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ABSTRACT

Wastewater treatment has become in the recent geairmportant issue to deal with in order to
keep the quality of natural water resources as hggphossible. In this line, the implementation of
the Water Framework Directive (WFD (2000/60/EC)pypdes to Urban Wastewater System
(UWS) and Wastewater Treatment Plant (WWTP) marsageset of guidelines to choose the
appropriate technology in order to reach a cotreettment level at river basin scale.

The main objective followed for this thesis is thevelopment and test of a new Environmental
Decision Support System (EDSS) based on matherhatiodelling and artificial intelligence
tools all fed by expert knowledge. The tool aims piesent its benefits on the integrated
management of the urban wastewater system and WMKIRy into account the water quality of
the receiving body.

The methodology proposed for the EDSS developngebased on five main steps: 1) problem

statement, 2) data collection / knowledge acqoisjtB) relevant knowledge, 4) model selection

and 5) model integration and implementation. Thet fstep defines the main goal for which the

tool is going to be built. The second stage usesraksources of information in order to give the

tool different perspectives from different discis. As a result of this stage, the third phase of
the EDSS development analyzes all this informaéiod tries to get the best possible in order to
identify useful knowledge. After this, a selectioh the different types of available models is

performed and only the ones that best meet therdiit needs of the tool are finally chosen.

Finally, the selected models are implemented ihtbol giving support to managers with the

decision-making process.

Two virtual urban wastewater systems based on oea&ls have been taken into account
(VilaConca and VilaPrat) with their respective seage systems, WWTPs and a single receiving
body for both systems. By the execution of severatlel simulations of the virtual system, new

expert knowledge of the integrated management efsiistem is obtained and further included

into the knowledge based system as a set if-thersida trees. Additionally, the EDSS tool has

been tested with different rain scenarios andeissilts then compared with the standard situation,
when no expert knowledge is applied, showing irhezase the volume variation of the untreated
wastewater discharged to the receiving body asagdibr the released mass pollution.

Results of the use of the tool reveal an improvanoérine whole wastewater system and have
demonstrated the greater efficiency when an intedrenanagement approach is applied. Future
research can evolve to generate new knowledge vdaictbe further used by EDSS tools in order
to get a better efficient integrated river basinnagement and contributing thus, with the

implementation of the WFD objectives.






RESUM

El tractament de les aiglies residuals, és des jdebfsstants anys una matéria important a resoldre
per tal de mantenir de la millor manera possiblgualitat dels recursos hidrics disponibles. Aixo
és d’especial importancia en un pais on, el rissedgiera permanent en un clima mediterrani com
el nostre, es pot veure agreujada en la persped@acanvi climatic. En aquest sentit, la
implementacio de la Directiva Marc de I'Aigua (WHR0O00O/60/EC)) aporta als gestors de les
Estacions Depuradores d’Aiglies Residuals (EDAR) savé&e de linees i guies a seguir per tal
d’escollir la tecnologia més apropiada en cada@agjuesta manera, el que s’aconsegueix €s que
I'aigua residual assoleixi un nivell de tractameptopiat a escala de conca.

El principal objectiu que cerca aquesta tesi édesknvolupament i prova d’un nou Sistema de
Suport a la Decisi6 Ambiental (EDSS) basat en eileemodelitzacié matematica i d’intel-ligéncia
artificial, a partir d'una base solida de coneixatmexpert. La nova eina pretén demostrar els
beneficis que comporta realitzar una gestié ingmitant dels sistemes de drenatge urba com de
les EDARSs tenint en compte la qualitat de les agied medi receptor.

La metodologia proposada per al desenvolupamehieida EDSS, basada en la proposta inicial
desenvolupada per Poch et al. (2004), consta depaissos basics: 1) plantejament del problema,
2) recol-leccié de dades / adquisicié de coneixén®nconeixement rellevant, 4) seleccié dels
models i 5)integracio i implementacio dels models.

El primer pas defineix els principals objectius pkx quals I'eina es desenvolupara. En la segona
fase, s’usen diverses fonts d’informacio per talddear a I'eina diferents punts de vista des de
diverses disciplines. En consequiéncia, la terasa &nalitza tota la informacio recol-lectada i en
tria la més util i rellevant. Seguidament, es tealila seleccio dels diferents tipus de models
disponibles i només els que millor reuneixen etpigts de I'eina son finalment seleccionats.
Finalment, els models escollits s’implementen a#ie d’aquesta manera aporten als gestors una
ajuda i un suport en el procés de decisio.

S’han escollit dos sistemes virtuals (VilaConcailaNrat) basats en sistemes reals amb les seves
respectives xarxes de clavegueram, EDARs i un dredi receptor. Mitjancant una serie de
simulacions en el sistema virtual, s’ha assolitldaisici6 de nou coneixement pel que fa a la
gestio integrada de conca, el qual ha estat postegnt implementat al sistema basat en
coneixement expert en forma d’arbres de decisiéine EDSS ha estat provada amb diferents
escenaris de pluja i els resultats han estat catgpamb els d’'una gestié de conca estandard (en
la que no s’hi té en compte el coneixement expBrgquesta manera, s’aconsegueix il-lustrar
guina és la variacié de volum d’aigua residual eetngctar aixi com també de la quantitat de
contaminant que finalment arriba al medi receptor.

Els resultats assenyalen que I'is de I'eina ED®8u®ix una millora del sistema i demostra que
existeix una major eficiencia i una millora en laatitat del medi receptor quan es realitza una
gestio integrada de la conca d’un riu. En un futurecerca pot anar enfocada a la generacié de
nou coneixement, que es pot integrar dins I'ein&&per tal d’assolir una major eficiencia en la
gestio integrada de conca contribuint d’aquestaemaade forma activa en la implementacio dels
objectius marcats per la DMA.
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1. Preface
1.1 Hypotheses

In the last decades there has been an increasiagea@ss of the importance to evaluate and
optimise water resources supply and evacuatiomefwastewater management. Despite that, it
has been demonstrated that the wastewater treate@ntologies as well as the sewer system
management are a potential tool to increase wattewsmnagement efficiency.

The main objective of this thesis is to demonsttatg the development of an environmental
decision support system based on artificial irgetice and mathematical modeling tools produce
an increased efficiency on the management of thstemeater system. This achievement is
necessary in order to improve the quality of treenang environment and to deal with the current
policy in wastewater management.

1.2 Contributions

The main contribution of this thesis is the devetept and test of an Environmental Decision
Support System (EDSS) based on mathematical madédlsrtificial intelligence tools all fed by
expertise knowledge. The model is based on twoUdahn Wastewater Systems (UWS) and has
been developed using the WESModelling software (DHI (2011)) version 3.7.6 (200The
latter, has been developed by means of a previaaigrated and validated model (developed
with a different software) which has been usedcasdevelopment basis. The expert knowledge is
based on a rule based system all built by meadsa@s$ion trees and then compiled with a specific
software. The EDSS tool has been tested with @ifferain scenarios and its results are then
compared with the standard situation, where exgrdwledge is applied but an integrated
management of the different UWS infrastructuresastaken into account. Results show in each
case a decrease of the total volume of the untteméstewater discharged to the receiving body
as well as a decrease of the released mass pollutio

Results have led to an improving of the whole waater system and have demonstrated the
greater efficiency of an integrated managementuréutesearch can evolve to generate new
knowledge which can be further used by EDSS taolsrder to get a better efficient integrated
river basin management.

1.3 Outline

The work described in this document has been peddrwithin the context of the Water
Framework Directive (WFD) implementation. Via matieical modelling simulations and expert
decision trees, various rain scenarios of the UNMastewater System (UWS) (sewer network,
WWTP and river) have been tested and compared. &uobl has been developed to assess the
impact of the integrated management of the UWSerréceiving rivers.

The structure of the present thesis is divideHlsvs:

In Chapter 2 an introduction of the UWS is provided, describihg main elements and processes
within this type of systems. A description of tregiklative framework surrounding the WFD
implementation is supplied too. Following that, koid summary is presented of the developed
EDSSs for the management of single processes andises and finally, for the integrated
management of the UWS. @hapter 3 the objectives of this thesis are presented.
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Chapter 4 provides a complete description of the methodoleggd for the EDSS building. The

first section introduces the specific problems sunding the individual management of the
different hydraulic infrastructures of the UWS. IBaling that, the data collection phase and the
knowledge acquired within this phase is pointed. dute next section describes the model
selection followed by the model integration and lienpentation. After that, there is a second
knowledge acquisition loop encompassing the exggeknowledge of the different managers and
the simulation results, which is all built up inrfo of decision trees. Finally, the last section
devotes the EDSS integration as a prototype tadhi®integrated management of the UWS.

Results of the EDSS operation are describedhapter 5 including a discussion of them and the
tested rain scenariohapter 6 presents results and discussion of an heuristmwvladge
approach of the EDSS performed with a water qualdint of view. An additional economical
impact evaluation is included in this chapter tooChapter 7, the general conclusions and future
work of this thesis are pointed u@hapter 8 provides the references and finally thanex
presents an additional description of the seleatedel, a supplementary representation of the
developed decision trees. Extra EDSS concepts patational results are also presented. And
finally the virtual system model layout developeithWVEST®.
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2. Introduction

The general conservation of water resources has dfegreat interest during the last years due to
the need to ensure its availability for future gatiens, which has always been directly related to
human development. In this sense, water resour@mgement becomes a complex problem
since it involves multiple agents with a varietyirterests acting at different scales and intemgcti
with land use control (IAASTD (2009)).

The urban water cycle is the process by which wsteraptured from the natural cycle for its
usage in a urban community until its returninghe tatural cycle. First, water is collected and
stored in reservoirs. Then it is transported togb&bilization facilities where water is prepared
for consumption and distribution. After its utilisen wastewater is conveyed and processed into
the WWTPs in order to obtain suitable water forditscharge in the receiving environment or for
reuse purposes. During precipitation, rainfall wagentroduced into the urban water cycle and it
can either flow through storm water collection sys$ or through conventional WWTPs before
being discharged into the receiving body. Figuieshows the movement of urban water.

‘ PRECIPITATION ‘

STORMWATER RUNOFF FROM URBAN CATHCMENT SURFACE AND GROUNDWATER ABSTRACTION FOR
AREA 'WATER SUPPLY SYSTEM
TR e URBAN DOMESTIC INDUSTRIAL | | OTHER USED
POLLUTION SOIL EROSION 'WASTES WASTEWATER 'WASTEWATER 'WATERS
INFILTRATION
URBAN SURFACE URBAN WASTE
WATER RUNOFF WATERS
URBAN STORM SEWER COMBINED SEPARATE
FLOODING SYSTEM SEWER SEWER
SYSTEM SYSTEM
SOURCE BMP WASTEWATER
MEASURES TREATMENT
'WORKS
PARTIALLY COMBINED TREATED
TREATED UNTREATED SEWER DISCHARGE
DISCHARGE DISCHARGE OVERFLOW (EFFLUENT)

‘ RECEIVING WATER BODY ‘

Figure 2.1 Movement of water in urban environment. Origipdibm Andjelkovic (2001).

Considering the increasing magnitude of the diffesanitation infrastructures of urban areas, the
structure and function of UWS and associated change&ownstream processes have important
ecosystem and public health implications. The tiawgial management aims to fulfill the legal
emission limits but usually without bearing in mitite consequences on the receiving waters or
on other wastewater facilities. This is usually daehe fact that the sewer system, the WWTP
and the receiving water are generally managed fbgreint companies or administrations (Devesa
et al. (2009)).
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2.1 Urban Wastewater System

Urban wastewater systems are the whole set of imdkarge of transporting, treat and discharge
wastewater to the receiving media. Most of thes¢esys are mainly composed by a sewer system,
which through a set of pipes are responsible t®ivecthe wastewater produced in urban,
industrial or agricultural areas and finally coryeiin the main collectors, where all wastewater
flows to the WWTP. There, water is treated andliyndischarged into the receiving body.

Sewer systems are the group of pipes and facilisesl to transport the generated wastewater to
the WWTP as quickly as possible (Marsalek et a@98)). These are used with the aim of
avoiding a fall of the water quality in the receigibodies. Collected wastewater can have several
origins: black waters which have a domestic, indaisbr agricultural source, or white waters,
when rain water comes into the sewer system througbff. If the wastewater flowing through
the sewer system is higher than its hydraulic capatien the water leaves via emergency exits
or Combined Sewer Overflows (CSOSs).

Basically, two types of sewer systems can be djaished: separated and combined. Separated
systems have two types of pipes for transportingewvaut of the urban area. One is used for
transporting rain water and another for wastewdteis type of sewer systems have the advantage
that wastewater is not diluted during rain evemid so, less amount of water has to be treated and
in a more efficient way. On the other hand, comthisgstems have only one pipe for transporting
both black and white waters. Its main advantaglas less construction costs are needed. But in
this case, they lead to an increase of the amduwater to be treated during rain events which
turns into a decrease of the WWTP efficiency andigihver hydraulic capacity needs (Butler and
Davies (2004); De Toffol et al. (2007)).

Storage tanks and retention basins are the mosnooig used facilities to prevent and reduce the
number and volume of CSOs (Bode and Weyand (20@tualization basins are structures
designed to smooth wide variations in flow so thabnstant or nearly constant flow rate can be
achieved. They are normally used during dry weatlogr to since they can provide an average
flow or pollutant load to the WWTP. Additionallyhese tanks can be also used to retain a certain
wastewater volume before entering the WWTP, e.gase of an industrial discharge, where high
pollutant concentrations are frequent, storm taates used to avoid critical episodes into the
WWTP (Bolmstedt and Olsson (2005)).

Once the wastewater has flowed from its urban dusirial origin through the sewer system, it
arrives to the WWTP. There are different procedseseat wastewater: (1) physical treatment
(sedimentation or filtration), (2) chemical treatméprecipitation or flocculation) or (3) biologica
treatment (degradation of waste by bacteria) (Metemd Eddy (2003)). The latter, in
combination with one or more physical or chemicahtment process are the most common plant
layouts used to treat wastewater.

Nutrient removal technologies have been develop®dl iatroduced to the WWTP processes
(Martinez (2006)). One of the most common practieesnitrogen removal is the nitrification-
denitrification process with internal recirculatiohwastewater. Part of the oxygen used to oxidise
ammonia to nitrate is partially used for COD remo¥@an the other side, phosphorous can be
removed in two ways, by chemical precipitation midgical precipitation.
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Activated sludge systems, consisting in a seriesaoks filled with bacteria and with specific
conditions (anaerobic, anoxic and aerobic) areittosdlly used for nutrient and organic carbon
removal. Sludge produced by the bacterial growththesn separated from the effluent in a
secondary settler since bacteria in the activaigdiye tanks tend to aggregate and grow in flocs
with its consequent greater density than water (&0(2000)).

Rivers, lakes and seas are typical dischargingtp@hWWTP effluents. Additionally, CSOs can
also spill into creeks or streams. Rivers have rofbactions as are transport, drinking water
source, irrigation or habitat for riparian ecosysse In this sense, the right combination of water
guantity and quality are essential for the mainteeaof all these river functions.

River water quality is not only determined by timputs of the urban system, but also several
processes as are the physical, biological and d@mxchanges through the water column or the
physical transport of water. The quantity of watlawing through the river can be also a
determinant factor, especially in Mediterranearasrn@here water scarcity is common (Navarro-
Ortega et al. (2012)). Thus, the role of WWTPsha different management strategies adopted
throughout the UWS become important as they camym® a considerable impact into the
receiving water quality.

There are many parameters influencing each othertlzet several factors should be looked at
when judging the water quality. The combinatiorseberal criteria leads to a classification of the
river as having good, moderate or bad quality (Meir (2002)).

2.2 The WFD implementation

The WFD of the European Union (WFD (2000/60/EC)kusrently the most important water-
related legislation in Europe. It encompasses thevipus European directives on water
management by considering the water cycle as aewAdle directive establishes a new idea in
terms of water management considering the riveinbas the working scale, and introduces the
new concept of integrated river basin managemdrBN). This new point of view includes
surface and ground waters. The main idea of the W& reach a good quantity and quality
status of water resources, which can be explosgddray as the ecological function of water is not
affected significantly (Riegels et al. (2011)).

The main goals of the WFD are:

 Reach a ‘good’ ecological status of superficiabtesranean and coastal waters by 2015.
* Prevent deterioration and improve the aquatic estesys, including subterranean water.
* To reach the river basin management as work scale.

* Involve general public in water policy making.

« Control the emission limits and the quality objees in a combined point of view.

* Promote the sustainable use of water and reducs wallution.

» Contribute to the flood reduction and to water sitar

In a UWS context, additionally to the Wastewateeaiment Directive (CEC (1991)), and the
Integrated Pollution Prevention and Control Direet(CEC (1996)), the WFD jumps from an
emission-based approach to a combined approachotimg pollution at source through the
setting of emission limit values and of environnatmfuality standards (Article 40, WFD). When
considering the integrated management of the imtretsires of the UWS, an improvement of the
quality of the water bodies and a reduction otdsts is then possible.
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However, this is a laborious goal due to the systemplexity and to the roles played by the
managers and stakeholders. The development of waamagement tools to support decision
making become thus, a necessary aspect to deatheitWFD objectives (Poch et al. (2004); Prat
et al. (2012)).

Each authority has the responsibility to preparé iamplement a River Basin Management Plan
(RBMP) in order to achieve good environmental dyalAccording to the WFD, the RBMP
should have been available from 22 December 200@lfdhe river basin regions. Despite that,
there have been strong delays in some of thesectistSpain has 25 river basin regions, out of
which 6 are international sharing water course#$ Witance (e.g. Cantabrian Eastern river basin)
to the northeast and Portugal to the east (e.grdareTajo river basins). By the time of redacting
this thesis, only Catalonia has adopted and pudddisis RBMP (EC (2012)).

Despite there has been a turning point with wateanagement and policy, the IRBM
implementation has some aspects which are notteeenough and in consequence, the WFD is
still a very important challenge to deal with faetEuropean Union. For this reason, the IRBM is
needed for the advance of society in order to imgtbe human health and hygienic conditions as
well as to reduce the water resource dependencyrf@sville (2008); Hering et al. (2010)).

2.3 Fundamentals of EDSS

In the last decades, new strategies and tools Hmeen developed since the traditional
management of the individual components of the LW 0t always provide the best results onto
the entire system (Rauch et al. (2002); Butler 8ntitze (2005)). In this sense, the integrated
management of the UWS infrastructures aims to ingithe quality of the receiving ecosystem
while they also reduce costs giving thus, greaféciency to the global UWS management
(Aulinas et al. (2010)). Nevertheless, to reack tbjective it is necessary the support of various
expert managers and stakeholders.

In this sense, the concept of Decision SupporteByst(DSS) as technologies to support in the
effort of developing technologies that inform elvimental policy and management organizations
trying to find solutions to complex problems hasl l® the development of the so called
Environmental Decision Support Systems (EDSSSs).

Various definitions of EDSSs are found in the htere, e.g. EDSSs are softwares fitted in the
group of computer-based information systems deeglofor use in environmental domains
integrating different modelling technologies, datsds or other decision purposes in a way that
decision makers can use (Rizzoli and Young (199F9ytés et al. (2000) define an EDSS as an
intelligent information system able to enhancetiime needed to produce a decision as well as its
consistency and quality. Elmahdi and McFarlane @2@fefine EDSSs as an intelligent analysis
and information system able to produce in an eaay the different key aspects of a specific
environmental-system problem.

EDSS are softwares fitted in the group of compbteed information systems able to link
different modelling technologies as are numericaldels or algorithms with knowledge-based
systems, geographical information systems (GIS®)neline data. They are used to tackle complex
problems (Poch et al. (2004)) by recording, stgrpr@cessing and disseminating of information
to support group or individual decision making (D&nd Mcintosh (2009); Volk et al. (2010)).
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Diverse alternatives of how to design and buildE®6S have been introduced as are Poch et al.
(2004); Makropoulos et al. (2008); Lautenbach et(2009) and Van Delden et al. (2011).
Although all the possible methodologies found tarkture are valid for developing an EDSS, the
final selection depends on the problem to be addresthe available information or the type of
system itself.

Adapted from Mcintosh et al. (2011), Table 2.1 @deg a set of recommendations for an
improved developing process of EDSSs:

Table 2.1 Best practice recommendations for EDSS developmelapted from Mcintosh et al. (2011).

EDSS development recommendations

Design for ease and use Design user-friendly iatexs.
Develop adaptable interfaces for different type of
users.

Design for usefulness Identify end-users/stakefsldad their roles,
responsibilities and capabilities.
Focus on the overall system. What problem is to
be solved?
Which are the EDSS end-users? Which us the
added value?
Select the base model on spatial and temporal
scale and level of complexity required for
problems.

Establishing trust and credibility Be transparertiow#t system weaknesses and
needed improvement areas.
Discuss development timelines with end-users.
Collaborate with all parties in order to understand
requirements and share expertise.

Promoting EDSS for acceptance Find a way to proied=DSS at different levels
of organisation.
Implement some strategy to ensure an easy and
inexpensive use of the EDSS.

Plan for longevity Ensure that required informatand databases can
be easily updated.
Assure that the EDSS can be used to solve
multiple environmental problems.

Starting simple and small Avoid improper model coemjiy.
Use a modular approach to modelling or
environmental modelling frameworks.

In this case, some similarities with the one prepoby Poch et al. (2004) (Figure 2.2) can be
found in the prototype tool developed in this teesThe reasons leading to this building
methodology are:

e Several previously developed EDSS following the samethodology allowed to address
water related problems and as a consequence pdbthdeconsideration of multiple points
of view and the achievement of different purposes.

* Additionally, the acquisition of new experiencesaizvery important task as well as the
need to involve experts in problem solving processe

» This methodology provides certain simplicity to aicg and integrate knowledge and data
extracted from different sources and to repregsehtrough different models (Al, statistical
or numerical).
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The methodology proposed by Poch et al. (2004) aseth on the following steps: (1)
environmental problem analysisvhere the problem is defined. This first stefbésed on the
characterization of the domain, the study of thekgeound and the current state of the problem.
(2) Data collection and knowledge acquisitiphase starts, involving the analysis and acqarsiti
of data and knowledge in order to arise with aafgiroblem solutions. (3pelecting the set of
modelsthat best fit with the functionalities and withl &inds of knowledge required for the
decision-making process (being not only applied rtomerical, statistical but also Al
methodologies). (4Model implementatiooutlines the following step in the EDSS developmen
This consists on the codification of knowledge adew to the model and software selected. The
data and knowledge acquired can be representeddaynsnof decision trees or mathematical
equations. (5)ntegrationis the last step where all the developed moduke$uailt up into a whole
functional and structural tool, being thus the ctateoEDSS tool.

A

Environmental Problem Analysis

v

Data Collection and Knowledge Acquisition

! Machine 1

| Analysis 7} Mining i Leaming

A

A
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2
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‘. Data_./ ‘. Models .- ‘s~Knowledge -’

A

Al/ Statistical / Numerical Model Selection <

rule-based / case-based / model-based / qualitative /
connexionist / evolutionary reasoning / constraint
satisfaction / beliefs networks / neural networks / planning
/ fuzzy models / genetic algorithms / simulation models /
linear models / Hidden Markov models / stochastic models
/control algorithms / optimization models

Evaluation Process

y
Model Implementation and Integration
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Figure 2.2.Development of an EDSS methodology proposed by Roal. (2004).
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During the last decades, a variety of decision stpjols for the UWS management have been
developed with an increasing number of sophisttcatemputerized systems were used to
integrate water resource processes at differerppdesthand spatial scales with simulation models
and decision making approaches (Giupponi (2007gdithonally, these systems have been
developed for a large variety of purposes suchrasght prevention, flood management and
prevention or water pollution management. Thesdstdxy to make the existing knowledge

available for water and wastewater managers sooasupport them with the proposal and

evaluation of alternative management and actiongp{Kok et al. (2009)).

The next table illustrates some of the water rdl&BPSSs developed during the last years:
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Table 2.2 Review of the latest water related developed EE2Sed on McIntosh et al. (2011).

Tool name and reference Main goal End users and reported use
. User guidance through the identification of the mdriving forces and pressures oRresented after training stage but it has not
mDSS (Mysiak et al. (2005)) water and help to evaluate possible solutions. had any continuity.
CLAM (Ticehurst et al. (2008)) Developed to encourage users to think criticallgualihe trade-offs related to the coastélocal government use and update the tool. No
’ lake system management, evaluate the model resudtguestioning their validity. convincing evidence to be operational.

Developed to explore the possible ecological ditenadue to the changes in catchmer;liooI used to negotiate and develo_p
components of the great lakes water quality

CAPER (Kelly and Meritt exports of nutrients and suspended solids resultorg a different management in their

(2010)) | improvement plan as well as for the botany
akes and catchments. e
bay. Application in early development stage.
Employed to explore possible impacts of
Developed to explore the possible results of ca&itmvater planning scenarios on thelimate change and water delivery scenarios
IBIS (Merritt et al. (2010)) ecological characteristics of the inland wetlangstesms in NSW Australia in order todefined in accordance with the proposed
plan and manage environmental flows at valley aatland scales Murray Darling Basin Plan. Not yet
operational.
Groundwater decision support Tool presented to a group of stakeholders to

system (GWDSS) (Pierce The main aim is to face the complexities relatethwliefining a reasonable groundwatq%elp define strategies for sustainable aquifer

(2006)) policy. yield.
Used to set up scenarios in the DSS and
DSS developed to provide quantitative assessmeintanod and water managemenanalyse their impacts on  Gnangara
options. groundwater system and its values. No
reported operability.
This EDSS has been developed to demonstrate thacicamf the tool to supportUsed to support basin management by the
management duties related with water quality, flask and river ecological value of theGerman hydrological institute for strategic

Gnangara decision support tool
(GDST) (Elmahdi and
McFarlane (2009))

Elbe-DSS (Lautenbach et al.

(2009)) : :

riverscape. planning.
Simplified modelling on Developed in order to assist cage aquaculture nesieagGives support to siteUsers are aquaculture managers which aim to
Growing and Monitoring classification, site selection, holding capacityetimination and economic evaluation ofise it for design of new aquaculture facilities.
(SMOM) (Halide et al. (2009)) an aquaculture farm at a given location. No reported use.
Water resources aided by Updated and used by users from the Sardinian
graphical interface-quality Modelling of complex multi-reservoir and multi-useater systems based on Trophiwater authorities.

model (WARGI-QUAL) (Sulis  State Index with additional consideration on algahposition in the reservoirs.
et al. (2011))

11
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Specifically, examples of EDSS recently developedifitegrated water resources management
are Newham et al. (2004); Bazzani (2005); Hirsachfgl al. (2005); Volk et al. (2007); Giupponi
(2007; Paar et al. (2008); Makropoulos et al. (3008utenbach et al. (2009); Argent et al. (2009;
Paredes et al. (2010).

Although during the last years improvements havenbmade in all important aspects of the
EDSS development (use, science and IT), it isawlifficult to find decision support tools applied

in real complex systems. As Mcintosh et al. (20ddints out, the main challenges in developing
EDSS can be summarized as

» Designing for ease of use.

» Designing for usefulness.

» Establishing tryst and credibility.

* Promoting the EDSS for acceptance.
e Starting simple and small.

Additionally, the improvement of the communicatibbetween stakeholders as well as their
increasingly involvement during the EDSS buildiisgai necessary commitment and requires for
further consideration (Volk et al. (2010)). On tbémer side, in order to increase the number of
adopted EDSS in real complex systems, it is necgssgromote the EDSS so that the end user
must be convinced of the effectiveness of the tBoture EDSSs must be user friendly and useful
tools in managing correctly and deal with water immmental problems and in consequence
increase its utility and adaptability.
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3. Objectives

The main objective of this thesis is tlevelop and test an EDSS based onmathematical
modelling and artificial intelligence tools and show the benefits of using this tool foe
integrated management of the urban wastewater ,sysied wastewater treatment plant
considering the quality of the receiving body.

The achievement of the main objective implies tiloWing sub-objectives:

v

Design of the application prototype and methodologgd to build the environmental
decision support tool,

Gather data from the sewer system, wastewatentezdtplant and receiving body and
develop a virtual reality able to simulate the hetar of a urban wastewater system,
wastewater treatment plant and receiving wateesyst

Acquire knowledge from different sources of infotimoa including theoretical and
scientific literature and from management expeftshe urban wastewater system,
WWTP and river;

Define several scenarios of some critical situaiand daily management problems
that can affect to water quality;

Simulate the defined scenarios onto the virtuallityeanext to the knowledge
acquisition of its results;

Compile all the acquired knowledge in a set ofsudailt by means of Decision Trees;
Apply and Test of the EDSS prototype;

Apply an heuristic approach and economical impsaatuation of the discharges;
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4. EDSS building

How an EDSS is built varies depending on the tyfpeneironmental problem to be solved as well
as on the type and amount of available informatlmat can be acquired. Based on the EDSS
development procedure purposed by Poch et al. j20i©¢ different levels have been used for
this EDSS (See Figure 4.1): 1) Problem statemgriDa®a collection and Knowledge acquisition;
3) Relevant knowledge; 4) Model selection; 5) Madétgration and implementation.. In addition,
after the model integration and implementation phasnew task is added: the second knowledge
acquisition loop (KA 11). The main objective of thhew procedure is to use the developed model
to acquire new knowledge, which can be further dddehe Knowledge Base of the EDSS.

Problem Statement

Data collection / Knowledge acquisition

Technical review ‘Scientific Literature revirew‘

‘Expert interviews‘ ‘ Bilbiographic research ‘

A 4

\ 4
Relevant knowledge
(KA1

aVe

Model selection

Second knowledge acquisition
loop (KA II)

»
>

Al ‘ ‘ Stastistical ‘ ‘ Numerical

A 4

Model integration and implementation

Environmental Decision Support System

Figure 4.1 EDSS building methodology.

The first phase of the EDSS building, theoblem statements a key element in the EDSS
building process. It consists in identifying theimproblem the tool aims to solve and identifies
its potential causes. It also conveys the reasontiad problem is important and to who or what is
affecting to.
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Once the problem has been already definedd#ta and knowledge acquisitigghase can get
started. There are several available knowledgecssuo be used which can be grouped in three
main groups: existing literature of the topic undtrdy; the data base sources that may be found
on the system; and technical visits and expertrges. The whole set allows to incorporate
information as well as the integration of variowsnps of view from different disciplines.

After thedata and knowledge gatherintpese have to snalyzedso as to extract all the available
information. In the case of data, it will be ne@gsto classify and use data mining tools to
identify different groups of data (clusters), compeents and interpret them in order to extract
relevant information. In the case of knowledgeuhssof the interviews allow to identify specific
knowledge acquired by the experts on a particolaict

Themodel selectionlepends on the specialization level or its purpfusehis thesis four different
types of models may be identified: The first groape the ones coming from the use of
Geographical Information Systems (GIS). The seamodip are the numerical models which can
be divided into deterministic models or empiricabdels. The first subgroup uses a set of
equations describing a given knowledge of a detegthiprocess. The second subgroup is based
on equations based on a determined system’s belaWorthermore, statistical models estimate
the future probability of a particular event frors iprevious behaviour. Finally, artificial
intelligence models are mostly based on rule bagstéms, case based systems or by agents.

The model integration and implementation phasems to group the selected models in a
functional structure and to execute them eitheparallel (to obtain a single result) or in series
(the output of a model is the input for the nexe)prFinally, the implementation into a specific
software is the last step in order obtain resuligclvcan help in the decision-making process.

Stated as one of the objectives to reach withis thesis, each of the steps described above
constitute the EDSS design allowing developmenheftool.

4.1 Problem statement

The ultimate goal of this work is to provide a tdbat helps reduce the impact of urban water
systems in the natural receiving media by discingrd¢ine wastewater at the best possible quality.
In their path from its origin to the discharge ppithe wastewater circulates trough the different
units of the UWS. Under dry weather conditionstladl wastewater is collected in the sewers and
conveyed to wastewater treatment plants beforettsn to nature. However during heavy rainfall,
the storm water could exceed the treatment capaditthe WWTP resulting in uncontrolled
discharges of sewage to the receiving waters ireragess of events collectively called CSOs.
Traditionally the different parts of the UWS haveeh, and still are, managed separately in a
fragmented way due to the complexity of the systeamagement. Therefore the objective of this
work is to develop an EDSS for the combined managenof the whole UWS, designed to
improve the management in situations of wet weatladitions and to reduce the overflows of
untreated wastewater.

For this purpose, a virtual system consisting oo wWrtual sub catchments of different sizes have
been used. The reasons of this selection are tkalbNity of operational data of sewer systems
and WWTP, both under dry and wet weather conditidihbas to be mentioned that the final
EDSS prototype will be setup to easily connect iy eeal UWS that has the data feed/inputs
required to its operation.
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The two virtual municipalities are nearly locateslahey both have its own sewer system and
WWTP (one considered big and another one smalldiumesize) and connected between them by
a sewer with a gate. The definition of the virtegstem in an early step of the thesis, previous to
the development of the EDSS prototype, avoids émeptation of adapting the “reality” to the
EDSS needs instead of adapting the EDSS to thigyreal

Municipality 1 called VilaConca whose catchments @spired in the municipality of Mataré (a
town located in the central coast of Catalonia).nMipality 2 called VilaPrat inspired in 2
catchments of Barcelona city. The wastewater treatrplant of VilaConca is inspired with the
one of Matard. This WWTP has been chosen sincasitehseries of available input data which is
used for the WWTP development and for further pbasfethe EDSS building and because it
surely has proportional measures in comparison thighwastewater production of VilaConca. In
the case of VilaPrat, being the WWTP inspired vilie one located in Barcelona-Prat, at the
south-central coast of Catalonia which is alreddy énding point of the wastewater produced in
the 2 catchments of Barcelona in which VilaPrahspired with.

Several types of water tank infrastructures cariobed in both sewer systems in order to store
water during rain events and prevent flooding 0lO8Figure 4.2). For exampleff-line tanks
are in parallel to the sewer network and watereMated and stored into these tanks when flow in
the sewer network is increased and reaches a maxilauel. On-line tanksare connected in
series with the sewer network and both dry weadhdrwet weather flow passes through the tank.

a)

» Overflow
Ovinestorage |, ouow
tank

b)

Inflow y » Outflow

S S

On-line storage
tank

Figure 4.2 a) On-line storage tank scheme and b) off-lioeagte tank scheme.

The combined sewer overflows and the wastewatatnrents plants discharge their waters a river
inspired on a real the Congost River. The chosetiaseof the river is the one flowing through
the town of Granollers.

In Figure 4.3 there is a general scheme of theialisystem used to test the EDSS tool and the
specific features of each subsystem are preseeted/b
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Figure 4.3 General scheme of the virtual system.

4.1.1 VilaConca UWS

The developed virtual system uses two differenthoaents of the real sewer system of Matard
which are adapted in order to fit the wastewataw$l and patterns of the WWTP. As it has been
already mentioned, the different elements of the YWW/AWised in this virtual municipality are based
from the WWTP located in the Mataré municipality.

VilaConca sewer system

Information of a series of sub catchments fromsbeeer system of Mataré is used to build the
new virtual model (see Figure 4.4). These havea surface of 245 ha. and a population density
of 16000 hab/kfwhich means the system is serving 39200 inhalsitasimilar numbers as the
sewer system of this urban community. The dailwfleer person is high (550 I/hab/day) to take
into account that the equivalent population of M&&/WTP is above 200000 eq. hab. so this way
similar daily flows as the ones from this municifyatan be obtained.

Figure 4.4. Matar6 catchments used as the sewer system dfili@onca municipality.
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Additionally in one of the main sewer trunks of thgstem (see Figure 4.3) a small on-line anti
CSO tank (Tank 3) with a volume of 680° mnd with no existing real time control is added in
order to show that these structures can also beleddand included in the EDSS system. Finally,
the sewer system has two main CSO points on theoérehch of the main trunks after the
interceptor, which takes the dry weather flow waterthe WWTP.

VilaConca WWTP

The main characteristics of the WWTP of VilaConca iaspired in the Matar6 WWTP (Figure
4.5). These are:

Table 4.1.Main features of the VilaConca WWTP.

Feature Value Units

Design flow (Qd) 25000 - 0.289 d —n/s
Equivalent population 204166 Eqg. Inhabitants
Total population 40000 Habitants
Average dry weather daily flow (Qav) 0.13 *m

Maximum dry weather daily flow (Qmax) 0.24 3

The water line in the WWTP starts with an equaitratbasin of 8000 thand a pre-treatment
process. Then, primary treatment includes thremamy settlers with a circular volume of 1512 m
each.

The secondary treatment uses three oxidation neagith a volume of 8453freach consisting of
approximately 50% of aerobic zone (aeration byudifin) and 50% anoxic zone. Moreover, at the
exit of the secondary treatment, ferric chlorideatkled to precipitate phosphorus, which is not
removed biologically. The treated water goes thiothg circular settlers of 3206°molume each.

A CSO weir is included in the equalization tankveall as bypass gates before and after the
primary treatment.

The capacity of the primary treatment is twice tlesign flow for the primary treatment (0.58
m?/s) and once the design flow (0.29/s) for the secondary treatment. Despite this asigh, a
typical situation of WWTPs built a few years agdhat the inflows have increased significantly
and right currently, the WWTP has not much moreaegapacity to dilute waters in case of rain.
This happens in this WWTP where the design flo240/s) is not far away of the maximum
daily dry weather flow (0.24 ¥s).

Secondary clarifiers

Pre-treatment

Secondary treatment

Primary treatment

Figure 4.5 Schematic view of the WWTP of Mataro.
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VilaConca overflows

The sewer system has three different CSO pointsth@rone side, there is one CSO discharge
point at each end of the main trunks (1.1 and af2y the interceptor’s dry weather flow leading
to the WWTP (see Figure 4.3). Additionally the ¢h€SO point is located at the entrance of the
WWTP once the equalization basin is full and théewkevel at the tank reaches the CSO weir.

Two more discharging points exist in the WWTP. OGsi¢he usual discharge point of treated
waters once they go through all the treatment p®@erimary and secondary) and the other one is
located after the primary treatment and it is ardgd in emergency cases or in wet weather when
more flow is treated in primary settlers than thee dhat can be accepted in the secondary
treatment and the excess flow must be thrown teivewy waters.

4.1.2 VilaPrat UWS

The sewer system of this municipality is inspireda real system which is the sum of two
catchments from Barcelona system. The WWTP hasdhee elements of the Barcelona WWTP
called Prat del Llobregat, but the design flowshd settlers and different elements of the plant
have been inspired according to the corresponditghment flows.

VilaPrat sewer system

The sewer system in this virtual municipality cepends to two catchments of Barcelona system
with all the real features of the system in thesas including pipe network, cross sections, slopes
population density, actuators and tanks.

The modelled area has a surface of 19&md a population of 525000inhabitants. In Figufieat
representation of the Barcelona catchments usdtidorirtual system are represented.

italet

Figure 4.6. Barcelona catchments used as the sewer systtdm ¥ilaPrat municipality.
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The infrastructures found in this system are:

e Tank 1: Corresponding to Vilalba dels Arcs realktams an on-line tank, has an
approximate volume of 15000°nand its main purpose in the virtual reality isaeoid
flooding and to reduce CSO. This tank is locatetinenand emptied by gravity with a
gate.

 Tank 2: Corresponding to Taulat real tank, it is @filine tank, has an approximate
volume of 50000 rhand its purpose is to reduce CSO events. Theisafilked through a
gate at the entrance and emptied by pumps with xinmian capacity of 2 His after
storing wastewater during 36 h.

A pt;%nping station located at the interceptor i® d&sind and has a maximum capacity of
4.1 m/s.

VilaPrat WWTP

The WWTP is inspired by the Barcelona Prat WWTRyFe 4.7) with the flows and volumes of
the treatment devices which are adapted in ordélat@ some extra capacity to treat some rain

flows:

Table 4.2.Main features and capacities of the VilaPrat WWTP.

Feature Value Units

Design flow (Qd) 320000 —3.7 d—n/s
Equivalent design population 2000000 Eq. Inhab#tant
Average dry weather daily flow (Qav) 0.87 m

Maximum dry weather daily flow (Qmax) 1.56 3w

Primary treatment 7.4 its

Secondary treatment 3.7 s

Tertiary treatment 1.23 its

Tertiary
treatment

Secondary
treatment -
< EN
. -
e .
"

Primary
treatment

Secondary
settlers

Primary

/ settlers

Figure 4.7. Schematic view of the WWTP of El Prat de Llobitega
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VilaPrat overflows

The sewer system has two main CSO points one dt ead of the main trunks after the
interceptor transfers the dry weather flows to IMNVTPs (see Figure 4.3). Three more
discharging points exist in the WWTP. One is thaalglischarge point of treated waters once
they have gone through all the treatment processdpy, secondary and tertiary treatment). The
second one is located after the primary treatmedti@used in wet weather flow when more flow

is treated in primary settlers than the one theait be accepted in the secondary treatment, so the
excess flow must be thrown to receiving waters. Tds one is located after the secondary
treatment and it is used in rain events or in ganghen the water has not enough good quality to
go through the tertiary treatment (for example wihies suspended solids are higher than 500
mg/l).

4.1.3 Receiving water body

The receiving water of this system is a river whishinspired in the Congost river, located at
Besos River catchment, in Catalonia, NE of Spairhas an average flow of 0.53® it is a
typical Mediterranean river with sudden flash fleate frequent during wet weather periods. The
studied river stretch has been performed betweeGéiga and Granollers towns (see Figure
4.8).

/\/ Congost River
o, ABKm | Urhan area

Figure 4.8 Congost River stretch used as receiving bodyHewirtual system.

As with the drainage system, the river has beersam@ince a model of this river was already
available with all the necessary data (cross sestislopes, flows and quality parameters) which
simplified the task of adapt it to the model. Tieeteh of the Congost River used has a length of
15 Km. In the upper part (Figure 4.9 a and b),rther goes through natural areas and tight cross
sections.

b)

Figure 4.9 a) and b) Upper part of the Congost River.
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Slowly, the cross sections become wider and theepiee of anthropogenic pressures becomes
more evident (Figure 4.10 a and b). Finally, thst taver stretch is channelled as it crosses over
the municipality of Granollers.

a) b)

Figure 4.1Q a) and b) Congost River going through Granolieven.

So far, the problem statement corresponding tditbetask of the EDSS development has been
described in addition to all the necessary feataneselements to be added into the virtual reality.

4.2 Data and knowledge acquisition

The second step on the EDSS build up is the dat&m@aowledge acquisition. A variety of sources
have been used for the development of the diffékentvledge bases (KB), including empirical,
theoretical and historical information as are techinand scientific literature or the information
and knowledge from various experts and manageitseaeferenced units of the UWS.

According to the results obtained from the data lamalvledge acquisition, gathered information
with the reviewed literature and the bibliographésearch on integrated management of urban
wastewater systems and WWTPs, it can be concludedll the available elements, management
actions and design strategies which can have actefh the overall system are identified. This
information has been classified in sewer networkyY WP or coordinated management knowledge.

4.2.1 Sewer network knowledge

The most common configuration found on these sysismmombined sewer systems, meaning that
they do not separate rain or storm water from westter. Therefore, CSO events can happen
more frequently during wet weather. However, sesystems have also some additional elements
or actuators that have proven effectiveness inawvipg the performance of the sewer system in
order to avoid floods or discharges.

These are:

» Valves used to restrict flows as are weirs or dyiedlow regulators.

* Storm and retention tanks.

» Gates which restrict the flow in a sewer or atdb#et of retention tanks.
* Pumping stations to empty retention tanks

* Interceptors or part of sewers used as retentigksta

* Real time control (RTC).
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Finally, the use of tools as flow meters, rain ddtam rain gauges), quality stations, weather
forecast and on-line rain information, SCADA alarmend graphs or the use of
mathematical/hydraulic models provide useful datastpport the enhancement of the sewer
system management.

4.2.2 WWTP knowledge

WWTP design are usually oversized in order to,easi, guarantee pre-treatment of part of the
inflow during wet weather and have some extra dap#m avoid overflows. The use of retention
tanks within the WWTPs with enough capacity toirefaart of the wastewater during wet weather
(and also toxics) can be also very useful.

Despite that, rain episodes can vary widely (agpbag in Catalonia region) and produce CSOs
events, discharging untreated wastewater to threivieg body. According to the data acquisition,
changes in the WWTP configuration can improve @dgrmance during wet weather.

These include:

* Re-routing flows within the WWTP to optimize ovdrateatment such as diverting
screened and degritted wastewater around primanyfiels directly to the secondary
treatment, or diverting primary effluent around aetary treatment and combining both
streams immediately after the secondary clarifiers.

* Protecting activated sludge biomass from washosegondary clarifiers in service during
wet weather by: blending, in-plant splitting, sfeeding, high-rate treatment or flow
equalization.

* Maximizing the number of secondary clarifiers imvee.

« Creating an environment in the aeration basins waging formation of good settling
biomass.

» Checking the correct functioning of all the machyn@umps, screens, etc.).

4.2.3 Coordinated management knowledge

Integrated design of the UWS should be consideredrder to reduce the number of CSO
discharges. Applying feasible coordinated managerseategies (or global RTC) of the overall
system, should include regular measurements dfathisewage and storm water (flow/levels and
guality) data and historical rainfall data.

All this information should be sent to a controhtre in order to set up a group of integrated
control strategies and thus support to:

* Reduce the risk of flooding by enhancing the ovestdrage capacity within and outside
the sewer system.

e Minimize the operation costs by optimising pumpoasgts and providing the information
necessary to allow effective maintenance procedorbs implemented.

« Enhance the WWTP performance, by balancing infloads and allowing the plant to
operate closer to its design capacity thereby redube variability of the final effluent.

» Estimate spill frequencies and sizing of detentaks.
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4.3 Relevant knowledge (KA-I)

The different sources of information used in th& ection have given the necessary knowledge
for the correct development of the EDSS in termsUWS, WWTP and receiving water
management as well as for its coordinated manageasmstablished the objectives found in
Chapter 3.

The compiled information in the literature reviewibliographic research and information
gathering (within the knowledge acquisition taskleals that that the use of coordinated
strategies for design and operation of the systemot a very common scheme, even when the
UWS and WWTP are managed by the same company

However, in some cases non-coordinated managenmantiges as mathematical or hydraulic
modelling of the UWS or WWTP, weather forecastiR},C of the UWS or changes in the
WWTP configuration have demonstrated to be efficienimproving the performance of the
overall system and are also well considered fordéeelopment of a decision support tool. In
most cases, the main objectives to reach includeptbvention of flooding and following, the
reduction of CSOs discharges or protection of doeiving waters.

In this sense, the existing configurations, elemamid technologies of both the UWS and WWTP
must be considered in an integrated way. Thisalliliw the system to comprehend the effects that
an action on the UWS or on the WWTP will have oe pgerformance of the whole system and
finally on the receiving ecosystem.

4.4 Model selection

The fourth step in the EDSS building is the mo@dtstion. A set of tools can be selected after the
analysis performed to the available information &mbwledge. This does not only involve
numerical models, but also Artificial Intelligen¢al) methodologies. The use of Al tools and
models supplies direct access to expertise whée frexibility makes them capable for learning
and decision making processes (Cortés et al. (2088pert systems (ES) are the most commonly
used and applied subcategory of Al tools. ES ased@n expert knowledge translated into rules
and following to understandable terms for computers

Moreover, ES are normally used when the availakpee knowledge is only general. Case-based
systems (CBS) become more typically adopted wherempecific knowledge is found. CBS
recognise and reuse some results and experienge grevious situations similar to the one
affecting. Apart from these Al models, other mod=la be used as such as neural networks, lineal
models, genetic algorithms, etc.

The current EDSS has been constructed using theination of numerical models (mathematical
equations) and ES tools. Both are interconnectguplgumg information, knowledge and data
bidirectionally. The former represent the wastewatgcle from its generation in the several
catchments of the virtual system under study todischarge into the river after the WWTP
treatment. The latter represent the expert knovded@n easy and understandable way in order to
support the decision making process.
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4.4.1 Catchment and sewer network models

Surface runoff in urban wastewater simulations mBsnagally modelled using simplified
hydrological principles. Nevertheless, specificadabm pipes and structures may clearly define
boundaries in water transport and make hydrodynanadelling and simulation possible. Water
transformations in the sewer system (physical amathematical) can be described by the first
order partial differential Saint-Venant equatioierf (1973)) composed by a continuity equation
for mass conservation and a momentum equatiomfngg conservation.

A | 0Q _ 10Q , 10 (Q? oy _
5T m=0  atin(T) e -e(-s)=0 (4.1)
Where:
A area of flow-cross section
Q flow rate
t time
X distance
S bed slope
S friction slope

With an hydrological insight of the sewer systenmpep are modelled as a black box model using
transfer function for transport and so without es@nting accurately the physical processes given
into the configuration. The main idea is to consithe unsteady flow of the pipe as being steady
in stretches of a certain length.

These assumptions allow modelling each of the siioses as linear reservoir and in consequence,
replace the continuity equatig¢a.1) in a flow-volume relationship equation:

= = Qun(®) = Qoue () (4.2)

WhereQin andQout are the inflow and outflows, and V is the wateluwoe inside a tank. This
way, a linear tank cascade (Figure 4.11) is giaaa, the parameters such as the number of tanks
(n) are determined from the physical propertiethefpipe.

VA(t) ‘ ;

v2(t) *

V()

Figure 4.11 Linear tank cascade.
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According to the integrated context of this thebigirologic modelling of the urban wastewater
system displays significant advantage compared yarddynamic modelling. Besides having
lower calculations times, hydrologic models needde calibration data due to the reduced
number of parameters. They provide a better ovenagé the model structure so it evolves to
easier handling when running them. When tryingudban integrated model, it is considered to
be appropriate in order to test the tool. Howelfea, detailed model of a system is available, it
might be used to calibrate a simpler model with lgalculation times (Meirlaen et al.
(2001),Willems and Berlamont (1999),Solvi (200@)ote that hydrological modelling will be
also used for river flow simulations, which givesnsistency to the whole integrated modelling
approach.

Pipes

As already explained, wastewater flow through tige® is modelled as a linear tank cascade
where each tank is supposed to be in steady $tate The residence time (k) in the tank and the
number of tanks (n) for a determined length (L}he pipe is calculated by a modification of the
original Kalinin-Miljukov method for the applicatioto partially filled pipes (Euler (1983)). The
pipe length (L) is divided into a number of tank$ {ith a specific length

Lo =045 (4.5)

Where the diameter of the circular pipe is (d) és)dhe slope.

Storage Tanks

Water can flow out the tanks in by three differesmtys. The first one depends on the water level
of the tank and a gate position at the outlet. 3é@ond possible path is fixed by a constant flow
(normally given when water is pumped out) and finahe last option is whe@,,: depends by
the relationQ-h.

For a given tank length+j, width (wy), depth @), volume ¥/r) and a lateral overflow weir if the
tank is full, the outflow of the tank depends orotmain factors which are, the water level h(t)
and the cross sectional area of the downstream(pifte a fixed diameterd)).

J2gdrc,cpd? for h>dy
Qout () {/2gh()cocpd® for d < h <dy (4.6)
J2gh(t)c,cpdh(t) for h<d
Where ¢p is the shape of the cross-section pipgt (for circular pipe) and, is a parameter

(between 0 and 1) and is used to reduce the ceas®nsal area depending on the gate opening of
the tank.

Pump stations

This kind of model is a modified version of the abmentioned tanks where the needs user to
introduce a pumping flow rate which will start/stdppending on a defined volum¥s§,: and
Vstop)-
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Rain and Evaporation

Rain data is introduced as an input in a simpletrain format using the desired time interval for
the model use. Despite that, this time step shbeldsmall enough in order to make sure to
simulate peaks that activate combined sewer owesfl@SOs). The spatial distribution of the rain
event is uniform for each catchment but can besmbfit for each individual one. The amount of
evaporation varies depending on the time of the geavell as it does on the time of the day

e(j) = [Zsin (Z.(j - 91) +1) 2 4.3)

Beinge(j) the potential evaporation for a specific dashe particular day of the year) afig the
mean annual evaporation

Runoff

In the runoff module, the rain input is transformitio effective rain entering to the main
collectors of the system. The total amount of ratex entering the system depends on the area
connected to the network and to the proportionngbdrvious and pervious area. Additionally,
wetting losses and depression filling take alse@l@r both surfaces, whereas infiltration into the
soil happens only on pervious areas. During drytle¥a this wetting, depression or infiltration
capacities are able to regenerate due to the eatamophenomena.

The effective rainfalR from impervious areas is:

R(®) = Yimax[I(t) = D(D)] (4.4)

Whereymax is the maximum runoff coefficient and stands betw® and 1 anB is the maximum
depression height. This equation states that dsnfahin water increases, storing capacity in
depressions decreases. Additional runoff equationkided into the model are presented in
Annexes

Dry Weather Flow

An average daily wastewater flow is produced pgsupation equivalentQpz). Its amount and
composition depends on the number of inhabitamisdiin the catchment, the time of the day and
on the type of wastewater origin (urban, industca@mmercial, etc.). The model is also sensible
to week-end variations and even to a tourism faotseveral periods of the year.

Remaining water

Finally, the amount of water entering into the sevgeparticular for each sewer system. It is
assumed the rain input as unpolluted water andtisred as a mean flow per total area of the
connected catchment.
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4.4.2 The WWTP model (ASM2d)

This subsection presents the models used of the R&NAr both catchments. The main elements
to take into account with the configuration of a VWWare the primary settler, biological reactor
and secondary reactor which are necessary to dinala activated sludge process. The IWA
activated sludge models (Henze et al. (2000)) lmeertost commonly applied set of mathematical
models for modelling activated sludge compartmesftsvastewater treatment plants. These
models have been widely used and applied since thewin complex enough despite its

simplicity and produce good results when predictiggamic behaviour of WWTP. Concerning to

this thesis, both WWTP of VilaConca and VilaPra arodelled using the IWA standard model

Activated Sludge Model n°2d (ASM2d) (Henze et 20Q0)). The ASM2d is an extension of the

Activated Sludge Model 1 (ASM1), more complex andluding a larger number of components

and processes, majorly, in order to deal with lgmal phosphorous removal.

Although this model includes a complete descriptadnthe different biological and chemical
processes occurring into the activated sludge gsaseof WWTP, the development of this EDSS
prototype is focused on the enhancement of theiviage water body by the integrated
management of the whole UWS. In this sense, odyhgfdraulic equations of the ASM2d model
are taken into account. The list of variables armt@sses taking place into the activated sludge
unit can be found i\nnexes

Additionally, settling processes are modelled vatmulti-layer model using a double-exponential
form of the flux model (Takacs et al. (1991)). Tiype of model considers the clarifier as a
number () of horizontal slices with the feed into slioe(Figure 4.12). This kind of models are
divided into slices (from 10 up to 100) having edohision a volume of water and solids moving
upwards or downwards. Moreover, solids settle chesdice from the slice above and settle out to
the slice below. Finally, each slice is assumetéowell mixed. The mass balances taken into
account are described Annexes

L Layer J—» Overflow
Laye"r' m-1
Layer m

+
Inflow i > Laye.l"'m 1

La)."e'r n

i

Outflow

Figure 4.12 Multi-layer model used for primary and secondseitlers.

4.4.3 The receiving body model (RWQM 1)

The River Water Quality Model n°1 RWQM1 (Reichetrtagé (2001)) is the model used in this

section in order to be compatible with the alreadysting Activated Sludge Models (ASM1,

ASM2, ASM2d and ASM3, Henze et al. (2000)). Therefdhe state variables of the model are
well suited for the ASM models, describing the migamatter, nutrients, oxygen, organic
materials and organisms (bacteria, algae, and aoers). River hydraulics can be modelled using
the Saint Venant equations (Yen (1973)) for enesggy momentum conservation in order to
describe the open-channel water movement. Congertiis thesis, the hydraulic routing is

simplified to continuously stirred tanks in series.
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Each tank in series receives the output from tle®ipus tank and sends water to the subsequent
tank. When integrating a quality sub model into shmplified hydrological model, concentrations
(assuming perfect mixing) can be assured as:

d(v(®e@®)
dt -

Qin(O)cin () = Qour (D) c(t) = V()1 (c(t), p) (4.7)

Where Qi, and Qo are flow factorsV the volume,c, andc are the concentration component
vectors for the input to the tank for the one hand referring to the concentration inside the
considered tank on the other hamdis the conversion rate vector (being function bé t
concentrations d and model parameterg)). Additionally, particulate matter is modelled
likewise soluble material and sedimentation ista&en into account. The biochemical processes
and the list of variables included into RWQM1 aw# taken into account since efforts are put to
perform an integrated management of the whole UW8se can be found Annexes

4.5 Model integration and implementation

The fifth step on the EDSS build up is the mode&tgnation and implementation. WESVersion
3.7.6 (2009) (DHI (2011)) has been the modellingtvgare tool decided to use for the
development of the virtual system reality usedtfas thesis. WEST is a user friendly platform
for the modelling and simulation that it allowsfazus efforts on the development of the EDSS
and to show its benefits through the integratedagament (Figure 4.13).

WEST® tool allows the simulation of:

* Wastewater treatment.

« \Water reuse.

* River.

e Sewer.

* Integrated Urban Water Systems.

The software includes hydraulics and quality madglbf several processes that can occur in the
above systems. Some of its features are:

« Fast and easy setup of configurations.

e An extensive process library: next to the commdivated sludge processes and settlers, it
also includes SBR, MBR, TF, IFAS and MBBR models.

* Fast simulations.

* An open structure to implement models and methagolo

* Controller design.

e Coupling with on-line measurement data.

e Coupling with SCADA systems.

Other advantages of using this software are:

» Parallel simulations are possible so all the sulesys are computed at the same time step
allowing considering the bidirectional influence afie system in the other making the
simulation more realistic.

» Data transfer between models can be avoided s® piossible to further focus in the
development of the EDSS tool instead of applyingpueces in this secondary work that
would not be of any utility in the future when tipsototype would be implemented in
operational mode.
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But of course, there are also some disadvantagesing WEST compared to the traditional
models, the most important is that some simpliftceg have to be applied to the algorithms to
allow faster simulation times which implies a retime of its robustness thus, higher calibration
efforts need to be applied.

WEST® software has several modules. The ones that heare Wsed in the thesis are:

« WEST® for Integrated Urban Water Systems (IUWS)llbws the configuration of the
required elements to model the different systenesvés, WWTP and river), includes
information about the catchments, sewers, manhat#gators (such as pumps, gates, etc.)
primary and secondary treatment, and informatiooutlthe river stretches, and many
more.

« WEST® for Automation: With this module the user @pply several scenarios changing
manually or automatically several parameters ofsihaulation through an API library. It
also allows extracting results in .txt files. Thwdule is the one that is continuously
applied in the EDSS tool to launch periodically mijiag the input data (rain and actuators
set points) and get the model results which aer lased in the EDSS application as the
virtual sensors data that define the behaviouhefvirtual reality.

CFegram FilasiHammivast viiFroecTs

JnLing’ J
QnLineTEM b4

Unlimited complexity
of the system configuration
(River, plant,..)

Extended component Selection from
library available madels

Figure 4.13 Example of WEST software screenshot.

In order to apply the EDSS in a virtual systemsitneeded to do integrated modelling for the
whole IUWS. A problem found when creating an inggnodel is the fact that existing traditional
models can simulate the behaviour of only one satbsy and they are quite complex and require
sophisticated algorithms to solve the equationsinSorder to create an integrated model it is
required lots of data transfer to transform theoatd of one software as input for the other one.

This approach has several disadvantages. The mustrtant is the long calculation times
required that make this approach impractical tq gpecially within an application like the one
developed in this thesis where every few minutaswa integral simulation is required in order to
apply the new set points decided by the EDSS. WiESTware is a suitable option to avoid this
problem.
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WEST® is an open structure tool thought in a way thathe models implemented into the tool
can be viewed and modified in the Model Editor emvment and are described in the Model
Specification Language (MSL). All models are depeld in order to be available for the reuse of
its existing knowledge which allows the user to modny existing model or even add models to
those already present, as are the IWA activatadiyslunodels ASM1, ASM2, ASM2d or ASM3
Henze et al. (2000) or the River Water Quality Mattd RWQML1 Reichert et al. (2001).

The tool includes a configuration environment, wehéne user can build up (graphically) the

system under study, in this case a whole integratedal system with two catchments, sewer

systems, WWTPs and a single receiving body. Naeftr each of the components of the system
(e.g. pipes, storage tanks, activated sludge rescédc.) the user can choose from a set of
available models included into the model base. Qneesystem is completely built up, the model

is written in MSL and compiled into an executahle fvhich can be further loaded using the

experimentation environment of WEST

At this point, the user can perform a set of expents and simulations of the model changing
parameters of the system subcomponents. A specdttule to interact with the model has been
developed concerning to the objectives purposed tiier EDSS prototype allowing these
parameters to be changed automatically.

Several papers Meirlaen et al. (2001) Solvi A.-Male (2005) reveal that WESTan be correctly
adjusted although it is true that these models ne&@ calibration efforts than the traditional anes
This calibration can either be done collecting mdaéa or comparing and adjusting the WEST
results with the traditional model results. In figure below (Figure 4.14) it is explained this
calibration process using complex mechanistic nsdel

Existing catchment
and sewer system

Data collection ¢ i ¢

Complex Complex WWTP Complex river model
Complex runoff/sewer model o | model (ASMI. (Mikell, ISIS.
mechanistic (Hydroworks. ASM2, ASM3,...) Duflow-Eutrofl,...)
Mouse,..)

Existing WWTP Existing river

Reality

A

Data generation
T v Y v

Mechanistic Simplified Simplified WWTP Simplified river
Surrogate runoft/sewer model model model

WEST SIMULATOR: Fast, parallel model

Figure 4.14 Calibration process from reality to WEST® usitggmplex models.

WEST® for IUWS integrates into its model base parts fa briginal KOSIM model (ITWH
(2000)), a tool developed for long term simulatadrdry weather flow generation, rainfall-surface
runoff and transport in a sewer system and the mzaterepresent six different pollutant loads.
KOSIM model uses discrete time step equations whitlorder to implement and make them
suitable for WESY, these have been transformed to fundamental éiffid equations (ODES)
since they can be now solved by the tool. This nevdel base approach implemented into the
software is named KOSIM-WEST (Solvi (2006)).
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Figure 4.15 illustrates the main processes anctsties enclosed into WESTwhich can be
divided by the one hand, into the catchment sysfgmface runoff and DWF in local sewer
networks) and the sewer system itself (main cadlesgt

RAIN
RIVER
Water runoff: wetting losses, Pumps
depression filling, infiltration
Storage tranks
Accumulation and washoff
for particulates
particu CSO structures
Runoff concentration I
Water transportation in
+ linear tank cascades
Dry weather flow Sedimentation for
(DWF) generator particules
CATCHMENT SEWER

Figure 4.15 Elements and processes within the KOSIM-WEST m8adévi (2006).

The model base is also applicable onto modelletlifamits. In this case, the variables have been
specially chosen for an easy connectivity with tA standard Activated Sludge variables
(ASM1, ASM2d and ASM3 Henze et al. (2000)) and &#sdRWQM1 Reichert et al. (2001).

Thus, components in the KOSIM-WEST model are wasetuble and particulate chemical
oxygen demand (COD), total nitrogen (TN), total giworous (TP) and orthophosphates. WEST
uses four main elements in order to reproduce aplaien urban wastewater system: catchment
nodes, pipes, storage structures and finally coembiand splitter nodes.

4.5.1 Sewer WESTimplementation

Catchment nodes represent the urban areas whetewadesr is generated. Each of the catchments
implemented into the model contain information abithe number of inhabitants, surface area
(pervious and impervious), wastewater generatianegeivalent inhabitant, runoff, etc. All this
information is used by the model to perform thegktions of wastewater and pollutants entering
into the sewer system. In this particular casea®dnca has been divided into 9 different sub
catchments having each of them their own featums/arging all of them onto the WWTP
entrance. On the other hand since VilaPrat is @dvigcatchment, it is divided into 12 sub
catchments having their own characteristics too @ndlly collecting all wastewater at the
entrance of the WWTP of VilaPrat.

Moreover, each sub catchment node has an extempal connection, which in this case is, the
rainfall data. Table 4.5 summarizes the main feastwf both (a) VilaConca and (b) VilaPrat sub
catchments respectively.
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Table 4.5a Sub catchment characteristics for VilaConca.

Surface Inhabitants  Impervious Pervious Population Wastewater

Sub . .
catchment ~ &réa area area density production
(ha) (IE) (%) (%) (IE/Km?) (m%d)

Mat 1 43.90 7029 54.46 45.54 15988.08 3865.95

Mat 2 30.57 4891 61.37 38.63 15998.30 2690.05

Mat 3 30.66 4905 62.54 37.46 15998.04 2697.75

Mat 4 32.03 5123 62.88 37.12 15994.38 2817.65

Mat 5 33.43 5344 63.68 36.32 15985.64 2939.20

Mat 6 13.46 2147 63.48 36.52 15947.41 1180.85

Mat 7 27.82 4454 62.02 37.98 16007.76 2449.70

Mat 8 21.59 3454 59.60 40.40 15998.15 1899.70

Mat 9 12.09 1937 60.44 39.56 16020.18 1065.35

TOTAL 245.55 39284 550.47 349.53 143937.94 21606.20

Table 4.5h Sub catchment characteristics for VilaPrat.
Sub Surface Inhabitants Impervious Pervious Popula_tion Wastew_ater
catchment area (IE) area area density production
(ha) (%) (%) (IE/Km?) (m%d)

Prat 1 80.00 10000 50.00 50.00 12500.00 1500.00
Prat 2 160.94 51542 63.30 36.70 32025.60 7731.30
Prat_industrial  572.25 161571 56.60 43.40 28234.30 24236.00
Prat 3 207.67 55836 72.00 28.00 26886.90 8375.40
Prat 4 189.79 53153 77.90 22.10 28006.20 7973.00
Prat 5 44.47 12772 87.50 12.50 28720.50 1915.80
Prat 6 304.94 86196 80.60 19.40 28266.50 12929.00
Prat 7 35.88 1542 75.00 25.00 4297.70 231.30
Prat 8 178.34 41226 46.40 53.60 23116.50 6183.90
Prat 9 23.48 3368 42.00 58.00 14344.10 505.20
Prat 10 79.30 16438 39.30 60.70 20728.90 2465.70
Prat 11 40.90 8507 44.10 55.90 20799.50 1276.10
TOTAL 1917.96 502151 734.7 465.3 267926.7 75322.7

Pipe nodes can be simulated depending on theireshamgth, assigning different rugosity values
depending on the material they are made off. Ftin batchment areas, each sub catchment has an
associated pipe besides some additional pipespivaitsy wastewater through the sewer system.
Table 4.6 sums up the information included for eathhe pipes of the model, being (a) for
VilaConca catchment and (b) for VilaPrat.

Table 4.6a Pipe characteristics for VilaConca.

Pipe Length (m) Diameter (m) Rugosity (n) Slope (mi)
MPipe 1 389.10 2.85 0.015 0.057
MPipe 2 788.64 3.50 0.015 0.025
MPipe 3 713.92 2.75 0.015 0.045
MPipe 4 669.68 3.80 0.015 0.029
MPipe 5 414.95 4.45 0.015 0.014
MPipe 6 441.98 3.80 0.015 0.020
MPipe 7 228.81 2.90 0.015 0.020
MPipe 8 256.64 2.00 0.015 0.040
MPipe 9 374.89 2.80 0.015 0.001
MPipe 10 359.01 3.85 0.015 0.020
MPipe 11 167.58 2.90 0.015 0.022
MPipe 13 308.15 1.00 0.015 0.002
MPipe 14 379.59 2.00 0.015 0.002
MPipe 15 250.00 1.00 0.015 0.003
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Table 4.6h Pipe characteristics for VilaPrat.

Pipe Length (m) Diameter (m) Rugosity (n)  Slope (nm)
Pipe 1 117.57 1.80 0.015 0.075
Pipe 2 829.00 3.13 0.015 0.004
Pipe 3 1913.25 3.70 0.015 0.016
Pipe 4 1365.62 5.72 0.015 0.003
Pipe 6 1134.06 3.55 0.015 0.002
Pipe 7 3312.01 2.00 0.015 0.002
Pipe 8 955.84 1.20 0.015 0.008
Pipe 10 815.09 7.55 0.015 0.0002
Pipe 11 680.95 4.58 0.015 0.003
Pipe 12 819.98 1.93 0.015 0.010
Pipe 13 2102.27 3.99 0.015 0.001
Pipe 14 1510.34 4.54 0.015 0.001
Pipe 15 583.81 1.72 0.015 0.003
Pipe 16 2476.29 2.00 0.015 0.001
Pipe 17 388.26 2.00 0.015 0.005

The main purpose of storage nodes is to retain deslg, the first wastewater peak during a rain
event which, through runoff process enters intostystem. It is during this peak flow period when
wastewater contains a higher amount of pollutamtsabse of the washing process on urban
surfaces, dragging most of the solids accumuldtexligh the time. VilaPrat has two storage tanks
(Table 4.7), one on-line and another off-line, boded for the same objective. Another function
of storage nodes is the lamination of WWTP infloskging dry weather periods. Daily flow
variations due to urban consumption habits may wargh a lot making storage nodes useful
during peak hours discharging wastewater whenwnfias descended. VilaConca catchment has
only a CSO Tank and a homogenization tank usethfsrpurpose. Finally, storage nodes can be
also helpful during punctual pollution episodediofeing the same flow lamination principle.

Table 4.7. Storage tank characteristics for VilaPrat an&a@bnca.

. . Volume Outflow
Tank Location Position (m) Configuration Values
Tankl VilaPrat On-line 15000 Gate opening 0/0.88M)
Tank 2 VilaPrat Off-line 50000 Flow pumping  0.3%6/0.99/2 (n¥s)
Tank 3 VilaConca  On-line 680 Overflow -
Homog.Tank  VilaConca  On-line 8000 Overflow -

Regarding to the rain data, it is introduced asngut to WEST in a simple time-rain format
using the desired time interval for the model u3espite that, the time step should be small
enough in order to make sure to simulate peaksaittatate combined sewer overflows (CSOs).
The spatial distribution of the rain event is unifiofor each catchment but can be different for
each individual one. The amount of evaporationegadepending on the time of the year as well
as it does on the time of the day

Pump nodes are modelled in WESTike storage tanks and, depending on their volume
activate/deactivate the predefined pump flow. Ttidime storage tank of VilaPrat, is modelled as
specific storage tank node which allows introduangumping set point by the user too. In some
cases, if different pumping set points are neetlesl,use of splitters and sensors together with
pump nodes allow separating fluxes to different pumodes depending on its value having each
pump node a predefined pumping set point. In thesis, VilaPrat is the only catchment having
pumping nodes, which in this case are separat8dlifferent nodes and pumping set points.
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Table 4.8 illustrates the different pumping senp®and volumes for each pump/tank node.

Table 4.8 Pump characteristics of the different pump/taolles of the system.

Pump 1 Pump 2 Pump 3 Tank 2 pump
Volume start ~ 70.69m 157.08 M 196.35 m -
Volumestop  7.85fh 39.27m  75.54m -

Pump flow 0.2rs 0.2n/s 3.6n/s 2 mls

Moreover, WEST includes a set of elements named combiners arittespl Combinersare
nodes able to add different flows and pollutankdisi from separate origins into one unique flux
(Q1 + Q2 2 Q). Splitter nodes have the opposite purpose. They separatdunmto two or
three independent ones. Indeed, CSOs modelledWEBT® are splitters activated by exceeding
a critical value. A layout representation of th&edent pipes, tanks and pumps included into the
virtual system can be found Annexes

4.5.2 WWTP WESTimplementation

Both wastewater treatment plants included into uinial system VilaConca and VilaPrat are
developed using WESTwith a set of models for activated sludge unitsffdr tanks, settlers,
clarifiers, sensors and controllers.

Regarding to VilaConca WWTP, the first phase in tfi@del construction is the build up of the
configuration nodes of the WWTP. The main elem@ftthe plant are the homogenization tank
(HT), primary settler (D1_C), two activated sludgdts, one anoxic tank for denitrification, and
one aerobic for nitrification processes (Anx_C aAdr C for anoxic and aerobic units
respectively) and finally a secondary settler (DRw@h its interrelationships between each other
(input/output or recirculation flows). From the giv information of the system characteristics,
physical data was detailed in the model includiimgeshsioning of each unit, pumping capacities,
recirculation flows, purge flows or aeration (amzhtrols if necessary). Figure 4.16 illustrates a
scheme (adapted to WEYTof the wastewater treatment plant water line rhadevilaConca.
Additionally, sludge and nitrate recirculation hdeen defined separately with a set of combiners
and splitters while a DO control is also install&@dansformation nodes (T) are introduced as they
convert variables from one model to the other.his tase, the first Transformer node is used to
convert KOSIM-WEST to ASM2d while the second oneused for ASM2d to RWQM
transformation. Finally, flux converters (F/C oftare also introduced into the model converting
from Flux to Concentration or vice verse dependingeach situation.

As an example of the water course at the WWTP ndutry weather, the plant operates in normal
conditions and wastewater follows the normal patiteugh the plant. It first enters into the
WWTP system through the Homogenization Tank (HThjolw has a constant outflow rate in
order to laminate flow. Afterwards, water flowsdhgh the transformer node (transforming from
KOSIM-WEST to ASM2d water parameters) passing tglothe flux converters too (first from
flux to concentration and then from concentratiack to flux). In dry weather conditions,
wastewater passes through the primary treatment@Pand its subsequent purge flow. It then
enters the secondary treatment. The first tank (ApxAnoxic) is in charge of the denitrification
process and the second tank (Aer_C, Aerobic) charge of the nitrification process. Attached to
the Aerobic tank, a DO control (DO_ctrl) is alsgpilemented into the model, maintaining the DO
concentration constant into the tank. After the obér tank, Nitrate recycle splitter separates
wastewater flow into two different streams allowitigg denitrification process into the Anoxic
tank.
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After the aeration basins, water flows to the sedaow clarifiers, where sludge is separated from
treated wastewater and redirected or to the erdgraricthe secondary treatment (Co _C3 and
Sludge loop) or flows out of the system as wasteafed wastewater flows to Co_C4 and to the
final transformer node (from ASM2d to RWQM1). Aftdrat, treated water enters to the river
system.

RV - RVAR RE

Nitrate_loop

Nitrate
recycle

Sludge_loop )«

Figure 4.16 WWTP of VilaConca scheme in WEST

In the case of the WWTP of VilaPrat, the model ¢tatdion and node configuration has been
carried similar to VilaConca. In this case, as dbsd in section 4.1.2, the WWTP has a primary
settler, two activated sludge units (anoxic/aerphitcd secondary settler nodes and the WWTP
includes a tertiary treatment unit (see Figure 1.1V set of recirculation loops, DO control
combiners/splitters for flow redirections transfation nodes are also implemented following the
virtual system characteristics.

% ' R s

Tertiary

Sludge_loop

Figure 4.17. WWTP of VilaPrat scheme in WEST
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4.5.3 River WESTimplementation

A reduced version of the RWQM1 has been included WEST®. The river model has been
divided into 18 sectors connected to each other {sble 4.9 and Figure 4.18). Additionally, the
river has 8 possible inputs, i.e. the first onghie water supply coming from upstream, input
number four (J) and number eightd)l are treated wastewater discharge from both WWltike
the remaining inputs are CSO discharges of unteatastewater of VilaConca and VilaPrat
catchments.

Table 4.9 River main features.

Node Length (m) Node Length (m)
River 1 207 River 10 727
River 2 684 River 11 884
River 3 411 River 12 454
River 4 243 River 13 500
River 5 281 River 14 691
River 6 467 River 15 500
River 7 1185 River 16 907
River 8 431 River 17 5000
River 9 421 River 18 1412
TOTAL 15405

There are two flux converter nodes, the first d#-J converts concentration units into flux since
it is a model (RWQM 51) requirement. Once water fhiawn through the river nodes, it can be
transformed again into concentration values andllfinproviding the final output values of the
river model.

Figure 4.18 River Congost stretch scheme in WEST
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4.5.4 WESY calibration

Model calibrations often require the use of meas@m® campaigns, which in consequence
increase the global costs of the study. Althoughlével of calibration of each model depends on
the objectives of the study, it is usually necegslie use of cost minimization techniques
(simplified models, optimal design of measuremeahpaigns, etc.)(Devesa (2006)). The main
purpose of this section is to calibrate the UWS$hef virtual system during both dry weather and
wet weather conditions.

In this sense, the private partner in collaboratwith this thesis has provided a previously
calibrated and validated model of the sewer sysieBarcelona which has been developed with
the Model for Urban Sewer (MOUSEDHI (1996)), which is a software used for modwgili
collection systems for urban wastewater or storrtewd/ilaPrat sewer system (inspired in part of
Barcelona sewer network) has been used to calibv&8T® model with the available data from
MOUSE® model. The calibration of the sewer system of Wik illustrates to the overall model
an acceptable robustness regarding to this thespope. Consequently, calibration has not been
performed to VilaConca sewer system, WWTPs of Mila€a and VilaPrat neither to the
receiving body.

The calibration criteria has been established ategrto the WAPUG (Wastewater Planning
Users Group of CIWEM) modelling guides (WaPUG (2008nd has been used to compare
MOUSE® and WEST results. The calibration criteria are describelowe

Dry weather flow:

* Times between peaks and valleys don’t vary in nilzae an hour.

» Peak flows should be within a £10% range.

* Volumes should be within a £10% range.

* Rain events:

* Times between peaks are similar and should be eetw25% range.
* Flows and water levels should be between +30% &5 &6 range.

* Volumes should be between +20% and -10%.

Dry weather flow calibration

For the dry weather flow calibration process, tadydflow pattern of the MOUSE model was
modified and adapted so that the dry weather flattepn of this model would fit to the one
chosen with the WESTvirtual model.

Six points of the sewer system of VilaPrat wereesteld for this dry weather calibration (see
Figure 4.19) being the first one located beforeKlamoint number two is positioned after a few
sub catchments, and point number three is locdtedadiversion.

The fourth point is in the interceptor after themping station, the fifth one is in the main trurfk o
the sewer system and finally the sixth one is leetbe WWTP of VilaPrat. All simulations have
been performed with a total length of 24h bothWEST® than for MOUSE models.
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Figure 4.19 Calibration points for DWF sewer system of VilaRr

As an example, Figure 4.20 illustrates the calibratresults during dry weather flow of the

entrance of the WWTP of VilaPrat (correspondingotont 6). There are three different peaks
(08:42; 15:01; 20:38) corresponding to the dailyewaonsuming variations. Additionally, two

valleys can be also identified (11:49; 18:29) tlyloout the graphical representation.
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Figure 4.2Q Dry weather flow calibration results of point 6 féilaPrat system.

Results of the whole set of calibration points db¥rat system are shown in the next set of tables
(see Tables 10a,b,c,d,e,f) displaying for MOUS%Ed WEST models flow values and their time
occurring peaks and valleys for each of the cdiitnapoints. Finally, flow and temporal errors
are also represented into these tables.

Table 10a Calibration results of Point 1 of VilaPrat systdaring DWF.

Peak 1
Peak 2
Peak 3
Minimum 1
Minimum 2
Total (m°)

Point 1

MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m¥s) (hh:mm) (n¥s) (hh:mm) (%) (%)
0.027 7:31 0.030 7:00 10.0 -7.1
0.032 13:30 0.032 13:00 -0.3 -3.8
0.029 19:30 0.031 19:00 5.2 -2.6
0.015 10:30 0.015 9:58 -2.0 -5.4
0.015 16:33 0.014 16:56 -4.3 2.3
1500  -------- 1498  -----—--- 01 e
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Table 10h Calibration results of Point 2 of VilaPrat systdoring DWF.

MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m¥s) (hh:mm) (M¥s)  (hh:mm) (%) (%)
Peak 1 0719 744 o741 705 3.0 -9.2
N Peak 2 0.842 13:50  (.834 13:26 0.9 3.0
= Peak 3 0.769 19:44 §7gp 19:12 1.7 28
}35_ Minimum 1~ 0-419 10146 g3g3 10:19 -9.3 4.4
Minimum 2 0402 17:00 345 17:05 -16.5 05
Total (M) 39992  -------- 38615  -------- 3.6 -
Table 10c Calibration results of Point 3 of VilaPrat systdoring DWF.
MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m¥s) (hh:mm) (n¥s) (hh:mm) (%) (%)
Peak 1 0.166  7:35 184 704 9.8 7.3
. Peak 2 0.194 13:40 (gopg 13:14 72 3.3
= Peak3 0178 1936 o196 19:04 9.2 -2.8
S Minimum1 0095 10:38 199 10:09 5.0 4.8
Minimum2 0091 16145 gogg 16:58 2.2 1.3
Total (m®) 9227  -—---——-- 9877  -------- 66 e
Table 10d Calibration results of Point 4 of VilaPrat systdaring DWF.
MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m%s) (hh:mm) (n¥s) (hh:mm) (%) (%)
Peak 1 0.250  -------- 0.250  -------- 0.0 s
< Peak 2 0.500  ------- 0.500  ------ 00 -
= Peak3
E Minimum 1 -=--=--=  smemeeem e s e e
Minimum 2 ==--m-= mmmmmeen e e eeee e
Total (m®) 24237  ----—--- 22869  -------- 60  emee-
Table 10e Calibration results of Point 5 of VilaPrat systdoring DWF.
MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m¥s) (hh:mm) (n¥s) (hh:mm) (%) (%)
Peak 1 0.906  7:58 916 705 1.1 -12.5
Peak 2 1.060 14:.09 1045 13:33 1.4 4.4
2 Peak 3 0.964 19559 (g75 19:14 11 39
€ Minimum1 054 1105 gg5p7 10:20 6.5 7.3
Minimum2 0521 17:33 449 17:06 -16.0 2.6
Total (m®) 50707 -------- 49440  -------- 26 e
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Table 10f Calibration results of Point 6 of VilaPrat systdaring DWF.

MOUSE WEST
Flow Time Flow Time Flowerror Timeerror
(m¥s) (hh:mm) (M¥s)  (hh:mm) (%) (%)
Peak 1 1.430 842 1315 823 8.7 3.8
o Peak2 1.601 15001 1531  14:37 4.6 2.7
= Peak3 1480  20:38 1407  20:06 5.2 2.7
S Minimum1 0870  11:149 5791 1129  -10.0 2.9
Minimum2 0870 1829 (750  18:04 -16.0 2.3
Total (m®) 79515  -------- 73731  -----e-- 78 e

According to the calibration criteria it can be sdbat each of the three daily peaks of the six
different points do not differ by more than +10%pect one another model. Regarding to the
minimums, there are some points where this diffeean slightly higher (Points 2, 5 and 6). This
is probably due to small design variations antkligrrors in the simplification of the sewer model.
Furthermore it can be considered of no major camsece as the peak flows are the real
bottlenecks that can cause problems into the UVi&llf, results from point number 4 do not
differ from the MOUSE model as it is located just after the pumpingistatand its design is
equal for both models. With regard to the timinfjestences, all points vary in less than an hour so
they were considered valid.

Wet weather flow calibration

The points used in the wet weather calibration g@secare the same as the ones used in dry
weather plus three more points (Tank 2 inflow, CEO and CSO 2.2). These calibration points
are shown in the next figure (see Figure 4.21).

Sewer system

VilaPrat Tank 1 |
. 3) -
525.000 eq.inhab. 15.000 m’} CS0 2.2

Figure 4.21 Calibration points for WWF sewer system of VilaPr

Two rain events with different characteristics eade, were used for the calibration and then a
third rain event was used for validation. All thraén episodes are based on real data and its main
features are:

Table 4.11 Rain episodes used for calibration and validatibWilaPrat sewer system.

Rain event 1 Rain event 2 Rain event 3

Date (dd/mm/yyyy) 17/09/2009 19/02/2010 20/09/2009
Type Calibration Calibration Validation
Duration (h) 1.00 3.00 1.41
Total precipitation (mm) 8.70 26.70 35.60
Average intensity (mm/h) 8.70 8.90 25.12

20 min. maximum intensity (120) (mm/h) 23.70 41.40 75.90
Return period (months) 2.16 3.60 1.50
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Figure 4.22 illustrates the calibration resultpoint number 2 for the rain event 1 at the systém o
VilaPrat. The highest peak corresponds to the raihich occurs at the beginning of the
simulation (01:00). As happens in DWF, the dailgwfl variations can be also appreciated
although in a smaller degree (09:16, 13:21, 19:08).
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Figure 4.22 Wet weather flow calibration results of pointd? ¥ilaPrat system.

Similarly as in the dry weather flow calibratioesults are shown below in a group of tables for
each of the studied rain events (see Tables 12ad Iz). In this case, the total volume and the time
of the rain peak for each calibration point is es@nted. It can be seen that in some particular
cases, the difference in percentage between malelger the established criteria. Although in
most of these points this difference is minimagréhare several points where it is greater.

Major reasons are, as in DWF calibration, due éodifferences on the sewer system design which
during rain events becomes higher. Another possidson is the difference on the wastewater
transport equations implemented to each of the moaleng the urban wastewater network,
which during wet weather events, make these difieze higher too.

Concerning to the rain event 1, points 1, 6, 8 @ndre the ones varying the most with the
established calibration criteria. Point 1 is lodatat the beginning of the system and thus,
generated wastewater volumes are small which manmsgnificant percentage changes due to
difference between models. Point 6 does not diffach from the calibration criteria (-10%) and
its differences are probably caused by the majasars exposed above. The error found at point
number 8 was probably due to the error accumulatwoughout the system. Finally, error of
point 9 (CSO 2.1) is due to the fact that MOUJS&odel presents very low CSO values (close to 0
m°) while WEST model results are small CSO (but not 0) whichdnsequence produce high
error values. As in point 8, this error is probabhused by the error accumulation downstream
VilaPrat sewer system.
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Table 12a Calibration results rain event 1{1%eptember).

MOUSE WEST

Volume Time Volume Time Volumeerror  Timeerror

() (hh:mm) () (hh:mm) (%) (%)

Point 1 5718 00:38 4951 00:35 -15.5 -8.6

5 Point 2 82856 01:00 79441 01:05 -4.3 4.7
a Point 3 25201 00:46 27195 00:50 7.3 8.0
5 Point 4 52434 01:13 51498 01:07 -1.8 -8.9
S Point5 112420 01:16 104144 01:11 -7.9 -7.0
2 Point 6 141200 01:52 127036 01:45 -11.1 -6.7
E Point 7 30777 01:40 32724 01:47 5.9 6.5
Point 8 14058 01:14 11822 01:22 -18.9 9.8

Point 9 3.67 00:00 12152 01:44 100.0 100.0

For the rain event 2, calibration points numbe8, B and 9 are presenting the highest errors. Error
at point number 5 can be considered near to thieradbn criteria and differences may be caused
by variations in the sewer system design or toirtifdemented model equations. Error at point 6
is a bit higher but does not differ much from thailration criteria. Differences in model
equations and error accumulation effect may bentlagor reasons for this point. The last two
calibration points (8 and 9) present the higheffeminces respect with the MOUSHEnodel.
Number 8 may be caused by an increasing error adation and to differences between the
equation models and to the model simplificationtoEs at point 9 may be due to the ones
mentioned for the other points added to the passibkes caused by the equation variations found
in the two model equations at Tank 1.

Table 12h Calibration results rain event 2 {1Bebruary).

MOUSE WEST

Volume Time Volume Time Volumeerror  Timeerror

() (hh:mm) () (hh:mm) (%) (%)

Point 1 13715 00:37 12897 00:34 -6.3 -8.8

Point 2 179850 00:49 169950 00:54 -5.8 9.3

§ Point 3 62968 01:04 72200 01:10 12.8 -5.7
2 Point 4 73450 00:57 89753 01:12 18.2 6.9
D Point 5 244247 01:12 218187 01:09 -11.9 -4.3
5"" Point 6 193305 01:39 168140 01:33 -15.0 -6.5
< Point 7 47630 01:21 48804 01:19 2.4 -2.5
Point 8 84470 01:09 66692 01:03 -26.7 -8.2

Point 9 92953 01:38 118989 01:47 21.9 8.4

The third rain event used for validation presehted points where the error is higher. These are
points 1, 5 and 8. The first one, as it has beg@maéed in the first rain scenario may be due ® th
situation of this point at the beginning of the sewystem, where volumes are still small and little
differences between them can evolve to higher pgaige changes. Point number 5, has an error
not far from the calibration criteria limit (-10%Mn this case, a small error accumulation and
differences between the model simplification anel thodel equations may be the main reasons
found for this point. Finally, error at point nunmk& even being small, it may be probably caused
by the same reasons as for the other two rain gdosna
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Nevertheless, this rain scenario is the biggest(mnterms of total precipitation) and therefor®, i
more likely to reach the sewer system limit, pra@SO episodes and thus reduce the volume
difference between the compared models.

Table 12c Validation results rain event 3 (2Geptember).

MOUSE WEST

Volume Time Volume Time Volumeerror  Timeerror

(n7) (hh:mm) () (hh:mm) (%) (%)

Point 1 25021 00:50 19905 00:46 -25.7 -8.7

= Point 2 273514 01:00 249532 00:57 -9.6 -5.3
Q Point 3 113710 00:49 121069 00:53 6.1 7.5
5 Point 4 61477 00:58 75577 01:03 18.7 7.9
& Point5 344953 01:13 296942 01:07 -16.2 -9.0
n Point 6 182636 01:16 170609 01:10 -7.0 -8.6
cg Point 7 48454 01:15 48816 01:17 0.7 2.6
Point 8 187512 01:02 163552 00:58 -14.6 -6.9

Point 9 199920 00:59 184477 00:55 -8.4 -7.3

After the calibration process of the developed nhdd=an be stated that during dry weather, most
of the studied points are found within the estdlglts criteria for both flow and time values being
the latest all of them within the range. Flow esrare located at minimum positions and thus do
not evolve to further consequence since peak flakgsthe ones who can cause problems in the
UWS. Concerning to the wet weather calibration pss¢ it can be considered that most of the
studied points are within the established rangereai too (for both parameters volume and time)
and being all time results correct. Most of theoempercentages found have a negative value
meaning that the WESTmodel produces less volume of wastewater in coisgarwith
MOUSE®. Thus, it can be considered that the calibratésuits are reasonable to represent reality
according to the EDSS requirements.

4.6 Second knowledge acquisition loop (KA 11)

The sixth step in the build up of the EDSS pregsentethis thesis is the second knowledge
acquisition loop. In subchapter 4.2, a first knayge acquisition loop (KA-I) has been performed
by applying cognitive analysis, data analysis amd extended bibliographic research on
coordinated management and finally introduced i EDSS data base. Besides, the virtual
systeTr% and the model selection have been definddiraplemented into a specific software
WEST".

The objective of the second knowledge-acquisitaoplis to benefit from the calibrated models to
generate more useful knowledge that can be includdte data base of the EDSS to create.

The KA-II loop is carried out following the nextegts:

* Scenario definition.
» Standard operation results analysis.
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4.6.1 Scenario definition

Four rain events have been selected for this sekoodledge acquisition loop task (Figure 4.23).

The chosen
storm event.

rain events are the same as the ongsnutfee calibration plus an additional heavy
They are chosen as representativéfefet types of rain and they are all based in

real data provided by CLABSA, the sewer managemsenipany of Barcelona area. Table 4.13

summarizes

a)

10

Rain intensity (mm/h)

0
23

©)

10

Rain intensity (mm/h)

0

23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00

:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00

the list of the selected testing scesari

Table 4.13 List and brief description of the scenarios eadd.

Scenario  Precipitation  Duration  Return Period

n° (mm/h) (h) (months)
1 8.7 1 2.16
2 26.7 3 3.6
3 35.6 141 18
4 58.53 191 60
b)
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Figure 4.23 Rain events used for the testing scenarios EIRSS results comparison.
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4.6.2 Standard Operation results

The rain scenarios described above have been tegtethe virtual system model (Figure 4.24)
and the main profiles of the standard operatioasililts of the different elements of the system are
shown below. It must be pointed out that most efefforts of these scenario tests have been put
onto the hydraulic management of the overall systachtherefore, results display the wastewater
behavior of a 24 h simulation through the systemnduthe tested rain events. The standard
management of the system is derived from the mamsinton ways to manage the system which
are found both in literature of from the expertteys managers.
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Tank Treatment
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Sewer system
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Figure 4.24 General scheme of the virtual system.

In this standard operation approach, each systempasated independently. This means that the
by-pass gate between VilaPrat and VilaConca sudsgsis not operational during a rain event. a)
The Homogenization Tank (HT) of VilaConca duriny dreather flow operates in order to avoid
inflow variations of the WWTP, so it stores wastévand sends a constant average daily flow to
the WWTP. Only during rain events, when the voliimehe tank exceeds 5000°nthe flow sent

to the WWTP is the maximum capacity of the primmeatment. During a rain event the WWTP
operates at its maximum capacity but on a tradiliavay, meaning that the primary treatment
works at its maximum flow capacity and then partitefwaters are sent to the secondary and
tertiary treatment, while the extra treated floWattcannot be treated in the secondary are directly
discharged to the receiving waters. b) On the otlaexd, in VilaPrat catchment, Tank 1 operates
only with the goal of avoiding flooding at its ecél point. Tank 2 is an off-line tank operated to
avoid or reduce CSO events. This means that teere water entry during dry weather flow, and
when rain starts all water enters to the tank uinitl full. From that point, there is no more m#t
incoming the tank. Additionally, the WWTP is ope&atexactly as in VilaConca, at its maximum
primary treatment capacity, and sending exceedwegflow directly to the river.
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Rain scenario 1

The first plots refer to the stored volume of (gnk 1 (on-line) and (b) Tank 2 (off-line) in
VilaPrat during scenario 1. As explained, the ofiyec of the storage tanks in the standard
operation mode is to avoid floods caused by raiisogles. Figure 4.25, illustrates the stored
volume variation over time during this scenariojahincreases up to 1800°mnd then decreases
as the rainfall. Once the rain event is over, #rktempties the stored volume and it recovers its
normal volume. In this case, the amount of rairnftot high enough to cause any flood.

Tank 2 standard operation results show the voluareaton of the second tank through time.
Tank 2 operates remaining empty until the rain ewtarts. From that point, all the upstream
wastewater is redirected to the off-line Tank 2 wehie is stored. When the rainfall has finished,
the produced wastewater flows again through itsnabmpath to the WWTP of VilaPrat. In this
case, the rainfall is not high enough to produce@80O discharge so that stored wastewater does
not exceed the maximum capacity of the tank.

It must be remarked that there is no emptying afkra within the 24h simulation since the
standard operation mode stores wastewater durifgl@bore emptying the tank.
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Figure 4.25 VilaPrat Tank 1 and Tank 2 standard managemerscienario 1.

Regarding to the WWTP of VilaPrat, Figure 4.26avehthe wastewater flow of the plant during
the simulation of scenario 1. As stated, the WW@E&RB & primary treatment capacity of twice the
design flow (7.4 rifs), the secondary treatment capacity is of 37& mnd the tertiary treatment
capacity is of 1.23 fifs. During the rainfall, the inflow increases upapproximately 5 is.
Consequently, all wastewater is treated by the gmnireatment while only 3.7 s flow through
the secondary line. Thus, the remaining flow (1 3sinreceives only primary treatment and is
then discharged into the receiving body. When #ia event is over, the WWTP recovers its
normal DWF activity.

It is important to regard that the WWTP of VilaCanpeceives an average flow during dry
weather of 0.13 ffs (after the Homogenization Tank). The primargtmgent is able to treat up to
0.58 ni/s (twice the design flow) and the secondary treatntapacity is of 0.29 is. The
management of the wastewater entering the WWTP i@Cdénca (Figure 4.26b) shows that
during DWF conditions, the WWTP operates at avetiaflew conditions (0.13 ris). On the
other hand, when the rainfall starts, the inflowr@ases up to 0.58%s. This means that all the
incoming water is treated by the primary treatnzemt only 0.29 riis are treated by the secondary
line (design flow).
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The excess flow, either from CSO 1.1 CSO 1.2 amftbe partially treated wastewater from the
primary treatment is discharged into the receidingdy (corresponding to 5905°n
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Figure 4.26 Inflow of WWTP of (a) VilaPrat and (b) VilaConchring scenario 1.

Considering the river flow after the WWTP of Vila®r(Figure 4.27), it can be seen that during
dry weather, the flow is always near 3/snand has the typical daily flow pattern. In cestr
during the rain event, the flow increases up tarf& due to the rainfall supply. Moreover, after
the rain peak, this flow decreases to $smapproximately, which corresponds to the WWTP of
VilaPrat treated wastewater input.
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Figure 4.27. River water flow after the WWTP of VilaPrat fazenario 1.

Table 4.14 shows the discharges into the receibimgy for this first scenario. The amount of
rainfall introduced into the system is not high egio to produce high discharge volumes. The
only spilling element is the WWTP of VilaConca (590r°) which is a small system and
consequently reaches easier to its maximum capacity

Table 4.14 Discharge results of Scenario 1.

Rain scenario 1
Discharged volume

Component (m?)
Tank 1 0
Tank 2 0
WWTP VilaPrat 0
WWTP VilaConca 5905
TOTAL 5905
Total volume river 379647

In conclusion, the two UWSs under study are abledat the majority of water during rainfall
events similar to Scenario 1 and therefore do aotpgromise the quality of the receiving body.
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Rain scenario 2

Results of the standard operation mode of thealidystem for rain scenario number 2 are shown.
Figure 4.28a illustrates the stored water volum&ank 1 during the 24h simulation. As it can be
seen, the storage volume increases as the rairt everpasses, i.e. before the rain starts, the
volume of the tank is very low since the wastewéltew is too low to produce accumulation into
the storage tank. Once the rainfall begins, themel into the tank starts to increase in the same
manner as does the intensity of rain. The maximahlame reached is near 4006 and thus, this
rain episode does not produce any CSO discharge(Tanaximum volume = 15000%n Once

the rain event is over, the stored volume decreasés its initial values.

Regarding to Tank 2 standard operation resultsu(Eigt.28b), since it is an off line tank, no
wastewater enters into the tank until the rain ewtarts. From that point, all wastewater from
upstream is redirected to the tank.

The volume into the tank reaches its maximum capadiring the rainfall at 01:00 and in
consequence, produces a CSO discharge (correspoayfimoximately to 1784  After the rain
event, water remains stored into the tank as fesdhesting scenarios, no pumping set point has
been introduced.
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Figure 4.28 Standard operation volumes of (a) Tank 1 and énk 2 during scenario 2.

The standard operational results for the inflooWdVTP of VilaPrat (Figure 4.29a), show that
while there is no rainfall (23:00 to 00:15 approaiely and after the rain event 05:30) the inflow
into the plant is the DWF and thus, wastewater $ldiwough the complete treatment process
(primary and secondary treatment). During the egiisode, this flow increases significantly up to
its treatment limit (8.63 fits) being 7.4 riis treated by the primary treatment, 3,7s1of them
also by the secondary treatment and 1.2/ iy the tertiary treatment. The remaining walste f

is spilled partially treated or untreated into teeeiving body by CSO discharges (19148§.m
Two different peaks can be distinguished beingfitis& one corresponding to the first CSO (2.1)
at the beginning of the system, after Tank 1. Tde®osd peak is a combination of the second CSO
(2.2) and the partially treated wastewater disobduajter primary treatment.

Figure 4.29b shows how in VilaConca WWTP, for tbéxond scenario, the inflow while there is
no rainfall (23:00 to 00:45)) is 0.13%f, which is the average daily dry weather flow. ailihe
rainfall starts, this inflow reaches 0.58/m(twice the design flow). In this case, the doraof
time in which the inflow into the WWTP is at its rumum capacity is higher than for the
previous scenario since the rainfall input into westem is higher. The excess of water is
discharged into the river corresponding to 28441 Imthis situation three main CSO sources are
distinguished: CSO 1.1, CSO 1.2 and CSO after pgimieeatment. The first two discharge
wastewater totally untreated into the river while tatest discharges partially treated wastewater.
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Figure 4.29 Inflow of WWTP of (a) VilaPrat and (b) VilaConcarilg scenario 2.

Figure 4.30 shows results of the river flow afteMWWP of VilaPrat contribution. It must be
remarked that while the rain event is taking pldbe,water flow of the river is increased by the
different CSO discharges produced by the rainfaput. After the CSOs, the flow slowly
decreases until its normal DWF conditions, when YW8VTP VilaPrat reaches its normal

conditions too.
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Figure 4.30Q River water flow after the WWTP of VilaPrat fazenario 2.

Table 4.15 illustrates discharges into the recgivondy during scenario 2. Since the rainfall for
this second rain event is higher, the system isafd® to accept all the amount of produced
wastewater and in consequence generates a higheneof CSOs. Tank 1 does not spill, Tank 2
spills 1784 m, WWTP VilaPrat 191486 frand WWTP VilaConca 28441*niThe total amount of
CSO discharged into the receiving body during #mad scenario is of 22171f.m

Table 4.15 Discharge results of Scenario 2.

Rain scenario 2

Discharged volume

Component (m?)
Tank 1 0
Tank 2 1784
WWTP VilaPrat 191486
WWTP VilaConca 28441
TOTAL 221711
Total volume river 589175

The rainfall of the second scenario produces CSOmast of the studied elements for this
standard operation mode. Despite this rainfall &asturn period of 3.6 months, the chance of

CSO and flood events in

the UWS may be high.
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Rain scenario 3

The standard operational simulation results forrtie scenario number 3 are shown below. In
this case, the rain event has a higher intensiéty the previous rain events (see Figure 4.23c) and
the water input is also higher. Figure 4.31a shidveswater volume stored into Tank 1 during
scenario 3. The stored volume remains low whileehg no rain input. However, when the rain
starts (00:15), the stored volume increases andedses in the same way it does the rainfall
episode. This is due to the fact that it is anina tank and while the inflow of the tank is lower
than the maximum outflow, the tank does not inaeers storing volume. The peak volume
reached during the simulation is approximately I086 which is much closer to its maximum
(15000 n) than for scenarios 1 and 2. Once the rain is,dherstored volume descends quickly
to its normal DWF conditions. Figure 4.31b showsidation results of Tank 2 during scenario 3.
The wastewater is only deviated into the tank wtienrain event starts. In this case, the tank
reaches its maximum storage capacity and produ@&Cadischarge of untreated wastewater into
the river (3115 ). After the rain event, water remains stored itite tank as happens in the
previous testing scenarios.

a) b)
16000 60000 80
w000  Tamkllmt 50000 1 Tank 2 limit
12000 - I 60
— ~ 40000 _
T 10000 1 ’ @
2 5000 £ 30000 Lao £
3 2 3
o 4
> 6000 > 20000 1 ©
4000 - F 20
10000 1 [ Standard
0 : : : : : 0 ‘ ‘ : ‘ : 0
23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00 23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
Time (hrs) Time (hrs)

Figure 4.31 Standard operation volumes of (a) Tank 1 and énk 2 during scenario 3.

Figure 4.32a shows results of the WWTP input ofFiat. The plant remains in DWF conditions
while there is no rain. During the rainfall, theapl reaches its maximum capacity (8.63snat
time 00:50 approximately. At that point, the wasiésv is diverted in the following way: 7.4%s
treated by the primary treatment and 3¥/&nof them by the secondary treatment too, andesie
(1.23 ni/s) only receive a tertiary treatment. The redfischarged into the river by CSO spills
(370167 m). Figure 4.32kshows results of the WWTP of VilaConca. As a dimsequence of
the homogenization tank position, the flow enterihg WWTP is always regular. During DWF
conditions, this is of 0.13 #s while during the rainfall increases up to 0.58snftwice the design
flow). The wastewater excess from the different G&ints of the system, from the HT tank and
after the primary treatment (partially treated \easiter) is directly discharged into the river
(48595 ). After the rainfall, the water input descendsiaga its average 0.13 fs.
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Figure 4.32 Inflow of WWTP of (a) VilaPrat and (b) VilaConcarilg scenario 3.
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The last plot of this scenario shows results of rikier flow after the discharge of WWTP of
VilaPrat (Figure 4.33). The maximum peak reachedttby scenario is a consequence of the
different CSO discharges produced during the ragne (mostly form VilaPrat catchment). In
consequence, the contribution of treated water filoeenWWTP can be hardly appreciated as it is
hidden within the area under the CSO peak.
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Figure 4.33 River water flow after the WWTP of VilaPrat fazenario 3.

Table 4.16 shows discharges into the receiving lhayng scenario 3. In this case, the rainfall
intensity is higher and consequently the volumeC&Os is higher too. Despite that, stored
wastewater into Tank 1 does not reach the maximank tapacity. Tank 2 discharges 3114 m
WWTP VilaPrat 370167 fhand WWTP VilaConca 48595%m

Table 4.16 Discharge results of Scenario 3.

Rain scenario 3
Discharged volume

Component (m?)
Tank 1 0
Tank 2 3115
WWTP VilaPrat 370167
WWTP VilaConca 48595
TOTAL 421877
Total volume river 750383

As expected higher CSO discharges into the reagivody occur for this scenario in comparison
with the previous ones since the rainfall is alggher (421877 ). This is due to the fact that the
system cannot accept much more volume of watenn§ér rain events will produce higher
released volumes into the UWS.
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Rain scenario 4

This last rain event has the higher water input iatehsity into the system and can thus, produce
higher impacts into the system and in consequertoghe receiving body. Figure 4.3dlastrates

the stored wastewater volume during the rain eweiiank 1, VilaPrat. The reached peak during
the rain event (00:33) is close to the maximumasiercapacity of the tank (15008)mOnce the
rain has finished, the on-line tank empties quiddynding its stored wastewater downstream the
sewer system. With regard to the simulation resaflfBank 2 (VilaPrat), Figure 4.34b shows how
the stored volume increases once the rain everts.ska this case, as the rain input is very high,
the tank quickly reaches its maximum capacity pooty CSO and discharging untreated
wastewater directly to the river (577F)mOnce the rain event is over, the tank is st @mptied
and remains full for the next 36 h.
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Figure 4.34 Standard operation volumes of (a) Tank 1 and @k 2 during scenario 4.

Simulation results of the WWTP of VilaPrat durirgesario 4 (Figure 4.35a) show that before the
rain begins, the plant operates at DWF conditi@mce the rain starts, the plant reaches soon its
maximum treatment capacity (8.63/8). There, wastewater is redirected in to follaywmay, 7.4
m°/s are treated through the primary treatment adc8is of them by secondary treatment too.
The rest (1.23 Afs) receive only tertiary treatment. Remaining wastter is discharged to the
river (649971 ). Additionally, once the rain event is over, tham takes a little longer to
decrease its inflow and operate on DWF conditidriss is due to the greater volume of stored
water of Tank 1. The water input of the WWTP ofa@lonca during the last testing scenario
(Figure 4.35b) remains in DWF conditions while #és no rain event (0.13 ¥s). However,
during the rain event it increases up to its maxmiteatment capacity, which is twice the design
flow (0.58nT/s). As this rain event is stronger, the time iniaihthe plan operates at maximum
capacity is higher (from 00:40 to 05:20). The ramra volume of water is spilled to the river
(83775 m) from the different CSO points of the system, frohe HT or after the primary
treatment (partially treated wastewater). Finatlgce the rain has stopped, the WWTP descends
the inflow and operates in normal DWF conditions.
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Figure 4.35 Inflow of WWTP of (a) VilaPrat and (b) VilaConcarilg scenario 4.
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Finally, Figure 4.36 shows results of the rivemflafter the WWTP of VilaPrat. Since the rain
intensity and water input levels are high, the nmaxn reached for this scenario is near 180sm
However, after the rainfall event, the river flowsdends and returns to the DWF conditions (3
m®/s approximately).
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Figure 4.36 River water flow after the WWTP of VilaPrat fazenario 4.

Table 4.17 shows the amount of discharged wastewsdtethe receiving body. Although Tankl
does not divert water, Tank 2, the WWTP of VilaPaatd WWTP of VilaConca spill 5771%n
649971 ni and 83775 rhrespectively.

Table 4.17 Discharge results of Scenario 4.

Rain scenario 4
Discharged volume

Component (m)
Tank 1 0
Tank 2 5771
WWTP VilaPrat 649971
WWTP VilaConca 83775
TOTAL 739517
Total volume river 1057327

As happens with the other scenarios, as the raintainsity increases, so it does the discharged
volume into the river. In this case, it is a strgamfall event since the return period is 5 yeAss.

a result, the standard operation of the UWS proslac®tal amount of 739517°mithin the 24h
simulation.

After the simulation results for the four rain sagaos tested in standard conditions it can be
concluded that VilaConca, with the considered sthtectures, has a limited storage capacity
within the UWS and its WWTP already operates atimar treatment capacity. In consequence,
for all the tested rain scenarios, the system presilCSO spills either from the sewer system
(CSO 1.1; 1.2) the HT or after the primary treattndime total amount of wastewater discharged
into the river for VilaConca system for all scewaris of 166716 th On the other hand, VilaPrat
is a bigger system, has a larger storage capaodytl@e plant does not operate so stressed as
VilaConca. However, CSO spills are present in h# tested rain scenarios in exception of
scenario number one, who does not produce any @8€&se can be produced by the different
CSO points located throughout the system (CSO 22), Tank 2 weirs and after the primary
treatment. The total amount of wastewater disclthige the river by VilaPrat system is of
1222294 M. It is clear that VilaPrat produces the largesOG®lumes and thus, efforts have to
be made in this direction for a more efficient mgeraent of this sub catchment.
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The above simulated scenarios are carried out nvahi information research framework for the
identification of possible consequences that sonteal situations (e.g. rain or storm episodes,
industrial spills, sensible receiving body or othmwerational problems) could have on the
receiving body.

By analyzing the simulation results the second Kedge acquisition loop is made in order to
perform a diagnosis of the UWS and determine tls¢ $@utions. Combining the new knowledge
acquired in this second loop with the one obtaindtie first loop (section 4.2.4), a set of deaisio
trees are developed in order to manage differestawfic infrastructures available in the system.

4.7. Build up of Decision Trees

The seventh task in the EDSS development is tHe dquihe decision trees. Decision trees are an
easy and understandable way to represent knowledgehierarchical chain of nodes and arcs
used for problem solving. Each node corresponda tuestion related to a particular set of
information, whereas each arc between nodes camdsgo a possible value for that information,
finishing in decision nodes which summarize the ahagsions or actions to carry out. This
organized structure of interactions among the noafeshe decision tree allows the direct
interpretation of diagnostic reasoning. The knogkdf each arc of a decision tree is translated
into a rule in the <IF-THEN> form.

Figure 4.37 illustrates a simple example of arh@r decision tree where the objective is to
determine which is the best operation mode accgrtbrthe inflow of a given WWTP. The tree
sequence is as follows:

<IF> Q > 12.33 ni/s <THEN> Overflow Operation

<IF> Q < 12.33 n¥/s <THEN>Normal Operation

Inflow to WWTP

Water inflow
Q>12.33m’/s

Yes No
Overflow Normal
Operation Operation

Figure 4.37. Simple if-then decision tree example.

The developed decision trees have been divided3irtdifferent levels. The first level is timeeta
tree and is in charge to activate hierarchically seclewvel trees. The second level trees examine
the system conditions and perform a compbiitgnosis As a result of this diagnosis, second
level trees switch hierarchically third level tre&be latest level is in charge to transsuatutions
(set points, gate positions, flow redirections, )etc the model. Besides, second and third level
trees can also give additional information as ngssar alerts to the user without interacting with
the model.
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4.7.1 First Level Tree

The first level tree has only one single decisie® thamedliagnosis meta-treérigure 4.38), it
calls the different trees that will operate thetays depending on the rain gauges measurements
and the rain forecast level. This general treesrsogically launched. The variables contained into
this tree are: rain gauges 1 and 2 (from catchm&glaConca and VilaPrat), and rain forecast
level.

Sensors
Tank 1
alert
Tank 2 filling
Tank 2
emptying
» Rain event
WWTP
VilaConca
WWTP
VilaPrat
Emergency Bypass
"| operation
o| Industrial
spill
Diagnosis
WWTP
Meta-Tree .| VilaConca
treatment
failure
WWTP
.| VilaPrat
treatment
R Dry B failure
weather
.| Standard
operation
Sensitive
P receiving
environment
WWTP
»  VilaPrat
failure
» Tank1
.| Storage | |
capacity
Tank 2
emptying
R Rain
forecast

Figure 4.38 Diagnosis meta-tree.
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4.7.2 Second Level Trees

The second level trees are positioned betweenitsieand third level trees and operate as a
consequence of this first level tree. Dependingh@rain gauges and rain forecast values, some of
the second level trees are activated. Regardlessich are activated or not during a simulation,
the second level decision trees are:

» Sensors alert treeontrols that all sensor measurements have logataés.

* Rain event treeontrols all actions to be done in case of rain.

* Emergency operation tregives an example of protocol tree informing thesrapor of
different actions to be done in case of rain event.

» Dry weather treerders the actions to be applied in dry weather.

» Storage capacity treempties all storage tanks up to normal levels whenpossible.

» Rain forecast tredefines the actions to be performed in case offaecast.

In this section, the only trees that are displagezithose that are directly related to the differen
testing scenarios performed within this thesis dieed in section 4.5.1. These are then event
tree storage capacity treenddry weather treeThe rest of the trees can be found inAhe@exes

Therain event treas the general tree applied when there is a re@mte Its function is to launch
several trees related to rain episodes whichlark 1 tree, Tank 2 filling tree, Tank 2 emptying
tree, WWTP VilaConca tree, WWTP VilaPrat teew finally Bypass treeFigure 4.39 illustrates
the launch function of this particular tree.

Rain Event Tree

A

Launch Tank1 Tree
Launch Tank2 Filling Tree
Launch Tank2 Emptying Tree
Launch WWTP VilaPrat Tree
Launch Bypass Tree
Launch WWTP VilaConca Tree

Figure 4.39 Rain event tree.

Next to it, thestorage capacity tre@-igure 4.40) is in charge of analysing if anykiarvolume is
above its normal level and if so it calls the cep@nding trees @nk 1and Tank 3 with the
objective of emptying them, except for Tank 2, vehirwill be previously checked if the tank is
retaining water due to an industrial episode orilaRfat WWTP’s failure event. The variables
checked for this tree are the Tank 1 and Tank Brnaek and the Industrial and WWTP VilaPrat
episodes (being 1 active, 0 inactive).
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Storage Capacity
Tree

ank 1-volume >500 and
Tank 2-volume > 1000

ndustrial Episode=1 or WWTP
VilaPrat Failure Episode=1

trueﬁ Launch Tank 1 Tree

false

false
Launch Tank 1 Tree
Launch Tank 2-Emptying Tree

Tank 1-volume >500

false

true: j Launch Tank 1 Tree

ndustrial Episode=1 or WWTP
VilaPrat Failure Episode=1

false #‘ Launch Tank 2-Emptying Tree

Figure 4.4Q Storage capacity tree.

Thedry weather treés the general tree applied when the system m®imal conditions. This tree
launches a set of third level trees to check trstesy operates correctly. These treesthee
industrial spill tree the WWTPVilaConca and VilaPrat treatment failure tredgsv¢ independent
trees) theWWTP VilaPrat failure treehe sensitive receiving environment traad thestandard
operation treeFigure 4.41 shows the general scheme of the datlver tree.

Dry Weather Tree

|

Launch Industrial Spill Tree
Launch WWTP VilaPrat Treatment Failure
Launch WWTP VilaConca Treatment Failure
Launch WWTP VilaPrat Failure Tree
Launch Sensible receiving water ecosystem
Launch Standard Operation Tree

Figure 4.41 Dry weather tree scheme.

4.7.3 Third Level Trees

On the third level, diagnosis of the system hasaaly been carried out and thus, third level trees
provide the user possible solutions with set pooftshe different variables of the system and
supplying several operational suggestions so a®lie the detected problems. According to the
general scheme of thiagnosis meta-treethird level trees can proceed from three differen
second level trees. First, thain event tredaunches thdank 1 tree, Tank 2 filling tree, Tank 2
emptying tree, WWTP VilaConca tree, WWTP VilaRegtand finally,Bypass tree

As happens with the second level trees, only thetmalevant trees are displayed, which are in
one hand the ones related with the storage tark8\AW TP management during rain events. On
the other hand, during dry weather, the most sicamt tree is the standard operation tree. The rest
of the developed trees can be found in Ammex. For a better comprehension of the third level
trees, Figure 4.42 illustrates the UWS layout.
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Tank 1 treas designed to control the outflow gate movementanik 1. It is divided in two main
parts: an anti-flood management branch and anG®® management branch, (see Figure 4.43)
which are activated depending on three differeniabaées: when rain forecast is high risk, Tank 2
outflow is above 6 rifs (meaning we are close to have flooding problemtke critical point) or
when the volume in the Tank is above 56000m4200 mi which is the maximum volume that in
normal circumstances would be applied for CSO pseppletting the rest of the volume always
free for avoiding floodings. There are two maximwmlues (5600 and 4200 3nto avoid
hysteresis problems: if there was only one value,ltbe gate in some circumstances would keep
opening and closing every time step when volumelavbe around that unique value. This is a
similar solution to the normal operation of pumpgumping stations.

The anti-flooding branch tries to keep volume as ks possible letting out as much water as
possible without causing flooding problems. Fosthurpose, it checks if tank volume is above
7800 nf or outflow is above 5 ifs. In any of both cases, the gate, which has @ming range
between 0 (closed) and 1 m (fully opened) is poséd at a partially opened position of 0.89 m
which does not cause flooding. In any other casegate can be fully open without causing
problems.

The anti-CSO part checks if Tank 2 (which purpes@d0% to avoid CSO) is being emptied and
if there are more than 1000°rof free space in that tank. If this is the casgeds opened and

water is sent to Tank 2, and in any other cases gatlosed so the Tank 1 retains water to
contribute reducing CSO.

VilaConca Tank 3

N N/
39,200 €0 inhab. 680 m? Homogenization Primary Secondary
.200 eq.inhab.

JAN Tank Treatment Treatment

WWTP
Design Flow — 3.7 m*/s

,,,,,,,,,,,,,,,,,, CSO Primary.

VilaPrat Tank 1 | |
525.000 eq.inhab. 15000 m° ! csO 2
| |
I U

2 Primary Secondary Tertiary
Yy Treatment Treatment Treatment

Figure 4.42 Virtual UWS layout.
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Tank1 Tree

Rain forecast = 3 or
Tank1 Outflow > 6m3/s or
Tank1 Volume > hist (5600 or 4500 m3)

Gate
Yes opening =
0m (close)
No
Tank2 Available
Volume > 1000m:
No

Gate
opening =
Om (close)

Tank1 Anti-flood
Tree

Tank1 Anti-CSO
Tree

Gate
opening = Yes-
0.89m

Tank1 Volume > 7800m3 or
Tank1 Outflow >= 5m3/s

No

Gate
1ope?ing =)

m (open Gate
es opening =
1m (open)

<

Figure 4.43 Tank 1 management tree.

There are two different trees for Tank 2 managemime first one is th&ank 2 filling treewhich
controls the dry weather flow by pass gate for thikk (Figure 4.44). This tree is responsible for
checking the inflow to the WWTP. If this value iscwe the maximum primary treatment capacity
of VilaPrat (7.4 n¥s), the gate closes so that no wastewater is &segaand all gets into the tank.
In case of a lower inflow to the WWTP (DWF) up tanaximum of 2 ri¥s by pass the Tank 2 and
flow directly to the treatment plant.

Tank2 Filling Tree

Tank2 /K\ Tank2
Qbypass= Yes DI No Qbypass =

oma/s P 2mals

Figure 4.44 Tank 2 filling tree.

The second management tree for this tank itk 2 emptying tregseeFigure 4.45). This tree
activates the available pumps installed into tmé.tZhree of them are able to pump 0.3%snand

a fourth one of 1 fifs and are activated trying to send a maximum #68.7 ni/s to the WWTP
which means that all the flow will be completelgdted with primary secondary and tertiary
treatment. Only when Tank 2 volume is above 9098(B&T) pumps are activated and work at
full capacity trying to send as much water as pmedio the WWTP although this water does not
receive full treatment, but at least partial treatin
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Tank 2 emptying
tree

Qin EDAR VilaPrat — Tank

Tank 2 Qpump
Qpump) >=9.1m3/s

= 0m3/s

No

Tank 2 Qpump
= 2m3/s

Tank2 Volume >=38804 m3

No

Qin EDAR VilaPrat — Tank
Qpump) >=3.4m3/s

Tank 2 Qpump
= 0m3/s

No

Qin EDAR VilaPrat — Tank
Qpump) >3m3/s

Tank 2 Qpump
=0.33m3/s

Yes

Qin EDAR VilaPrat — Tank

No Tank 2 Qpump
Qpump) > 2.7m3/s

= 0.66m3/s

Yes

Qin EDAR VilaPrat — Tank
Qpump) > 1.7m3/s

Tank 2 Qpump
=0.99 m3/s

=z

No

Tank 2 Qpump
= 2m3/s

Figure 4.45 Tank 2 emptying tree.

The next tree in of the set of third level treesrirtherain event treas theWWTP VilaConca tree
The main function of this decision tree is to cohthe pump operation in the Homogenization
Tank and the valves governing the water path ingideNVWTP trying to treat as much water as
possible through the full treatment (primary andoselary). If the volume of the Homogenization
Tank is full, the tree provides a warning messageé system informing of this situation. Figure
4.46 illustrates this management tree.
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WWTP VilaConca
Tree

Pump flow = 0.13m3/s
and
WWTP VilaConca
Position 1 (normal)

T Volume >=
5000 or 3000 m3
(hysteresis)

No

Pump flow = 0.29m3/s
and
WWTP VilaConca
Position 1 (normal)

Yes

HT Volume >=
8000 m3

Pump flow = 0.87m3/s
and
WWTP VilaConca
Position 2 (parallel
treatment)

Warning:
Homogenization
Tank Full

Figure 4.46 WWTP VilaConca management tree.

WWTP VilaPrat tregAnnex) works equally as VilaConca. The tree is respdasi activating
the different available operational positions af WWWTP.

Third level trees coming from thdry weather tredry to control and manage the system during
dry weather flow. The set of trees are composethéindustrial spill tree the WWTP VilaConca
treatment failure tree, WWTP VilaPrat treatmentiuee tree, standard operation tree, sensible
receiving environment treendWWTP VilaPrat failure tree

The most significant tree is tlstandard operation tregvhich is described below (Figure 4.47).
This tree is responsible to check positions ofatbators (gates, pumps, and WWTP valves) and
in case anything is in a different position thae ttormal dry weather set point, the tree provides a
warning to the operator and then its position igliired to the standard set point, except in case
there is an industrial spill episode or WWTP fal@pisode activated.
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Standard
Operation Tree

ank 1-Gate
Opening

=1

*« 000<_ Dip 2_pump

WARNING: Tank 1 gate
was not in standard
position

Tank 1-
Gate
Opening

WARNING: Tank 2
pumps were not in
standard position

\

>1000 N
Bypass WARNING: Bypass valve
Bypass Valve #closed Valve = was not in standard position
closed
closed
HT WARNING: HT VilaConca-
HT VilaConca= #0.13 VilaConca pump was no_t_ in standard
pump flow . -pump position
flow =0.13 \-/\
=0.13

WARNING: WWTP VilaPrat-
valve position was not in

VilaPrat-valve standard position

WWTP
VilaPrat-valve
position

position =1
-1 \-/_\
WWTP WARNING: WWTP
VilaConca- VilaConca-valve position was
#1 valve position not in standard position

WWTP
VilaConca-
valve positjo
=1

Industrial Episode=1 or WWTP
VilaPrat Failure
Episode=1

WARNING: Tank2-Bypass Flow
false BEES 0 TRILZHE o2 was not in standard position
Flow Flow =2

Figure 4.47 Standard operation tree.

As it has been stated, one of the objectives f thesis is the compilation of the acquired
knowledge in a set of rules built by means of denisrees. A first knowledge acquisition phase
has been performed including bibliographic reseastiidy of empirical, historical and theoretical
KBs and knowledge from experts and managers. Autitly, the virtual reality has been
developed and calibrated in order to test sevaial scenarios on it and extract knowledge from
its results. Finally, all this knowledge and inf@tion has been gathered and integrated in a set of
decision trees able to make a system diagnosisctdtte various problems that can occur in the
virtual system and give orders (set points, gawtjpos, flow redirections and pumping flows) in
order to improve the system management and optitheeverall system.
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4.8 EDSS integration

The integration is the final step of the EDSS huitd Integration is defined as the process by
which the different models used are made into alevhoctional and structural EDSS. It can be
conducted in parallel when two or more models wsinkultaneously to obtain a result or in series
when the output of one model is the input of tHefang one.

4.8.1 Main modules of the EDSS integration

The developed EDSS prototype is divided in five maiodules. Each module has a specific
function into the overall decision support systerd & described below (see Figure 4.48:

CAIeality IModel '/ Site Specific App EDSS
5
"~ REALITY DATA @ Expert system module Configuration
(SCADA/OTHER) > -
- Rain gauges o T %
- Sewerage Sensors || | DATA S
- ' Sensors
G““mw mp . TRANSFORMATION | | | ¢ LPA tprocess
positions _ ’ '
- River sensors - Damun
- Data frequency ’
Re_a\.\lyl model dat; .
or "l (Sj Information system

EIEp PROW | Al

Schematic info .
Graphs Time series

Tables time series
Alarms information

R

MODEL DATA -
(WEST MODEL) - ﬂ

- Rain gauges

- Sewerage Sensors >

- WWTP sensors DB

- Gate and pumping Operators Manual time series
positions validation | ~¥|

- River sensors | ‘_/-—\

Figure 4.48 EDSS prototype tool Architecture.

(1) The reality/model moduldrom which real-time data is continuously gatheregternal data
can be imported as time series and exported assi@mes or set-point values. In the current, real
time data from reality has its origin in the WESTiodel resullts.

(2) The data transformation unit moduilehere the format, units and frequency of the daiea
standardized according to the requirements of yisees. Specifically, this site specific module
(called WEST Exchange) was developed with the aitohnect the real data with the EDSS tool.
In order to apply this connection between the ED&®$ and the virtual system, this module is in
charge of the next functions:

« Launch periodically the virtual model developedhVEST® and execute simulations.

» Extract time series from the simulation resultscfsas water levels, tank volumes, CSO
discharges, etc.) and import them into the EDS$opype which are further considered as
input data for the decision trees.

At the same time the module 2 is responsible afaeking actuator set points fixed from the EDSS
tool (such as gate or valve positions or flows, pung flows) and introduce them into the model
in order to simulate the new system state (flowatewlevels, quality data) due to the new set
points.
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(3) The data base modul@here both the gathered data and the decisiome rog the tool are
stored as well as the configuration data for thetesy.

(4) The Expert System modulbas the main responsibility of making the expertisions by
means of decision trees.

All the decision trees described in subchapterwkee transformed into a specific programming
language understandable by the EDSS tool. The \W#wprolod® (LPA (1980)) tool has been
used for this codification purpose. The first s transform and adapt the conceptual trees into
readable trees by the LPA- Winprofogystem.

LPA-Winprolod® 4900 is a PROLOG software compiler system witlaplical tool (VISIRULE)
for developing and delivering rule systems and coments simply by drawing the decision logic.
It transforms the codification from drawing decrsidogic into the PROLOG programming
language. PROLOG was one of the first logic programg languages associated with artificial
intelligence and it remains among the most poptdalay with many free and commercial
implementations available. The developed tool irgtgs this software because it allows
developing decision trees using a simple graphisal interface (GUI), and once it is created, the
software automatically does all the codificationthe PROLOG programming language. This
means that the user does not need programmings skillprepare decision trees and easily
implement them into the EDSS.

The expert system module is part of the main E®$and is in charge of the next features:

* Import the set of rules that will be periodicallguhched. These rules must be created
previously using the Visirule GUI (part of the LRMinprolog® package).

* The rule system will be launched periodically invay that values will be read and some
consequences/actions will be taken. These actianger from writing messages or
providing new set points that will be used in tlextrsimulations.

(5) The configuration modulevhere the key elements of the tool such as thetifumng mode
(on-line/off-line), the scheduler (timing to stattions on data acquisition and expert module) or
the time series can be configured. As an examipdest¢heduler is responsible of sending petitions
of executions to the Site Specific and Expert Systeodules. The user can configure when to
send these petitions by going to the componentigaration menu of the GUI.

(6) The information system modulercluding the graphical user interface, showing tésults or
decisions to the final user. In the developed pyp®, results can be shown in different formats:
graphics (showing time series or set-points innapiaral range); tables showing temporal results
on time series or set-points and synoptic (thia isore visual way to show values/set-points
represented in a background image of the systeguré-i4.49a/b/c shows an example of result’s
representation of the EDSS tool.
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“aj Folder Viewer Configuration Tools Language -8 x
i workingmode |Player v/| | pate 19/02/2001 04:10:00 & € (D | Timestep(s) |

 Synoptic |SCADA ~| &) | Tables |piuia v| & | Charts EDARI ViaPRat v| & Messages J

u ums tain_vieprat

Parameter Intensidad de lluvia

MODEL WENDCOM Value Read date Wiite date a4
0 01/01/2000 0:00:00 01/01/2000 0:00:00
28 01/01/2000 0:05:00 01/01/2000 0:05:00
47 01/01/2000 0:10:00 01/01/2000 0:10:00
1186 01/01/2000 0:15:00 01/01/2000 0:15:00
1186 01/01/2000 0:20:00 01/01/2000 0:20:00
1188 010172000 025,00 0170172000 025,00 v

11245

Volume Tank1

i/ VilaPRat

a

EDAR1 _VilaPRat

—— QinEDAR —— Sortida 3ani BSU primari |
DSU secundari ——— Qsort EDAR (suma)

Qin EDAR

Qsort EDAR (suma)

0 =F H P - T 0,0
18/02/2001 5:00 18/02/2001 11:00  18/02/2001 17:00  18/02/2001 23:00
Date

Figure 4.49 a) Graphical, b) Table and c) Synoptic represimmaf the EDSS results.

4.8.2 Basic concepts of the EDSS prototype

The next section presents the basic concepts unteatlinto the EDSS prototype which are needed
to understand the operation of the decision suppott

Parameters

Parameters are properties that are measured orurabbls In the case of this prototype,
parameters are measured using the developed vaystgm. New parameters can be added into
the EDSS system configuration. For each new paeamntie¢ user must give a name adapted to the
end user needs, the units of the parameter anchaeizion factor to be used when converting
values from the decision support system to WE@Md vice versa. The need of a conversion
factor is due to the WESTmodel, which can require of values in a differanit than the ones
found in the EDSS prototype.

Table 4.17 Parameter names and units defined by default itotble

Name Units Conversion Factor for WEST®
Rain Intensity mm/h 0.0833

Volume m 1

Flow /s 86400

Gate Position m 1

Quality Mass Flow g/d 1

The user can add, edit or delete parameters wétlority exception of the Rain Intensity parameter,
which cannot be deleted.
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System time and virtual time

The system time is the time of the computer in White application is running. The system time
must always use the same time reference alongntive gear. The system time must be equal to
UTC + a factor. The external data sources must Haesame referential time as the system time.
On the other hand, the virtual time is imposedHh®y/user, which can change the date and hour of
the application. In this case the user can arldigrdefine the referential time.

Time series

Time series are the time evolution of a previousBasured or modelled parameter along a period
of time. They can be represented in a table (twonons). In the case of the EDSS prototype, one
time series is only associated with one paraméiétime series values are stored into the DB of

the system.

This EDSS system distinguishes between three diitelypes of time series which are described
below:

« Normal time serieare the most common ones. They contain measunexdelled values.
They can also store set points that will be apptitekality or to the virtual system (in case
of off line mode).

e Grouped time serieare used to group time series. The only time sevigich are allowed
to be grouped are the normal or grouped time sefieey use the same time interval
frequency as their base time series.

* In manual time serieshe user is the one who creates and adds valudéss When
configuring a manual time series the user hasttodnce some information regarding to
the name of the time series, the frequency in wthehvalues are stored, a default value in
case of no found value and the different optioas the end user will be able to choose for
uploading values.

WEST Exchange concepts

A run periodis the time interval simulated by the model inrayke run. The run period is created
using the scheduler current time and the hindeasf@ecast times configured in that component:

Start date = Scheduler Current time — Hindcast Time
End date = Scheduler Current time + Forecast Time

WEST model variablesorrespond to the ones that the expert user rimkswith the EDSS time
series in order to use them. Three types of moalehbles are found:

* Inputmodel variables: they need to use some linked semnges which will use their values
to create the input data file, necessary to rursttmeilation.

e Set pointmodel variables: this type of variables use sdJarieed time series, which will
use their values / set points to change paramdteisg a simulation. Typical set points
can be gate positions, pumping flows, valves, etc.

* Outputmodel variables: when a simulation is finished WWExchange uploads values for
all the Output Model Variables linked to several&Dtime series.
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Expert System concepts

Rules are the way of how the decision support system aack different variables, which
depending on their values, the EDSS does diffeaetibns. Those actions include writing new set
points, messages or jumping to another rule.

Rule variablesare the ones which the user will have to link te BEDSS time series in order to
allow the rule run correctly. Two different typefsrole variables are found:

Starting ruleis the one used by the Expert System every tin@mrgonent has to be executed.

Site specific application / WEST Exchange

The WEST Exchange module works as a site spe@fiication in a way that it can be installed
in another computer different than where the EDSSThe only requirement is that WEST
Exchange must be installed in the same computerenthe WEST software is installed.
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5. EDSS Operation

In this chapter, the scenarios described in seeti6bri have been tested comparing the differences
of managing the virtual system using the Standaetation mode or using the EDSS operation
mode (taking into account the decision trees desdriin subchapter 4.8). Efforts on the
management strategies have been focused in thadlgdenhancement of the integrated UWS,
i.e. management strategies give priority to theucédn of the number and amount of CSO
episodes. The main variations found in the overgtem operation of the EDSS mode are a result
of the first and second knowledge acquisition loapéch are integrated into the set of developed
decision trees. These imply some modifications le WWS operation in order to execute the
decision tree rules. Operational changes are desthelow:

When inflow to VilaConca WWTP is higher than theximaum capacity of the primary treatment,
the plant separates flow in two independent stregdrse stream flows through the primary
treatment and after that is directly sent to tleengng body. The other stream is redirected to the
secondary treatment without passing through theamy settler. Figure 5.1 shows how the plant is
divided into two independent streams:

Inflow G"a”’

clarifier

Stream 1

Secondary

N Outflow
clarifier

Aeration basin

A

Stream 2

Figure 5.1 WWTP of VilaConca operation during wet weathemfl Adapted from WEF (2006).

In case of rain prediction, the HT of VilaConcaeisptied in order to increase its storage volume.
Once a rain event is over, the tank empties itsedtavastewater never exceeding the design
capacity of the WWTP, so all waters can be compyléteated.

Regarding to VilaPrat system, while there is n@daisk, Tank 1 employs 40% of its volume to
reduce CSOs, sending gradually wastewater to theT®MDuring rain events, Tank 2 of VilaPrat
is operated as an on-line CSO tank and all comhiedrs are conveyed to the tank. If the tank is
full, it acts like a decantation tank (reducing tpellution load). The WWTP of VilaPrat is
operated exactly as in VilaConca, redirecting flothhreough primary and secondary treatment
during wet weather events (when inflow is higheantithe maximum capacity of the primary
treatment). In some specific cases, depending ennffow quality, some wastewater treated by
the secondary flux can also be sent and treatedtbattertiary treatment

Finally, VilaConca and VilaPrat can be interconedctThe by-pass gate between them is
operational and wastewater can be transferred ¥daConca to VilaPrat as long as it does not
produce CSO in the latest.
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For a correct application of the developed decisieas, it is first necessary to expand the models
of WWTP of VilaConca and VilaPrat developed with BIE (Figure 5.2). Both WWTP models
have been modified adding a set of combiners atitiesp in order to give the WWTPs the
possibility to treat wastewater in the differenspions described in the decision trees.

a)

o

Sludge_loop

b)

Tertiary

Sludge_loop

Figure 5.2 Modified configuration of the WWTPs of (a) VilaGca and (b) VilaPrat after the decision tree
development.

In order to carry out the comparison, there areesonportant elements of the EDSS too that need
to be pre-configured:

* Import rain data into the EDSS DB.

* Import the model (virtual system) into the tool.

* Import the developed decision trees into the tool.

* Link time series with model and rule variables.

» Configure the schedule for the EDSS components.
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The four rain scenarios considered in section 4aéelintroduced into the DB. They are the same
as the ones used for the standard operation mode.similar way, the imported virtual system
model is also the same as for the standard operatiode but includes the mentioned
modifications. Imported decision trees are desdrinesubchapter 4.6. Time series are linked with
its corresponding model and rule variables. E.gqpkTRinflow time series (namethnkl_Qin is
linked with the model variable (hamedodTankl_Qinas well as with the rule variable (named
ruleTankl_Qif. The scheduler for the virtual system and fore¢kpert system is also defined to
correctly configure the run period of the EDSS.

Each simulation is configured to be launched evdryninutes at minutes 00 (00, 10, 20, 30, 40
and 50) of each hour. Every time it is launchesintulates 18 hours backwards (hindcast time)
and 8 minutes forward (forecast time). On the othand, the expert system (decision tree
execution) is configured to be launched every 10uteis at minutes 08 (08, 18, 28, 38, 48 and 58)
of each hour.

5.1 EDSS rain Scenario 1

This scenario is based on real data with a duratidnhour, a total precipitation of 8.7 mm and a
return period of 2.16 months. Figure 5.3 illustsatas rain episode

10

8 4

6 -

4

Rain intensity (mm/h)

2 4

0 T T T T T
23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00

|

Figure 5.3 Rain intensity plot of the testing scenario 1.

Time (hrs)

Rain intensity (mm/h) ‘

Figure 5.4 presents the relevant points of VilaGoand VilaPrat UWSs where the impact of the
EDSS used can be remarked.

VilaConca 3
39.200 eq.inhab. ~ ©80M

— / N\ 7/
Homogenization Primary
Tank Treatment

Secondary
Treatment

VilaPrat

525.000 eq.inhab. 15,000 m*

Secondary
Treatment Treatment Treatment

Figure 5.4. VilaConca and VilaPrat system scheme for scerfario
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VilaPrat Tank 1 (1)

According to the decision tree at Tank 1, befoeertin starts (DWF), the outflow gate position of
Tank 1 is fully opened (1 m). When the rain eveagibs, the gate closes because Tank 2
(VilaPrat) starts to fill. The rainfall volume fanis scenario is quite small and consequently Tank
2 has enough storage spae2q00 n) so according to Tank 1 decision tree (Figure 5 e gate
remains closed until the rain has finished and Taskops filling. Later on (02:30), Tank 1 starts

to empty the stored wastewater so Tank 2 fillsragaid in consequence the gate closes once more.
Finally, when Tank 2 is emptying (and has more th@®0 nf of free storage space) gate of Tank

1 opens and empties the stored wastewater recgvekVi~ conditions.

Figure 5.5b illustrates how use of the EDSS opemathode has benefits on the amount of
wastewater that Tank 1 is able to store. Thusthadl wastewater is available for its further
treatment. For this scenario the total volume ofsteater added into the system and in
consequence avoided to produce CSO is of 107767 m

a) b)
_ 16000 1.2
Tankt Ant-c€o | |
Tree imi
14000 Tank 1 limit
— 1,0
12000 A- ol . =
— r08 <=
Gate "’E 10000 - j=2]
Yes opening = = %
om (close)
% 8000 A o6 §
No S 6000 - EDSS Loa &
[ Standard ’ 8
Tank2 Available o opSr:;eg _ 4000 + Gate Opening (EDSS)
\ Gl = (el 1m (open) 2000 4 - Gate Opening (Standard) |[ 0.2
No 0 _J 0,0

Gate 23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
gr?me(nclﬂnié Time (hrs)

Figure 5.5.(a) Detailed portion of Tank 1 management tree(@pdank 1 management for scenario 1.

VilaPrat Tank 2 (2)

Tank 2 storage management of VilaPrat depends @ik hand, on the input to the WWTP of
VilaPrat and on the free volume of the tank itseifure 5.6b illustrates how, before the rain start
the flow entering the WWTP of VilaPrat is very Id@WF conditions) and no wastewater needs
to be stored into the tank (A). When the rainfagims (00:50) Tank 2 starts to fill and, according
to Tank 2 emptying decision tree (Figure 5.6a) myia small time frame the WWTP inflow is
lower than 3 m¥s and thus the tank pumps 0.3%s1(B) trying to avoid possible CSOs.

During the rainfall, inflow to the WWTP exceeds 8®s and all wastewater is stored into Tank 2
(no pump activity, execution C). Once the rainismthe inflow to the WWTP goes below 3/m
so pumps start emptying gradually the tank, fitsd,83 ni/s (D). In the next time step (02:50),
inflow into the WWTP is lower than 2.7%s and pumps send 0.66/m(E). Finally, pumps work
at its maximum flow potential at 2%s (F) never exceeding the maximum capacity of M TP.
Figures 5.6a illustrates the different commandegwgiy the EDSS to Tank 2.

For this scenario, the EDSS operation mode calegstfferent results for Tank 2 in comparison

with the standard operation mode. The main reasothat the standard operation does not
consider any pumping set points within the 24h $athon and thus, there are significant stored
volume differences between them. The use of eXpwtwledge to manage the tank is better in
order to minimize the stored volume into the tank anaximize the treated wastewater into the
WWTP of VilaPrat avoiding CSO discharges.
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Figure 5.6. (a) Tank 2 emptying tree execution time line,\{bjume and pump flow during scenario 1.
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WWTP VilaPrat (3)

Figure 5.7 illustrates the simulation results dgri@cenario 1 and for the WWTP inflow of
VilaPrat.

As explained in Tank 2 management, before rainnsghe WWTP operates in DWF conditions.
During the rainfall, the plant has a first peakwflof 5.4 n¥/s. Once the rain is over the inflow
starts to descend. Later on, the plant receivescansl peak of 6 s and operates at position 2
regarding the decision tree of WWTP VilaPrat (thioiw is between 3.7 ¥s and 8.63 rifs and
TSS concentration over 500 gfjmAfter that, the inflow approximately descendstot/s due to
the influence of Tank 2. Finally, flow decreasesDi/F conditions and all wastewater is fully

treated.
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Figure 5.7 WWTP of VilaPrat inflow during scenario 1.
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The total volume of treated wastewater by the WWWiEh the EDSS operation mode is
considerably higher in comparison with the Standgdration mode, especially when the rain is
over and the WWTP receives more inflow due to tifiece of the stored wastewater by Tanks 1
and 2. The EDSS operation mode presents a variatioA5820 mi of the water input in
comparison with the Standard mode.

VilaConca Homogenization Tank (4)

It must be remarked that VilaConca catchment haeryasmall CSO tank (Tank 3) with a volume
of 680 nt. There is no decision tree and therefore for Tiitkhas not been taken into account.

Figure 5.8b shows the HT management results dwsasgario 1 for both the EDSS and the
Standard operation modes. It is important to no&t the HT for the EDSS mode is managed by
the WWTP of VilaConca tree. According to this, brefthe rainfall begins, the tank is operated as
dry weather flow since the stored volume is bel@®@®nt/s and thus, the pumping set point is
0.13 ni/s (A) (Figure 5.8a).

Once the rain starts, the plant inflow is above90n®’/s, the tank reaches 8000 rand the
pumping set point rises to 0.87/s1(B). During a certain period of time, the tartfume is above
5000 n? but in contrast inflow decreases below 0.2%srthen the pumping set point decreases to
0.29 ni/s (C). Finally, the tank volume is below 3008 (taking into account the hysteresis) and
the tank recovers the dry weather position pumpir@ 13 nis (D).
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Figure 5.8 (a) WWTP VilaConca decision tree execution tiime land (b) HT volume and pump flow during
scenario 1.

The stored volume with the EDSS operation is highan the Standard mode because the latter
has a constant pump flow and once the rain is dbertank empties its stored wastewater. In
contrast, the EDSS mode takes into account the WWil&onca conditions trying to avoid
CSO spills at the plant.
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WWTP VilaConca (5)

For rain scenario number 1, WWTP of VilaConca E@p8ration results (Figure 5.9) show how
before the rain starts, the WWTP receives the geedaily flow (0.13 rt/s) from the HT. When
the rain starts (01:05), inflow to the WWTP turmgoi 0.87 n¥s (divided into 0.58 fis only
flowing through primary treatment and 0.2%/snthrough secondary treatment). When the inflow
decreases to 0.29°fa wastewater is fully treated. Finally the flowsdends back to dry weather
flow conditions (0.13 ris).
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Figure 5.9 WWTP of VilaConca inflow during scenario 1.

VilaConca WWTP for the EDSS mode during scenaritad two main differences respect with
the Standard mode. It has a higher treatment (@87 ni/s). Additionally, the plant can treat up
to its design flow (0.29 ffs) increasing this way the volume of treated waater. Both measures
suppose a reduction of the volume of CSOs spitienlthe receiving body (3207

Receiving body (6)

Figure 5.10 shows simulation results of the rivewfafter WWTP of VilaPrat during scenario 1.
Taking into account that the first scenario carctwsidered a small rain event, CSO episodes are
avoided both for VilaConca and VilaPrat catchmeitespite that, the EDSS operation mode
allows the system to treat a higher wastewatermel 45719 r). The river flow during DWF
conditions is around 3 #s. The total discharged volume to the river fothboperation modes is
the same.

However, the river flow for the EDSS operation igher than the Standard mode. This is due to
the stored wastewater into Tank 2 in the Standasdemwhich is not discharged within the 24h
simulation (and consequently does not appear imnivke flow).
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Figure 5.1Q River water flow after the WWTP of VilaPrat fazenario 1.
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A summary of the general improvement between ttedtrd operation mode and the EDSS
operation mode for the first rain scenario is shoawifable 5.1. Results of the volume of stored
wastewater in Tank 1 present an enhancement of@¥espect the Standard mode. The expert
management of the tank by the EDSS allows storihggher volume of wastewater and thus to
reduce the probability to cause CSO discharges.

Table 5.1 Summary table of stored water (Tanks) and treasgtdr (WWTPSs) during scenario 1.

Standard EDSS Variation percentage
(m’) (m’) (%)

Tank 1 131041 238809 45.1
Tank 2 - - -
VilaPrat WWTP 113400 159160 28.8
HT - - -
VilaConca WWTP 15741 19044 17.3

Improvement of Tank 2 cannot be calculated sincemia the Standard mode remains stored into
the tank within the 24h simulation while in the ED&ode not.

The latter uses the expert knowledge in orderdoesbr empty the tank depending on the UWS
conditions. WWTP VilaPrat presents an enhanceme8@8% of volume of treated wastewater.
The plant has higher treatment capacity and resdhve stored wastewater of Tank 1 and Tank 2
of VilaPrat catchment.

The HT enhancement is not applicable since in ttendard mode, the tank has a constant
pumping set point and in consequence there is stored wastewater which does not represent a
better management. In the EDSS mode, the tanKegalstore most of the receiving waters but is
also ready to empty the tank as quickly as possithout casing CSOs to the WWTP of
VilaConca.
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5.2 EDSS rain Scenario 2

Figure 5.11 illustrates the rainfall of the secasednario, based on real data similar to the faist r
scenario. It has a duration of 3 h, a total préaijgin of 26.7 mm, corresponding to 1602 and a
return period of 3.6 months.
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Figure 5.11 Rain intensity plot of the testing scenario 2.

Figure 5.12 presents the relevant points of Vilatgoand VilaPrat UWSs where the impact of the
EDSS used can be remarked.
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Figure 5.12 VilaConca and VilaPrat system scheme for scerfario

VilaPrat Tank 1 (1)

Figure 5.13b shows the Tank 1 management for th@EmDode in comparison with the Standard
mode during scenario 2. Before the rain starts,gdie is at its normal DWF position 1 m (A).
Once the rain begins, according to Tank 1 managetren (see Figure 5.13a), the gate closes to
position 0 m (B) because Tank 2 starts to fill. Wiséored volume is between 5608 and 7800

m® the gate position opens to 1 m (C) in order to tgntipe tank as soon as possible and avoid
possible flooding. When the volume of the tankétolw 4500 m the gate closes again to 0 m (D)
to retain volume against CSO since Tank 2 isfdtitg.
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Note that the gate opens when volume is 5660bmt does not close until it reaches 4500 m
This is done to avoid the gate opening and closepgatedly around the same volume.

Once the rain is over the gate remains closed lanavastewater slowly fills the tank until Tank 2
available volume is over 1000°mAt this point, gate position turns to 1 m (futhpen) (E) to
empty the tank but as a direct effect of that Ta@nikncreases the stored volume (coming from
Tank 1 emptying) and the gate closes once moreAfR@r a short time frame, the gate opens
again to position 1 m (G) as Tank 2 is emptyingimgead has more than 1000’ mf available
volume. During the whole rain event water flowingt of the tank is controlled, never exceeding
the 6 mi/s which would cause flooding.
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Figure 5.13 (a) Tank 1 decision tree, execution time ling,\(blume and gate position during scenario 2.

The management of the tank has very different tesulcomparison with the Standard operation
mode. For the one side, the peak reached duringaiheevent is higher (never exceeding the
storage limit) and thus wastewater can be releastubut producing CSOs. Additionally, once
the rain event is over, the tank stores wastewateng into account the conditions of the other
infrastructures of the UWS. It is clear how the amioof stored wastewater during the rain event
changes between the EDSS and Standard modes (844854 he use of expert knowledge
allows the system to store a higher volume of weater which in consequence can be further
treated.

VilaPrat Tank 2 (2)

Figure 5.14b illustrates the simulation resultsTahk 2 management during scenario 2 for the
EDSS mode in comparison with the Standard mode tdiile management depends mainly on the
inflow to WWTP VilaPrat and the free volume of tlaak itself.

Following the execution time line of Tank 2 (Figusdl4a), before the beginning of the rain the
flow entering the WWTP is very low (DWF) and thengping set point is set to 2%m8 (A). When
the rain event begins, Tank 2 starts to fill utfi# inflow of the WWTP is above 3.4°fa. A new
pumping set point is 0 Tfs and water is stored into the tank (B). As wastewkeeps entering to
the tank, the volume quickly reaches 3880%and according to the Tank 2 emptying decision
tree, pumps start to operate trying to empty asdagossible at 2 s (C). After that, although
the tank is full pumps stop (0%s) (D) because the WWTP is operating at its marinmeatment
capacity (12.33 rits) so incoming wastewater is directly dischargethe river (CSO). Once the
rain event is over, the tank volume is still ab®3804 ni but the WWTP has capacity to accept
more flow so all pumps are then activated toZsr(E). After a while, the tank volume decreases.

86



EDSS Operation

If the inflow to the WWTP of VilaPrat is not belofu7 nt/s the wastewater is pumped at 0.99
m/s (F). Finally, the pumping set points are sefirag@ 2 ni/s (G), never exceeding the upper
capacity of the WWTP and restoring the storage agpaf the tank.

Regarding to the CSO produced during this rain gy@gure 5.14b shows that there is not much
difference in volume of spilled water between thtan8ard mode (107055%nand the EDSS
mode (103278 ). Despite that, once the rain is over the Standgreration mode stores all
wastewater into the tank while it is gradually eiegin the EDSS mode.
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Figure 5.14 (a) Tank 2 decision tree and execution time éind (b) Tank 2 management (volume and pump flow)
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The simulation results for Tank 2 management batw&andard and EDSS modes are
quitedifferent. The EDSS mode stores wastewatanguhe rainfall and once it has finished, the
tank is emptied as long as the WWTP of VilaPrat @ecept the flow. The Standard mode has no
given pumping set points, in consequence all wastEwis stored into the tank and is thus
susceptible to cause flooding or CSO spills.

WWTP VilaPrat (3)

Figure 5.15 shows the simulation results for WWTiPVdaPrat during scenario 2. At the
beginning of the rain scenario, the inflow is beldw n/s and wastewater is treated through the
different process stages of the plant avoiding @rerflows after the primary treatment. When the
rain intensity increases, the inflow is between &% and 12.33 ffs. Consequently the WWTP
of VilaPrat operates at position 2 separating tbes fin two independent streams. 7.4/snare
treated by the primary treatment and spilled toriter and 3.7 s are treated by the secondary
treatment and spilled to the receiving body. Theess is directly discharged into the river before
entering the plant in the different CSO points tedaat VilaPrat sub catchment.
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Once the rain finishes, inflow to the WWTP descemalscan be fluctuant due to Tank 1 and Tank
2 emptying cycle. Finally, the WWTP recovers the B@bnditions and treats wastewater through
the complete process.

Furthermore Figure 5.15 illustrates three diffel@®O spills produced in this scenario. CSO after
primary treatment has a higher value in the EDS®len®5447 ) than in the Standard one
(49906 ). This is due to the greater amount of wastewag¢ated by the plant. Despite that, it is
better to discharge partially treated than compjetetreated wastewater to the receiving body.

CSO 2.1 is only shown during the rain event andqmes smaller values for the EDSS mode
(52073 m) than for the Standard one (78503) 5o the effect on the river is smaller with the us

of the expert knowledge. CSO 2.2 is only displageding the rain event and has very similar
values for both modes being its difference of @ilynt. Finally, the stored wastewater into Tank
2 during the Standard mode (50000 approximately) can also produce CSOs.
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Figure 5.15 WWTP of VilaPrat simulation results and CSOs dgrscenario 2.

Simulation results of the WWTP of VilaPrat for tlsisenario show how the treatment limit in the
EDSS mode is increased from 8.68/snto 12.33 nifs. This gives the plant a greater treatment
potential during wet weather and decrease the itnpache river. Although the total amount of
spilled wastewater into the river is approximatdtg same for both modes, the discharge of
partially untreated wastewater after the primaeatment avoids a greater spill at any other CSO
point of the system.
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VilaConca Homogenization Tank (4)

Figure 5.16b illustrates the progress of storedteveater into the HT during scenario 2. It
important to note that the tank is managed by \6la€a WWTP tree since the main objective of
the tank is to give a constant flow and avoid CSsoding or washoff events into the WWTP
(see Figure 5.16a). Before the rain starts theedtoplume is below 5000 frand thus the tank
operates in DWF conditions pumping 0.13/sn(A). Once the rain rain has started, the tank
volume reaches 5000°mand its inflow is above 0.29%s so the pumped flow turns into 0.87/sn

(B).

After that, the tank volume remains above 5000bnt the rain is over, the tank inflow decreases
below 0.29 n¥s and thus the pumping set point is of 0.2%mC). When, the volume of the tank
decreases under 300G the tank can operate in DWF conditions again, gomp.13 ni/s (D) to
the WWTP of VilaConca.
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Figure 5.16 (a) WWTP VilaConca decision tree and executioretline and (b) HT management and CSO results
during scenario 2.

CSOs produced by the HT during this rain eventvarg similar for both the EDSS and Standard
modes. This is due to the limited management optionnd upstream of VilaConca system and to
the small capacity of the HT which gives little miarto the overall catchment. The amount of
CSO saved by the EDSS mode is of 1682 m

Results of the HT management during this secondasimefor the EDSS mode allow the system
to reduce the volume of untreated wastewater digeldainto the receiving body. Additionally,
the way the tank is emptied after the rain eveffeid from the Standard mode. The Standard
needs more time as it has a constant pumping feavpaint. This gives the tank more probability
to produce CSOs in case of another rain event.n@rother hand, the EDSS mode empties the
tank as soon as the WWTP of VilaConca can accepw#stewater.
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WWTP VilaConca (5)

Figure 5.17 shows results of the WWTP of VilaComoanagement for the EDSS mode in
comparison with the Standard mode during rain sterta Since the WWTP inflow depends

directly of the HT management the inflow remainwaals constant. Before the rain begins, the
inflow of the plant is the average daily flow (0.48/s).

At the beginning of the rain, the inflow increages0.87 ni/s which, according to the WWTP
VilaConca decision tree, 0.58%fm are treated by the primary treatment and 0.28 iwy the
secondary treatment. Once the rain is over, tHevinflecreases to 0.29%mw and all wastewater
can be completely treated. After a while, flow dests again to DWF conditions (0.1%g).
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Figure 5.17 Inflow to the WWTP VilaConca simulation results Scenario 2.

The use of the EDSS mode for the management of WWil& onca during this scenario
presents for the one hand a higher treatment dgpafcthe plant (0.87 ffs), which supposes a
reduction on the number and probability to prodG@&0O spills. On the other hand, the WWTP
presents another innovation with respect to thedstal mode. The plant is optimized by treating
wastewater at its maximum design flow capacity §0n#/s). The improvement reached by the
EDSS mode represents an increasing of 539@frthe treated wastewater.

Receiving body (6)

Figure 5.18 illustrates the simulation resultstef tiver flow after the WWTP of VilaPrat during
scenario 2 for the EDSS mode in comparison withStemdard one. Two different peaks can be
observed (40 fits and 45 s approximately) corresponding both of them to C8€rharges
during the rain period. After that, the river flalecreases gradually showing on one hand Tank 1
emptying phase and then for Tank 2. Despite tl, EDSS operation mode treats a higher
volume of wastewater (48853*in comparison with the Standard operation mode.

However, the total discharged volume of water ®rikier must be the same using both operation
modes. The differences found in the simulation ltesespond to two main reasons. On one hand
to Tank 2 stored wastewater, which during the ED&Rle is slowly discharged while in the
Standard mode all wastewater remains stored. Ornother hand, differences can also be a
consequence of some modelling instabilities an@i@dihces in volume inside the systems between
the beginning and the end of the simulation.
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Figure 5.18 River water flow after the WWTP of VilaPrat fazenario 2.

Table 5.2 shows the general improvement of thiorsg¢cscenario between the EDSS and the
Standard modes. The application of the expert kedge for Tank 1 means an improvement of
844855 i (76.1%) in stored volume with respect to the Saaddnode.

In this sense, Tank 1 is able to store a highanmel of water during wet weather and reduces the
number and volume of CSOs. Improvement of Tank ihaabe calculated since the Standard
mode does not consider any pumping set points krvdaatewater remains stored into the tank
after the rain event. Nevertheless, the applicatibthe expert knowledge allows the tank to be
emptied as soon as the WWTP of VilaPrat can adbepttored wastewater.

Table 5.2 Summary table of stored water (Tanks) and treasgter (WWTPSs) during scenario 2.

Standard EDSS Variation percentage
(m’) (m’) (%)

Tank 1 265199 1110054 76.1
Tank 2 - - -
VilaPrat WWTP 189306 262987 28.0
HT - - -
VilaConca WWTP 18279 23676 22.8

VilaPrat WWTP management is improved in 28% dua togher treatment capacity of the plant
increased from 8.63 s to 12.33 niis. This allows the WWTP to treat more wastewateing
wet weather. Despite that, CSO spills are verylamfior both modes since in the Standard mode,
stored wastewater into Tank 2 is not taken intcoant and the rain event is high enough to
produce CSO discharges even when the expert kngelesl applied to the overall system
management. HT results cannot be applied becausigeirstandard mode the tank is still not
emptied within the 24h simulation. In any case, tblume of CSO discharged into the river is
smaller for the EDSS mode than for the Standardemaeinonstrating the effectiveness of the
expert knowledge on the tank management. FinalljaC6énca WWTP presents a general
improvement of 22.8% respect the Standard mode. higeer treatment capacity of the plant
(0.87 ni/s) and the possibility to fully treat wastewatérita maximum design flow (0.29 s)
optimize the overall performance of the WWTP.

Summary results of the first scenario show how UWhES is managed by the use of the expert

decision trees. The system is optimized withousoapuCSO discharges and protecting the river

guality. In contrast, scenario 2 is higher andsy&em cannot receive and treat the whole amount
of water (rainfall water and produced wastewater}tsat several CSO discharges are produce.
Rain scenarios 3 and 4 present higher intensitidsaater inputs when compared with scenarios 1

and 2. Therefore, the UWS is not able to treawvater input and CSOs are generated too.
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The main difference between results of scenarin@ the ones of scenarios 3 and 4 is the
discharge duration and the CSO volume spilled ¢oréteiving body. For this reason, the outline
tables of scenarios 3 and 4 are presented belove wie simulation results and execution time
lines can be found iAnnex

5.3 EDSS rain Scenario 3

A summary of the general improvement reached byBB&S mode in comparison with the
Standard mode during rain scenario 3 is shown biela.3. Tank 1 enhancement is of 32.7% with
regard to the Standard mode. The tank stores @&highume of wastewater during the rain event
and in consequence reduces the number and volur@&0fdischarges. Tank 2 progress cannot
be calculated since the Standard mode does notrtekaccount the possibility to empty the tank
after the rainfall and thus all wastewater rematsed into the tank. However, the use of the
EDSS mode allows the tank to store wastewater duhe rain episode in order to protect the
WWTP of VilaPrat inflow and avoid possible CSO kpds far as possible.

Table 5.3 Summary table of stored water (Tanks) and treasgter (WWTPSs) during scenario 3.

Standard EDSS  Variation percentage
(m) (m’) (%)

Tank 1 532307 790672 32.7
Tank 2 - - -
VilaPrat WWTP 168362 238431 29.4
HT - - -
VilaConca WWTP 17361 22152 21.6

The management of VilaPrat WWTP during the rainnéve improved in 29.4% respect the
Standard mode. The higher treatment capacity ofptaet and the possibility to partially treat
wastewater avoiding the discharge of completelyaeated water into the river, are the main
reasons of WWTP enhancement. HT results compagsonot be applied since the Standard
mode has a constant pumping flow. This means titat #oe rain event, this mode needs more
time to empty the tank. However, the EDSS modeiaepghe expert knowledge changing the
pumping set points along the simulation, protecting WWTP of VilaConca from CSOs and
emptying the tank as fast as possible. FinallyWAM¥TP of VilaConca for the EDSS mode has an
improvement of 21.6% respect the Standard one. @hiimncement is mainly due to the higher
treatment capacity of the plant (0.87/s) and the possibility to fully treat wastewater to the
design flow (0.29 riis) contributing both measures to the CSO miniromat

5.4 EDSS rain Scenario 4

The global enhancement achieved by the EDSS modermmparison with the Standard one, is
shown in Table 5.4 Tank 1 presents an enhancenie2t.8% respect the Standard mode. The
tank is able to store a higher wastewater volumeagduhe rain event and reduces CSO discharges.
The improvement of the stored volume of Tank 2 caife calculated since in the Standard mode,
the wastewater remains stored into the tank dieerdin event.
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However, the EDSS mode stores wastewater duringdimein order to protect the WWTP of
VilaPrat inflow but, once the rainfall is over, tdecision tree gives orders to the tank in order to
quickly empty the stored volume as far as the WW@TRilaPrat can accept wastewater.

Table 5.4 Summary table of Scenario 4.

Standard EDSS Variation percentage
(m’) (m’) (%)

Tank 1 957599 1298996 26.3
Tank 2 - - -
VilaPrat WWTP 207822 290211 28.4
HT - - -
VilaConca WWTP 18927 24792 23.7

The WWTP of VilaPrat presents an improvement o428 for the use of the EDSS mode in
comparison with the Standard mode. The main reasbnthis enhancement are the higher
treatment capacity of the plant and the possibtlitypartially treat wastewater avoiding higher
CSO spills of totally untreated wastewater. Besitles correct management of Tank 1 and Tank 2
during the rain event, allow the plant to receivatev input more gradually and in consequence
optimize its treatment. Results of the HT cannotcbenpared between the two management
modes since in the Standard mode, the pumping et s constant and after the rainfall,
wastewater needs more time to be emptied. Howéwverexpert knowledge applied in the EDSS
mode allows the tank to change pumping set poiatsd the rain event and send wastewater
gradually in order to protect the inflow of VilaCcanWWTP from CSOs.

The management of WWTP of VilaConca for the EDSSlengresents an improvement of 23.7%
respect the Standard mode. This enhancement idbfgogsanks to the higher capacity of the plant
allowing thus a higher inflow into the plant, thesgibility to partially treat wastewater (avoiding
totally untreated CSOs) and finally to the capaoitthe WWTP to fully treat wastewater up to its
design capacity, which is not applicable in then8tad mode.

5.5. Discussion

Four different rain scenarios have been tested thithEDSS mode and then compared with the
Standard mode. Table 5.5 and Figure Ssibithmarize the reduction percentage of the studied
points of the systemr@nk 1, Tank 2, WWTP VilaPrat, HT and WWTP Vila@riar each rain
scenario.

Table 5.5 Enhancement percentage in terms of stored watge{fleank 1) and volume of treated wastewater
(WWTPs of VilaPrat and VilaConca.

Scenariol Scenario 2 Scenario3 Scenario 4
(%) (%) (%) (%)

Tank 1 45.1 76.1 32.7 26.3
Tank 2 (CSO) - - - -
VilaPrat WWTP 28.8 28 29.4 28.4
HT (CSO) - - - -
VilaConca WWTP 17.3 22.8 21.6 23.7

Regarding to Tank 1, the highest achievement ishexh in scenario number two (76.1%). The
main reasons of this enhancement are the catchrhardcteristics (VilaPrat) combined with the
rain input for this scenario which allow the taokaperate with a higher management efficiency.
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The first scenario presents an improvement pergenté 45.1% for Tank 1 but in this case, the
rain input is probably not high enough so the Saatidoperation mode is able to manage
accurately this rain event too. Scenarios 3 ance4tionger rain events and both of them present
similar percentage values (32.7% and 26.73% reispéot Nevertheless for all the tested
scenarios, the EDSS mode has better results in aasop with the Standard mode. Tank 2
improvement percentage cannot be applied for tstedescenarios since the Standard mode does
not consider any pumping set point and in consezpjeall wastewater remains stored into the
tank during the 24 h rain event.

100
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80 A [ WWTP VilaPrat
0 WWTP VilaConca

60 -

40 4
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Scenario 1 Scenario 2 Scenario 3 Scenario 4

Improvement percentage (%)

Figure 5.19 Improvement percentage of the tested scenaridlseodWS.

The management of the WWTP of VilaPrat presentslaimesults for all the tested scenarios
(around 28%). Although the rain input changes, dah®unt of treated wastewater of the EDSS
mode in comparison with the Standard one is incales similar, and thus presents a better
performance when applying the expert knowledgahécase of the HT, the comparison of the
stored volume cannot be applied since in the Stdndade, the pumping set point is constant and
in consequence after each rain event, the tankstakéonger time to empty. This does not
represent a better performance as the objectitheoHT is to store wastewater and then send it
gradually to the WWTP of VilaConca as long as tfenpcan admit it. WWTP of VilaConca
results present a similar behaviour for all thenracenarios. The improvement percentage is
around 21% which means that the EDSS mode haster lmgieration when compared to the
Standard mode.

When results are compared in a wider viewpoing ghown that the compilation of the acquired
knowledge (decision trees) and its incorporatidio he EDSS prototype (DB) result in a better
performance of the overall UWS management. Theedesiin scenarios illustrate how in the
upper points of the system (Tank 1) improvement@aiages are better as rain accumulation is
lower. Focusing in the downstream points of theesyus(WWTPs of VilaPrat and VilaConca) the
improvement percentages do not differ much betwesrh other (28% and 21%) respectively
neither amongst the different rain scenarios. Thisall situations the UWS under study is
enhanced by the application of the EDSS prototypeamparison with the Standard mode.
Considering the possibility to apply different racenarios, intermediate to those who have been
studied, the system would be able to execute thesmonding set of rules. Depending on the
UWS diagnosis, the executed decision trees wouldcdraparable to the most similar rain
scenario. In other cases, different decision tmwesld be executed but always preserving the
expert reasoning for the overall UWS enhancement.

So far, the amount of water spilled into the riieepnly considered in a hydraulic viewpoint. In
the next chapter, the water quality parametersaken into account.
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Heuristic knowledge approach

6. Heuristic knowledge approach.

Since the use of the EDSS, developed by the coriomaf models and expert systems has been
exemplified, this chapter aims to evaluate the ctffeness of the EDSS mode when more
influence is given to the expert knowledge. In gease, efforts are focused to analyze the tool in
a quality point of view. Two quality parameters ah®sen, the Chemical Oxygen Demand (COD)
and Ammonia (NH') as they provide information of the amount of migacompounds and
nutrients found in wastewater. In order to carry this analysis, a combination of the hydraulic
data (from models) and quality data (from expeidsysed as a new operational mode named
Hybrid (Figure 6.1). As a result, the comparison is pentd between the Hybrid Standard Mode
(HYS) and the Hybrid EDSS mode (HYE).

It is important to remark that all data and infotioa used as heuristic knowledge about water

guality evolution in the different elements of th®VS is provided by the experts and managers
inquired during the first knowledge acquisition po(KA-1) performed within the development of

the EDSS tool in section 4.2.4.
(=
-Model- -Expert-
m®/s K

g/m
Hybrid
Approach
(g/s)

Figure 6.1 Data combination procedure for the Hybrid operadi mode.

®
-

The first step of the Hybrid operation mode is &dirme the input quality values to the WWTPs of

VilaConca and VilaPrat (Table 6.1 and Figure 6T2)ese values are equal for both the HYS and
the HYE modes. Differences between the catchmeatackeristics between VilaConca and

VilaPrat, the presence of any storage tanks oMNéTP scale are not taken into account at this
point.

In order to distinguish between dry weather andwesther conditions, values over the maximum
dry weather daily flow for VilaPrat (1.6 #s) and VilaConca (0.29 s) are considered as wet
weather.

Table 6.1 WWTP input from the expert knowledge approach madimum daily flow for VilaPrat and VilaConca.

VilaConca WWTP input VilaPrat WWTP input
COD (g/m®) NH, (g/m®) COD (g/n?)  NH, (g/m’)
Dry weather conditions 600 20 600 20
Wet weather conditions 900 20 900 20
Maximum Daily Flow 0.29 s 1.6 n¥'s
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Expert
knowledge

Input WWTP Input WWTP
(VilaPrat) (VilaConca)

Qin WWTP VilaPrat os COD - 600 g/m®
0< X < 1.6m’s NH," - 20 g/m®
N

o No

Qin WWTP VilaPrat s COD - 900 g/m®
X >1.6ms NH," - 20 g/m®

No No

@@ @@

Figure 6.2 WWTP input decision tree of the Hybrid operatioade.

Qin WWTP VilaConca
0< X £0.29m’/s

<

Yes COD - 600 g/m®
NHs" - 20 g/m®

COD - 900 g/m®
Yes NH,* - 20 g/m®

Qin WWTP VilaConca
X >0.29m’/s

<

Both VilaConca and VilaPrat catchments include sdvdaydraulic infrastructures installed
upstream each of the WWTPs in order to protectraadage the system. Removal efficiencies for
the HT (VilaConca), Tank 1 and Tank 2 (VilaPrate aonsidered (Table 6.2). The amount of
COD removed from these tanks is a consequenceefdtiling process which takes places during
storage. HT and Tank 1 have smaller removal effcis as they are smaller tanks (20%) while
for Tank 2 this value is higher (50%). AdditionallMH," is removed biologically only in the
WWTPs so the removal efficiency in the storage $ask%.

Table 6.2 Removal efficiencies of the retention basin isfractures for the Hybrid approach.

Retention basin removal efficiency (%)

COD NH,'

HT 20 0
Tank 1 20 0
Tank 2 50 0

Table 6.3 summarizes the removal efficiencies oDCEd NH" concentrations of each for the
possible treatment streams where the wastewatdtavathrough the WWTP for both the Hybrid
Standard and EDSS modes.

The complete treatment of VilaConca WWTP, inclugesnary and secondary treatment, so
under normal conditions removal efficiencies ar@@% for both COD and NH concentrations.

In case of flow redirections during wet weatherlydor HYE mode) the single primary treatment
has a 30% removal for COD and 0% for Nkhile the secondary treatment has 50% removal for
COD and 75% removal for NA

VilaPrat WWTP has an additional tertiary treatmemd in consequence has more stream
redirection possibilities that must be taken intwaunt. When wastewater flows through the
complete process, including tertiary treatmentrédmaoval efficiencies are of 90% for COD and
85% for NH;".
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During wet weather (only for HYE mode) the singletiary treatment removes 40% of COD and
10% of NH;". The remaining treatment possibilities have thmesaemoval efficiencies as
VilaConca.

Table 6.3 Removal efficiency of the WWTPs for the Hybrid deo

WWTP removal efficiency (%)

COD NH,
lary Tr. 30 0
lary and 2ary Tr. 80 80
lary, 2ary and 3ary Tr. 90 85
2ary Tr. 50 75
3ary Tr. 40 10

The combination of the WWTP input concentrationsal€ 6.1) with the set of removal
efficiencies of the retention basins and WWTP (€al®$.2 and 6.3) for each of the catchments
(VilaConca and VilaPrat), provides the output corication values for COD and NH They are
represented in a set of if-then decision tree®ddh the HYS and HYE modes.

It is important to remark that under wet weatherditons wastewater can flow through different

streams within VilaConca and VilaPrat sewer netwokklaConca has two different streams. The

first one (1.1) represents the 60% of the wastawateduction of this catchment and has no

retention basin on its way to the WWTP. The othiexasn (1.2) represents 40% of the wastewater
flow and includes a small retention basin (Tank@). the other hand VilaPrat has two different

streams too. The first one (2.1) represents 80%hef wastewater production and includes

retention basins (Tank 1 and Tank 2) while the ogiieam (2.2) represents only 20% of the flow
and does not include any installed retention bdeieonsequence, removal efficiencies described
in Table 6.3 are only applied for those wastewaigys with an installed retention infrastructure.

Table 6.4 describes the different distribution petages of the virtual system.

Table 6.4 VilaConca and VilaPrat flow distribution and peese of retention basins.

Flow percentage

i in?
(%) Retention basin~

Catchment  Stream n°

. 1.1 60 No
VilaConca 12 40 Yes
. 2.1 80 Yes
VilaPrat 59 20 No

Figure 6.3 summarizes the main features of the idybrode illustrating the WWTP input
concentrations for both plants, removal efficiesodd the different retention basins found in the
UWS and for each of the treatment possibilitiese Bivailable streams of the virtual system are
also shown in the figure.
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Figure 6.3 Purposed removal efficiencies (COD and /NHor the Hybrid mode of the virtual system.

In must be noted that all removal efficiencies based in concentration values (§)min this

sense, pollutant quantities (e.g. gr/s of COD)dliyedepend of water volumes flowing through
the UWS.

6.1 Hybrid Standard operation mode (HYS)

The HYS mode manages the system as in the stamgemction mode. The HT provides a
constant flow to the WWTP of VilaConca (during DW&#d sending up to 0.87%a (during wet
weather). Tank 1 operates only with anti floodingrgmses and Tank 2 is an off line tank
operating to avoid CSO spills. During wet weathsosth WWTPs operate in a way that the
primary treatment works at its maximum flow capacind sends part of this water to the
secondary (and tertiary for VilaPrat) treatment leslthe excess is directly discharged into the
receiving body. There is no bypass connection batviiee two systems.

VilaConca HYS operation

Figure 6.4 illustrates the decision tree for thiétheatment option of the HYS mode for COD and
NH," output concentrations of the WWTP of VilaConcaeTWWTP performance has different
removal efficiencies depending on the plant infléwer values under 0.13%s (DWF) the plant
operates treating wastewater through all the plssbreams (primary and secondary) with
removal efficiencies of 80% for both COD and NHThe HT provides an additional COD
removal of 20% so, given the incoming pollutanta@antration during DWF (600 gfn COD; 20
g/m® - NH4"), outputs are of 96 gfhior COD and 4 g/rhfor NH,".
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When flow increases up to the maximum capacithefdecondary treatment (0.2§/s), removal
efficiencies descend to 144 ginfor COD and 4 g/rh for NH,". NH;* does not vary its
concentration over the mentioned flows due to #et fhat its removal efficiency depends on the
biological treatment which has its limit at 0.58/srand therefore its efficiency is not affected.

COD - 96 gim®
Yes| NH4* - 4 glm3

COD — 144 g/m®
Yesl NH.' - 4 g/m®

HYS complete treatmment
VilaConca

Qout
0<x<0.13 m%s

No

Qout
0,13 m%/s<x<0.29 m*)

No

@

Figure 6.4 HYS complete treatment tree for VilaConca.

When inflow is between 0.29%s and 0.58 riis, 0.29 n¥s flow through primary and secondary
treatment (HYS complete treatment tree) and thesxfiow flows only by the primary treatment.
Figure 6.5 illustrates the HYS primary treatmeanetrin this case there is only COD removal and,
taking into account the wet weather inflow concattns and HT removal efficiencies, its
outflow values are of 504 gffior COD and 20 g/fhfor NH4".

HYS Primary treatment
VilaConca

Qout Yes See complete

0<x<0.29 m*/s treatment tree
Qout Yes COD - 504 g/m®

0.29 m®/s <x<0.58 m’/: NH," - 20 g/m®

No

©

Figure 6.5 HYS primary treatment tree for VilaConca.

101



Chapter 6

VilaPrat HYS operation

Figure 6.6 illustrates the decision tree for theptete treatment of VilaPrat WWTP by the HYS
mode regarding to COD and NHoutput concentrations. During DWF, the inflow ésver than
1.6 /s and quality values are 600 §/{COD) and 20 g/m(NH,"). Wastewater flows through
primary, secondary and tertiary treatment so reinefficiencies are of 90% for COD and 85%
for NH4".

Tank 1 provides an additional COD removal of 20% tiuthe settling process while Tank 2 has
no influence because flow is not high enough talsgastewater to the off line tank. Taking into
account all these elements, the output concentsitid the WWTP are 50.4 gffor COD and 3
g/m® for NH;". When the rain starts, the plant is able to ftlgat wastewater while inflow does
not exceed 3.7 s so removal efficiencies of the WWTP remain 908 €OD and 85% for
NH,". Tank 1 provides 20% of COD removal and 0% for,N&hd Tank 2 removes 50% of COD
but is not taken into account since the tank hapuraping set points and thus, the tank is not
emptied. Taking into account these elements, thfoeu concentrations for COD and NH
during wet weather are of 75.6 g/and 3 g/m respectively.

HYS complete treatment
VilaPrat

Qout
0<x<1.6 m*/s

COD - 50.4 gim®

Yes) NH* - 3 g/m?

No

Qout
1.6 m*/s<x<3.7 m*/s

COD -75.6 g/m®
NH,* - 3 g/m®

<

es

Figure 6.6. HYS complete treatment tree for VilaPrat.

As explained during wet weather the plant is abladcept up to 8.63 #s. 3.7 n¥/s flow through

all the processes (primary, secondary and terti@gtment) and the excess only by the primary
treatment. Figure 6.7 shows the quality output eatr@ations after the HYS primary treatment of

VilaPrat WWTP. Tank 1 contribution is also takemoiraccount (20% COD) and the primary

settler removes 30% of COD and 0% of NHvhich is removed biologically.

HYS primary treatment
VilaPrat

Yes) See complete

treatment tree
COD -529.2 g/m®

Qﬁs NHa* - 20 gim®

No

@

Figure 6.7. HYS primary treatment for VilaPrat.
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To summarize the HYS operation mode, it can be fesinduring dry weather VilaPrat WWTP
has lower discharge COD and MNHoncentrations than VilaConca WWTP. This is dughi®
decantation process occurring at Tank 1 and Tak® for COD) at VilaPrat sub catchment and
to the tertiary treatment.

During wet weather (but still with complete treatrtjeoutput concentrations are for both WWTPs
higher due to the higher amount of pollutants emgethe UWS. Despite that, VilaPrat sub
catchment presents lower discharge values in casgrawith VilaConca WWTP due to the same
reasons as during dry weather (decantation in tamkk tertiary treatment). When wastewater
flows only by the primary treatment, output concation values are higher for both WWTPs.
This is because water is only partially treated emasequently the effluent is more polluted.

6.2 Hybrid EDSS operation mode (HYE)

The HYE operation mode consists of the managenfaheovirtual system from a quality point of
view and takes into account the knowledge appliethbans of decision trees in the EDSS mode.
The main features of this management strategyhatethie HT empties the stored volume in case
of rain prediction in order to increase the freéunme. Tank 1, uses 40% of its volume to reduce
CSOs while there is no flood risk and Tank 2 israfed as an on-line CSO tank so that all
combined waters are sent to the tank (during reémes). Regarding to the WWTPs, they are both
able to separate flow into two independent stre@mien inflow exceeds the maximum primary
treatment capacity). The first stream flows onlgotigh primary treatment and is then discharged
into the river while the second stream flows ortlyotigh the secondary treatment and is then
spilled into the receiving body. Only in the case&/daPrat WWTP, when the TSS concentration
does not exceed 500 gfrsome wastewater can also be sent to the tertieayment. Finally, the
bypass gate between VilaConca and VilaPrat is tipee and both sub catchments are
interconnected.

VilaConca HYE operation

Figure 6.8 shows the complete treatment decisea of VilaConca WWTP for the HYE mode.
The plant is able to fully treat wastewater up @90n¥/s, which is the design flow of the WWTP.
During DWF (under 0.13 Ps) removal efficiencies are 80% for both COD an#i;N
Additionally, the HT provides an extra COD remow&l20% due to the settling process taking
place into the tank. Thus given the wastewaterityiaput of 600 g/m for COD and 20 g/rhfor
NH,", the output qualities for both parameters are/86 gnd 4 g/m respectively.

During wet weather, while the plant does not exdbéeddesign flow (0.29 gffpall wastewater is
treated through the complete process (primary acdrslary treatment) and HT COD removal
contribution is also present. The only differensan the inflow quality, which increases to 900
g/m® for COD and stays equal to 20 d/for NH,*. In consequence, discharged values at wet
weather are of 144 gh{COD) and 4 g/(NH.").
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HYE complete treatment
VilaConca

COD - 96 g/m®
NH4' - 4 g/m®

COD - 144 g/m®
NH4' - 4 g/m®

es) Diverted streams

Figure 6.8 HYE complete treatment for VilaConca.

When the influent into the WWTP is over 0.29/sn the plant divides flow in two independent
streams. The first one corresponds to the singterslary treatment. Figure 6.9 illustrates the
management of this stream, named HYE secondaryrtesd tree. In this case, the HT eliminates
20% of the COD concentration while the secondagtinent removes 50% of COD and 75% of

NH,". Thus, the outflow concentrations for COD and JNHre of 360 g/h and 5 g/m
respectively.

HYE secondary treatment
VilaConca

Qout See complete

0<x<0.29 m%/s treatment tree

Qout COD - 360 g/m®

NH4" -5 g/m®

0.29 m®/s<x<0.87m’:

Figure 6.9 HYE secondary treatment for VilaConca.

The remaining flow is treated only by the primamgatment stream. Figure 6.10 shows how this
stream is managed for the WWTP of VilaConca. Wittike inflow into the plant does not exceed
0.29 ni/s wastewater is fully treated. Once the inflowhigher, 0.29 rifs are treated by the
secondary treatment stream and the rest by theapritneatment one. HT contributes in 20% of

COD elimination and for this particular process tollutant removal efficiencies are of 30%
(COD) and 0% (NH).
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The calculated output quality values are 504%gfton COD concentration and 20 gfrfor NH,"
concentration.

HYE primary treatment
VilaConca

See complete
Yes
treatment tree
COD - 504 g/m®
AYes 05019

Figure 6.1Q HYE primary treatment for VilaConca.

VilaPrat HYE operation

Figure 6.11 illustrates the complete treatment siewi tree of VilaPrat WWTP for the HYE
operation mode. While the plant inflow is below m&s (maximum dry weather daily flow), the
pollutant load is of 600 g/frfor COD and 20 g/thfor NH," and wastewater is treated through all
the WWTP processes (primary, secondary and tertieatment). Tank 1 also contributes in 20%
of COD elimination while Tank 2 is not taken intccaunt since it is not raining (DWF). With all
these elements, the effluent concentration of C@® MH," variables during DWF are 50.4 g/m
and 3 g/m respectively. When it starts to rain and the plafiow increases but does not exceed
its design flow (3.7 riis), wastewater is treated through all the proces$¢he plant and Tank 1
(20%) and Tank 2 (50%) contribute in the COD renhdwa. Because of the rain concentration,
the pollutant production increases to 900 ffor COD and 20 g/thfor NH,". Taking into
account all these elements, the output values b @nd NH* are of 37.8 g/mhand 3 g/mi
respectively. COD concentration is lower for a legHow because of Tank 2 contribution during
wet weather, which is not taken into account dubWgF as it is an off-line tank. For higher flows,
the WWTP is divided in individual streams and imsequence, does not treat wastewater through
the whole plant processes.

HYE complete treatment
VilaPrat

Qout
0<x<1.6 m*/s

No

Qout
1.6 m¥s<x<3.7 m’/s

No

@ Yes| Diverted streams

No

@&

Figure 6.11 HYE complete treatment for VilaPrat.

COD - 50.4 g/m®
NH4" - 3 g/m®

<

esl

COD - 37.8 g/m®
NH4 - 3g/m®

<

esl
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During wet weather, the WWTP flow of VilaPrat isvidied in different streams. Figure 6.12
shows the secondary treatment decision tree for¥t€ mode of VilaPrat WWTP. While flow of
the plant is lower than 3.7 s all wastewater is fully treated through all msses. When the
flow is increased up to 12.33s, 3.7 ni/s of the total are only treated by the secondaatinent
(50% COD and 75% NH) and the rest is treated by the primary treatroeht (30% COD and 0%
NH;"). Additionally, Tank 1 (20%) and Tank 2 (50%) adimtite on the COD removal. Taking
into account these elements and that the pollytesduction corresponds to wet weather (900
g/m®> COD and 20 g/th NHs"), the output concentrations of the WWTP are 18tn°g/
corresponding to COD and 5 gfto NH,".

HYE secondary treatment
VilaPrat

Qout
0<x<3.7 m’/s

No
@Yes
No

Figure 6.12 HYE secondary treatment for VilaPrat.

See complete

Yes treatment tree

COD - 189 g/m®
NH,4* - 5 g/m®

The second stream observed during wet weathereiMWTP of VilaPrat for the HYE mode is
the single primary treatment and Figure 6.13 ithtsts its management. Removal efficiencies for
this stream are of 30% for COD and 0% for Niremoved biologically). Besides, Tank 1 and
Tank 2 contribute in a 20% and 50% respectivelythe COD elimination and the pollutant
production corresponds to wet weather (900°g@®D and 20 g/fhNH,"). Taking into account
all these features, the output load for COD and,Néh the total secondary stream is of 264.6
g/m® and 20 g/mirespectively.

HYE primary treatment
VilaPrat

Qout
0<x<3.7 m’/s

See complete
treatment tree

COD —264.6 g/m®
NH," - 20 g/m®

Qout
3.7 m*/s<x<12.33 m’/s

Figure 6.13 HYE primary treatment for VilaPrat.

In some particular cases, when TSS concentrati@s dmt exceed 500 glmthere is a third
stream that can be redirected directly to theasrtireatment, which is only able to remove 40%
of COD and 10% of NH.
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Figure 6.14 shows the decision tree of this thirdesn for the HYE mode in VilaPrat WWTP. In
this case, the pollutant load concentrations inahtput is of 226.8 g/f(COD) and 18 g/th
(NHz").

HYE tertiary treatment
VilaPrat

Qout Yes See complete
0<x<3.7 m’/s treatment tree
Qout
3.7 m*/s<x<12.33 m°/s Yes COD - 226.8 g/m®
and NH4" - 18 g/m®
TSS] < 500 g/m’

No

&

Figure 6.14 HYE tertiary treatment for VilaPrat.

In summary, the use of HYE mode during DWF preséigber COD concentration values in
VilaConca than in VilaPrat. This is due to the prese of Tank 1 and the tertiary treatment in
VilaPrat sub catchment which give additional COnosal efficiency. When comparing NH
concentrations, the effluent values for both suishraents are similar (4 griin VilaConca and

3 gr/n? in VilaPrat).

Only the tertiary treatment of VilaPrat provides extra 5% of NH' removal. Regarding to the
single primary or the single secondary treatmehtterences between VilaConca and VilaPrat are
also found. The reason is the effect of Tank 1wk 2 in COD elimination.

The HYE operation mode presents both for VilaCaama VilaPrat systems, better quality results
during DWF. This is due to the fact that a comptetatment through all the WWTP processes is
always better than a partial treatment. Nevertiselagartial treatment is always a better option
than an untreated spill into the river.

6.3. HYS and HYE comparison

A comparison between the HYS mode and the HYE niae been carried out for the 4 rain
scenarios detailed in section 4.6.2. Although tbeisluation is done for all scenarios and
catchments, the input vs the output of VilaPrat WRMIuring Scenario 2 has been selected for the
graphical representation of this comparison. The exent has been chosen given its medium
intensity and water input. The rest of scenarias @esented in thAnnex. A summary of the
whole results including the 4 rain scenarios isented at the end of this subchapter. Figure 6.15
show the water effluent of the WWTP of VilaPratngsithe (a) HYS mode and (b) HYE mode
during scenario 2.
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Regarding to the HYS mode, before the rain sténts flow of the plant is low (DWF) and thus,
all wastewater is treated through the completegases of the plant. Once the rainfall begins, the
flow rises up to its limit (8.63 ffs). 3.7 ni/s are fully treated and the rest only by the prima
treatment. Once the rain is over, flow starts toréase gradually until reaching DWF conditions.

Concerning to the HYE mode, before the rainfallibegthe flow of the plant is low and all
wastewater is fully treated through primary, se@gdnd tertiary treatment. Once the rain starts,
the flow increases (up to 12.33%s) limit of HYE mode) and is separated in diffaretreams
(single primary, single secondary and when possbigle tertiary treatment). Once the rain is
over, the flow starts to decrease gradually to vecdWF conditions. Tank 1 and Tank 2
emptying contribution is also observed.

a) b)
10

o
=
N

6 -

Flow (m%/s)

4 4

Rain intensity (mm/h)

[ Treated VilaPrat HYS
7771 Treated VilaPrat HYE

2 4

0 T T T T T
23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
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Figure 6.15 (a) Rain intensity of rain scenario 2, (b) Trelateastewater of VilaPrat WWTP for HYS and HYE
operation modes during scenario 2.
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Figure 6.16 illustrates the input and output of C@®Rss flow (g/s) of VilaPrat WWTP during
scenario 2 for both the (a) HYS and (b) HYE operatnodes.

The HYS operation mode results (Figure 6.16a) tilaie that in the first hour, before the rain
starts, the amount of removed pollutant is high%®&ince the WWTP is operating in DWF
conditions and all wastewater is fully treated. ©tite rain starts, the removal efficiency descends
up to 60%. This is due to two reasons. The firg @nthat during rainfall the amount of COD
produced by VilaPrat catchment is higher. The sdgeason is that the plant is able to treat only
3.7 nt/s through the complete process while the reshig weated by the primary treatment and
in consequence efficiency descends. Once the miver, the COD input descends and
consequently effluent values are lower too recongtine DWF conditions.

When paying attention to the COD mass flow of VitPfor HYE during scenario 2 (Figure
6.16Db) it can be observed that before the rairisst@OD removal efficiency is 90% because the
WWTP is operating in DWF conditions and all wastewais treated through all the plan
processes. Once the rainfall starts, the eliminagificiency descends until the minimum of about
40%. This is due to the flow diverting in independstreams in VilaPrat WWTP in order to avoid
CSO spills.
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Once the rainfall stops, removal efficiency incemagradually but the effect of Tank 1 and Tank 2
emptying is also appreciated. Finally, COD remos#Hiciency recovers normal DWF values
(90%).
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Figure 6.16 COD mass flow and removal efficiency of VilaPY&WTP for (a) HYS and (b) HYE operation modes
during scenario 2.

Comparing results between HYS and HYE operation espd can be seen that the removal
efficiency has lower values for HYE than for HYS des. Despite that, the duration of this
minimum is shorter for the HYE operation mode (1T)e output maximum reached by the HYE
operation mode is also higher than for the HYS mddewever, this is shorter in time too.
Although the maximum COD output values are higlmerthe HYE mode, HYS operation does
not consider flow redirection so may produce a tgreamount of untreated CSO spills. Finally,
the total amount of COD discharged into the riveMiaPrat WWTP during scenario 2 for both
operation modes is of 239.6 t (for HYS) and 129(®t HYE). It must be pointed out that, the
amount of stored wastewater in Tank 2 for the steshanode has also been taken into account.
Figure 6.17 shows the input and output of/Nkhass flow (g/s) of VilaPrat WWTP for both the (a)
HYS and (b) HYE operation modes during scenario 2.

Regarding to the HYS operation mode, Figure 6.1uatiates that before the rain starts, the
WWTP of VilaPrat treats wastewater through all psses so NH removal efficiency is 85%.
Once the rain begins (00:10) the removal percergtagés to descend as the plant inflow increases.
The minimum removal percentage (40%) is reache@l&l5 corresponding with the maximum
NH;" input into the WWTP. After the rainfall, efficiepcvalues increase gradually to DWF
conditions (85%).

Concerning to HYE operation (Figure 6.17b), ressitew that before the rain begins, the WWTP
operates at DWF conditions and wastewater is ftiated. Consequently, NH removal
efficiency is of 85%. At the beginning of the rafif the inflow increases and flow is separated in
different streams.
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Therefore, elimination efficiency of N decreases, reaching its minimum (24%) at 01:10
approximately. About 1 hour later, flow decreased the plant starts to recover its normal flow

although the Tank 1 and Tank 2 emptying stagedss jperceived. The plant finally recovers

DWF conditions and NI removal efficiency is of 85%.
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Figure 6.17. NH," mass flow and removal efficiency of VilaPrat WWTP (a) HYS and (b) HYE operation modes
during scenario 2.

Differences found between HYS and HYE operation esooh NH' removal efficiencies show
that the minimum reached by the HYE mode is lowwantfor the HYS mode but is shorter in time
than the HYS operation (40 min.). The NHnput and output values of the VilaPrat WWTP are
higher for the HYE operation mode. This is duehe higher amount of water input since the
plant has a higher treatment capacity. AlthoughNkg" output maximum is higher for the HYE
operation, the HYS does not consider any flow dimgrand consequently may produce more
untreated CSO spills (0.5 t). Finally, the totalcamt of NH," discharged into the river by
VilaPrat WWTP during scenario 2 is 5.8 t for the iYnode (which takes into account the
amount of stored wastewater into Tank 2) and fov HYE.

Table 6.5 shows the summary results for all thelistl scenarios comparing the HYS and the
HYE operation modes. The table includes the voloimieated wastewater, the amount of COD
and NH;" discharged into the river for all the studied scés and for both sub catchments,
VilaConca and VilaPrat.
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Table 6.5 Summary table of the total discharges of (a) C®PNH," and (c) Treated wastewater to the river by HYS IAN& operation modes for all scenarios and

a)

b)

catchments.

Units Scenariol Scenario2 Scenario3 Scenario 4
HYS VilaConca cOD Kg 7854.2 26953.1 42248.6 70344.9
operation VilaPrat Kg 63412.4 239555.0 394479.6 659030.5
mode Total HYS Total COD Kg 71266.6 266508.1 436728.2 729375.4
HYE VilaConca coD Kg 4971.7 22847.8 38598.4 65752.6
operation VilaPrat Kg 24091.1 129763.0 250516.2 430323.0
mode Total HYE Total COD Kg 29062.8 152610.8 289114.6 496075.7
Units Scenariol Scenario2 Scenario3 Scenario 4
HYS VilaConca NH,' Kg 242.0 764.1 1147.1 1886.5
operation  VilaPrat Kg 1605.4 5812.1 9201.3 15196.1
mode Total HYS Total NH, Kg 1847.4 6576.2 10348.4 17082.6
HYE VilaConca NH,' Kg 165.9 668.8 1061.3 1778.3
operation  VilaPrat Kg 945.0 4661.3 8075.8 13884.6
mode Total HYE Total NH ,'D Kg 1110.9 5330.0 9137.2 15662.9
Units Scenariol Scenario2 Scenario3 Scenario 4
HYS VilaConca m’ 15741.0 18279.0 17361.0 18927.0
. . Treated wastewater
operation VilaPrat m 113400.1 189305.8 168362.3 207822.3
mode Total HYS  Total wastewater m® 129141.1 207584.8 185723.3 226749.3
HYE VilaConca m’ 18948.0 23676.0 22152.0 24792.0
. . Treated wastewater
operation  VilaPrat m? 159160.4 262986.7 238430.5 290211.1
mode Total HYE  Total wastewater m® 178108.4 286662.7 260582.5 315003.1
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6.4. Discussion

In VilaConca sub catchment in the HYS mode, the am@f COD discharged into the river
increases in every scenario due to the higherird@nsity of each scenario. The same happens
with the amount of N discharged into the river. Treated wastewater shihe same pattern
except for scenario number 3, which is a little Benan comparison with scenario 2. VilaPrat
HYS operation mode also shows how COD dischargee@ses its values in each scenario. The
amount of discharged NH into the receiving body by VilaPrat sub catchmant for HYS
operation mode is increased in each scenario (Eigut8). The volume of treated follows the
same pattern except for scenario 2. When focusmb6E results combined both for VilaConca
or VilaPrat subsystems, results show how the ansoahtlischarged pollutant (COD and NM
increase in each scenario but the volume of treatestewater discharged into the river for both
catchments is bit lower in scenario 3 in compariggth the second one. This variation may be
caused by the smaller difference in the rainfapuininto the UWS between scenario 2 and
scenario 3 (21805 Hhwhich is higher amongst the other rain scenadomther reason may be
system performance, allowing treating a greateruarhof wastewater.
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Figure 6.18 Total pollutant discharge (COD and NHby HYS and HYE operation modes of the tested &Ges on
the UWS.

Analyzing results of the HYS and HYE operation n®decan be observed that in VilaConca
catchment, pollutant loads (both COD and 4YHpresent higher values for HYS mode in
comparison with HYE mode. This means that the éxpamnagement of the system discharges a
smaller amount of pollutant into the receiving bodlige volume of treated wastewater discharged
to the river is higher using HYE mode than HYS maodganing that more wastewater is treated
by the expert mode. Focusing on the comparisondetwiYS and HYE in VilaPrat catchment,
results show that the amount of pollutants (bothDC&hd NH") discharged into the river is
higher for the HYS mode while the volume of treateaistewater is higher for the HYE mode.
This means that the use to the expert mode causekusant load reduction and that the WWTP
of VilaPrat is able to treat a higher amount of tsaster.

Table 6.6 illustrates the amount of COD andsN#lischarged into the river by CSOs for HYS and
HYE operation modes for all scenarios and sub cag¢chs. Results include the additional CSO
spill of untreated wastewater produced by HYS dpmmamode in comparison with the HYE
mode for all rain scenarios.

The HYS operation mode shows how the amount ofufmits COD and NH discharged by
CSOs increased in each scenario. As the systenwvesca greater volume of rain water, the
storage and treatment capacity of the UWS decreasksonsequently the CSO load is increased.
The same pattern is found with the HYE operationen@-igure 6.19).
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Comparing HYS and HYE operation mode each othegntbe observed that discharged loads for
the HYE mode are smaller than the HYS mode fos@harios. The reason is because in the HYE
operation mode, the UWS has a greater treatmertcitgpand in consequence COD and JNH

pollutants are removed in a larger quantity.

a) b)
800

20

®ZZ3 HYS CSO COD BB HYS CSO NHg4*
C— HYE CSO COD 15 || == 1ve cso gt

600 7

400 +

B | R | |

0 f
Scenario 1 Scenario 2 Scenario 3 Scenario 4

COD (tons)
NH,” (tons)

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Figure 6.12 CSO pollutant discharge (COD and NHoy HYS and HYE operation modes of the tested atGes on
the UWS.

Evaluating the total (Figure 6.18) and the CSO Feg6.19) pollutant discharges it can be seen
that during smaller rain scenarios (1 and 2) tHiterdince between them is more significant for
both HYS and HYE modes. E.g. the amount of totaDd® comparison with the untreated CSO
for HYS operation mode during scenario 1 is 81.6¢hér. Thus, most of water is treated before
river disposal during the first two scenarios. émtrast, this percentage is reduced in scenarios 3
and 4 and results are more similar for both figuithe percentage for the same example is
reduced to 18.1%) So the amount of pollutant digygwinto the river derived from treated water

is decreased.
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Table 6.6 Summary table of untreated CSO (a) COD, (b),Nthd (c) spilled wastewater discharges to the tyeYS and HYE operation modes for all scenarios a

catchments.
a)

Units Scenariol Scenario2 Scenario3 Scenario 4

HYS VilaConca COD Kg 2282.4 18505.6 34673.7 61245.2

operation VilaPrat COD Kg 10860.9 131122.4 295029.6 535816.8

mode Total HYS Total COD  Kg 13143.3  149628.0 329703.3  597062.0

HYE VilaConca COD Kg 1665.8 17380.3 33796.5 59964.6

operation VilaPrat COD Kg 10819.9 83870.0 210329.6  375621.8

mode Total HYE Total COD Kg 12485.7 101250.3 244126.1 435586.4

b) _ _ _ _

Units Scenariol Scenario2 Scenario3 Scenario 4
HYS VilaConca NH* Kg 68.4 510.4 918.6 1614.1
operation VilaPrat NH," Kg 2414 2913.8 6556.2 11907.0
mode Total HYS Total NH," Kg 309.8 3424.2 7424.8 13521.1
HYE VilaConca NH" Kg 49.9 476.4 892.3 1575.8
operation  VilaPrat NH," Kg 240.4 2384.5 6094.0  11192.9
mode Total HYE Total NH,” Kg 290.3 2860.9 6986.3 12768.7
c)

Units Scenariol Scenario2 Scenario3 Scenario 4

Added ViIgConca CSO mz 3303 5397 4791 5865

CSO spills VilaPrat CSO m 45760 73681 70069 82389

Total Total CSO m?® 49063 79078 74860 88254
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6.5. Economical impact evaluation of the dischargelbad

An economic evaluation has also been carried ocbrdig to the methodology proposed by
Hernandez-Sancho et al. (2010). Considering thentegatment as a productive process where a
desirable output (treated water) is obtained tagethith a set of undesirable outputs (water
pollutants) then a shadow price can be calculabedhfese undesirable components. A shadow
price of these water pollutants can be understsoth@ equivalent of the environmental damage
avoided. If pollution levels are assumed optimaént shadow prices of water pollutants can be
interpreted as an approximation of the environmebtnefits gained from the wastewater
treatment process.

The shadow price is calculated using the estimatiotine distance function concept (Fare et al.
(1993)). Conceptually, a distance function meastireslistance between the produced outputs of
the process under study and the outputs of a nificeeet process. It is first necessary to assign a
reference price for the desirable output (treatedevy which depends on its destination and
potential users. In this case, the reference pracesbased on average values that the Spanish
authorities have paid in the fields of reuse. Thagefound in Table 6.7.

According to Reig-Martinez et al. (2001) and HeménrSancho et al. (2010), shadow prices for
undesirable outputs are considered negative. $tdse to the fact that, in a viable viewpoint, they
cannot generate an economic income. However, iarmironmental point of view these prices
can be interpreted as positive as they represeaw@ded cost.

Table 6.7 shows the obtained shadow price for wee water pollutants taken into account in
subchapter 6.3 (COD and N). The environmental dameagided (or environmental benefit)
depends on the pollutant and its destination. it lsa observed that nitrogen (and consequently
NH;") presents the main environmental benefits. Thisient (together with phosphorous) is
present in all organisms, but an excess causespbitation problems and can significantly
reduce biodiversity. Elimination of COD is perforthdy microorganisms in the receiving
environment and demands a high volume of oxygenexaess of COD (and BOD) may produce
low levels of oxygen in organisms (hypoxia) or dised in water (asphyxia).

Table 6.7 Reference price of water (€)and shadow prices for water pollutants (€/Kg)apiid from Hernandez-
Sancho et al. (2010).

Reference price water Shadow prices for
Destination €/m® undesirable outputs (€/Kg)
N COD
River 0.7 -15.353 -0.0098
Sea 0.1 -4.612 -0.010
Wetlands 0.9 -65.209 -0.122
Reuse 15 -26.182 -0.140

Using this idea, a comparison is made between we dperation modes (HYS and HYE)
revealing which is the environmental benefit pratidy the use of the HYE mode. For this
evaluation, the treatment costs perafwastewater (with nutrient removal) have beeso ahken
into account (Molinos-Senante et al. (2010)).

These values are of 0.2149 €/rithis means that the higher treatment capacifietkedWWTPs
with the HYE operation mode represent higher treatncosts too. The economical evaluation
results between HYS and HYE operation modes anedfau Table 6.8.
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Focusing on COD, results show that the economicefiieincreases in each rain scenario. The
highest savings are found in scenario 4 which omemic terms represent 22863 €. Nifesults
present the same pattern where the environmema&fibés higher for each rain scenario and the
highest value is found in scenario 4 too (18057 €).

Comparing the saved amount of pollutant (Kg) it barseen that COD values are much higher in
comparison with Nif. This is because the various storage tanks (Taflaik2 and HT) of the
UWS provide an additional COD removal apart from ¢time found in the different WWTP units.
However, NH" presents a higher shadow price of in comparisoh @i®D and consequently,
pollutant savings in economical terms (€) are higoeNH," than for COD.

Table 6.8 Results of the economic evaluation and environtaidenefit.

Units Scenariol Scenario2 Scenario3  Scenario 4
CoD Not spilled Kg 42203.8 113897.4 147613.6 233299.8
Saved € 4136.0 11161.9 14466.1 22863.4
NH," Not spilled Kg 736.5 1246.2 1211.3 1419.7
4 Saved € 9367.4 15849.9 15406.4 18057.2
Additional treatment Treated cost m° 48967.3 79077.9 74859.3 88253.8
cost € 10523.1 16993.8 16087.3 18965.8
Total environmental € 2980.3 10018.0 13785.3 21954.8

benefit

The balance between the environmental benefit géedoy COD and NH and the additional
treatment cost reflect positive values for all steys. The additional treatment cost that the HYE
operation mode represents in comparison with th& ldjyeration mode shows the highest value in
scenario 4 (18965.8 €). Scenario 2 is the follovhighest value and is very similar to scenario 3.
So the use of the HYE operation mode provides anr@mmental benefit (or environmental
damage avoided) for all the rain scenarios studiedhis approach. The economical impact
evaluation of COD and NA discharges show how the application of the expdes present
better results in comparison with the standard atper of the UWS. However, the application of
the EDSS should be considered in a wider viewpdihe cost of the EDSS implementation onto
the overall system should be considered too inrocdery out a cost-benefit evaluation for the
correct economical validation.
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7. Conclusions

After the development and testing of the EDSS pypit can be concluded that:

v

v

A virtual reality has been developed (VilaConca &fildPrat) and is able to simulate the
real behaviour of a UWS with WES s the simulation platform.

Different sources of knowledge have been used @®mpirical, theoretical or historical
information, scientific and technical literatureasll as information from various experts
and managers. All this information is classifie¢@ding to the EDSS requirements into
sewer network, WWTP and coordinated management leadme and finally all the
expertise is acquired and introduced into the ER838s correct development.

Four different rain events have been tested. Thewth based in real data and have varied
characteristics. Their duration moves from 1h. o Rainfall intensity ranges from 8.7
mm/h to 58.53 mm/h and finally their return periosdach from 2.16 months to 5 years.

The 4 rains scenarios are tested on the standamtam of the virtual system. The main
conclusions are that VilaConca is a small systethkaas a limited storage capacity while
its WWTP already operates at the maximum treatronapécity so in consequence, CSO
spills are frequent. On the other hand, VilaPrat lgger system and has a higher storage
capacity. However, CSO spills were also preseMilaPrat so efforts must be focused for
the UWS optimization.

Analyses of testing results were used to develsptaf rules by means of decision trees
which were also introduced into the EDSS tool.

The EDSS has been compiled in a unique tool linkaggether the virtual system, the rule
system, the data base, the configuration systemtlaadnformation system. The rain
scenarios are tested using the decision suppdratmbresults are compared and analyzed
with the standard operation mode demonstrating that use of the EDSS for the
coordinated management presents a better perfoemancomparison with the standard
operation mode of the virtual system.

An heuristic and economical approach evaluationtred system focused in quality
parameters was also performed. Results have showrhe use of the EDSS can avoid
environmental damage and thus produce economicalgsa

Additionally, the future research needs are comsaiand described as follows:

Model uncertainty

All types of models, simpler or more complex haveertainties. These are caused by different
aspects as model variables and parameters, infaubdaven the model architecture. The different
types of uncertainties present in the models mestdsrectly understood as they provide a better
interpretation of the obtained results (Freni e(2009); Sin et al. (2011)). Integrated models may
carry higher uncertainties due to the different eidohkages. So better results can be reached if
efforts are put to reduce these type of uncer&sr(rreni et al. (2009)).
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Expert system enhancement

The expert system approach employed in this theslsveloped in a set of rules implemented by
means of decision trees. Future studies will addsee based system into the tool. Efforts will be
put to define a set of cases and its decisions footdry weather and wet weather conditions. A
constant review of the different knowledge sour@igsrature, experts, simulations) used to feed
the DB will be performed too. The implementationwb complementary types of expert systems
will provide robustness to the final decisions proed by the EDSS.

Pilot scale and full scale implementation

The EDSS is ready to be implemented in an on-kea¢ system. However, there are several steps
that will be carried out before the final implemeidn. First, the tool will be tested in a piloase
system. Results will be then analyzed to apply gearand improve the overall performance of
the EDSS. Once the analysis will be completed,BEBSS will be implemented in a full scale
system. Several tests will be conducted duringedfit situations and scenarios. Dry weather and
wet weather results will be carefully analyzed ahdnges will be applied to enable the full EDSS
implementation into a real scale system. Besidefgillascale implementation protocol will be
written for further uses into different systems awdnarios.
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ADDITIONAL DESCRIPTION OF THE SELECTED MODELS

Rain and evaporation

In order to take into account the daily evaporati@fj)) is multiplied by an hourly factdih) to
provide the potential evaporation for a certainrhou

e(j,h) = f(h).e())
Runoff

In order to take into account the first flush camtcations, the conceptual models used to simulate
accumulation and wash-off of particulate matter iopervious surfaces is described by the
following differential equation:

dw
— = {(OWhen W(€) < Wiy

Wherei is the rain intensity and/(t = t,) = Whax WhaxiS the maximum storage volume available
for wetting. Surface depressions store rain wateen > t,, andW(t) = Whax The filling stateD
is modelled using the next equation:

D(t) = Dpay- (1 — e~ ¢I®) beingI(t) = [i(t)dt
Where,c is the rate of storage loss dnithe height of rain fallen down after wetting.

Furthermore, for pervious wetting, rain does ndiamet pervious surfaces but is also absorbed
by vegetation. The combination of these two wetabgorption losses is understood using the
same mathematical expressions but the paramefttas di

Infiltration process reduces the total amount ofoffiwater. This infiltration capacityf)(depends
on the nature of the soil, which concerning to thissis, the model is based on the time dependent
Horton equations given by:

fO) = fot (fo— fode " fori(e) > f(¢)

Wheref, is the maximum or initial valud,, is the minimum infiltration capacity and is the
regression constant. On the other hand, the reggmerprocess equations of the infiltration
capacity with absence of rain are given by:

f(t) = fo— (fo - fm)e_k+t fori(t) =0
Beingk. the regeneration rate.

After the water losses, the remaining water haflole through the surface and the local sewer
network in order to arrive finally to the main cadtors.
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Pipes

Additionally to the pipe length equation, the exgsien used in order to find the linear reservoir
constant (k) of one tank is:

2

k =0.064.L"

. Qmax

Where Qmax is the maximum discharge flow of anviatial pipe.

Storage tanks

The model includes information of how the overflasvcalculated with the rectangular weir
equation (Butler and Davies (2004)),

2
Qover(8) = alH(OF/  being « = Zcawy29

WhereH(t) is the height of water surface above the weirtcieshe weir width and finallycs
the discharge coefficient of the weir dependingithgeometry (values between 0.6 and 0.7).

WWTP model base (ASM2d)

The different equations describing the behaviousuifstrate (S) and biomass (X) into the reactor
are the following:

Biomass growth:

S

u= .umaxm

Wherey is specific growth velocity (§, X is the biomass concentration (gjnSis the substrate
concentration (g/f), Mmax iS the maximum growth velocity @ and Ks is the saturation
coefficient (g/m).

Endogenous metabolism:
Vdecay = Kq X

Being vyecaythe endogenous decay rate (§fn Kq (d1) the endogenous decay coefficient aqd
is the biomass concentration (djm

Substrate consumption:

1

Us consumption = — ?,uX
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Where:

Vs consumptioS the substrate decay rate (S,
Y is the efficiency @piomaséGsonsumed substrake

W is specific growth velocity (8).

X is the biomass concentration (gjm

Additionally, the different factors of the balarfoe the biomass into reactor are

Outputs:
Effluent QeXe) and purge@uXy)
Inputs:
Influent @QiX)

Accumulation:

ax

dt
Generation:

S
V[vgrowth - vdecay] =V [Z’:T SX - K; X

While for substrate,

Outputs:
Effluent Q<Xe) and purge@uXw)
Inputs:
Influent @Q;X)
Accumulation
g
dt

Generation:

1 maxS
Vg consumption — 4 [_—MX] =V [—— max X]
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Where for each of the stated equations:

Qi, Qu, Qe are the influent, purge and effluent flows respety. The inflow makes reference to
the outflow of the primary settler.

S, Sv, & are the substrate concentrations at the inflygmge and effluent respectively
V is the Volume of the biological reactor
v, is the reaction velocity of the process

From the mass balance equation (Input + GeneratiQutput + Accumulation + Consumption)
for each of the state variables a balance is obdaifror the biomass balance, the differential
equation is the following:

ﬂmax

Ks+S

[QeXe + QuXy] — QiX; +v——v[ X—de]

On the other side, for substrate, the balance mquistthe following:

as 1 fhmaxS
S Syl = QiSi +V—=V|[-=
[QeSe + QuSw] — QiS; + dt [ YK, +S

Where for each of the stated equations:

Qi, Qu, Qe are the influent, purge and effluent flows respety. The inflow makes reference to
the outflow of the primary settler.

S, Sw, & are the substrate concentrations at the inflygmge and effluent respectively
V is the Volume of the biological reactor
v, is the reaction velocity of the process

With the objective to simplify the representatioh tbe employed differential equations, the
Petersen matrix is used, which is a way to repteaemodel in an easy and intuitive form
(representing only the generation term of the mhbatance since influent, effluent and
accumulation can be deduced more easily). Table rAptesents the Petersen matrix for a
simplified model. Growth and decay process are ttotesd in rows while state variables in
columns. The last row illustrates the reactiong&te each of the considered processes.

Table A.1 Petersen matrix scheme for a simplified moded biological reactor.

State variables / Processes X S Reaction rate
S

Growth +1 _L Hmax>

Y K, +S
Decay -1 - KX
Stochiometric coefficients . Kinetic parameters

o Biomass Substrate

Y, efficiency Hmax Ks, Ky
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The settling process mass balances equations depetie settler position. For slice@ = 1,....,
m-1) the solids mass balance is the given,

dx;

hidi g

= qo(Xip1 — x) + Ai(fic1 — fi)

For sliceg (j = m+1,...., n) the solids mass balance is the given,

dx;
hiA; —2

jAj = Qu(¥j-1 = %) + 4 (fj-1 = /)

Finally, the feed slicen solids mass balance looks like,

dx
hmAmd_;n =dqrXf — (qo - qu)xm + A (fm-1— fm)

Whereh is the height of the slicé is the cross-sectional area of the given skcks, the solids
concentrationg the liquid flow rate (being’ for overflow andu’ for underflow or outflow)f is
the settling flux and finally is the time. Finally, the corresponding modeltfog soluble nutrients
is eithem corresponding well-mixed compartments for each elled nutrient.

Activated Sludge Model 2d

Tables A.2 and A.3 illustrate a simplification detmain state variables and processes contained
into the RWQML.

Table A.2. State variables of the model ASM2d.

State variable  Description

Soz Dissolved oxygen
S Fermentable readily biodegradable organic substanc
Sa Fermetation products, considered to be acetate
S\Ha Ammonnium plus ammoniua nitrogen
Svos3 Nitrate plus nitrite nitrogen
Sro: Inorganic soluble phosphorus, primarily orthophegps
S Inert soluble organic material
SaLk Alkalinity of the wastewater
S\e2 Dinitrogen
X Inert particulate organic material
Xs Slowly biodegradable substrates
XH Heterotrophic organisms
Xpao Phosphate-accumulating organisms
Xpe Poly-phosphate
XpHa Cell internal storage product of PAOs
XauT Nitrifying organisms
Xtse Total suspended solids
XMeoH Metal-hydroxides
XMer Metal-phosphate
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Table A.3. Processes of the ASM2d model.

Process

Aerobic Hydrolysis
Anoxic Hydrolysis
Anaerobic Hydrolysis
Aerobic growth on S
Aerobic growth on §
Anoxic growth on g
Anoxic growth on g, denitrification
Fermentation

Lysis (heterotrophs)
10  Storage of ¥ya

11  Aerobic storage of p¢
12  Anoxic storage of
13  Aerobic growth of ¥ao
14 Anoxic growth of X%a0
15  Lysis of Xoa0

16  Lysis of X

17  Lysis of Xoua

18  Aerobic growth of Xao
19  Lysis (nitrifiers)

20  Precipitation

21  Redissoultion

O©CoO~NOOTh, WN B

Receiving body gquality model

Concerning to the biochemical conversions, a simepliversion of the IWA RWQML1 has been

used. The full model contains 24 state variabled 28 processes. As happens with the ASM
models, the quality model can be represented iratixrtaking into account which variables are
governed to what processes and thus, being exprasdellows:

m

T = Z VijPj

j=1

Where the expression of reactionridor theith componenty; is the stoichiometric coefficient
andp; is the kinetic rate for proceggusually based on Monod kinetics).

Tables A.4 and A.5 illustrate a simplification detmain state variables and processes contained
into the RWQML.
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Table A.4. Main state variables of the RWQM1.

State variables Description

Inert soluble COD

Readily biodegradable soluble COD
Dissolved oxygen

Nitrite nitrogen

Nitrate nitrogen

Phosphate

Ammonia nitrogen

Alkalinity

Particulate inert COD
Particulate organic matter
Heterotrophic biomass

First stage nitrifying bacteria
Second stage nitrifying bacteria
Algae and macrophytes
Phosphate adsorbed to particles
Particulate inorganic matter

Table A.5. Main processes contained into the RWQML.

State variables Description

O©CO~NOUILPA,WNBEF

Aerobic growth of heterotrophs with ammonia
Aerobic growth of heterotrophs with nitrate
Anoxic growth of heterotrophs with nitrate
Anoxic growth of heterotrophs with nitrite
Aerobic endogenous respiration of heterotrophs
Anoxic endogenous respiration of heterotrophs
Growth of first stage nitrifiers

Aerobic endogenous respiration of first stagefi@ts
Growth of second stage nitrifiers

Aerobic endogenous respiration of second staggens
Growth of algae with ammonia

Growth of algae with nitrate

Aerobic respiration of algae

Death of algae

Hydrolysis

Aeration
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SECOND LEVEL AND THIRD LEVEL TREES

Second level trees

The sensors alert treddas been implemented as an example of controffdredne sensor values
within reasonable logics. In a real system, thigdkof tree would be much more complex, and it
should include those key sensors necessary to logorexd like gates, pumps, rain gauges, flow
meters, etc. In the present application, just f@msers have been included as an example.
Logically, the different lecture variables of titiiee are rain gauges, flow sensor at the WWTP of
VilaPrat entrance, tank volumes, COD sensors,.€eithg resulting messages are given to the
operators in case of abnormal values measurecisghsors.

Sensor’s Alert
Tree

WARNING: rain
gauge-1=invalid value

WWTP

Rai 1
B VilaPrat Qin

>12.33 m3/s

ain gauge-1 or
Rain gauge-2

WARNING: WWTP
VilaPrat Qin
=out of range

WARNING: WWTP
VilaPrat Qin 0
=invalid value

>3.7m3/s

ank 1-volume>500 or
Tank-2 volume>1000

o)
[
(]

<3.7 m3/s

<1233m3/fs————

Y
WARNING: CSO-2 ¥
=invalid value <0 CS0-2.2 >0

WARNING: CSO in location 2.2

WARNING: pH-
industrial sensor
=invalid value

OD-industria
sensor

WARNING: COD-industrial
>1000 sensor:anomalous value

Figure A.1. Sensors alert tree.

The emergency operation trggeeFigure A.2) is responsible of informing the actions that must
the operator apply depending of some defined visablhis tree is inspired on the actuation
protocol of the sewer system company of Barcelogaam example that protocols of any
complexity can be implemented into the EDSS prqiety
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Previous RFRL

Emergency
Operation tree

Previous RFRL

1

i

Desactivation : Emergency
level 1

Flood assessment team
coordination have to:

1.) Telephone calls to:

- Local Coordination Center
2.) Send e-mail
“Desactivation Flood
emergency level 1”.

”

Activation: Emergency level 3:
Crisis

Flood assessment team
coordination have to:

1.) Telephone calls to:

- Local Coordination Center
2.) Send e-mail “Flood
emergency level 3”.

3.) Provide information to
Crisis Managemen Team

J\

Previous RFRL

Activation: Emergency level 1

Flood assessment team
coordination have to:

1.) Provide avise to network’s
workers to evacuate sewer
network

2.) Activate siren on pumping
stations and tanks

3.) Send e-mail “Flood
emergency level 1”.

4.) Telephone calls to:

- Local Coordination Center

Desactivation : Emergency
level 2

Flood assessment team
coordination have to:

1.) Telephone calls to:

- Local Coordination Center

Flood emergency level 2”.
3.) Provide information to
Crisis Managemen Team

\/\

2.) Send e-mail “Desactivation

\/\

Activation: Emergency level 2:
Alert

Flood assessment team
coordination have to:

1.) Telephone calls to:

- Local Coordination Center

2.) Send e-mail “Flood
emergency level 2”.

3.) Provide information to Crisis
Managemen Team

\/\

Figure A.2. Emergency operation tree.

Desactivation : Emergency
level 3

Flood assessment team
coordination have to:

1.) Telephone calls to:

- Local Coordination Center
2.) Send e-mail “Desactivation
Flood emergency level 3”.

3.) Provide information to
Crisis Managemen Team

\/\
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Therain forecast treewhich provides general suggestions to the opematdrin case there is a
heavy rain forecast, then the equalization tarémptied as much as possible (tank pump flow is
set to 0.29rfs) increasing the treatment capacity of Vilacok¢&/TP. Additionally, this tree
provides some suggestions to the sewer system anIRVoperation in order to prepare the
systems for a heavy rainfall evektgure A.3 illustrates the rain forecast tree scheme.

Suggestions for the sewer system:

. Cleaning of main infrastructures
e  Check all pumps are operative
e  Check availability of guard staff

Rain Forecast
Tree

Suggestions for the WWTP:

Cleaning of main infrastructures

Check all pumps are operative

Check availability of guard staff

Minimizing the level of sludge in secondary settler by a

progressive increase in the purge of sludge (as long as the
sludge line permits

e  Prepare coagulant/ flocculant to add both the primary
decanter entrance and exit of biological reactors

e  Check that all pumps and header bars and pre-treatment

Rain forecast equipment are in operation

>1

|

Pump flow
Equalization tank =
0.29m3/s)

Figure A.3. Rain forecast tree.

Third level trees

Concerning to the rain event third level trees,\WW/TP VilaPrat treggives set points to bypass
in order to modify the water path depending on W&/TP inflow. There are three possible
streams which are (i) the normal position, wheregewflows through primary, secondary and
tertiary treatment, (ii) parallel treatment primaagd secondary, which operates treating up to
3.7nt/s directly through secondary treatment and thewifig to the river given that it has not
enough good quality to go to tertiary treatmente Tést flows through primary treatment and is
then discharged to the river. Finally, the thirdtevapath is the (iii) parallel treatment primary
secondary and tertiary treating up to 3*&nthrough the secondary and tertiary treatmentewhi
the difference is treated only with primary treaftrne
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WWTP VilaPrat
Tree

Valve
Position 1
(Normal)

WWTP VilaPrat Qin >
8.63 m3/s

Yes

Valve Position 2
(Parallel
treatment 1ary
and 2ary)

P VilaPrat TSSin >

Yes 500gr/m3

No

Valve Position 3
(Parallel
treatment 1ary
and 2ary+3ary)

Figure A.4. WWTP VilaPrat management tree.

The other decision tree from thain eventthird level trees is thbypass gate treehich controls

the position of the bypass gate between the twtesys (VilaPrat and VilaConca). The gate will
only be opened when the volume in Tank 3 is ab®% 6r 30% (se€&igure A.5) and there is no
CSO in VilaPrat as it would not make sense to a@f#® in VilaConca municipality and increase

it in VilaPrat. Thus, the gate will only open whigre by-passed water will not cause CSO because
it can all be treated in VilaPrat WWTP.

Bypass Tree

Bypass Valve Closed
<213m3 (Flow = 0m3/s)

Bypass Valve Closed
(Flow = 0m3/s) +Yes

Yes

«> 613m3
No
No

272m3 < x <613m3

No action

Bypass Valve Opened
(Flow = 3.5m3/s)

Figure A.5. Bypass tree.

On the other hand the set of trees of the comio fthedry weather treare theindustrial spill
tree, which has been developed to detect and manageysiem in case of any discharge episode
at the industrial catchment (in VilaPrat).

141



Annex

Checking the COD sensor in the sewer system ofdhishment, the tree detects if there is an
industrial spill event. In such case, the watestmed in Tank 2 and pumped in a way that this
industrial flow does not cause any dry weather fthecharge and that all waters are treated in the
primary, secondary and tertiary treatment befoiadgeent to the river. Moreover, the tree gives
some alert messages in case of, Tank 2 fillingabume availability problems at Tank 2 during
this kind of episode.

The nextFigure A.6 illustrates the management operation of this tree

Industrial Spill
Tree

COD-industrial
sensor > 1000

True
Industrial Industrial
470
1
Vilaprat Qin >3.4 Tank 2_pump=0
4—<45000
<34

Industrial
episode

1

>1000

Industrial episode
protocol: check with local
industries to identify the
source of spill and, if
necessary, inform local
authorities

Tank 2 Qbypass=2
and Tank 2_pump=0
and Industrial
episode=0

<1000

WARNING: Tank
2 is being filled up
with industrial spill

Qbypass=0

>45000 Vilaprat Qin >3 Tank 2_pump=0.33

WARNING: Tank
2 can not be filled
up with industrial
spill. Industrial spill
is going directly to
WWTP

&

Tank 2 3

Qbypass=2

Vilaprat Qin 227 Tank 2_pump=0.66

&

<27

Dip 2_pump=0.99

Figure A.6. Industrial spill tree.

The next treesWWTP VilaConca treatment failuend WWTP VilaPrat treatment failure trees
check if the quality values at the outlet of the WR¢ after primary and secondary treatment fulfil
the limiting standards for SS, COD; NHNOs; and Ry In case these are not fulfilled it provides
the WWTP management protocols to improve the treatnefficiency. These messages vary
depending on the parameter that fails to fulfil tegislation limits providing specific WWTP
management protocols to the operator (Sgares A.7andA.8).
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WWTP VilaConca
Treatment Failure

vitaConca-SS effluent >35 or VilaConca-COD effluent >12
VilaConca-NH4 effluent >6 or VilaConca-NO3 effluent
or VilaConca-TotalP effluent

WWTP VilaConca
false—p- Treatment Failure
episode=0

true
v

WWTP VilaConca Treatment
Failure
episode=1

* See box
below

VilaConca-SS
effluent

- Increase aeration (DO
set-point)

- Increase SRT by reducing
purge flow.

VilaConca-NH4 effluent >6

false

- Increase anoxic time
- Increase SRT, progressively
decrease purge flow (avoiding
rising in secondary settlers)
- Increase recirculation flow

VilaConca-NO3
effluent

A

ilaConca-TotalP
effluent

>2
A 4

- Chemical P removal: Recalculate the dosage of chemicals to
precipitate phosphorous

- Biological P removal: Increase anaerobic time in the biological
reactor and/or increase SRT by progressively decrease the purge

flow. Decrease also the NO3 input by the external recirculation.

*

Short term protocol:

-Retain or laminate wastewater upstream

-Progressively increase waste flow in order to decrease sludge blanket within secondary settlers and decrease SRT.
-Add coagulants/flocculants at the end of biological reactor or at the secondary center well.

Long term protocol:

-Perform V30 test and observe floc formation.

-Calculate Sludge Volume Index (SVI):

DO, decrease SRT, add nutrients, perform a chlorination plan, etc.
the cause and to act consequently: increase SRT, decrease DO, etc.

Decrease DO and increase SRT in biological reactors to favor denitrification.

Figure A.7. WWTP VilaConca treatment failure tree.

--If SVI>150: possible bulking or foaming problem. It is recommended to perform a microscopic observation to identify the
filamentous bacteria causing the problem. Once the filamentous bacteria are identified proceed to reduce its proliferation: increase

--If SVI<75: possible deflocculation or dispersed growth problem. It is recommended to perform a microscopic observation to identify

--If SVI is between 75 and 150 and bubbles are observed in secondary settlers it can be a problem of rising in secondary settlers.

143



Annex

WWTP VilaPrat
Treatment Failure

ilaPrat-SS effluent >35 or VilaPrat-COD effluent >125 or WWTP VilaPrat
VilaPrat-NH4 effluent >6 or VilaPrat-NO3 effluent false—p- Treatment Failure
or VilaPrat-TotalP effluent episode=0

true
v

WWTP VilaPrat Treatment Failure
episode=1

* See box
below

VilaPrat-SS effluent

- Increase aeration (DO

] set-point)
ilaPrat-COD effluent >125 or true - Increase SRT by reducing
VilaPrat-NH4 effluent >6 purge flow.

false

- Increase anoxic time
- Increase SRT, progressively
decrease purge flow (avoiding
rising in secondary settlers)
- Increase recirculation flow

VilaPrat-NO3 effluent

A

VilaPrat-TotalP effluent

>2

h 4
- Chemical P removal: Recalculate the dosage of chemicals to
precipitate phosphorous
- Biological P removal: Increase anaerobic time in the biological
reactor and/or increase SRT by progressively decrease the purge

flow. Decrease also the NO3 input by the external recirculation.

*

Short term protocol:

-Retain or laminate wastewater upstream

-Progressively increase waste flow in order to decrease sludge blanket within secondary settlers and decrease SRT.

-Add coagulants/flocculants at the end of biological reactor or at the secondary center well.

Long term protocol:

-Perform V30 test and observe floc formation.

-Calculate Sludge Volume Index (SVI):

--If SVI>150: possible bulking or foaming problem. It is recommended to perform a microscopic observation to identify the
filamentous bacteria causing the problem. Once the filamentous bacteria are identified proceed to reduce its proliferation: increase
DO, decrease SRT, add nutrients, perform a chlorination plan, etc.

--If SVI<75: possible deflocculation or dispersed growth problem. It is recommended to perform a microscopic observation to identify
the cause and to act consequently: increase SRT, decrease DO, etc.

--If SVI is between 75 and 150 and bubbles are observed in secondary settlers it can be a problem of rising in secondary settlers.
Decrease DO and increase SRT in biological reactors to favor denitrification.

Figure A.8. WWTP VilaPrat treatment failure tree.
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The next third level tree, theensible receiving environment treleecks the river flow and quality
(according to the NI sensors in the river), and in case the valuesiader the recommended
good quality standards, some recommendations aréded to the WWTP operator so as to
increase the treatment efficiency and to spill ttrent waters with a higher quality than the
required by the legislation in order to minimize #cosystem stress due to the WWTP spills.

Sensible receiving
environment Tree

River-flow <1 or River-NH4 > 5

true

ARNTP VilaPrat Treatment Failure
episode=1 or WWTP VilaPrat
Failure episode =1

false

-If possible increase COD and/or NH, removal
by increasing DO set-point and the SRT in
biological reactors (decreasing purge flow)

-Increase the % of tertiary water flowing to the
river

Figure A.9. Sensible receiving environment tree.

The last third level tree produced by tivy weather flow treés theWWTP VilaPrat failure tree
This tree checks if there is any problem at theaRiht interceptor or the WWTP causing a
reduction at the maximum treatment capacity ofglamt. In such case, the water is temporarily
stored in Tank 2 and slowly pumped to the WWTFhatexact flow to be accepted and treated by
the WWTP.
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VilaPrat Failure
Tree

VilaPrat-Accepted Flow

VilaPrat Failure
21.6 episode=0 andand Tank 2
Qbypass=2

<1.6
v

VilaPrat Failure
episode=1 and Tank 2 Qbypass=0

VilaPrat-Qin — Tank 2_pump >
VilaPrat-Accepted Flow — 0.3

True Tank 2_pump=0

False

VilaPrat-Qin — Tank 2_pump >
VilaPrat-Accepted Flow — 0.6

False

VilaPrat-Qin — Tank 2_pump >
VilaPrat-Accepted Flow — 0.9

True Tank 2_pump=0.66

True Tank 2_pump=0.33

False

Tank 2_pump=0.99

Figure A.10. WWTP VilaPrat failure tree.

As an example, the next figure displays ti@gnosis meta trebeing in the one hand, the small
figure, the one representeddnbsection 4.6.3.1and the large figure, the one developed with the
specific software LPA-WinProl8g As it is shown in this figure, the tree startadiag a set of
variables (Rain gauges 1 and 2) and depending eneding results, the diagnosis meta tree
switches or not themergency operation tregin event treeand thesensors alert treeAfter that,

the diagnosis meta tree reads the value of thefoagtast variable and again, depending on its
results, it switches or not tlmain forecast treedry weather tregthestorage capacity treand the
sensors alert tredf non of the abovementioned variables is posijtihe tree finally switches the
dry weather tregthestorage capacity treand thesensors alert treeAs it has been explained, an
LPA version of each of the decision trees has loeseloped within this thesis.
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Figure A.11 LPA representation of the diagnosis meta tree.
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ADDITIONAL BASIC CONCEPTS OF THE EDSS PROTOTYPE
Time series

Time series values are continuous in time accortbrtfe specified frequency interval configured
by the user. Depending on the type of time sefig®ivalue is found into the DB, the EDSS
provides a default value, for manual time series@rvalue (the rest). The absence of a value
implies for the site specific and the expert systeodules to use default values in contrast, no
value is used when reporting results. Time ser@saiso store set points but in this case, values
don’t need to be continuous in time.

After each simulation, WEST Exchange uploads time tseries values into the DB. The way that
WEST Exchange knows which values to upload is laycteng the last value found into the DB
for each time series configured to be read in WEthange. After that, the module uploads
these values from that date to the end of the sitiaul.

WestExchange and Expert System usage

The main operation concepts of WEST Exchange am&xpert System (LPA within the EDSS
system are defined.

Runis the execution of a component of the systemgadapecific time interval. The EDSS stores
information of the execution (start date and enté)dand if the execution has finished correctly or
not. Additionally, set points given by the Expeysf&m are associated to the component run.

Every event activated by the EDSS is controlletnre using thescheduler timelt can be virtual
(offline mode) or the same as the system one (emlinde).

Thecomponent base time configured by the user and is used to synckeotlie component to a
specific time in an hour. It is particularly usex the first execution of the component.

The component frequency intervia the time configured by the user that determihesinterval
of time between the component executions.

The component time ous the time configured by the user to specify howch time has the
scheduler wait for the component to finish befopesidering there is a problem and jump onto
the next execution.

West Exchange concepts

Thehindcast timds the time interval of the run period which iatevely before the beginning of
the simulation time. It is used to create the staté of the run period simulation.

The hindcast time is important because the WESdftware does not have any hot start option
and in consequence, all simulations start emptywater in it). For this reason, the hindcast time
cannot be set to zero or to a very low value. Tdreect hindcast time depends on the size of the
virtual system and must be fixed by an expert.

The forecast timeis the time interval of the run period that isui& to the current scheduler
moment. It is used to create the end date of thesimulation period.
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Expert System concepts

Two different types of rule variables are found:

* Input variables: These variables read the valugs their linked EDSS time series.
* Output variables: These variables read and writp@ats from their linked time series.

The expert who has created the rules can introchessagesvhich will be seen by the end user
when the rules are executed.

Online/Offline/Player modes

These are the different modes that the schedufemcak in the EDSS. For this prototype only
Offline and Player modes are implemented.

The offline mode launches petitions to the Expet&n or to WEST Exchange depending on
what the user has previously configured. On therttand, the player mode allows the user to
show how the system performs during a specifioggtablished date time.

Site specific application / WestExhcange

If the EDSS prototype wants to be implemented enkn any location, WESTmodel and the
WEST Exchange become unnecessary and instead ©f ahsite specific tool needs to be
programmed on order to connect the EDSS databdkelvei SCADA systems and/or the database
of the location where sensors data are stored.
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EDSS OPERATION: SIMULATION RESULTS OF SCENARIOS 3 AND 4

EDSS rain scenario 3

This third testing scenario (Figure A.12), basedr@al data has a total precipitation of 35.6 mm
spread in 1.41 h duration. The return period i$.Bfyears and the total rain input is of 16576%2 m

10

8 -

6 -

4 A

Rain intensity (mm/h)

24

0 T T T T T
23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00

Time (hrs)

Rain intensity (mm/h)

Figure A.12. Rain intensity plot of the testing scenario 3.

,,,,,,,,,,,

VilaConca Tank 3
39.200 eqinhab. ~ ©80mM

N
Homogenization Primary
Tank Treatment

Secondary
Treatment

WWTP
Design Flow — 3.7 m/s

,,,,,,,,,,,,,,,,,, CSO Primary.

VilaPrat |
525.000 eq.inhab. 15.000 m* }
|
|

Primary Secondary

.2
L U Treatment Treatment Treatment)

Figure 5.13 VilaConca and VilaPrat system scheme for scerfario

VilaPrat Tank 1 (1)

Figure A.14b shows the simulation results of Tankndnagement for the EDSS and Standard
modes during scenario 3. Before the rain staréstdhk operates in DWF conditions with the gate
fully opened (1 m) (A). Once the rainfall beginse tgate closes (0 m) since Tank 2 is filling in

order to prevent CSOs (B). In consequence, thedtaastewater rises quickly and the volume
overpasses 7800%riThis makes the gate open to position 0.89 m dteoto empty the tank and

avoid possible flooding (C). Figure A.14a shows Tlamk 1 decision tree and execution time line
for this scenario.
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Once the rain is over, the tank volume descendsb@B00 ni (and outflow is less than 5°m)

so the gate opens to 1 m, still with anti floodipgrposes (D). After that, Tank 2 receives
wastewater from Tank 1 and in consequence, thedalades to 0 m (E). Once the second tank has
more than 1000 fof free volume, the gate is switched to positiomiin order to empty the
remaining wastewater and return to normal DWF domak (F).

a) b)
Tank1 Tree
16000 - Tank 1 limit F12
14000 -
‘ o L0
Tanki Anti-flood | e T s or Nos| TENKI ANti-CSO 12000 1 .
Tree Tank1 Volume > hist (5600 or 4500 m3 == —_ 0,8 £
#Z 10000 - =
= £
[0} f=
2 8000 A 06§
Tank2 is filling ? % 6000 g
s o4 g
Yes- No- 4000 - vz7 EDSS
[ Standard L o2
o k2 Availabl ate 2000 1 77 —— Gate Opening (EDSS) '
c e > Gl "/
0 B 0,0

Gate No

. 23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
opening =

1m (open) e Time (hrs)

opening =
0Om (close)

Figure A.14. (a) Tank 1 management tree and execution tineedimd (b) Tank 1 volume and gate position for
scenario 3.

The management of Tank 1 for this scenario illtegdetter results for the EDSS mode than for
the Standard one. Since Tank 1 tree has two mesicses, one for anti flooding purposes and
another for anti CSO purposes, it is possible toaga the tank depending on its inflow, its stored
volume or to Tank 2 status. This gives the tankahiity to reduce the number and volume of
CSOs which for this particular scenario, is of 2683

VilaPrat Tank 2 (2)

With regard to Tank 2, Figure A.15b illustrates ghulation results during scenario 3 for both
the EDSS in comparison with the Standard mode. iBefoe rain episode begins, the tank is
empty operating in DWF conditions and its pumpiagint is of 2 mfs (A). Once the rain starts
(00:30), the inflow to VilaPrat WWTP rises abové &7/s and according to Tank 2 emptying tree
(Figure A.15a), the pumps stop (set point Jsin(B) and all wastewater is stored into the tamk
order to allow the WWTP to treat all wastewaterhwiit causing CSOs. Round 02:50, the tank
has less than 1000°mf free volume meaning that it has to be emptedjagickly as possible to
avoid CSOs and thus, pumping set points turn to’2 GC). Once the rain is over, inflow into
VilaPrat WWTP returns to normal conditions so thekican be emptied at 2= (D).

The volume of spilled wastewater (CSO) during sgena shown in Figure A.15a illustrates that
there is not much difference between the StandatdeoEDSS modes (186885 and 188374 rth
respectively). This is because in the Standardatiper the Tank remains full within the 24h
simulation. All the stored volume is not taken imtocount and is susceptible to produce CSOs.
Considering this water volume, the difference betwthe EDSS and Standard mode is of 48511

m3
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a) b)

Tank 2 emptying
tree

v 60000 2,5
Qin EDAR VilaPrat — Tank Yes. Tank 2 Qpump=
2 Qpump) >=9.1m’s om's Tank 2 limit
50000 + ﬁ iiiiiiii
2,0
No
D .~ 40000 A —
Tank 2 S 15 m&
Tank 2 Volume >= 38804 m® Ye Qpump = 2 :; [
mls 2 30000 - <
>
No S 1'0 Z
> 20000 *
B [ Standard
. Tank 2
EDAR VilaPrat — Tank Z 7771 EDSS r 0,5
3 Qpump) seadmils e SIS E 10000 1 Pump flow
Yes 0 0,0
- Tank 2 o 60 -
Qin EDAR VilaPrat — s
'ISanIE 2 qum;la)a>:;ﬁ3/s No g%ngE/s: mE
' S a0
=
Yes L_OL 20 | vz72 Standard CSO Tank 2
K=Y EDSS CSO Tank 2
Qin2 EQDAR \maF;re;t —3/Tan No QTpaur:,',(pz o 0 ; T T T T
- BRI 23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
Time (hrs)
Tank 2 5 Tank 2

Qin EDAR VilaPrat — Tank

2 Qpump) > 1.7m’ls Qpump = 0.99

Qpump = 2
m’ls

m'/s

Figure A.15. (a) Tank 2 emptying tree and execution time &énd (b) Tank 2 management (volume and pump flow)
results during scenario 3.

Simulation results of Tank 2 during scenario 3 quite different between the two operation
modes. On the one side, the Standard mode, st@gtewater during the rainfall but as it has no
given pumping set points, the tank remains fulimyithe rest of the simulation. On the other side
the EDSS mode is able to store wastewater as lpitglaes not produce any CSO discharges and
is emptied gradually maintaining the performanc¥itdPrat WWTP.

WWTP VilaPrat (3)

Figure A.16 shows the simulation results of théowmfof WWTP VilaPrat for the EDSS mode in
comparison with the Standard one during scenarft a.first stage, before the rain begins, inflow
of the WWTP is below 8.63 s and the plant operates in DWF conditions treedihwastewater
through all stages.

Once the rainfall starts the plant inflow is betw@?7 ni/s and 12.33 fits so the plant operates in
position 2, where 3.7 ¥fs are treated through the secondary treatmenthandest (maximum of
7.4 n¥/s) through the primary treatment. The tertiarptmeent can provide an additional treatment
capacity of 1.23 fifs only when TSS concentration is below 500 gifRosition 3). The excess is
directly discharged into the river without any traant. When the rain is over, the inflow starts to
descend but the effect of Tank 1 and then Tank Pty@ng phases can be observed before
recovering DWF conditions.

Three different CSOs were detected for Scenario Figure A.16. CSOs spill after primary
treatment is higher for the EDSS mode (7265pttan for the Standard mode (4309%).m
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Despite that, it must be taken into account thaséhdischarges are partially treated wastewater
and thus, they less harmful to discharge to theivety body than totally untreated wastewater

from other CSO points. CSO 2.1 shows similar valieegshe Standard and EDSS modes in the

figure. Despite that, the EDSS operation dischaayasaller volume of untreated water to the

river and therefore the effect on the receivingybiscsmaller too.

The discharges values are of 166036 on the Standard mode and 14200%far the EDSS mode.
CSO 2.2 discharges are very similar in volume ofstemater for both modes being their
difference of 76 r Finally, the stored wastewater into Tank 2 fa 8tandard mode must be also
taken in regard as the tank remains full afterrthie event and it is susceptible to produce CSO
discharges.

14
EDSS limit

12 A

10 A

Inflow (m®/s)

zz7] EDSS
[ Standard

80 -
60 -

40 1 777] Standard CSO after lary
20 1 XXN] EDSS CSO after lary
0 '_\‘“
7 80 A
“E 60
< 40 zz2 Standard CSO 2.1
T 20 1 3 XN EDSS CSO 2.1
0
80
60 \
40 A \ vz72 Standard CSO 2.2

(XXX EDSS CSO 2.2

20 4

0 - - : : -

23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
Time (hrs)

Figure A.16. Simulation results for the WWTP of VilaPrat infland CSOs during scenario 3.

Results of the WWTP of VilaPrat during the thireesario illustrate how the plant has a higher
treatment capacity in comparison with the Standaatle by the flow redirection during wet
weather. Therefore, this new configuration allows improvement of the receiving body by
reducing the amount of untreated wastewater.

VilaConca Homogenization Tank (4)

Figures A.17b show the simulation results duringnseio 3 of the stored wastewater volume on
the HT for the EDSS mode in comparison with then&sad one. Decisions made for the HT
management are directly related with the WWTP d&@onca status and thus are represented in
the decision tree of this WWTP (see Figure A.17a).

Before the rain begins, the tank operates in DWHditions so the pumping set point is 0.13m
which is the average daily inflow of VilaConca WWTR). Once the rain starts (00:20), the tank
inflow is over 0.29 nYs and the stored volume quickly reaches 808@aerthe pumping set point
turns to 0.87 iis (B).
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When the rainfall is over, the tank inflow is stiver 0.29 ri¥'s but its volume is smaller than 8000
m® so the pumping set point changes to 0.2%n(C) until the tank volume reaches 30006 m
(11:30). After that, the HT recovers DWF conditiemsl the pumping set point is 0.13/sn(D).

CSO discharged by the HT during this third rainrgvare illustrated in Figure A.17b. Results

illustrate how the use the EDSS mode produces rbegseilts in comparison with the Standard

reducing tr:%: volume of spilled wastewater to threni The total amount saved by the EDSS mode
is of 1267 mi.

a) b)
WWTP VilaConca
Tree
9000 1,0
HT limit
8000 ﬂ——i —————————————————
r 0,8
Pump flow = 0.13m*/s AV 7000 A
and 5 - _
WWTP VilaConca /4N 5000 or 3000 m @ 6000 - os @
Position 1 (normal) (hysteresis) « 6 o
E £
< 5000 - £
3 L o4 B
Yes L 4000 A s c
Pump flow = 0.29m%s 3000 - e N o’
Vi 2000 o '
WWTP VilaConca b
Position 1 (normal) I/\
1000 -+ H- 0,0
EDSS
= 2,01 1 Standard
™ 154 —— Pump flow (EDSS)
E 3
No Mesoom: 2 10
i Standard CSO HT
0,51 ESSY EDSS CSO HT
0,0 ,

Yes f T T T T
23:00:00 03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00

Time (hrs)

B
Pump flow = 0.87m%/s
and
WWTP VilaConca
Position 2 (parallel
treatment)

Warning:
Homogenization
Tank Full

Figure A.17. (a) WWTP of VilaConca decision tree and executioreline and (b) Simulation results for the stored
volume, pumping set point and CSO of the HT dusognario 3.

Management of the HT for the EDSS mode during tthits event reduce the volume of untreated
wastewater discharged into the receiving body. Aaldklly, the Standard mode has a constant
pumping set point and after the rainfall, the tamlemptied in a different way the EDSS mode.
The EDSS operation tries to empty the tank asdagiossible and changes set points depending
on the status of VilaConca WWTP. This way, the piolity of new CSO spills in case of another
rain event is reduced.

WWTP VilaConca (5)

Figure A.18 illustrates results of the managemémilaConca WWTP during scenario 3 for both
the EDSS and Standard modes. At the beginning efsiimulation, the plant operates in DWF
conditions as the inflow is 0.13%s and wastewater is treated through all the peeseOnce the
rain starts (00:44) the plant inflow increases 8701¥/s and the WWTP operates separating flow
into two independent streams. The first one of B8 flows through secondary treatment and is
then discharged into the river while the remainimastewater (up to 0.58 ¥s) receives only
primary treatment. After the rainfall (03:05), iofl decreases to the design flow of the WWTP
(0.29 ni/s) so wastewater can be fully treated. Approxifyade 11:15, volume of the HT is low
enough in order to send 0.13/mto the plant and return to DWF conditions.

154



Annex

EDSS limit
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Figure A.18. Inflow of the WWTP of VilaConca during scenario 3

Results of the WWTP of VilaConca management duting scenario with the use of the EDSS
mode respect the Standard mode illustrate thah&one hand, the plant is able to increase inflow
until the design flow (0.29 ¥s) optimizing the plant to treat wastewater thtoulge complete
process. On the other hand, during wet weathermpltdre rises its capacity (0.87°fs) separating
flow into two different stretches (only primary @tenent or only secondary treatment) reducing
the probability to produce CSOs or at least treatiglly wastewater as far as possible. The EDSS
mode represents an enhancement of 479frireated or partially treated wastewater respeet
Standard mode.

Receiving body (6)

Figure A.19 show the simulation results for the BED&hd the Standard modes of the river flow
after the WWTP of VilaPrat during scenario 3. A¢ theginning of the simulation, the river flow
is in DWF conditions (3 fifs). Once the rainfall starts, the water flow ires to approximately
120 ni/s due to the different CSO discharges of VilaRsatem. When the rain finishes, flow
decreases again to 3/sbut in the EDSS mode, there is a small diffeednaomparison with the
Standard mode due to two reasons. The first otfeeisontribution of Tank 2 stored wastewater,
which is not taken into account in the Standard enddhe second reason is the small simulation
errors due to model instabilities. The total diggled volume for both modes should be the same,
for the EDSS mode it is of 795438 mhile for the Standard mode the discharged volisra
750383 . The difference between them is 45058 sorresponding approximately to Tank 2
capacity.
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Figure A.19. River water flow after the WWTP of VilaPrat fareario 3.
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EDSS rain scenario 4

The last scenario (Figure A.20) is based on re#&h,daas a length is of 1.91 h with a total
precipitation of 58.53 mm (rain input of 17743.8)mand a return period of 5 years. In
conseqguence, it can be considered a very strongvant which may not occur so easily.
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Figure A.20. Rain intensity of the rain scenario 4.
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Figure A.21. VilaConca and VilaPrat system scheme for scerrio

VilaPrat Tank 1 (1)

Figure A.22b shows the simulation results of Tanfkrlthe EDSS mode in comparison with the
Standard mode during scenario number 4. The maregeof this tank is governed by Tank 1
management tree (see Figure A.22a). Before thestarts, the gate is fully opened to position 1 m
and the tank is operating in DWF conditions (A). &ktthe rain begins, during 10 minutes (00:18

to 00:28) the tank operates with anti CSO purpesekthe gate closes to position 0 m because
Tank 2 is filling (B).

After that, the stored volume is over 7800 and according to Tank 1 decision tree, the settpoi

for the gate position changes to 0.89 m (C), whikhthe maximum gate aperture without
producing flooding during rainfall.
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The gate remains in this position until the ramdhes and the tank volume decreases below 7800
m®. Then, the gate opens completely to position Dinirf order empty the stored wastewater as
fast as possible. As a result, Tank 2 starts karfitl the gate closes (0 m) again (E). Once Tank 2
has more than 1000 °*mof free volume, the gate of Tank 1 opens to pmsitim emptying the
remaining wastewater and recovering DWF conditi®)s
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Figure A.22. (a) Tank 1 tree management and execution timalte(b) Stored volume and gate position in Tank 1
during scenario 4.

Results of the EDSS mode for the management of Tamlring scenario 4 show that the
maximum reached during the simulation is similarthe ones obtained in the Standard mode.
After the rainfall, the stored volume differs frdime Standard mode since the management of the
tank with the EDSS avoids possible CSOs downstr@h397 i) the tank and thus empties the
stored wastewater as quickly as possible.

VilaPrat Tank 2 (2)

Figure A.23Db illustrates results of Tank 2 managanuiring scenario 4 for the EDSS mode in
comparison with the Standard mode. The managenfi¢hisdank is governed by Tank 2 decision
tree, which takes into account the stored volumtheftank itself and the inflow into the WWTP
of VilaPrat (see Figure A.23a). Before the rainrtstéhe tank is empty, the pumping set point is
set to 2 M¥s and operates in DWF conditions (A). Once the siarts, the tank starts to fill
quickly and the set points change to &arying to protect from CSOs the WWTP of VilaPrat
since its inflow is over 9.1 ¥s (B).

When the rain stops, the tank has to be emptieduaskly as possible in order to avoid
unnecessary CSO spills and thus, pumping set paintsto 2 ni/s (C). After that, the tank has
more than 1000 frof free volume but since the plant inflow is oB4 nt/s, pumping set points
are set to 0 fifs in order to protect the WWTP from CSOs (D). Otieeplant decreases its inflow,
Tank 2 continues emptying and thus, pumps areos8t33 ni/s (E) and later to 0.99 ¥s (F).
Finally, the inflow into the WWTP is below 1.7°fa and the pumping set point can be set to 2
m3/s operating in normal DWF conditions (G).
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Figure A.23. (&) Tank 2 management tree and execution timalie(b) Tank 2 volume, pumping set points and
CSO during scenario 4.

Regarding to the CSOs discharged by the tank ddhisgscenario, results show that they are very
similar for both EDSS (349758 ¥nand Standard (346243*mnmodes. Despite that, in the
Standard mode the emptying of the tank is not ctemei, all the stored wastewater (50000 m
approximately) must be taken into account sinée susceptible to produce CSO discharges. Thus,
the difference between the EDSS and the Standad@sris of 46485 th

Results of Tank 2 management for the EDSS modeglsgenario 4 are different in comparison
with the Standard mode for the same scenario. Tdweddrd mode does not consider any pumping
set point to empty the tank and all wastewater mesnstored during the simulation. During this
scenario, wastewater is stored into the tank arnles emptied gradually taking into account the
plant inflow and the volume of the tank in ordeaimid CSO spills into the WWTP of VilaPrat.

WWTP VilaPrat (3)

Figure A.24 illustrates the simulation results oé WWWTP of VilaPrat for the EDSS mode in
comparison with the Standard one during scenariBefore the rain starts, the inflow of the
WWTP is below 8.63 fifs so the plant operates in DWF conditions. Oneer#tin begins, the
inflow increases between 3.7kmand 12.33 fits so the plant operates at position 2 treatinthby
one hand 3.7 ffs through the secondary treatment, 7 #¥snthrough the primary treatment.
Position 3 (including tertiary treatment) is lauadhif TSS concentration is below 500 gi/m
treating an extra flow of 1.23 #s. The water excess is directly spilled to theeriwithout
treatment. Once the rain stops, the inflow of tfenpdescends gradually taking into account
discharges of Tank 1 and Tank 2. After that, tleanptecovers DWF conditions.
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Three different CSOs are illustrated in Figure A.Zhe first one is the CSO after the primary
treatment which is higher for the EDSS mode (912f)ithan for the Standard one (59293 nit
must be taken in regard that this is a partiabated discharge and thus, is better for the raugivi
body than a totally untreated spill.

Results for the CSO 2.1 show that both modes harxaxyasimilar result. Despite that the volume
of spilled wastewater into the river is smaller the EDSS mode (284573°mthan for the
Standard one (319853*nCSO 2.2 results are very similar in volume fottbthe Standard and
the EDSS modes. In this case, the difference dliedpivastewater into the receiving body is of
428 nt. Finally, the volume of stored wastewater into K@rfor the Standard mode must be also
considered. During the simulation it remains irte tank and is thus susceptible to produce CSO

discharges.
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Figure A.24. WWTP of VilaPrat inflow and CSOs during scenatio

Simulation results of VilaPrat WWTP during scenaioshow how the plant has a higher
treatment capacity (from 8.63%m to 12.33 nifs) when compared with the Standard mode and in
consequence has a greater potential during wetheleand more capacity for the river quality
protection. However, this is a heavy rain scenand the volume of discharged water in CSO 2.1
and 2.1 is high in comparison with the one afterghmary treatment.

VilaConca Homogenization Tank (4)

Simulation results of the HT for the EDSS mode amparison with the Standard one during
scenario 4 are illustrated in Figure A.25b. The aggament of this tank is directly related with the
status of VilaConca WWTP so decisions for this tarkrepresented in the decision tree shown in
Figure A.25a).
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Before the rain begins, the HT operates normalfpWF conditions pumping 0.13 ¥s to the
WWTP (A). Once the rainfall starts, the volume lné tank increases to 8000 8o the set point
changes to 0.87 s during 3 h approximately (B). When the rainfallover, stored wastewater
starts to decrease but in contrast its inflow il lsigher than 0.29 ris so that the pumping set
point is set to 0.29 ffs which allows the WWTP to fully treat the incomimastewater through
all the stages (C). This set point does not chémgte next 9 h 40 min until the volume of stored
wastewater of the tank is below 3008 atlowing the HT to operate in DWF conditions (Orh¥s)

(D).

CSO spilled by the HT during this rain event in g A.25b shows how the use of the EDSS
mode produces better results in comparison wittStiaedard mode. Consequently protecting the
river from Lrjr%ltreated wastewater discharges. Ingbenario, the saved volume by the EDSS mode
is of 1828 mi.
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Figure A.25. (a) WWTP of VilaConca decision tree and executiore line and (b) Stored volume, pumping flow
and CSOs of the HT during scenario 4.

Results of the stored wastewater into the HT dutimg scenario illustrate that there are some
differences when comparing the EDSS and the Stdndades. On the one hand, the volume of
CSOs is smaller for the EDSS mode and is thusrbettehe receiving body. On the other hand,
the Standard mode does not consider any chandeipumping set points of the tank and in
consequence, it takes more time to empty the thakthe rain event. In contrast, the EDSS mode
empties the tank as quickly as possible as lontgea8VWTP of VilaConca can accept the flow.

WWTP VilaConca (5)

Figure A.26 shows results of the VilaConca WWTP aggment during scenario 4 comparing the
EDSS and the Standard modes. Before the rainfatssthe plant inflow is of 0.13%s operating

in DWF conditions thus, wastewater is treated tgloall processes. When the rain starts the
inflow of the plant increases to 0.87/mand the WWTP operates redirecting flows into two
independent streams during 3 h approximately. Tisé $tream, of 0.29 i¥s flows through the
secondary treatment and is then discharged toebeiving body. The rest (up to 0.58'/s)
receives only primary treatment and is then diggd@into the river too.
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Once the rainfall stops, the inflow of the planti®ses to 0.29 #s during 9 h and 40 min which
is the design flow of the plant so wastewater rexicomplete treatment. Finally, the WWTP
inflow descends recovering DWF conditions (0.1%3sn
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Figure A.26. Inflow of the WWTP of VilaConca during scenario 4

In the EDSS mode, the plant increases its treatcegpdcity (from 0.58 fits to 0.87 r¥s) and in
consequence reduces the probability to produce §8i3 of untreated wastewater to the river.
Additionally, the plant optimizes the complete treant capacity up to its design flow (0.29/s).
Both measures represent an enhancement in ternv®laie of treated or partially treated
wastewater, which for this particular scenariofis&65 nf.

Receiving body (6)

Figure A.27 shows the simulation results for theereing body after the WWTP of VilaPrat for
the EDSS and Standard modes during scenario 4rd3#fe rain starts, the river flow is near 3
m?/s, which is its average daily flow. Once the ralhtarts, the flow increases up to 18&/sn
approximately, corresponding to the total amountC&0s produced within the sewer system.
After that, the rain stops and the river flow dest=to its normal DWF conditions.

Despite that, there is a small difference whileftbes is descending with the EDSS mode. This is
because of the emptying of the stored wastewat€aok 2, which is not taken into account in the
Standard mode within the 24 h simulation.
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Figure A.27. River water flow after the WWTP of VilaPrat fareario 4.
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ADDITIONAL RESULTS OF HYS AND HYE COMPARISON

Scenario 1
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Figure A.28.COD mass flow and removal efficiency of VilaConw&VTP for (a) HYS and (b) HYE operation modes
during scenario 1.
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Figure A.29.NH," mass flow and removal efficiency of VilaConca WWiBIR (a) HYS and (b) HYE operation
modes during scenario 1.
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VilaPrat scenario 1
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Figure A.30.COD mass flow and removal efficiency of VilaPra¥WVP for (a) HYS and (b) HYE operation modes
during scenario 1.
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Figure A.31. NH," mass flow and removal efficiency of VilaPrat WW® (a) HYS and (b) HYE operation modes
during scenario 1.
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Scenario 2
VilaConca
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Figure A.32.COD mass flow and removal efficiency of VilaConw&VTP for (a) HYS and (b) HYE operation modes
during scenario 2.
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Figure A.33. NH," mass flow and removal efficiency of VilaConca WR/or (a) HYS and (b) HYE operation
modes during scenario 2.
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Scenario 3
VilaConca
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Figure A.34.COD mass flow and removal efficiency of VilaConww&VTP for (a) HYS and (b) HYE operation modes
during scenario 3.
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Figure A.35. NH," mass flow and removal efficiency of VilaConca WWIBR (a) HYS and (b) HYE operation
modes during scenario 3.

165



Annex

VilaPrat
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Figure A.36.COD mass flow and removal efficiency of VilaPra¥¥VP for (a) HYS and (b) HYE operation modes
during scenario 3.
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Figure A.37. NH," mass flow and removal efficiency of VilaPrat WWT# (a) HYS and (b) HYE operation modes
during scenario 3.
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Scenario 4
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Figure A.38.COD mass flow and removal efficiency of VilaCow&VTP for (a) HYS and (b) HYE operation modes
during scenario 4.
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Figure A.39. NH," mass flow and removal efficiency of VilaConca WWIGP (a) HYS and (b) HYE operation
modes during scenario 4.
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VilaPrat
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Figure A.40.COD mass flow and removal efficiency of VilaPra¥WVP for (a) HYS and (b) HYE operation modes
during scenario 4.
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Figure A.41. NH," mass flow and removal efficiency of VilaPrat WWT# (a) HYS and (b) HYE operation modes
during scenario 4.
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VIRTUAL SYSTEM LAYOUT

1.- Rain gauge VilaConca Catchment

2.- Rain gauge VilaPrat Catchment
3.- Sewer system VilaConca

4.- Sewer system VilaPrat

5.- WWTP VilaConca

6.- WWTP VilaPrat

7.- Receiving body

8.- Bypass

Figure A.42. Virtual system layout developed with WESmodelling software.
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