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Abstract

The Seine-Aval wastewater treatment plant treats daily 1,600,000 m? of wastew-
ater discharged into the Seine. Its performance therefore has a major environmental
impact.

In this thesis, a simplified model derived from activated sludge models (ASM)
is implemented in Simulink to represent the different units of the WasteWater
Treatment Plant (WWTP). This model has been calibrated on the available data.

It then performs an optimization of the flows between the units of the station
for three typical exploitation’s conditions. This optimization uses as an objective
function the Effluent Quality Index (EQI). The Genetic Algorithm (GA) and Sequen-
tial Quadratic Programming (SQP) method are tested to perform this optimization.

The optimizations expose good results in a reasonable amount of time.
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Introduction

Context

In recent years, environmental protection has become a major concern in Europe
[1]. In this context, the European community (EC) has set ambitious objectives
and precise legal framework for wastewater management. This was firstly done
through a Urban Waste Water Treatment Directive (UWWTD) in 1991[2]. This
directive aims to protect the environment and human health from the adverse
effects of urban wastewater discharges. It focuses on the collection, the treatment
and the discharge of the wastewater coming from domestic and industrial sectors.

The evaluation of the UWWTD in 2019 demonstrated the Directive’s effective-
ness to reduce pollution coming from urban sources [3]. It also identified a number
of issues. It notably reported the lack of effective management of some treatment
plants and the ability of the plants to handle large flows during heavy rainfall. This
is why the directive is currently in the process of being amended [4].

In Paris, the Seine-Aval WasteWater Treatment Plant (WWTP) is the largest in
Europe. It covers 800 ha and treats daily an average of 1,6 - 10° m? of wastewater.
This is equivalent to the wastewater production of 70 % of the population of Paris.

One of the major concern of such a plant is to maintain the same treatment
quality regardless of the weather. Indeed, meteorological conditions induce strong
variations of the flow and composition of the wastewater.

To improve the management of the station, the "Syndicat interdépartemental
pour 'assainissement’ STAAP (Interdepartmental Syndicate for Sanitation) launch
in 2014 the research program "MOdélisation, Controle et Optimisation des Procédés
d’Epuration des Eaux", MOCOPEE (Modeling, Control and Optimization of Water
Treatment Processes). It is a permanent working and exchange space between
scientists and operational actors of wastewater treatment. The program deals
with issues related to the metrology, the modelling and the control of treatment
processes. It also deals with some emergent innovative concepts in the field of
sanitation.



Proposed work

This master thesis tackles the modelling and optimisation of the complex
Seine-Aval wastewater treatment plant. Indeed, due to advances in understanding,
control and modelling, the complexity of the system keeps increasing. More than a
description of the existing models, this thesis takes up the challenge to test new
methods to optimize the control.

For wastewater treatment plants, it can be advantageous to use predictive
control, i.e. control that optimises commands based on anticipations of the system
dynamics.

Ben Ayed et al. already investigated a method of predictive control requiring
linearization of the system [5]. This work tests optimization methods that do not
require linearization of the model. This approach allows to take into account the
change of the system dynamics due to the variations of the operating conditions.

Work structure

To explain the whole approach, the text is divided into three chapters :

Chapter 1 - State of the Art : It first synthesizes the knowledge concerning
wastewater composition and then describes the working of wastewater treatment
plants. Then, it details the Seine-Aval wastewater treatment plant and the models
used to simulate it. Finally, a synthesis of the optimization methods that can be
used in this work is given.

Chapter 2 - Model Implementation : The second part of this thesis focuses on
the implementation of the model presented in the previous section. This part will
be decomposed as follows : A presentation of the program used, then a calibration
and test of the program for each section of the treatment plant.

Chapter 3 - Optimization : In the last part, the chosen model is used to test
different optimization methods for three typical days (dry day,rainy day and heavy
rain). It details how the flow between the different parts of the plant is enhanced.



Chapter 1

State of the Art

Introduction

In this chapter the theoretical and contextual basis for the rest of the work is
given. It starts by informing the reader about the basic information concerning
wastewater treatment. Then the Seine-Aval plant and the models used to simulate
it are presented. Finally, optimisation algorithms are introduced.

1.1 Wastewater treatment

This first section begins with an explanation of the composition of wastewater
and the adverse effects that some of its constituents may have on the environment.
Next, the water framework directive is explained. Finally, an in-depth look at the
different types of wastewater treatment is given.

1.1.1 Wastewater composition, measurement and origins
Wastewater compostion

The generation of garbage as a result of human activity is inescapable. A lot of
human waste ends up as wastewater. The quantity and composition of wastewater
can vary a lot depending on location and time. Several factors play a role in this
variation. For instance, the water consumption of the population, the weather, the
sewage system... In this section a overview of the wastewater composition is given.
Wastewater sources are mainly divided into two categories. The first one is
call domestic wastewater, i.e. wastewater from homes. The second is industrial
wastewater, which is mainly treated in a specific way by the industries.



The main components found in wastewater and their adverse effects are presented

in the following Table [L.1]

Wastewater constituents

Effects

Microorganisms

Biodegradable organic
materials

Other organic materials

Nutrients

Metals

Other inorganic materi-
als

Pathogenic bacteria, virus and
WOrms eggs

Oxygen depletion

Detergents, pesticides, fat, oil and
grease, colouring, solvents, phe-
nols, cyanide

Nitrogen, phosphorus

Hg, Pb, Cd, Cr, Cu, Ni

Acids, for example hydrogen sul-
phide, bases

Risk when bathing and eating
shellfish

Fish death, odours

Toxic effect, aesthetic inconve-
niences, bio accumulation in the
food chain

Eutrophication, oxygen depletion,
toxic effect

Toxic effect, bioaccumulation

Corrosion, toxic effect

Table 1.1: Main wastewater constituent and her adverse effects, adapted from [6]

Wastewater measurement

Measurement are based on the concentrations of the following components:

e Organic matter, that are measured either by the Chemical Oxygen Demand
(COD) or by the Biological Oxygen Demand (BOD) of the system. It should
be noted that the COD is quicker than BOD to measure but can be polluting
when mercury is used. The measurement of BOD is very slow (up to 5 days).

o In nutrients, there are organic matter composed of nitrogen as well as

nitrites (NO; ), nitrates (NO;) and ammonium (NH}).

The compounds

containing phosphorus are also classified in the nutrients, we find mainly
ortho-phosphates (PO3}™).

« Total Suspended Solids (TSS) are all particles of minerals, sand, sludge,
organic matter (including microorganisms) or other matter between 1um and
Imm that are not dissolved .



Wastewater origins

Domestic wastewater accounts for 85 % of the volume of water treated by the
Seine-Aval plant, while industrial wastewater accounts for 5 % [7]. Details of the
composition of domestic wastewater according to a European study [8] are given in

the Table L2
Collected data Reference
Parameters Sewage Greywater E.U. domestics Unit
Urine Fecal  Toilet | Personal Food Contributions Domestic
hydrolyzed matter paper | hygiene and cleaning sum wastewater
Volume
without flush 1.3 0.1 0.0 39.0 44.0 84.4 Lpers !
with flush 36.0 39.0 44.0 119.0
Flush volume 673 $0.156
according to equipment
TSS 1 26 23 3 15 67 72
BOD 5 23 12 |5 21 65 60 gpers'j!
COD 9 37 27 8 52 133 156
NGL 7.7 1.6 0.0 0.3 0.8 10.4 15
PT 0.6 0.8 0.0 00 1.2 2.6 2 gpers™Hj!
- P-POy 0.7 0.4 0.0 0.1 0.6 1.7

Table 1.2: Composition of domestic wastewater by emission source at the

household level, adapted from [§]

The Table shows that the amount of wastewater produced in everyday life
is equally divided between flushing, personal hygiene, cleaning and food. In this
study, the amount of water produced per person is on average 119 liter per person

and per day.

The contribution of organic matter and TSS is mainly due to faeces and toilet
paper. A contribution from food and cleaning activities is not negligible either.
Concerning the nutrients, they are mainly found in the urine for nitrogen and in
the water from washing machines, faeces and urine for phosphorus.




1.1.2 Water framework directive

Wastewater treatment is subject to a European regulation (the UWWTD direc-
tive [2] as explained in the introduction). This directive imposes different maximum
values of concentrations at the outlet of the wastewater treatment plant and/or a
minimum percentage of decrease of this concentration (see table and table [L.4)).
These values are defined according to the size of the treatment plant. Each year, a
minimum number of samples must be taken by the treatment plant.

The wastewater leaving the plant is considered to be in compliance if:

e The maximum number of samples not complying with the limits (see the
Table [1.3| for the limits definition) does not exceed a fixed value (see [9] for
the maximum number of samples)

+ No daily concentration exceeds 100% (150% for TSS) of the fixed limit given
in Table [L.3]

o The annual average concentration does not exceed a limit (see Table [1.4))

Note that some exceptions are provided in the directive, e.g. in case of storms. For
more information the reader is invited to consult the directive [2], and the french
legal framework [9]. Note also that the directive of 1991 [2] was clarified by a new

directive in 1998 [10].

Parameters Limit Minimal reduction Redhibitory values  Units

BOD 25 70-90 % 50 g0, /m?
COD 125 75% 250 g0, /m®
TSS 35 90 % 85 gm?

Table 1.3: Requirements for discharges from urban waste water treatment plants
subject to the provisions of Articles 4 and 5 of the directive

Parameters Limit Minimal reduction Units
P total 1 80 % gp/m’
N total 10 70 % gn/m’

Table 1.4: Requirements for discharges from urban waste water treatment plants
in sensitive areas subject to eutrophication

10



1.1.3 Treatment

Wastewater is usually treated in four steps: the pre-treatment, the primary, the
secondary and the tertiary treatment. [11], [12].

Pre-treatment

The objective of pre-treatment is to prevent undesirable elements (coarse solids,
sand oil, etc.) from going in the upstream installations. Indeed, sand wears out the
infrastructure by abrasion and can cause the clogging of pipes. Oil products foam
in the aeration installations and reduces the biological treatments performances.

The treatment consists in a grid filter for the big waste, a desander and a
de-oiler that collects mechanically the oils on the surface. There are also station-
specific processes. For instance, Seine-Aval has a basin of stripping consisting in
air injection. This air carries the most volatile compounds dissolved in water such
as volatile organic pollution (trace of gasoline, solvent).

Primary treatment

The primary treatment removes the smallest particles in suspension by settling.
One can add polymer in some specific basins (e.g. actiflo clarifier) in order to
make coagulate the carbonaceous matter and to facilitate their removal. In some
cases, metal salts like FeCl; are also added to precipitate compounds containing
phosphorus. These precipitates are then removed with other particles.

Secondary treatment [1]

The secondary treatment removes organic compounds and nutrients that are
dissolved in the water. During this treatment, bacteria consume biodegradable
organic matter and nutrients for their growth.

The most common process is a treatment by activated sludge where bacteria are
in suspension in the wastewater but they can also be fixed on a media. Concerning
activated sludge process, the bacteria grow in the form of flocs in suspension. After
a certain residence time, the wastewater and sludge mixture passes into a secondary
decanter where the suspended matter is separated from the wastewater.

Tertiary treatment

The tertiary treatment aims to remove the remaining polluants, mainly phos-
phorus and nitrogen.Nitrogen removal, commonly done biologically, is done in two
steps : nitrification and denitrification (more details in Section [1.2.2.4] & [1.2.2.3)).
Phosphorus can be biologicaly treated or with physico-chemical lamella settler
(specific settler with add of metallic salts).

'In Seine-Aval, the pre-denitrification basin can be considered as a secondary treatment.

11



1.2 The Seine-Aval wastewater treatment plant

This section describes the specific case of the Seine-Aval wastewater treatment
plant, its basins and its configuration. It then explains how each of these basins is
modelised. The presented configuration of the Seine-Aval plan in based on [13].

1.2.1 Description

The plant is made of different bassins supporting a maximum flow (see Table :

o Physical-chemical settling tank with lamella.

« A biofiltration?| and biological sludge treatment systems. The latter one is
composed of three types of basins :

— The pre-denitrification basins consist in (with the help of bacteria)
transform the NOj into NO, and then in Ny gas. The bacteria used
consume carbon compounds in the same reaction. The utility of the
pre-denitrification basin is to better treat the NO, and NOj via a
recirculation (u,) of the nitrification outflow (see scheme [1.1]).

— The nitrification basins transform the NH; into NO; and NOj that are
then treated in the pre-denitrification and post-denitrification basins.

— The post-denitrification basins placed downstream of the nitrification
basins and implementing the same reaction as the pre-denitrification.

Name Type Number | Volume/unit [m?] | Flow rate [m?3/s]
E }gslil(;o's‘jtfgcal Densadeg 25 2163 30
Pre-denitrifying Biostyr | 57+1 res. 605 31.2
Nitrifying Biostyr 84 605 45
Post-denitrifying Biofor 11+1 res. 441 11.2
Clarifier Actiflo 9 3856 25

Table 1.5: Technical informations of Seine-Aval treatment plant

The plant has two configurations, below 30 m?/s for usual flows and above for very
high flows. Depending on the configuration, the workflow of the plant is different.

2In the framework of this thesis, the biofiltration process will not be modelised since its flow
is considered unsignificant compared to the average flow of the plant (2 m?/s vs 18.7 m3/s for
the average flow of the plant).

12




Flow rate < 30 [m3/s]

When the station work in the usual flow mode, the flow of the waste water goes

as follow (illustrated in Figure :

1. The wastewater passes through a single Physical-chemical settling tank with
lamella.

2. The wastewater goes then through biological sludge treatment systems com-
posed of the pre-denitrification, the nitrification and the post-denitrification

bassin.

3. The treated water then passes through a second Physical-chemical settling
tank with lamella that acts as a clarifier.

There are a by-passes that allow to pass the pre-denitrification, post-denitrification

and clarifier.

2m?/s

30m3/s

Uip

Physico-chemical
lamella settler

Y

31.25m3 /s

Pre-denitrifying
biofilter

Pre-denitrifying
biofilter

Pre-denitrifying
biofilter

Uy

\4

BRM

BN AN TN

50.4m? /s

Nitrifying biofilter
Nitrifying biofilter
Nitrifying biofilter
Nitrifying biofilter
Nitrifying biofilter

Nitrifying biofilter

U2,p

11.2m?/s

25m3/s

Y

Post-denitrifying
biofilters

\ 4

Physico-chemical
lamella settler

L7

L Ug

Seine

Figure 1.1:

Scheme of the model used to represent Seine-Aval 2022 for flow rate
< 30m3/s
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Flow rate > 30 [m?3/s]

When the flows are very important the configuration of the stations is slightly
different. Here are the changes:

o Clarifiers are use for primary treatment

« Wastewater can be directly redirected at the exit of the plant (mixed before
rejected) from the different sections to respect the flow limits

2m3 /s
> BRM
u 50.4m® /s
—> Nitrifying biofilter —
55m3 /s
/ 31.25m3 /s
—> Nitrifying biofilter — 3
Physico-chemical 'y Pre-denitrifying 11.2m"/s
lamella settler biofilter T,
—> Nitrifying biofilter —
| Pre-denitrifying V| +| Post-denitrifying RZ
: J : g biofilter e biofilters ¢
' . . ' —>»  Nitrifying biofilter i '
; Physico-chemical : Pre-denitrifying ying : '
: lamella settler : biofilter ; :
—>» Nitrifying biofilter ' ug
: ! L | Nitrifying biofilter - 5 !
. Up :
A4 \4 v \4
Seine

Figure 1.2: Scheme of the model used to represent Seine-Aval 2022 for flow rate
> 30m3/s

14




Operating conditions

Figure [1.3| shows the average concentrations of the different pollutant measured
daily from 2009 to 2014. It can be observed a clear decrease of NO; and an increase
of NO; since 2013 corresponding to the implementation of the pre—denitriﬁcation
stage. The performances concerning the nitrogen removal improve since this period
as well. Before that, the standards for nitrogen discharge were not respected. Note
also that the peak at day 800 of NH; is most likely due to the drought of summer
2011. The main information concerning the concentrations data are provided in
Table

NH4 Input/output concentration of SAV between 2009 and 2014 NO2

——— Input —— Input
W Output » 20 Output
2
S

rmm MM MMMWML N ‘\J\Lw\” W MWWMWWI‘W

0 ZDD 400 600 BDD 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800

W '“ﬂ

Lol TMM

1 ‘*V : éZ'N*M ww
hw ol W; L, |

/w o I Lu\wﬂmw Mm’« wwd
250 COD
E 200 Iop utput
" T 150
g 100 J j ww M
" w M,MW J‘v«MM

. ;.» Aktdeds l.Lm

600

s . rs
00 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800

Figure 1.3: Concentrations upstream and downstream the Seine-Aval between 2009
and 2014 (one measurement per day)

TSS BDO; PO, NH; NO, NOs3 [mg/L] Q [m?/s]

Mean 244.5 180.8 83 428 0.0 0.0 18.7
Input

Std 56.7  34.0 1.8 86 0.0 0.0 4.4

Mean 18.0 14.3 1.4 94 50 790 18.7
Output

Std 16.5 8.6 1.3 104 3.0 477 4.4

Table 1.6: Mean and standard deviation of input/outpout concentrations of
Seine-Aval from 2009 to 2014
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1.2.2 Model

This section begin with a general presentation of model use for bioreactor that
are useful for the modelisation of the nitrification and denitrification unit. After
that, the model for the physico-chemical settler is represented. Finally, the model
for pre-denitrification, nitrification and post-denitrification are developed.

1.2.2.1 General Dynamical Model of Bioreactor

A general state space model for biological process is presented on the basis of
the book G.Bastin et al.[14] in Equation [1.1]

dé&;
o Z(i)Ym&j —D§ — Qi+ Fi (1.1)
j—1
In this model &; are the ¢ components concentrations involved in the reaction
scheme, ¢; are the j reaction rates and Y;; are the yield coefficient corresponding.
D is the dilution rate, @); is the rate of the mass outflow of the component &; and
F; is the feed rate in the reactor of the component &;.

The reactions taking place in the biological process are several autocatalytic
reactions involving two substrates (see Equation . The product of one reaction
can be the substrate for other reaction.

The bacteria are both catalysts and products of the reaction. It is often consid-
ered that the concentration of bacteria X is maintained in biological reactors[14].
One assume that the bacteria growth is equal to their disappearance by death.

&+&%X+P (1.2)

The reaction rate is express in Equation [I.3}
P(S1,82) £ (51, 52X (1.3)
w is the bacteria growth rate and is modelised by the double Monod Equation [1.4]
= s (14)

K 1+ Sl K 2 + SQ
where (i is the maximum growth rate, K; and Ky are "Michaelis-Menten" con-
stant (call also "Monod") and Sy, Sy are substrate concentrations.

It is important to notice that the reaction scheme does not represent a stoi-
chiometric relationship between the components. It simply represents a qualitative
relation. This allows to include microbial growth,several not modeled or unknown
process in a unique approach.

16



1.2.2.2 Physico-chemical lamella settler

Physico-chemical lamella settler aims to remove solids from the treated wa-
ter. Unlike the usual settling process, a series of metallic salts and polymers are
added upstream of the settling tank. These components induce an increase in the
flocculation of the particles by different mechanisms. This results in larger and
denser particles in suspension that are easier to settle. As the physical-chemical
settling tanks are more efficient, the size of the tanks can be reduced compared to
the normal settling tanks.

Metal salts such as FeCls have the added advantage of reacting with phosphate
ions to produce different phosphorus precipitates, which are settled along with the
other suspended solids. The efficiency of phosphate compounds varies between
65 — 95% in the literature.

This mechanism was integrated in the ASM2 model of Henze et al (1999) [15].
The last works to date for the modeling of this process were carried out within
the framework of the phase I of the MOCOPEE plan. These works allowed the
development of the model Simdec [16].

A simpler model has also been developed by Ben Ayed et al.[5] based on the
ASM models developed by the IWA. Here is a presentation of the latter model with
the value of the variables presented in Table 2.8

A[TSS) Qi (1SS] uf
= TSS;,| — [TSS]) — kg———"——— 1.5
G = T ([TS8] = [188) — ko (15)
= PO, |- [P -k 1.
&~ 1 ([POu,) = [PO) T 1 [P0 (1.6)
d|COD n
[ 7 ] = 8 t ([COD;,] — [CODJ) — k2 [COD] [FeCls] (1.7)
Parameter Value C.I Unit
ko 82.85 68.1; 97.6] d—!
k1 2.04 1.88; 2.19] gpo4/gFeCl3d_1

Kpo, 0.0346  [-4.89; 4.89]  gpo,m®

[
[
ko 14 [1.32; 1.47] m? /8 peci, A"
[
K pects 6.6510°7 [0.021; 0.048] gpocy,m >

Table 1.7: Calibrate parameter from reference article
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1.2.2.3 Pre-denitrification

Denitrification is the biological process of successively reducing NO3 to NO;
and then to Ny (see Figure . These processes involve heterotrophic bacteria
under anoxic conditions. Under these conditions these bacteria use assimilable
carbon and oxygen from NO; and NO; for their growth. The global reaction is
described by the Equation (1.8)) [17].

6NO; + 5CH;0H — 2 Ny + 5C0, + TH,0 + 60H™ (1.8)

It has been observed that it is necessary to maintain a sufficient carbon supply
to avoid an accumulation of NO, . In a study carried out within the framework of
the MOCOPEE project, it is advised to maintain a ratio Carbon/Nitrogen of 3
[18]. In order to maintain that ratio, methanol is introduced in the basins. In the
developed model the methanol is not taken into account directly.

— X X
Y; 1 M2 A1
pa X Heterotrophic N N.
”| denitrifying bacteria ” 2
M1 M2
— X — X
T Y, 1+ Y, 1

CHyQH —>{  COD

Figure 1.4: Scheme of the denitrification process
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The following Equations [1.9 are derived from the standard model of biological
processes [14]. It is assumed that there is no gas outflow or biomass variation (this
parameter is considered as being of low order). Moreover, the impact of pH and
temperature is not considered in this model.

d[COD] _ Qin o
=77 ([CODy] — [CODy]) - (Y1 v Yz) X,

d[NO2] an 1
i~ v NOsin] = [NOs]) = X,

The reader should notice that the stochiometry of these equations give an order
of magnitude but are not absolute. Indeed, since it is a simplified model, these
equations do not represent all the involved reactions present.

The specific growth rates are modeled by double Monod equation, as follow:

[COD] [NOs] [COD] [NO,]

The calibration of this model has been done on Seine-Aval data between 08/2018
and 05/2019 by Ben Ayed et al. [5]. Table [2.8 shows the results of this calibration :

Parameter Value C.I. Typical value Unit
H1,maz 0.072 [0.044;0.099] 3 2n0,/Ex1d !
H2,maz 50.8 -4.39;4.39]10° 3 2n0,/Ex1d !
Y] 0.077 [0.04;0.69] 0.2 gN0,/ 80,
Ys 0.14 [0.11;0.18] 0.3 gn0s/ 20,
Y3 40.57 [22.2;235] 1 2505/ 8NO,
Kxos, 0.1 [-0.14;0.34] 0.5 gno,m "
Kxo,,, 0 [-0.063;0.063] 0.5 gn0o, M °
Kconb,1 0 [-21;21] 0.1 gcopm ™

[_

Kcob.2 824 10° [-7.12:7.12]10° 0.1 Soopm >

Table 1.8: Calibrate parameter from article Ben ayed et al [3]
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1.2.2.4 Nitrification

Nitrification consists in the transformation of NH, dissolved in NO; (see Figure
1.5)). This transformation is done in two successive oxidation reactions involving
nitrifying bacteria that draw their energy from it [19][20] :

1. Nitritation presented in Equation ((1.10)) involves ammonia-oxidizing bacteria
(AOB).

NH,* +1.50; = NO, ™ + Hy0 + 2H" (AG” = —274.7 kJ mol™")  (1.10)

2. Nitration presented in Equation (1.11))involves nitrite-oxidizing bacteria
(NOB). These bacteria have a complex system of membranes containing
enzymes, essential to the reactions that make up nitrification.

NO»™ +0.50; — NO3~ (AG” = —74.1 kJ mol ") (1.11)

Note that there are also bacteria (nitrospira) capable of doing both reactions.
When these are in conditions where the concentration of substrate of the biofilm is
low enough, the reaction become Equation ((1.12)):

NH,* + 20, — NO3~ + H,O + 2H* (AGO’ = —348.9 kJ mol_l) (1.12)

This direct reaction has only been updated recently and then is not implemented
in the model. However, it still interesting to keep it in mind since it explains some
behaviour of the model.

The reader should notice that the stochiometry of these equations give an order
of magnitude but are not absolute. Indeed, since it is a simplified model, it does
not represent all the involved reactions present. Specifically, they do not take into
account the disappearance of reactional intermediates such as the N,O [13].

X M3 X2 X 122 X3
H3 A2 g A3
NH Z —— >  Bacteria AOB Bacteria NOB

Figure 1.5: Scheme of the nitrification process

20



The following Equations [1.13]| are derived from the standard model of biological
processes [14]. It assumes no gas outflow or biomass variation (considered as being
of low order). Moreover, the impact of pH and temperature are not considered.

[dt . :Sn‘tr ([NHain] — [NH4]) — s X
N .
d[ Og] _ Qm ([N02 m] . [N02]) + @XQ — 44 X3

dt Vnitr 7 Y;L (1 13)
q Vg (Ol = NOs 7%
d[Os]  Qin H3 Ha

_ o) = Fex, ey
dt Viitr (0240 = O2]) Ys ? Yz ’

The specific growth rates are modeled by double Monod equation, as follow:

[NH,]

[0,]

0

8 = Hi3max Kyn, + [NHy] Ko, 1 + [O2]

[NO,] [O,]

/"L4 - :u4,max KN0272 + I:NOQ:I K0272 + [OQ:I

The calibration of this model has been done on Seine-Aval data between 08/2018
and 05/2019 by Ben Ayed et al. [5]. Table|1.9/shows the results of this calibration:

Parameter Value C.I. Unit

H3,maz 1.67 [1.5; 1.84] e, /8x3d !
M4 maz 0.88 [0.78; 0.96] 2n0,/8x3d !
Y, 6.87 [4.55;9.2] ENH, /gN02
Vs 0.14 [0.09;0.20] 8N0,/8NOg
Ys 3.19 10° [/;/] g,/ 80,

Y7 167 10° [/;/] EgNO, /gNOQ
Kyn, 0.01 [-0.33;0.53] gnp, M ?
KNO, 0.01 [1.42;3.59] 1072 gyo,m™®
Ko, , 15107 [-2.25; 2.25]10°  go,m™®
Ko,, 0 [-0.7; 0.7] go,m >

Table 1.9: Calibrate parameter from article Ben ayed et al [5]

In view of the very low values of Ko, , and Ko, , the oxygen dependence of the
model is neglected. This is due to the fact that the nitrification basins are properly

aerated keeping the oxygen level at its saturation level.
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1.2.2.5 Post-denitrification

The reactions for the post-denitrification are almost the same as the pre-
denitrification stage. They differ by the concentrations of the treated water. Also
the model of filtration basins use Biofor for post-denitrification instead of Biostyr.
The difference between these two filtration bassins resides in the media used to fix
the bacteria. Equation presents the reaction:

d[COD] _ Qin Hs He
T _Vpost ([CODm] [COD]) Y, Xy Yo X4
d[NO2] Qin 5
= NOs | — [N — X4 — ug X .
7 Voo ([NOgin] — 02]>+Y10 4 — e Xy (1.14)

NOs3;n| — IN — us X
dt ‘/post ([ 037”1] [ 03]) /'1/5 4

The specific growth rates are modeled by double Monod equation, as follow:

INO3] [COD] INO,)] [COD]

H5,max Knowa + [NOs] Kcops + [COD] He = [6,max Kno,3 + [NO2] Kcopa + [COD]

The calibration of this model has been done on Seine-Aval data between 08/2018
and 05/2019 by Ben Ayed et al. [5]. Table|1.9[shows the results of this calibration:

Parameter Value C.I Typical value Unit
15, maz 576.97  [184;970] 3 2N0s/Exad ™"
146, maz 0.31 [-7.27;7.89] 3 8x0,/8xad
Ys 0.25 [0.17;0.45] 0.2 gxn0,/8coD
Yy 0.96 [0.64;1.92] 0.3 gN0s/8cop
Y10 27.57  [20.2;43.6] 1.35 gN0s/ ENO,
Knos., 0.1 [-0.008;0.21] 0.5 gno,m >
Knoa 4 0 [-5.3.;5.3] 0.5 gxo,m?
Kcop s 70.29  [-7.88;148] 0.1 gcopm >

[_

Kcob.a 0.001  [-806:806] 0.1 goopm

Table 1.10: Calibrate parameter from reference article Ben ayed et al [5]
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1.3 Optimisation method

Here, one presents the theoretical framework related to the optimization of the
system. This section refers to the book Numerical Optimization of Nocedal et al.[21].

First of all, a mathematical definition of an optimization problem is given.
Then, it presents different algorithms that solve non-linear optimization problems
with constraints. Finally, the objective function is explained.

1.3.1 Mathematical formulation

Optimization is defined as the minimization or maximization of a function that
can be under constraints. The following notations are used in this section:

e x is the variables, in this work it is the control variables.

« f is the objective function, a function of x to be optimized. Section [L.3.3]
details it.

e ¢; are constraint function, these impose relation that x must statisfy.

Then, the optimization problem is described in Equation [I.15}

ci(x)=0, ieN,
min f(z) subject to (1.15)
TER™ ¢j(x) >0, jeM.

where N and M are set the indices for equalities and inequalities constraints.

The optimality conditions are defined as follow:

» Necessary conditions: Local unconstrained minimizers have Vf (z*) = 0
and V2 f (z*) positive semidefinite.

o Sufficient conditions: Any point z* at which Vf (z*) = 0 and V2f (2*) is
positive definite, is a strong local minimizer of f.

If all the constraints and the objective function are linear functions of x the
problem is a linear programming problem. If not, the problem is called "Nonlinear
Programming Problems".
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Many nonlinear optimization reach only local solution, i.e. a value of the objec-
tive function that is smaller than for all the other nearby points. Local solution
are not always global solution, i.e. a value of the objective function that is smaller
than all the other points of variable space. A local optimum can be considered as
global optimum only for convex programming problems.

Convex programming defines a constrained optimization problem with the
following characteristics:

o The objective function is convex.
o The equality constraint functions c;cp are linear.
« The inequality constraint functions c¢;cq are concave.

Optimization algorithms are iterative. They start with one or multiple guess
for the variables x and iterate through a series of better estimates until they reach
a solution.

One algorithm differs from another due to the strategy used to move from one
iteration to the next one. The values of the objective function f, the constraint
functions ¢;, and possibly the first and second derivatives of these functions are
used in most strategies.

Algorithms are often categorized according to whether they use the objective
function derivative and whether they start with one or more points.

To sum up, optimisation problem with constraint can be written as follow:

Q={z]c¢(x)=0, ieN; ¢(x)>0, ie M} (1.16)
min f () (1.17)
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1.3.2 Optimisation for constraint problem

After a review of the litterature, Sequential Quadratic Programming
(SQP) and Genetic Algorithm (GA) were selected as the optimization algorithm.
Note that Boomgaard et al. already used GA for the optimization of wastewater
treatment systems [22] and Benthack et al. used SQP to optimize the operation
strategy of a bed-fixed bioreactor [23]. These 2 algorithms are introduced below.

Genetic algorithm

The following description of Genetic Algorithm is based on the book [24] and
the Matlab Documentation [25]. The Genetic Algorithm is inspired by the principle
of natural evolution. The steps followed by the program are described below:

1. Create random initial population of point.

2. Evaluate each point with the objective function.

3. Select members as parents based on the value of the objective function.
4. Keep the best member for the next generation.

5. Produce new point ("Children") by making random change to a single parent
("Mutation") or by combining a pairs of parents ("Crossover").

6. Replace the current population with the children.
7. Iterate this procedure until the stopping criteria is met.

The algortihm used in this work is the implementation of genetic algorithm available
in Matlab Software [26]. The number of direct selected member for the next
generation and the fraction of cross over are parameter of the algorithm.

Sequential quadratic programming

Sequential Quadratic Programming approach can be used for large constrained
problem. This problems need derivative or approximate derivative of the objective
function. This algorithm work by solving quadratic sub-problems and iterate. More
details can be found in this book [21].

The implementation of the algorithm is provided by Matlab software [26].
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1.3.3 Objective function for WWTP

The development of global indices to describe wastewater treatment quality is
an important topic in the optimization of treatment systems.

A study by Vanrolleghem et al.[27] focuses on the development and use of such
indices. This article develop two indices that are used in Flanders and Denmark as
legislation. From this work, an index that take into account the operational costs
of the stations was designed in 2002 in the article of Vanrolleghem et al. [28]. This
index has then been slightly modified and used in the work of Guerrero et al.[29].

In general, all these indices involve weighted sums of efluent concentrations
and operational costs. The definitions of the weights are still under debate. A
recent work by Nezhad et al.[30] focuses on redefining the weights.

For this work it was decided to focus on water quality. The objective function
is the effluent quality index (EQI) defined in the Equation [1.18] The reason such a
simple weighted sum is to try to make this function smooth reasonably predictable.
This allows algorithms to search in the right direction.

1

BQI = 75— / ™ (8; * Pollutant;) * Qegensdt (1.18)
obs

Jialu [I3] redefined the weights as a fonction of the polluant. This was done on
the basis of the Nopens et al. paper [3I]. The weights assigned to the nitrogenous
pollutants have been modified to have an equal impact with respect to the nitrogen
weights of the pollutants. Their values are provided in Table [I.11]

Pollutants Weight New Weight

COD 6 35
TSS 10 10
NH; 30 35
NO; 10 10
NO; 20 14
PO, 20 20

Table 1.11: Pollutants and weight factor use for EQI
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Conclusion

This section started by giving an introduction to wastewater treatment. Then
it details a description of the Seine-Aval wastewater treatment plant. From this, a
simplified model of the Seine-Aval is described based on Ben ayed et al.[5]) This uses
the activated sludge models (ASM). After, a rigorous mathematical formulation
of an optimization problem was given. Finally, one presented the optimization
algorithms used in this work.
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Chapter 2

Model implemantation

Introduction

Firstly, this section presents the structure of the code implementing the model.
Then, the different models are calibrated to fit the bacteria concentration. After,
the quality of the model is tested. If necessary some parameters are re-calibrated.
In this section re-calibration or new calibration is used to say that the parameters
used by Ayed et al.[5] are modified according to the available data.

2.1 Code description

The model is implemented with Matlab [26]. Its two big advantages is to
propose a graphical interface to visualize the signals (via Simulink) and it is very
efficient for the resolution of differential equation. The code is available on (Github.

The program used is composed of three types of blocks :

« The integrator block : It integrates the differential equations provided
to it. This block takes as input a Timeseries "Flow" containing the concen-
trations and the input mass flow of the modeled section. It also takes the
initial concentrations of the basin. The output of this block contains a new
Timeseries of type "Flow" with the concentrations of outputs.

o« The valve block : It splits the flow into N parts. It takes as input a
Timeseries Flow and a vector containing the value of the flow of the N parts.
It gives as output N new Timeseries with the same concentrations as the
input flow but with the desired flow.

o« The Mix Block : It takes N Timeseries as input and outputs a Timeseries
containing the flow corresponding to the mix of the N input flows.

As an example, the Simulink diagram used to simulate the wastewater treatment
plant when the flow rate is less than 30 [m?/s] is shown on Figure [2.1]
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https://github.com/tom746/Seine-aval-wastewater-plant-simulink-model.git
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Figure 2.1: Simulink model of Seine-Aval 2022 for Q < 30m?/s
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2.2 Physico-chemical lamella settler

In this part, the implementation of the model for the physico-chemical lamella
settler is verified. Following this results, a verification a re-calibration is proposed.

2.2.1 Data

The verification of the block and its implementation were based on the infor-
mation available in the thesis of Jialu [I3]. In this thesis, physico lamella settler
is calibrated on data from the Seine Centre wastewater treatment plant (between
2000 and 2008). In this wastewater treatment plant there is 15 Densadeg physico
lamella settler of 2163 m3.

The main information’s on this data are given in Table 2.1] It is the same data
used for the calibration of SimDec model [I6] which is the most accurate model to
date for physico-chemical lamella settler.

TSS PO, COD FeCls [mg/L] Q [m3/s]

Mean 206.5 2.5 3478 32.6 78736
Input

Std 59.2 0.6 88 6 7575
Output Mean 25.7 0.34 1149 / 78736

Table 2.1: Main operating conditions of the physico-chemical lamellar decanters of
the Seine Centre wastewater treatment plant from 2000 to 2008
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2.2.2 Results

Concerning the simulation, the initial concentrations is put to the data average
output concentrations. And the input signal is set to the input data given in Table
2.1} The equilibrium concentrations are available in the Table [2.2]

TSS PO, COD  Units

Model output 61.3 0.73 176.42 [mg/L]
Mean Data output 25.7 0.34 1149  [mg/L]

Table 2.2: Mean output concentration of the physico-chemical lamellar decanters
of the Seine Centre wastewater treatment plant from 2000 to 2008

The equilibrium concentrations reached by the model are different from those
expected. Without more information about the parameters than the one given in
[5] it then difficult to give a reliable explanation about the origin this error.

It is therefore decided to re-calibrate the model.

2.2.3 New calibration

The calibration consists in tuning the parameters such that for the data input
(see Table the model reach the average output concentration (see Table[2.2)). It
is possible to find new values of the parameters analytically using Equations [2.1] :

_ Qin ([TSSin] — [TSSouw))

k = 256.
0 ‘/;et TSSout 56 75
Qin Kpo, + [POy ..
= PO, . |1 —[P ol = 2,
b= g (1POs] = POwl) =g 66 (2.1)
]{32 — Qin ([CODm] - [CODout]) _ 227

‘/set [CODout] [FeCl:g]

This new calibration is not optimal as it is based on too little information. It
is not sure that the model represents the situation correctly. However, it has the
advantage of returning consistent values that are useful for the next block of the
wastewater treatment plant.
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2.3 Nitrification and post-denitrification

This section starts by presenting the available data for the nitrification and
post-denitrification stages. Then, the bacterial concentrations of these two units
are calibrated on this data set.

Given the bad results obtained, some of the constants of the model are calibrated
on the data set. Finally, the results obtained with the new parameters are analyzed.

2.3.1 Data

The only accurate data available are the daily averages of the inlet and outlet
of Seine-Aval between 2009 and 2014 (see Table [2.3).

COD NHy; NO; NOjz [mg/L] Q [m3/s]

Mean 93 4494 0 0 19.48
Input

Std 896 749 0.0 0.0 4.21

Mean 60.84 13.24 5.7  107.78 18.7
Output

Std 7.62 449 2.1  26.57 4.21

Table 2.3: Mean and standard deviation of input/outpout concentrations of the
Seine-Aval from 2009 to 2014

In 2011, some work were made to modernise the station. It aims to do a
complete overhaul of the pre-treatment plant. The data after 2011 are therefore
difficult to treat because the state of the station is changing (closure of section for
works, start-up ...).

Therefore, it is decided to use the 2009 data for the verification and calibration
of the nitrification and post-denitrification units.
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The nitrification and post-denitrification sections were reproduced in Simulink
according to the 2009 configuration (see Figure and Table . The disposition
of the measurements are also shown in the Figure [2.2]

Data:
@:input O : output Simulate part
T2 1
1 1
1 1
20m*/s 1 45m? /s 21m®/s 1
1 1
Primary and 5| Phisyco-chemical LN R oy Paffate 4| Post-denitrifying 1
secondary settler 4 settler 17 Nitrifying biofilters “ biofilters AT
1 1
1 1
1 1
1 1

Figure 2.2: Scheme of the configuration of the Seine-Aval plant in 2012

Number of | Volume/unit | Max. Flow rate
Name Type
units [m3] [m?/s]
Nitrifying biofilters Biofor | 84 605 45
Biofor | 12 441
Post-denitrifrifying biofilters 21
Biostyr | 18 605

Table 2.4: Equipment of the simulator part of the Seine-Aval wastewater treatment
plant in 2012 [32]

For NH;, NO, and NOj the concentration values at the entrance of the simu-
lated section are the same as those at the entrance of the station. For COD, this is
not the case. The input signal of COD concentration was therefore normalized and
then multiplied by the average value of the input in 2009 of the nitrification stage
given in [13].

Ideally, input and output data from each section would have been required as
for the calibration and validation of the model developed by Jalhu.
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2.3.2 Calibration

To allow the calibration of the bacterial concentrations X, X3 and Xy, a model
of the 2009 wastewater treatment plant was reconstructed according to the descrip-
tion made previously (see Figure [2.2)).

The calibration is based on the minimization of an objective function with the
alogrithm fminsearch() of Matlab. The objective function used is a normalized
mean squared error defined in Equation [2.2}

N T 2
O ata,d,i — C(mo el,d,?
NMSE:§j§j( datadi deld) (2.2)
d=1 i=1 Caatad TN

The model is used as a black box to calculate the NMSE. The minimization problem
can be write in the following form.

NMSE = f(Xs, X3, X4) (2.3)
min(NMSE) (2.4)

The result for the bacteria concentration are given in Equation [2.5}

X, =416 [g/m?] Xy = 2747 [g/m?] X3 = 3000 [g/m?] (2.5)

From Bernier et al.[I7] a usual bacteria concentration is around 1250 [g/m3].
The result obtained are far from that. Nevertheless these values remain in a
acceptable range.

It is not possible to guarantee that the value find are a global minimum. Other
minimization algorithms have been tested and give comparable results with slightly
different values.

2.3.3 Results

In the following, the results are presented for the output of the nitrification, as
well as for the post-denitrification.
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Nitrification

The concentrations output predicted by the model for the nitrification section
are shown in Figure Their averages and their differences from the average data
values are presented in Table [2.5] and in Table [2.0] respectively.
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Figure 2.3: Simulated input/output concentration for the nitrification in 2009

Mean output 7.13 2.56 142

Table 2.5: Mean output concentrations
of nitrification stage for 2009 [13]

The results are not good (see Table [2.6]).

Mean 21.35 0 23.35
Error on mean 14.22 -2.56 -118.6

Table 2.6: Mean and error of the output
concentrations at the nitrification

None of the output values of the

model are close to the expected values, especially for the concentration of NO,
which is zero, which never happens in reality.



Concentrations [g/m3]

Concentrations [g/m3]

Post-denitrification

Figure shows the predicted output concentrations for the post-denitrification.
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Figure 2.4: Input and output concentration of the simulation for Seine-Aval

WWTP in 2009
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Figure 2.5: Estimate distribution of the model error
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The main information about the model error are presented in the Table 2.7]

COD NH, NO, NO; [mg/L]
ME -52 10 5.7 -105.5
ME c.i. [49.8-54.2] [8.811.2] [6.0-5.3] [-110-101]
ME std 132 7.2 2.1 27.04
MAE  52.3 11.2 5.7 105.5
MSE 536 12.3 6.0 108.8
R? -6.75 7.2 -16 477

Table 2.7: Statistical score results for the nitrification and post-denitrification
stage simulation in 2009

As it can be seen in the Figure 2.4]and on the Figure 2.5 the model is completely
out of order.The main reason for this problem is that the calibration is based on
data from 2018 to 2019. According to Jialu’s thesis [I3], there were problems with
the representativeness of the measurements during these years. This explains some
unexpected values of parameters for the post-denitrification. More details will be
given in the next section.
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2.3.4 New calibration

In the view of the unsatisfactory result obtained in the previous section it is
decided to re-calibrate the parameters of the nitrification and denitrification models.
Two attempts were conducted.

First attempt

As only the inlet and outlet of the station are known, the post-denitrification
and nitrification stages will be calibrated together. The problem with this approach
is the large number of parameters to be calibrated, i.e. 16 (see Table and
Table [1.10). Normally, a way to reduce the number of parameters calibrated
simultaneously is to calibrate first the yield coefficients by using the principle of
reaction invariant. However, without the output data of the nitrification stage this
calibration is impossible.

Two calibrations on the set of parameters are then tried using the Matlab func-
tion fminsearch() and lsqnonlin(). fminsearch uses simplex search method
while 1sgnonlin use Levenberg-Marquardt method based on Gauss-Newton and
Gradient-Descent Algorithm.

The results are not conclusive due to the dimension of the parameters space to
explore. Also, one assume that the method fall into a local minimum.

Second attempt

Given the bad results of the first attempt, a second attempt is conducted. The
strategy is to identify the problematic parameters thanks to the knowledge of the
model. It is also decided to modify as little as possible the parameters of the
nitrification model.

The problems of the nitrification simulation are shown Table [2.6] There are
a too low consumption of NH; and a too low production of NO3 and NO,. As
one can see on Figure [2.3] even if the consumption of NHy is lower than the one

expected, it is not unsignificant compared to the one of NO,. The factor linking
the consumption of NH, and NO, is Y4 (see Figure .

38



The parameters of the nitrification model kept for the calibration are therefore
Yy, X2 and X 3. For the post-denitrification all the parameters are kept for the
calibration except the redundant one that is X4 that multiplies p5 max and fi6 max-
Altogether, this gives the following minimization problem:

2

YV L (Caatadi — Cmodeldi)
NMSE =Y % té’ - (2.6)
d=1 i=1 data,d

NMSE = f(XQa X?); }/Sa Y;)a }/107 Mmax,f)a ,umax,ﬁa KNO3727 KN02737 KCOD,37 KCODA)
min(NMSE)

To solve this problem the algorithms fmicon() and ga() have been used again.
The best combination of parameters found is given in the Table [2.§

Parameter Value New value Typical value Unit

X, / 640 1250 Shacteria™
X; / 634 1250 Shacteria™
115, max 576.97 3.95 3 Ex0,/Exad
J6,max 031  1.99 3 gn0,/8xad
Y, 6.87  1.87 0.4 ENH, /8N,
Y 025  0.675 0.2 8N0,/8coD
Yo 0.96 0.9 0.3 8N0s/8coD
Yio 27.57  0.96 1.35 EN0s/BNO,
KNos ., 01 04 0.5 gno,M
Ko, 5 0 1.05 0.5 gnO, M >
Kcon.s 7029 715 / gcopm ™
Keopa ~ 0.001 116 / 8cop™m ™

Table 2.8: Calibrated parameters

X, is set to the value allowing to have the values of fimax 5 and fimax e closest to
the typical values. The result is:

Xy 761.3[gm™?] (2.7)
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Even if this optimization does not allow to find a global optimum but it has the
advantage to find coherent values. Figure shows the results of the simulation of
the first 100 days of the year 2009 (calibration period).
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Figure 2.6: Input and output concentration of the simulation with new parameters
for the nitrification stage in 2009

O

The main results and the plot of the concentrations for the validation period
are given in Appendix A. The results for validation period are comparable to the

ne of the calibration period.

The average and the error on the average of the concentrations at the exit of
nitrification stage are given in the Table 2.9

NH,4

Mean 10.32  2.05 114.53

Error on mean 3.19

0.41 -27.57

Table 2.9: Mean and error on mean of the output concentrations give by the
model for data of the Seine-Aval 2009

40



With the new calibration the NO, and NOj3 concentrations reach much more
credible values. Indeed, the decrease of the Y, factor results in an increase of the
NOs production for the same NHy consumption. With a much higher concentration
of NOsy the production of NOj is no longer limited by this concentration. It allows
the NOj to reach the expected values. The results are presented in Figure [2.7]
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Figure 2.7: Input and output concentration of the simulation with new parameters
for the post-denitrification stage in 2009

At first view, results looks satisfying since the model and the data output
are the same order. Moreover, it should be noted that the model has difficulty
predicting the NH,4 concentration and unexpected events such, e.g. the increases in
NO; concentrations on day 30 and 95. In the following statistical analysis of the
error is conducted. Figure 2.8 and 2.9 show the estimate probability distribution
of the error for each concentration and the normalized error respectively.
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Figure 2.9: Boxplot of the normalized
error for the different components
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It can be seen on these two figures that the model error is centered close to
zero (see ME in Table . The figure allows to say that the error percentage
is more concentrated around zero for the COD and the NOs. The NH, has the
normalized error the most dispersed. Table [2.10] present more precise information
concerning the model error.

ME 0.3 -1.2 0.08 2.6
Error std 7.2 5.74 1.75 16.12
MEA 5.3 431 13 128
MSE 7.2 5.8 1.7 16.3
R? 0.13 -0.73 0.31 0.62

Table 2.10: Statistical score results for the nitrification and post-denitrification
stage simulation with new parameters in 2009

The factor R? is defined in Equation 2.8}

n A\ 2
R —1_ &i=t (yi — ¥i)
> (Yi — 5)2
with ;, 9;, y the actual, expected and average output respectively.

This coefficient is as a ratio between the error made by the model and the error
made by a simple model outputting only the average output value.

(2.8)

Given that, it can then be noticed that :

o COD : Despite the small error made by the model for COD, it does barely
better than the average. This can be explained by the low variance of the
output concentration in COD. Nevertheless one can see that the model allows
to predict peak concentrations (see Figure .

o For NOj the model is much better than the average model.
o The model is also doing better for NO,.

o The quality of the model for NHy is rather bad since it is not better than the
average.
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2.4 Pre-denitrification

In this section, the data available for the pre-denitrification section are pre-
sented. The pre-denitrification model has the same parameter problems as the
post-denitrification since calibrated on the same dataset. New parameters for the
model are therefore proposed based on the data and the re-calibrated parameters
obtained for the post-denitrification model.

2.4.1 Data

The only representative data for this section are the average values of measure-
ments taken on an equivalent plant, i.e. the Seine-Grésillons plant between 2015
and 2016. Its pre-denitrification biofilters are composed of 12 biostyr of 605 m3.
The values are provided in Table [2.11]

COD NOy; NOgj [mg/L] Q [m3/s]

Data input  82.5 1.84 322 3.68
Data output 39.26 0.85 18.7 3.68

Table 2.11: Mean I/O concentrations of pre-denetrification of SEG in 2015-16
2.4.2 New calibration

As no data are available for a complete calibration, it is decided to use a part
of the calibrated parameters from the post-denitrification. Indeed, the reactions
are identical. The two sections differ by their operating conditions and by the fixed
medium where the bacteria develop (biostyr vs. biofor).

To fit correctly the model of this stage the yields coefficient Yy,Y;o and the
concentration X, are adapted. As the data are mean values, these parameters can
be find in an analytical way with the Equation system [2.11]

Qin U5 He
0= COD;,| = [CODgytl) — = 23 — — 2.9
P (100D~ [CODu]) — {2 5 — 20 (2:9)
_ Qin Hs
O _V ([NOQ,in] — [NOQ,out]) —|— — T3 — Ue T3 (210)
post )
0 =2 ([NOgsa] ~ NOsud) — s s (2.11)
post
[NO3 out] [CODout]
—HM5 max ’ = cst 2.12
fio =, Knog,2 + [NOs3 out] Kcop,z + [CODgy] (2.12)
NOs0u] CODou] (2.13)

Ho =H6,max Kno,3 + [NOgout] Kcop,a + [CODouy]
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Results : 2, =Yjo= 2.3 2 =Yy= 0297 x5 =X4= 465.6[g/m?

This calibration is to be taken with precaution given the small amount of
information available. It will be necessary to re-calibrate the model on complete
and recent measurements when they will be available.

2.5 Discussion and perspectives

In this section the results obtained will be discussed and some improvement for
future work will be proposed.

2.5.1 Discussion

The tests performed showed that the initial implementation of the model did
not successfully predict the observed concentration values.

With the few available data, a new calibration was proposed.This one allows the
model to take into account dynamics previously omitted due to the initial values of
the calibrated parameters. It also allows to restore coherent values with respect to
the observed data. Nevertheless the calibration of the system remains approximate
in view of the small amount of data available.

Two dynamics remain not considered by now. The one of oxygen to nitrification
and the one from an external contribution in methanol in denitrification.

The first one is difficult to observed because the variation of oxygen is low. This
is because the oxygen supply is carrefuly managed at the Seine-Aval.

The second was not considered so no data were available for the methanol flow.

2.5.2 Perspectives

To improve the quality of the model it is imperative to re-calibrate each block
independently on data coming. If possible directly from the Seine-Aval WWTP.
Furthermore, one should visit the site and work in closer collaboration with the
SIAAP to have more precise informations on the operating conditions of the plant.

Conclusion

This part started with the presentation of the implementation of the model.
Then each block of the model were tested and calibrated until obtaining results
fitting to available data.
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Chapter 3
Optimization

The idea developed in this chapter is to test optimisation methods on the
Seine-Aval model to make predective control of the flow between the different units.
The final goal is to improve the quality of the water rejected in the Seine.

The advantage of optimization is to consider all the non-linear effects of the
control variables. However the drawback is that the larger the number of control
variables, the larger the required time for optimization. Therefore, there is a delay
between measurements and control action.

In view of a possible real-world deployment, one wanted to test the robustness
of the algorithm on three typical scenarios.

This chapter starts with the presentation of the chosen scenarios. Then, the
optimization strategy is explained. Finally the optimization is applied on the
chosen scenarios and the results are presented and commented.

3.1 Scenarios

The objective of the scenarios is to represent the operating conditions in case of
dry day, normal rain and heavy rain. They consist in a fixed signal (concentrations
& inlet flow) of one day duration. To design these scenarios the input data of the
station between 2009 and 2014 are analyzed.

To help on this analysis, Figure [3.1| shows the distribution of the observed flow
rate of the wastewater. As it can be seen, the flow distribution fit to a Inverse-
Guaussian distribution. Such a distribution is explained by the contribution of
rainfall and domestic wastewater to the flow.
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Figure 3.1: Distirbuton of the observed flow between 2009 and 2014 at the
Seine-Aval wastewater treatment plant

The distribution of the observed concentrations are shown in Figure [3.2] Tt
displays the distributions in case of normal, small and large flow for Normal Rain,
Dry Day and Heavy Rain scenario respectively. Small and large flow are defined as
the 5% of the smallest and largest observed flow respectively.
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Figure 3.2: Distribution of the concentrations for normal, small and big flow rate
at the input of Seine-Aval wastewater treatment plant between 2009 and 2014
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A ratio of 2.5 is taken between COD and BOD. This ratio value comes the
Jialu’s thesis [I3]. The results are shown on the Table [3.1]

TSS PO, COD NHy NO, NOj3 [mg/L] Q [m3/s]
Normal rain 244.5 8.3  347.8 428 0.0 0.0 18.7
Dry 200 83 300 35 0.0 0.0 12
Heavy rain 2445 6 347.8 28 0.0 0.0 28

Table 3.1: Concentrations and flow rate use for the scenario Rain, Dry and Heavy

Rain

3.2 Initial conditions

The model is set in the standard configuration (i.e. a recirculation of 80 % and
the bypass only used to respect the flow constraints) before any optimization. The
concentrations and the inlet flow rates are given in the Table [3.2] Table give

the equilibrium concentrations obtained for all the basins.

TSS COD POs NHy; NOy; NOj [mg/L] Q [m3/s]
Input Rain scenario 2445 3478 83 428 0.0 0.0 18.7
First settler 39.64 13993 6.76 428 0.0 0.0 18.7
Pre-denitrification  39.64 74.27 6.76 26.77 1.19 38.7 31.25
Equilibrium  Nitrification 39.64 7897 6.76 9.3 3.1 106.02 33.66
Post-denitrification 39.64 12.18 6.76 9.3 3.53  89.36 11.5
Second settler 6.08 15.05 491 9.3 3.35  96.04 18.7

Table 3.2: Equilibrium concentrations of the model of the Seine-Aval wastewater
treatment plant for Normal scenario with usual flow management
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3.3 Optimisation presentation

This section starts by outlining the constraints on the control variables. Then
it explains different ways of calculating the objective function and the different
optimisation strategies.

3.3.1 Constraint

The physical constraints corresponding to the various flow limits of the different
unit of the Seine-Aval wastewater are shown in the following Equations. For a
better understanding see Figure [I.1] presented in the section 2.1}

0< u, < 16m3/s
Q+u, < 50.40m3/s 0< up < Qm3/s ?:1 Upi = Q + U — wyp
Q+u,—uyy < 31.25m3/s  0< uy; < 10.42m3/s S0 Ui =Q + uy

0< Uy, < 84m3/s

3.3.2 Objective function and strategy

The objective function used is the Effluent Quality Index (EQI) defined in
previous section[I.3.3] As a reminder, EQI is a weighted sum of the polluant outputs.
Therefore, the model needs to be run to calculate the pollutant concentration.
These concentration are a function of the control variables and the scenario. Three
optimization strategies have been investigated :

o The first is to optimize the EQI according to the recirculation (u,) and
denitrification bypass (up1).

EQIL, = f(up1,uy) (3.1)

o The second strategy consists in optimizing according to all the flows that can
be controlled (11 in total).

EQIQ = f(ub,la Uy y Up, i, un,j) (32)

« The last is to optimize according to the number of denitrification basins N,
and nitrification basins N, open (zero flow for the other basins) as well as
according to u, and u ;.

EQI3 = f(ub,h Uy, Nprea Nnitri) (33)

The algorithms used are SQP and Genetic Algorithm for EQI; and EQI,. Only
the Genetic Algorithm is used for EQI; since it deals with the discrete values N
and Nnitri~
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3.4 Results

Concerning the optimization of EQI, and EQI;, the modification of the distri-
bution of the flows w,; and n, ; showed no improvement in objective function. The
results shown in this section are therefore the analysis of the behavior of EQI,, i.e.
the objective function with respect to the variation of the recirculation and bypass
flows. The optimization is studied for each of the three scenarios.The reader is
invited to look at the diagram of treatment plants in the Section to better
understand the explanations given.

3.4.1 Normal Rainy Day

As it can be seen in the Figure[3.3] the optimal flow configuration for the normal
rain scenario is to take the largest possible recirculation, i.e. the maximal flow
before the requirement of the denitrification bypass.

2250

15}
2200

10
2150

3
ub,1 [m*/s]
Objective function [t/day]

2100

2050

; o
u, [m3/s]
Figure 3.3: Objective function in function of the pre-denitrification bypass and
recirculation flow rate for Normal scenario

Table [3.3] gives the information about the efficiency of the algorithms to find
the optimum. One observes that the SQP algorithm is faster than the Genetic
algorithm to find the optimum. Moreover the genetic algorithm needs to be tuned
correctly to find the optimum which makes it more difficult to use. The tuning
strategy is to fix the population size at 40 and to allow a maximum of 3 generations.

Algorithm Iterations Function eval. Time [s] Constraint

SQP 34 105 50.9 OK
GA 3 160 81 OK

Table 3.3: Results of the SQP and GA algorithm to find the optimum u, and wu,
for Normal day scenario
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The objective function in this optimization is mainly a function of the quantity

of nitrogen in the treated water. Figure [3.5] and [3.4] show the objective function de-
pending on the flow variations and the consumption of nitrogen in the denitrification
and post-denitrification sections.
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Figure 3.4: Consumption of N at the Figure 3.5: Consumption of N at the
pre-denitrification for Normal scenario post-denitrification for Normal scenario

Figure [3.4] shows that the consumption of N in the pre-denitrification stage
increases with the recirculation flow rate. This increase is large at the beginning and
decreases more and more with higher recirculation flow. The Figure also highlights
that the bypass flow decreases the consumption of N at pre-denitrification stage
for small recirculation flow.

Figure |3.5| shows that for the nitrogen consumption at the post denitrification
stage has an antagonist behavior than at the pre-denitrification stage. It can also
be observed that the variation is of a smaller range for the post-denitrification
stage. As a result, the total consumption of N increases with the recirculation and
decrease with the bypass flow rate.

The increase of the consumption of N with recirculation is becauce it is the

only source of N for the pre-denitrification stage. Then, without recirculation the
pre-denitrification is impactless to improve the treatment of N.
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The decrease of the consumption of with the bypass of the pre-denitrification
stage is more complex. In order to have a better view, Figure 3.6/ shows a simulation
of the plant while varying the bypass. It presents the results for the flow strategies
u, =5 and up = 0 (case 1) and u, =5 and u, = 15 (case 2).
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Figure 3.6: Concentrations at input and output of the different stages for normal
rain simulation. Case 1: u; = 0 and u, = 5. Case 2: u = 15 and v, = 5

In one hand, one can observe that the equilibrium concentrations of NO; and
NOj in the pre-denitrification stage keep a value that do not affect the growth of
bacteria (see Kno, and Kno,). On the other hand, the lower carbon input (implied
by the bypass u, = 15) reduces the equilibrium concentration of COD that limits
the growth of bacteria (see Kcop). To sum up, the consumption of N is limited by
the carbon supply at the pre-denitrification.

One can also notice that a lower consumption in the pre-denitrification implies
a higher flow of carbon at post-denitrification (e.g. case 2) and vice-versa (e.g. case
1). For case 2, this results in a higher concentration of carbon at output/equilibrium
in the post-denitrification. This can be observed in Figure [3.6] where case 2 has a
higher carbon concentration than case 1. Even if difference looks small, the COD
concentrations is in a range that has a noticeable effect on the consumption of N.
The consumption of N for case 1 and 2 is given in the Figure
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Figure 3.7: Consumption of N in [g/s| at the different stage of the wastewater
treatment plant. Case 1: u, = 0 and u, = 5 Case 2: u, = 15 and v, = 5
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3.4.2 Dry day

Figure [3.8| shows that the optimal flow configuration for dry weather scenario is
to take the largest possible recirculation flow with no bypass flow rate.
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Figure 3.8: Objective function in function of the pre-denitrification bypass and
recirculation flow rate for Dry scenario

Table gives the information about the efficiency of the algorithms to find
the optimum. One observes that the SQP algorithm and the Genetic Algorithm
have the same range of time to find the optimum.

Algorithm Iteration Function eval. Time [s] Constraint
SQP 34 182 92 OK
GA 3 160 94 OK

Table 3.4: Results of the SQP and GA algorithm to find the optimum wu, and
for Dry day scenario
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Figure [3.9 and shown the consumption of N at the pre-denitrification stage
and at the post-denetrification stage.
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Figure 3.9: Consumption of N at the Figure 3.10: Consumption of N at the

pre-denitrification for Dry scenario

post-denitrification for Dry scenario

It is noticeable that the consumption of N is less dependent on the recirculation
flow and is more sensitive to the bypass flow. To better understand the mecha-
nisms, it is interesting to study the impact of the flows u, and w, variations on the
concentrations. An example of the data studied is available in Appendix. Based
on those test, conclusions can be drawn.

Given the low flow rate at the nitrification stage, all of the NH, is consumed.
Thus it produce a lot of nitrite and nitrates. The recirculation flow is therefore
very concentrated in nitrite and nitrates. Since the inlet flow rate of the WWTP is
low, the mix with the recirculation results in a flow with a high concentration of
nitrites and nitrates.

To sum up, in one hand, given that the concentrations of nitrates and nitrites
are high, their increase is not decisive in the dynamics of the denitrification stage.
On the other hand, the COD concentrations and mass flow rate become the key
parameter. That explains the importance of not bypassing the pre-denitrification
stage so that provide enough carbon to promote the consumption of nitrites and
nitrates. By the same reasoning, the increase of the bypass results in more carbon
for the post-denetrification stage and so, a bigger consumption of N.
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3.4.3 Heavy rain

Figure shows that the optimal flow configuration for the haevy rain scenario
is to take the largest possible recirculation flow and no bypassing flow rate. Contrary
to the normal rain scenario, it seems more beneficial to increase the recirculation.
It bring advantages, even when it is necessary to increase the bypass u; due to the
flow limits of the denitrification stage.
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Figure 3.11: Objective function in function of the pre-denitrification bypass and
recirculation flow rate for Rain scenario

Table [3.3] gives the information about the efficiency of the algorithms to find
the optimum. One observes that the SQP algorithm is faster than the Genetic
algorithm to find the optimum.

Algorithm number of iteration Function eval. Time [s] Constraint

SQP 34 105 20 OK
GA 3 160 99.4 OK

Table 3.5: Results of the SQP and GA algorithm to find the optimum u, and wu,
for Heavy rain scenario
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Figures and show that, compared to the other scenarios, the consump-
tion variations is more dependant to recirculation and less to the bypass
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Figure 3.13: Consumption of N at the
pre-denitrification during Heavy Rain

To give a better understanding, station was simulated for the following two

cases: case 1 up, = 2 & u,

obtained at the different sections of the station are available in Figure [3.14]
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Figure 3.14: Concentrations at input and output of the different stages for heavy

rain simulation . Case 1: u, = 2 and u,, = 16. Case 2: u;, = 2 and u, = 2

Contrary to the other scenario, Figure [3.14] shows that it is no longer the
equilibrium concentration of COD that is limits the pre-denitrification (see Kcop).
Actually, this concentration stay high even with a higher recirculation flow.
Then, one observe that the limiting factors are the equilibrium concentrations of
NO, and NOj. Indeed, the equilibrium concentrations of NO, and NOj reach a
very low values when the recirculation flow is low.
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3.5 Discussion and perspectives

To bring a critical look at the results shown, here is a discussion. Also, perspec-
tives and improvements are presented.

Discussion

Some control variables are impactless on the objective function. Therefore, it
was not possible to test the robustness and efficiency of the algorithms for a large
number of variables.

Nevertheless, it was possible to show the results of the optimisation of two
control variables (u, and wup). An analysis of these showed the importance of
having an adapted management of the flows. This, to maintain the equilibrium
concentrations of COD, NO, and NO; in sufficient values in the pre-denitrification
unit. That allows efficient consumption of nitrogen.

Moreover, without the complexificaiton of the model and without a calibration
on actual data, these results remain only a first steps towards the study of the
control of flows.

Perspectives
In future work, it would be interesting to :

o Study the use of such algorithms for more complete models taking into
account additional control variables such as metanol or oxygen supply.

o Complement the objective function by integrating for example the minimisa-
tion of sludge production, operating costs and/or energy consumed by the
pumps|[33].

o Consider multi-objective optimisation methods as in the work of Berau et al.
[34] .

Conclusion

This section has presented three scenarios representing three typical conditions
of WWTP operations. Then different strategies to optimize the control variables for
these scenarios were described. Genetic Algorithm and the Sequential Quadratic
Program have been tested on these strategies. The results obtained for this
optimization have been developed and finally discussed.
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Conclusion

This master thesis explained the implemention a model of the Seine-Aval wastew-
ater treatment plant and propose a control strategy to improve the quality of the
water discharged into the Seine. The possibility to perform predictive control via
optimization algorithms has been studied. It consisted in testing this strategy for
three typical operating conditions of the station : dry weather, normal rain and
heavy rain.

In order to achieve this objective, it was first necessary to study the state of
the art related to wastewater treatment. For this purpose, the composition of the
wastewater and the legislation of the WWTP were detailed. After that a brief
explanation of the main steps of wastewater treatment was given. Following this, a
detailed description of the infrastructure and operating conditions of the Seine-Aval
plant was made. Then, the models used to simulate the different sections have been
developed. Finally, the theoretical basis for the formulation of an optimization
problem and the algorithms that can be used were presented.

In a second step, the models of each section of the WWTP were developed
based on the work done by Ben Ayed et al. After their implementation, each model
were tested on the corresponding available data. The results of these tests were not
conclusive so the models were re-calibrated and get better. This work of analysis
of the model quality and recalibration was an important part of this thesis.

Finally, the optimization of the flows between the different sections was proposed
in order to reach a better quality of water rejected in the Seine. To prove the
robstness of the optimization, it was applied on three different scenarios : normal
rain, dry weather and heavy rain. These three operating conditions have been
developed based on the available daily data. Then, the results were presented and
discussed.

The optimizations exposed good results in a reasonable amount of time.
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The contributions of this work were:

The implementation of a model of the Seine-Aval WWTP in the Simulink
interface of Matlab. It allows an easy-use and modification of the model. The
code is available on Github.

An analysis and recalibration of this model.

The development of a framework to test different optimization methods on
the model.

The in-depth study of the results of the optimization of flows between basins
for three typical scenarios.

The next steps are :

An implementation of these optimization techniques in the framework of
non-linear predictive control.

The calibration of the model with current data from the treatment plant.

The complexification of the model by taking into account the methanol
contribution

The study of an optimization of more parameters such as energy costs,
economic operation of the plant or the production of sludge.
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https://github.com/tom746/Seine-aval-wastewater-plant-simulink-model.git
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A Results for validation
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Figure 15: Results for the nitrification and post-denitrification stage simulation for
the validation period



B Dry weather example
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Figure 16: Concentrations at input and output of the different stages for dry
scenario . Case 1: up = 0 and u, = 4 Case 2: u, = 8 and u, = 4
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