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Chapter 1lintroduction

1.1 Background and problem definition

In the last years, the role afastewater treatment plantss even more relevant not only as final
destination of the collected sewage but also as a center of the sustainable approach to the water
cycle. Indeed, WWTPs management should play an important role in the frame of the circular
economy recently supported byné¢ European Commission with a specific acptan presented in
2015. This plan aims to support economical actors (business and consumers) as well as regional and
nationalauthorities in the transition through the circular economy. The circular econaimsg at
maintaining the value of products, materishnd resources as long as possjhdile reducing the
waste productionltsfinal purposeconsists in thgeneraton ofa more sustainable and competitive
economy model for Europe. Specifically, the impletagion of good practices iWastewater
Treatment plants WWTP¥ management allows not only to minimize the energy consumption
maintaining the effluent concentrations under the law thresholds but also to reach diffeneas

as wastewater reuse for industior irrigation, energy production and raw material reservoir.

The fast improvement of wastewater treatment control technologies supports this new sustainable
management perspectiva.he use ofCA (Instrumentation Control and Automatidiopls enables

to regulate the processesninimizing energy requirements andonsequently to reduce the
managementgosts(Olsson, 2015Nowadays, automatic controls tools are commonly used in new
plants and largescale plants. However, many smsdlale plants (< 50000 PE) are not provided with
such tools. Indeed these smaltale plants need for accurate input signals and adequate
measurement instruments that can prove to be expendivgildsen and Olsson, 2000)hus, a
correct and efficient implementation of ICA tools requires a study of the coroeldietween the
parameters measured and the processes. Moreover, the study of the signals from different sections
of the plants and in different conditions allows to identify the main control sections and their
characteristic parameters

An incentive to iorease the efficiency of WWTPs performances comes from the possibility to reuse
the treated wastewater. Indeed, ater scarcity has become more prominentthe last decades
increasing the need for new practices in terms aificient water management. Reesand
valorisation ofwater from WWTPgan help solwg the problem.Wastewater reuse history starts

from the Minoan Civilization when water scarcity periods fortdesluseof very smart techniques.
Several archaeological studies have revealed how Mineaeisand stormwater drainage systems

and their management for water reuse in palaces and cities were ahead of their tiadition to

GKS aAYLX S WwWaNBe 41 GSNR NBdzaSs GKS O2YO0AYyl (A2
system as well as thpresence of little sedimentary tanks make Minoans the first civilization
involved in the development of new techniques for wastewater reuse. All successive civilizations of
the Mediterranean region, such as Ancient Greeks, applieseghMinoan sanitary tdmologies
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(Angelakis et al., 2005Dver the last years, the scarcity of water resources has been growing
drastically, becoming a critical probleboth in developing and industrialized countries. The
agricultural sector, responsible for about 70% of annual global freshwater withdrawals (even up to
90% in some parts of Asia), is the biggest consumer of welerld Water Development Report
2016: Water and Jobs, 20186 this context water reuse and moparticularly wastewater reuse

has a key role. The total amount of global reused water from wastewater treatment plants (WWTPSs)
in 2011 has been estimated to 7 Rigear (Kirhensteine et al., 2016wing to the global increase

of the agricultural field that requires almost 32% ofgaiion reuse, the Global Water intelligence
estimated an increase of reused water up to 26Kmear in 2030(Kirhensteine et al., 2016t
European level, the volume of wastewater reuse was estimated in 2006 to 964 mifilpeam(2.4

% of treated wastewater(Kirhensteine et al., 2016and its increase hdseen estimated to 1100
million m¥year for 2015(BIO by Deloitte, 2019nd is expected to reach 3222 rati m/year in
2025(Sanz and Bernd, 2014)n 2006 water volume in Europe has been reused mostly by South
Europeancountries(Raso, 2013jue to their higher wate stress. However, this represents only a
small part, between 5% to 12%, of the total treated wastewater, which indicates a great potential
for those countries.

Finally, the WWTPs management must deal with new problems as the presence of emerging
pollutants and their accumulation in the environment. Indeed, large amounts of xenobiotic
compounds end in the plants and can be released in the environment because most of them are
hardly or not biodegradable. Even if specific legal thresholds are not fixethggiroblems related

to these organic chemicals fate will become even more relevant in the WWTPs management
especially in case of agricultural irrigation reiiBelesel et al., 2015)
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1.2 Aim of the thesisand methodology

The overallaim of this PhDthesis was tanvestigatethe implementation of models in the most
relevant sections of pilot and fudtale plantandthe possibility to reuse treated wastewater coming
from the effluent flow rate of existing plants, or a part of it, for irrigatipmrpose The study was
referred to the treatment scheme showedHigure 1.1. The scheme idivided in two parts in terms

of management:itreatmenté and dreclamatior. The first partis characterized by common
Activated SludgeAS scheme wittDenitrification/Nitrification. The second partisade of anatural
treatment basin for finishing with phytotreatment and lagoon. Moreovdre reclamation basin
providesa natural disinfection an@nablethe water storagd releasewith respect tothe irrigation
request. The target ranges of the studyere the small to medium WWTPs fed on mixed civil and
industrialsewage

Management

— T,

Treatment Reclamation

wastewater Storage

influent

Natural reuse

Treatment

sedimentation|

S d
){DenitrificationH Nitrification scondary

internal sludge recirculation

. . outlet outlet
sludge recirculation

|
|
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[
|
A BN
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|
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J

Figure 1.1 WWTP scheme for irrigation reuse

The specific objectives of the thesis were:

1. 62 YAYAYAT S GKS YIFylF3aSYSyl odaiédortrol Diffeiért S & ¢
control solutions have been tested implementing the data acquired during a previous study
on the pilot scale plant located in Trebbo di Reno (BOWEST 2012 software (DHI
Software), based on ASM modelsloreover, a first appoach on Business Process
Management (BPM) applied to WWTPs has hested,

2. to assess the parameters, control sections and measure instruméatsinfluence the
processes in unusual conditions. The monitoring data from Bologna real scale plant fed by
urban combined sewage have been analyzed in flow variation conditions due to rain events.
The effects of dry and rainy weather conditionstba process have been studied;

3.2 Said GKS STFFSOO 2F awSOfl YIFIGA2y ¢ paKl &S
has been developed in the frame of a partnership project with HERA, focused on the
Santerno full scale WWTP located in Imola (Bologna, Italy)-y&are measurement
campaigrhas beercarried onin the finishing lagoon section of the plant. Moreovepitot
plant has been designed, built in the WWTP area and monitored in the same period. The
pilot plant simulates the process occurring in the Basir the finishing phase of the plant,
in different functioning conditions. It consists of a pllgwv reactor divided into two
different reaction zones: FWS Phytotreatmdr@gmna Minor and Aerobic Lagoon. Based on
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the data acquired, the finishing effect on Nitrogen compounds and the natural disinfection
effect onE. colihas been studied. The dispersed floguation has been implemented to
model theE.coli removal

. to predict the fate of organic chemicals, surfactants and pharmaceuticals, in conventional
Activated Sludge plants and its load released in the soil during irrigation. This part has been
developedduringthe research period at the Technical University of Denmark (R¥&gtion
Environmental Chemistry, Department of Environmental Engineering under the supervision
of Prof. Stefan Trapp as Short Term Scientific Mission (STSM) in the frame of theSNEREU
/I h{¢ 1 OdA2y 9{mnno dabS¢ YR SYSNHAYy3 OKLI f
The residual chemical loads in tM¢WTP ifluent have been estimated starting from
literature data in selected European planfhe Activity SimpleTreat model hasen used

to predict the fate of the selected chemicaisa generic sewage treatment plaiinally, the

loads of chemicals released by the most widely cultivated crops in Eaitieagna has been
estimated.
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1.3 Publications and conferenceoatributions

Based on theresearch activity carried on during thehD period, two scientific papers on
international journals and eight contributisrto international conferences were published, listed
below in reverse chronological order.

Scientific papes published on international journals:

A Fiorentino Carmine Mancini Maurizio; Luccarini Luca, Urban wastewater treatment plant
provided with tertiary finishing lagoons: management aedlamation for irrigation reuse
«JOURNAL OF CHEMICAL TECHNOLOGYOARODHNOLOGY», 2016, 91, pp. 18622
[scientific article] (C. Fiorentino et al., 2016)

A Fiorentino Carmine Mancini Maurizio; Luccarini Luc&ptimization of wastewater
treatment plans monitoring in flow variation conditions due to rain events,
«ENVIRONMENTAL ENGINEERING AND MANAGEMENT JOURNAL», 2016, 18B%®. 1981
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Chapter 2Water and wastewater reuse
regulations

By defining correctly the water quality indicators, their specific reuse and threshold vahes
development of guidelines ancegulations for wastewater reuse plays a key role: first for the
promotion of wastewater reuse and secondly for human health and environment protection.

Historically, the State of California was the first in 1918 to promote water reuse with the adoption
2F GKS awS3dzZ FGA2y D2@SNYAyYy3I (CaifSrnia2State & lofa S
Health, 1918) For the first time, this Regulation set limits to the water reuse in agriculture and
initiated the development of this technique in other states of the USA. Afterwards, international
and national organizations focused on the wastewater safety througleraévegulations and
guidelines for wastewater reuse.

At the European scale, a specific regulation for water reuse does not exist yet but several
environmental directives are applicable in this field. Nevertheless, laws and standards for water
reuse applations are written and implemented at member states and regional level. Regulations
are thus highly heterogeneous, in particular in terms of intended uses, analytical parameters and
threshold values(Sanz and Bernd, 2014Yhe main international guidelines for water and
wastewater reuse for irrigation are listed in chronological ordefable2.1.
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Table2.1 Main international and European guidelines and regulations

Year

Organization

Regulation Reference

1918

1973
1989
1991

1992
1994

2003

2005

2006

2007

2011

2011

2012

2015

California State

WHO

WHO and UNEP
European
Community

EPA

FAO

Italy ¢ Ministry of
the Environmental
and Protection of
Land

UNEP
WHO

Spaing Ministry of
Presidency

Greeceg Ministry
of Environment,
Energy and
Climate Change

UNEP

EPA

ISO

Regulation Governing Use oévage (California State Board ¢

for Irrigation Purposes Health, 1918)
Guidelines for Reuse of W for

L (WHO, 1973)
[rrigation
Guidelines (WHO, 1989)
Urban Wastewater Directivi

CEC, 1991

91/271/EEC ( )
Guidelines for water reuse (BPA 1992)
Water quality for agriculture (Ayers and Westcot, 1994)

L (Ministry of Environment anc
Ministerial Decree (DM .
(M) Protection of Land, 2003)
Guidelines for municipal water reus
in the Mediterranean region
Guidelines for the safe use «
wastewater, excreta and greywater

(UNEP, 2005)

(WHO, 2006)

(Ministerio de  Sanidac
Royal Decree (RD) Servicios Sociales e lguald:
2007)

Common Ministerial Decision (CMD) (Government of  Greece

2011)
Development of performance
indicators for tke operation and
maintance of wastewater treatmen
plants and wastewater reuse
Guidelines for water reuse (USEPA, 2012)
Guidelines for treated wastewater us
for irrigation projects

(UNEP, 2011)

(International  Organizatior
for Standardization, 2015)
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Currently the main international guidelines for wastewater reuse for irrigation are: ISO 16075:2015,
WHO 2006 guidelines and FAO 2006 guidelines.

The ISO 16075:261classes the treated wastewater in five categories (A, B, C, D, E) depending on
its treatment level and consequently its quality:

Category A: very high quality treated water useable for agricultural irrigation of food crops
consumed raw.

Category B: highuality treated wastewater. The wastewater in this category can be used
for urban irrigation and agricultural irrigation of processed food crops.

Category C: medium quality treated wastewater. In this category the raw wastewater has
been treated with physial and biological treatment and its use is agricultural irrigation of
non-food crops.

Category D: medium quality treated wastewater. As category C, the raw wastewater is
treated with physical and biological processes and its use is for not potable ajopigcaf
industrial and seeded crops.

Category E: extensively treated wastewater. It is raw wastewater treated through natural
processes and its use is for not potable applications of industrial and seeded crops.

Table2.2 shows he parameters recommended for each category in terms of organic matters{BOD
Turbidity or TSS and pathogens (Coliforms):

Table2.2 ISO 16075:2015: recommended parameters for each wastewater category

Parameer Category A Category B Category C  Category D Category E
BODS5 [mg/L] <10 <20 <35 <100 <35
Turbidity
5 NR NR NR NR
[NTU]
TSS [mg/L] <10 <25 <50 <140 NR
<1
. <100 therme <1000 therme 0000
Coliforms tolerant tolerant thermo- NR NR
[CFU/100 mL] . . tolerant
coliforms coliforms )
coliforms
Intestinal
nematode NR NR NR <5 <5
[Egg./L]

*NR = Not Reccomended

According to the WHO 2006 guidelines, two types of use are considered: unrestricted irrigation,
when the treated wastewater will be used for not potable apgiicns in settings where public
access is not restricted, and restricted irrigation, treated wastewater used for non potable
applications in public access areas.
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Table2.3 WHO 2006 Guidelines: recommendedrameters for restricted and
unrestricted uses

Parameter Unrestricted Restricted

TSS [mg/L] <10 <25

Coliforms [CFU/100 mL] E.coli<1000 E.coli<10000

Intestinal nematode [Egg/L] <1 <1

The EPA 2012 guidelines for water reuse give different parasébteesholds depending on the
crops type: food crops, in case of irrigation of crops for human consumption consumed raw, and
processed food crops or food crops not consumed by human.

Table2.4 EPA 2012 Guidiees: recommended parameters for food and
processed (or noifiood) crops

For processes food cro

Parameter For food crops P P

or nonfood crops
BOR <=10 <=30
Turbidity <=2 Not recommended
TSS [mg/L] Not recommended <=30

. Fecal Caorms Fecal Coliforms=200
Coliforms [CFU/100 mL] _
Absence (Median)

Comparing the recommended parameters in the three cases it is possible to note that the parameter
for organic matter is BQJand its thresholds are very strict in ISO 16075:2015 and EPA 2012 for food
crops (40 mg/L) while there is not any limit for organic matter in WHO 2006. TSS and turbidity
thresholds are 5 NTU (ISO 16075:2015) and 2 NTU (EPA 2012) and again those are not considered
in WHO 2006The presence of high levels of turbidity can reduce the hyldraonductivity of the

soil, obstruct the irrigation facilities and, viruses and bacteria can migrate along with the solid
particles. The recommended standards for pathogens are very stringent and can be achieved only
through high cost technologies. iBhis a very real problem in developing countries.

An important change in some regulations (e.g. WHO 2006) is the use @.tbelias bacterial
indicators for water contamination instead of the traditional total and fecal coliform microbiological
parameers becauseE. colibetter represents the behaviour of pathogenic bacteria in water
(Baudisova, 1997)

At the European level, several environmental directives exist and regulations are highly
heterogeneous, in terms of intended uses, analytical parameters and threshold (&aes and
Bernd, 2014)
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E. colis considered the pathogens parameter in many countries but the maximum thresholds are
very different.

Table2.5 shows the legal thresholds values for irrigation reuse in five European countries, referred
to three main parameters: COD, TN dadcoli

Table2.5 TN, COD and E. coli legal limits irrigation reuse in some European countries

Spain Italy Greece France Cypris

(RD1620/2007(DM185/2003) (CMD 145116( JORF 156/201| (Law 106/2002

COD [mg/L] - 100 i 60 70
TN [mgN/L] 10° 15 30 - 15
E. coli
ol 0-10%+ 10% 5-200 250-10° 5-10°

(CFU/100 mL]

*Only for aquifer recharge and recreational uses

** |t is the limit for 80% of the samples while 100 CFU/100mL is the maximum limit for all cases. The limit
using natural systems (phytodepuration or lagoons) becoming: 50 for 80% of the samples while 200 CFU
the maximum limit for all cas

*** The range is referred to different uses

In this thesis, the Italian standards for wastewater discharge (Legislative decree 152/2006) and
reuse (Ministry Decree 185/2003) are considered. The Legislative Decree 152/2016, also called
G/ 2RS 2¥NBKESYVOS AYLI SYSyida (62 AYLRNIFYyOG 9dz
Directive 2000/60/CE and the urban wastewater treatment 91/271/2te. wastewater treatment

rules are defined in the third part of the Legislative Decree (articles from 51 toahdbihe legal
GKNBaK2f Ra F2NJ dzNbly ¢l aiSsel G4SN RAAOKFNABS | NB
further thresholds for Total Phosphorus and Total Nitrogen when the effluent in discharged in
sensitive areaslable2.6 and Table2.7 below show the parameters and their legal limits as defined

Ay a¢l oSttt mé YR ac¢lroSttl wHa 2F OGKS [S3AAratl

Table26! ND Iy ¢l aidSsl G§SNI RAaAaOKIFNHS GKNBAK?2
Decree 152/2006)
WWTP capacity [PE]
2000- 10000 > 10000
Parameter _ - . -
Concentration Reduction Concentration Reduction
percentage percentage
BOR [mg/L] <=25 700690% <=25 80%
COD [mg/L] <=125 75% <=125 75%
TSS [mg/L] <=35 90% <=35 90%
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Table2.7 Urban wastewater discharge thresholds in case of discharging in sensitive g
OFRFLIWGSR FNRBY dac¢l oSt 15p20e68 2F [ SAA A
WWTP capacity [PE]
10000- 100000 > 10000
Parameter . .
. Reduction : Reduction
Concentration Concentration
percentage percentage
Total Phosphorus
prord <=2 80% <=1 80%
[mgP/L]
Total Nitrogen <=15 70%80% >=10 70%80%
[mgN/L]

The ltalian standardof wastewater reuse are fixed by the Ministry Dec(BeM. 1832003) about

G¢ SOKYAOL f

YSI &dzNB a

T2NJ NBdza S
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Ministry Decree DM 185/2003)

Table2.8 Main Italian standards for wastewater reuse (adapted from

limit
Chemical Parameters
BOR [mg/L] 20
COD ing/L] 100
TP [mg/L] 2
TN [mg/L] 15
Ammonium [mg/L] 2
Chloride [mgCl/L] 250
Total surfactants [mg/L] 0.5

Microbiological parameters

10 (80% of the samples)
100 (maximum limit in all the cases)
Using natural treatment systems

Escherichia coli

Salmonella

(phytodepuration or wetponds)
50 (80% of the samples)
200 (maximum limit in all the cases)

absent

The reference parameter for pathogen removaEiscoliand the output concentration limits are
very strict, as shown ifiable2.8, making water reuse for irrigation hardly feasible from a process

point of view.

26



Chapter 3TheActivated Sludge process and its
modeling

3.1 Mathematicalmodeling overview

Several definition and descriptions of mathematical modelingaaaglable in literature. According

G2 1 SNXYIyy {OKAOKfXZ | Y2RSf AGRSAONROG6SA | (&L
2013) . He described the history of mathematical modeling since 2000 B.C. when the use of numbers
can be recognized as thiest way to model the reality.

58Y YR L@S& AYy At NAYOALX Sa 2F al GKSYFGAOFf
RAOQGAZ2YINE RSTAYAGA2Y 2F Y2RSEt Y Gl YAYAL GdzNBS
to be made; an example for itation or emulation; a description or analogy used to help visualize
something (e.g., an atom) that cannot be directly observed; a system of postulates, data and
AYTSNByOSa LINBaSyaSR Fa | YFEGKSYFGAOI f RSaO0
matheY I G A OFf Y2RSt dal NBLINBaSyidlradAaAz2y Ay YFGKSY!l
202S004a¢sx F20dzaSR 2y GKS O23yAdAGS OGABAGE N
the reality using, for instance, the mathematical languageyTiepresented the scientific method

as show in Figure 3.1, where models play the key role to understand and predict real world

phenomena

The real world The conceptual world
Ems =) Observations
Phenomena Models

!

_ Predictions

Figure 3.1 Description of the scientific method and the role of models [Dym an
Ivey,1980]
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Therefore, models can be essentially used in two ways: to explain or predict a bah&teniing

from these two approaches, we end with different applications of models. In Engineering, for
instance, the prediction approach stands in the design phase while the explanation approach
corresponds to the test phase. Moreover, models can be tsadpport the experimental method,
when it is either too expensive, dangerous or time consuming (Jeppsson and Olsson, 1996).

Therefore, mathematical models have a long history but their implementation has been growing up
significantly in the last decadebanks to the development of information technologies and the
exponential growth of computational power.

In order to properly implement mathematical models, we have to define the work phases. Many

approaches are proposed in literature to define these @saand two of them, related to studies

on wastewater treatment plants modelling, are shown below. The first one is based on the guideline
for simulation studies of wastewater treatment plants proposed by the HSGSim (Hochschulgruppe
Simulation) research gup. The HS@uideline proposes the following seven phases:

1. Definition of objectives

Data collection and model selection

Data quality control

Evaluation of model structure and experimental design
Data collection for simulation study
Calibration/validation

Study and evaluation of success

No ok~ wdN

The second approach is proposed by Jeppson (Jeppsson and Olsson, 1996) from a previous study by
(Murthy et al., 1990) and considered five phases:

1. Functional process specification
2. Select modelling objectives

3. Select model tge

4. Model construction methodology
5. Model validation

A comparison of both approaches reveals several common phases: definition of the objectives,
aSt SOGA2y 2F (GKS Y2RSf IyR GKS @FtARFGA2Y KOl f
construction meK 2 R 2 f 2 ® 8egond\approadk is describedtas phasesn the first approach

with a reference to data collection and evaluation.

The most important distinction in mathematical models for wastewater treatment processes is
between steadystate and dynenic models. In steadgtate conditions the model is not time
dependent while in dynamic conditisntime is a variable. The advantage of steatiyte
assumptions stands in its computational simplicitydeed,they are commonly used for model
calibration. Hbwever, some processes require a more detailed and accurate description and
consequently dynamic models are necessary despite of their computational cost.
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A model is characterised by three mathematical properties: variables, constants and parameters.
Ther identification is the most important step to build or use a model.

Variables: these are the changing parts of the model and the most important are classified as input,
output and state variables. The input variables are the initial information thatmbeel need to

run a simulation and to compute the output variables. In a dynamic model the state variables change
during the calculations and represent the state of the process in a specific time. Output variables
can also be state variables

Constants: ee all the components of the model that not change during the pro¢ess gravity)

Parameters: are the mathematicguantities changeable for a process but constantdospecific
implementation of them

3.2 Activated Sludgeprocess historical perspectie

The firststudies and real implementations of artificial process for sewage treatrsiamtedin the
second half of the 1®century and in the early 20century. This period is marked by the end of the
second industrial revolution and, as a consequebydig economical and social changes that took
place especially in Europe and United States. Increase of urban population and the change of
conditions from a poor rural lifeo big citieshad negative effects on the environment and sanitary
conditions.Frequent disease and epidemic killed thousands of pe@gge n 183233 cholera killed

over 20,000 people in Britain

Thanks to thedevelopment of microbiological researciwe havestarted to correlate tlese health
problemsto water pollution and, cosequently, to its management. Indeed, in the first half of the
19" century there was noainymethods for sewage treatment and water supply technologies were
very archaic. Tése problems were obviously more evident in the big cities of the most indusédhli
countries.

5dzNAy 3 GKS O2y3aNBaa 2y Gq¢KS {Sgl IS 2F ¢20yac
only acceptable sewage treatment syste@enkins and Wanner, 2014Consequently, this
technology was adogd firstly in Britain and then in all European countries. Sewage was collected
and spread on soil with good organic matter and removal efficier(@gsaound 66% in Berln
However, it wastill not clear if the removal mechanisms were chemical or lgidal. Afterwards,

an increase of removal efficiency in intermittent fed conditiongs been evidencedThese
conditions allowed the air flow inletontributing to the bacterial growthEven if this bacterial
process was not completely understgatdwasclear that biological processes caused the organic
matter and ammonia removal.

P A -

¢KS YIFIAY LINRofSY O2yySO0Oi Sviglagd ragudranienespgtially dzNI £
densely populated citieShen, new studies on more efficient technologies stadedng the later

part of the 19" century. The first experiments on the biological processes were done at the
Lawrence Experimental Station, Massachussetts in 1888 [Dumber 1899] where biological filter
were aerated.
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In 1912 Gilbert J. Fowler, researchetaiversity of Manchester, during a visittmited States3,
observed the experiments and started to study the effect of aeration on selected bawtdniaut
recycingthe settled solids.

Only in 1914 Edward Arden and William T. Lockett, two F@sardents, had the idea to collect
the sludge from the settler and recyciein the aerated batch. Using the settled slud@alled
activated sludgéy Arden and Lockeéttthey observed a reduction of total nitrification tinaedthe
increase of the pufication efficiency(Orhon, 2014)The results were presented at the meeting of
Society of Chemical Industry held on ABill1914 at the Grand HoteManchester UK

500

ppm

——  Free & Saline Ammonia
400 -

— — 4 Hours Oxygen Absorption
\ .- Nitrite & Nitrate

300 -

Concentration

200 -

100 +

0 4 8 12 16 20 24
Period of aeration h

Figure 3.2 Results of the first experiment on aeratedatth sewage with enriched activated
sludge by Arden and Lockettfrom (Hellenistic, 2007)

Pilot scale and then fulicale plants were implemented in the following yearsuroge and US with
encouraging results. The first activated sludge plant was constructe@0in Sheffield, UK, and in
1926 incontinental EuropdEsserRellinghausen, Germahy

The AS process had a great success asrshgvithe great amount of confereecpresentations
patents and journal articles on this iss(@ound606) from 1914 to 1921
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Activated Sludge Modelling Timeline
\ Early Years >> Kinetics & Stoichiometry > S;uctured T ASM & Simulators >
= odels e -
| I ! | | | I | ! | |
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Growth of Modelling Ideas
Processes
Activated Sludge Nitrification Denitrification Anammox
Whole Plant Modelling
Biological P removal (Digesters etc)
P
Bacteria Generation Time Kinetic Expressions Substrate Storage Metabolic Pathways
Organic Loading (F:M) Influent & Mixed Liguor Characterisation
'Modeis
Empirical Models
Flux Model for Settlers
Barker and Dold (1997)
Milestone Papers Herze eial. [1999)
Penfold and Norris (1912) Monod (1942) Downing et al. [1964) Busby and Ancirews (1975) Gujer et al. [1999)
Ardem and Locket (1914) Garett and Sawyer (1952) Dold et al. [1980) Smolders et al. [1995)
McKinney (1942) Grady et al. (1986)
Eckenfelder (1954)
Herbert [1958) Takacs et al. (1991)
MeCorquodale el al. (2005)

Figure 3.3 A timeline for AS modelling from\(VA Task Group on Goddodelling Practice, 201z

3.3 ThelLudzackEttiger scheme

In this work, the reference AS scheme is the Modified Ludgttokger (MLE), which is largely used
to perform nitrogen removal.

Thescheme was proposed for the first time in 1963 (Ludzack and Ettinger, 1963). It is based on two
reactors in series partially separated: the anoxic and aerobic readtigsiré 3.4). The partial
separation between the anoxic aa@robic reactors enables the reduction of nitrate to nitrogen gas
(denitrification process) in the anoxic reactor, also calledgeritrification tank. The oxidation and
nitrification processes occur in the aerobic reactor with the oxidation of ammomidrite and then

nitrate.

—

oxidation—
nitrification

»lpre—denitrification secondary —

sedimentation

«—

v

Figure 3.4 Ludzack and Ettinger scheme

The schemes alsoprovided with therecirculation line from the secondary sedimentation to the
aerobic reactor.

In 1973 Barnard proposed thdLEschemein whichthe anoxic and aerobic tanks were completely
separated andnternal recirculation line was added. This internal recirculation allows to feed the
pre-denitrification with the nitrate produced during the nitrification process.
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Therefore, the carbon and oxygen source for anoxic bacteria are respectively the influent
wastewater and the internal recirculation while the recirculated activated sludge provides
microorganismgFigure 3.5).

v

ppre—denitrification

oxidation— -
nitrification secondary L »

sedimentation

T

Figure 3.5 Modified Ludzackettinger scheme

v

3.4 Modelingthe Activated Sludge process

During the first period after the discovery of the AS procd€820s1950s) its application was
widespread but veryempirical. Different hypothese were proposed tcexplain the removal
mechanismand so a long time was also necessary to build a mathematical model.

In the 1940sJaques Monod, Nobel Prize in 1965, studied thacterial growth using thEscherichia
colias biomass and lactic acid as substiiathis experiments.

LY wmdnH KS LINRPL}RZAaSRX A yRedhérche sRrdaCcip@dddcel des alilfirsi A &
0l OGSNASYyYySaé¢s (GKS Sl dzl iGRYNIoISHE 2BNRIKI Ki  NI20yS/ S&
concentration (S) with a first order relationship:

‘ —— (Eq. 3.1)

where:
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In particular, the half saturation constaebrresponds tahe substrate concentrationvhen the
growth rate is half of the maximum specific growth ratd&emperature and nutrientare not
consideredaslimiting conditions in equatiofEq. 3.1).

Consequently, the biomass growth rate is:
Qw Y

00 o Y w (Eq. 3.2)



Considering the coefficient of microbial growfl) as the ratio between biomass variation and

substrate variation (dx/dS) the equatigiq. 3.2) became:
avy ny
(90 @ U Y

where:
- o Al AEAEEBRERDIOOE AIGE

The(Eq. 3.3) is the Michaelidenten equation

(Eq. 3.3)

After the Monod studies, several studibave been carried owin AS process modeling and design;

the most relevanfrom 1954 to 1972 arésted inTable3.1 below.

(Angelakis and Joan, 2014)

Table3.1 Studies on AS process modeling and design from the 1950s and 1970s from

1954 |9 01 Sy TSt RS NJ | Proposed a mathematical model for AS

1962 McKhnney Proposed a completed mixing model

1968 Pearson

Described the materialbalance model like
approach to reactor analysis

1970 Lawrence and Carty

proposed the materiabalance model like
approach to reactor analysis

1972 Metcalf and Eddy Incorporatedthe reactor theory approach

The most important improvement was around the 1950s witee soluble and particulate

componentof the organic matter of AStarted to be considered.

In the 1970s the most advanced research centre on AS modeling was the iynigEGBape Town
(UCT) South Africawith the research group of prof. G.v.R Marthiat developed the UCmnodel.

At the beginning of the 1980s the need forodel uniformization and guidelines induced the
International Association of Water Pollution Resdaand Control (IAWPRC) to form a Task Group
on mathematical Modeling for Design and Operation of Activated Sludge Processes.

The purposes were to review existing models for design and operation of biological wastewater

treatment systems and create a corom and simple platform that could be used for future

development ofASmodels.

The final result was the Activates Sludge Model No. 1, calsmlAWPRC model, ASM1 or IAWQ
model, presented during the IAWPRC Specialised Seminar at KolleKolle, Denngg8%.in 1
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Afterwards, theASM1 model as discussed by many researches in order to get a solid platform for
the work and include details that could stand the test of time and was published in 1987 in its final
form in the IAWPRC Scientific and Technical Repemies as STR No. 1.

The modelwas alsoa guideline for wastewater characterization and development of computer
codes. Since its presentation, the ASM1 has been widely used for describing WWT biological
processes all over the world and has been the corenamerous models with a number of
supplementary details added for specific cases.

It was especially the matrix notation (Peterson, 1965), which was introduced together with ASM1
that facilitated the communication of complex models allowing to discus®iblenetic aspects of
the model with the common language.

The Task Group did not include the phosphorus removal because the modeling studies in this field
were at the very beginning evehit was already used in fudicale treatment plants.

From the mid1980s to the miel990s the biological phosphorus removal processes grew very
popular and at the same time the understanding of the basic phenomena of the process was
increasing. Thus in 1995 the Activated Sludge Model No.2 was published and it inclindgemi

and phosphorus removal. In 1994, when the ASM2 was developed, the role of denitrification in
relation of biological phosphorus removal was still unclear, so it was decided not to include that
element.

Furtherdevelopmens in the researchfield leadto the understanding of denitrifying phosphorus
accumulating organisms (PAO<Lonsequently the Activated Sludge Model NoRas been
expanded in 1990 into thASM2d model with the inclusion odlenitrifying PAOs.

Afterwards, modelgjained in complexitynd, in 1998 the Task Group decided to develop a new
modeling platformcalledthe Activated Sludge Model No(BSM3)

ASM3 introduced the concept of storageediated growth of heterotrophic organisms, assuming
that all readily biodegradable substratefisstly taken up and stored into an internal cell polymer
component, which is then usetbr the biomass growth. Moreover, the model included the
biological nitrogen removal model while the circular deatigeneration model was converted into
growth-endogerous respiration model
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Figure 3.6 Number of publications on Activated Sludge models from 1288 1 from Web of
SciencglWA Task Group on Good Modelling Practice, 2012)

3.5 Format andnotation: the Peterson matrix and Grau notation

The most important taskis the develgpment of a mathematical model are the identification of the
processes involved and the selection ofittrespectivekinetic and stoichiometric expressions.

For these purposes, the Task Group decided that the best way to present models was the matrix
format, based on the work of Petersoindeed, his representation offes the opportunity for
overcoming the problem while conveying the maximum amount of informatiwough a concise

and intuitive representation of a large equation system. Furthermotiee Task Group
recommenckd the use o& unique notation irorder to have a common languagbe Grau notation
(GRAU et al., 1983)

The processes involved in the model are listed in the matris ead its components in the coluran
The indexes j and i are assigned to processes and comporespsctively The proces rate
equations or kinetic expressions agesenin the last column. The kinetic parameters are listed in
the lastcellof the last column while the stochiometric parameters in the last cell of the first column.
In the middle of the matrix there is the raa balance equatigrwhich connecs the processes
involved and their kinetic and stoichiometric equatiosgure 3.7 below shows a schematic
representation of the Peterson matrix.
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Figure 3.7 Schematic representation of the Peterson matrix

The matrix contains all the information required waite the mass balance equations)(for each
component (i) considering the kineti§ E LING & § bf2the dprocésses (j) involved and the
a02A0K2YS (i NRKOThdg#n®Nit eqétios:NBE 0 A
i 1
(Eq. 3.4)
enable to writethe mass balance equatis accordingo the basic equation:

INPUTg OUTPUT + REACTION = ACCUMULATION

Conventionally the sign used in the matrix is positive for production and negative for consumption.
Furthermore, he Task Group also decided to adopt tBeaunomenclature(Grau et al., 1983n

order to usea common language. Some quantities listed in the Grau notation and useful in AS
modeling are showbelow.
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Table3.2 Grau Notation (adapted from (GRAU et al., 1983))
Symbol Quantity name or names Dimension
H Height or depth L
L Length L
1 Thickness L
d Diameter L
A Area L2
\Y Volume L3
X Particulate material concentration MiL3
S Soluble material concentration MiL3
c Total material concentration (particulajgus ML
+soluble)
Ix Reaction ratger unit mass MiM, 1T
U Specifibiomass growth rate T1 (from MM 1T?)
HmAX Maximum specific biomass growth rate T (from MMITY)
bB Specific biomass loss rate T (from MMITY)
Y Biomass yield coefficient MxM;t
A Stoichiometric coefficient MiM;t

We briefly describe theise of the Peterson matrix and Grau notation, using the same example as
the one given in the Task Group final report.

The aim of this model is to describe the heterotrophic bacteria growth and decay in aerobic
conditions. Each unit of substrate genera¥sinits of biomass usingYLunits of oxygen.

The first step is the definition of the processes and components involved. Here, two processes are
involved: aerobic growth of biomass (j=1) and its loss by decay (j=2). The components (or variables)
are: heteptrophic biomass (@, soluble substrate §sand oxygen b Note that according to the

Grau notation X and S represent respectively the particulate and the soluble material
concentrations.

The kinetic expressions came from the Morddrbert model, whee the biomass aerobic growth

is calculated with the Monod equatiofiEq. 3.1) while the biomass decay is calculated with the
Herbert equation:

| ©
8‘

(Eq. 3.5)
Qo
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w Process
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2 Decay 1 1 bXq
Observed Conversion B B Kinetic parameters:
Rates ML T = : hij = 4 ViiPy - Maximum specific g:c:wth

rate: i

Stoichiometric parameters:

- Half-velocity constant: K
- True growth yeld: ¥

- Specific decay :b

Biomass [M{COD)L 3]
Substrate [M{CDD}IL'3]
Oxygen {(negative COD)

[(M{-COD)L”]

Table3.3 Monod-Herbert model : Peterson matrix representation frofhlenze et al., 2000)

Therefore, the mass balance equation system can be easily written usingetprassion ifrable
3.3

RATIFA S
| T
Cp )] Y
i p_H A (Eq. 3.6)
| - Y
[y WL Y d
I’k p © ‘R, e
N — W [AN)
w W U Y

Moreover,the matrix annotation enables to check the continuity condition: moving along the rows,

as indicated by the arrow ihable3.3, the sum of the stoichiometric coefficients must be zero.
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3.6 Activated Sludge Model n°1 (ASM1)

Presaeated in 1985 for the first time, the ASM1 model has been widely used for describing WWT
biological processes and became a basis for further models development.

The purpose of this model was to describe the carbon and nitrogen removal through the activated
sludge process with biological oxidation, nitrification and denitrification.

The biomass involved in those processes is:

Heterotrophic bacteriathey use organic carbonof growth and are responsible of the
denitrification process in the anoxic taakd the organic substrate degradation in aeration
tank. The most common denitrifying bacteria aBacillus denitrificans Micrococcus
denitrificans Pseudomonas stutzeand Achrornobacter In anaerobic conditions, these
organisms use nitrate or nitrite as temal electron acceptors and oxidizing organic matter
for energy. The result is the reduction of nitrate to nitrogen gas.

Autotrophic bacteria, they use inorganic carbon for growdahd are responsible of
nitrification in the aerobic tank. The most commg@enera involved in nitrification are
Nitrosomonasand Nitrobacter. Nitrosomonascan only oxidize ammonia nitrogen to nitrite
nitrogen whileNitrobacte oxydize nitrite nitrogen to nitrate nitrogen.

The ASM1 model is based on thregpotheses

Bisubstrate the substrate is divided in two fractions of CQBadily and slowly
biodegradable

MichaelisMenten Kinetiqsee(Eq. 3.3).

Growthdecay: the result of the biomass decay is only -boydegradable matter
representing the inert redue.

Table3.4 below shows the Peterson matrix of the ASML1.
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Vass Balance

Table3.4 Peterson matrix representation of ASMHenze etl., 2000)

Continuity
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According with the first hypothesis of the ASM1 model, the carbon substrate (COD) can be divided
into readily biodegradable substrate fSand slowly biodegradable substrates)(XThe readily
biodegradable substrate consists of simple btdumolecules that can be readily absorbed by the
biomass. The slowly biodegradable substrate consists of organic molécataseed enzymeso

break them in simpler easily biodegradable molecules. Thehategradable COD is divided in
soluble (§ andparticulate (X)) material. The inert particulate material is enmeshed in the sludge
mass and it accumulates as inert V88dtile uspendedSolids), while the inert soluble material
leaves the system by the secondary clarifier effluent. Furthermore, tbendss is dividednto
heterotrophic (%, and autotrophic (X4 organisms. Finally, an extra state variablg ieincluded

to model the inert particulate products arising from biomass decay. A schematic subdivision of the
COD fractions is shown kigure 3.8 below.

' Total COD
|
[ | ]
Biodegradabl i
iodegradable Nonbiodegradable Biomass COD
COD COD
————— —————— | : |
Soluble Pl Soluble Particulate Heterotrophs Autotrophs
S % S X &% Yo X

Figure 3.8 COD components in ASM1

In ASM1 model, the nitrogen compounds are also divided incemponents. Starting from the
Total Kjeldahl Nitrogen (TKN), st divided in soluble ammonia nitrogenv@s organically bound
nitrogen (N) and active mass nitrogené)X Then, the nitrogen fractions are divided into soluble
and patrticulate fractions, which can be either biodegradable or-biodegradable. The soluble
fraction is the biodegradable organic nitrogeRd)SThe particulate fractions are the biodegradable
organic nitrogen (Xo), the active mass nitrogen g, which represents the decay of biomass, and
the organic nitrogen associated with the inert orgaproducts (Xp) and inert organic matter (¥.

Then, in a single step process, a soluble fraction is generated from the nitrification of ammonia to
nitrate nitrogen (Ko).
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Figure 3.9 Nitrogen components in ASM1

Two more components are involved in ASM1: the dissolved oxygen concenii@j@md alkalinity
(Sy. A list of the state variabdénvolved in the modeis shown in Table3.5.

Table3.5 State variables in ASM1 model
State variable ASML1 notation Dimensim
Soluble inert organic matter S gCOD/m
Readily biodegradable substrate S gCOD/m
Particulate inert organic matter X gCOD/m
Slowly biodegradable substrate Xs gCOD/mM
Activeheterotrophic biomass X8 H gCOoD/m
Active autotrophic biomass X8.A gCOD/m
Particulate product from biomass decs Xp gCOD/m
Dissolved oxygen S gCOD/m
Nitrite and Nitrate nitrogen Swo gCOoD/m
Free and ionized ammonia SwH gCOoD/m
Soluble biodegradable organic N S gCOD/mM
Particulate biodegradable organic N XND gQ@D/m?
Alkalinity Sk molar units
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The process rate equations includedASM1 model are indicated on the leftmost column of the
matrix (Table3.4) and described in details below:

aerobic growthof heterotrophs: occurs when a fraction bluble Substrate (§) is available
and used for growth of heterotrophic biomass utilizing oxygen. This process is generally the
main contributor to the production of new biomass and COD removal. Ammonium is the
nitrogen source for synthesis. The process is modeled with the Mdaneetic (Eq. 3.1),
which are assumed to be limited by the concentration od®1 &
"y "y

Y U Y

" H 5 ® (Eq.3.7)

anoxic growth of heterotrophs (denitrification): nitrate is the final electron acceptor in
anoxic conditions. Sbeterotroph biomass usess@s substrate and the final products are
heterotrophic biomass and nitrogen gas. Durirtge denitrification processthe
heterotrophic biomass reduce nitrate in nitrogen gas. As in the aerobic growth process, the
Monod kineticcandescribethis process but it is necessary to consider a reduction factor
tg<lasthe maximum substrate rate is smaller under anoxic conditions. This is probably due
to a lower growth rate under anoxic conditions and because only a fraction of heterotrophs
is able b use nitrate as electron acceptor

"y 0 Yo
N I . B — O (Eq. 3.8)

aerobic growth of autotrophs (nitigation): in this case ammonia is used as energy source
for biomass growth and oxidized to nitrate as produdisisprocesscan agairbe modeled
with the Monod kinetc.

N (Eqg. 3.9)

decay of heterotrojps: this process is based on the grovacay hypothesis described
before:

o F (Eq. 3.10)

decay of autotrophss modded as decay of heterotrophs:

AT AT (Eq. 3.11)
ammonification of soluble organic nitrogen concerns the conversion of biodegradable
soluble organic nitrogen to ammonia in a fister process by th active heterotrophs:

"YW (Eq. 3.12)
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- hydrolysis of entrapped organic matteslowly biodegradable substrate trapped the
sludge mass is broken down, producireadily biodegradable substrate, which is then
available for the growth of organisms.

, AW (AN 0 F Y Y .
Q——— - - . . . . — 05
: W O Y O Y 0f Y (Eg.3.13)
V) -n—w .

- hydrolysis of entrpped organic nitrogen consista the conversion of XND into soluble
organic nitrogerasdefined by the hydrolysi®r entrapped organics:

i} AW (AN 0 f Y Y . W
Q——— — ¢ VAR - ' ~ @h ST (Eq.3.14
o W Of Y U Y 0§ Y &  (Eq.3.14)
W p

Finally, the differatial equation system of ASM1 model is obtained combining the process rate
equations {j) with the components (i) through the appropriate stoichiometric parametgjygcee
Table3.6).

Table3.6 Differential equations in ASM1 model
Equation description
(O AN .
Ty ” ” " heterotrophic biomass |(Eq. 3.15)
0
Q'g h " " autotrophic biomass (Eg.3.16
0
(0) readily biodegradable
Q_Y‘ " nooom 'y blodeg (Eq.3.17
Q0o substrate
. particulate substree
— p Q" ” (slowly biodegradable | (Eqg.3.18
Qo
substrate)
ﬁ Q" ” inert particulate (Eg.3.19
Qo0
(9] articulate organic
D g v v P g (Eq. 3.20
Qo nitrogen
ayY o
=5 ” ” soluble organic nitrogen| (Eq. 3.21
0
2y Q" ” " Q b ammonia nitrogen Eq. 3.22
00 5 g (Eq.3.
ayY p P .
- — nitrate Eqg.3.23
06 & @e (Eq
oY P, wx ., dissolved oxygen Eq. 3.24
Q0 ) ) y9 (Eq.3.
aY 0 P ¢ 0 P .
— — 7 - — 7 —" | alkalinit Eqg. 3.25
Qo PT P8 Y® W pT pT / (54
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3.7 ASML1 restriction andASM2, ASM2d, ASM3 models

ASM1 has been widely used and proved its reliability in nitrificadienitrification processes
modeling. lbwever, some restrictions connected to the model implementation and the parameters
must be considered. The model was developed for municipal wastewater and is based only on
Monod kinetics. As a consequence, in case of a different kind of wastewater atietick should

be included. Moreover, the settleability depends also on the suspended solids concentrations.
When the sludge age is between 3 and 30 days old and is highly concentrated, a clarified effluent is
hardly obtained.

Regarding the parameters: rtgperature and pH of the system are assumed constant (pH is assumed
neutral), the limitation effects of nitrogen, phosphorous and other inorganic nutrients are not
considered, the heterotrophic biomass is homogeneous and is not conditioned by mutatiog durin
the time, the organic particulate of biomass is considered to be incorporated immediately, the
hydrolysis of the organic substrate occurs together with the organic nitrogen hydrolysis and both
reaction have the same kinetic expression, the biomass decawt influenced by the type of
electron acceptor.

Starting from these limitations and in order to improve the implementation of the model, ASM1 has
been extended to ASM2.

Table 3.7 shows the models based on ASM1 and their main features

Table3.7 Overview of Activated Sludge Modelsaadapted from(Gernaey et al., 2004)
Den. PAO= denitrifying PAO activity included in the model; DR=deagfeneration
concept; EA=electron acceptor depending; ER=endogenous respiration cor
Cst=non electron acceptor depending
2 < ;
-~ & 2 a 7
c o 5 o 5 c Q@
8 = o 0
c = o .Q = < = ©
2 s o < 0 k= a T = 0 =
= e S a i) > — E 8 — 5 G
_ S | E o 9 | = = O © s S| 2 =
5] = = =S o = %) £ £ 5 S Q
8 |E|g |82 |2 |5 |2 |5 |2E|§ | =
= Z |oa |8 | T a e &L O Q| 7y
ASM1 X X | DR, Cst EA 8 13
ASM2 X X | DR, Cst EA Cst 19 19
ASM2d X X DR, Os| EA X Cst 21 19
ASM3 X X ER,EA| EA 12 13
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3.8 Introduction to automatic control of WWTPs

3.8.1 Automatic control of WWTPs

In the last years, the development of new technologies increases the possibility of automation in
municipal wastewater treatment phts.

Nowadays, municipal WWTPs can be equipped with instruments that support the automatic control
technology. In this frame, the Instrumentation, Control and Automation (ICA) can be a smart
solution to efficiently manage one or several plants, where tbatinuous presence of human
workers cannot be guaranteed due to their size or locafi@tsson and Newell, 1999)

The control of a generic process starts from the analysis of its features in order to understand how
to enhance its functioning. Wastewater treatment processes have abeumf distinctive features

in terms of process characteristics and operational object@ésson and NeweL999)listed some

2T GKSY A ynstiurkeBtatiNd, Gogtdljand dutomation in Wastewater Systenys 0 K |
disturbancesprocess complexity operational objectives, manipulated variables and sensors. The
presence of several disturbances in the WWTPs requires a control. These disturbances can be either
influent flow rate variations, changes in bacterial population, changesianobial and physical
properties, human errors or malfunctionind-he influent flow rate variations are sometimes
connected to influent load variations in terms of Nitrogen compounds and COD. A part of the
present thesis focusedgarticularly on these asgcts (see Chapter)7 The aim of WWTPs
management is to obtain performance results in terms of outlet load and minimum operational
costs, despite of the disturbances. Traditionatlisturbancesare controlled by largelants that
attenuate highflow rate, Nevertheless this comes krge capital costfOlsson, 2007)instead, an
efficient solution to avoidhese disturbancesight be te introduction of orline control systems

as early warning systems.

The process complexity is mairdye to the variations of the microbial communityaused by
influent variation or change of operatiohaonditions.Other complexities related to the process
are: 1) the difference in response time between control hardware angiinstruments and, 2)
the difference of response time of each instrument.

Even in case of very complex processes, the nurnbgarameters or configurations that can be
changed is veryirhited. In the biological WWTPs the management is based on two typical
parameters that are the air flow rate controlling the aeration, andititernal sludge flow rate from

the aerobic tank tahe anoxic.

Process control needs sensors and analysers for continuotimemmplementation. Nowadays
sensors can measu-line different variables with an accuracy, frequency and reliability suitable
for process controlSeveral sensors are availalide control and monitoring of WWTPs parameters
and their increasing use wolvesa significantimprovement in operating safety and operational
economy.
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3.8.2 Automatic controllers: ONOFFand PID

Modekbased process contra based on th knowledge of the pragss through its mathematical
representation.ln a WWTP, e aim of a control system is tabtain a desired process output by
changing or regulatinthe process behaviour through actuators such as vaheaps.Therefore, a
control system is based on tlfeedback principle: once the current state of a process is known
through sensors measurements, we can make decisions in order to reach the final goal. These
decisions have to be implemented by the actuatdiistee types of algorithms are mostly used in
WWTPsnd in the process a@ustry in general: the owoff, the ProportionalintegralDerivative (PID)

and Proportionalntegralalgorithms.

On-off controllersare the simplest and cheapesbntrol systems. They work as feedback controllers

in the sense thata given input signal (i.esensor measuremen}snda final goal, they caswitch

the actuator stage. Oroff sensors are typically used to control the sludge recirculation pumps in
secondary biological treatments. These controllers are not able to mahagettleability problem,
common in WWTPSs, due to the outbrealfitdmentous bacteriaThe main drawback of a feedback
controller is that it does not make a corrective action until the disturbance has upset the process
and generated an error signal.

The PD control algorithm is a feedforward control method in which the controller output is
proportional to the error (P), its time history (1), and the rate at which it is changing (D). These control
algorithms are the most used in WWTPs managem@mneferencevalue in the PID is called a set
point. The difference, also called error, between the measured process variable and-{h&rgdas
continuously calculated by the PID controller.

Therefore, the controller try to minimize the error by acting on thetcolnvariable, which value is
calculated with the equation below:

60 00 00 0 0o (Eq. 3.26)
where:
- 0 0 proportional term to the error
- 0 0 Integralterm
- 0 0 Derivate term

The proportional term is the proportional correlation to tlearrent error value e(t).:
0 0 v N0 (Eq. 3.27)
where:
- Ky = proportional gain

The proportional gain determas the ratio of output response of the error signal: increasing the
proportional gain will increase the speed of the control system response.
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However, if kis too high, the process variable will oscillate. Akdeps increasing, oscillations are
larger and the system become unstable and out of control.

The integral term is proportional to both the magnitude and the duration of the error.
60 0O QtQft (Eq. 3.28)

where:
- Ki=integral gain
The integral gain is related to the proportional gain and defines the times integral constant.

0
Yo (Eqg. 3.29)

The derivative term represents the prediction trend of the error improving the stability of the
system.

o Q

60 0 U Qo (Eq. 3.30)

Qo
where:
- Ko= derivative gain

Finally,(Eq 3.26 can be rewritten as below:

. e , . QD (Eq. 3.32)
0600 UVQO0 U QFftQt v ——

Qo
A typical exampleof PID control implementation is the DO concentration management in the
activated sludge tank. The airflow inlet (manipulated variable) can be calculated to mahgd»®©
concentration in the tank (controlled variablay constantis possible together ith the change of
the input sewage characteristics and flow rate (disturbances).

Normally, feedforward and feedback controllers are combined in order to obtain a more responsive,
stable and reliable control system.

An alternative is the cascade controhefeedback controller (primary loop) is used to calculate the
set-point of another feedback controller (secondary loop).
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In this study a typical example of cascade PI control used in WWTPs has been implemented to
manage the airflow injection in the ads@ tank online measuring the ammonium concentration.

Controller DO Controller NH4

y_S (Set—point)

Aerobic tank

Figure 3.10 Cascade PI controllers implemented in aeration tank

Figure 3.10 shows the implementation of two PI controleefor DO managementhe ammonium
setpoint (y_S)s compare with the current measured ammonium concentration in the tggpkM)
and consequently theutput variable is calculated (u). The DO-geint is set as the value previously
calculated (u). Therefe, the DO setpoint is compared Wwh the current DO concentration
measured (y_Mand the output signalu =K.a) is calculated.

3.8.3 Business Processes and Business Process Management Notation

Business Process Management (BPM) is a discipline involving amyination of modeling,
automation, execution, control, measurement and optimization of business activity flows, in
support of enterprise goals, spanning systems, employees, customers and partners within and
beyond the enterprise boundariessombining knowddge from information technology and
knowledge from management sciences and applies this to operational business protisses,
2007)van der Aalst, 2004)n recent yearsthis approachas received considerable attention due

to its potential for significantly increasing productivity and saving costs. Moreover, today there is an
abundance of BPM systems. Thaeydems are generic software systems that are driven by explicit
process designs to enact and manage operational business prodeasaser Aalst et al., 2003)

The notion of a process model is foundational for BPM. A process model aims to capture the
different ways in which a case (i.process instance) can be handled. A plethora of notatiorst®xi

to model operational business processes (e.g., Petri nets, BPMN, UML, and EPCs). These notations
have in common that processes are described in terms of actiy@respossibly subprocesses). The
ordering of these activities is modelled by describtagisal dependencies. Moreover, the process
model may also describe temporal properties, specify the creation and use of data, e.g., to model
decisions, and stipulate the way that resources interact with the process (e.g., roles, allocation rules,
and priotties).
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activities are performed.Simply put, these are the things you will do and the order in which you
will do them to continuously improve and contrgour processed={gure 3.11)

Optimi
BPM m
\ Lifecycle J
m
<

Figure 3.11 BPM Llfecycle

- Definec definition of what mustbe modelled;

- Model ¢ analyseprocess and compare the various simulations or process options to determine
optimal improvements

- Execute sdect and implement improvwaents;

- Monitor ¢ Periodically monitor the process,

- Optimizeg lterate for continuous improvement

A business process allows you to model your policy goals by describing the steps that need to be
executed to achieve that goal and the order, using a flbart Itis a graph that describes the order

in which a series of steps need to be executed, using a flow chart. A process consists of a collection
of nodes that are linked to each other using connections. Each of the nodes represents one step in

the overdl process while the connections specify how to transition from one node to the other.
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Chapter 4Natural systems for wastewater
treatment and modeling

4.1 Naturalsystems for wastewatetreatment

Almost all the wastewater treatment processes are based on natural condiaind their efficiency
depends on natural biological, chemical or physical activities. Specifically, a natural system is not
dependent by external energy sources.

Even if this type of processes have been used since 3000 years, the interest has thagsise
RdAdZNAY3I GKS fFrad FAFOGe @8SINAR® LY mMpTtTHXE GKS FAN
1 OGé> NBFSNNBR (2 ylriadzNIt aeaidSyvya | JCritegetiab NS & (.
2006) This was a starting point for further developments of this process and its rediscover. The first
natural treatment systems were land application and natural ponds.

Different classifications can be found in literature and sometimes the same terms are used for
different concepts. The most common classification is based on the processes behaviour and
distinguishes two natural wastewater treatment processes: phytotreatmeict lagoons.

In the first case the process is based on bacteria and higher forms of plants and animals.
Phytotreatment systems are wetlands or constructed wetland and can be divided in free water
surface (FWS) and subsurface flow basins (SSF). FWS wetlantharacterised by low depth canals

or tanks, generally around 0.5m, with the water surface exposed to the atmosphere and overlaid by
floating or deeplyrouted plans. Floating plants used in FWS wetlands &iehornia crassipeand
LemnaMinor.

Figure 4.1 Lemna minor in a FWS wetland
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Deeplyrouted plants can be completely below (submerged) or partially above (emerging) the water
surface. The most common deeplyuted plants used in FWS wetland argticriophyllum
Potamogeton Ceratophyllum(submerged) an®hagmites australisTypha Scirpugemerging).

Subsurface Flow Systems (SSF) consist of basins with a porous medighbgldnts. The water
level must be below the upper surface of the media. Consequently, the porosity of the isedia
chosenin orderto avoid obstruction problemsThe media allows the growth of the roothe
developmentof bacteria, fungi, protozoand works as natural filter for the Suspended Solids. The
most common plants in SSF systems @ggathg Phragmitesand ScirpusThe plants work as natural
pumps, movig oxygen from the air to the water at a rate estimated from 4 to 4% p& day
(Bragadin and Mancini, 20Q7)

Lagoons, also called ponds, are natural or artificial basins used for natural wastewater treatment.
The mat relevant natural processes occuring in these basins are chemical, biochemical, and
physical processes. Chemical and biochemical processes are mainly connected to the heterotrophic
bacteria (Pseudomonas, Flavobacterium, Alicaligen) activity and algaghgieg. Clamidomonas,
Skeletonema, Chlorella), while the physical processes are defined by sedimentation and
flocculation. Therefore, in a lagoon, three processes are in equilibrium: photosyntesis, aerobic
oxidation and anaerobic decompositiofihe regulgor of this equilibrium is the oxygeawvailability

as show in Figure 4.2.

WASTEWATER 02 ALGAE
AEROBIC
BACTERIA \‘ / ALGAE
S:;:glii CO2 + NH4 + PO4 '\

o

ANAEROBIC [T™——a H2S PHOTOSYNTHETIC

Ch4 BACTERIA BACTERIA

Figure 4.2 Processes involved matural wastewater treatment with bgoons. Adapted from
(Bragadin and Mancini, 2007)

Historically, the main purpose of ponds was to provide detention time to wastewater in order to
stabilize it. Natural ponds for sewage treatment have besed since 3000 years ago however
specific design criteria have been developed only recently. Indeed, the first constructed pond in
''YAGSR {GlrGdSa ¢éla GKS daaAidOKS (Gioynd, 1971SThe rapid  { | v
worldwidediffusion of this treatment system came from the success of this first experience. In 2014
over 8000 WWT ponds were in place in(USs. Environmental Protection Agency (EPA), 2E&Eky
construction andnanagement, lower costs anddh removal efficiencies are the main advantages
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of ponds. The main feature is the possibility to design pa@mzblingbacterial growthin different

conditionssuch asaerobic, anaerobic and facultative (the combination of aerobic and anaerobic).

However, ponds have the following dawbacks large land requirement, possible groundwater
contamination with leakage, treatment affected by climatic conditions and possible spriatis

Several design and modeling criteria for natural treatment systems hese proposed in the last
years and described in literatu(8ragadin and Mancini, 200{}loyna, 197X rites et al., 2006)

4.2 E. colidegradationmodel ¢ Dispersion model

In this chapter we describe the dispersion model implemented in thikwoiworder to study the
E.colidegradation due to natural disinfection in phytotreatment/lagoon basins.

The model is based on th&ehner and Wilhelnchemical reactor equatioWVehner and Wilhelm,
1956) Thecondition of agenericpollutant concentration in a red?lug Flow Reactor (PFRyvsll
represented bythe one dimensional dispersion mod€ligure 4.3).

L
u —» U —» —» U —>
c—> O e
z dz
—

Figure 4.3 One dimensional dispersion modédapted from(Butt, 2000)

The symbols ifrigure 4.3. represents
- u = flow velocity

- C = pollutant concentration

- L = reactotength

- dz = infinite lenght

The mass balance in the infinite length dz consistscofvection dispersionand accumulation
terms. The convection and dispersion terms can be calculatéide enter sectior(1) exit section
(2) as showin Table4.1.

53



Table4.1 Convetion and dispersion terms
L vy LJdzii h dzi LJdzi
. a. dC . 9§
convection uCA (Eq. 4.1) u®+EdZOA (Eq. 4.2)
(; -
. . dC edC d adCop, o
dispersion -D—=A(Eq. 43 -Dge—+—a&— A (Eq. 4.4
p 4, A\ (Ea-4.3) €4z dz§d9dzﬂ(q )

Furthermore the accumulation term in théfinite volume (dV= Adz)is:

((jj—?OAQiz (Eq. 4.5)

Thus, onsidering althese terms UCA (Eq 4.1(Eq. 4.5) the massalanceis written:

?jCOACdz g(ucp)+a@ ~dz m @&+—dz Seng- D?s% d adC8dzgmu (Eq. 4.6)
= ¢
simplifying the equivalenterms, it becomes:
dC dC d d adCq
— Adz=-u—dz+D—dz+D—&—z
dt a2 P P e (Eq.4.7)

then rearranging:

dC _ dcC d?C
—=-u—+D
dt dz dZ

(Eq. 4.8)

(Eq. 4.8) is the one dimensionaixial dispersion equation that describthe behaviour of a certain
pollutant concentration C in function of PFR length asigntion time. In particular, D is the axial
dispersion coefficient that taleinto account the deviations from ideal flow

In (Eq. 4.8 the term - u(:i_c represens the plugflow mixing model and the termp ‘ZZ(Z: is a
Z

Fickan form of a diffusional correction term, under theondition ofa constantu in the radial
direction.

In steadystate conditions the one dimensionatial dispersion equatio(Eq. 4.8) becomes

d2c  dc ~
Ddzz—uE—(—r)—O (Eqg. 4.9)

In this case the term C can be referred to the concentration of reactant or producthasdt is
necessary to consider the rate of reactioer).(The term4) is net positive or net negative if C refers
respectivelyto the reactant or to he product.
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Considering the following dimensionless variables:

C

f=—
C. (Eq. 4.10)
z
=1 (Eq. 4.11)
P :ﬂ
S (. 4.12)
kL L
(Eqg. 4.9) can be transformed in dimensionless farm
d*(f&,) d(fd,) _.uC
D — - u ). RO =0 Eq. 4.14
dva)  d(a) L (Eq. 4.19
then rearranging:
D, d*f C, df UC
=t ue S RG =0 (Eq. 4.15)

> dVf L dV L

now multiplyingby

ul@,
L dac’bzodzf L .C,df L . .uC
- e S REE =0
u@@, L2 d¥ u@@, LdV ul@, L (Eq. 4.16)
simplifying the similar terms:
1. d*f df ,
1.2 Rt =0 (Eq. 4.17)

P dV dV
(Eq. 4.17) is the Steadystate differential equation in dimensionless form.

There are different solutions to ihequation among which th€Wehner and Wilhelm, 1956The
latter can be usedh all caseslue to the absence aissumptiorfor the inlet and output conditions.

Wehner and Wilhelm considered a nadeal conditions PFR extendadi -H to +Hbasshownin
Figure 4.4.
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ThePFReactor has been dividenhto three sectiors (a,b,c)and theequation(Eq. 4.17) has been
implemented n each section:

Sectiona V¢ 0

Sectionboc¢ ve1

Sectionc V21

Thus, there are threboundary problem&/ehner and Wilhelnproposed the followingix boundary

conditionsto solvethem:

o I
o
o
-
-

0 b

Figure 4.4 Non ideal conditions PFR

145 df g

P dV¥ dV

ST Al Rer =0

d2 dv

('91_ ﬂ:o

1
P d/ dV

(Eq. 4.18)

[v]

(Eqg. 4.19)

v

(Eg. 4.20)

Y - B (Eq.4.2])
p Q' - p Q'
6_ o_ Tt 6_ O _ - Tt (Eq 422)
"Qn - T (Eqg 4.23)
pQY p QP
TToo P o - p (Eq.4.29
Qp - p (Eq. 4.25)
"QQE QO Q - H  (Eq. 4.26)

The general solutions of the equat®(Eq. 4.18(Eq. 4.19(E. 4.20) in sections ab, ¢ are:

“Q 6

Q0 AQDC— p O

“Q 6

0 Agd O

0 Agb O

- T (Eq. 4.27)

5
0 :)Qooﬁc— P O3> m — p (Eq.4.28)
- p (Eq. 4.29)
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Inserting theboundary conditiongEq. 4.21) to (Eq. 4.26) in the general solutionfeq. 4.27) to (Eq.
4.29), the completesolutions are:

p Q -
o Agd o - T (Eq. 4.30)
- 0 O . ®@d Op - o O - p
M Qp ¢ AIQ :)%BC— WEET OWEO - p (Eq. 4.32)
where:
. TY
() P T (Eqg. 4.33)
"0 C
[i$¥e)) [i$¥e))
p AQD—C P ® AQD—C (Eq. 4.34)
"Qm P wAQB?- p wAQDTT (Eq. 4.35)

defining the dimensionless dispensi number(d) asthe opposite of Péclet number

A 50 (Eq. 4.36)
The equationEqg. 4.31) becane:
© Wp tQoQ (Eq. 4.37)
Now considering the solution proposéd the output section z 0 - p, theequaion (Eq.
4.29 becomes
0
) - ®) (Eq. 4.38)
p o A Q% p O A@b CQ G
rearranging:
# TRA@D pA
N — < (Eq. 4.39)

#
P AAQ%& P AAQDCA
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where:

- Ce=effluent concentration

- G =influent concentration

- O Vp TQYQ

- K =overall removal rate coefficient
- T = Hydraulic Retention time

The equation is commonly used for chemical reactors design. In 1969 Thirumurthi proposed an
application to BOD removal modeling in facultative ponds as theiawelr can be considered
something between PFRs and Complete (@istites et al., 2006)To facilitate the use dEq. 4.39)

for ponds BOD reduction calculation, Thirumurthi developed a chart relating the values of KT to the
percentage of remaining BOD for various dispersion conditions. The chart can be used during the
design phase to calculateg¢iHydraulic Retention Time for a given k and the desired BOD removal
in flow conditions going from ideal plug flow to (d=0) to a completely mixed reactgr (d®

Hq
e
//
I/
o

| Complete
mixing

o

L
V4

K*T ()

T\
NEVA
N\
™
N
S

\
\

N\
S\

N

2 5 10 20
BOD remaining (%)

Figure 4.5 Thirumurti chartadapted from(Mara, 2004)

Plug flo

/ 1"
,// N Aé/’:” sl

i

N 4

0

Later(Eq. 4.39 has been adaptetb Fecal Cdfiorm andE. coldegradation in constructed wetlands
(Khatiwada and Polprasert, 199%Hamaamin et al.,, 2034 The dispersed flow equation
implementation is based on two main hypothasé) a hydraulic behaviour between plug fland
completdy mixed flowand, 2)amechanism of pathogen removal due to the effects of temperature,
solar radiation, sedimentation, adsorption and filtration.
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TWwQ

— (Eq. 4.40)
° p QO p O Q
where:
Ce effluent E. coliconcentrationf]CFU/100 mL]
G effluent E. coliconcentrationfCFU/100 mL]
» Wp 1QYQ [-] (Eq. 4.41)
Q0 0 0 overall removal rate coefficient [ddy (Eq. 4.42)
' ‘ removal rate coefttient due to
L Uk *B temperature at °Cday?] (Eq. 4.43)
. removal rate coefficient due to solar
L. ®) radiation [day?] (Eq. 4.44)
‘O .
O 0 p Q average solar radiation [cal/Aday] (Eq. 4.45)
T o6p i removal rate coefficient due to
0 —- |T adsorption, filtration and sedimentation (Eq. 4.46)
[day]
0 Y C Q " " "M removal
- A 25 — S — - Eq.44
o O 00Q 6 o 0 po efficiency f] (Eq. 447
T parameter accounting for the effect on
o <P adjacent media grains on the flow abot (Eq. 4.48)
¢ a d (q a collector f]
i p — parameter accounting for the porosityj [ (Eq 4.49)

In thiswork, we implemented he Wehner and Wilhelnequation to model theE.colidegradation,
using theparameters shown inTable4.2. These parametersave beertakenfrom a bibliography
research androm a previous study of the authdC. Fiorentino et al., 2016)
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Table4.2 Escherichia coli degradatiomodel:

parameters used

t ' NI YSGSN& LYy A + | f dzS WSTSNBYyOS
d Dispersion number [] nomp 6t 2f LIN» ASNI S
T Hydraulic Retention Tim: [day] YSI &dzNBR 1
Removal rate coefficien : OYKI GAGE RE I
k2o 4t 20°C [day’] 0.047 M DO
Temperature coefficient [-] 1.07 bal YOAYAZ MOT
t Water Temperature [°C] YSI &dzNBR 1
L O2y (A Y dz
2
lo Solar irradiation [cal/m-day] VY&l AdNER T
Light mortality constant [cm?/cal] 0.0103 (Sarikga et al., 1987)
: OYKIFGASGI RI I
m-t 25 (withLemn .
Vertical light extinction (3 ( Y Do
- coefficient OYKIGAGLERI §
m-t 1 (withoutLemn ,
(] ( 3 Db
h Water depth [m] aSladaNBR m
u Velocity of flow [m/day] YSI &dzNBR 1
- i OYKFGASI RI I
h Sticking efficienc - 0.003 !
g y [] M b b b
‘ . OYKFRAG | YR
Porosit - 0.52 .
dc Duckweed root diameter [m] 1.76x106* 0/ SR S NBNE Sy
HNMHDOV
Ks Boltzman constant [J/K] 1.38x10%3 -
Ta  Absolute temperature  [°K] onoodmp L1
> Fluid viscosity [N*s/m?] 1.86x10° -
- OYKIOASI RI I
d E. coli diameter m 1x106 ,
0 (m] M D0
. . . OYKIOASI RI I
E. coli densit kg/m?3 1050 ,
p y [ g ] M qjcb(b 0
Density of water [kg/m?] 1000 T
g Gravitational constant  [m/s?] 9.8 -
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Materials and methods
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Chapter 5Analytical methods

5.1 Chemical Oxygen Demand (COD)

The Chemical Oxygen Demand (COD) is an indirect measure of thatashorganic pollution load.

It is a widely used analytical parameter to monitor the organic pollution and the removal
performances in WWTPs. It often replaces the BOD measurement, because of the reliability of the
COD standard laboratory metho@ourgeois et al., 2001)

For this study, the selected analytical method for the measurement of COD is based on the
international references 1ISO 15705:20030, 2002)The COD test consists of the oxidation by
digesting the samples with sulfuric acid and potassium dichromate in the presence of silver sulfate
and mercury(ll) sulfate. Silver acts as a catalyst to oxidize the more refractory organic matter.
Mercury reduces the interference caused by the presence of chloride ions. After the digestion, the
amount of dichromate consumed for the oxidation is determined by maaguhe Cr(lIl) formed at

a wavelength of 600 nm £ 20 nm. The results are expressed-@©BTrelated to the measured
absorbance. In case of atypical colouring or turbidity after the digestion, a titrimetric determination
is required. The method is appdible to any aqueous sample, including all sewage and wastewaters
that present STCOD values up to 1000 mg/l and an undiluted chloride concentration that does not
exceed 1000 mg/l. Samples with higher@&ID values require ptilution. For samples with law

COD, the precision of the measurement is reduced. The method oxidizes almost all types of organic
compounds and most inorganic reducing agents. It has a detection limit (4.65 times thelvathim
standard deviation of a blank or very low standardpahg/l for photometric detection at 600 nm.

For the reduced calibration range up to 150 mg/l, an alternative wavelength 440 nm £ 20 nm may
be used. For a further reduced calibration range up to 50 mg/l, an alternative wavelength of 348 nm
+15 nm may be wel. At 348 nm and 440 nm, the absorbance of the remaining chromium(VI) is
measured.

In this case study, the COD has been analysed using the COD VARIO tube tests by AQUALYTIC in tr
measuring range-250 mg/L. The tube tests did not contain mercury as thleradde concentration
did not exceed 1000 mg/L.
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Calibration curve
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Figure 5.1 A typical COD calibration curve
5.2 Total Suspende&olids (TSS)

The measure of Total Suspended Solids (TSS) has been executed accordin§@1h623:1997

The test consists on the filtering of the samples through a ¢lbss filter, using a vacuum or
pressure filtration apparatus. The filter is then dried at 105 °C and the degosblids are
determined by weighing. The method is suitable for raw waters, wastewaters and effluents. The
lower limit of quantification is approximately 2 mg/l while no upper limit has been established.
Floating oil and other immiscible organic ligwdd interfere. Water samples are not always stable,
meaning that the content of suspended solids depends on storage time, means of transportation,
pH value and other factors.

5.3 Nitrogen forms

There are different forms of Nitrogen in wastewater and the hamsnmon are: Total Nitrogen (TN),
Total Kejeldahl Nitrogen (TKN), Ammoniunm NitrogerNf*), Nitrite Nitrogen (NNGY) and
Nitrate Nitrogen (NNC:), Organic Nitrogen (Norg). Concentrations are reported in mg/L, as
Nitrogen (N). Activated sludge procdasslesigned to achieve the biological nutrient removal, thus
an analysis and a control of the different forms of nitrogen are crucial.

The relationships of the various forms are shown below
TKN = MNNH;*+ Norg (Eq.5.1)
TN = TKN +-NO + NNGs- (Eq.5.2)
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5.4  Ammonium(NHs")

The ammonium concentration during the monitoring campaigns has been measured using-the lon
Selective electrode CRISOB663C for its quick response and high precision. The measuring range of
this electrode is from 0.9 mg/l to 9 g/l under working conditions from pH= 0 to 8 and temperature
conditions from 5 to 50°C. Possible interferences are produced,byakand C&"*ions. Depending

on the pH, the dissolved (ammonium) and the gas forms could be present in wastewater. Indeed,
when the pH of the wastewater is acidic or neutral, ammonium is predominant, whereas when the
pH increases over 8.0, it is mostly ammonia{NH

Calibration curve
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Figure 5.2 lon selective electrode CRISON 9663C and a typical calibration curve
5.4.1 Nitrate and Nitrite Nitrogen (N-NGs; and N-NQy)

Nitrate and Nitrite Nitrogen have been monitored using anobiwmatography system quipped with
an lonPac AS144U 250 mm column, a conductivity detector combined to ad &R8nductivity
suppressor systemysing a solution of 3.5 mM R@Qand 1.0 mM NaHCrepared in ultrarest
analyzed water as eluent, with a flow rate of 1.2 ml/min. A nitrate nitrogen concentration in the
range 0.2 mg/l to 40 mg/l can be determined.

Peak# Componend Name Reterdion Time Armnourd FPeak Area Feak Height

Chloride 390 12057 15443023 1168627
Nitrate 578 1060 588119 45937
753 495 83312 4569
Sulfate 935 6949 5563765 286875

2E
H

LIBF_dluzione?
140 1 !

120 !
100
80
60

40 i

P2

2 i A
| j I I

0 20 40 68 &p__ lop _ izp__ 1|p__ 16p

ns

Figure 5.3 Chromatogram
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5.4.2 Total Nitrogen(TN)

Total Nitrogen has been analysed according to the 4900. Persulphate Method from APHA
Methods for water and wastewatgAPHA, 1998)

According to this method, the TN concentration is determined by alkaline oxidation of all nitrogen
compounds to nitrate at 100 to 110°C. The digestion reagent is potassium persuif&a@s(K

Spectrophotometric measurement permits to obtain the Nitrate concentration, resulting from the
oxidation, reading the absorbance against distilled water at tlawelength of 220 nm. However,
organic matter may also absorb at 220 nm and a second measure must be done at the wavelength
of 275 nm to correct the nitrate value, as it does not absorb at this wavelength.

5.5 Escherichia coli

The presence dEscherichia Cdli water and wastewater is an indicator of fecal pollution. In this
study theE. colicolonies have been detected and enumerated according to the EPA Method 1603
(Usepa, 2009)The sample is filtered through a Membrane Filter (MF), which retains the colonies
and is then put in a prepared mTEC ggjate. The plate is incubatl at 35°C + 0.5°C for 2+0.5 hours

in order to revitalize injured or stressed bacteria, and then incubated at 44.5°C+ 0.2°C for 22+2
hours. After the incubation period, the E. coli colonies are red or magenta because the mTEC agar
contains a chromogen {Bromo-6-chloro-3-indolyH -D-glucuronide), which is catabolized to
glucuronic acid and a red or magenta coloured compound by E. coli that produces the enzyme
i ¢D-glucuronidase

Table5.1 Modified mTEC composition

Protease peptone 50g¢g
Yeast extract 30g¢9
Lactose 1009
Sodium chloride 7.59

Dipotassium phosphate (K2HPO4) 3.3g

Monopotassium phosphate (KH2PO4) 10g
Sodium lauryl sulfate 0.2¢9

Sodium desoxycholate 0.1¢g

Chromogen%-bromo-6-chloro-3-indolyH -D-glucuronide 0.5¢

Agar 15049
Reagenigrade water 10L
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Once the dry ingredients are dissolved in reaggrade water the solution is heated to dissolve
them completely. The solution is sterilized by autoclaving at 121°C (15 PSI) for 15 mioolieg, ¢
to 45-50°C and pouring into sterile petri plates.

The final pH is adjusted to 7.3 + 0.2 with 1.0 N hydrochloric acid or 1.0 N sodium hydroxide

= i ; “\“i /i

v

Figure 5.4 M-TEC Agar
In the present study, the 90924 HiCromeT&C Agar by Fluka Analitical have been used.
Interferenceswith water samples containing colloidal or suspended particulate material can clog

the membrane filter and prevent filtration, or cause spreading of bacterial colonies, which could
interfere with enumeration and identification of target colonies.

Analysingsmaller sample volumes (e.g. <20 mL)3POmL of Phosphate buffered saline (PBS) is
added to the funnel or an aliquot of sample dispensed into a dilution blank prior to filtration. This
will allow even distribution of the sample on the membrane.

Table5.2 Phosphate buffered saline (PBS) compositio
Monosodium phosphate (NaH2PO4) 0.58¢
Disodium phosphate (Na2HPO4) 25¢g
Sodium chloride 85¢g
Reagenigrade water 10L

A minimum of two dilutions have beeanalysed with three replications each. Plates with820
colonies have been considered as countable
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Figure 5.5 Petri plates after incubation. Red to magenta dots are E. coli colonies

Organisms (ATCC) Growth Color of Colony

Escherichia coli (25922) +++ purple / magenta

Enterococcus faecalis (29212)

+

Klebsiella pneumoniae (13883) ++ colourless

Proteus mirabilis (25933) ++ colourless

Table5.4 shows the results ofhe E. colianalysisconducted onone sample collected the 22th
February2017 in Basin 1 of Santerno full scale WWT$gation Al (3ee description in Chapter.8)
Each repetition waglentified with thefollowing identification code

LXY_OO(X)
where;:

- Listhe Basin

- X is the number of basin

- Y is the section

- 0O is the volume filtered

- Xis the analysis repetition

The result of the analysis is the average value of each enumerations with the standard deviation as
reported in the lastwo rows of the table.
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Table5.4 E. coli enumeration: sample collected the'2Bebruary 2017 in Basin 1 Sectiod AQ

L1A (a)

L1A_10(c)

_ L1A 10(b)
Volumefiltered 10 10 10
Colonies count 36 52 50
E.coli[CFU/100 mL] 3.6E+2 5.2E+2 5.0E+2

L1A_5(b)

L1A 5(a)
Volume filtered 5 5 5
Colonies count 18 28 15
E.coli[CFU/100 mL] 3.6E+2 5.6E+2 3.0E+2
Average [CFU/100mL] 4.33E+2
Result
St Dev [CFU/100mL] 1.06E+2
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Chapter 6lnstruments and software

6.1 Multiparameter probe - YSI 55MPS

Field measurements were performed using the multiparameter prepgtemYSI556 MPS The
system is provided by three probes that permit to simultaneously measure dissolved oxygen (probe
1), pH, ORP (probe 2), conductivity, temperat@poeobe 3. The data are showed in the electronic
display and saved.

Strain Relief

Metal Probe

Cable ——/'% 8
7 Connector Nut
(

pH/ORP Probe

/

Dissolved Oxygen
(DO) Probe

/(C;/\ Conductivity/
[ Temperature
/\§ 9 Probe
s OB 3
Transport/ )
Calibration Cup N \
Probe Sensor Guard

Figure 6.1 Multiprobe system YSI (from YSI 556 operation manual)

The data stored can be downloaded using EcoWatch Lite per Windows software.

The probes slot was fixed to the beam showeéigure 6.2 during the meagrement campaign in
the full-scaleBasin 1in order to avoid the direct contact ohe probeswith the mud in the bottom

of the basin

Figure 6.2 Beam used to fix the probes slot
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6.2 Pyranometer

The solar irradiation have been measureding the pyranometer PIRSby GEOVES. It is a
photodiodebased pyranometer with silicon cell transducer and measuring range from 0 to 2000
Wmt. The spectralange is from 1 to 1.1 mm and sensitivity 100 mV. The pyranometer was installed
in the Santerno WWTP area avoiding shadawirdy the dayDatawere acquired and stored by a
data logger DataTaker DT 80, at a frequency of 1 per minute.

Figure 6.3 Pyranometer PIRSC installed in Santerno WWTP area
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6.3 WEST 2012 by DHI

The modelling software WEST 2012 has been used in this thesisWBE&T® (Wordide Engine

for Simulation and Traing, HEMMIS N.V., Kortrijk, Belgiu$ modelling software for dynamic
modelling and simulation ofWWTPs The software waspublished by DHI and developed with
financial support given by IBM Belgium and the Flemish governmental agency for Science and
Technology (IWT), in collaboration with Department of Mathematics Applied, Biometric and
Processes Control (BIOMATH) of Gent University, HEMMIS N.V. (Belgium), EPAS (Environmental
consulting company, Belgium)/EST 201 basedn the ASM models and usesthomenclature

defined by IAWPRC Task Groing. Block Library permits to builthé graphicalplant layout(Figue

6.4). Input data a load as csv format files and parameters set up in the specific window.

N itroDenitrom WESTIorOP TIMIZATION 2012

Home. Insert Project View Tools  Format

A < 1 @ Hep
Iy Select ) " £, Forum
Dr G ecti
et £ Homepage
Editing Clipboard Help
Block Library 2 x e Layout * | . graph | o) dati | 4 datidaesportare | - Graph | ) Table | >} Cost 4 b x | BlockDetais : Municipaity_1 2 x
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Chapter 70Optimization of WWTPsnonitoring
In flow variation conditions due to
rain events

7.1 Introduction

This chapter dealwith the use of the parameters for the control and the management of WWTPs,
considering their relationship with the processes during flow rate variations duert@vaents.This

part of the thesis ishe topic of thepaperpublished by the author in 201@&armine Fiorentino et

al., 2016)

The study is divided in two parts:

- review and update of the instruments for the measurement of tim®st imporant
parameters for the control of WWTPs

- discussion of the data resulting from a measurement campaign that has been carried out in
the WWTP of Bologna (Italy).

Finally, the parameters, control sections and analytical methods indispensable to monitor and
automatically control fulscale plants, with urban sewage coming from combined sewer systems,
have beenselected The final aim is to support the choice of the appropriate measurement
instruments, identifying their correct position on the plant

7.2 Monitoring parametersin WWTPs

The implementation of automatic control systems in WWTPs is based on the quantitative and
gualitative knowledge of the most important variables and parameters in the different sections of
the plant including the input and output. Thdirect measurement of the nutrients largely
contributes to understand how the quality of the information coming from the instruments may
improve the performances of the plant. The advanced knowledge acquired on the meaning of the
signals gives new possibés to control the biological processes in place and to estimate the
operational state of the plant, improving the quality of the effluent and keeping the operational
costs as low as possible. Furthermore, such information can be used to understandsesscins

has to be installed and where.

The efficient management of medium to lard@NVTPss even more based on the use of innovative
instrumentation, such as eline insitu sensors, and the adoption of control logics and policies by
means of automaticantrol systems. WWTPs are complex systems and their management requests
a multidisciplinary approach, involving a wide variety of pollutants, biological process, management
policies and control logics. A new approach to this matter started in 1973 inohahdough the

first ICA (Instrumentation Control and Automation) conference, under the sponsorship of IAWPR
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(International Association on Water Pollution Resea(¢isson et al., 2014} ater, new national

and international laws, technological innovation together with the need fogrgy saving in the

plants encouraged the adoption of ICA tools. Nowadays, a number of sensors are released by
specialized producers, making possible to deal with thousands of signals for a single WWTP (Olsson
et al., 2014). The availability of this largmount of data pushed the scientific research to deeply
study signal analysis in order to model, among the other things, fault detection techni@igson

et al., 2005) software sensorf_uccarini et al., 2002nd various control algorithms. An important
emerging problem is the lack of connection between plant designing and management. Indeed,
most often, WWTPs are designed to work in static and fixed donditwhile it is well known that

GKS LI IFyadQa ¢g2NJAy3 O2yRAGAZ2YEA | NB QI NRARFof SO

Chemical analysis instruments, commonly used to better manage WWTPs are separated in five
areas: offline, atline, online, inline and nonrinvasive. The evolution of dime analysis, involving

four major types of idine sensors, such as biosensors, optical sensors, sensors arrays and virtual
sensors, is increasing stead{Bonastre et al., 2005)Nowadays, largsize plants are regularly
equipped with various sophisticated instruments and automatic control systems, whereas in the
smaller ones the lack of technology is evident and generalized. This is due to a high cost/benefit
ratio, being all the sensors expewmsiand requiring high maintenance.

An economical alternative to avoid such constraints has arisen recently with the use of software
sensors. Soft sensors are a valuable tool in many different industrial application fields, including
urban pollution and waswater treatment plants monitoring. They are used to solve a humber of
different problems, such as retime prediction for plant control, sensor validation and fault
diagnosis strategie@~ortuna et al., 2007)A softsensor is conventionally described as an input
output process model. The model inputs consist of éasyneasure secondary variables in the form
2T LXIydQa aradaylrfa YR YSI &dz2NBYSYyY Gkihowledg® Iheda 2 Y S
model outputs consist of information associated with the h&meémeasure primary variables. In the
soft-sensor, the input and output process information are modeled empirically and the internal
model is used to return the outputs when onlyetinputs are available. The range of tasks that can
be fulfilled by soft sensors is broad and mainly dictated by the nature of the available input
information, by the information that we are interested to output and the typology of the input
output model (Haimi et al., 2013)The soft sensors may supply information about the process
otherwise directly measurable only with expansive hardware sensors. For this reason, they are
assuming even more imp@ance in WWTPs management, substituting in some cases the traditional
hardware sensors. In the last years, dedicated-sygtems for the performances evaluation of soft
sensors, to overcome their measurement accuracy weakness, have been pr¢pasedrini et al.,
2012)(Luccarini et al., 2002)

7.2.1 Flow rate

The search for information about the wastewater characteristics should start from stweer
system. The first important informations are: the typology of sewer system (mixed or separate), the
type of measurements executed along the system and their availability. Commonly, the mixed sewer
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system is used, since it is difficult to have an atteparate flow, even in separate systems. Data
availability is generally very low or naxistent and restricted to flow rate data. The desirable
development of reatime management systems could increase the quality and the quantity of data,
creating agreater interconnection between the sewage system management, the WWTP and the
receiving water body, leading to a reduction in management c@tshnayake, 20143chlitze et

al., 2004)

Flow rate variations in a WWTP influence the wastewater treatment processesijttheattime
monitoring is important to take decisions about the process management. These flow rate
variations, meaning also pollutants variations, depend on the size of the city and obviously on the
habits of its citizen. It is therefore possible tovkeadaily, weekly and seasonally variatigBsagadin

and Mancini, 2008)The flowmeter instrument is commonly placed hetbeginning of the plant,
where there is usually the inlet basin from the sewer system. In order to choose the appropriate
flowmeter instrument, it is important to know the arrival level of the sewer system and, in particular,

if sewage pumping is necesgdBragadin and Mancini, 20Q7)he liquid flowmeters are commonly
based on the change in water level due to an obstacle in the water flow path (Venturi Principle)
(Vanrolleghem and Lee, 20Q3)ifferent methods can be chosen to measure this water level. For
example, some instruments are based on the Faraday induction law, other on the Von Karman
theory, and Ultrasound instruments are based on the time delay of tinasdund through the flow

7.2.2 pH

ThepH measurement influences chemical and biological reactions. Its measurement and control in
different sections of a WWTP could be very useful for its simplicity and cheapness. As the pH
measurement is normally carried onstalling immersion probes with electrodes in sewage, the
cleaning strategy is very important to get a realistic measurement. Nowadaysjiagtfosis
systems are integrated in pH measurement systems. Sometimes the pH measurement fails or
cannot give theight information because of the high buffering capacity of skeevage.

7.2.3 Total Suspended Solids

Urban sewage is made of a mixture of organic and mineral pollutants with a great size distribution,
thus the measurement of the Total Suspended Solids (TSSYyisseful in WWTPs management.
Three types of measurement techniques are usually implemented: optical measurements,
ultrasound measurements and dielectric spectromdianrolleghem and Lee, 2003)he fist one

is the most common method, based on the measure of the optic effects (absorption, transmission,
scattering) in an illuminated sample. The size and quantity of solids are correlated to the absorption
measurement and the scattering and scattering lengf the incident light on the sewage. Different
sources of light emission are known: in lower visible, infrared range or(fesama et al., 2002)
Interferences connected with air bubbles and fouling of probe tips are typical problems related to
this method(Vanrolleghem and Lee, 2003)he simplicity and rapidity dfiesecommon methods
enable to measure the TSS parameter in differsgttionsof the plant such as the input section,
after the primay sedimentation, and after the secondary sedimentation.
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7.2.4 DissolvedOxygen

In Activated Sludge processes the energetic cost of aeration is up to 40% the total costs of the plant
(Menendez, 201@PlIsson, 2015)Thus, the measurement of éhdissolved oxygeand the control

of the air compressor, play a key rdleuccarini et al., 2018}icCarty et al., 2011(Vanrolleghem

and Lee, 2003)n particular, we may use a Pl (Poportiondhtegral) controller to maintain DO
concentration to a fixed sgboint and, an inverter in order to regulate the air flow insufflated by the
compressor in the oxidation tanlOnly for this simple control technique, between 30 and 50 per

cent of the energy consumed could be saykedccarinietal., 2018 { Ay O0S mdpTt nQa I K
efforts has been directed towards the improvement of DO concentration, driven by the desire to
reduce the costs induced by th& Sy S NH A @2 Ni®kzsbn et LANR2018)aré garticular,

g2NI R6ARS dzaS 2F 5h O2yiUNRf &aeaidsSvya oe GKS S
control in WWTPs. DO measurement is based on the electrochemical reaction of oxygen diffusing
from the liquid through a permeableag membrane in an amperometric or polarographic
measurement cellVanrolleghem and Lee, 2003}leaning of the probes, consumption of the
electrodes, long time of polarization (in case of polarized sys}ems well as calibration, are
common problems emerging from the measurement of this parameter. The proper location of the
dissolved oxygen probes should prevent fouling problems.

7.2.5 BiochemicalOxygen Demand

Despite the Biochemical Oxygen Demand (BOD)oreanent is the most adopted parameter for
water quality assessmer{Bourgeois et al., 200,1)he laboratory standard method has two main
drawbacks: timeconsuming and an uncertainty of 9% on the results. The tim@nsuming
preventsthe use of this method for redlme control of WWTPs. Since IR a wide interest has
grown in other innovative methods to assess the BOD and scientific articles have been published in
this issug(Jouanneau et al., 201Based orthose publications(Jouannea et al., 2014}lassied

the assessment methods into six technological categories:

1) Modified standard methods,

2) Biosensors with redexediator,

3) Biosensors based on bioluminescent bacteria,
4) Biosensors with immobilized bacteria,

5) Microbialfuel cells,

6) Bioreactors.

Other methods for BOD determination developed in the last years are based on optical fiber
biosensorgBonastre et al., 2005 he parameter used fordineesh Y| G A 2y 2 Bhorth5 A 3
term. h5¢ 0. h5a00X RAFFSNBYyU FNRY GKS . h5 F2N Gf
Finally, BODneasurement methods are even more technologically reliable with response time
below the fivedays characteristic otandard method (only 7@econddor the fastest system) but
they are not adequate for automated monitoring yet.
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7.2.6 ChemicalOxygen Demand

The main problem to automate the Chemical Oxygen Demand (COD) analysis]ifer amnd, as
more as possible, redime use, is to shorten the time of digestion in dichromate solution that is
about two hours in laboratory methods. Different approaches have been proposed to oxidize the
organic compound quickly using chemical compounds different from dichromate. Recenthgethe

of Ozone, characterized by a high oxidizing power, instead of dichromate or pernzedeas also
been investigated(Pisutpaisal and Sirisukpoca, 2014urthermore, methods based on the
measurement of U\ VIS absorption are also developed and appliBdurgeois et al., 2001)
Further studies ge based on thermal Biosensdpao et al., 2014Nowadays, there arstill a lot of
drawbacks connected with an dime use of COD measurement methods: tiomsuming, use of
toxic chemicals with production of hazardous liquid waste (e.g. Chromium(Cr) and Mercury(Hg)) or
expensive chemical (e.g. Silver SulfatefAy)), dogging problems, or incomplete oxidation of the
pollutants.

7.2.7 Nitrogen

Activated sludge process is designed to achieve the biological nutrient removal, so nitrogen forms
analysis and control is very important. Fetample,the ammonium (NNH:*) measurementsare
becoming important to calculate the variable DO-peint in the cascade Praptional ¢ Integral
controller. There are three major types of ¢ime ammonium analyzer: colorimetric, iselective
electrodes and spectrophotometers. The main problemsheke analysis stay in the need to use
chemical reagents, their calibration time and cleaning.
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7.3 Flowrate variations: Bologna WWTP case study

Influent flow variations should influence the processes occurring in WWTPs. These variations and
their influence on the plant have been studied analysing the data collected during the annual
measurement campaign in the WWTP of Bologna in Italy. The plant is in the outskirt of the city.

The influent raw sewage comes from a combined sewer system seving 500,000 PE from the
city of Bologna and hinterland. The process in place is the traditional Activated Sludge treatment
without denitrification (Figure 7.1).

-

wastewater *{ screening | .| grease and

influent

Primary
isedimentation
l A\
fo sludge Y
treatment

grit removal

1 to disposal to grit disposal 2 )
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treatments
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‘ * { oxydation } { secondary |

'sedimentation| *

Secondary
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-
sludge recirculation
to sludge treatment

-
r -
- = Disinfection ‘ ‘ L—w treated effluent

Tertiary
treatments

Figure 7.1 Bologna WWTP scheme with the numbers related to the measurement sections
in Table7.1

The measurement campaign had the specific aim of understandiagptant behaviour under
different input conditions along the plant sections due to differently diluted infeirther data
analysis permits to verify the feasibility of continuous measurement in the plant, focusing on what
are the necessary parameter megsements, the instruments availability and the feasibility of given
measurements according to the wastewater characteristics in the plant sections, i.e. high solids
concentration that could give measurement errors. The data come from four sections ofattie p
identified with numberdrom 1 to 4 Figure 7.1), in which the control parameter§ élde 7.1) were
measured in accordance with ARARRSA method@APAT IRSA CNR, 2003)

The COD analysis were carried out every day while the BOD only two or three times a week, as usual.
In addition to those parameters, the solids concentration (Volatile Suspended Solids, Vi&&rhas
measured every day in the sludge recirculation and in the biological tank.

The weather conditions have been noted every day during the campiigiperatureand rainfall
measurement has been carried out through a monitoring central control unit.
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Tale 7.1 List of the control parameters measured in each section of the Bologna WWTP
. Section
Plant section Control parameters measured
number
BOD, COD, pH, Settleable Solids (SS), T8%;,N
Input 1 Total Kgldahl Nitrogen (TKN), Nitrate {NIOs), Nitrite
(N-NO), Total Phosphorus (TP), Surfactants
Output grid removal 2 BOD, COD, pH, SS, TSSHN, TKN, TP, Surfactant
_ _ BOD, COD, pH, SS, TSSHN, TKN, NNGs, NNOy,
Input biological treatment 3
TP, Brfactants
BOD, COD, pH, SS, TSSHN, TKN, \NGs, NNOy,
Output 4
TP, Surfactants

Based on the data collected, four different cases have laaetysedand discussed

Case 1) om month flow rate data have been discussed in connection with the mgsbrtant
parameters for the WWTPs managemgnt

Case 2B AE RI2aQ RI (I toKnd&Sandotie Dghavidubfdiie ApArR in rain
conditions;

Case 3jelation of the ammonium nitrogen in different sections

Case 4) @omparison between the flow ratand the solids concentration in the biological tank
and in the sludge recirculation.

7.3.1 Case iflow rate variation in input

In this case 1, the relationship between the flow rate variations due to rain influence and the
most relevant parameters in the iop section of the plant has been studied. The considered
parameters, measured in 31 consecutive days are: BOD, COD, TKN, TSS. This time has been chose
considering the rain events, in order to have as more variation of flow rate as po$Stpiee 7.2
shows the daily flow rate influent in the plant (blue line) related with BOD, COD, TSS and TKN
measured in the same section 1.
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Figure 7.2 Comparison between flow rate variations with BOD and COD (a) and with TSS
TKN (b)

It has been observed that the flow rate variation due to rain events influences the ciwatien of

all the studied parameters. An increase of the flow rate corresponds to a decrease of the pollutants
concentration, diluting the wastewater that enters in the plant. It means that a real time
measurement of the influent sewer flow rate is essahtor the WWTP management as it influences
the pollutants concentrations and consequently the following processes.

7.3.2 Case2: Behaviour during a rain event

In order to observe the behaviour of the plant during a single rain event, a comparison between
flow rate in input and pollutants concentration in the sections 1, 3 and 4 has been studied. For this
purpose, a representative time interval of six days without any rainfalls except on the third day with
a single rain event that influences significantly thput flow rateto the plant has been chosem
particular, two representative periods have been observed, in order to show scenarios both for
summer Figure 7.3) and winter Figure 7.4) season, with th rain event on the third day.
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of the rain events while in winter the influent wastewater could B2 Yy 8 A RSNBER @ Y
gl aidSel G§SNE 06 4SS Figutedizbhe differenceNdSdRe td theycBasactekisfics of the
Bologna sewage system (mixed) that flow to the WWTP and the population behaviour.

Indeed, during summer the water use of the populatistigher than in winter while the industrial
discharge in winter is higher than in summ@&omparing the COD and TKN data, in summer and
winter, the input flow variations influence the COD concentration and the TKN both in input (section

1) and output (setion 4) still remaining under the legal thresholds. Besides, the effect of a more
dilute influent is observable from the day of the rainfall event until the further three daydilution
conditions is also very important the monitoring of pH becauseititeease of pH could mean a
decrease of the nitrification capacity. In effect, the process of oxidation of ammonia to nitrites, in a
first step, and nitrates, subsequently, producesdtis, causing a decrease of the pH value. In this
case study, the ineasing pH in the outlet section, corresponded to a reduction of the nitrification
capacity due to a dilution in input, due to a reduction of the substrate.

7.3.3 Case3: Ammonium in sections 1 and 3

The relation between the ammonium nitrogen (MiHin sectiors 1 and 3 has been studied in case 3
analysing daily data during different seasons and input flow rate conditions, has been studied. As
shown inFigure 7.5, there is a reliable data correlation between ammonium concentratiornen t
influent and ammonium concentration inlet to the biological sector. For this reason, the ammonium
measurement in the section 3 will give the same results as in section 1. Nevertheless, ammonium
measurement is recommended in section 3 rather than inisact as the wastewater solids content

in this section is lower, allowing for a more accurate measurement.
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Figure 7.5 Ammonium in Input plant (section 1) and Input Biological (section 3)
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7.3.4 Case 4: Solids concentrations in biological tank and sludge
recirculation

In the last case, the trends of three different signals have been coedpa
1) the flow rate variations at the input section (blue line),
2) the solids concentration of the sludgecirculation (green line)
3) the solids concentration in the biological tank (red line).

The comparison has been investigated in two differgtiations: 31 days with some different rain
events Figure 7.6) and 13 days without any rain eveni&dure 7.7). As in the previous cases, the
flow rate increase in thénput section leads to a decrease of the pollutants concentrations. The
sludge recirculation concentration variations (green line) indicate the working state of the
Secondary Sedimentation. Thus, the wastewater dilution in input influences Sedimentation,
inducing a noroptimal sludge thickening and finally leading to a sludge recirculation concentration
reduction. The variation of biomass concentration (red line) is due to two factors: the decrease of
the Hydraulic Retention ifie and the variation of sludgrecirculation concentration.

Furthermore, in dry conditiong={gure 7.7) the TSS concentration trend, both in oxidation tank and

in sludge recirculation, is more stable than in the first situation (rainy itend) with a clear effect
of the more dilute inflow.
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Figure 7.6 Comparison between flow rate variations with TSS for rainy conditions
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Figure 7.7. Comparison between flow rate variations with TSS for rainy conditions (6a) anc
conditions (6b)

7.3.5 Discussiorof the results

Comparing the results of the monitoring campaign carried out on Bologna WWTP, it is possible to
point out a way to change the biodegradation efficiency in dilution comat In similar WWTPSs, in

dry conditions the most important management policies are related to the insufflation of the oxygen
in the aerobic tank and the sludge recirculation flow rate. This is always true as long as the input
flow rate is three time thanedium flow rate in dry conditions. When happen rain events, instead,
and the input flow rate is four or five times the medium flow rate in dry conditions, due to, instead,
as showed with the presented data, these policies are not sufficient to optimezefiitiency of the

plant. In such conditions the most feasible interventions are dependent by the duration of the rain
event. A part of the load in excess could be stored in an appropriate buffer, for example, waiting for
to supply the plant in dry conddns.

Such management policies could be more effective if supported by an efficient monitoring system
able to observe as soon as possible the input flow variations and then to estimate the operational
state of the process. In particular, the monitoring qaaign showed the importance of an accurate
monitoring of the oxidation tank with reliable methods. As minimum requirement, pH, REDOX and
DO real time probes are necessary in order to estartae nitrification efficiency

84



Chapter 8Trebbo di Reno and Santernd/ WTPs

8.1 Trebbodi Reno pilot plant

The modelling study of nitrification and denitrification processes is based on data collected from an
experimental pilotscaleSBRplant, located in Trebbo di Reno (Bologna, Italy) near the municipal
WWTP. The data have beeallected during a previous research projectEHyEA Bologna branch

in partnership with Milan Polytechnic University and the muttlity company HERA S.p.A,,
manager of the plantThe full scale plant serves 2000 PE from the village of Trebbo diaRdits
hinterland The pilot-scale plant fed on real sewage fraime primary treatmentoutlet and the
process is based on Ludzdettinger schemeKRigure 3.4).

! Cre Secondary settler
Q+Qr Q+Qr+Qr ° ° Q+Qr B}*Qs

t t 4 ~
Anoxic tank Aerobic tank
Qr Qs

Figure 8.1 Trebbo di Reno pilot plant scheme with flow rates. Q=inflow,
Qr=internal recirculation, Qr=sludge recirculation Qs=sludgesurplus

The plant ismade up of hree parts: pre-denitrification tank (95L), oxidation tank (162) and
secondary sedimentation tank (83 Eigure 8.2).

Figure 8.2 Trebbo di Reno pilot plant
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The tanks dimensions are listed in tfi@able8.1) below:

Table8.1 Trebbo di Reno pilot plant tanks dimensions

sedimentation tank

High |Water level| Width | Depth Water |Diameter
[cm] [cm] [cm] [cm] | Volume [L]| [cm]
Anoxic tank 80 70 30 45 94.5 -
Aerobic tank 80 65 60 45 175.5 -
Secondary i 54 i i 423.9 50

The pilot plant is equipped with three peristaltic pumphkich feed the inlet withflow rate of 460

L/d, the internal recirculation linevith flow rate 760 L/d and thelgdge recirculation linevith flow

rate 430 L/dMechanical equipment includes the mixing system in the anoxic tank and the aeration
system in the aerobic tank.

The mixing system consists in a blade stirrer that moves water from the centre outwards. It is
composed by two palettes fit on a rod, which is connected to alternating current electwerpo
connected by a singlghase motor.

A membrane diffuser placed on the bottom of the aerobic tank and a blower that feeds it composes
the aeration system. Thedver flow is 69 rffh and the delivery pressure is 20 hPa. On the influent

direction is placed the air floometer with a needle valve to control the flow rate.

Figure 8.3 Trebbo di Reno pilot plant: secoady sedimentation

The plant is equipped with probes to continuously measure: pH, ORPLINN-NCG;~ in the anoxic
tank and pH, ORP, DONNH:*, NNNO;~ and TSS in the aeration tank. Data are acquired and stored

by a data logger DataTaker DT 80, at aderpy of 1 per minute.
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8.2 Santerno WWTP

A new research project started in March 2016 in partnership with HERA S.p.A. The project focused
on the management optimization ofkKtS Y dzy AOA LI f &6l aidSél G6SNI GNBI
{FYy(iSNy2¢ f 2O0L TioShs ailnysevéray @dnitoring catmpaigns were carried on the
existing full scale plant. Moreover, a dedicated pilot scale plant has been designed, implemented
and monitored in the WWTP area.

The Santerno full scale plant can be divided in two mainspaprimary/secondary treatment and
natural finishing treatment. The overall plant scheme is showFigare 8.4.

[ Primary and Secondaryl Natural finishing

(
\
\
\

Influent urban Pumpi gsmon] | AU N Secondary
pea ﬁ—F[ and screening [ 77 lDenltrlflcatlon Nitrification cedimantatio

v
to disposal

internal sludge recirculation

sludge recirculation

[

[

[

|

|

|

[

| !
k to sludge line

Figure 8.4 Treatment scheme of the Santerno WWTP in Imola (Bologna, Italy’

The firstpart of the plant consists of two identical treatment lineslled Line | and Line After the
primary treatment (screening)without primary sedimentatiorthe influent sewage goes to the
secondary treatments based on predenitrification/nitrification tanks as active sludge process. The
Line I and Line Il flow into a collector pipe towand hatural finishing part. Thaant is also provided
with an emergency disinfection tank with Sodium Hypochloritee sludge line conssbf a
thickening, anaerobic digestion in each line armbenmon mechanical dewatering with centrifuge.

' - DEp

Figure 8.5 Santerno WWTP satelliteiew (from Google)
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in Table8.2 Santerno WWTP characteristics

Table8.2 Santerno WWTP characteristics

Population Equivalent 75000
Mean influent flow rate [r/hour] 1000
Lagoons Total volume fin 400000
Lagoons Total Hydraulic Retention time (HRT) [d ~ 8 days
Basin 1 HRT [days] ~ 2 days
Basin 1 volume [A} ~ 23000
Basin 1 surface [fh 14000
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Figure 8.6 Santerno WWTP: Primary and secondary treatment scheme

The secongbart of the plant consists dive natural treatment basinsTheyprovidefor the finishing
and natural disinfection treatment before the final discharge into the Santerno.rives plant is
fed on urban wastewater from the city of Imola and hinterlan80@0 Population Equivalent and
has an average influent flow rate of 25008/day. The main characteristics of the plant are shown




During the first year of priect, the research activitjocused on the yearly monitoring of the first
natural finishing basinBasin ) and the implementation and monitoring of the pilot scale plant.
Basin 1 has been chosenfast case study because different reasons:

- it follows the secondary treatments by treating half the effluent flow that can easily be by
passed foirrigation reuse

- Duckweed I(emna minaor grows in this basin occupying its whole surface during summer
leading to an equilibrium betweehemna minomphytotreatment and Free Water Surface
(FWS) lagoon. These phenomena have never been studibisibasin and will be useful to
manage the irrigation request at the highest efficiency.

- itis the first finishingpasin so the phenomena occurring in it can give an idea of the removal
capacity of the overall natural treatment plant phase

Figure 8.7 Basin 1: view fromthe North (a) and South (b) sides
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Chapter 9Santerno pilot plant: design and
Implementation

9.1 Designcalculations

A pilot plant was built in the Santerno WWTP areemang a representation of the processes
occurring inthe Basin In a smaller scale. In particular, it is possible to study different management
policies changing the functioning conditions aadalyzing theparameters in representative
sections.An existng reinforced concrete free surface canal was chosen to place the ataht
consequently, someéimensiors must be considereéixed for the plant @sign(Figure 9.1).

8.2m

Section A-A'

0.82m

1.22m

Figure 9.1 Santerno pilot plant : existing can

The plant has been designed under the following hypsike

1. HRT = Xays, to have the same retention time of Basin 1;
2. Re> 30, to have enough turbulence;
3. L =6.25 m, canal length
4. a=1.22 m, canal width

To respect these hypotheses, the plant needs a recirculation flaswg(&@nd a specific number of
baffle walls (Mw) with the influent flow rate (). The variables of this system are: distance between
baffle walls (b) and water depth (y).
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Thetotal flow rate can be calculateahultiplying theflow velocity in the canand thecross sectional
area of flow. TheChézi formuldor open channelpermits to calculate the flow velocity in the canal:

0 ... YD (Eq. 9.1)
where:
O 2oy = Chézicdécient (Eqg. 9.2)
Ks =ManningStricklercoefficient (Eq. 9.3)
Y r~_r] =Hydraulic radius (Eqg. 9.4)
0
m oI = cross sectional area of flow (Eq. 9.5)
0 cw & =wetted perimeter (Eq. 9.6)
Then, the total flow rates:
1 0 Jm (Eq.9.7)

Theinfluent flow is Total Volume per HRT

w

1 oYY (Eq. 9.8)
where:
V = total plant volume
Then the recirculation flow rate is:
1 1 1 . D (Eq. 9.9)
consequentlythe number of baffle walls is:
1 (Eq. 9.10)

U

After setting the equations, the problem was solved by guessing the variables values (b and y)
integrating until convergence of Re > 3000, under the liypsis listed before.
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The results are shown below.

Table9.1 Santerno pilot plant design value
Qrec 1.028 L/s
Qn 0.0318 L/s
b 0.89 m
y 0.72 m
% 0.160 cm/s
97 m2(st
Ks 120 m/3(st
Y 0.28 m
m 0.6408 m?
0 2.33 m
7 -

9.2 Construction start-up and functioning

The scheme of the pilgilant realized in the Santerno WWTP area is showrigare 9.2 . It has

been designed to be a pldlpw reactor divided in two reaction zones: FWS with Lemna and aerobic
lagoon. This distinction is done removing manually the excess of Lemna from the surface until a
given section.

625
91 178 178 178
A
. ) ' 2777
PP input PP medium W
an/ @ |8 @ |8 4/// N
‘. j 7
Al
QREC B’
275 178 178 89 100
=
_ 122 122
Section A-A’ Section B-B'

Figure 9.2 Pilot plant: plan and sectionsl'he sampling points are symhiwed as black and whit
dots. Measures are in centimees
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The implementation of the plant required the following phases:

1. Pumpsselection for influent and recirculation flows;
2. Restoration of the canal
3. Baffle wallsand final weirconstruction and assembly

The influent flow came from the outlet canal of the secondary sedimentation tanks of the full scale
plant and was pumped in thgilot plant using a peristaltic pump. The low flow rate suggested to
choose a peristaltic pump, which is precise, simple to set and gentle in pumping action. Indeed, the
recirculation flow rate is around 30 timésgher than the inuent sothe recirculaton pup installed

is 0.55 kW with flow rate range from 0.5 to 5.5 L/Bhe pumps have been set and the flow rate
measure during the plant statip and the monitoring campaigns both in input and recirculation
lines.The existing canal restoration consistealevelling with concrete of the walls and the base in
order to reduce the roughnesSeven steel baffle walls panels have been assembled and installed.
The TFstructure permits to easily remove the walls throuie welded to top ringThe final weir is

in glassreinforced plastianade by three parts high 25 cm each.

Figure 9.3 Pilot plant: Baffle walls and final weir.

Finally, be pilot plant has been designed to simulate different conditions:

- the baffle walls are removable to change the flow length,

- the final weir is divided in three removable parts to change the water depth in the tank

- input and recirculation flev rates can be changed

- the Lemna on th surface can be easily removed to divide thenplan two zones:
phytotratment and lagoon.
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Figure 9.4 Pilot plant: from the outlet
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Section3
Monitoring campaigns and
experimental results
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Chapter 10. Monitoring campaigns

10.1 Trebbo di Reno pilot plant

Sampling campaigns were conducted in 2010 and 2011 irréineef of a previous research project
by ENEAand createda database(Pulcini, 2015)In the present studythe daily monitoral data
collected the 2¢and 3¢ September 201Gave been choseas input forthe model implementedn

WEST 2012.

Figure 10.2 show the CORNnd Nitrogen Ammonium Input datdhe trends aretypical ofanurban
WWTPwith two peaks: the first in the morning (around 7h to 9h) and the secomigint (22k23h)

monitoring data

connected to the commonuman activities.

COD Input

AN

Y

p;

S7

| « 2-3SEPT « 21-22 SEPT

9-10 DEC |

12:00 18:00

Time [h]

00:00

Figure 10.1 Trebbo pilot plant: COD Input

N-NH4+ [mgN/L]

/

o —
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N-NH4+ Input
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v’
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Time [h]

00:00

Figure 10.2 Trebbo pilot plant: Ammonium Nitrogen Inpu
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Pulcini, 201%lsosuggest a statistical interpretation oftte datacollectedthat has beerused in the
present studyln particular, theaverage hourly trend of Nitrogen Ammoniunhas been calculated
(seeFigure 10.3). Note thatthe standarddeviation was calculatenh the time step fromlOh to 11h
and considered as constant for all the d@cause more data were available in those time interval.

70.00
—60.00
Z50.00
£
+ 40.00
I
= 30.00
Z20.00

10.00

0.00

N-NH,*Input

0.00

4.48 9.36 14.24 19.12 0.00
Time [h]

Figure 10.3 Trebbo pilot plant: NNH4+ input average concentration

Moreover,a typical nfluent flow rate trend of the Trebbo di Reno full scale plant has been evaluated
by continuous measurement campaigns ahdir mathematical analysis lf2ulcini, 2015)

Influent flow rate trend

30.0

28.0
260 /N
< 0 =~ / \/\
S 24
E 20 \ /
S 200 \\ //

18.0 "’

16.0

14.0 : : : : : : :

0.00 3.00 6.00 9.00 12.00 15.00 18.00 21.00 0.00
Time [h]

Figure 10.4 Trebbo di Reno full scale WWTP: Influent flow rat
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Finally,the kinetic parameters have been calibrated with respimoneetests and will be used in

this thesis work.

Table10.1 Parametersof the model calibrated byPulcini, 2015)

Parameter Symbol Unit Value
Anoxic tank

Haltsaturation (heterotrophs, growth) Ks gCoOD/m 0.99
rodearacable substate K ge0DIGEOD 0008
Anoxic hydrolysis rate correctioadtor th - 0.85
Maximum specific hydrolysis rate Kn - 5.79
Halfsaturation(heterotrophs, denitrification) Kno gNQ-N/m3 0.2
Aerobic tank

Nitrogen fraction in biomass (N/COD) ixs gN/gCOD 0.108
Nitrogen fraction in particulate products (N/COL ixp gN/gCOD 0.0001
Halfsaturation (heterotrophs, growth) Ks gCoOD/m 0.99
Halfsaturation (heterotrophs, oxygen) Kon gQ/m?3 0.41
;:rcc))rvrvc?ggon factor of heterotrophic bacteria g ] 0.806
Ammonification rate Ka m3/(gCOD*d) 0.004
Maximum hydrolysis rate Kn gQGOD/(gCOD*d) 2
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10.2 Santernofull scale plant Basin 1 data

The measurement campaigns on Basiwére conducted fronMarch 20160 February 2017 in the
days showed in the following tabl&ach campaign was named as showed in the first column of the
table.

Table10.2 Basin 1 monitoring campaigns
Campaign ID date
C1 13/04/2016
Cc2 04/05/2016
C3 18/05/2016
C4 25/05/2016
C5 15/06/2016
C6 13/07/2016
C7 26/10/2016
C8 30/11/2016
C9 22/02/2017

This yedy monitoring permits to follow all the seasonal changes and study the effects of them on
the finishing process.

The first step was to identiffour sections perpendicular to the main flow directionorder to study
the parameters trendfrom the irput to the output

Figure 10.5 Basin 1 of natural finishing treatment with sections and measurement poiints
black and sampling point¢a,b,c,d,i)
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For each sectiorthe water depthhas been measuredt each black pointsgeFigure 10.5) tracing
the depth profiles

SECTION A-A'

Water depth [m] 0.7 1.2 1.3| 165 1.65 1.6 1.6 1.6

Distance from the

initial point [m)] 0 5 10 15 20 25 30 35 41

N\

Figure 10.6 Basin 1- section AA'

B SECTION B-B' B
Water depth [m] 1.0 1.8 1.9 1.9 2.0 1.8 1.7 1.7 2.0
Distance from the
initial point [m] 0 5 10 15 25 35 55 65 70 80 90

_—

Figure 10.8 Basin ilg SectionB Q

c | SECTION C-C' o
Water depth [m] 1.4 1.8 1.8 1.85 1.9 1.6 1.3
Distance from the
initial point[m] 0 5 10 15 30 40 60 70 75

L

Figure 10.7 Basin 1- section GC'

100



D SECTION D-D' D'
Water depth [m] 1.7 1.9 1.9 1.8 1.6
Distance from the
initial point[m] O 5 20 30 40 52
P

Figure 10.9 Basin 1- section DD’

Figure 10.10 shows the Basin filant with the measured distances between each section and their
length.

Figure 10.10 Basin 1: sections with measured distances
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Therefore, the total cross area and the average water depth of each section has been calculated
(Table10.3)

Table10.3 Basin 1: Total area and average water depth in each secti
Section Area Average water depth
[m?] [m]
Al Q 49.4 1.20
B. Q 121.5 1.35
Gl Q 93.1 1.43
D5 Q 62.4 1.20

Afterwards, TemperaturéTemp), Conducibility (Cond) Salinity (S2lssolved Oxygen (DQYH,
Oxidation Reduction Potential (ORP) and atmospheric pressure (Atav®)een measurediong
the water column at eachamplingpoint, using the multiparameter system YSI 556.

Table10.4 Monitoring data 040520160 LYy AGA I € LR AyGay . | yR
Distance
Section | Depth ifr:ict)irZI Temp | Cond Sal DO pH ORP | AtmP
point

[m] [m] Cl | WSl |lg]l | (%] |[mg/L] mv] [mgTH

B-B' 1.10 5.00 18.62 1459.24 | 0.74 11.75 1.09 8.20 | -62.65 762.5
B-B' 0.30 5.00 19.94 | 1440.50 | 0.73 58.15 5.27 4.10 62.14 762.4
B-B' 1.75 10.00 18.27 1654.14 | 0.84 29.03 2.72 435 | -30.91 762.6
B-B' 0.90 10.00 18.34 | 1543.76 | 0.78 27.83 2.60 451 | -25.15 762.6
B-B' 0.30 10.00 19.73 1429.17 | 0.72 58.06 5.29 2.59 58.59 762.7
B-B' 1.90 15.00 18.41 1431.38 | 0.72 74.50 6.96 2.81 13.55 762.9
B-B' 0.95 15.00 19.80 | 1432.23 | 0.72 54.83 4.98 1.66 81.58 762.9
B-B' 0.30 15.00 19.93 1439.28 | 0.72 55.96 5.07 1.54 93.01 762.8
B-B' 1.90 25.00 17.87 1810.49 | 0.92 15.66 1.48 3.50 | -22.15 761.6
B-B' 0.95 25.00 18.47 1469.19 | 0.74 53.32 4.98 3.38 26.21 761.7
B-B' 0.30 25.00 19.48 1436.98 | 0.72 60.12 5.50 2.39 64.21 761.7
B-B' 1.95 35.00 17.75 1871.81 | 0.96 14.05 1.33 4.13 | -52.63 762.0
B-B' 1.00 35.00 18.21 1527.29 | 0.77 60.15 5.65 4.19 -7.77 762.0
B-B' 0.30 35.00 18.78 1476.32 | 0.74 80.10 7.43 3.54 24.07 762.0
B-B' 1.80 55.00 17.96 1792.40 | 0.91 41.35 3.90 7.45 | -61.24 763.7
B-B' 0.90 55.00 18.72 1398.87 | 0.70 71.39 6.63 7.08 -9.75 763.5
B-B' 0.30 55.00 18.98 1393.49 | 0.70 75.32 6.96 6.50 14.57 763.3
B-B' 1.70 65.00 18.29 | 1790.56 | 0.91 21.39 2.00 7.66 | -82.19 | 763.5
B-B' 0.85 65.00 18.75 1402.94 | 0.71 58.54 5.44 6.98 | -13.55 763.4
B-B' 0.30 65.00 19.11 1362.85 | 0.68 70.36 6.49 6.11 24.75 763.5
B-B' 1.70 70.00 18.19 1722.67 | 0.88 27.15 2.55 7.84 | -79.28 763.3
B-B' 0.85 70.00 18.71 1432.41 | 0.72 53.26 4.95 7.41 | -37.32 763.1
B-B' 0.30 70.00 19.53 1371.04 | 0.69 66.88 6.11 6.23 24.69 763.1
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B-B' 1.30 80.00 18.48 | 1687.00 | 0.86 | 16.67 1.55 7.82 | -80.69 | 762.6
B-B' 0.65 80.00 18.92 | 1341.03 | 0.67 | 53.35 4.94 6.72 4.78 762.9
B-B' 0.30 80.00 19.12 | 1337.50 | 0.67 | 64.49 5.94 6.33 | 27.21 763.0
c-c 1.30 5.00 19.12 | 1489.95 | 0.75 | 12.40 1.14 549 | -47.90 | 760.8
c-c 0.30 5.00 19.85 | 1456.01 | 0.73 | 24.26 2.20 524 | 3514 760.7
c-C 1.60 15.00 18.83 | 1712.13 | 0.87 | 25.14 2.33 7.71 | -82.20 | 760.8
c-C 0.80 15.00 19.13 | 1518.18 | 0.77 | 43.67 4.02 7.76 | -41.02 | 760.9
c-C 0.30 15.00 19.42 | 1416.69 | 0.71 | 54.51 4.99 6.60 11.62 760.8
c-c 1.90 35.00 19.31 | 1441.74 | 0.73 | 82.27 7.55 5.31 33.74 761.2
c-c 0.95 35.00 19.34 | 1378.28 | 0.69 | 45.74 4.20 5.13 | 69.23 761.4
c-c 0.30 35.00 19.57 | 1402.97 | 0.71 | 46.64 4.26 5.09 | 70.53 761.4
c-C 1.85 45.00 18.53 | 1556.15 | 0.79 | 107.19 9.99 6.54 | -16.28 | 760.8
c-c 0.90 45.00 18.79 | 1416.32 | 0.71 | 106.17 9.85 6.49 13.45 760.8
c-c 0.30 45.00 18.96 | 1374.71 | 0.69 | 89.63 8.29 6.15 | 29.00 760.9
c-c 1.80 60.00 18.62 | 1490.64 | 0.75 | 101.41 9.44 6.52 -1.78 757.1
c-c 0.90 60.00 19.00 | 1359.26 | 0.68 | 73.30 6.77 5.65 | 57.98 757.1
c-c 0.30 60.00 19.05 | 1360.66 | 0.68 | 72.64 6.70 558 | 61.07 757.1
c-c 1.80 65.00 18.70 | 1486.79 | 0.75 | 91.08 8.46 6.41 -5.68 757.2
c-C 0.90 65.00 19.13 | 1350.14 | 0.68 | 73.94 6.81 559 | 61.72 757.2
c-c 0.30 65.00 19.14 | 1349.12 | 0.68 | 73.55 6.78 5,55 | 63.20 757.2
c-c 1.40 70.00 19.08 | 1357.90 | 0.68 | 67.03 6.18 450 | 85.64 757.8
c-c 0.30 70.00 19.50 | 1379.67 | 0.69 | 67.29 6.16 4.92 72.07 758.1
Table10.5 Monitoring data 18-05-2016. Initial points:A, B,/ @énd D
| e
Section Depth iniitial Temp  Cond Sal DO pH ORP Pressur
point €
[m] [m] [°C] MS]  [g/L]  [%] [mg/L] [mV]  [mmHg]
A-A' 0.30 10.00 22.70 | 1561.35 | 0.79 | 211.25 | 18.14 | 7.10 | 24.48 763.9
A-A' 0.65 10.00 21.84 | 1549.60 | 0.78 | 243.98 | 21.30 | 6.98 | 17.61 764.0
A-A' 0.30 20.00 2155 | 1567.45 | 0.79 | 207.99 | 18.26 | 6.32 | 74.57 764.6
A-A' 1.30 20.00 19.96 | 1658.38 | 0.84 | 88.04 7.97 6.00 | 52.20 765.4
A-A' 0.30 30.00 20.51 | 1557.11 | 0.79 | 308.62 | 27.65 | 6.33 | 102.8 764.5
A-A' 1.30 30.00 19.65 | 1618.20 | 0.82 | 116.46 | 10.61 | 5.91 | 27.10 764.7
A-A' 0.30 35.00 21.71 | 1558.94 | 0.79 | 260.92 | 22.84 | 6.70 | 85.55 764.6
A-A' 1.30 35.00 19.82 | 1609.67 | 0.81 | 233.88 | 21.24 | 6.20 | -30.12 764.2
B-B' 0.30 15.00 20.90 | 1577.64 | 0.80 | 219.63 | 19.53 | 6.73 | 74.54 764.5
B-B' 0.80 15.00 20.19 | 1617.22 | 0.82 | 174.75 | 15.75 | 6.72 | 64.10 | 764.6
B-B' 1.30 15.00 19.10 | 1640.68 | 0.83 | 124.10 | 1143 | 6.71 | 48.42 764.3
B-B' 0.30 30.00 21.93 | 1578.07 | 0.80 | 278.40 | 24.27 | 7.00 | 69.44 763.3
B-B' 0.80 30.00 20.53 | 1648.75 | 0.83 | 210.54 | 18.85 | 6.96 | 66.79 763.2
B-B' 1.45 30.00 18.94 | 1646.48 | 0.83 | 119.10 | 11.01 | 6.70 | 25.25 763.2
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B-B' 0.30 50.00 21.76 | 1622.45 | 0.82 | 229.56 | 20.07 | 6.97 | 62.93 763.5
B-B' 0.80 50.00 20.32 | 1674.66 | 0.85 | 182.32 | 16.39 | 6.70 | 64.58 763.5
B-B' 1.45 50.00 19.06 | 1654.80 | 0.84 | 127.35 | 11.74 | 6.65 | 55.31 763.2
B-B' 0.30 70.00 22.18 | 1636.98 | 0.83 | 165.16 | 14.32 | 7.54 | 77.71 761.9
B-B' 0.80 70.00 20.71 | 1676.57 | 0.85 | 161.92 | 14.45 | 6.67 | 71.18 761.9
B-B' 1.50 70.00 19.70 | 1666.65 | 0.84 | 142.46 | 12.97 | 6.64 | -35.64 | 761.9
B-B' 0.30 80.00 21.84 | 1649.24 | 0.83 | 141.67 | 12.37 | 7.14 | 64.96 761.1
B-B' 0.80 80.00 20.76 | 1673.00 | 0.85 | 143.83 | 12.82 | 7.04 | 48.63 761.1
B-B' 1.30 80.00 20.38 | 1672.79 | 0.85 | 115.76 | 10.39 | 6.84 | -9.05 761.1
c-c 0.30 1000 22,20 | 1594.30 | 0.80 | 165.82 | 14.38 | 7.93 | 47.21 760.6
c-c 1.10 10.00 20.92 | 1596.52 | 0.81 | 225.31 | 20.03 | 7.49 | -18.90 | 760.5
c-c 0.30 20.00 21.67 | 1579.92 | 0.80 | 174.16 | 15.26 | 7.32 | 48.77 760.3
c-c 0.80 20.00 20.00 | 1593.06 | 0.81 | 181.43 | 16.42 | 7.30 | 48.26 760.3
c-C 1.30 20.00 19.65 | 1613.37 | 0.82 | 193.65 | 17.65 | 7.24 | -18.65 | 760.2
c-c 0.30 35.00 2254 | 1574.70 | 0.79 | 157.88 | 13.60 | 7.35 | 42.99 760.1
c-c 0.80 35.00 20.92 | 1652.78 | 0.84 | 144.74 | 12.86 | 7.32 | 49.33 760.1
c-c 1.40 35.00 19.41 | 1645.25 | 0.83 | 126.79 | 11.61 | 7.19 | 15.14 760.1
c-c 0.30 45.00 21.75 | 1603.24 | 0.81 | 154.25 | 13.49 | 7.15 | 53.62 759.9
c-c 0.80 45.00 20.80 | 1628.50 | 0.82 | 165.66 | 14.76 | 7.11 | 53.86 759.8
c-c 1.45 45.00 19.13 | 1647.77 | 0.84 | 85.43 7.87 | 6.85 | 48.76 759.9
c-c 0.30 55.00 21.83 | 1601.89 | 0.81 | 173.10 | 15.11 | 7.09 | 58.45 759.9
c-c 0.80 55.00 20.56 | 1638.13 | 0.83 | 178.48 | 15.97 | 7.04 | 56.77 759.8
c-C 1.50 55.00 19.16 | 1652.09 | 0.84 | 98.43 9.06 | 6.91 | 46.89 759.9
c-c 0.30 60.00 21.88 | 1615.70 | 0.82 | 182.04 | 15.88 | 7.15 | 58.62 759.9
c-c 0.80 60.00 20.71 | 1653.02 | 0.84 | 176.07 | 15.71 | 7.12 | 56.86 759.9
c-c 1.40 60.00 19.18 | 1645.50 | 0.83 | 102.29 | 9.41 | 6.94 | 50.32 759.9
D-D 0.30 5.00 21.47 | 1608.08 | 0.81 | 167.42 | 14.72 | 7.26 | 62.76 759.4
D-D 1.20 5.00 19.53 | 1589.25 | 0.80 | 109.65 | 10.02 | 7.07 | 58.07 759.6
D-D 0.30 20.00 2198 | 1584.53 | 0.80 | 153.76 | 13.39 | 7.32 | 59.05 760.2
D-D' 0.80 20.00 20.78 | 1654.31 | 0.84 | 174.32 | 1553 | 7.26 | 58.54 760.5
D-D' 1.40 20.00 19.33 | 1647.44 | 0.83 | 10045 | 9.21 | 7.08 | 52.10 760.8
D-D 0.30 30.00 22,29 | 157159 | 0.79 | 164.81 | 14.27 | 7.34 | 57.11 763.1
D-D 0.80 30.00 20.96 | 1638.98 | 0.83 | 187.77 | 16.67 | 7.32 | 57.09 763.4
D-D 1.40 30.00 19.32 | 1653.57 | 0.84 | 102.79 | 9.43 | 7.06 | 53.23 763.4
D-D' 0.30 40.00 23.49 | 1576.15 | 0.79 | 127.11 | 10.76 | 7.65 | 47.27 763.0
D-D' 0.80 40.00 20.99 | 1644.31 | 0.83 | 186.03 | 16.51 | 7.45 | 51.29 763.0
D-D' 1.30 40.00 19.53 | 1631.35 | 0.83 | 123.42 | 11.27 | 7.33 | 33.98 763.2
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Table10.6 Monitoring data 2505-2016 Medium point in each section

Distance
Section| Depth _frp_m Temp | Cond Sal DO pH ORP Atm
initial Pressure
point
[m] [m] [°C] [LS] [9/L] [%] | [mg/L] [mV] | [mmHg]
A-A' 0.30 20.00 20.18 | 1572.13 0.79 100.00 | 9.06 8.75 -38.52 760.5
A-A' 0.50 20.00 19.92 | 1564.77 0.79 98.12 8.89 8.49 -51.88 760.9
A-A' 0.70 20.00 19.91 | 1606.34 0.81 98.47 8.93 8.99 -91.50 759.7
B-B' 0.30 45.00 20.53 | 1564.88 0.79 81.05 7.26 7.55 1.10 760.0
B-B' 0.50 45.00 20.11 | 1562.65 0.79 83.97 7.58 7.54 1.95 759.7
B-B' 0.70 45.00 19.84 | 1561.92 0.79 83.05 7.54 7.53 2.62 759.5
B-B' 0.90 45.00 19.49 | 1563.07 0.79 78.78 7.20 7.51 3.25 759.4
B-B' 1.10 45.00 19.46 | 1561.65| 0.79 77.21 | 7.06 7.48 3.38 759.5
B-B' 1.30 45.00 19.40 | 1562.06 0.79 75.80 6.94 7.54 -1.53 759.5
B-B' 1.50 45.00 19.55 | 1561.83 0.79 70.65 6.45 9.25 -89.79 759.9
c-C 0.30 35.00 20.75 | 1566.96 0.79 71.68 6.39 8.65 -27.97 761.9
c-c 0.50 35.00 20.77 | 1566.90 0.79 71.51 6.38 8.59 -26.34 761.7
c-C 0.70 35.00 20.45 | 1566.49 0.79 71.32 6.40 8.59 -26.07 761.7
c-C 0.90 35.00 20.20 | 1567.80 0.79 72.13 6.50 8.59 -26.00 761.7
c-c 1.10 35.00 19.90 | 1572.83 0.79 69.47 6.30 8.58 -25.88 761.8
c-C 1.30 35.00 19.89 | 1567.69 0.79 71.34 6.47 8.98 -46.43 761.0
D-D' 0.30 25.00 21.50 | 1568.94 0.79 82.83 7.28 8.60 -24.61 758.4
D-D' 0.50 25.00 21.44 | 1567.64 0.79 78.26 6.89 8.59 -24.61 758.5
D-D' 0.70 25.00 21.35 | 1567.77 0.79 79.10 6.97 8.59 -24.61 758.5
D-D' 0.90 25.00 21.04 | 1567.17 | 0.79 76.28 | 6.76 8.58 -24.42 758.5
D-D' 1.10 25.00 20.53 | 1565.16 0.79 74.46 6.67 8.58 -24.18 758.6
D-D' 1.30 25.00 20.39 | 1565.46 0.79 74.07 6.65 8.57 -24.06 758.6
D-D' 1.50 25.00 20.31 | 1566.21 0.79 77.81 7.00 8.67 -30.90 758.6

105



Table10.7 Monitoring data 15-06-2016. Initial points:A, B,/ @&nd D

Distance
Section  Depth _frp_m Temp  Cond Sal DO ORP Atm
initial Pressure
point
[m] [m] [°C] [LS] [g/L] [%] [mg/L] [mV]  [mmHg]
A-A' 0.30 10.00 23.35 | 1416.54 0.71 122.66 | 10.42 | 165.92 754.9
A-A' 0.50 10.00 23.33 | 1416.46 0.71 122.01 | 10.36 | 165.69 754.9
A-A' 0.70 10.00 23.32 | 1416.26 0.71 121.73 | 10.33 | 166.44 754.9
A-A' 0.30 20.00 23.27 | 1418.13 0.71 122.98 | 10.45 | 158.98 755.1
A-A' 0.50 20.00 23.26 | 1417.74 0.71 123.88 | 10.53 | 160.53 755.1
A-A' 0.70 20.00 23.26 | 1417.40 0.71 123.45 | 10.50 | 161.08 755.0
A-A' 0.90 20.00 23.27 | 1416.55 | 0.71 | 123.62 | 10.51 | 141.43 755.1
A-A' 0.30 30.00 23.28 | 1420.99 0.71 131.31 | 11.19 | 161.38 754.9
A-A' 0.50 30.00 23.27 | 1421.95 0.71 129.09 | 11.00 | 163.09 754.9
A-A' 0.70 30.00 23.26 | 1423.64 0.71 126.09 | 10.72 | 163.69 755.0
A-A' 0.90 30.00 23.24 | 1427.88 0.72 125.97 | 10.72 | 163.96 755.0
A-A' 1.10 30.00 23.21 | 1432.97 0.72 124.74 | 10.61 | 163.99 755.0
A-A' 1.30 30.00 23.16 | 1439.92 0.72 123.92 | 10.53 | 162.94 755.0
A-A' 1.50 30.00 23.12 | 1450.81 0.73 123.63 | 10.51 | 138.56 755.1
A-A' 0.30 35.00 23.31 | 1425.69 0.71 122.95 | 10.44 | 160.32 755.3
A-A' 0.50 35.00 23.31 | 1426.19 0.71 121.52 | 10.30 | 161.73 755.3
A-A' 0.70 35.00 23.30 | 1429.06 0.72 122.01 | 10.36 | 162.19 755.3
A-A' 0.90 35.00 23.18 | 1435.26 0.72 121.34 | 10.33 | 161.73 755.2
A-A' 1.10 35.00 23.03 | 1443.75 0.72 119.47 | 10.20 | 158.90 755.2
A-A' 1.30 35.00 22.94 | 1448.75 0.73 117.01 | 10.01 | 143.06 755.0
B-B’ 0.30 15.00 22.07 | 1427.49 0.72 112.65 | 9.80 180.6 751.2
B-B' 0.50 15.00 22.06 | 1434.20 0.72 111.72 | 9.72 181.6 751.4
B-B' 0.70 15.00 22.07 | 1436.50 0.72 109.73 | 9.54 181.8 751.5
B-B’ 0.90 15.00 22.08 | 1432.66 0.72 104.69 | 9.10 154.7 751.3
B-B' 1.10 15.00 21.95 | 1505.41 0.76 95.90 8.36 17.5 751.2
B-B' 0.30 30.00 22.12 | 1419.44 | 0.71 | 112.45| 9.77 177.7 752.1
B-B' 0.50 30.00 22.10 | 1425.72 0.72 113.94 | 9.90 177.9 752.0
B-B' 0.70 30.00 22.10 | 1429.62 0.72 111.04 | 9.65 178.2 752.0
B-B' 0.90 30.00 22.10 | 1427.30 0.72 110.75 | 9.63 177.7 752.1
B-B' 1.10 30.00 22.11 | 1428.79 0.72 110.14 | 9.57 176.8 752.2
B-B' 1.30 30.00 22.14 | 1435.72| 0.72 |111.15| 9.65 173.1 752.3
B-B' 1.50 30.00 22.12 | 1437.51 0.72 111.71 | 9.70 123.7 752.3
B-B' 0.30 50.00 22.25 | 1409.94 | 071 | 114.22| 9.97 177.5 752.6
B-B' 0.50 50.00 22.16 | 1415.36 0.71 107.45 | 9.38 178.1 752.6
B-B' 0.70 50.00 22.00 | 1420.86 0.71 102.10 | 8.91 178.1 752.7
B-B' 0.90 50.00 21.90 | 1420.72 0.71 95.47 8.31 178.2 752.8
B-B' 1.10 50.00 21.86 | 1421.03 0.71 90.29 7.84 178.3 752.8
B-B' 1.30 50.00 21.85 | 1421.99 0.71 90.18 7.82 174.1 752.9
B-B' 0.30 70.00 22.36 | 1409.66 0.71 135.14 | 11.73 178.3 753.9
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B-B' 0.50 70.00 22.31 | 1423.20| 0.71 140.29 | 12.17 | 1784 754.0
B-B' 0.70 70.00 22.24 | 1426.25| 0.72 13491 | 1169 | 177.1 753.9
B-B' 0.90 70.00 22.21 | 1429.76 | 0.72 135.64 | 11.74 | 163.3 754.0
B-B' 1.10 70.00 22.17 | 1440.20 | 0.72 133.91 | 11.44 | 152.7 754.1
B-B' 0.30 80.00 22.44 | 139045 | 0.70 150.62 | 13.02 | 171.4 754.2
B-B' 0.50 80.00 22.41 | 1417.37 0.71 150.23 | 12.98 | 120.6 754.2
B-B' 0.70 80.00 22.38 | 1433.75| 0.72 146.74 | 12.67 69.3 754.2
c-c 0.30 15.00 22.70 | 1381.19 0.69 137.74 | 11.85 | 174.1 754.3
c-C 0.50 15.00 22.66 | 1375.71 0.69 131.71 | 11.41 | 172.8 754.3
c-c 0.70 15.00 22.26 | 1379.74 | 0.69 130.80 | 11.24 | 115.6 754.2
c-C 0.30 20.00 22.39 | 138298 | 0.69 113.96 | 9.89 171.3 754.2
c-c 0.50 20.00 22.28 | 1385.09 0.69 11285 | 9.76 172.0 754.1
c-c 0.70 20.00 22.26 | 1385.53 | 0.69 109.47 | 9.48 172.3 754.1
c-C 0.90 20.00 22.27 | 1385.81 0.69 108.88 | 9.43 172.6 754.1
c-c 1.10 20.00 22.28 | 1386.39 0.69 108.85 | 9.43 172.4 754.1
c-C 1.30 20.00 22.20 | 141283 | 0.71 108.10 | 9.37 117.9 754.1
c-c 0.30 30.00 22.30 | 1387.33| 0.70 98.05 8.53 169.3 754.2
c-C 0.50 30.00 22.30 | 1386.39 0.69 92.11 8.02 170.5 754.2
c-C 0.70 30.00 22.23 | 1384.15| 0.69 89.00 7.74 171.2 754.3
c-c 0.90 30.00 22.22 | 1383.86 | 0.69 87.15 7.56 171.9 754.3
c-C 1.10 30.00 22.21 | 1385.56 | 0.69 86.16 7.47 172.4 754.3
c-c 1.30 30.00 22.08 | 1387.24 | 0.70 85.19 7.38 173.2 754.3
c-C 1.50 30.00 22.01 | 1388.60 | 0.70 84.58 7.34 174.0 754.3
c-c 0.30 40.00 22.64 | 1372.34| 0.69 89.59 7.82 176.8 754.3
c-c 0.50 40.00 22.53 | 1376.56 | 0.69 83.35 7.26 177.2 754.3
c-C 0.70 40.00 22.14 | 1384.17 0.69 73.88 6.42 177.3 754.2
c-c 0.90 40.00 21.96 | 1385.74 | 0.69 72.38 6.23 177.3 754.2
c-C 1.10 40.00 21.89 | 1386.24 | 0.70 65.74 5.67 166.0 754.1
c-c 0.30 55.00 22.77 | 1367.84 | 0.68 86.15 7.52 174.4 754.2
c-C 0.50 55.00 22.74 | 1368.31 0.68 79.20 6.90 175.0 754.2
c-C 0.70 55.00 22.39 | 1374.80 | 0.69 73.18 6.37 175.8 754.1
c-c 0.90 55.00 22.25 | 1378.57 0.69 64.92 5.63 175.9 754.0
c-C 1.10 55.00 22.05 | 1380.41 0.69 57.62 4.98 176.2 754.1
c-c 1.30 55.00 21.98 | 1379.88 | 0.69 56.37 4.84 176.4 754.1
c-C 1.50 55.00 21.89 | 1380.13 | 0.69 54.32 4.66 167.2 754.1
c-C 0.30 65.00 22.86 | 1364.10 | 0.68 64.13 5.60 176.0 754.0
c-c 0.50 65.00 22.85 | 1363.60 | 0.68 57.37 4.99 175.9 754.1
c-C 0.70 65.00 22.81 | 1363.92 0.68 51.89 4.48 176.0 754.1
c-C 0.90 65.00 22.70 | 1365.31 0.68 50.30 4.32 176.1 754.1
c-C 1.10 65.00 22.47 | 1366.87 0.68 50.14 4.30 176.2 754.1
c-c 1.30 65.00 22.03 | 1373.25| 0.69 49.68 4.26 176.5 754.1
c-C 1.50 65.00 21.88 | 1376.86 | 0.69 49.64 4.25 167.0 754.2
D-D' 0.30 15.00 23.04 | 1359.81 0.68 54.08 4.62 175.7 754.4
D-D' 0.50 15.00 22.73 | 1360.44 | 0.68 54.43 4.68 175.2 754.3
D-D' 0.70 15.00 22.70 | 1362.07 0.68 53.91 4.63 175.1 754.3

107




D-D’ 0.90 15.00 22.54 | 1364.68 | 0.68 53.33 4.60 175.3 754.3
D-D' 1.10 15.00 22.30 | 1366.04 | 0.68 52.76 4.57 175.5 754.4
D-D' 1.30 15.00 22.12 | 1367.73 | 0.69 54.70 4.75 175.6 754.4
D-D' 0.30 20.00 22.90 | 1366.52 | 0.68 82.95 7.24 173.5 754.4
D-D' 0.50 20.00 2259 | 1359.04 | 0.68 80.83 7.05 174.3 754.3
D-D' 0.70 20.00 22.36 | 1364.76 | 0.68 77.30 6.75 174.8 754.3
D-D' 0.90 20.00 22.24 | 1370.74 | 0.69 70.43 6.14 175.0 754.2
D-D' 1.10 20.00 22.05 | 137451 | 0.69 60.85 5.29 175.2 754.2
D-D' 1.30 20.00 21.94 | 1375.88 | 0.69 53.21 4.56 175.0 754.3
D-D' 1.50 20.00 21.90 | 1376.51 | 0.69 51.99 4,51 175.1 754.3
D-D' 1.70 20.00 21.89 | 1376.55| 0.69 51.57 4.44 175.1 754.4
D-D' 1.90 20.00 2191 | 1376.87 | 0.69 48.98 4.24 164.6 754.5
D-D' 0.30 30.00 2251 | 1376.19 | 0.69 102.69 | 8.95 174.4 754.6
D-D' 0.50 30.00 22.49 | 1375.39 | 0.69 100.25 | 8.74 174.8 754.6
D-D' 0.70 30.00 22.32 | 1382.73 | 0.69 95.98 8.36 175.5 754.6
D-D' 0.90 30.00 22.14 | 1384.16 | 0.69 92.76 8.07 175.8 754.6
D-D' 1.10 30.00 22.07 | 1383.20 | 0.69 87.77 7.62 176.0 754.6
D-D' 1.30 30.00 22.02 | 1379.65| 0.69 77.41 6.70 176.1 754.5
D-D' 1.50 30.00 21.98 | 1377.14| 0.69 74.84 6.45 176.1 754.6
D-D' 1.70 30.00 21.97 | 1376.22 | 0.69 74.12 6.39 165.2 754.7
D-D' 0.30 40.00 22.61 | 1371.90 | 0.69 132.48 | 11.52 | 175.9 754.4
D-D' 0.50 40.00 22.63 | 1369.75 | 0.69 129.73 | 11.28 | 176.1 754.5
D-D' 0.70 40.00 22.62 | 1371.94 | 0.69 123.33 | 10.71 | 176.1 754.5
D-D' 0.90 40.00 22.39 | 1377.67 | 0.69 112.31 | 9.74 176.1 754.5
D-D’ 1.10 40.00 22.20 | 1379.14 | 0.69 92.89 8.03 176.0 754.6
D-D' 1.30 40.00 22.14 | 1376.33 | 0.69 83.77 7.21 175.9 754.6
D-D' 1.50 40.00 22.09 | 1373.72 | 0.69 82.39 7.09 175.7 754.6
D-D' 1.70 40.00 22.07 | 137261 | 0.69 81.59 7.02 173.8 754.6
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Table10.8 Monitoring data 13-07-H nMc @ LYy AGALFf LIRAyday ! 3
Distance
. from Atm
Section | Depth o Temp | Cond Sal DO ORP
initial Pressure
point
[m] [m] [°C] [uS] | [gL] | [%] [mg/L] | [mV] | [mmHg]
AA 0.5 10 26.65 | 1755.17| 0.88 2.96 0.24 | 118.09| 751.05
AA' 0.7 10 26.57 | 1800.66| 0.91 1.65 0.13 | 123.27| 751.00
AA 0.5 20 26.90 | 1502.20| 0.75 | 17.59 1.40 | 115.19| 750.96
AA 0.9 20 26.89 | 1435.97| 0.72 | 17.43 1.39 | 12247 | 750.94
AA' 0.5 30 26.89 | 1423.88| 0.71 | 29.87 2.38 | 133.55| 750.76
AA' 0.9 30 26.64 | 1518.93| 0.76 | 24.98 2.00 | 132.96| 750.73
AA 1.1 30 26.27 | 1532.83| 0.77 | 20.08 1.61 83.73 | 750.67
AA' 1.5 30 26.15 | 1533.29| 0.77 | 17.63 1.42 83.09 | 750.65
AA' 0.5 35 26.91 | 1544.94| 0.77 | 27.98 2.22 | 130.47| 750.59
AA 0.9 35 26.89 | 1547.71| 0.77 | 27.46 2.18 | 131.66| 750.59
AA 1.1 35 26.62 | 1545.60| 0.77 | 24.00 1.92 | 123.08| 750.57
AA' 1.3 35 26.29 | 1524.51| 0.76 4.06 0.33 | 113.47| 750.60
B-B' 0.3 15 26.54 | 1631.78| 0.82 | 54.86 4.39 | 145.73| 756.83
B-B' 0.5 15 25.90 | 1637.51| 0.82 | 45.50 3.68 | 145.61| 757.05
B-B' 0.7 15 25.59 | 1640.43| 0.82 | 34.00 277 | 137.57| 757.16
B-B' 0.9 15 25.44 | 1642.98| 0.83 | 18.56 1.51 | 113.38| 757.16
B-B' 0.3 30 26.00 | 1660.45| 0.84 | 44.01 3.55 | 146.12| 756.77
B-B' 0.5 30 25.93 | 1660.71| 0.84 | 43.27 3.50 | 146.40| 756.83
B-B' 0.7 30 25.83 | 1663.72| 0.84 | 43.94 3.56 | 146.47| 756.91
B-B' 0.9 30 25.67 | 1666.39| 0.84 | 44.84 3.64 | 146.21| 756.99
B-B' 1.1 30 25.36 | 1667.01| 0.84 | 18.82 154 | -33.64| 757.19
B-B' 1.3 30 25.19 | 1683.67| 0.85 0.00 0.00 | -37.05| 757.03
B-B' 0.3 50 26.10 | 1657.81| 0.83 | 40.73 3.29 | 126.37| 756.87
B-B' 0.5 50 26.07 | 1660.51| 0.83 | 42.30 3.41 | 130.31| 756.86
B-B' 0.7 50 26.05 | 1661.59| 0.84 | 42.04 3.39 | 127.96| 756.85
B-B' 0.9 50 25.92 | 1662.71| 0.84 | 40.16 3.24 90.67 | 756.84
B-B' 1.1 50 25.74 | 1662.72| 0.84 | 27.12 2.20 10.38 | 756.89
B-B' 0.3 70 26.12 | 1629.86| 0.82 | 53.50 4.31 | 134.65| 756.90
B-B' 0.5 70 26.16 | 1630.02| 0.82 | 52.95 4.26 | 134.34| 756.90
B-B' 0.7 70 26.07 | 1646.55| 0.83 | 53.09 4.28 | 133.15| 756.92
B-B' 0.9 70 25.79 | 1649.50| 0.83 | 44.83 3.63 | 129.51| 756.89
B-B' 1.1 70 25.79 | 1650.25| 0.83 | 25.63 2.08 99.24 | 756.85
B-B' 1.3 70 25.73 | 1651.05| 0.83 2.25 0.18 89.34 | 756.88
B-B' 0.3 80 26.12 | 1597.24| 0.80 | 51.36 4.14 | 130.88| 756.89
B-B' 0.5 80 26.11 | 1599.57| 0.80 | 50.76 4.09 |129.96| 756.89
B-B' 0.7 80 26.05 | 160629 | 0.81 | 48.72 3.93 | 111.48| 756.87
B-B' 0.9 80 25.89 | 1612.09| 0.81 | 39.32 3.18 | 105.14| 756.81
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B-B' 11 80 25.80 | 1614.19| 0.81 | 22.94 1.86 | 103.16| 756.78
B-B' 1.3 80 25.75 | 1640.45| 0.82 4.97 0.40 90.37 | 756.79
B-B' 1.5 80 25.69 | 1643.15| 0.83 3.75 0.30 45.04 | 756.78
GcC 0.3 15 26.33 | 1743.11| 0.88 | 55.04 442 | 133.58| 756.50
GcC 0.5 15 26.32 | 1746.81| 0.88 | 54.58 4.38 | 106.01| 756.48
GcC 0.7 15 26.30 | 1748.60| 0.88 | 53.37 4.28 93.55 | 756.50
GcC 0.9 15 26.04 | 1749.29| 0.93 | 11.21 0.90 57.58 | 756.52
GcC 0.3 20 26.21 | 1728.52| 087 | 53.44 430 | 128.44| 756.46
GcC 0.5 20 26.20 | 1741.82| 0.88 | 52.83 4.25 | 129.20| 756.46
GcC 0.7 20 26.17 | 1742.08| 0.88 | 52.12 4.19 | 129.87| 756.47
GcC 0.9 20 26.21 | 1742.27| 0.88 | 48.78 4.38 | 130.76| 756.43
GcC 11 20 26.09 | 1742.74| 0.88 | 51.08 4.12 | 102.45| 756.42
ccC 1.3 20 26.09 | 1742.86| 0.88 | 54.36 3.92 71.83 | 756.41
GC 0.3 30 26.02 | 1732.46| 0.87 | 54.58 440 | 132.38| 756.38
ccC 0.5 30 25.95 | 1735.93| 0.88 | 51.33 4.15 | 131.95| 756.36
ccC 0.7 30 25.95 | 1739.69| 0.88 | 51.17 4.13 | 131.11| 756.36
GC 0.9 30 2590 | 1740.54| 088 | 51.66 418 | 130.16| 756.36
GC 1.1 30 25.79 | 1741.13| 0.88 | 48.03 3.89 83.66 | 756.34
ccC 1.3 30 25.79 | 1744.37| 0.88 | 46.01 3.73 77.61 | 756.35
GC 0.3 40 26.67 | 1736.15| 0.88 | 50.65 410 | 133.58| 756.16
GC 0.5 40 26.18 | 1737.24| 0.88 | 48.59 3.93 | 133.92| 756.10
ccC 0.7 40 26.20 | 1739.06| 0.88 | 46.35 3.76 | 134.04| 756.02
ccC 0.9 40 25.94 | 1740.51| 0.88 | 45.20 3.67 | 134.11| 755.86
GC 11 40 25.79 | 1745.66| 0.88 | 42.58 3.43 | 133.21| 755.67
GC 1.3 40 25.75 | 1746.24| 0.88 | 42.19 3.39 | 132.77| 755.50
GcC 15 40 25.74 | 1746.36| 0.88 27.88 2.22 | 129.07| 755.39
GC 0.3 55 26.53 | 1722.04| 0.87 | 47.71 3.86 | 133.76| 754.95
GC 0.5 55 26.42 | 1733.82| 0.87 | 47.02 3.80 | 133.30| 754.85
GcC 0.7 55 2591 | 1737.43| 0.88 | 43.20 3.50 | 133.71| 754.55
GcC 0.9 55 25.86 | 1740.06| 0.88 | 41.15 3.34 | 132.78| 754.47
GC 11 55 25.77 | 1740.45| 0.88 | 33.03 2.64 98.59 | 754.33
GcC 1.3 55 25.69 | 1743.89| 0.88 | 31.05 2.49 57.48 | 754.21
GcC 0.3 65 26.95 | 1689.60| 0.85 | 48.62 3.86 | 134.55| 753.85
GC 0.5 65 26.29 | 1717.83| 0.86 | 39.05 3.14 | 134.38| 753.68
GC 0.7 65 26.25 | 1739.15| 0.88 | 36.84 296 | 134.01| 753.54
GcC 0.9 65 26.29 | 1739.59| 0.88 | 35.47 2.85 | 133.44| 753.48
GcC 11 65 26.28 | 1739.63| 0.88 | 34.14 274 | 132.07| 753.39
GC 1.3 65 26.16 | 1740.30| 0.88 | 32.22 258 | 123.18| 753.35
GcC 15 65 25.70 | 1741.18| 0.88 | 21.76 1.77 | 109.89| 753.12
D-D' 0.3 15 26.52 | 1732.93| 0.87 | 27.58 2.22 | 135.05| 752.50
DD 0.5 15 26.36 | 1735.00| 0.87 | 27.05 2.18 | 135.02| 752.50
DD 0.7 15 26.30 | 1735.42| 0.87 | 22.28 1.79 | 135.48| 752.48
D-D' 0.9 15 26.08 | 1735.98| 0.87 | 19.01 152 | 135.65| 75241
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DD 1.1 15 26.08 | 1737.72| 0.88 18.00 144 | 136.12| 752.35
D-D' 0.3 20 26.27 | 1727.40| 0.87 | 47.76 3.86 | 136.67| 752.14
D-D 0.5 20 26.17 | 1733.32| 0.87 | 46.58 3.77 | 136.54| 752.09
D-D 0.7 20 26.16 | 1733.61| 0.87 | 40.44 3.26 | 136.50| 752.07
D-D' 0.9 20 25.94 | 1736.66| 0.88 | 38.78 3.12 | 136.82| 752.04
D-D 1.1 20 25.93 | 1738.29| 0.88 | 35.47 2.87 | 136.41| 752.03
D-D 1.3 20 25.84 | 1738.49| 0.88 | 31.20 251 | 134.79| 752.00
D-D' 15 20 25.80 | 1738.64| 0.88 | 22.47 1.82 | 128,50 751.96
D-D' 1.7 20 25.63 | 1739.35| 0.88 | 10.31 0.84 | 123.70| 751.93
D-D 0.3 30 26.32 | 1733.77| 087 | 60.29 486 | 136.50| 751.98
D-D' 0.5 30 26.26 | 1734.13| 0.87 | 53.19 4.29 | 136.59| 751.97
D-D' 0.7 30 26.12 | 1735.13| 0.87 | 52.76 4.26 | 136.73| 751.95
D-D 0.9 30 26.03 | 1735.38| 0.87 | 47.91 3.86 | 137.16| 751.96
D-D 1.1 30 26.01 | 1736.70| 0.88 | 44.10 3.54 | 135.95| 751.96
D-D' 1.3 30 26.01 | 1737.47| 0.88 | 39.00 3.13 | 136.12| 751.95
D-D' 0.3 40 26.69 | 1726.92| 0.87 | 32.91 2.64 | 136.84| 751.94
D-D 0.5 40 26.32 | 1732.27| 0.87 | 28.75 231 | 137.34| 751.95
D-D' 0.7 40 26.16 | 1732.76| 0.87 | 30.38 245 | 137.60| 751.95
D-D' 0.9 40 26.04 | 1733.24| 0.87 | 26.05 211 | 132.81| 751.93
D-D 1.1 40 25.90 | 1733.36| 0.87 3.77 0.30 | 113.74| 751.06

Moreover, samples have been collected in gampling pointga, b, ¢, d irfrigure 10.5) at surface

0l QX 0680dE 306 1p b O bottom on the Basina® X® X XD UR cases25/05/2016,
15/06/2016, 13/07/2016 and in theaveragewater depthin cases26/10/2016, 30/11/2016 and
22/02/2017 a*, b*, c*, d*). Tables below show the data collected during each measurement
campaign.

Table10.9 Basin 1 data: 285/2016
Sampling 1SS COD N-NH  N-NO;  P-PQ-~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/A] [mgN/l] [mgP/] [CFU/100mL] [CFU/100mL]

I Q 32 - - 7.3 8.97 2.40 2.69E+03  3.17E+02
I QQ 48 - - 5.9 5.94 2.42 - -
0Q 30 - - 3.7 8.98 2.39 - -
0QQ 37 - - 4.8 9.08 2.40 - -
0Q 23 - - 4.7 9.29 2.40 6.77E+02 3.01E+02
0QQ 30 - - 4.1 9.22 2.41 - -
RQ 15 - - 4.0 9.38 2.41 3.67E+02 1.86E+02
RQQ 20 - - 35 9.27 2.41 - -
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Table10.10Basin 1 data: 18 6/2016

Sampling TSS COD N-NH"  N-NO;y  P-PO~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/I] [mgN/] [mgP/l] [CFU/100mL] [CRJ/100mL]
I Q 28 226.65 0.25 4.39 6.98 1.42 1.37E+03 2.15E+02
F QQ 45 - - 12.76 6.74 1.96 - -
0Q 20 235.18 19.84 3.80 7.44 2.09 9.27E+02 1.95E+02
0QQ 30 - - 3.28 7.18 2.09 - -
0Q 15  319.09 132.74 4.32 7.89 2.13 - -
0QQ 18 - - 3.80 6.91 2.08 - -
RQ 10 281.53 52.74 3.42 7.28 211 5.63E+02 1.70E+02
RQQ 14 - - 4.16 7.28 2.04 - -
Table10.11Basin 1 data: 13/07/2016
Sampling 1SS COD N-NH* N-NOy  P-PQ~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/I] [mgN/l] [mgP/l] [CFU/100mL] [CFU/100mL]
I Q 35 214.10 4.98 3.01 5.40 3.03 2.77TE+03 1.87E+02
F QQ 45 408.40 14.50 3.15 5.02 2.94 - -
0Q 28 24483 1.71 3.13 5.02 3.17 1.85E+03 1.31E+02
0QQ 30 270.82 5.93 3.27 4.67 3.13 - -
0Q 20 28544 4.15 2.57 5.13 3.13 - -
oQQ 23 232.10 1.71 2.82 5.13 3.16 - -
RQ 15 229.14 171 3.03 5.14 3.26 1.76E+03 1.04E+02
RQQ 18 21854 0.45 3.20 5.13 3.14 - -
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Table10.12 Basin 1 data: 26.0/2016

Sanpling TSS COD N-NH"  N-NO;y  P-PO~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/I] [mgN/] [mgP/l] [CFU/100mL] [CFU/100mL]
a* 20 270.18 19.33 3.47 7.96 3.14 1.09E+03 2.64E+02
b* 23 22552 62.36 3.17 8.42 2.60 1.03E+03 254E+02
c* 15 350.24 62.88 3.19 8.51 2.51 7.17E+02 1.37E+02
d* 18 272.28 50.17 3.36 8.46 2.38 8.96E+01 2.30E+01
Table10.13Basin 1 data: 301 1/2016
Sampling 1SS COD N-NH  N-NO;s  P-PQ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/l] [mgN/l] [mgP/l] [CFU/100mL] [CFU/100mL]
a* 5 13449 0.34 1.35 8.88 1.99 7.33E+03 2.30E+03
b* 5 152.33 0.56 0.96 11.05 2.03 8.77TE+02 3.86E+02
c* 5 130.25 1.55 1.00 10.96 1.98 5.17E+02 6.45E+Q
d* 15 11053 1.40 1.00 10.05 1.98 4.05E+02 7.07E+00
Table10.14 Basin 1 data: 2202/2017
Sampling 1SS COD N-NH  N-NO;  P-PQ E.coll
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/] [mgN/l] [mgP/l] [CFU/100mL] [CFU/100mL]
a* 10 658.54 74.57 1.39 20.11 3.92 2.17E+03 4.92E+02
b* 12 496.24 6.41 1.45 19.17 3.18 3.30E+02 5.93E+01
c* 15 644.12 45.23 1.45 18.71 3.15 4.75E+01 2.50E+01
d* 20 540.93 155.25 1.57 18.67 3.12 3.75E+01 1.71E+01
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The solar irradiation data have been collected in the full scale plant using the Pyranans¢aéied
as explainedThe daily average irradiation data collected in Santerno WWTP are shown in Annex A.
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Solar Irradiance 26/10/2016

250

T T T
o o o o
o Lo o
N — —

[2vW/m] @duelpell| Jejos

0S:8T
GZ:8T
00:8T
GeLT
OT:.T
G¥.9T
02:9T
GS.GT
0€:ST
G0:ST
ovHSW
STYTE
om”mHW
STET,
00:€T £
GgeeTH
oT:2T
SY.TT
02:TT
GG.0T
0€:0T
G0:0T
ov'6
GT'6
058
GZ'8
00:8

Figure 10.13 Solar Irradiance data26/ 10/2016
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Solar Irradiance 22/02/2017
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10.3 Santernopilot plant data

The measurement campaigran the Santerno pilot plant starteid July2016until February 2017 in
the days showed in the following table. Each campaign was named as showed in the first column of
the table.

Table10.15 Santerno Pilot Plant monitoring campaigr

Campaign ID date
P1 13/07/2016
P2 12/10/2016
P3 30/11/2016
P4 14/12/2016
P5
P6

25/01/2017
22/02/2017

During each monitoring campaign, samples from thsempling pointswere collected. The
sampling points were located near the input, sectiorg @3Xhe middle of the plant, section2 Q Z
and near the output, sean 30 Figuve 10.16) and named PR, PR and PButrespectively. The
location of the sampling points was chosém order to monitor the plant state along thdlow
direction.

1 2 3
|
PP_input PPJredium PP_ utput
Qn /& < v
A @
|
1 1 2! 3l
QRrec

Figure 10.16 Santerno Pilot plant with sampling points
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Table10.16 Pilot plant data: 1307/2016
Sampling TSS COD N-NH"  N-NO;y  P-PO~ E.coli
Point Mean St Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/I] [mgN/] [mgP/l] [CFU/100mL] [CFU/100mL]
PRy 13 207.00 4.56 2.52 5.10 2.71 1.41E+03 4.94E+02
PRu 12 231.74 0.98 2.68 5.01 2.72 1.89E+03 9.78E01
PRur 12 27478 0.64 241 4.99 2.73 1.99E+03 1.47E+02
Table10.17 Pilot plant data: 1210/2016
Sampling 1SS COD N-NHS  N-NO;  P-PQ- E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/l] [mgN/l] [mgP/l] [CFU/100mL] [CFU/100mL]
PRy 10 125.44  3.53 1.31 1.90E+02 1.41E+01
PRu 10 56.64 6.10 0.87 1.20E+02 2.83E+01
PRur 5 5535 10.24 0.82 7.07E+01 2.83E+01
Table10.18 Pilot plant data: 3011/2016
Sampling 1SS COoD N-NH*  N-NO;  P-PQ- E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/l] [mgN/] [mgP/l] [CFU/100mL] [CFU/100mL]
PRy 10 141.33 0.21 0.83 9.20 1.81 - -
PRy 15 0.72 8.45 1.63 - -
PRur 20 0.76 7.47 1.58 - -
Table10.19 Pilot plant data: 1412/2016
sampling 1TSS CoD N-NH*  N-NO;  P-PO~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/l] [mgN/l] [mgP/l] [CFU/100mL] [CFU/100mL]
PRy 10 229.81 4.28 3.20 9.52 - 3.06E+02 1.41E+02
PRy 6.7 301.69 36.63 2.04 10.64 - 7.40E+01 6.62E+01
PRyt 6.7 259.70 16.28 1.98 10.46 - 7.00E+01 5.20E+01
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Table10.20 Pilot plant data: 2301/2017

Sampling TSS COD N-NH"  N-NO;y  P-PO~ E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/I] [mgN/] [mgP/l] [CFU/100mL] [CFU/100mL]
PRy 53 298.79 22.90 5.69 6.25 4.80 2.88+02 8.17E+Q
PRu 53 317.34 23.48 4.89 7.44 4.79 2.45E+02 1.50E+02
PRur 4 292.32 32.77 4.81 741 4.62 2.17/E+02 8. 74+

Table10.21 Pilot plant data: 2202/2017

Sampling 1SS COD N-NHS  N-NO;  P-PQ- E.coli
Point Mean St. Dev. Mean St. Dev.
[mg/L] [mg/L] [mg/L] [mgN/l] [mgN/l] [mgP/l] [CFU100mL] [CFU/100mL]
PRy 2.8 307.92 29.13 1.42 1.79 2.89 2.11E+03 2.88E+02
PRu 14 262.26 38.35 1.00 0.73 2.14 3.50E+02 1.51E+02

PRyur 1.4 419.14 7.77 0.93 0.54 2.05 2.82E+02 1.05E+02

Afterwards, Temperature(Temp), Conducibility (Condpissolved Oxgen (DO) Oxidation
Reduction Potential (ORP) and atmospheric pressure (Atm) been measuredlong the water
columnin PRy, PRs, andPRyurusing the multiparameter system YSI 556.

Table10.22 Pilot plart monitoring data- 12/10/2016

Depth  Temp Cond DO ORP AtmP

[m] [°*C]  [uS] [%] [mg/L] [mV] [mmHg]
PR\ 025 1551 1398 924 917 401  761.3
PR\ 045 155 1396 927 921 387  760.9
PRn 070 1549 1395 926 9.2 377 7611
PR 025 1545 1396 88.1 876 412  760.6
PR 045 1547 1397 889 884 39 760.5
PRi 070 1548 1397 885 88 369 7604
PRur 025 1535 1392 894 891 444 7603
PRur 045 1535 1392 893 89 44 760.4
PRur 070 1535 1392 895 892 438 7605

Section
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Table10.23 Pilot plant monitoring data- 30/11/2016

Depth Temp Cond DO ORP AtmP
[m] [°C] (bS] [%] [mg/L] [mV] [mmHg]
PRy 0.25 8.28 1425 100 12.1 35.6 769
PRy 0.45 8.27 1425 100 11.89 285 768.2
PRy 0.7 8.2 1417 98.2 1152 215 766.6
PRu 0.25 8.2 1417 98.1 1151 20.6 766.6
PRy 0.45 8.18 1417 98.2 11.53 19 766.4
PRu 0.7 8.16 1417 98.0 11.49 20 766.6

PRyur 0.25 8.13 1425 100 11.77 36.4 766.7

PRyur 0.45 8.16 1423 93.1 1093 29.2 767.0

PRyur 0.7 8.16 1424 913 10.72 27.9 767.2

Section

Table10.24 Pilot plant monitoring data- 14/12/2016

Depth  Temp Cond DO ORP AtmP

[m] [°*C]  [uS] [%] [mg/L] [mV] [mmHg]

PR\ | 025 | 7.77 | 1393 | 983 | 11.66 | 520.1 | 760.5
PPv | 045 | 7.84 | 1391 | 96.6 | 11.43 | 511.2 | 760.4
PRy 07 | 784 | 1407 | 96 | 11.36| 510 | 760.4
PRi | 025 | 7.68 | 1404 | 96.2 | 11.43 | 458.4 | 760.2
PRi | 045 | 7.69 | 1391 | 94.7 | 11.25 | 463.7 | 760.2
PR 07 | 7.7 | 1399 | 943 | 11.2 | 467.3 | 760.1
PRur | 025 | 7.56 | 1617 | 102.8 | 12.25 | 4445 | 760

PRu | 045 | 7.62 | 1308 | 96.4 | 11.48 | 456.4 | 759.9
PRur | 07 | 7.62 | 1656 | 93.7 | 11.15| 459.7 | 759.9

Section

Table10.25 Pilot plant monitoring datag 22/02/2017

. Depth  Temp  Cond DO ORP AtmP
Section
[m] [°C] [LS] [%] [mg/L] [mV] [mmHg]
PRy 0.25 -

PRy 0.45 10.01 1800 1049 11.76 528 757.6
PRy 0.7 10.44 1780 99.2 11.03 5329 757.5
PRu 0.25 - - - - - -
PRu 0.45 9.85 1794 1039 11.7 5484  757.3
PRu 0.7 10.23 1776 98.8 11.03 548.3 757.2
PRyt 0.25 - - - - - -
PRyur 045 10.05 1761 103 1155 550 757
PRur 0.7 10.24 1764 96.9 10.82 534.1 756.9

In the last case the 0.25 m data are not available because the water depth was 0.5 m due to
mechanical problems to the inlet punturing the days before.
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Chapter 11 Activated sludge modellingResults
and discussion

11.1 Initial hypothesis

The activated sludge process of the pilot plant was simulated in different operational conditions
using W.E.S.T. 2012 and the results discussed in order to define the best contielspatile to
reduce the energy costs guaranteeing a good efficiency of the plant, respecting the Italian legal
thresholds.

Firstly, two hypotheses were fixed:

1. The ammonium concentration influent increases as long as the input flow rate. This
hypothesisbased on the comparison betweeré influent flow ratein the full scale plant
(Figure 10.4) and theinput ammonium concentration trends the pilot plant Figure 10.3).
Indeed, the trend are similar wib the minimum at around 5 am and maximum peak at
around 11 am.

2. The input conditions, in terms flow rate amghmoniumconcentration, are constant during
three time ranges.This hypothesisomesfrom the first and the time slots have been
established companig the input flow rate and the ammonium concentratiofhus,it has
been assignedto each time slot the input flow rateand the average ammonium
concentrationbased on the Trebbo pilot plant data

Table11.1 Timeslot identification
Time Flow rate N-NH;*
[m3d] [mgN/L]
Timeslot1  03:00/10:00 0.34 20
Timeslot 2 10:00/16:00 1 50
Timeslot 3 16:00/03:00 0.67 30

Under these hypothesis, the nitrification and denitrification processes have been stisdijearately
in different conditions In particular, the nitrificatiorand denitrificationefficiendes havebeen
evaluated changing respectively ti®O concentration through PI controlles, and the external
recirculation flow rate.
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11.2 Nitrification modeling
11.2.1 CaseA

The oxygen inlet in the nitrification tankregulated by a Pl cascade controlfErgure 11.1). Three
dynamic simulations were carried on setting the y_S of the ammonia controller L (®B4,) 1.5
mg/L (SP2and 2 mg/L(SP3YyespectivelyFinally, he effluentTotal Nitrogen concertation and the
management costs resulting from the dynamic simulations have been compared.

Figure 11.1 Case A: WEST 2012 layout

Controller DO Controller NH4

y-S u y_S (Set—point)
u y-M y-M
Kia

* t ¢

Aerobic tank

Figure 11.2 Case A: Pl automatic
control system. Bie arrow represents
the variable measured in the aerobic
tank and black arrows represent the

adjusted variables
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Finally, the effluent TN concentration and the management £ostulting from each siolation
werelisted (Tablel1.2). The TN concentrations are referred to the average value in each time slot.

Table11.2 Case A: simulation results
SP1=1mg/L SP2 = bmg/L SP3 2mg/L
TNoufmg/L] / 280 & | TNoufmg/L] / 240G & | TNoufmg/L] / 280 &
Timeslot 1 12.88 7.43 11.76 7.16 10.43 6.95
Timeslot 2 15.09 8.82 14.44 8.57 13.67 8.38
Timeslot 3 13.26 7.62 12.42 7.30 11.45 7.03

The TNmaximum values are in thentie-slot 2 as expected because in this time range the influent
ammonia and COD concentrations are higher. It is interesting to note that the the output TN
concentration is higher when the ammonia gmint is lower.Indeed, the amount of nitrate
produced aml recirculated in the internal recirculation increase when the ammoniapsett is
higher because also the dissolved oxygen in nitrification tank is higher. Consequently, the Nitrate
removal efficiency of the denitrification tank couliécrease witHower Total Nitrogen in the final
effluent. Comparing the simulation results the Italian legal threshadde Table2.7) the TN output

is over the limit only when the ammonia sgobint is 1 mg/L during the timslot 2.

The management costs increase with the ammoniapgetts because the main management cost
is due to the aeration pumping station. This shows the need for policies able to optimize aeration
system management.

11.2.2 CaseB

In case A theres not variatiorin the ammonia sepoints during the day so the results were referred
to the average values. Therefore, in case B a timer connected to the ammonium controller was
added.

G
<

Loop_2

Control _NH4
Control_02 v

m Aj A
Municipality_1 Sensor. 1 y

Splitter

Anoxic_tank

Aerobic_tank

<
9o<

Loop_1

Figure 11.3 Case B: WEST 2012 layout
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The Timer depends on two parameters: the signal (u) and the signal time (f§ present case,
four signal times (T1, T2, T3, T4) are needed to dividereéferenceday in three timeslots
Gonsequently, an ammoniset-point (signal) will correspond to each signal time as showed below:

A T3=00:00-3:00 ->NH;*Set point = 1,3ng/L
A T1=3:00-10:00 ->NH;*Set point= 1mg/L
A T2=10:00-16:00 ->NH:* Set point= 2mg/L
A T3=16:00-00:00 ->NH* Set point= 1,5mg/L

Timer
Controller DO Controller NH4

y_S u
4—@ y_S (Set—point)

Aerobic tank

Figure 11.4 Case B: Automatic control systeniug arrow
represents the variable measured the aerobic tank and
black arrows represent the adjusted variables

The results of case B simulations in termsaofmonium and nitrate concentrations in the effluent
are si.owed inFigure 11.5. The trends are similar and the ammonium increasesausenitrate
increases afteapproximativelyone hour.

Case B: Ammonium and Nitrate Output
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Figure 11.5 Case B results: ammonium and rate output concentrations
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Comparing the average TN output concentrations are in this case under the legal thresholds in all
time-slots.

Table11.3 Case B: simulation results
TNouimg/L]
Timeslot 1 12.10
Timeslot 2 13.99
Timeslot 3 11.51
Daily average 12.53

11.2.3 Case C

In this case a further simplification to the automatantrol system has been made: the ammonium
controller has been eliminated and thiener isconnecteddirectlyto the oxygen Rtontroller. Thus,
the timer will change the oxygen spbint of it. The values of the oxygen gmtint have been
calculated ashe average in each time slat the previous case B:

A T3=00:00-3:00 ->DO Set point = 0.55 mg/L
A T1=3:00-10:00 ->DOSetpoint =0.77 mg/L

A T2=10:00-16:00 ->DOSe-point = 0.70 mg/L
A T3=16:00-00:00 ->DO Sepoint = 0.55 mg/L

| - A

Municipality

Sensor_1 TN_sensor

Anoxic_tank Aerobic_tank

G
909

Loop_1

Figure 11.6 Case C: WEST 2012 layout
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Timer
Controller DO

y_S (Set—point)

Aerobic tank

Figure 11.7 Case C: Automatic control systentuB
arrow represents the variable measured the aerobic
tank and black arrows represent the adjusted variabl

The results show that the NHoutput concentration increases from 10 h to 1%vhile the nitrate

trend is similar but shifter one hour later, probably due to the internal recirculation of nitrates, and
the peak is less evident.

Case C: Ammonium and Nitrate output

es=ss\ijtrate output A

e Ammonium output
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Figure 11.8 Case C results: ammonium and nitrate output
concentrations
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Even if durig the ammonium peak described before, the TN concentration is higher than the legal
limit, both the average daily and the time slots TN average concentrations are under this limit.

Table11.4 Case C: simulatioresults
TNoutmg/L]
Timeslot 1 12.24
Timeslot 2 13.66
Timeslot 3 11.91
Daily average 12.60

Fnally, the solution simulated in cas€ optimize the process because lower TN output
concentration have been achieved using a control system simphr dase A: the ammonium
controller has been replaced by a timer with evident advantages in terms of equipment and
management costs.

11.3 Denitrification modeling

The denitrification has been analysed simulatifogir policies with the aim to optimizeits
managenent savingthe energy costsThe denitrificationprocess mainly depends on the nitrate
concentration in the anoxic tank and the organic carbon readily biodegradailability which in
turn depend on the internal recirculain flow rate(Qgreg. Therefoe, four internal recirculatiorflow
ratesvalueshave been choseand implemented in the model.

The flow rate values were chosen taking into account thawlwalue involves low nitrates
concentration in the anoxic tardnd, consequently, the efficiency tfe denitrification process will
decreaseTherefore, internal recirculation flow rate at least 1.5 times bigger tin@ninfluent flow

rate (Qn) is recommendedFurthermore, high value couldause disequilibrium of the process
because the dissolved oxgig in the aerobic tank could be recirculated to the anoxic tank.
Consequently, the heterotrophic bacteria would use the oxygmirculated from the aerobic tank
instead of the oxygen contained in nitrates decreasing the denitrification process efficieocy.
avoid this problem the oxygen concentration in the anoxic tank must be maintained below 0,5 mg/I,
which means recirculation flow rate 3 times smaller than the influent flow (&g). Thus, four
recirculation flow rates values have been chosen inrdrgefrom 1.5Qnto 3iQ.

Table11.5 Recirculation rate used for the simulation
Qrea 1,571 Qn
Qrec 2,01 Qn
Qrea 2,51 Qn
Qrea 3,01 Qn
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The simulation layout implemented is the same usedaseA ¢ nitrification in which four ammonia
setpoint were fixed and a dynamic simulation was carried on for each recirculation flow rate. The
results n terms of COD, Nittas and TN concentrations the output section of the denitrification
tank are showed below.

Tablel11.6 Denitrification: simulation results

Ammonia sefpoint = 1 mg/L

Qrec1 Qrec2 Qrec3 Qreca
COD NOs TN | COD NG TN COD NG TN | COD NGOy TN
T1| 621 0.04 1347 | 514 0.04 1243 | 43.37 0.05 1159 | 37.3 0.06 10.9
T2 | 65.2 0.05 1554 | 52.1 0.05 1433 | 4254 0.06 13.34| 354 0.07 125
T3 | 73.6 0.04 1358 | 62.1 0.04 1227 | 54.06 0.05 11.23| 48.1 0.05 10.3

Ammonia sefpoint = 1.5 mg/L
Qrea Qree Qrecs Qree
COD NOs TN | COD NG TN COD NOs TN | COD NGO TN
T1| 105 0.02 106 | 924 0.02 10.01| 82.66 0.03 949 | 749 0.03 9.06
T2 | 102 0.03 1395 | 851 0.04 13.16| 7227 0.05 1247 | 62.2 0.05 119
T3 | 105 0.03 11.7 | 90.2 0.03 10.8 | 79.44 0.03 10 71.3 0.03 9.37

Ammonia sefpoint = 2 mg/L
Qrea Qree Qrecs Qrea
COD N&s TN | COD NOs TN COD NG TN | COD NOs TN
T1| 128 0.02 9.72 | 112 0.02 9.29 | 100 0.02 8.92 | 90.9 0.02 8.59
T2 | 123 0.03 13.21| 104 0.03 12.61| 899 0.04 121 | 785 0.04 116
T3 | 127 0.02 10.1 | 110 0.02 10.1 | 969 0.03 9.46 | 87.1 0.03 8.95

Nitrates concentration is very low in all cases showing a good denitrification capacity. The TN is
higher during T2 than in T1 and T3 because the input conditions are different but thass val
decrease increasing the recirculation flow rate. COD values are almost constant in all cases, showing
that the internal flow rate variations do not influence the dation capacity of the aerobic tank.
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11.4 Firstapproach to BPMN modelling for WWTPs

The simulations results discussed before, show the possibility to optimize the nitrification and
denitrification process though appropriate management policies. The ammonia and axigen set
points play a key role and is®tting is crucial. Therefore, the pdsisity to change those setoints

based on the variability of the influent parameters has been studied using a BPMN approach. In
particular the TN values resulting from the simulations in WEST 2012 have been implemented in
Bonita BPM software. At preserthere is not the possibility to connect directly those software
directly, the results from WEST must be organised as .csv file and upload in Bonita.

During this thesis study, a first approach to the problem has been carriednoparticular,the
objective function and the boundaries have been defined and a first process scheme in Bonita has
been proposed.

The objective function is to minimize the TN in output respecting the legal limit for wastewater
treatment: 15 mg/L referred to theresentltalianregulation.Therefore the first model boundary is

the legal limits for discharge and the second is the input load of TN, in this case. Based on those
hypotheses, e final aim of the BPMN approach is éptimize the process managemerggulaing

the oxygennlet in the aerobic tankased on the input load respectitige legal limits for discharge.

Car | e
g Optimized

> setpoint,

low load

(= . ) Y
= : & optimized ‘ Q
) > ) T > setpoint, 2% e - Output >O
4 Data reading ; averageload
Startl i/

A
Gateway Gateway Endl

g Optimized
» setpoint,
high load

Figure 11.9 Process layout in Bonita BPM

The process model showed kigure 11.9 permitsto manage automatically the sgtoint once the

input load is defined. After the managent system start (green dot) the first task is the data
reading which means reads of the TN concentration in the aerobic tank. Then the optimized set
point is generated based on the TN load read. Finally the TN concentiatioa tank is compared

with the legal limit if the limit is not respected the set point will be changed to a loleed, if not

the setpoint will not change Note that the process activities can be script tasks, page symbol in
Figure 11.9, or human taskshuman symbol irFigure 11.9. In the presentthesis,will not be
presented any results about this part because the studyrsentlyunderway and the first results
need more indepth analysisAnyway, this part will surely havature development and there are
high expectations.
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Chapter 12 Santernofull-scale finshing lagoons
and pilot scale:results and
discussion

12.1 Santernofull scale finishing lagoons: Basin 1 monitoringsults and
discussion

12.1.1 Finishingeffect on Nitrogen

The resultsconcerning tle Ammonium Nitrogen, Nitrate Nitrogen and Total Nitrogen anakysise
grouped inTable12.1 Data from the Basin ¢ Santerno WWTP in Imola (Bologna, Italyitrogen
concentration and Figure 12.1. The basin surface covered by Lemna has been evaluated in each
measurement campaign in order to take into account its finishing effégure 12.2 shows the
Lemnacoverage (geen). In the 25/05/2016 data, ammonium nitrogen decreases while nitrate
nitrogen increases and TN remains under the legal thresholds for irrigation reuse even-NtHg N

in input is higher than usual values. Indeed, the input data are typical of mlpaittification of the
secondary treatment. The ammonium Nitrogen reduction in the basin is only due to the nitrification
process and there is no evidence of photosynthetic activity. Moreover, Lemna did not influence the
process as it occupied only a diverea near the inlet section.

Comparing the 25/05/16 data with the 15/06/16 data we note that the conditions started to change:
N-NGs in section 35 Q A & { 2N#LSrad@ovaliekiSendy is lower even itNH:* in input is
comparable with the previasicase. In this case, the data reveal typical aerobic lagoon conditions
with photosynthetic activity. The finishing effectlodmnastarted to influence the process because

it covered approximatively one third of the basin surface near the bank.

On 13/07A6 almost all the basin surface is coveredl®mnaso in this period we observe a
maximum finishing effect as shown by the TN removal efficiency, around 40%. In particular, the
highest TN decrease is observable in the middle of the basin, sectior® 8 GG/ whereLemnais

better establishedKigure 12.1).

On 26/10/16 we note a decrease of TN removal efficiency due to lower nitrification wiNleyN
reduction is minimal. Moreovet,emnacover one fourth of the surface neang D5 Q a SOUA 2y =
its finishing effect is again minimal because its main part is not in vegetative phase.

The 30/11/16 and 22/02/2017 data show that the finishing effect of the lagoon is vesr lthan
before. Indeed, hose analisys were conducted dugithe winter season when thghotosyntetic
activity was pratically absent and there was not Lemna on the surface. The Nitrate concentration in
the last monitoring campaign is higher than the others problably due to the reduction of efficiency
of the denitification process and a reduction efficiency around 10% is registred in the Basin 1.
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Table12.1 Data from the Basin X Santerno WWTP in Imola (Bologna, ItalyNitrogen concentratiom

Al Q B. Q Gl Q D5 Q Removal efficiency

Meas.  NnNHf NNQF TN N-NH*  N-NQ& TN N-NH* N-NQs TN N-NH* N-NQ& TN N-NH:* N
campaign

baig [mg/l]  [mg/l  [mg/l] [mg/l]  [mg/ll  [mg/l] [mg/l]  [mg/ll  [mg/l] [mg/l]  [mg/l]  [mg/l] [%0] [%]
25/05/16 8.6 7.5 16.2 3.5 8.9 18 3.9 9.2 13.3 3.7 9.3 13.2 57 19
15/06/16 6.7 6.8 137 4.2 7.3 14.5 4.4 73 118 3.7 7.2 109 45 20
13/07/16 3.2 5.2 8.6 3.1 3.2 6.5 2.7 2.6 54 2.6 2.6 5.2 19 40
26/10/16 3.5 79 119 35 8.3 12 3.2 86 118 3.2 85 118 9 1
30/11/16 1.3 8.9 11.3 0.9 11.1 12.1 1 11.0 12.0 1.0 10.0 11.2 23 -
22/02/16 1.4 20.1 21.9 1.4 19.2 22.0 1.4 18.7 20.1 1.6 18.7 21.0 - 4

Ammonium Nitrogen

HA-A'EB-B' mC-C' mD-D'

[mg/L]

N-NH,'

Nitrate Nitrogen

N-NO, [mg/L]

mA-A'" mB-B mCC mDD

o
o

Total Nitrogen

Total Nitrogen [mg/L]
- N
(=] w

(5}

o

EB-B8' mC-C' mDD

25/05/2016 15/06/2016 13/07/2016 26/10/2016 25/05/2016 15/06/2016 13/07/2016 26/10/2016 25/05/2016 15/06/2016 13/07/2016 26/10/2016
Measurement campaign Measurement campaign Measurement campaign
(53) (5b) (5¢)

Figure 12.1 . Results for Ammonium Nitrogen (5a), Nitrate Nafgen (5b) and Total Nitrogen (5c¢) in Basin 1 in four measurement campe
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25/05/2016 Lemna surface = 145 m?

15/06/2016

Lemna surface = 6582 m?

13/07/2016  Lemna surface = 12044 m? 26/10/2016 Lemna surface = 3162 m?
pf
Input — T~ B

Figure 12.2 Basin 1: surfaceccupied by Lemnduring the measurement campaigns

132




It is very interesting the analysis of themperature and Dissolvéaxygerdatameasured along the
water columnin sections B Q  I-/y(Rablé12.2, Table12.3, Table12.4).

The 25/05/16 dataTablel12.2) show temperature values around twenty degrees that are typical

for that season without evidence of particular trends in depth. DO confirms the aerobic condition

in all the water volume and consequently nitrification process underway. Higher DO pageeint
sectionB. Q A& y20 RdzS (2 LK2G2a8yiKSGAO | OGADAGE
Indeed, sewage flows in Basin 1 through a free surface channel with diameter of one meter and
length around three meter.

DO percentage in 15/06/16Téble 11.3Table 12.3) confirms the photosynthetic activity of
phytoplankton, higher in surface than in the bottom. The DO percentage does not show anoxic
conditions so there is not denitrification in the@thom. Temperature are higher than 25/05/16 and
approximately constant along the water column.

In addition to the presence diemnaon the Basin 1, the increase of Nitrogen removal efficiency
observed the 13/07/2016 is also due to low DO concentratiothébottom layer of the water
column(Table12.4). Indeed, the anoxic conditions implied the denitrification process have taken
place where the water depth was approximately more than 1.10 m. This is confirmée Ipyttate
reduction efficiency arouth 50% Moreover, the DO percentage shows the not saturate conditions
in the water column. Firstlythis is due to theLemnacoverage which reduced both the oxygen
transfer from the air to the water and secondly to theduction of the photosynthetic activity
because the solar irradiation did not penetrate.

Table12.2 Basin 1:Temperature (T) and Dissolved Oxygen ([2{@ngthe water
column- 25/05/16
B. Q G/ Q
Depth T DO T DO
[m] [°C] [%] [mg/L] [°C] [%] [mg/L]
0.30 20.53 81.0 7.26 20.75 71.7 6.39
0.50 20.11 84.0 7.58 20.77 71.5 6.38
0.70 19.84 83.0 7.54 20.45 71.3 6.40
0.90 19.49 78.8 7.20 20.20 72.1 6.50
1.10 19.46 77.2 7.06 19.90 69.5 6.30
1.30 19.40 75.8 6.94 19.89 71.3 6.47
1.50 19.55 70.7 6.45 19.88 71.7 6.39
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Table12.3 Basin 1: Temperature (T) and Dissolved Oxygen (DO) along the wat
column- 15/06/16
B. Q Gl Q
Depth T DO T DO
[m] [°C] [%] [mg/L] [°C] [%] [mg/L]
0.30 22.12 1124 9.77 22.30 98.0 8.53
0.50 22.10 113.9 9.90 22.30 92.1 8.02
0.70 22.10 111.0 9.65 22.23 89.0 7.74
0.90 22.10 110.8 9.63 22.22 87.2 7.56
1.10 22.11 110.1 9.57 22.21 86.2 7.47
1.30 22.14 1111 9.65 22.08 85.2 7.38
1.50 22.12 111.7 9.70 22.01 82.7 7.16

Table12.4 Basin 1: Temperature (T) and Dissolved Oxygen (DO) along the wati
column- 13/07/16

B. Q G/ Q

Depth T DO T DO

[m] [°C] [%] [mg/L] [°C] [%] [mg/L]
0.30 26.00  44.01 3.55 26.67  50.65 4.10
0.50 25.93  43.27 3.50 26.18  48.59 3.93
0.70 25.83  43.94 3.56 26.20  46.35 3.76
0.90 25.67  44.84 3.64 25.94  45.20 3.67
1.10 2536 18.82 1.54 25.79  42.58 3.43
1.30 2519  15.96 1.20 2575  42.19 3.39
1.50 2515  12.30 0.48 25.74  27.88 2.22
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12.1.2 Natural disinfection effect:Escherichia coliemoval

The natural disinfection capability of Basin 1 has been tested measuriri) ttadiconcentration in
four sections showeah Figure 10.5. A comparison oftte resultss showed irFigure 12.3.

L.E+04 ¢ mA-A'EB-B'EC-C'D-D
=
= 1.E+03 = I
S -
d
o
O 1.E+02E
> :
- T
=
(&)
wi 1.E+01 ¢

1.E+00

25/05/16 15/06/16 13/07/16 26/10/16 30/11/16 22/02/17
Monitoing Campaign

Figure 12.3 Basin 1: E.coli concentration measured in four sections

Sarting from similar values in inputaround 13 CFU/100 mLthe overall efficiency changed
significantly Table12.5) due to theLemnagrowth that covered the surface preventing the solar
irradiation from penetrating in waterindeed, the removal efficiency in Summer decrease (59%
36%) while is maximum in winter, even is the solar irradiation is lessithSummer. Howeverme

results show the possibility to obtain the natural disinfection with efficiency 1§28 in winter and
around 40 % in summer. Management policies on the Lemna growth could increase the removal
efficiency also in Spring and Sunmne

Tablel2.5 Basin 1E. coli removal efficiency

Removal efficiency

Monitoring campaign
g paig %4

25/05/16 86%
15/06/16 59%
13/07/16 36%
26/10/16 92%
30/11/16 94%
22/02/17 98%
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12.2 Santernopilot plant: monitoring results and discussion

12.2.1 Finishing effect on Nitrogen

The Santerno pilot plant has been monitored sinG#0%/2016 so the resulting data areferred

to the initial activity of the plant in instable conditions due to the stapt period. Anyway, some

interesting behaviour are already observabfes shown irFigure 12.4 the NitrogenNitrate input

concentrations are low thanks to a good efficiency of the secondary treat phase of the full scale
plant but there is a removal effect of the plant with removal efficiency around 35%. Atypical values
have been registered in 13/07/16 and 30/2016: the first low removal efficiency is due to the

beginning phase and the second to very low input values. Moreovefirtishing effect of thepilot
plant occurs with different input ammonium concentration, from 0.83 mg/L to 5.69 mg/L.

6

N-NHi+ [mgN/L]
= N w EEN (6]

o

[ [
[ = PPIN m PPM = PPOUT

13/07/16 12/10/16 30/11/16 14/12/16 25/01/17 22/02/17
Monitoring Campaign

N-NH,*
Monitoring | removal
Campaign | efficiency
[%]
13/07/16 4%
12/10/16 37%
30/11/16 8%
14/12/16 38%
25/01/17 15%
22/02/17 35%

Figure 12.4 Santerno Pilot plant: Ammonium Nitrogen monitoring results
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12.2.2 Natural disinfectioneffect: Escherichia coli removal

TheE. colconcentrations in three sections of the Santerno pilot plant have been measured and the
results are shown ifrigure 12.5. Moreover, during the last measurement caaign, we verified if

the designed pilot plant was representing well what was happening in Basin 1, in terms of
disinfection capability.
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13/07/16 12/10/16 14/12/16 25/01/16 22/02/17
Monitoing Campaign

Figure 12.5 Santerno Pilot plant: E. coli monitoring results

Inthe first measurement (13/07/2016) there is nt colconcentration reduction because the data
refer to the starthg conditions when the disinfection process did not begin yet. Indeed, the data
from 12/10/2016 to 22/02/2017 shows a good removal efficiertghlel2.6) with different input
concentrations. The lowest values (14/12/2016 and 2%2017) referring to winter conditions with

the lowest irradiation are encouraging. We have to be aware that the pilot plant surface was
covered byLemnafor the entire period, which shaded the wastewater from the solar lights.
Therefore, higher removal g€iencies values are achievable. The removal efficiencies registered in
Pilot plant and Basin 1 during the last campaign (22/02/2017) are quite similar: 87% in pilot plant
and 98% in Basin 1. Considering that the pilot plant was coverkedrapa we can ay that the pilot

plant is able to represent what happens in Basin 1. Obviously, more data are necessary for a better
comparison

Table12.6 Santerno pilot plant E. coli removal efficiency
. . Removal efficiency
Monitoring campaig
(%9
13/07/16 -
12/10/16 63%
14/12/16 A47%
25/01/16 25%
22/02/17 87%
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12.3 Escherichiacolimodel implementation

Measured E. coli data have been compared with the results obtained from the E. coli degradation
model describedn Chapter 4. The implementation has been carried on using both Basin 1 and pilot
plant data. The parameters shownTiable4.2 have been used. In particular, the vertical extinction
coefficient is assumed to be I'when surfae is covered biemnaand 25 m' when surface is free
(Khatiwada and Polprasert, 1999nd the solar irradiation )l has been obtained from the ta
collected with the pyranometer installed on the plant

TheE. coli model has been implemented on full scale Basinl. Firstly, the flow velocity has been
calculated with Chézi formula in each chosen section, considering the influent flow rate and the
cross area measured éble10.3). Secondly, the Basin 1 has been schematized as four rectangles in
which the flow velocity (v) and the water depth (H) are const&igyre 12.6). Thirdly, the Basin 1

has leen discretized into sections far 10 m each other. Fingdgy, 4.40) has been solved assigning

the E. colinput concentration as €In the first section and obtaining the value Cei, which became
the input Gi value for the fdbwing section and so on.

|0 |1 ‘2 ‘3 |4 |5 |5 |7 |3 ‘9 |10 |11 |12 |13 ‘14 ‘15 ’16 |17 |18 ‘19 ‘20 |21
B
C
D
AXx=10m
S—
v=0.261 cm/s v =0.102 cm/s v=0.135cm/s v=0.2cm/s
H=1.20m H=135m H=1.43m H=1.20m
INPUT : € £ OUTPUT
—_—> 5 5 8 —_—>
Al
Dl
1
Br
50 m 50m 40m 70m

Figure 12.6 Basin 1 scheme for E. coli model implementation
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Theresults ofE. colimodel implementation from input (O m) to output (210 m) are shown below.
Measured data are represented with standard deviation as red dots and blue lines are the modeling
results

E.Coldegradation (25/05/2016)
3500
——E.Coli modelled
3000 —e—E.Coli measured
)
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Figure 12.7 Basin 1: E. coli measured and molgel values 25/05/2016

E.Coldegradation(15/06/2016)

1400 ——E.Coli modelled
—e—E.Coli measured

600

E. Col[CFU/ 100 mL]
[00]
o
o

400
200

0
0 10 20 30 40 50 60 70 80 90100110120130140150160170180190200210
Lenght [m]

Figure 12.8 Basin 1: E. coli measured and modeliealues 15/06/2016
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E.Coldegradation(13/07/2016)
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Figure 12.9 Basin 1: E. coli measured and modellmlues 13/072016
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Figure 12.10Basin 1: E. coli measured and modellalues 26/10/2016
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Theresults show a good comparison between measured and simulated data. For the 15/06/2016
case, simulated data stands in the confidence interval of the real data, while for the 25/05/16 case
they are outside with a difference below 30 CFU/100 mL.

For the 1307/2016 case, in both sections.BQ |-5/®&> 5a A Ydzf i SR RIF Gl F NB
around 300 CFU/100 mL. This can be explained by the presebheenobon the whole surface. For

the 26/10/2016 case, the modeled data stands below the measured dateciionsB Q | YR [/ Q/
and above theminsection®Q® ¢ KA & Aa LINR O | démhahBRtdziverdd falf 6fK S L
Basin 1 surface and was not stable in a portion of the basin due to the wind

Finally, he model was implemented usirige datacollected onSanterno pilot plant. Those data
represent the stadup condition of the pilot plant so also the model implementation provides a first
comparison between fullscale and pilot plants.

Thewater depth and section width are constant and set to2n7 and 0.89 m respectively. The flow
velocity is 0.00160 m/s and in all cases the water surface was coveltezhina

E.Coldegradation (12/10/2016)
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g‘ 200 —e—E.Coli measured
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Figure 12.11Santerno pilot plant: E. coli measured and modelled values 12/10/2016
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E.Coldegradation (25/01/2017)
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Figure 12.12 Santerno pilot plant: E. coli measured and modelled val@&#01/2017

E.Coldegradation (22/02/2017)
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Figure 12.13 Santerno pilot plant: E. colneasured and modelled values &¥2/2017
Modelleddata are below the measured in the output section (PP_OUT) in all caseshthild be

due to theLemnacoverage. The last case (22/02/2017) shows the best fit indesetied data are
close to the confidence interval of the measured data.
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Chapter 13. Fateof organic chemicals during
wastewater treatment plants

13.1 Introduction

Thischapterprovides theresults of theactivities carried out during the research period abroad at
Technical University of Denmark (DTU) of Copenhaglsvisiting period wasonducted in the
frameofthe/ h{ ¢ ! OGA2Yy 9{mnno dabS¢ I yRiteS ¥ @asBiaed OKI
NB dza S ¢ BamAugast t§ September 2088 Short Term Scientific Mission (STSMer the
supervision of prof. Stefan Trajgmd in collaboration with Dr Fabio Polesel.

¢KS 2LIAO 2F GKS {¢{a ¢ aemicalsdurfhgwastdvat freathidny | { A ;
Y2RSEtAYy3 AYLESYSYyGlrdAz2y FyR aAYdzZ I GA2YE gAGK

1. the fate prediction of organic chemicals in conventional WWTPs, namely
a. surfactants
b. pharmaceuticals

2. the estimation of residuathemical loads in WWTP effluents based on existing data on the
consumption or emission to WWTPs;

3. the calculation of the loads of chemicals released in the soil during irrigation;

The selection of the chemicals and crops have been chosen with refereribe Bologna region
(EmiliaRomagna)n order to connect this part with the one already discussed in this thesis

Surfactants and pharmaceuticals, also called xenobiotic chemicals, are widely used for human
activitiesthus its release in thenvironmentis critical. The main release sources btiose chemical
arehealthcare facilitieandagricultural, livestock and industrial activiti€bviously a large amount

goes to the WWTPs where they are partially degraded, mainly in agroiwessesand absobed

in sewage sludgerhe degradation of xenobiotic chemicals in WWTRsuisently a challenging
problem on one hand becauske plants are nospecificallydesigned to degrade therand on the

other handbecausdhose chemicals are very varialieterms d types of marketed and consumed.

In this contexta study on wastewater reuse must considee fate of the organic chemicals in the
WWTPdecause the presence in tleffluents canhave a negative impact on agricultural irrigation
for two main reasons:axic chemicals could reach the crops or fruits, slow plant growth and effects
on soitwater properties(specifically surfactants)
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13.2 Activity SimpleTreat model

Activity SimpleTreat is an extension of Simpteat 3.1(Struijs, 1996)the sewage treatment plant

model implemented in the EU System for Evaluation of Substances EUSES. This model predicts the
fate and elimination of neutral and monovalent organic chemicals in a generic sewage treatment
plant. It is based on the activity approach to describe transport and partitioning of ionizing organic
chemicals. As in SimpleTreat 3.1, calculations are performetiviogeneric treatment scenarios:

with and without primary settling @®ox and 9ox system). Aeration tank and secondary clarifier

are common to the two scenarios while theb®x system additionally includes primary settler. The
9-box model includes aiwater and suspended solids in the primary settler, primary sludge, water
and suspended solids (biomass) in the aeration tank, water and suspended solids in the secondary
clarifier and secondary sludge. The model is structured in four worksheets: inpatu@&s, 9ox

and 6box. The minimum data requirement corresponds to the cells marked in yellow in the input
worksheet, comprising physiechemical properties, emissions and biodegradation rates. The
physicechemical input properties are: the molecular @ht, the octanolwater partition coefficient

(Kow), vapor pressure, solubility, type of ionization (neutral, acid, base), acid dissociation constant
of acids and bases (pKa,a and pKa,b), Henry constant of the neutral compogunet (L3.1). The

Henry constant is calculated from vapor pressure and solubility if not given by the user. According
to the type of information available about biodegradation (ready biodegradability test, activated
sludge batch test or Monod kinetics), begradation data can be input through three different
methods, as in SimpleTreat 3.1.

Characterization of the chemical
MName compound =
Chemical formula=

Physico-chemical properties

Molecular weight = 100 [ 1E+02 ] gmol™® 0.1 kg mol™
logk,,, = 3 [ 36400 ] () 3(-)
Vapour pressure = L00E+00 [ 1E+00 ] Pa 1Pa
Solubility= 1.00E+02 [ 1E+02 | mgl™ " 1 mol m™
mono(valent)/bivalent  mono [ mono ] mono
neutral/acid/base/amphoter=  neutral [ acid | neutral
pKaa= 14.00 ] (-) 14 (-)

pKab=

Henry constant e ) =

[
[ oo0 1() 0 (-}
[

1E+00 ] Pa m® mol™ 1 Pam*mol™

Il

Figure 13.1 Input physicechemicals properties

For all input parameters, default values are selected if the celltiblahk. The default scenario
represents a typical sewage treatment plant serving a population of 10000 Person Equivalent (PE)
with a pro capita water consumption of 200 L/PE/d. The cells that are not marked in yellow in the
input worksheet may be filledybthe user to refine the emission scenario and the characteristics of
the treatment plant. The worksheet-Balues contains the speciapecific calculations of phase
partitioning and the activity capacities-(Blues, m3/m3) in the raw sewage and in thaen{or six)
compartments. The calculations of mass transport and removal processes, the mass balance matrix
and its solution are included in thel$bx worksheet (for the ®ox system). The-Box worksheet
includes compartmergspecific parameters (e.g., peponcentration of solids, density and organic
carbon content of solids), which may be modified by the expert user. Mass transport and removal
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processes are determined in terms ofvdlues (n¥h). The Tvalues build up the mass balance
matrix, which is sokd for the total activity, i.e. the sum of all species activities. Total activities and
concentrations (both in mol/if) in the 9 compartments are reported next to the mass balance
matrix. The mass fluxes and removal efficiencies are presented in a thowadi at the top of the
worksheet.

6-Box 9 Boxes
All mass fluxes in mol/h Volatilized (%) Al mass fluxes in mol/sec
[ | — 115820 0.00 Volatilized (%)
1.72E-16 1.149E-20 [ ]—>5.106-20 0.00
7 3.656-16 Ta22-23 T 110816
—_—>
Emlssiunﬂ 3.02E-04 4.84E-048 1.49E-05 —> 1.55E-05 Discharged via effluent (% —> — —> 1.71E-05 Discharged
5.06E-0: 3.02E-04 3.02E-04 349E-048 | 1.69E-0: via effluent
- ‘. 6.30E-04 3.38E-06 3.25 Emission %)
2,048 Q > 5065 \/-5.70E-17 |/-6.35E-05 |, 3.74E-06 358
0.00E+00 | 1.33E-04 —> 9.91E-07 2.04E- s s
J 131E-04 01 | S,SOEVOJ 0.00e+08 | 1.36504 |~> 1.02E-06
1.26!5-04\ :] l, 1.36E-04 ~_ J 135604
| 547606 ) 1.366-04 |, 3.226-06
Degraded (% Removed by SC (%
9 o5, é;) 108 ¥ SC (%) Remove d by PS (%) Degraded (%) Remove d by SC (%)
g g 26.87 68.92 0.64

Figure 13.2 Case LAS: Screen snapshot of tHeo® and 6box worksheets with mass
fluxes(mol/h) and removal efficiencies (%) through the primary settler (left), aeratiank
(center) and secondary clarifier (right).

13.3 Organic chemicalmodelled

As first step,the chemicals to be magled using Activity SimpleTreat have been selectdt
selection was based othe following criteria:data availability,widespreadusage persstence to
conventional wastewater treatmengnd the possiblémpacts on soil or plants following irrigation
with WWTP effluent. The selected chemicals are shown iT#i#el13.1 below:

Table13.1 Chemicals selected to be modelled using Activity SimpleTreg

Surfactants Pharmaceuticals
Linear Alkylbenzene Sulfonate (LAS) Diclofenac
Benzalkonium Chloride (BAC) Carbamazepine

Nonylphenol (NP)

Their physical and chemical propedihave been found in literature searching both on related papers
and on the common chemical databases (EPIWEB, PUBCHEM). Borisatant,a literature research

has been carried on focusing on influent concentration data in different conditions, wesirand
WWTPs. Particularly, the research focused on ltalian study cases, when avditeblgselected data
have been normalized with their PE and multiplied for 10,000(tR& reference for Active
SimpleTreat model). Finally, the mean value was used@d (Emission Rate Chemical) for the
model, checking the standard deviatidnput data for pharmaceuticals have been obtained from
the Italian National report of pharmaceutical ugaIFA 2015) Starting from the amount of
Diclofenac and Carbamazepine used in Italy from 2007 to 2015, the mean mass excneted pe
inhabitants has been calculated and finally adapted for the reference model (mol/day per 10000
PE).
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13.4 Surfactants input data andmodelling results

13.4.1 Linear Alkylbenzene Sulfonate (LAS)

Linear Alkylbenzene Sulfonate (LAS) is an anionic surfactant fulgdan waterA Y RSSR A0 R?2
exist in the neutral form. LAS has been introduced in the market in 1964 and the type used in the
European market is a mixture generated from the precursor Linear Alkyl Benzene (LAB). The linear
alkyl chain hagypically10 to 13 carbon units in the ratioi£G1:G2:G3=13:30:33:24For instance,

the chemical formula o€12LAS (Sodium-@odecylbenzenesulfonatey CoHsGHsSQNaand its
structureis showed below:

Figure 13.3 G>-LAS 2D structurfom Pubchem database

In Europ@n market the useis related to household deteempcy (> 80%) and industrial and
Institutional cleaners and textile processasd formulation of crop protection agents (20%AS
maximum concentration in raw sewage is 15 m@MERA substance, 2013he physicathemical
input data are referred to the commercial C1h%6d showed in the table belaw

Table13.2 Linear Alkylbenzene Sulfonate (LASysicat
chemicalinput data

Molecular weight (g moll) 342.4
logkow,n () 3.32
Vapour pressure ) 3.17E13
Solubility (P9 -
mono(valent)/bivalent (mg/L) mono
neutral/acid/base/amphoter base
pKaa () 0
pKab ) 14
Henry constanteutural ) (Pa&m®mol-1) | 6.35=03
KOG exp (L/kg) -
KOGn,exp (L/kg) 2500
KOGat,exp (L/kg) -




Starting from a bibliography research on several European WWTPs, five Italian case studies have
been selected: Roma NofWaters and Felijte, 1995J orno (Cavalli et al., 1992nd Ostia, Fregene

and Roma E4Di Corcia et al 1999) The data of LAS concentration in the selected plants have been
normalized with their PE and multiplied for 10,000 PE, the reference for Active SimpleTreat model
(seeTable13.3). Finally, the mean valu43.740 mol/day has been implemented in the model as
input concentration of LAS.

Tablel13.3 Linear Alkylbenzene Sulfonate (LAS) Emission rate chen
WWTP Emission rate chemical [mol/day]
Roma Nord 56.066

Ostia (Rome) 55.759

Fregene (Rome) 43.417

Roma Est 41.744

Torino 24.712

Mean 43.740

Standard deviation 12.223

In order to know the influence of the parameters on the model, simulations have been implemented
by changing the values of the mgparameters: Koand koc In particular, I§ has been changed in

the range 250@; 5000 L/Kg and combined withsKin the range 13 d?, referring to 6Box and 9

Box.

Tablel3.4 shows the modelling results in the eighteen casessfox 9 and Box. 6
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Table13.4 LAS modelling results

Koc,an Kbio LAS OUTPUT Removal
Case n°
[L/Kg] [h] [mol/d] [mol/s] [mg/L] [%0]
1 2500 1.0 4.6725 5.41E05 0.7999 89.3
2 2500 2.0 2.5152 2.91E05 0.4306 94.2
3 2500 3.0 1.6762 1.94E05 0.2870 96.2
4 3000 1.0 4.4781 5.18E05 0.7667 89.8
5 3000 2.0 2.4579 2.84E05 0.4208 94.4
6 3000 3.0 1.6814 1.95E05 0.2879 96.2
7 3500 1.0 4.4461 5.15E05 0.7612 89.8
o 8 3500 2.0 2.4002 2.78-05 0.4109 945
X 9 3500 3.0 1.6550 1.92E05 0.2833 96.2
2 10 4000 10 43442 503E05 07437  90.1
11 4000 2.0 2.3596 2.73E05 0.4040 94.6
12 4000 3.0 1.6196 1.87E05 0.2773 96.3
13 4500 1.0 4.2587 4.93E05 0.7291 90.3
14 4500 2.0 2.3095 2.67E05 0.3954 94.7
15 4500 3.0 1.5925 1.84E05 0.2726 96.4
16 5000 1.0 4.1731 4.83E05 0.7144 90.5
17 5000 2.0 2.2671 2.62E05 0.3881 94.8
18 5000 3.0 1.5656 1.81E05 0.2680 96.4
1 2500 1.0 3.7696 4,.36E05 0.6454 91.4
2 2500 2.0 1.9934 2.31E05 0.3413 95.4
3 2500 3.0 1.3630 1.58E05 0.2333 96.9
4 3000 1.0 3.7817 4,38E05 0.6474 91.4
5 3000 2.0 2.0055 2.32E05 0.3433 95.4
6 3000 3.0 1.3717 1.58E05 0.2348 96.9
7 3500 1.0 3.7947 4,39E05 0.6497 91.3
© 8 3500 2.0 2.0177 2.34E05 0.3454 95.4
é 9 3500 3.0 1.3805 1.60E05 0.2363 96.8
@ 10 4000 1.0 3.8163 4.42E05 0.6533 91.3
11 4000 2.0 2.0382 2.36E05 0.3489 95.3
12 4000 3.0 1.3981 1.62E05 0.2394 96.8
13 4500 1.0 3.8284 4.43E05 0.6554 91.2
14 4500 2.0 2.0511 2.37E05 0.3512 95.3
15 4500 3.0 1.4071 1.63E05 0.2409 96.8
16 5000 1.0 3.8413 4.45E05 0.6576 91.2
17 5000 2.0 2.1565 2.50E05 0.3692 95.1
18 5000 3.0 1.4248 1.65E05 0.2439 96.7
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The results have been groupedhigure 13.3 and Figure 13.4 to show thecomparison between
the simulation results and the Italian legal limit of the Total SurfactEmtgrigation reuseaccording

to the DM 185/2003 (red line).

0.9

0.5

LASger carc [mg/L]

0.0

Box 9 2500<Koc<5000L/Kg

0.8 -
0.7 +
0.6 -

Italian legal limit for reuse

0.4 -
0.3
0.2 4
0:::+

Kgio [h?]

Figure 13.4 LAS effluent modelling results under different KOC and KBIO conditions wit

secondary sedimentation (BOX9)

0.8
0.7
0.6
0.5
0.4
0.3

LASgs carc [mg/L]

0.2
0.1

Box 6 2500<Koc<5000L/Kg

@
\ italian legal limit forreuse

0.0 ~+

Kgio [h]

Figure 13.5 LAS effluent modelling results under different KOC and KBIO condition®utith

secondary sedimentation (B@X

The modelled LAS effluent concentration strongly depenoh the kiowhile the kcinfluence is

lower.

The Italian legal limits for water reasare not respecte@henKsgioislower than 1.8 H, with primary
sedimentation(Box9) and 1.5 ht, without primary sedimentation(Box 6).
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13.4.2 BenzalkoniumChloride (BAC)

Benzalkonium chloride (BAC) is a mixture of alkyl benzyl dimethyl ammonium chleiideés8 to
C18 alkyl groups that belongs to the quaternary ammonium compounds (QACs) and is the active
ingredient of many pharmaceuticals, cosmetics, commercial disinfectants, and food preservative.

The formula is: CHN(CH)2RCI, R=%617 - GsHszandthe structural formula is showed below.
ﬁ/CnH2n+1

/\ ©
HiC CHy  ©

n=28, 10,12, 14, 16, 18

Figure 13.6 Structural formula of BAC

The physicathemical input data are showed in the table below:

Table13.5 Benalkonium chloride (BAC) physieahemical input data
Molecular weight (g mott) 340
logkow,n ) 1.35
Vapour pressure ) 25109
Solubility (P9 1.41E04
mono(valent)/bivalent (mg/D) Mono
neutral/acid/base/amphoter Base
pKaa ) 0
pKab ) 14
Henry constanteutural ) (Pa nfmol?) 7.71E07
KOG exp (L/kg) -
KOG exp (L/kg) -
KOGat,exp (L/kg) 5434

Due to the scarcity of literature data the input and output concentration of BAC with alkyl groups
C12, C14, C16 and Qised in this workhave been taken from a monitoring campaign in Austrian
WWTPs carried on i{lara et al., 2007The Emission Rate Chemical implemented in the model is
0.0381mol/day.

As in the previous case, the input data of BAC have been modelled changingathe igiovalues
in the ranges as above.
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