOA and PFOS was
added to the analysis program since these substances are included in EU watchlist as they
are classified as carcinogenic, harmful to reproduction and acute toxic. Furthermore, the sub-
stance is persistent and possible bioaccumulating (Nicolajsen & Tsitonaki, 2016). After tertiary
ozonation 10 compounds were measured above detection limit.

Calculation of removal efficiencies, when concentrations are near the limit of quantification, is
subject to considerable uncertainties. To give confidence in the calculated removal efficien-
cies, certain rules have been used to decide whether removal efficiencies is calculable or not.
These rules are presented in Appendix 1. The removal efficiency is calculated for 21 com-
pounds in the first condition and 20 compounds in the second condition.

For the both ozonation conditions, the average removal efficiencies for each pharmaceutical
are calculated. Removal efficiencies for the individual pharmaceuticals is used to calculate the
average removal efficiencies for all pharmaceuticals. Average removal efficiency for all phar-
maceuticals during the first and second ozonation conditions are presented in TABLE 3.

TABLE 3. Average removal efficiency of pharmaceuticals in the two ozonation conditions.

Removal efficiency
mixed liquor ozonation
[%]

Removal efficiency ref-
erence line [%)]

Removal efficiency mul-

O ti i
zonation campaign tipoint ozonation [%]

1.condition

mixed liquor ozone dosage 3.98

63 78 93
mg/|

Tertiary ozone dosage 7.20 mg/|

2. condition
mixed liquor ozone dosage
7.20mg/l 65 79 86
Tertiary ozone dosage 3.98 mg/|

From table 3 it is seen that the average removal efficiency in the experimental line is consider-
ably higher than the removal efficiency in the reference line, showing the effect of the ozona-
tion. The configuration in the first ozonation condition provided the highest removal efficiency
in the outlet. The higher integrated ozone dosage during the second condition slightly in-
creased the removal efficiency in the step.

The removal efficiencies for the individual pharmaceuticals during the ozonation conditions are
shown in figure 10 and FIGURE 11.
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5 Ha-Methylbenzaotriazol

FIGURE 10. Compound specific removal efficiency (Rw %) in percentage with standard devia-
tions for 21/30 compounds that fulfilled the rules for removal percentage calculation during the
first condition of multiple point ozonation (based on 3 samples in Endway campaign). Results
shown against reference line with no interference within the biology.

From FIGURE 10 it is seen that the multiple point ozonation caused high removal efficiencies
for some of the hard-biodegradable substances such as Venlafaxine, tramadol and carbamaz-
epine. Y 4+5-Methylbenzotriazol a corrosion inhibitor did not seem to be affected by neither of
the ozonation points.
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FIGURE 11. Compound specific removal efficiency (Rw %) in percentage with standard devia-
tions for 20/32 compounds that fulfilled the rules for removal percentage calculation during the
second condition of multiple point ozonation (based on 3 samples). Results shown against ref-
erence line with no interference within the biology.

As described above the highest removal efficiency after multipoint ozonation was achieved
during the first ozonation condition. The removal efficiency of some pharmaceuticals after
mixed liquor ozonation increased during the second condition, for example azithromycin (anti-
biotic) the removal efficiency increased from 42% to 83%.

During the first ozonation condition, the concentration of 5 compounds were above PNEC in

the inlet and the outlet from the reference line. While all these compounds were below limit of
quantification in the experimental line. The results are presented in FIGURE 12
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FIGURE 12. Average inlet concentration, outlet concentration from reference line (biology),
and outlet concentration after mixed liquor ozonation and multiple point ozonation (Tertiary) in
the experimental line from Braedstrup WWTP (based on 3 samples) of those 5 micropollutants
above PNEC (red line) during first ozonation condition. Note logarithmic scale!

As it shows in FIGURE 12, the outlet concentration after mixed liquor ozonation is less than
outlet of reference line, and even for Candestraten, this value is below PNEC. This prove that
even by very low mixed liquor ozone dose, good removal is achieved.

During the second ozonation condition, 6 compounds were measured above PNEC in the inlet
of Braedstrup WWTP. Three compounds were above PNEC in the outlet from the reference
line. None were above PNEC in the outlet from the experimental line but two compounds (Di-
clofenac and Venlafaxine) were measured above limit of quantification. Further details are
given in Appendix 1.

4.2.2 Removal of pharmaceuticals from sludge liquid and solid
phases

An ozone dose of 4 mgO3/L in mixed liquor in process tank reduced micropollutants concen-
trations in the liquid and solid phases of the sludge (removal of 45% and 16%, respectively),
for a total removal of 38%. An increase to a dose of 7 mgO3/L in mixed liquor ozonation had
no additional effect on micropollutants concentrations in the liquid phase. In contrast, removal
of 64% was achieved in solid phase. These results indicate that a dose of 4 mgO3/L is suffi-
cient to treat only micropollutants in wastewater. To treat micropollutants in wastewater and
produced sludge, a dose of at least 7 mgO3/L is required.

The removal for the different quantified micropollutants as well as the average removal and the
removal for the sum of the concentrations for both ozone doses in comparison to the reference
line are shown in FIGURE 13 for the solid phase of the sludge. In contrast to the liquid phase,
it can be observed that an increase of the mixed liquor ozone dose could significantly increase
the removal of micropollutants, with an average removal of 1% with 4 mgOs/L to 61% with 7
mgOs/L, and a removal of 16% to 64% for the sum of the concentrations, respectively.
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Influence of the ozone dose on the removal of micropollutants in the solid phase of
the sludge
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FIGURE 13. Influence of the ozone dose on the removal of micropollutants in the solid phase
of the sludge compare to reference line.

The results show that a low dose of ozone is not sufficient to oxidize the micropollutants in the
sludge due to the high competition in the liquid phase, the transferred ozone is rapidly con-
sumed by the micropollutants and dissolved organic matter. As the ozone dose increases,
there is enough transferred ozone to react with both the water phase and solid phase mi-
cropollutants. Further details are given in Appendix 1.

4.2.3 Ecotoxicological effects

One concern regarding the ozonation is that some pharmaceuticals or micropollutants might be
degraded to intermediate substances and not fully mineralised. Similar to metabolites that are
not measured in the inlet but measured after biological treatment (see section 3) intermediate
products might not be measured in the outlet samples, and the measured removal efficiencies
might indicate better outlet quality than actually present. The toxicity of some of these interme-
diate products might be equal to the parent compound, for example metformin (the most often
prescribed antidiabetic drug worldwide) which is primarily degraded to guanylurea by activated
sludge (Markiewicz, et al., Primary degradation of antidiabetic drugs, 2017a), have comparable
toxicities (Markiewicz, et al., Ultimate biodegradability and ecotoxicity of orally administered
antidiabetic drugs, 2017b).

To investigate whether toxic intermediate compounds are produced during multiple points ozo-
nation, ecotoxicity studies were conducted to qualify and quantify the impact of multiple points
ozonation compared to the reference line effluent. Based on these findings ozonation has not
shown any negative effects. The ecotoxicological studies were only done at the end of the con-
dition 1 of ozonation.

9 different ecotoxicological test were performed to investigate different ecotoxicological effects.
These tests are described in table 4.
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TABLE 4. The different ecotoxicological tests performed after the ozonation condition 1.

Test Impact/description

Chronic reproductive test (Vib- Investigation of how population growth is affected.
rio fischeri)

Growth inhibition of unicellular Investigation of how Photosynthesis and growth is affected.
green algae (Scenedesmus)

Fish embryo/egg test (Danio  Investigation of how fish early life stages are affected.

rerio)

ER Calux Investigation of Estrogen activity of human receptors — thereby indication whether the
wastewater causes estrogenic endocrine disruption.

PXR-Calux General Xenobiotic effect
Investigation of “activity” of PXR which is active in the production of enzymes involved in
metabolism and transport of xenobiotic from the body/cell.

Ames test Mutagenic activity
Comparing quantity of mutations in cells affected by wastewater (treated and untreated)
and cells not affected.

SOS chromotest Genotoxicity in E coli
Investigation of activity of the SOS response which is active during DNA repair. Activity of
the SOS response thereby indicate DNA damage.

A-YES Human estrogen receptor.
A human reporter gene is incorporate into a yeast. The activity of the receptor gene is in-
vestigated thereby showing if the wastewater causes estrogenic endocrine disruption.

A-YAS Human androgen receptor

A human reporter gene is incorporate into a yeast. The activity of the receptor gene is in-
vestigated thereby showing if the wastewater causes androgenic endocrine disruption.

Chronic reproductive tests, Growth inhibition of unicellular green algae and Fish embryo/egg
tests are performed in-vivo — investigation of the effect on whole living organisms or cells. The
remaining tests are performed in-vitro — test tubes experiment for example human reporter gene
incorporated into a yeast.

The results from the ecotoxicological test are presented in TABLE 5. This table gives the sum-
marized results from the different tests, for example four different Ames tests were conducted.

TABLE 5. Results from ecotoxicological tests.

In-vivo tests In-Vitro tests
Eco- ER Cal A-YES A-YAS
toxic Green algae Vibrio Fish alux PXR Calux Ames test . )
inhabitation ; ) embryo (Estrogens enobi SOS ; i (Estrogenic  (Androgenic
effects Fischeri ng 17b Es- ( er?o - chromotest (mu ?gen'c activity) activity)
(LID:GA)  (ECSOmIN) (LID:GE) | radiol otic) activity)
radiol) ngEEQIL ngEEQIL
Low/
: Medium mu-
Very High o medium . .
Inlet 1 >800 1 Risk High risk genotoxi- tagenllc activ- 20 140
city ity
Medium/
Outlet high Medium/high
refer- 1 >800 1 High Risk High risk genotoxi- mutagenic 0.25 0.37
ence city activity
Multiple
point Medium Very low mu-
1 >800 1 No risk No Risk . tagenic activ- 0.17 0.57
ozona- genotoxicity ity
tion
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From TABLE 5t is seen that no differences were seen for the In-vivo tests. For the In-Vitro tests
the outlet from the experimental line shows significantly lower ecotoxicology than the inlet except
for SOS chromotest. The outlet from the experimental line shows lower ecotoxicology than the
reference line except for the androgenic activity.

The ecotoxicology tests there by shows that the ozonation at Braedstrup WWTP don’t produce
toxic intermediate compounds, and the different pharmaceuticals and micropollutants are de-
graded to other less toxic compounds or fully degraded.

4.2.4 Removal of antibiotic resistant bacteria and genes for antibiotic
resistance

As described in section 1 antibiotic resistant bacteria are of general concern worldwide. During
the project the disinfectant effect against antibiotic resistant bacteria and removal of genes for
antibiotic resistant were tested.

Five antibiotics were selected based on their coverage of different antibiotic classes:
sulfamethoxazole (sulfamides), trimethoprim (diaminopyrimidines), ciprofloxacin (fluoroquin-
olones), ofloxacin (fluoroquinolone) and the Extended Spectra Beta Lactamase resistance,
ESBL (B-lactam family - cephalosporine resistance).

The number of cfu/ml (coli forming units per millilitre) were measured at Braedstrup WWTP by
heterotrophic plate count. Samples were taken at the Inlet, outlet of the reference line, and outlet
after multiple point ozonation.

The removal of the chosen antibiotic resistant bacteria is shown in TABLE 6. The removal is
given as log-removal. A log-removal of 1 is equivalent to 10 times reduction, log-removal of 2 is
equivalent to 100 times reduction, log-removal of 3 is equivalent to 1,000 times reduction and
SO on.

TABLE 6. Log-Removal of the 5 chosen antibiotic resistant bacteria, during first (July 8%,
2019) and second (October 16™, 2019) ozonation condition (HPC — heterotopic plate count).

Antibiotic resistant bacteria o4, ypc  CIP-HPC ~ TMP-HPC ~ OFL-HPC  SMX-HPC

July 8", 2019 - Ozonation condition 1

Inlet / Outlet line 1 - after

mixed liquor Os 3.6 2.8 3.8 3.3 3.8
Inlet / Tertiary Ozonation 4.0 2.9 3.9 3.4 3.9
Inlet / Outlet line 2 2.8 2.5 3.1 2.8 3.0

October 16t 2019 - Ozonation condition 2

Inlet / Outlet line 1 - after

mixed liquor Os 2.6 2.3 3.7 2.4 2.6
Inlet / Tertiary Ozonation 2.9 1.6 2.6 2.6 2.6
Inlet / Outlet line 2 2.6 2.6 29 2.4 2.9

From TABLE 6 it is seen that the conventional biological treatment reduces the number of all
antibiotic resistant bacteria. During the first ozonation condition both mixed liquor and multipoint
ozonation caused an additional removal of antibiotic resistant bacteria. During the second ozo-
nation campaign no supplementary removal was observed by the multiple points ozonation.

The measured concentrations of the chosen antibiotic resistant bacteria (cfu/ml) are shown in
FIGURE 14.
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FIGURE 14. Concentration (cfu/ml) of 5 different antibiotic resistant bacteria at the inlet, out-
let reference line and outlet after multiple point ozonation, and total heterotrophic plate count.
A: ozonation condition 1, B: ozonation condition 2

For all the targeted antibiotics, the proportion of antibiotic resistant bacteria in October were
about two-fold lower than in July, suggesting the possible variations in ARB abundance, de-
pending on the collection flows and multiple sources of antibiotic resistance.

The ozonation showed no significant removal of genes for antibiotic resistance compared to
the reference line. See Appendix 1 for further details.

4.3 Effect on wastewater treatment plant performance from
multi point ozonation

The effluent quality was monitored weekly during the baseline, ozonation and PAC conditions.
There was not observed any change (reduction or improvement) of bio-logical performance in
the experimental line compared to the control line, as effluent concentrations of TN, P and
COD were similar between the lines and all under the threshold limit values. This is supported
by analyses of BioP capacity, oxygen up-take rate, and nitrification and denitrification rate,
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showing no clear and systematic differences between the lines before and after the onset of
ozonation. However, reduction of SVI and DSVI was observed along with a change in micro-
bial community composition. See Appendix 1 and Appendix 3 for further details.

4.3.1 Sludge characteristics

The effect of mixed liquor ozonation on sludge characteristics were examined in different ways
including physical- and chemical characterization, biological performance, microscopy analy-
sis, and DNA sequencing. For further information see Appendix 3 and Appendix 4.

4.3.2 Sludge settling properties

To test the sludge settling properties the SVI (sludge volume index) were measured before
ozonation, in all duration of the project. Measurements were performed weekly at Braedstrup
WWTP and at a lower frequency at Aalborg University. At Aalborg University, SVI and DSVI
(diluted SVI) were measured 3 times during the baseline campaigns, 2 times during the first
ozonation condition, 1 during the second ozonation condition and 2 time during the PAC condi-
tions.

Before the ozonation conditions, the SVI were similar in the experimental and control line and
SVI were varying in the same way during the year in the two process lines.

During the first ozonation conditions, the SVI in the experimental line drops and differs clearly
from the control line, showing better settling properties in the experimental line.

During the second ozonation condition the SVI of two lines becomes more similar, as a result
of reduced SVI in the control line. The SVI in the experimental line is steady at approximately
50 mL/ g TS during the second condition, showing good settling properties.

The reason for improved settling properties in the control line is unsure, but it isn’t caused by
mixing of the sludge, which is proven by the DNA sequencing, see section 4.3.7.

In general, both multiple point ozone conditions show improved settling properties. When ozo-
nation stopped, the SVI in the experimental line increases showing that the improved settling
properties caused by mixed liquor ozonation is reversible.

Weekly measurements of SVI in the experimental and control line are seen in FIGURE 15.
These measurements are performed at Braedstrup WWTP. Measurements performed at Aal-
borg University show the same tendency.
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FIGURE 15. Development in SVI of Line 1 (experimental line, ®) and Line 2 (reference line,O)
measured weekly at Braedstrup WWTP during the baseline campaigns, ozonation and PAC
conditions

4.3.3 Sludge dewaterability

Sludge dewaterability have been tested using Capillary Suction Time (CST). CST is a simple

and precise measure of the rate at which water is released from a sludge matrix. Sludges that

release water quickly have a low CST and vice versa.

The capillary suction time (CST) was measured at Aalborg University. Sludge in Line 1 (exper-
imental) and Line 2 (reference) had similar CST values, and no effect was observed during the
ozonation conditions. Therefore, CST measurements couldn’t reveal any differences in sludge
dewaterability caused by mixed liquor ozonation. All measurements of CST are low (less than

20 seconds) making it hard to determine CST changes.

Further information is given in Appendix 3.

4.3.4 Sludge floc properties
The sludge floc properties were investigated in different ways including — residual turbidity, de-
flocculation potential, shear sensitivity and floc diameter.

The amount of non-flocculated matter in the aqueous phase of the sludge was quantified
measuring the residual turbidity. The test was performed by measuring the turbidity of sample
which had been centrifuged to remove the flocculated matter from the sample. The test
showed no significant difference between the experimental and control line, and thereby mixed
liquor ozonation wasn’t seen to affect the degree of flocculation.

The deflocculation potential was larger for flocs in the experimental line compared to the con-
trol line, showing a higher floc strength for sludge in the control line. This was seen before and
during the mixed liquor ozonation. Thereby mixed liquor ozonation wasn’t seen to affect the
floc strength.

The difference is probably caused by the different aeration systems in the two lines. The refer-
ence line is aerated by surface aeration while the experimental line is aerated by diffusors in
the bottom of the tank. The sludge in the control line is thereby exposed to more physical
stress than sludge in the experimental line, which might improve floc strength since the flocs
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that isn’t broken by the aeration system will have a higher tendency to settle in the clarifier and
survive in the plant.

No differences in shear sensitivity was seen between the two lines, as the rate of release of
matter from the flocs was similar.

Further information is given in Appendix 3.

4.3.5 Sludge biological performance
Oxygen uptake rate (OUR), denitrification rate, nitrification rate and BioP capacity was exam-
ined to evaluate the biological performance of the sludge.

No systematic variation between the experimental and control line was observed before and
during the ozonation campaigns. Hence neither positive or negative effects of mixed liquor
ozonation on these biological parameters were seen during the project.

Seasonal variations were seen for OUR while BioP capacity was at the same level during the
project. Denitrification and nitrification rate varied too during the project, but not in the same
pattern as OUR. The OUR is shown in FIGURE 16

No systematic difference between concentration of Tot-N and COD in the effluent from experi-

mental and reference line was seen, supporting that no effect of mixed liquor ozonation on the
biological performance was observed.

Oxygen uptake rate

8
7 0, 2x0; | PAC
b o
= 6 o
= [ ]
& °
N 1 o o
% ¢
Es o
[+
32 8
1 o
0
19-feb-18 07-sep-18 26-mar-19 12-okt-19 29-apr-20

FIGURE 16. Oxygen uptake rate (OUR) of Line 1 (experimental line @) and Line 2 (reference
line O) sludge samples during baseline campaigns, ozonation and PAC treatment.

Further information is given in Appendix 3.
4.3.6 Microbial community characterization
Through light microscopy analysis the sludge was characterized in respect of filament index,

animals, free cells, compactness and firmness.

Before the ozonation both lines showed similar characteristics, with fluctuation looking at com-
pactness and firmness.
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During the second ozonation condition (7.2 mgO3/I mixed liquor ozone dose) the lines differ-
entiated in respect to the number of animals, compactness and firmness. The number of ani-
mals decreased and only a few or none animals were observed. The animals consume the
free cells, and therefore reduced number of animals could cause an increased number of free
cells. This didn’t happen as the number of free cells stayed at the same level as before ozona-
tion.

The firmness and compactness of the flocs in the experimental line increased during the sec-
ond ozonation condition.

Another effect of ozonation was removal of attached growth to filamentous bacteria. The re-
moval of attached growth is seen in FIGURE 17.

Fem filamentous microorganisms were present in sludge during the project period, and the two

lines did not differ notably and mixed liquor ozonation was not seen to affect the filament in-
dex.

Line 1 - Experimental Line 2 - Control

19/2019

- 12/09/2019

FIGURE 17. Notable effects of second ozone condition. No attached growth on the filaments
in line 1 (experimental line). No animals present in line 1 (experimental line), whereas the con-
trol line 2 had Vorticella, Arcella and Nematodes (not shown)

For further information see Appendix 4.
4.3.7 Changes in microbial community by DNA sequencing

During the project, weekly sludge samples were analysed through DNA sequencing to classify
the composition of the microbial community.
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Before the multiple point ozonation conditions, the microbial community were very similar in
the experimental and control line.

When mixed liquor ozonation was started, the microbial community in the two lines started to
differ. The relative abundances of some genus increased, others deceased, and some disap-
peared almost completely.

Microbial community changes during the ozone conditions are shown in FIGURE 18, see Ap-
pendix 4 for further information regarding the construction of the map. The “timeline” is shown
by the colour, where the dark points are from the beginning of the project and the light points
are the latest measurements. The experimental line is shown by dots, and the reference line is
shown by triangles. If the points (triangle and dot) are positioned close to each other, the mi-
crobial community in the two lines are similar. During the “Baseline” period until mixed liquor
ozonation starts, the microbial communities in the two lines are similar which is seen as the
“dots” and “triangles” are positioned closely and follow the same pattern. When mixed liquor
ozonation starts the microbial communities in the two lines starts to differentiate, which is seen
by the “dots” and “triangles” move away from each other.

0.2
2x Ozo

SampleSite

* L1
A |2

o
=}

SampleDate
okt 2019
jul 2019
" apr 2019
jan 2019
okt 2018

PC2 [23%]

-0.2

-0.4

-0.2 0.0 0.2 04
PC1 [27.5%]

FIGURE 18. Principal Components Analysis (PCA). Line 1 = experimental (+) and line 2 = con-
trol (A). The distance between the points represents the differences in microbial community
composition between the samples. The relative contribution of each axis to the total inertia in
the data is indicated in percent at the axis titles.

The abundances changes are probably affected by the microorganism’s position in the sludge
floc. The relative abundance of some known microcolony formers rises for example the ammo-
nia-oxidizing bacteria Nitrosomonas and the nitrite-oxidizing bacteria Nitrospira. These organ-
isms are most often found to be sitting inside the sludge flocs which may protect them from the
ozone. The relative abundance of these bacteria is seen in FIGURE 19

The relative abundance of some filamentous bacteria decreases during the mixed liquor ozo-
nation and almost disappears while others are unaffected.
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The overall most abundant phosphorous accumulating organism (PAQO) in Danish WWTPs
(Tetrasphaera) don’t seem affected in the first ozonation condition, but during the second con-
dition with higher ozone dose (7.2 mgO3/l), the relative abundance drops. The abundance of
Tetrasphaera was always below 2% in the experimental line. In other Danish WWTP this or-
ganism can be present in up to 40% relative abundance. There isn’t a dedicated biological
phosphorus removal at Braedstrup WWTP, and the low abundance of Tetrasphaera is there-
fore expectable.

The relative abundance of another PAO (Dechloromonas) increases in the experimental line
during the first ozonation condition but drops at the end of the second condition. This organism
is a well-known microcolony former and might be situated inside the flocs and protected from
the ozone.

Other highly abundant bacteria with unknown function in activated sludge, shows same ten-
dency as describe above, some were unaffected, some increased and others decreased/dis-
appeared.

Nitrospira Nitrosomonas
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FIGURE 19. Time series of known nitrifiers in line 1 — experimental (red) and line 2 - reference
(blue). The dotted vertical lines represent the start of the two ozone conditions. Note the Y-axis
varies in the figures.

Bacteria that disappear might be those which are positioned at the outer surface of the flocs
and thereby are less protected from the ozone, as shown in FIGURE 17 where the attached
growth at the filaments are stripped off.

The microbial community changes from ozone didn’t cause a loss of any of the known pro-
cess-critical genera.

The microbial diversity was characterized through alpha diversity and Shannon diversity index.
These showed similar diversity during the “baseline” campaigns but especially during the sec-
ond ozone condition, the diversity in the experimental line decreased indicating that some spe-

cies were removed by the mixed liquor ozonation.

For further information see Appendix 4.
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4.4 Cost of multiple point ozonation

Different economical parameters for 2 points ozonation are presented in TABLE 9. CAPEX is a
measure for the capital expense in relation to upgrade, maintain and improve the existing con-
ventional activated sludge WWTP. OPEX is a measure of the operational expenses. TCO is a
measure of total cost of ownership. The following assumptions are done for the economical
calculations.

o WWTP capacity — 100,000 PE.

o Wastewater flow — 8,300,000 m3/year

e For CAPEX calculation 15 years lifetime for equipment and 30 years lifetime for building
structures is assumed.

e OPEX: chemicals and energy, excluding manpower.

e Ozone dose: 5 — 10 mg O3/l of wastewater.

e The ozone dosage used for the calculations of expenses is optimized compare to ozone
dosage used in the project (approximately 11 mg Oas/l). The experimental analysis results
showed an optimum ozone dose of approx. 4 mg/l in mixed liquor. The supplementary mi-
cropollutant removal by tertiary ozone dose depends on the wastewater treatment plant.

TABLE 7. CAPEX, OPEX and TCO for 2 points ozonation at a 100,000 PE WWTP.

Ozone dose CAPEX OPEX TCO TCO TCO
[mg/l Water] [mDKKl/year] [mDKKl/year] [mDKKl/year] [kr/m?] [kr/PElyear]
- 1.1 - - - -

5 - 1.6 26 0.32 26
10 - 3.1 4.2 0.51 42

The energy consumption for the 2 points ozonation is approximately 0.1 kWh/m?.

For a “normal” household (consisting of 2.4 PE) the yearly cost is approximately 100 DKK/year
for removal of micropollutants at a WWTP equipped with multipoint ozonation.
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4.5 Conclusion

The two separate treatment lines at Braedstrup WWTP, made it especially suited for direct com-
parison between conventional activated sludge (CAS) and CAS combined with multiple point
ozonation or PAC addition.

The average removal of pharmaceuticals during the first condition of multiple point ozonation
(mixed liquor dose of 3.98 mgOs/l and a tertiary dose of 7.20 mgQs/l) was 78% after mixed liquor
ozonation and by adding tertiary ozonation step, it increased to 93%. In the same period, June
2019, the conventional biology within the reference line removed 63%. Switching the ozone
dosages around a total average removal of 86% was seen (79% by mixed liquor ozonation).
The small extra removal seen in the process tanks and the lowered overall removal support an
optimal division between the dosages as in the first condition, i.e. having a low mixed liquor dose
and a high tertiary dose.

For both ozonation conditions the concentration of all pharmaceuticals was reduced to levels
below PNEC.

The results show that 3.98 mg/l dose of ozone is not sufficient to oxidize the micropollutants in
the sludge. Due to the high competition in the liquid phase, the transferred ozone is rapidly
consumed by the micropollutants and dissolved organic matter. As the ozone dose increases to
7.2 mgl/l, there is enough transferred ozone to react with both the water phase and solid phase
micropollutants.

The ecotoxicological tests showed lower or equal ecotoxicity of the wastewater from the exper-
imental line compared to inlet wastewater and wastewater treated in conventional biology treat-
ment. Thereby no effects of possible toxic intermediate product from the ozonation were ob-
served.

The mixed liquor ozonation lowered the SVI thereby enhancing the sludge’s ability to settle.
Some microorganisms disappeared during ozonation, but no critical species were lost, and gen-
eral treatment performance was maintained. Only for a high dose of ozone in sludge in the
experimental line (7.20 mg O3/L) showed a reduction in microbial diversity.

During the first ozonation condition both mixed liquor and multipoint ozonation caused an addi-
tional removal of antibiotic resistant bacteria. During the second ozonation campaign no supple-
mentary removal was observed by the multiple points ozonation.

Moreover, multiple point ozonation showed no significant removal of genes for antibiotic re-
sistance compared to the reference line.

The effect of mixed liquor ozonation on sludge characteristics were examined in different ways

including physical- and chemical characterization, biological performance, microscopy analy-

sis, and DNA sequencing:

¢ The onset of mixed liquor ozonation significantly reduces Sludge Volume Index (SVI) and
Diluted SVI (DSVI) of sludge. This is a reversible process, i.e. after termination of mixed lig-
uor ozonati