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Waterschap Aa en Maas

Waterschap Amstel, Gooi en Vecht
Waterschap Brabantse Delta
Hoogheemraadschap van Delfland
Waterschap De Dommel

Waterschap Drents Overijsselse Delta
Wetterskip Fryslan

Hoogheemraadschap Hollands Noorderkwartier
Waterschap Hollandse Delta

Waterschap Hunze en Aa’s

Waterschap Limburg

Waterschap Noorderzijlvest

Waterschap Rijn en |Jssel
Hoogheemraadschap van Rijnland
Waterschap Rivierenland

Waterschap Scheldenstromen
Hoogheemraadschap van Schieland en de Krimpenerwaard
Hoogheemraadschap De Stichtse Rijnlanden
Waterschap Vallei en Veluwe

Waterschap Vechtstromen

Waterschap Zuiderzeeland




Waterauthorities are
responsible for

« Water quality
 Water quantity

Water safety (dry feet)
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Environmental caracteristics (2)

Source of surface water

- ground water
- rainwater

- effluent of WWTP
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« The Water Framework directive



Waterschap ,

Other aspects =

Higher (investm ent) costs Investeringsvolume waterketen
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« Maintenance costs
* New investments for new regullation

Climate goals / sustainability
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« Sustainable energy

e LOW Carbon fOOtp”nt W riolering M drinkwater mWRWZI's

Lack of space for further treatment

Bromate standard 1 ug/I
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INNOVATION PROGRAM

ARVIA
O3-STEP (Horstermeer)

BODAC-0O2 (Emmen)

Continuous Bio-GAC + air (Emmen)
Continuous Upflow pnGAC (Hapert

pretreatment — nano filtration (Waterfactory Wilp)
nano filtration effluent (Asten)

ozone with ceramic micro filtration (Wervershoof

Pharem - enzymes

Ultrasound and ozon (Winterswijk)
PACO3 (Leiden-Noora
UV (Aarle Rixtel)
Ozone (Aarle Rixtel) —
OTHER Microforce O3 and biofilm reactor (Walchere
ADSORPTION B-0O3 biological pretreatment, ozone (Hor

Quick scan ':{;\;TUETVIA;' OXIDATION

natural systems

Fossil free carbon

Bes Zeolites in detergents
Fossil free adsorbents in sand filtration
AdOx, zeolites filtration (Leiden)

Dexsorb, cyclodextrines (Lelystad)

PACAS + Fe
PACAS Nereda (Simpelveld)
PAC+cloth filtration (Vinkel)
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Removal with PAC-UF [%]

Science of the Total Environment 461-462 (2013) 480-498; Margot et al.
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COMBINING O, AND GAC FOR
MICROPOLLUTANT REMOVAL FROM
SECONDARY EFFLUENT: FUNDAMENTAL
INSIGHTS

Prof. Dr. ir. Stijn Van Hulle (stijn.vanhulle@ugent.be)
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LIWET@CAMPUS KORTRIJK

— Industrial water treatment and re-use
— Upscaling philosophy

__ | Focus on application: optimising and combining existing technologies
[T}

GHENT
UNIVERSITY




SITUATING THE PROBLEM

GHENT
UNIVERSITY
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KEEP OUT OF REACH OF CHILDREN

Vo ®

- PHARMACIST ONLY MEDICINE

Trimethoprim %
Tablets
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THE SOLUTION?

— Limited biodegradation
— “Law of conservation of misery”

N | Vg

.\
Volatilization

Settling Sand filter Filtration +
Adsorption

¢

p .‘ Biodegradation
@ m Oxidation
Biclogical Ultrafiltration Reverse osmosis

treatment

o

Filtration

Chlonination QOzonation Adsorption

GHENT
UNIVERSITY 20



THE SOLUTION?

— Post-ozonisation

~

Transformation Micro pollutant
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CHALLENGES

— Post-o0zonisation
— Removal function of kKo

n 21 21 19 15 18 I B T | 12 I 9 13 I 1
100 1 I | = o |
I Il IS T
| Il |
~ I 1|l I
§ | | Table 1 Different groups of TrOCs defined by their specific second order reaction rate constants for both direct (ko2 100 pu7) and
a- ® | I indirect (kog rr0c,pH7) 0zonation reactions (Gerrity et al. 2012; Lee et al. 2013)
c .. 1 - 1 -
Q@ 60 1 ° 1 | | | I Group Deseription kozrrocpuAM tsh ‘k(JH.IrU(.'.va7I:]09 M s
o
% | | | I I High reactivity with both ozone and OH = 10° =5
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>
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Fig. 2 Summary of removal efficiencies of TrOCs that can be
classified as group I (carbamazepine, diclofenac, sulfamethox-
azole, naproxen and trimethoprim), group II (mecoprop and
metoprolol), group Il (ibuprofen), group 1V (iopromide and
meprobamate) and group V (TCEP) compounds. Data is

extracted from Blackbeard et al. (2016); Gerrity et al. (2012);
Hollender et al. (2009); Leikam and Huber (2015); Park et al.
(2017); Pisarenko et al. (2012); Singh et al. (2015); Snyder et al.
(2006); Wert et al. (2009)
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CHALLENGES

— E.g. post-ozonation
— Reactions with NOM and scavengers

GHENT
UNIVERSITY

23



CHALLENGES

— E.g. post-ozonation
— Challenges: oxidation products o
pathway
— Bromate OH_ B['—Da-. BrO'—=—>BrO,"

) 4
Br .
)

f!

195 HoBr /0B 25 2 Bro;”
pathway 2

— Transformation products

GHENT
UNIVERSITY ”



036G PROJECT

— Tackle some of these challenges
— Pilot and full-scale demonstration
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O3G INITIATED BY CAPTURE

— Capture platform

CAPTURE SUMMARY

Powered by
—_
g I
Universiteit GHENT
Antwerpen UNIVERSITY

VRIJE ]
\V} I'to UNIVERSITEIT gy m B
ision on technology BRUSSEL

70 research group leaders 3 business platforms

>45 research groups >45 business platform members

— >300 researchers involved >100 companies we work with

GHENT
UNIVERSITY

-

3 Pipelines

14 Programs

11 staff members

22 supporting members

6 business developers
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O3G INITIATED BY CAPTURE

— Capture platform

GHENT
UNIVERSITY

WATER ‘FIT-FOR-USFE’ E

Microbial protein High-quality
drinking water

Sustainable _
materials Industrial water

for the energy ‘ & process
transition intensification

Digital twins
for decision support HOptoFluidic Sustainability
& process devices 3 . assessment
optimization St A0

SMART WATER (RE-)USE IN SELECTED DOMAINS

Pipeline manager: francis.meerburg@capture-resources.be 6
27



CAPTURE team involved

Stijn Van Hulle
Professor
UGent

GHENT
UNIVERSITY

Kristof Demeestere
Professor
UGent

Jan Dries

Professor

University of Antwerp

CAPTURE water platform

The water pipeline was originally conceived as the ‘Resource Recovery Technology’ business platform at UGent. With the growth of CAPTURE to
include additional academic and research institutes, the Water pipeline has expanded it’s scope to include the expertise of all research group leaders
that collaborate closely with the companies present in the business platform.

Cooperation is aimed at long term projects/trajectories to develop new, disruptive water technologies for the future. These high risk projects are
funded through institutional, regional (Flemish, Belgian) or European funding programs. Next to that, several projects receive funding through bi-
lateral funding from companies or sector organizations.

. Colsen
@ nirLiquide i'd Jf‘ ol Witteveen oo CACACA
aes Aquafin AMTEAM e

industriewater Advonced Modeling for process optimisation

iR 7 HYDROHM Ekopak oe S e
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O3;&GAC POST FILTRATION

GHENT
UNIVERSITY

& Tramadol

GAC filter

Knopp, G., Prasse, C., Ternes, T. A., & Cornel, P. (2016). Elimination of micropollutants and
transformation products from a wastewater treatment plant effluent through pilot scale ozonation
followed by various activated carbon and biological filters. Water research, 100, 580-592.
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0,&GAC

— Combination improves removal
— Removal @ 0,4 gAC/I dose

GHENT
UNIVERSITY

p— B Non-ozonated leachate B Ozonated leachate
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Increased polarity, but less bulk organic material so less load to the activated carbon
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PREFILTRATION

— Remove (part) of the scavengers...
— Sand, AIEX or AC

GHENT
UNIVERSITY

/

Sedimentation

J ;

filtration

Water
tank

0 80‘0‘
0%00n

0 0\00.

Post-
ozonation
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PRE-FILTRATION

— Remove (part) of the scavengers
— Increases PP removal -> less O, dose required

@0.1 g O+/g DOC 00.3 g 0s/g DOC 0.5 g 0:/g DOC
0OSF/0.1 g 0s/g DOC B ARF/0.1 g O5/g DOC W GAF/0.1 g 03/g DOC
100
100
K % 90 -
@DOC ENO; BCOs™ -] - 80
& T [ = i & \
s 5 g 70 N %
] - - 5 § \
ae_ 60 4 ‘:‘: ':' GE) 60 1 ;\: >\\‘ §"
™ 1 [~ XX = R 8 I
3 ] = 3G 50 - § “% h 1§
- 1 == o o 8 N 8
U 40 + =X /? - ‘.—- 40 ) §" 8 ‘§ r
e 407 o5 = N N 8 i
= W E il B B A
o= / s 30 A N N 8 N
] 55 e I N \ A N
2T = 7|= 20 { \ \ A N
1 77| 7/|= " N N 8 N
12 M E | Rl Ril B B
2 o= = 3 \ \ \ \ 1N
o 13l AL AL A\ 8 N X % )
ozonation ARF/O, GAF/O, 0
ATZ ALA BPA CBZ EE2 PCP

Figure 2. Removal of DOC, NO,", and CO;Z_ via ozonation and
combined filtration—ozonation (O; dose = 0.1 g O,/g DOC). Figure 3. Elimination of TrOCs in effluent after ozonation and

combined filtration—ozonation at different ozone doses.

GHENT
UNIVERSITY 32




FULL-SCALE @ AQUAFIN (AND DE DOMMEL)

Processchema nazuivering interres [l o

Viaanderen Hederland de Europese Uinie

Influent (6Q14)
4.000 m3/u Schone Waterlopen door O3G
E:wwm U -
Beluchtingsbekken Effluenttank

Backwash water

2014
1.200 m*/u

Diskfilters

Opslag
vloeibare
zuurstof

~—)

Ozon contacttank

©Aquafin

GAK-filters Hergebruik

Grote Struisbeek
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DOSING OPTIMISATION

— Classic
— Flow based
— Load based

o

GHENT
UNIVERSITY
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DOSING OPTIMISATION

— Classic
— Flow based

Ozone generator

— Load based

GHENT
UNIVERSITY

Ozone reactor
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DOSING OPTIMISATION

— Control based on AUV,¢,

Ozone generalor

| Oxygen Ozone
> (0) —

(0,
100
HO
O; ,
80 - ¥
A |
e g 1 ﬁ ﬁ
X 6042 4
N l,/ )
@) 108(Kosro0) A Models:
Q 1
= 4 S A S R A S Ozone reactor
i §| 4 | 1 é
20' !’, — 0,:00C r
———— I H O |08(k03 Troc) w.
0 14
AUVA254 (%) 0 > 50 g
AF 1 (%) 0 > 100 —
e
i
GHENT

UNIVERSITY 37



DOSING OPTIMISATION

— Limited O, dose: limited BrO; formation

GHENT
UNIVERSITY

70

Bromate (ug/L)
=y %] s n 0
o 2 L= = L=

=

¢ BTPP (June 2005)
% BS (Jan 20086)
m BTTP (Jan 2006)

ya

Cad
=
1

y =8.2785x - 25.918
R? = 0.8959
'*!X f T T T T
2 4 B 8 10

Ozone Dose (mg/L)

12

Waste water: limit 50 pg/l (?)

Potable water: limit 1-10 pg/l
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DOSING OPTIMISATION

— O4+AC: control based

on AUV,

GHENT

Water Research
Availoble online 9 October 2024,122588
In Press, Journal Pre-proof  (7) What's this?

ELSEVIER
Integrated spectral based monitoring,
optimization and control of the combined
ozonation and powdered activated carbon
adsorption process to remove organic
micropollutants from secondary effluent

Tao Zhang ® ¢ * A &, Liuchun Zheng ®, Xuetong Yang © & &, Kristof Demeestere © ,
Stijn W.H. Van Hulle ® ®

UNIVERSITY

[ i Influent secondary effluent I]ﬁ

Ozonation (AATZ-0,)

- uvagprobe2 0v2) |

v
DOC normalized PAC (a)
PACq.initiar (Initial PAC dose to
remove 80% of ATZ)

100

% Step 1:
ﬁ (Calculation
of PACg)

v
| DOC Erobell

Step 2:
(Ozone dosage control)

AUVA,,,-O, =
(UVI1-UV2)/ UV1

DOC normalized O (b)
Instrument parameter
settings, such as
concentration, gas flow rate

AUVA,;,-O, «= AATZ (C)

Real-time monitoring of
ATZ removal during 4
ozonation process

y = 142,14 + e~(189/G:+032) . -

1(b)

100+

©

2 : 0.5mg Oy/mg DOC related

§ AUVA,-0,, AATZ-0,, APAC
i and AUVA,,-(04+PAC)

A UVA,5,-(05+PAC) = (UV1-UV3) / UV1

80+ % - - - - 7p GOt - T
(R 0.99)' . il . . 804 ‘.y=1.20x+11‘33
~ 604 & ' N ] p  R=097
E 40 . = 3 w0l ; -
20 (a) ) * . 204 -
o =" o] - A o =5k
0 1 2 3 4 00 02 od—s o8 10 12 0 0 40 60 8 100
PAC dose (mg PAC/ mg DOC)) Specific O, dose (mg O4/ mg DOC) AUVA,5,-04
100 .
L PAC post-treatment (AATZ-(O,+PAC)) 1 (d) P,
& 804 7 R’=093
7/
. 6 \
sens: | vAgpmseama| ¢ 7
(Subsequent PAC < a0 .
dosage control ) ol .
A 4 °
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Subsequent PAC dose = PACg i itial (1-APAC)
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’ Final confirmation of 80% removal ‘ 0 (@)
_ of ATZ o
ﬁ Processing flow g
—_— Steps 1-4 Step 4: Q+>: ° \ y=0.64x + 1952
> UVA,, probe and and _ + — ano, : [ A o R2=0.99
related data processing AATZ (03 PAC) 80% (Venfy) % @ ©
i DOC probe and and related 2 v < 204
: data processing AUVA ;-0 4= A UVA,o,-(O5+PAC) (€) o]

0 20 4 60 8 100
AUVA,g,-0y
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DOSING OPTIMISATION

— Packing material: better mass transfer/removal

@

b
(b) (C)Q

—_

@ o%ge,

o¥w © | AN
@]
L (L

UNIVERSITY
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DOSING OPTIMISATION

— Packing material: better mass transfer/removal

0; Off-gas

al

Biotreated
landfill
leachate

Packing materials:
Lava rocks
O3 gas

Lava rocks packed bubble column
(LBC)

GHENT
UNIVERSITY

(b) = BC e MBC 4 LBC

100
o)
S s0f
-
2
0 _‘“
&c:_a 60 -
% — . v
2 40f S—
8 e
3 b . = —
@)

0 A s L A

0 50 100 150 200 250

Appllcd 03 dose (nlg/( l‘colul“n h) )

Fig. 3. Influence of the applied O; dose on the HA removal efficiency (a), the
Oj utilization efficiency (b) at steady state conditions in packed and non-packed
bubble columns operating in the continuous mode. Initial HA concentration: 50
mg/L, initial pH: 7.0, T: 20 + 1 °C, O5 flow: 100 L/h, liquid flow: 12.6 L/h,
applied O; dose: 33.3-200.0 mg/(Leojuma h).
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ANALYTICS: SPE-LC-HRMS

— Simultaneous analysis of 24 micropollutants
— Pharmaceuticals
— Pesticides
— Personal care products

Conditionig solvent Sample (analyte+matrix) Wash solvent Elutiorl solvent
; - l = E— : —
— — —
Sorbent | - Sorbent Sorbent + Sorbent + I Sorbent
? bed bed l:IJ analyte + ] analyte I:"
L] impurities or impurities -

I Sample liquid Impurities Analyte
— or analyte
GHENT Solid-phase microextraction UHPLC-HRMS

UNIVERSITY



ANALYTICS: SPE-LC-HRMS

I
GHENT

UNIVERSITY
* n.d. no data available

()

Micropollutant
Chloramphenicol
DEET
Alachlor
Flumequine
Atrazine
Amantadine
Diuron
Metronidazole
Bezafibrate
Atenolol
Amitriptyline

Venlafaxine hydrochloride

Sotalol
Ciprofloxacin
Claritromycine
Levofloxacin
propranolol
Trimethoprim
Carbamazepine
Tetracycline
Sulfamethoxazole
Diclofenac
Oxytetracycline
Lamivudine

Antibioticum
Insect Repellent
Pesticide
Antibioticum
Pesticide
Antidyskinetic
Pesticide
Antibioticum
Lipid Regulator
Beta-Blocker
Antidepressivum
Antidepressivum
Beta-Blocker
Antibioticum
Antibioticum
Antibioticum
Beta-Blocker
Antibioticum
Anticonvulsant
Antibioticum
Antibioticum
NSAID
Antibioticum
Antiretroviral

Koz (M1 S1)
(pH =7)
0.1
0.12
2.5
6
6
8
16.3
253
5.90E+02
2.00E+03
2.50E+03
8.50E+03
1.90E+04
1.90E+04
4.00E+04
6.00E+04
1.00E+05
2.70E+05
3.00E+05
1.00E+06
2.50E+06
3.46E+06
9.80E+06
n.d

K o 109 M1 5°1)

10.3
8.2
~100
4.1
n.d.
5.2
10
6.9
8.8
n.d.
55
7.5
n.d.
n.d.
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# AM Team
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Modelling to remove the uncerta

around ozonation of secondary effluent

Aquatech Amsterdam 2025




Why modelling?

e Uncertainties when it comes to ozonation

N

Every water matrix
is unique...

Target contaminants
Organics
Inorganics
Nitrite
Ammonia
Bromide
Carhonates

WATER
MATRIX
PROPERTIES

k i emnerature/

N - I

Lab or pilot testing takes long
and are expensive, while leaving
many questions unanswered

a B

Designis a
balancing act

\ I \ TR
N A\ =
| 2

Performance

k Byproducts/

-~

The key variables are
hard and expensive to
measure

~

17.5

15.0
12.5
10.0
75
50
25
0.0

BrOs3 (@ scenario (ug/L)




« AM Team

Why modelling?

* AMOZONE model applied to > 35 reactors Water

Europe Digital Water \

worldwide (USA, Hong Kong, Europe) for drinking — 4 =
water and wastewater 2
Front end Backend

Peroxide scavenging
H202 . Carbonate scavenging
; \ To B

\ CO5%. ]
/%y HOy | < - = HCO3
Hoo % [T OO Lo,

N © Thevirtual ozonation plant
PR i ER L ELELED

v .................... * HOBr
LOBr
o 1 2 3 4 5 6 7 8 9 10 11 13 14 15 16 17 18 LNHC ,NHBr, ' <
Time (days) 4 "' T
., NH. = NHBrCI > Bro, ..
‘ Chloramines and bromamines
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Why modelling?

« AM Team

roduct of AM TEAM

* Applications AM OZONE
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Topic 1: Uncertainties with regard to
the water matrix



Topic 1: Uncertainties with regard to the water matrix = AMTeam

Different plants have different matrices
Matrices are also dynamic

1.2x107°
4x102 - regular plants (a) . (b)
» « B + m 1x107
p= > |L*_C] industrial - sinks =3 1010
; 3x 107 7 |« D | industrial - promoters| = o 8x10 <
:?; regular plants ° § 6 10_1,:, n
g_ 210 2 industrial - prom.oters % N %
D) ¢ G industrial - brackish < 4x1010 5 1
g Reference o » -
S 1x10 T 2x10™0 L 3
° E] 0 L
0| oo-iEd e | T
0 B 0.0 0.5 1.0 1.5 2.0
Ozone dose (g 0,9 ' DOC) Ozone dose (g O, g ' DOC)

Reference: Wildhaber Y. S. et al., 2015
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Topic 2: Uncertainties with regard to
scale-up (batch/pilot to full scale)



« AM Team

Topic 2: Uncertainties with regard to scale-up (batch/pilot to full scale)

* As a starting point, people use:
* Batch tests (lab)
* Pilot tests (lab or onsite)
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Topic 2: Uncertainties with regard to scale-up (batch/pilot to full scale)

* What really happens in batch tests...

‘ ~ Top view after 1s
i : -/

' — — o
The 3 first seconds... 03 BI"O3 DICleenac
' 4

' 4

"

b

~ “




Topic 2: Uncertainties with regard to scale-up (batch/pilot to full scale) « AMTeam

+78% using a

B diluted stock +28% using a diluted
e solution stock solution and slow
Injection

N e eterschap
"z

ug BrO,7/L
[ERY
(U2}

10
| .
0
10 mg O3/L dose 5 mg O3/L dose 10 mg 03/L dose 10 mg O3/L dose
50mg O3/L stock solution 50mg O3/L stock solution 25mg O3/L stock solution 25mg O3/L stock solution
5s injection 5s injection 5s injection 20s injection



Batch and pilot tests are meant to gather information
for future full-scale

But batch and pilot scale designs are often not
representative to make this extrapolation...

Be careful - your assumptions matter!
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Topic 3: Uncertainties with regard to
design of full scale
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Topic 3: Uncertainties with regard to design of full scale

Dosing & control strategies
Josing locations
Chemical dosing
Water flow rates
Gas flow rates
Feed gas

PROCGESS
PARAMETERS

OZONATION
PROCESS
PERFORMANGE
AND

REACTOR

Size
TVI]E & geometry
Baffles COST
BN EQUIPVIENT AND P
EQUIPVIENT kit AMTEAM
Nozzle Ilrlllleﬂies

Bubhle zize
Positioning
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Topic 3: Uncertainties with regard to design of full scale

* Performance can be largely controlled by smart design
+ CFD+ AMOZONE

BrO,

*‘—_‘ +opm

.1000 e-06
, -

N A
Ny
N K
AN

\ 3
© i f
A
(e - 5.000e-07 Z0h |
2 J <
- 2.500e-07 %

I 0.000e+00
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Topic 4: Uncertainties with regard to
operation



Topic 4: Uncertainties with regard to operation < AMTeam

* Smart process control is possible

— B3 (pg/l) @ 0.8 gO3igDOC uncertainty band
13 & V[\;atersc?ap"
e Domme
L M "z
L
5 ! FLAV‘-\.‘ m
tf-'l '
2]
8 - - -
0 ) 10 15 20 25 30 35 40
Tine (d)
10
— MH4 (mgL)
-
~
%‘3 6
o4
I
. A~ w—-—*Nf (S—_ L (N
0 5 10 15 20 25 30 35 40

Time (d)
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Thanks for listening!

Scan to
connect

Pieter.Vlasschaert@AM-Team.com
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Wastewater transport,
treatment and reuse

YY)
Rainwater management

Climate adaptation and
mitigation

329 wastewater treatment plants
1 incineration plant

« 5.5 mio PE
sludge drying
installations /

14

anaerebic digesters

2057

pumping stations & buffer basins

f/ 7298 km
' sewers

Aquafin 1215 Fre's



WWTP of Aartselaar

- 54,000 PE (60 gBOD. (PE.d)")

First full-scale quaternary treatment
in Flanders (capacity of 1200 m3.h")
* Ozone + GAC

- Available for research purposes
(Interreg Vlaanderen - Nederland project)

Interreg - Gofinancierd do or
Viaandaren-Nedarland de Europese Unie

= 7 PURE
I VLAKWA |4~ vito De\g:t:\r:fell‘}3 Aquafin sAAMTEAM - jeo-
Schone Waterlopen door O3G /
—
U' Universiteit i @ UNIVERSITY : CAPTURE
Antwerpen UNIVERSITEIT GF ARPLIED SCIENGES
st @B:Jsti\llaanderen GENT



\_

2024
approval UWWTD

$0

2028

extended producer
responsibility*

2030

risk analysis
WWTP >10,000 PE*

2033

1st WWTP
>150,000 PE in
operation

2036

2039

\_

»y
e

2045

6 WWTPs >150,000 PE
+ X WWTPs of risk in
operation

)

*highly uncertain, depending on external factors



Implications
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Environmental

impact M

* Energy
e GHG emissions
 Resources




+3-5%

of total area

e’




A reflection on the broader scope of the UWWTD ...
... results in needs

™~
N ©

o 4

Future proof

Need for a combination of technologies
results in the removal of a broad spectrum
of micropollutants

Sustainability

Need for life cycle analysis to assess scope
emissions and environmental footprint of
resources

Nutrient removal

Need for a synergy between tertiary and
quaternary treatment

Cost effective technologies ...

Extended producer responsibility and
contribution from public money

[
C4D

Area occupation
Need for compact installations

Energy neutrality
Need for energy efficient technologies

Project timeline
Need for plug-and-play solutions

... and a chain approach

End of pipe is always the least favourable
solution
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www.aquafin.be
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# AM Team

Modelling to de-risk and accelerate: from lab-scale
to full-scale

Aquatech Amsterdam 2025

» 'w
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Why modelling?

e Uncertainties when it comes to ozonation

N

Every water matrix
is unique...

Target contaminants
Organics
Inorganics
Nitrite
Ammonia
Bromide
Carhonates

WATER
MATRIX
PROPERTIES

k i emnerature/

N - I

Lab or pilot testing takes long
and are expensive, while leaving
many questions unanswered

a B

Designis a
balancing act

\ I \ TR
N A\ =
| 2

Performance

k Byproducts/

-~

The key variables are
hard and expensive to
measure

~

17.5

15.0
12.5
10.0
75
50
25
0.0

BrOs3 (@ scenario (ug/L)
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Why modelling?

* AMOZONE model applied to > 35 reactors Water

Europe Digital Water \

worldwide (USA, Hong Kong, Europe) for drinking — 4 =
water and wastewater 2
Front end Backend

Peroxide scavenging
H202 . Carbonate scavenging
; \ To B

\ CO5%. ]
/%y HOy | < - = HCO3
Hoo % [T OO Lo,

N © Thevirtual ozonation plant
PR i ER L ELELED

v .................... * HOBr
LOBr
o 1 2 3 4 5 6 7 8 9 10 11 13 14 15 16 17 18 LNHC ,NHBr, ' <
Time (days) 4 "' T
., NH. = NHBrCI > Bro, ..
‘ Chloramines and bromamines

AM OZONE

A product of AM TEAM




« AM Team

How does it work?

* Amodelis just like a real plant

Water matrix data

* DOC, COD, UV,

» Conductivity

* Target pollutants ]
 Br

« Carbonates

Process settings
* O, dose

*» Chemical dose
* Volume and flow rates

AM OZONE

A product of AM TEAM



Where to

apply?

« AM Team

roduct of AM TEAM

* Applications AM OZONE

TECHNOLOGY

SELECTION AND
FEASIBILITY

-~

.

¥

VIRTUAL PILOTING

- Performance?
- Feasihility?
- GCosts?

\

CONCEPTUAL AND
DETAILED DESIGN

-

N

¥

VIRTUAL
PROCESS DESIGN

wdill.
- Dimensioning?
- Design?

N\

SMART OPERATION
AND TRAINING

— ¥

DIGITAL TWIN

- Real-time monitoring?
- 'What-if' testing
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Phase 1: Virtual piloting



Phase 1: Virtual piloting

Effluent data I What is optimal dose for MP-removal?

1.0
= Flow
20000
15000
5000
08
. Uy, o
= UVa54 ) ,
» = Y 0.8

0.

-y

Average relative removal (—)

02
i
SuUMM0
et = Effluent of 0.0 92
: Reactors |:| - JL ozone plant oC =\,
L Sidestro® “""""‘ Plant-wi T\
Y idestream - thed M . .
necion (13 g L What is the risk of BrO;-formation?
La b d ata Sidestream |/'=

controls 175
— O3_mod > O3_Test1 —&— (O3_Test2 uncertainty band Bypass, if Q > 7500 m*h 15.0
" B s

. AM OZONE 3
A product of AM TEAM E 10.0

3 2
g e & 75
& 4 : % 50
2 Waterschap 25
o De Domrry T

300 400 s0 600 700
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Phase 2: Virtual process design



Phase 2: Virtual process design

Kinetic modelling

Combining physics with
chemistry

CFD + AMOZONE

A product of AM TEAM

Bromate (pg/\)

‘ 3.60
3.36
F3.12
F2.88
[ 2.64
F2.40
F2.16
F1.92
r1.68
F1.44
F1.20
F0.96

0.72
0.48
0.24
0.00




Phase 2: Virtual process design

" »
[
W |
e
i

-3 .\ +
% f\. | N AM A product of AM TEAM

;.

|

|7 :
> £\

2,40 | 1| J
} e / ’_—‘ Out Y aid

|

P |

J
2. Optimal transfer efficiency
3

Minimal CapEx
- /

@ L)\\ oy 5. Optimal mixing of
L. 4. Minimal bromate  chemicals (eg peroxide)
" formation
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Phase 2: Virtual process design

* Multiple designs were tested

number of eroxice Bromate Benzotriazole Venlafaxine -
Date Simulation # Configuration -~ yer cers 11 mol::c:gfmal- Baffles [ugll]  removal [%] removal [%]
report 1 counter-current  25-45-45 no high-baffled 1.8 71.5 81.8
22-Nov 2 counter-current 2+2-8-8 no high-baffled 3.7 67.9 78.3
p2-Nov (appendix) 3 counter-current  8-2+2-8 no high-baffled 37 683 78.7
25-Nav 4 counter-current  5-12-12 no high-baffled 3.1 66.4 76.00
25-Nov 5 counter-current  5-12-12 no high-baffled 3.3 63.7 73.2
report & counter-current ¢5-12-12 no low-baffled 3.0 60.2 BB.8
25-Nav 7 co-current 5-12-12 no high-baffled 3.2 75.9 85.5)
02-Dec 8 co-current 5-12-12 no low-baffled 3.2 75.0 85.4
02-Dec 9 counter-current £5-12-12 yes (inlet) low-baffled 1.8 60.2 55.B|
report 10 co-current 5-12-12 yes (inlet) low-baffled 11 75.0 82.0
report 11 co-current 5-12-12 yes (nozzle) low-baffled 1.7




« AM Team

Phase 2: Virtual process design

De Dommel

_— . Bos
Optimised co-current Waterschap —jb BoIEBor o Witteveen

nijhuis

configuration: b ) i
. WIS QUWLES

e Better and uniform

ozone contact with the

water

Same MP removal and

-30% bromate

formation

— f-m‘ i ‘W au | uM'w

\
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Phase 3: Digital twin for smart
operations



Phase 3: Digital twin for smart operations

* Ongoing work at Hapert

Predict what cannot be
measured,

based on what can be
measured

b ~

“ *
A
P

g Bros/L

|
l ,JJ o [
* |4 Measured W*“ - 1L A T
|, BrO; = j "’,w'
X - d ™ n « «f| Predicted * 1\ |/ Ul
he ol ey e U e o7 D a0 T BrO, A B

0 200 400 600 800 1000 1200

Information out

Tmin
BrO,, O,
MP’s, ...

Kinetics: BrO3, O;, HO*, MP’s in real-time Waterschap

100% - : ~ De Domm/
90% ‘ | W | ‘
f s
|

80%
70%
60%
50%
40%
30%
20%
10%

0%

0 20 40 60 80 100120140160 180200 220 240 260 280 300 320 340 360
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Conclusions



« AM Team

Conclusions

* 3 step sequence applied:
* Virtual piloting (PLANNING)

. . T | e °°uo \ | iﬁi‘! | i Eﬁi
* Virtual process design (DESIGN) “w‘g!%%\“%’!%%f J
* Digital twin (OPERATIONS) G S e

CFD-AMOZONE lets you look through the contactor walls

Subtle differences in design can make a big difference

* |ldeal reactor design: big difference between drinking water
ozonation and secondary effluent ozonation!



« AM Team

Thanks for listening!

Scan to
connect

Pieter.Vlasschaert@AM-Team.com
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Waterboard De Dommel

» Local, functional government for water

management

» Responsible for:

* Quality and quantity of local surface water
 Water safety (dry feet)
* Treatment of wastewater

» Operating 8 wastewater treatment plants

Waterschap ‘

De Doy




Waterboard De Dommel

Our 8 wastewater treatment plants (WWTPs)
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Waterboard De Dommel

WWTP Tilburg
» Capacity
* Biological capacity: 406.500 p.e.
* Hydraulic capacity: 2.165 m3/h (DWF) / 12.585 m3/h (RWF)

» Discharges at sensitive water body

* Indry periods effluent the main water source of water body

» Need for improvment of effluent water quality
 Extended removal of nutriénts (N & P)
 Removal of organic micropollutants (OMPs)

» Challenges

* High RWF / DWEF ratio
 Ongoing renovation works at WWTP Tilburg
* Lowering our impact on climate change and environment

* Managing costs for investment and operation



Waterschap ‘

De Doy

Waterboard De Dommel

* How to tackle the challenges for WWTP Tilburg

» Partneringin Interreg project ‘Schone Waterlopen door O3G’

« Research and demonstration of ozone/GAC for efficient removal of OMPs

witerieg R s i 7 -

laanderen-Nederlan pese Unie . . i : :

Vlaand Nederland ‘:’ VLAKWA | fVItO Devlgaotgl;:fe'l‘} Aquafln ‘u‘AAMHM SLUB

Schone Waterlopen door O3G /
_
Universiteit LI UNIVERSITY
W s i . Antwerpen NIVERSITEIT GF APBLIED SN GES L CAPTURE

165 e — (Poistaanderen GENT

» Start of project ‘Innovation Partnership WWTP Tilburg’

» Public-Private development of quaternary treatment step for extended removal of nutrients and OMPs

* Testand monitor new technology at pilot scale

* When succesful realisation as full-scale 4th quaternary treatment step at WWTP Tilburg



Waterschap ‘

De Doy

Innovation Partnership WWTP Tilburg

Innovation Partnership (IPS)
I. A public procurement method for,

ii. development of a new, innovative oOr significantly improved product, technology, process or service,

ii. which is not yet commercially available in the market.

How we apply IPS for project WWTP Tilburg
» Development of a new, improved and optimized combination of existing technologies for,
» Extended removal of both nutrients and OMPs,
» Looking for innovation in:
« Higher removal efficiencies
« Lower usage of energy and (raw) materials (CO, footprint)
« Lower CAPEX and OPEX

» More flexible and robust system




Innovation Partnership WWTP Tilburg

 The innovation partners

> Waterboard De Dommel

» Nijhuis Water Technology

> Witteveen+Bos

Waterschap ‘
De Dommel

4

nijhuis

. Bos
Witteveen

Waterschap ‘

De Doy




nijhl,lis Bos Waterschap >

Witteveen De Dommel
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Innovation Partnership WWTP Tilburg

Project Objectives

> Extended removal of nutrients (N< 3,6 mg/l and P< 0,23 mg/l) N&P
» Removal of OMPs acc. to the new European UWWTD (2 80%)

> Stay below Dutch limit for bromate in surface waters (< 1 mg/l BrOy’) BrO;
» Minimizing CO, footprint of quaternary treatment step CO,

» Minimizing Total Cost of Ownership (TCO) of quaternary treatment step




nijhuis - Bos

Witteveen Waterschap

De Domny

Innovation Partnership WWTP Tilburg

What is needed: analysis of current effluent quality

N (mg/l) in effluent WWTP Tilburg P (mg/l) in effluent WWTP Tilburg
15 2,0
<10 B 1,5
g 10
5
: . — | —-

1T 2 3 4 5 6 7 8 9 10 M1

1 2 3 4 5 6 7 8 9 10 11
B NH,-N B Norg NO,-N m PO,4-P (nf) mDOP Ponopgelost

DOC (mg/l) in effluent WWTP Tilburg OMPs (ug/l) in effluent WWTP Tilburg
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nijhuis Bos

Witteveen

Waterschap ‘

De Doy

Innovation Partnership WWTP Tilburg

What is needed: basic blocks of proposed technology solution

» Nitrification + denitrification > needed for N-requirement
» Coagulation + media filtration > needed for removal of P (and DOC)

» Ozonation + GAC/BACF > needed for removal broad range of OMPs,

with BACF also removal of NH4 due to aerobic conditions in filter

GAC/




nijhl.lis Bos Waterschap >

Witteveen De Dommel
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Innovation Partnership WWTP Tilburg

What is needed: Innovation needed to minimize CO, footprint and TCO

» Ozone > implementation of Ozone Strong Water (OSW)

» BACF + Nitrification > implementation of BODAC

» Denitrification > maximizing filtration velocity for high-rate denitrification

» Coagulant > sustainable coagulant (BioFloc) as alternative for metal salts

BACF
op BODAC

NIT.




n“hl'“S Witteveen Sos Waterschap

De Doy

Innovation Partnership WWTP Tilburg

Ozone Strong Water (OSW)

» Innovative ozone injection concept by Air Liguide

» OSW separates and optimizes main process steps of ozonation:

e Mass Transfer
* Mixing
« Reaction

» Successfully proven on demo scale (TRL 7) at WWTP Duisburg-Vierlinden (Germany)

» Results in lower ozone input and reduced reaction time/volume for same OMP degradation and no

degassing in reaction tank

Fig. a: conventional ozonation with diffusers Fig. b: Ozone Strong Water
. 0 o
a destructor : \)_2’ b - Ir destructor 2
— i
0,/0, 0,/(0)
Mixing
] Mass ( | \
transfer
+ Reactor St P Reactor
Mixin Vol =V 750 m? : s Volume =V, 50m?
Lo Qo e 1.500 :Wh tral:rn;lz? S Qe " 1.500me/he
Reaction e ’ ) Retentiont__ 120 sec
0,/0, Retentiont,, 30 min 0,/0, Open to atmosphere
[ — o e T

.
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Innovation Partnership WWTP Tilburg
BODAC: Biological Oxygen Dosed Activated Carbon 0 BODAZC

» Activated carbon filter with aerobic biofilm
» Originally developed as a pre-treatment for RO proces at Ultra-Pure Water Factory Emmen (NL)

» In addition also a promissing technology for removal of OMPs:

« combined effect biodegradation by the biofilm, enhanced by adsorption and desoprtion
« removal efficiency > 70-80%
* long filter lifetime: 14+ years without regeneration or renewal of carbon

» Results in low CO, footprint and operating cost and combined with ozonation high, flexible and

robust removal of OMPs



nijhuis rr——L

Innovation Partnership WWTP Tilburg

What is the best order of process steps?

BODAC DENF

BODAC DENF

» Three different configurations:

{

¢

Waterschap ‘
De Dommel

=
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n“hl'“S Witteveen Waterschap

De Doy

Innovation Partnership WWTP Tilburg

What is the best order of process steps?

» First estimate of TCO and CO, footprint
« All configurations score about the same on TCO
« Config. BODAC + DENF + OSW scores best on CO,-footprint

» Risk: ozonation at the end might result in too high BrO;" in effluent!

100%

60%
40%

g CO,/ m; behandeld

20%

O5W + BODAC+ DENF BODAC + OSW + DENF BODAC + DENF + OSW
m BODAC DENF = OSW

0%
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Innovation Partnership WWTP Tilburg

 What is the best order of process steps?

> Flexible pilot installation able to run all three configurations

Effluent WWTP

BODAC e DENF

H » Clean water

osw

o BODAC > DENF » OSW e BODAC - OSW = DENF e OSW > BODAC > DENF
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Innovation Partnership WWTP Tilburg

Where do we stand?

» Technology research & development just finished
» Pilot enginering & construction in progress

» Pilot testing & monitoring will run from august 2025 — july 2026

Thanks you and see you next year at Aquatech 2026
« with first result of the pilot?!?
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Our mission

returning water

to its natural state.



Recover. - "
Reuse. g~ —_— ' | ClngZII -
Redesign. | .
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1110 I es S Gefinancierd door

Vlaanderen-Nederland *x* de Europese Unie

Schone Waterlopen door O3G

* Optimization simultaneous micropollutant
& nutrient removal (combi KRW - ERSA)

Ineriwining

SRR - | DR e s . ° Combining HydrOzone™ with GAC, BAC or
BRI SS =" C1  other biofilter mechanism

e Location: Flanders/Netherlands

e Start Q3-2025
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Pilot research micropollutant removal with ozone

TKl research RWZ| Panheel 2015-2017
TKI EF4F RWZI Walcheren 2020-2024
TKI Belissima RWZI Walcheren 2019-2024 A
Interreg Crossroads R2T AM Team 2020-2022 |

IPMV Stowa (2023-49) 2020-2023

Interreg * Schone Waterlopen door O3G’ 2023-2026
Europe Horizon Marie-Sklodowska-Curie: Nanaqua
WWTP Leiden-Noord, WWTP Hapert, WWTP | w

nnnnnnnnnnnnnnnnnn

nnnnnnn

Horstermeer, WWTP Hulst PILOTONDERZC *

BO,-TECHNOLOGIE

lllllllllllllllll

TKI Belissima

EEEEEEEE
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Optimization and scale-up HydrOzone™" for WWTP

MODELLING

TESTING & OPTIMIZATION

FULL SCALE DESIGN

» Maximize OMP reduction
» Minimize Bromate
» Minimize Footprint

» Minimize O, concentration HYDRDJUNE o
109

» LOWEST TCO




Where we are now

gs TN AN RN AR RN SRR AR AR AR ARy,

110



HYDRO,ZONE™

 Standardized ozone reactor
* Modular and scalable
* Plug & play
* Mobile and compact
e TCO reduction

* Objectives
e OMP removal
* Bromate mitigation
* Avoiding excessive oxygen dissolution for
combinations with (an)aerobic biofilters

* Advantages of side stream injection
 Small footprint
* Flexibility through 24h flow variation




Flow capacity

Modularity

W | W W W\ W W W WY

2-4-2025

1x1 units

0,35-0,45g O,;/g DOC
Flow 40- 350 m3/h
Removal OMP with hybrid

combinations e.g. O3 +
BAKF

2x1 units

0,35-0,45g O,;/g DOC
Max flow 700 m3/h
Removal OMP with hybrid

combinations e.g. O3 +
BAKF

Ozone Dose

— —

WIIEEEERY, TEEEEEY

1X2 units

0,35-0,45 g O,;/g DOC
Flow 40-350 m3/h

OMP removal with stand-
alone ozonation

1X2 units
0,35-0,45 g O,/g DOC
Max flow 350 m3/h

OMP removal with stand-
alone ozonation
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MAXIMIZE ozone transfer MINIMIZE oxygen transfer

O, transfer
45

40 ——02 Value FBD

35 ——02 value PureBlue Injection //
30
25
20

15
10

o O2 Value Horstermeer
()

More than 50 % reduction in Oxygen transfer

//‘

[O2] effluent ozonation (mg.L-1)

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
Ozone dose (g03/gDOC)

HIGHER OXYGEN RECOVERY POTENTIAL

IN OFFGAS
+

LOWER CARBON REQUIREMENTS FOR,
POST DENITRIFICATION

MINIMAL OXYGEN TRANSFER TO WATER




Bromate formation

Two step ozone injection (@ 1,5-2 mg Br/l) One-step ozone injection combo with biofilter (@ 1,4 mg Br/l)
2 IN ®mOR1 ®mBR1
*< LOD 2 *<1lOD
1,8
16 1,8
1,6
1,4
_ 1,4
312 3
~ = 1,2
g 2
©
S 0,8 ©
[ 2(),8
0,6 ® 06

o

B
o
Y

* * *

0,08 g 03/0,12g 03/0,17 g 03/0,24 g 03/0,36 g 03/0,53 g 03/ 0,45g 03/ gDOC-4 m3/h 0,35g 03/ gDOC -4m3/h
g DOC g DOC g DOC g DOC g DOC g DOC

PURE
SLUB

o

N
o
N

o
o

» No bromate formation even at extremely high bromide concentrations (1500-2000 pg/l)
» Multiple step ozone injection is more effective at higher ozone doses > 0,45 g O3/g DOC + potential for
bromate reduction when anaerobic biological filter is applied downstream




Impact of higher/ lower dissolved oxygen at 0,7 g03/gDOC
—_

Dissolved oxygen
O,/carbon

Carbon needed (from
graph)

Price carbon

Total carbon cost

Extra cost for FBD

mg.L"

mg O,/mgC 0,75 0,75
mg.L" 20 43
€/g carbon 0,002 0,002
€/m?3 0,040 0,087

0,047€/m3

H

DURE This resutsin 270 k euro inannual savings fora wwre of 100 kI
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Modular ozone generation and dissolution
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» Biarritz, France
» Ozone capacity 6 kg O,/h
» High organic load and low flow rate <& WWTP effluent 116




MOST COST-EFFICIENT OZONE INJECTION IN THE MARKET

CAPEX

Extremely compact
Modular
Standardized units

No need for intensive civil
works

Plug & play

OPEX

Less pumping energy (compact reactors)

Low oxygen transfer resulting in less carbon source
for post-denitrification

Higher oxygen recovery potential for reuse in
aerobic biofilters

Lesser maintenance

No need for pH correction or other chemical
additives to prevent bromate formation



So, Where we are now
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O $2

Research and development objective within O3G

Removal of:
OMP
OMP & Nitrification OMP & P & Denitrification & SS
BW<
off-Gas <
02 Rguse
Influent BIO I Ozone BIO Effluent
TSE 4 Filtration reactor A Filtration uen
BW 0O, BW
0,
02_( Ozone production ) Z

I T N S

AIR

MeOH
Coagulant
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NANAQUA

Training doctoral researchers in nanotechnology-enabled water treatment

EU Horizon Europe Marie Sktodowska-Curie DN Project

| “Hybrid Biofilm Systems Enhanced with Nanostructured Materials for Micropollutant Biodegradation”

3
TUDelft

TU Delft

University of Santiago de Compostela

PURE
SBLUL

PureBlue Water

University of Salerno

NORGENOTECH

Norgenotech

BACO

AW Universit
of Glasgovx};

University of Glasgow

LABORATOIRE

WATCHFR@® G

Watchfrog

Atlantic Technological University

Biotec

Uv DIVISION

BIOTEC

REMONDIS®

WORKING FOR THE FUTURE

REMONDIS

7Y WESTERN SYDNEY
UNIVERSITY

Western Sydney University

“ INOPSYS

SSSSSSSSSSSSSSSSSSS

suee

Inopsys SUEZ

watercircle.be

University of California, Irvine watercircle.be



Take home message

%‘}%}' Interreg pilot will focus on combining HydrOzone™™ with
v"lzﬂ GAC/BAC and/or other biofiltration steps

Ozonation technology for micropollutants with lowest TCO in

gd the market

@ Focus on bromate mitigation and oxygen transfer limitation

o Modularity, scalability and standardization enables a high
applicability on WWTP’s with different sizes and needs

PUR
B
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Aquatech 2025, March 11, Amsterdam

I nte r reg B Gefinancierd door

Vlaanderen-Nederland de Europese Unie

Schone Waterlopen door O3G

Thank you!




Process
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Samenvattende tabel

Techniek ?;f{a::ll;’al}'endement ﬁqosif Iiﬁ;’:t ) Kosten (EUR/m3,, ,iinfuent) Bijvangst TRL
Referentie PACAS 20-85 184 0,05 -0,15 9
80-85 253 0,1/7-0,17 9
< Referentie Ozon 80-85 77 0,05-0,15 > 9
PAK+doek T o0 ER 0,16- 0,26 P-verwijdering 7
mogelijk
PACAS Nereda 80-85 (84) 195 0,07 -0,17 8
NH, verwijdering, P-
BODAC ca. 80 81 0,13-0,23 verwijdering mogelijk 6-7 :
MICROVERONTREINIGINGEN
. NH, verwijdering, P- AL WA
o0 _ 4 . i ALWATER (IPMV
BioGAK e —10_0.20 verwijdering mogelijk e W ; )
>«
0,-STEP ca. 80 125 0,16 - 0,26 en P- L8
ijdering mogelijk
P-verwijdering
Upflo 80-85 10l : mogelijk 8
UpflowGAK-Dynacarbon 80-85 187 0,20 -0,30 P-verwijdering 8
mogelijk
ZF+UV/H,0, 75-80 574 0,80-0,90 5-6
O;+ultrasound 85-90 74 0,05-0,15 5
PAK+0O, cg. 85 144 0,13-0,23 7-8
Microforce >80 69 0,16 -0,26 4 verwijdering b6
Aurea (BO,) ca. 85 66 0,11-0,21 LY, verwijdering, P
verwijdering mogelijk
DEX-filter —— —ye— 0,19 - 0,29 Mogelijk NH, NOsen 5
P-verwijdering
AdOx ca. 75* 71 0,10 -0,20
P U R E Hoogwaardig
. = NF+UV/H,0, 85-90 183 0,40 - 0,50 hergebruik effluent 5
) ' = mogelijk
o Hoogwaardig FTAUW o
0;+keramischeMF ca. 80 167 0,58 — 0,68 hergebruik effluent o SwWeco

mogelijk




Schone waterlopen
door O3G

Vragen? Veerle.depuydt@yvito.be

Check: https://interregvlaned.eu/schone-waterlopen-door-o3g/over-ons
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Schone Waterlopen door O3G
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