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Wastewater treatment by activated sludge was progressively improved in order to 
remove not only carbonaceous pollutants but also nitrogen and phosphorus. In 
parallel, mathematical models were developed to represent the complex processes 
resulting from the biomass activity. This led to the complete description of carbon
and nitrogen removal by the Activated Sludge Model n°1 (ASM1, 1987). This model, 
and all the following ones, are nowadays implemented in simulation software and
used as design and operation support tools. 

Nevertheless the use of simulation in the wastewater treatment field requires high 
expertise. Furthermore, research must be continued on both models development 
and protocol for their calibration. In this context the PhD was carried out with the
goals of updating Cemagref’s recommendations for design and operation of French 
wastewater treatment plants, and participating to the international research 
presently carried out by the IWA task group “Guidelines for Use of Activated Sludge
Models”.

This document first introduces nitrogen removal by activated sludge and the 
corresponding models. ASM1 was selected for a full-scale survey. This 22-month 
study aimed at obtaining a calibration of the model parameters. Site characteristics
have strongly influenced the development of monitoring methods and
calibration/validation procedures adapted for intermittent aeration system. In 
parallel, laboratory experiments were performed to determine additional model
parameters. The results allowed the evaluation of both the model robustness through 
several calibration campaigns and its capacity to represent real operation of the plant, 
especially under strong constraints such as nitrification inhibition.

This modelling experience with full-scale data was used to simulate “advanced 
scenarios”. These scenarios aimed at understanding the advantages of simulation
compared to conventional design methods. They also allowed deeper assessment of
the model mechanisms and limitations. Finally, prospective scenarios compare 
several design and operation strategies when facing crisis event, such as erratic 
sludge wastage, rain events, or inhibition of nitrification.

Keywords : Nitrogen removal, Activated sluge, Modelling, ASM1, Full-scale survey. 
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La dépollution des eaux usées par les boues activées a été progressivement maîtrisée
pour permettre de traiter non seulement les composés carbonés mais aussi l’azote et 
le phosphore. Parallèlement, des modèles mathématiques ont été développés pour
représenter les processus complexes impliqués par l’activité de la biomasse.
L’aboutissement de ces modèles à une description complète du traitement du carbone 
et de l’azote par boue activées a été apporté avec le modèle ASM1 (1987). Ce modèle, 
ainsi que ceux qui l’ont suivi sont désormais intégrés à des logiciels de simulation qui 
sont de véritables outils de dimensionnement et d’aide à la gestion pour les stations 
d’épuration.

Cependant l’utilisation de la simulation dans le domaine des eaux usées requiert 
encore un niveau d’expertise élevé. De plus la recherche doit se poursuivre tant sur le 
plan du développement des modèles que sur les protocoles qui permettent leur 
utilisation pertinente. C’est dans ce contexte que cette thèse a été réalisée, avec les 
buts parallèles d’actualiser les recommandations du Cemagref pour le
dimensionnement et la gestion des stations d’épuration en France, et de participer à 
la recherche internationale qui est actuellement représentée par le groupe de travail 
IWA “Guidelines for Use of Activated Sludge Models”. 

Ce document présente donc le traitement de l’azote par boues activées et les modèles 
qui y sont associés. Le modèle ASM1 a été sélectionné pour une étude sur site réel. 
Cette étude de 22 mois a eu pour objectif d’obtenir un calage des paramètres du 
modèle. Les caractéristiques du site réel ont fortement influencé le développement 
des méthodes de suivi avec un protocole spécifique aux systèmes d’aération
intermittente. Parallèlement, des tests complémentaires en laboratoire et un 
protocole propre au calage du modèle et à sa validation ont été élaborés. Les résultats 
obtenus ont permis d’évaluer d’une part la robustesse d’un calage et d’autre part la 
capacité du modèle à représenter le fonctionnement réel de la station, notamment
lorsque des contraintes fortes comme une inhibition de la nitrification sont 
survenues.

Les connaissances acquises lors de l’étude sur site réel ont ensuite été valorisées par 
des travaux de simulation sur des « scénarios avancés ». Ces scénarios ont permis 
d’appréhender l’apport de la simulation par rapport aux méthodes de 
dimensionnement conventionnelles. Ils ont également permis d’étudier de manière 
approfondie les mécanismes du modèle et leurs limitations. Enfin des scénarios 
prospectifs ont amené à discuter différentes options de dimensionnement et de 
gestion face à des situations de crise (problèmes de gestion de la boue, temps de pluie 
ou inhibition). 

Mots clés: Traitement de l’azote, boues actives, modélisation, ASM1, site réel 
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General context

Even if there are often confusions between drinking and wastewater treatment
processes for many people, most of them are now aware that water treatment is a key 
issue for the future. However one must remember that not long time ago, the river 
was considered as a good dumping ground for getting rid of any useless or broken 
object in developed countries. The evolution in the perception of environmental
issues has grown in parallel with the development of the world economy. It is 
nowadays discussed how water can be defined both as a common good for humanity 
and as a commodity. The ever growing pressure of the population in concentrated
urban areas will impose governments to look for answers in the near future. These 
answers will determine what next the generations will inherit in environmental, 
economical and social terms. 

Nevertheless, the history of wastewater treatment is extensive (as shown in I.1.1), and 
current research is based on a wide background of practical, experimental and 
modelling knowledge. The work presented in this document was undertaken in the 
context of an international synergism in wastewater treatment research. The 
literature review shows that the topics of concern in this thesis are currently studied
in many laboratories throughout the world. This motivating fact can also be noticed
with the high diversity of participants in the International Water Association (IWA)
conferences.

Scientific context

Among the numerous processes that allow the treatment of wastewater, activated
sludge processes are the most encountered. They are biological processes and are 
generally combined with physical and chemical processes. Activated sludge refers to 
the ability of a biomass to form and grow on substrates considered as pollutants in 
the wastewater. Generally these substrates are carbonaceous compounds, nitrogen
and phosphorus.

The biomass is composed of a high diversity of bacteria. They are substrate-specific 
and they undergo selection according to their environmental conditions (especially in 
terms of sludge retention time, food to microorganisms ratio and oxygen presence: 
aerobic, anoxic or anaerobic conditions). Thus the goal of design and operating 
activated sludge processes is to create the suitable conditions for developing the 
biomass of interest (for instance the nitrifying biomass to convert ammonium to 
nitrate).

However, on a microscopic point of view, activated sludge is very complex. On one 
hand there are still a lot of uncertainties on the bacteria actually present in the 
sludge. On the other hand, the biology of activated sludge also involves other 
organisms like protozoa. Consequently, it is not currently possible to transfer directly
microbiology research and results to wastewater treatment plant design and 
operation guidelines. Therefore, a concerted effort was made to build macroscopic
models that could offer a biological description of the global behavior of bacteria 
groups.
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Twenty years after the publication of the first “Activated Sludge Model” (ASM1),
modelling wastewater treatment by activated sludge keeps on having high topicality
in research. In parallel, this topic has gained interest in other fields: its large potential
in terms of design and management are nowadays understood by many people
working in wastewater treatment. During the two last decades, significant scientific
progress on the following points has been made: 

- Development of new models including more processes 
- Experimental (lab-scale) determination of Activated Sludge Models (ASM) 

parameters
- Use of the models for studying full-scale plant and research on calibration

issues

ASM1 has also proposed a common language for the fractionation of the influent 
wastewater and the sludge, and for the description of the macroscopic processes in 
activated sludge with kinetic and stoichiometric parameters. New models have been
published with the same “Petersen matrix” structure. 

In parallel to the development of new models, the research is also focusing on the 
calibration methods for these models. Calibration consists of determining the best
values for model parameters in a given context (generally a wastewater treatment 
plant). This helps the model to become a closer picture of the real process. It is crucial
to include this issue in wastewater treatment modelling international research, in 
order to provide general guidelines since the use of modelling becomes more and 
more common for design, operation and more recently for control. This work 
requires a deep knowledge of the models and is nowadays handled by an IWA task 
group on “Guidelines for Use of Activated Sludge Models”. Also, the models abilities 
and limitations must be studied with both full-scale and scenario modelling
experience. This thesis contributes to the building of this experience.

Context of Cemagref

For decades Cemagref supported public and private practioniers in the wastewater 
treatment field in France. Its position is at the interface of research and engineering.
Besides publishing a series of reference documents on conventional design guidelines
based on practical experience, Cemagref decided ten years ago to get involved in 
modelling through research in nitrogen removal by activated sludge. Thus this thesis 
follows previous research on this topic (Stricker, 2000; Choubert, 2002, Largarde, 
2003).

Objectives of the thesis

Two main objectives have provided the initial challenge of this work: 
- Validating the acquired knowledge on modelling through a long-term full-scale 

study.
- Optimizing the design and operation guidelines for nitrogen removal by 

activated sludge by modelling. 

The first objective required a study site to be selected and the developmentof a 
monitoring protocol orientated toward simulation needs. The main goal was the
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calibration/validation of the chosen model (ASM1). Specific protocols were built,
including intermittent aeration characteristics (short calibration campaigns) and the 
unpredictable dynamics of real-case study (characterization and validation over long 
periods).

Strong and unexpected variations in the nitrification capacities of the selected
wastewater treatment plant occurred, especially during winter periods. This made it
impossible to carry out the programmed calibration campaigns at low temperature as
successfully as those at high temperature. Nevertheless this constraint was the
opportunity of a reflection on the capacity of models to represent the true functioning 
of wastewater treatment plants. 

This reflection was continued through the second objective of the thesis. In order to
transfer knowledge and experience from the full-scale survey for scenario building, it 
was chosen to go further into the study of the model by comparing simulation results 
with conventional design guidelines and using sensitivity analysis. Finally this 
background allowed the investigation of advanced scenarios regarding operation and
design strategies. 

Content of the thesis

This document is based on the classical literature review, methods and results 
scheme. Nevertheless it is necessary to introduce its contents according to choices 
made for its presentation. 

After introducing the modelling of pollutants removal by activated sludge through
historical facts and recent developments, the literature review section presents ASM1 
through a comparison with ASM3. This option was taken since it will be seen through 
this document that several necessary modifications in ASM1 for the study purpose 
correspond to ASM3. This can also be regarded as a first approach for preparing
further full-scale studies using ASM3 as a biological model. 

The literature review concludes on the dynamics of the nitrifying biomass: its growth,
its decay and its potential inhibition. These are key elements for modelling nitrogen
removal that appeared crucial in the full-scale survey and in the scenario simulations 
as well. 

The methods section firstly presents the full-scale survey with the details of the data 
acquisition protocol designed and carried out for the different stage of the simulation 
project. The second section of the methods section gives the strategy applied for 
calibrating and validating the model. 

The last part starts with the presentation of the results from the full-scale survey. This 
section, named ASM1 calibration/validation is divided into three parts: 

- Steady state calibration: characterization of the of the processes through the
study of long-term data (over 22 months) 

- Dynamic calibration: short calibration campaigns (8 hrs) with high dynamics 
in the nitrogen concentrations
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- Dynamic validation: attempt to validate the calibrated parameters on very 
dynamic periods (2 months at winter time with nitrification inhibition
occurrences)

This work will be part of the Cemagref contribution to the IWA Task Group on 
“Guidelines for Use of Activated Sludge Models”, aimed at setting-up an
internationally accepted framework for activated sludge modelling, which should
support the quality control of simulation studies. 

The second section of the result part is named “Advanced Scenarios”. This refers to 
simulations that are not based on the collection of real data but on design and 
operation experience of full-scale plants. This section can be read independently from 
the rest of the thesis. The goals of these scenarios are: 

- To compare simulation results with the predictions proposed by a 
conventional design guidelines document

- To assess sensitivity analysis with model and operation parameters
- To study design and operation strategies, especially in crisis situation 

Part of this work will to contribute to the publication of an update of the Cemagref 
guidelines on nitrogen document for French operators and designers. 
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Contexte général

Même si l’on confond encore souvent traitement de l’eau potable et traitement des 
eaux usées et que nombreux sont encore ceux qui pensent que les effluents de station 
d’épuration sont destinés à la distribution, une majorité de la population est 
cependant consciente que le traitement de l’eau en général est un enjeu crucial pour 
le futur. Il faut cependant se rappeler qu’il y a seulement quelques décennies, « la 
rivière » était considérée, même dans les pays développés, comme l’endroit approprié 
pour se débarrasser de tout déchet… «l’eau emporte tout». L’évolution des prises de 
conscience sur les questions environnementales s’est faite en parallèle de la 
construction d’une économie mondiale qui a accru l’écart entre pays du nord et pays 
du sud. Ces faits ont révélé des questions nouvelles, comme celle de savoir en quelle 
mesure l’eau peut être considérée comme un bien commun ou comme un bien 
marchant. La pression toujours croissante de la démographie urbaine impose aux 
gouvernements d’apporter rapidement des réponses à ces questions. Les réponses 
détermineront les héritages environnementaux, économiques et sociaux des
prochaines générations.

Cependant, le traitement des eaux usées a déjà un historique notoire. La recherche 
actuelle s’appuie sur des bases scientifiques et techniques fournies par de 
nombreuses expériences depuis plus d’un siècle. L’apparition d’exigences législatives 
pour la protection de l’environnement au cours des dernières décennies a cependant 
accéléré et amplifié les activités de recherche et a fait apparaître la nécessité de
développer des outils de simulation complémentaires aux études de terrain. 

C’est donc dans un contexte de synergie international sur la recherche en traitement
des eaux usées que cette thèse a été réalisée. La revue bibliographique des thèmes 
abordés montre leur actualité dans de nombreux laboratoires à travers le monde. Cet 
aspect motivant apparaît également dans la diversité géographique des participants
aux conférences de l’IWA (International Water Association). 

Contexte Scientifique

Parmi les nombreux procédés qui permettent le traitement des eaux usées, le
processus des boues activées est l’un des plus courants. C’est un processus biologique
qui est généralement associé à des procédés physiques (dégrillage, décantation,
filtration,…) et chimiques (traitement du phosphore). Le terme « boues activées »
correspond à l’aptitude d’une biomasse à se former et à croître à partir d’un substrat
considéré comme polluant dans les eaux usées. Ce substrat est généralement 
constitué de composés carbonés, d’azote et de phosphore. 

La biomasse renferme une grande diversité de bactéries. Ces organismes sont
spécifiques à leur substrat. De plus ils subissent une sélection en fonction de leur 
environnement, notamment en terme d’âge de boue, de charge massique (rapport 
substrat/biomasse), et de présence d’oxygène (conditions aérobies, anoxiques ou 
anaérobies). Par conséquence, le dimensionnement et la gestion des procédés 
utilisant les boues activées doivent aménager les conditions nécessaires à un 
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environnement favorable pour que se développent les biomasses capables de réaliser 
le traitement escompté (par exemple un âge de boue et un apport en oxygène 
suffisant pour que la biomasse nitrifiante assure la conversion de l’ammonium en 
nitrates, et ensuite des conditions anoxiques pour que la biomasse hétérotrophe
facultative puisse transformer les nitrates en azote gazeux). 

D’un point de vue microscopique, les boues activées sont un système complexe. Il y a
d’une part encore beaucoup d’incertitudes sur l’identité des bactéries présentes dans 
la boue. D’autre part, la biologie des boues activées implique d’autres organismes 
comme les protozoaires. En conséquence, il n’est actuellement pas possible de 
transférer directement les résultats de recherche en microbiologie à des conclusions 
générales sur l’optimisation du dimensionnement et de la gestion de sites réels. Ainsi, 
des modèles macroscopiques ont été conçus afin de proposer une description globale
du comportement de la biomasse. 

Vingt ans après la publication du premier modèle de boues activées «ASM» (ASM1 : 
Activated Sludge Model n°1 ), la modélisation du traitement de l’azote reste un sujet
d’actualité pour la recherche. Son fort potentiel en terme de dimensionnement et de 
gestion est largement reconnu par le secteur professionnel du traitement des eaux 
usées. Les deux dernières décennies ont été marquées par des avancées scientifiques 
significatives sur les points suivants : 

- Le développement de nouveaux modèles incluant la description de plus de 
processus.
- La détermination expérimentale, notamment en laboratoire, de paramètres 
cinétiques et stoechiométriques des modèles. 
- L’utilisation des modèles pour l’étude de sites réels et le développement de 
protocoles de calage. 

ASM1 a apporté un langage commun pour le fractionnement des eaux usées et de la 
boue, et pour la description des processus macroscopiques. Les nouveaux modèles 
ont gardé la même structure qui permet de mettre en relation les variables de 
fractionnement avec des paramètres cinétiques et stœchiométriques dans une 
matrice dite de «Petersen».

En parallèle au développement des nouveaux modèles, la recherche s’est aussi portée 
sur les méthodes de calage de ces modèles. Le calage consiste à déterminer les «
meilleures » valeurs pour les paramètres d’un modèle dans un contexte donné (celui 
d’une station d’épuration généralement). Cela permet au modèle de devenir une
image plus pertinente de la «réalité».

L’utilisation toujours croissance de la modélisation a montré une forte demande pour 
l’établissement et l’homogénéisation des recommandations générales pour la
conduite d’une étude en vu du calage d’un modèle. Il est apparu essentiel d’inclure cet 
aspect méthodologique dans les problématiques prioritaires de la recherche
internationale. Ce travail requiert une connaissance avancée des modèles. Un groupe 
de travail spécialisé de l’IWA a donc été créé. Intitulé «Guidelines for Use of Activated
Sludge Models», ce groupe rassemble les enseignements tirés de l’étude de sites réels 
et de travaux de simulation qui permettent d’évaluer les capacités et les limites des 
modèles. La présente thèse souhaite contribuer à l’élaboration des bases scientifiques 
nécessaires à ces travaux. 
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Contexte au Cemagref

Depuis plusieurs décennies le Cemagref apporte son support aux acteurs publics et
privés dans le domaine du traitement des eaux usées en France. Sa position est à 
l’interface de la recherche et de l’ingénierie. Après la publication de nombreux guides
techniques de référence pour le dimensionnement conventionnel, le Cemagref a 
décidé depuis dix ans de s’impliquer dans la modélisation, notamment l’étude du 
traitement de l’azote par boues activées. Cette thèse a donc été précédée par d’autres
travaux sur ce sujet (Stricker, 2000 ; Choubert, 2002 ; Lagarde, 2003). 

Objectifs de la thèse

Deux objectifs principaux ont motivé l’orientation initiale de ce travail : 

- La validation de l’expérience acquise en modélisation à travers l’étude d’un site réel
sur une longue durée. 
- L’optimisation des consignes de dimensionnement et de gestion pour le traitement 
de l’azote par boues activées avec des résultats de simulation.

Le premier objectif a donc nécessité la recherche et la sélection d’un site d’étude,
choisi pour sa représentativité du parc des stations d’épuration françaises traitant
l’azote par boues activées et rassemblant les critères jugés indispensables pour
l’acquisition de données en vue de travaux de simulation . Le développement d’un 
protocole de suivi a été construit pour s’adapter aux besoins d’un modèle numérique 
(ASM1). Le calage et la validation de ce modèle avec des données de terrain ont été
des points essentiels dans cette étude. Les protocoles appliqués ont également inclus 
les spécificités du site d’étude : 

- aération intermittente (conditions de fonctionnement exploitée pour les courtes 
campagnes de calage)
- comportement imprévisible et dynamique d’un site réel (caractérisé par de longues 
périodes de suivi pour la validation du calage). 

De fortes variations des capacités de nitrification sont survenues lors du suivi de la 
station d’épuration sélectionnée pour l’étude, notamment durant les périodes
hivernales. Ces événements ont rendu impossible la réalisation des campagnes de 
calage programmées à basse température. Seules les campagnes réalisées à des 
températures estivales ont donné des résultats satisfaisants pour les objectifs des 
travaux de simulation. Néanmoins ces problèmes de variabilité des capacités de 
nitrification ont été l’opportunité d’engager une réflexion sur l’inhibition de la 
biomasse autotrophe et sur la capacité des modèles à représenter le fonctionnement
«réel» des stations d’épurations. 

Cette réflexion sur la modélisation du traitement de l’azote a été poursuivie à travers 
le second objectif de la thèse : transférer les connaissances et l’expérience acquises 
par l’étude sur site réel vers la construction de Scénarios «Avancés». Ces scénarios
sont basés sur des schémas de stations virtuels auxquels sont appliqués des contraites 
de fonctionnement. Il a ainsi été choisi d’approfondir l’étude des mécanismes du 
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modèle par la comparaison des résultats de simulation avec les résultats proposés par 
les consignes de dimensionnement conventionnelles. Finalement ces bases ont
permis l’élaboration de scénarios prospectifs. 

Contenu de la thèse

La structure de cette thèse est basée sur le plan classique : bibliographie, méthodes et 
résultats. Il est cependant nécessaire d’en présenter le contenu afin de justifier 
certains choix dans sa présentation détaillée.

Après une introduction sur la modélisation du traitement des polluants organiques, 
azotés et phosphorés par les boues activées à travers des rappels historiques et des 
éléments récents, la bibliographie présente le modèle ASM1 ainsi que ses points
communs et ses différences avec le modèle ASM3. Ce choix de présentation a été 
motivé par les modifications qui ont du être apportées au modèle ASM1 lors de la
thèse et qui correspondent généralement au modèle ASM3. Cette section peut donc 
être considérée comme une première approche pour la préparation de futures études
sur sites réels où le modèle ASM3 pourra être utilisé. 

La partie bibliographique se termine par une description de la dynamique de la
biomasse nitrifiante : sa croissance, sa mortalité et son inhibition potentielle. Ce sont 
des élément clés pour la modélisation à partir de données acquises sur site réel. 

La méthodologie de la thèse est scindée en deux sections. La première section 
présente les protocoles appliqués pour le suivi du site réel sélectionné :
caractérisation de la station, protocole de suivi long terme, protocole des campagnes
de calage. La seconde section décrit la stratégie appliquée pour le calage et la
validation du modèle.

La dernière partie de cette thèse débute avec la présentation des résultats de l’étude 
sur site réel. Cette section s’intitule « Calage/Validation du modèle ASM1 » (ASM1
Calibration/Validation) et propose les paragraphes suivants : 

- Calage en régime permanent (Steady state calibration) : caractérisation du process à 
partir des données du suivi long terme (22 mois). 
- Calage dynamique (Dynamic calibration) : campagnes de calage courtes (8 hrs) avec 
une dynamique amplifiée des concentrations en azote. 
- Validation dynamique (Dynamic validation) : résultats et contraintes pour la
validation du calage des paramètres du modèle avec des données acquises sur une 
période très dynamique (2 mois en hiver, avec fortes pluies et apparition d’inhibition
de la nitrification). 

Ce travail sera intégré à la contribution du Cemagref au groupe de travail IWA « 
Guidelines for Use of Activated Sludge Models ». 

La seconde section de la partie résultats, intitulée Scénarios Avancés (« Advanced 
Scenarios »), peut être lue indépendamment du reste de la thèse, des aspects 
méthodologiques étant inclus pour chaque paragraphe. Les objectifs principaux de 
ces scénarios sont : 
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- La comparaison des résultats de simulation avec les prédictions proposées par des 
consignes de dimensionnement conventionnelles. 
- L’analyse de la sensibilité du modèle/système à ses propres paramètres et à des
paramètres externes (eaux usées, gestion,…) 
- L’étude de stratégies de dimensionnement et de gestion, notamment dans des 
situations de crise (pluie, inhibition, problème de gestion de la boue). 

Une partie de ce travail contribuera à l’actualisation d’un document technique de 
référence publié par le Cemagref à l’attention des gestionnaires et des constructeurs 
de station d’épuration.

Note sur les annexes 

Outre des documents complémentaires aux résultats présentés dans la thèse, les 
annexes contiennent deux documents qui peuvent être lus indépendamment : 

- Annexe V. Taux de décès autotrophique (Autotrophic decay rate tests) :
présentation des méthodes et des résultats obtenus lors de la détermination 
expérimentale de ce paramètre en laboratoire (7 tests). 

- Annexe VI. Réduction du rendement (hétérotrophique) en anoxie (Reduction of
anoxic yield value) : article présentant la nécessité de la réduction de ce paramètre en
anoxie à partir de l’étude des données acquises sur 22 stations d’épuration à aération
intermittente et de travaux de simulation avec ASM1. 

Ces deux documents, qui portent sur des paramètres et des méthodes spécifiques, ont
été placés en annexe afin de préserver l’articulation logique du corps de document. 
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I.1. Modelling pollutants removal by activated 
sludge

I.1.1. Short history of the activated sludge process 

I.1.1.1. Discovery 

At the middle of the XIXth century, the accumulation of sludge both in the sewer 
systems and at their discharge locations became considered as a problem for large 
cities like London and Paris. This has motivated the first attempts for wastewater 
treatment with settling, filtration, disinfections (e.g. with phenic acid or chloride) and 
precipitation (e.g. with ferric chloride or sulphate alumina). Nevertheless these two
last processes were too expensive for industrial scale by this time. Physical processes 
like settling and filtration have been progressively upgraded with fixed film biological 
filters (Boutin, 1986). 

The history of the activated sludge process seems to start the 3rd of April 1914, with 
the communication of two young English researchers Edward Ardern and William 
Lockett: “Experiments on the oxidation of sewage without the aid of filters” (Ardern,
1914-1915). Before other researchers had already noticed the oxidation capacities of
wastewater under aeration (Lauth, 1875; Mille, 1885), but they were discouraged 
from continuing their investigations because of the very slow rate of this process 
(lasting several weeks before obtaining an oxidation comparable to trickling 
reactors).

In their communication Edward Ardern and William Lockett presented an 
experiment which consisted in aerating wastewater in a reactor during five weeks 
(until total nitrification was achieved), then decanting the reactor for replacing the 
supernatant by fresh wastewater and keeping the accumulated solids (called 
“humus”!). The reactor was aerated again until complete oxidation. This operation 
was carried out several times until the following observations were made: 

- the oxidation time has decreased from 5 weeks to 24 hrs
- the solids accumulation has increased during the experiments 

The authors did not dare to conclude on biological reactions versus chemical 
reactions, even if: 

- gel counting showed high content of bacteria 
- various protozoa were observed 
- sterilization allowed the stop of the oxidation process 

The same year, they presented a lab-scale setup which became the conventional 
design for activated sludge processes: a continuously fed aeration tank followed by a
clarifier and a return system (see Figure 1). The activated sludge process was born.

The authors showed that this system could perform a “92% purification” within 4 hrs.
In 1915 they also presented their first findings on the influence of temperature, pH 
and “toxic influents” (Ardern, 1914-1915). 
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Aerated reactor Clarifier

Return Activated Sludge Excess Sludge
Wastage

Wastewater Treated water

Figure 1. Conventional design for activated sludge process. 

Not long time after, the first full-scale applications were built in the United States 
(Boutin, 1986):

- 1916: Texas (450 m3.d-1), Milwaukee I (7,500 m3.d-1)
- 1917: Houston (21.000 m3.d-1),
- 1925: Milwaukee II (170.000 m3.d-1), Indianapolis (190.000 m3.d-1),
- 1927: Chicago (660.000 m3.d-1)

It is important to notice that the war divided two design “schools” for activated sludge 
processes which can still be identified: 

- In Europe, long SRTs are applied for obtaining total oxidation 
- In America, shorter SRTs are applied for minimizing the facilities size 

I.1.1.2. Biological nutrient removal

The history of biological nutrient (N & P) removal is not as long as the one of the 
activated sludge process for carbonaceous load oxidation. The micro-organisms
performing nitrification, denitrification and enhanced biological phosphorus removal
(EBPR) require specific operating conditions that consist in combinations of aerobic,
anoxic and anaerobic conditions.

The first processes that allowed nitrification and denitrification to be performed 
thanks to combination of aerobic and anoxic tanks were known as the Wuhrmann
(1964) and the Ludzack-Ettinger processes (1962). Latter the Bardenpho process
(1973) was recognized as an improvement to overcome the incomplete denitrification.

The history of EBPR systems is even more recent. The most famous process are 2-
stage and the 3-stage Phoredox processes (known also as A/O and A²/O processes).
In 1975, Nicholls observed the inhibitory effect of nitrate on anoxic process in EBPR. 
This initiated the development of new processes until the Johannesburg process 
(Dold, 1991). 
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I.1.2. First steps in modelling activated sludge 
process

“Due to the absence of basic rational guidelines [mathematical representations], the
early developments of plant design and operation have been more of an art than a 
science.” (Jeppsson, 1996)

“A matter that has been the cause of confusion and to a certain extend has inhibited 
the development of activated sludge theory is the lack of a consistent measure of the
concentration of organic material in wastewater.” (Henze, 1987) 

Around 1940, systems with high food to micro-organisms ratio (F/M) gained more 
interest and this motivated the first researches in modelling. Famous names such as
Henkelekian, Sawyer, Mc Kinney, Eckenfelder, Wührmann or von der Emde are still 
known for formulas that help predicting the oxygen consumption or the sludge
production. Referred as empirical or semi-empirical formula, they were generally 
obtained from laboratory experiments. 

The kinetics aspects were introduced latter. The Monod model proposed for pure 
cultures will be ignored for a while in spite of one application to wastewater proposed
by Garret and Sawyer (Garret, 1952). The biphasic model corresponding to the 
observation of Penfold and Norris (proportional growth to substrate at low 
concentration and independent growth at high concentration) was preferred. The 
Monod model was more commonly used for wastewater application from 1965 with 
studies on the sludge production prediction. 

An important constraint for the development of models was the degree of confidence
that could be given to the data from sensors. In 1969, Brouzes proposed a model 
entirely based on the oxygen consumption, since it was considered as a parameter
that can be measured with convenient accuracy. Nevertheless, in 1986, Boutin 
concluded that modelling of wastewater treatment is still disappointing and that 
better mathematical representations should be expected. 

I.1.3. Recent developments in activated sludge 
modelling

I.1.3.1. Unified structure of the models 

At the beginning of the 80’s, the development of BNR processes intensified the 
demand for mathematical representations of the stoichiometry and the kinetics of 
activated sludge, and the existing models did not gain much interest because of lack 
of trust, the limitations in computer power and their complicated form (Henze,
2000). Thus a task group was formed by the International Water Association (IWA, 
formerly IAWPRC) in 1982 to promote development and facilitate the application of 
practical models for design and operation of WWTPs. 
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From the work of this task group, the first Activated Sludge Model (ASM1) was
published in 1987. This model was largely based on the experiments performed by 
Dold et al. (1980) for the publication of their “General model for the activated sludge
process”. ASM1 rapidly became a reference platform for numerous model
developments. Two important aspects of the model have strongly contributed to its 
success:

- the Petersen matrix notation that facilitated the communication of complex
processes models 

- the selection of COD as representative measure of the organic material in the
wastewater and the sludge (considered as preferable to BOD or TOC since it 
provides a link between electron equivalents in substrate, biomass and 
oxygen).

Among the various models that were derived from ASM1, we can cite ASM2/ASM2d 
(Henze, 1995-1999) models with phosphorus removal involving additional fractions 
of COD (Sollfrank, 1991), model with description floc forming and filamentous 
bacteria (Gujer, 1992), model with extension for pH calculation (Fairlamb, 2003 ;
Serralta, 2004), model including physical and chemical processes (Seco, 2004), and 
model considering the protozoa (Moussa, 2005). Model like ASM3 (Henze, 2000) or
the New General Model (Barker, 1997) keep the same structure as ASM1, but they
represent much more an evolution in the concepts of ASM1. 

The ASM family can be considered as white box-model since each parameter refers to 
biological concepts. Nevertheless, black-box, stochastic grey-box and hybrid models 
are complementary to white-box models for wastewater treatment modelling (for 
prediction of the influent load, estimation of the biomass activity and effluent quality 
parameters). Artificial intelligence (AI) can also interact with white-box models, 
especially for supervisory control systems for WWTPs (Gernaey, 2003). 

Another important characteristic of ASMs is their macroscopic representation of the
average composition of the biomass. It is not possible to transfer directly the
“macroscopic” parameters of the models to the behavior of individual cell.
Computation of macroscopic and microscopic models of the storage growth process 
as described in ASM3 has shown that for continuous flow systems the sum of the 
individual cell activity (microscopic model) does not lead to the same results than
with using a macroscopic models (Gujer, 2002). 

I.1.3.2. Use of the models 

A model can have three main functions (Russel, 2002):
- a service role: allows to obtain results for further analysis 
- an advice role: helps the understanding of sub-problems in an overall study 
- an analysis role: parameters and operation sensitivity assessment 

In their state of the art review on activated sludge wastewater treatment plant 
modelling and simulation, Gernaey et al. (2003) discuss three main applications of 
the models: for learning, for design and for process optimization. In the case of 
learning applications, the model facilitates the understanding of complexes processes 
on a WWTP for students and operators. In the context of design and process 
optimization, Vanrolleghem et al. (2003) proposes the following main objectives:
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- Optimization and upgrading of an existing activated sludge plant 
- Meeting the effluent criteria 
- Cost reduction in the operation 
- Design for reuse of effluent wastewater
- Development of operation strategies 
- Design of the treatment plant 
- Or combinations of the above objectives 

An important interest in models is currently their implantation into supervisory and
control systems. The ever growing complexity of the sensor equipment and the 
automatic control techniques increase demands on the skill of WWTPs operators. 
Models are seen as potential tools for on-line optimization of operation and as 
support tools for decision-making. 

For even broader scope, the literature reports studies on integrated urban wastewater
system for real-time control (RTC) (Vanrolleghem, 2005). Such applications require
research on interfacing different models (sewer models, ASMs and river model) and
on possible simplification of the models. The structure of the Pertersen matrix 
appears as a convenient tool for solving interfacing issues (Vanrolleghem, 2005). 

I.1.3.3. The calibration issue 

Calibrating a model can be understood as the adjustment of model parameters for 
fitting the simulation results to data obtained from a full-scale WWTP. The 
requirements for calibration rely on the model purpose. If qualitative comparison are 
sufficient (e.g. for education purpose), the need for calibration is not as important as 
if the model is to be used for evaluating performance or optimization. 

Since the publication of ASM1 in 1987, numerous full-scale model applications have
been carried out. In the SWOT (Strengh, Weakness, Opportunities and Threats) 
analysis of published protocols for model calibration, Sin et al. (2005) note that these
applications were mostly based on ad hoc approaches and expert knowledge. 
Typically, the model calibration is considered as a process engineering approach
based on the understanding of the processes and of the model structure (Gernaey,
2003). Consequently each modelling study was performed with specific influent 
wastewater characterization methods, different parameter selection and calibration 
methods. Thus the authors underline that the lack of standard approach makes 
difficult to compare different calibrations of ASMs and to perform internal quality
checks for each calibration study (Sin, 2005). 

Nevertheless four systematic calibration protocols have already been published:
- The BIOMATH calibration protocol (Vanrolleghem, 2003) 
- The STOWA calibration protocol (Hulsbeek, 2002) 
- The Hochschulgruppe (HSG) guidelines (Langergraber, 2004) 
- The WERF protocol for model calibration (Melcer, 2003)

Figure 2 shows an example of flowchart for the calibration protocol from the HSG 
guidelines (this example was chosen being the closest to the methodology applied for
full-scale study presented in this thesis). 
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All protocols present similarities, which can be seen has key features for a modelling
study (Sin, 2005). They also require the definition of the goal of the study since these 
goals determine the overall calibration level. The data collection, verification and
reconciliation is also presented as crucial whatever is the source of the data (design,
operational data or additional data from campaigns). Finally, all protocols underline 
the importance of validating the calibrated models with an independent set of data 
(obtained under different operating conditions than those of the calibration period). 

Nevertheless important differences are reported between the published calibration
protocols too. The most important ones are the design of the measurement 
campaigns, the experimental methods for influent characterization and 
kinetic/stoichiometric parameter estimation, and the calibration methodology itself 
(parameter selection, adjustment method, error estimation). 

In parallel to full-scale survey, lab-scale experiments generate data that are an
important additional source of information for the calibration of full-scale model 
parameters. However, lab-scale experiments would also require standardization, 
especially because of the limitations in transferring the results to full-scale model. A 
detailed review on experimental designs for calibration of activated sludge models is 
given by Petersen et al. (Petersen, 2003). 

42



Figure 2. Flowchart of the HSG guideline protocol. From Langergraber et al. (2004) 
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Transition:

The first section of the thesis has introduced “modelling pollutants removal by 
activated sludge”. It was demonstrated that activated sludge processes already have a
long history. The history of modelling has been enhanced in the last decades by both 
the development of processes for nutrient removal (N & P) and the strong increase of 
computers calculation power. 

In the following section the activated sludge model that was used in the present work 
(ASM1) is presented. Along this presentation, the model mechanisms will be
compared to those of ASM3, a more recent model that contains interesting
modifications as it will be shown in the result sections of the thesis.
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I.2. Presentation and discussion of ASM1 versus 
ASM3

I.2.1. Presentation of the ASM suite 

I.2.1.1. ASM1 

In 1982, a Task Group on Mathematical Modelling for Design and Operation of
Activated Sludge Process was established for creating a common platform for future
models development. This Task Group of the International Association on Water 
Pollution Research and Control (IAWPRC, now IWA) developed a model on the basis 
of 15 years of research in modelling of activated sludge process. 

This model, known as the Activated Sludge Model n°1 (ASM1) (Henze, 1987), was 
published at a time when it gathered the state-of-the-art knowledge and when 
computing power was still scarce. Consequently the structure of the model was 
influenced by this last constraint. The building of this model consisted in the 
identification of the major processes and selection of the appropriate kinetic and
stoichiometric expressions. Nevertheless the authors of ASM1 were also motivated to 
publish a model with a clear presentation of the fate and interactions of the system 
components. Thus the matrix format proposed by (Petersen, 1965) was adopted. The 
format was also adopted for the mainstream models developed by the Task Group 
under the IWA umbrella (ASM2, ASM2d, ASM3). 

This common matrix format and the common notations helped the scientific 
community to communicate on their researches on activated sludge process
modelling. These “platform models” have also been a basis for many others models.

Moreover a river system model (RWQM1: (Reichert, 2001)) and an anaerobic
digestion unit process model (ADM1: (Batstone, 2002)) have also been proposed with 
Petersen composition matrices. This allows the construction of interfacing models
(Vanrolleghem, 2005) between subsystems and suggests the possibility of broader 
integrated modelling systems in the future. 

The selection of the model for a simulation depends on both the processes present at 
the WWTP and the goals of the study. For the present study ASM1 was selected for
the following reasons: 

- the literature and previous thesis published by the Cemagref offer a
considerable background of practical experience with this model, 

- the goals of the study focused on nitrogen removal by activated sludge, 
consequently there was no need to use model with biological phosphorus 
removal,

- ASM1 proposes a small number of parameters/variables 
- the operating conditions seemed to fall into ASM1 application domains (type 

of influent, pH,…) 
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Nevertheless this decision on the model selection was made knowing the model 
limitations underlined in the publication of ASM3 (Henze, 2000). Furthermore it will
be seen through this document that several modifications in ASM1 that appeared
necessary for the study purpose correspond to ASM3. This motivated the choice of 
presenting ASM1 “versus ASM3” in the next section. This can be regarded as a first 
approach for preparing further full-scale studies using ASM3 as biological model. 

I.2.1.2. ASM2, ASM2d

When ASM1 was published (in 1987), biological phosphorus removal was already 
performed on a limited number of activated sludge plants. Nevertheless, during the 
ten following years of the publication, both the number biological phosphorus 
removal plants and the understanding of the process have strongly increased. The 
Activated Sludge Model n°2 (ASM2) was published in 1995 (Henze, 1995). 

When ASM2 was published, more research was needed on the denitrifying Phosphate 
Accumulating Organisms (PAOs). They were added in 1999 in ASM2d (Henze, 1999). 

I.2.1.3. ASM3 

The Activated Sludge Model n°3 (Henze, 2000) was published in 2000 to be a new
platform model for biological nitrogen removal at activated sludge WWTPs. Even if 
ASM3 is not meant to replaced ASM1, it includes several modifications that are based 
on recent research (for instance the concept of substrate storage). Nevertheless ASM3
is not presented as an “ultimate” model, and further improvement are expected. 

I.2.2. ASM1 description and differences with ASM3 

In the methods and results of this study, some modifications of ASM1 will be
introduced, based on both practical and modelling experience. These are generally in 
accordance with the modification included in ASM3. Therefore in the following 
description of ASM1, the differences with ASM3 will be highlighted. 

In order to provide easy reading, the notation of ASM1 will be applied to ASM3 for
common features (compounds or parameters). 
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I.2.2.1. State variables

I.2.2.1.1. Fractionation criteria

Figure 3 shows the fractionation of COD according to ASM1. At first COD is divided 
in active (biomass) and non-active material. The biomass is considered as particulate 
with two types of microorganisms: heterotrophic and autotrophic. The non-active 
COD is divided into inert and biodegradable fractions. Then these two fractions are 
respectively divided again according to biodegradation rate and physical behavior 
(solubility) criteria. 

One important assumption in ASM1 is to consider that biodegradation rate and 
physical behavior correspond to the same limit between settleable (particulate) and 
soluble material. In theory this limit seems obvious but in practice the separation
between these two fractions is far more complex, especially with the presence of 
colloids as an intermediate category between particulate and soluble material. For
measurement purpose, the most common separation technique is the filtration. This
implies the hypothesis of a correlation between the particle size and their solubility. A 
coagulation-flocculation stage can also be performed prior to filtration in order to 
include the colloidal fraction in the particulate fraction. 

Storage
(Xsto)

COD

Active (alive)
Non-active

Biomass
Biodegradable Inert

Heterotrophs (Xbh) Autotrophs (Xbh)Readily
(Ss)

Slowly
(Xs)

Soluble
(Si)

Particulate
(Xi+Xp)

Biodegradation rate Physical behavior Substrate

Figure 3. COD fractionation according to ASM1 (in red: addition of Xsto in ASM3)

ASM1 contains 13 state variables. It is proposed to split the COD and the nitrogen of 
both the influent and the activated sludge into state variables: 7 for the COD, 4 for the
nitrogen. DO and alkalinity are represented by two other state variables. 

Some of these variables correspond to measurable parameters like: So (DO), Sno 
(NOx-N), Snh (NH4+-N) and Salk (Total alkalinity). Nevertheless most of them are 
not directly identifiable in the influent or in the sludge but their combinations
correspond to more common parameters such as COD, BOD5, TSS and VSS. These 
lumped variables are called composite and are recalculated from state variables as 
shown in Figure 4 and Figure 5. 
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ASM3 differences

The same fractionation criteria apply to ASM3 state variables. Nevertheless a new 
concept was introduced with the cell internal storage product of heterotrophic
biomass. This fraction (Xsto) is part of the non-active biodegradable particulate COD, 
but it occurs only associated with Xbh. Xsto cannot be directly chemically measured 
since it is only a functional compound required for modelling. 

I.2.2.1.2. COD state variables

According to the COD fractionation criteria mentioned earlier, four categories can be 
considered: biodegradable soluble, biodegradable particulate, inert soluble and inert 
particulate. The particulate fractions represent the particulate substrate (Xs), the
particulate inert COD (Xi), the biomass (Xbh: heterotrophic, Xba: autotrophic), and 
the inert by-product (or residue) from the biomass decay (Xp). The soluble fractions 
encompass biodegradable and inert soluble COD (respectively Ss and Si). 

Concerning the biodegradable fractions Xs and Ss, they are defined in ASM1 as 
readily biodegradable substrate and slowly biodegradable substrate. Xs needs to be 
hydrolyzed into Ss before serving as substrate for the heterotrophic growth.  Thus the
solubility fractionation is correlated to a “biodegradation rate”. 

Remark: Xi and Xp are two similarly fractions accounting for particulate inert COD.
They only differ by their origins. Xi comes from the influent whereas Xp comes from
biomass decay residue. In practice they cannot be distinguished in the sludge. 

fbod

fbod

Si

Ss

Xs

Xbh

Xba

Xi

Xii

SBODu

BODu

XBODuXBOD5

SBOD5

BOD5

SCOD
COD

XCOD

VSS

TSS

ISS

icv-1

Xp

Figure 4. Relationship between ASM1 COD state and composite variables (in GPS-X 
software).
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Note: Xii stands for ISS and was initially included in ASM1. It was added in order to
calculate the sludge production and the VSS fraction in a proper way. 

ASM3 differences

In Figure 4, the cell internal storage product of heterotrophic biomass organisms 
(Xsto) should be placed between Xbh and Xs. Thus this fraction is included in the 
calculation of particulate COD (XCOD) and particulate ultimate BOD (XBODu).

In ASM3, the death regeneration process has been replaced by the endogenous 
respiration concept. Consequently, the fraction Xp was removed, only Xi stands for
inert particulate COD. Therefore, the total COD is given by the following expression 

CODtot = Si + Ss + Xi + Xs + Xbh + Xba + Xsto 

A suspended solids compounds is included in ASM3 (Xss , in gSS.m-3) with 
corresponding ratios for particulate fraction of COD (iSS,Xi, iSS,Xs, iSS,BM and 0.60 of
Xsto).

I.2.2.1.3. Nitrogen state variables 

The fractionation of nitrogen is also based on the soluble/particulate criteria. The 
four initial fractions of nitrogen in ASM1 are ammonium plus ammonia nitrogen 
(Snh), nitrite plus nitrate nitrogen (Sno), soluble biodegradable nitrogen (Snd) and 
particulate biodegradable nitrogen (Xnd). In order to obtain consistent mass balance 
for TKN (or TN) the two fractions soluble inert nitrogen (Sni) and particulate inert 
nitrogen (Xni×iXP) were added for the present work. 

iXBiXP

Sno Snh Snd Xnd

Xbh XbaXi

Sni

Figure 5. Relationship between ASM1 nitrogen state and composite variable variables
(in GPS-X software). In red: modifications for the study.

Xp

STKN XTKN

TKN

       TN 

(Ss) (Xs)(Si)

Note: both Sni and Xi were not initially included in ASM1. 
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Concerning the soluble and particulate biodegradable nitrogen fractions (Snd and

Snd
y ammonification.

SM3 differences

he biodegradable soluble and particulate organic nitrogen (Snd and Xnd) included 

n ASM3 a SN2 fraction was also added. It corresponds to all the denitrified nitrogen 

igure 6. Relationship between ASM3 nitrogen state and composite variables. 

I.2.2.2. Processes 

SM1 includes 8 processes that describe interactions between the model fractions. 

I.2.2.2.1. Heterotrophic growth

n the ASM1 matrix, the heterotrophic growth is represented by lines 1 and 2. The 

the production of Ss through hydrolysis. 

Xnd), “biodegradable” means: 
- Xnd is hydrolysable into
- Snd is transformed into Snh b

A

T
in ASM1 cannot easily be measured. It was then considered that they unnecessarily
complicate the model. Therefore these two fractions do not appear in ASM3. Apart 
from Sno (NOX-N) and Snh (NH4+-N), all other nitrogen fraction are represented 
thanks to constant ratios from the COD fractions (see Figure 6). Only Xsto is 
supposed to have no nitrogen content.

I
(from anoxic growth, storage and respiration).

Snh
Si
×

iN,Si

Ss
×

iN,Ss

Xs
×

iN,Xs

Xi
×

iN,Xi

Xbh
×

iN,BM

Xba
×

iN,BM

Sno

XTKNSTKN

TKNTN

F

A
These processes are described through stoichiometric coefficients and rate equations 
(see appendix I). 

I
first line stands for the aerobic growth whereas the second line stands for the anoxic 
growth. In both cases the substrate is the readily/soluble biodegradable COD (Ss). 
Generally the concentration of Ss in the influent is lower than the concentration of 
Xs. Also the death-regeneration model for decay in ASM1 implies significant recycles 
of Xs. Thus the heterotrophic growth relies on both the Ss input from the influent and
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In aerobic conditions, the growth occurs regardless of the nitrate concentration. Only 
the presence of substrate and DO is required. In anoxic conditions, the DO must be

egligible and nitrate plus substrate must appear. In this case the growth rate is 

ch experiments (Muller, 2003; Strotmann, 1999;
pérandio, 1999; Sozen, 1998) and full-scale survey (Choubert, 2005) have proven

erobic conditions the consumption of ammonium is associated to a consumption of 

consistencies as this component is “required” but
ot “limiting”. Situation where nitrogen could be negative concentration or could be 

the energy consumption for substrate storage before
ssimilation. It is mentioned that in reality processes are far more complex for

Mo r es for modelling simultaneous storage and
gro th e

hases.

xygen consumption and denitrification.

heterotrophic growth (Yh).

n this process the autotrophic biomass converts ammonium nitrogen (Snh) to
nitrates (Sno). T ritation and nitratation), but
onsidering a single step reaction is convenient for most of the wastewater modelling

n
reduced by an anoxic correction factor ( g). In anaerobic conditions (no DO, no
nitrate), no growth can occur. 

Initially the growth yield (YH) was considered the same in aerobic and anoxic 
conditions. Nevertheless bat
S
the need to reduce YH under anoxic conditions. Finally this modification was
introduced in ASM3. The most encountered values are YH,O2= 0.67 and YH,Sno = 0.54. 

Another important remark about the heterotrophic growth process in ASM1 and 
ASM3 is that it consumes ammonium nitrogen (fraction ixb to the biomass). In
a
alkalinity (SALK). Under anoxic conditions some alkalinity is produced by the use of
nitrates (Sno) as electron acceptor. 

Nevertheless there is no ammonium or alkalinity limitation for the heterotrophic 
growth in ASM1. This may lead to in
n
“artificially created” may occur. This issue led to the addition of Monod kinetic 
expression in ASM3 with ammonium and alkalinity half-saturation parameters for 
both aerobic and anoxic growth. 

Unlike ASM3, ASM1 does not include a storage phase of the substrate. In ASM3 this
process is a simplified model for
a
storage, assimilation and dissimilation, but no reliable model can represent them for
now. Consequently the two following assumptions were chosen to simplify the model: 

- all Ss substrate is converted to Xsto 
- the substrate for the growth of heterotropic biomass consists entirely of Xsto

re ecent studies propose new approach
w processes (Sin, 2004; Sin, 2005). It allows the distinction of feast and famin

p

In ASM3, the process of storage occurs in both aerobic and anoxic conditions, thus it
implies o

In spite of this additional process, direct growth can however be approached by using 
a lower yield coefficient for storage (Ysto) than for

I.2.2.2.2. Autotrophic growth

I
his is actually a two-step reaction (nit

c
application (provided that the studied systems never encounter nitrite accumulation).
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Nitrification requires aerobic conditions. The oxidation of Snh into Sno uses
alkalinity. Ammonium is also consumed for the cell growth. No nitrification occurs 
under neither anoxic nor anaerobic conditions. 

n and nitrogen, this component does
ot appear in the matrix.

ity limitation of the process rate. 

n activated sludge models, all processes concerning the biomass not associated to 
growth are gathe ecay process. This simplification

ay stand for many processes that are not well-known, such as maintenance, 

utotrophic biomass. The advantage of this representation is its 
pplicability to both aerobic and anoxic conditions since it does not explicitly involve 

sses are considered according to aerobic or anoxic conditions. The
ecay rate depends on the electron acceptor. It is lower in anoxic conditions and does 

f nitrogen in the Xi fraction is lower than the nitrogen content of the biomass, the

his process relies on the existence of a soluble “biodegradable” organic fraction of 
nitrogen (Snd) t ep before being available for the

iomass (growth and nitrification) as ammonium. The rate of this process is 

The autotrophic biomass uses carbon dioxide (CO2) as a source of carbon. Since 
ASM1 does not consider gaseous state for carbo
n

The only difference in ASM3 for the autotrophic growth is the addition of a Monod 
kinetic function for alkalin

I.2.2.2.3. Decay processes

I
red in a single process, namely the d

m
endogenous respiration, lysis, predation, motility, death, dormancy… (Van
Loosdrecht, 1999). 

ASM1 uses a “death-regeneration” system for representing the decay of the
heterotrophic and a
a
the consumption of electron acceptor (Dold, 1980). It consists in considering that a 
fraction of the biomass decay residues is biodegradable and becomes available for re-
growth of heterotrophic and autotrophic biomass. In this model the decay process 
itself does not utilize oxygen or nitrate (it occurs at the same rate under aerobic,
anoxic or anaerobic conditions), but these electron acceptors are indirectly required
for the re-growth. 

In ASM3, the decay process is represented by the endogenous respiration system. In 
this case two proce
d
not occur at all under anaerobic conditions. 

Since oxygen (as oxygen or nitrate) is required and becomes a limiting factor for the 
rates. Residue from the decay becomes exclusively inert COD (Xi). Since the content
o
difference is returned as ammonium (and the corresponding alkalinity). 

I.2.2.2.4. Ammonification 

T
hat requires an ammonification st

b
proportional to the concentration of Snd and to the concentration of heterotrophic 
biomass. It generates the alkalinity corresponding to the ammonium production. 

Ammonification is independent of the electron acceptor and occurs at the same rate 
in aerobic, anoxic and anaerobic conditions.
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In ASM3 it was considered that the process of ammonification is fast enough to not 
affect the model prediction. Since it is also hardly quantifiable, this process was 
uppressed.

I.2.2.2.5. Hydrolysis of entrapped organics 

his process ensures the conversion of the particulate biodegradable fraction of the 
COD (Xs) into omes available for

eterotrophic growth. In ASM1, Xs is provided by both the influent and the decay. 

ysis can occur independently of the conditions
aerobic, anoxic or anaerobic).

ydrolysis of entrapped organic nitrogen 

n ASM1, this process stands for the transformation of particulate “biodegradable”
organic nitrogen The rate is

ased on the rate of hydrolysis of entrapped organics and follows the same 

s

T
soluble biodegradable fraction (Ss), which bec

h
The rate of hydrolysis is proportional to the heterotrophic biomass concentration and 
is limited by the ratio of particulate biodegradable substrate to heterotrophic biomass 
(Xs/XBH). It is also limited by the oxygen concentration under aerobic conditions and 
by the nitrate concentration and a reduction factor ( g) under anoxic conditions.
Nevertheless neither oxygen nor nitrate is consumed for this process. In anaerobic
conditions, no hydrolysis occurs. 

In ASM3 this process is more coherent since no limitation by electron acceptors was 
included. Therefore the hydrol
(

I.2.2.2.6. H

I
(XND) to soluble “biodegradable” organic nitrogen (SND).

b
limitations by electron acceptor (XND/Xs). In ASM3 this process was removed all 
together.
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Transition

The above section has presented the Activated Sludge Model n°1 (ASM1), with 
comparing its mechanisms to those of ASM3. Those two models allow the 
representation of the activity of the heterotrophic and the autotrophic biomass. When 
nitrogen removal must be performed, a special attention must be paid to the 
constraining conditions that allow maintaining the autotrophic biomass, since it has a 
slow growth rate compared to the heterotrophic biomass. 

The following section will present in greater depth the dynamics of the autotrophic 
biomass through its growth, its decay and their potential variability or inhibition. 
This last issue will show a high topicality in the full-scale survey of this work.
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I.3. Autotrophic biomass dynamics 

The presence of autotrophic (or nitrifying) biomass in an activated sludge reactor
allows the oxidization of ammonium nitrogen to nitrates in aerobic conditions. For
decades, a lot of research has been carried out to define the best conditions for
maintaining this biomass with its nitrification capacity. 

I.3.1. The nitrifying biomass

In an activated sludge system the nitrate production results from a two-step process 
that converts ammonium nitrogen to nitrate through a nitrite stage. This conversion
is undertaken by two groups of autotrophic micro-organisms. In activated sludge 
systems, the first group, the ammonium to nitrite oxidizers, was considered as
Nitrosomonas (Nitrosomonas Europaea) bacteria and the second group, the nitrite 
to nitrate oxidizers, was considered as Nitrobacter (Nitrobacter spp.) bacteria
(Henze, 1995). Nevertheless recent advanced in microbiology and gene analysis
revealed that numerous types of bacteria may catalyse nitrate production in the 
activated sludge environment of WWTPs. For instance the ammonium oxidizers 
group encompasses various species like Nitrosomonas eutropha, Nitrosococcus
mobilis and members of the Nitrosomonas marina (Wagner, 2002; Juretschko,
1998) and some other species as the Nitrospira seems less predominating than 
previously assumed. 

However most of the activated sludge models (ASM) lump all the different types of
bacteria in a single autotrophic nitrifying biomass with its own kinetics (growth and 
decay) and yield. With usual activated sludge operation and environment, the nitrite 
production is assumed to be the rate-limiting step, but some conditions such as high 
pH may lead the accumulation of nitrites. Hence, more advanced models divide this
biomass in an ammonium oxidizing biomass and a nitrite oxidizing biomass 
(Ossenbruggen, 1996). The present document will consider only one biomass, as
proposed in ASM1 (Henze, 1987). 

I.3.2. Growth and decay

The growth of the autotrophic biomass is synonym of nitrification. Its decay is a 
model mechanism that stands for any process that does not contribute to the growth 
of the autotrophic biomass. This section will present the stoichiometry, the
modelling, maximal rate and the limitations of this process.

I.3.2.1. Nitrification reaction

As shown in Equation 1 (Ammonium oxidization to nitrite) and Equation 2 (Nitrite 
oxidization to nitrate), nitrification can be represented by a two-step reaction. Both 
equations can be combined in a single equation for ammonium conversion to nitrate. 
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HOHNOONH 22
3

2224

Equation 1 

322 21 NOONO

Equation 2 

HOHNOONH 22 2324

Equation 3 

This last equation gives a simplified picture of the conversion of ammonium to 
nitrate. It allows the determination of the theoretical oxygen demand for the 
conversion of ammonium to nitrate (4.57 g02.gN-1). The yield of ammonium to nitrate
conversion is actually affected by the bacteria needs for its growth. It is commonly
accepted that the biomass composition can be approximated by: C5H7NO2. Since
nitrification is a biological process that leads to autotrophic bacterial growth, it 
requires external sources of nitrogen and carbonate. The nitrogen source is
ammonium (assimilation) and the carbonate source is bicarbonate (HCO3-).
Therefore the following equation gives a more relevant description of the nitrification
reaction:

OHCOHNONOHCHCOONH 2323275324 04.188.198.002.098.186.1

Equation 4 

From this equation, we can deduce the following stoichiometric ratios: Mass of 
oxygen required for the production of 1 g of nitrate = 4.33 g O2.g NO3-—N-1

I.3.2.2. Modelling autotrophic biomass kinetics 

I.3.2.2.1. Model structure

Within the ASM models the nitrifying micro-organisms are lumped in a single 
autotrophic biomass: Xba. This biomass is expressed in grams of COD but its only 
substrate in the model is nitrogen as ammonium (SNH) (the carbon source is not 
included in the model). The nitrification process is exclusively aerobic (oxygen as 
electron acceptor: So) and consumes alkalinity (SALK). The decay process occurs 
independently of the electron acceptor and is considered to have no direct impact on 
alkalinity.

Table 1, extracted from the ASM1 matrix (see appendix I), shows the process of 
nitrification of ASM1. Each component has a stoichiometric relationship to the
others.According to Equation 4, the production of one gram of autotrophic biomass 
(XBA) expressed in COD corresponds to: 

- The consumption of (4.57-YA) /YA g of O2 (SO)
- The production of 1/YA g NO3--N (SNO)
- The consumption of iXB+1/YA g NH4+-N (SNH)
- The consumption of iXB/14+1/7.YA mol HCO3- (SALK)
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Table 1. The process of nitrification in ASM1. 

XBA So SNO SNH SALK Process Rate 
Aerobic
growth of 
autotrophs

1

A

A

Y
Y57.4

AY
1

A
XB Y
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1

14 BA
OOA

O

NHNH

NH
A X

SK
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SK
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Table 2 shows the autotrophic decay process as presented in ASM1. Each gram of
decayed biomass (expressed in COD) contributes to 1-fp gram of particulate substrate 
(Xs) and to fp gram of inert COD. Concerning nitrogen, a fraction is returned as XND

whereas the rest is implicitly associated to inert material. 

Table 2. The process of autotrophic decay in ASM1. 

Xs XBA XP XND Process Rate 
‘Decay’ of 
autotrophs

1-fp -1 fp -ixb-fpixp bA.XBA

With:
[XBA]= [Ss]=[XP]= gCOD.m-3

[SO]= gO2.m-3

[SNO]= gNO3-—N.m-3

[SNH]= gNH4+—N.m-3

[XND]= gNH4+—N.m-3

And the default values presented in Table 3. 

Table 3. Default (or proposed) values for nitrification parameters in ASM1 and ASM3. 

Parameter units ASM1 ASM3
YA gCOD.gN-1 0.24 0.24
iXB gN.gCOD-1 0.086 0.07
iXP gN.gCOD-1 0.06 0.2*
fp - 0.08 0.02*
µA (at 20°C) d-1 0.8 1.0
KNH gNH4+—N.m-3 1.0 0.1
KOA gO2.m-3 0.4 0.5
* Cannot be directly compared to ASM1 values because different decay model. 

I.3.2.2.2. Parameters description

Autotrophic yield 

In the publication of ASM1 (Henze, 1987), the autotrophic yield (YA) is considered to 
not likely vary much from system to system. Its value was not changed between ASM1 
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and ASM3. This value (0.24 gCOD.gN-1) corresponds to the difference between the
stoichiometric coefficient for aerobic growth of autotrophs (theorical oxygen demand 
corresponding to oxidation of ammonia nitrogen to nitrate nitrogen: 4.57 gO2.gN-1,
see Equation 3) and the observed ratio of oxygen used for the production of nitrate 
(4.33 g O2.g NO3-—N-1).

Nitrogen content of the biomass 

In ASM1 default the value of the nitrogen content of the biomass (iXB) was obtained 
from the typical cell formulation (C5H7O2N). This ratio has been lowered in ASM3. 

Autotrophic growth rate

The autotrophic growth rate is based on a Monod representation (maximum rate 
associated to half saturation parameters). It determines the minimum SRT for 
avoiding washout of the nitrifying biomass. In the ASM1 publication a method is 
proposed for determining this parameter with matching the natural logarithm of 
nitrate concentration in a nitrifying reactor where the SRT is extended over the 
required value for enhanced nitrification to the expression: µA – 1/SRT – bA.

If the concentration of autotrophic biomass can be deduced from nitrogen mass 
balance, the autotrophic growth rate becomes easily measurable through NPRmax

determination.

Even if models propose default values in the range of 0.8-1.0 d-1, it is crucial to 
evaluate this parameter in case of model calibration since it appears rather site 
specific (influence of the influent, the process and operations). 

Half-saturation coefficient for oxygen 

The half-saturation coefficient for oxygen (KOA) serves as a switching function 
stopping nitrification in case oxygen concentration gets too low. In the publication of 
ASM1 it was advised to maintain its value at a small magnitude order compared to
operating conditions. Nevertheless, alternating aeration systems encounter very 
small oxygen concentrations at the beginning and at the end of each aeration cycle. 
Thus, it was believed that attention must be paid in the calibration of this parameter
in the present study. 

Half-saturation coefficient for ammonium

The half-saturation coefficient for ammonium (KNH) also corresponds to a switching
function for stopping nitrification in case of very low substrate (Snh) concentration. A 
calibration procedure is proposed from (Williamson, 1975) (fed-batch reactor with 
very small volumetric flow rate and spiked with additional ammonia). 

Autotrophic decay rate 

As discussed above, the decay process in the model is not meant to represent a true 
biological process (Van Loosdrecht, 1999) but it tends to represent any process that is 
not growth.
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Whatever is the considered decay model (death-regeneration in ASM1 or endogenous 
respiration in ASM3), the principle of the decay process is the same for the 
autotrophic biomass: in both models the biomass can re-grow on nitrogen residue 
from the decay of the two biomass (heterotrophic and autotrophic). The difference in 
ASM3 consists in the decay rate dependency on electron acceptor (oxygen or nitrate). 

The original ASM1 publication (Henze, 1987) indicates that according to literature,
the autotrophic decay rate bA should lie between 0.05 and 0.15 d-1 and that very little
was known about this value. No indication was given concerning the temperature 
impact on this parameter, and the model did not distinguish aerobic from anoxic 
values and it even allowed same decay rate to occur under anaerobic conditions. 

The temperature impact was included in ASM2(d) (Henze, 1999), considering 
bA(10°C) = 0.05 d-1 and bA(20°C) = 0.15 d-1 (i.e. a temperature correction factor of 
1.116). In ASM3 (Henze et al., 2000) the same values were kept for aerobic conditions
but lower anoxic values were proposed: bA,NOX(10°C) = 0.02 d-1 and bA,NOX(20°C)=
0.05 d-1. Nevertheless Dold (2002) notes that the assessment of nitrification kinetics 
historically focused on measuring the nitrifier maximum specific growth rate (µA) and
very little attention was directed to the importance of bA. Thus this parameter was 
considered as negligible or very small (0.02 - 0.04 d-1).

Nitrifier decay rate tests performed at 12 and 22°C in aerobic conditions gave 
respective bA values of 0.14 and 0.19 d-1 (Melcer, 2003), suggesting a temperature 
correction factor of 1.029 and a 20°C bA value of 0.17 d-1. Other recent evaluations of 
the autotrophic decay rate (Lee and Oleszkiewicz, 2002) showed a reduced impact of
the aerobic/anoxic conditions at 20°C with respective values of 0.153 and 0.097 d-1,
whereas Nowak (1994) found a decrease from 0.2 to 0.1 d-1. Furthermore Lee and
Oleszkiewicz (2002) reported a value of 0.058 d-1 under alternating aerobic/anoxic 
conditions. Also at 20°C Siegrist et al. (1999) found the decay rate of nitrifiers to
decrease from about 0.2 d-1 in aerobic to 0.03 d-1 in anaerobic conditions.
Consequently the literature suggests that the environmental conditions (temperature
and electron acceptor) have a significant impact on the nitrifier decay rate. 

In short term simulations (a few hours to a few days) the sensitivity of bA is not 
obvious, and it seems that only µA can affect the nitrification performance. On long
term simulations (longer than SRT) the impact of bA on the nitrifier population
becomes obvious, but it seems that any value of bA can be compensated by adapting 
µA to achieve a given nitrification capacity. However if any other parameter affecting 
nitrification is modified (temperature, SRT, influent loading), the simulation results 
will start to diverge for each selected couple (µA -bA). Choubert et al. (2005) validated 
this assumption with full-scale results showing that a correlation between nitrogen 
volumetric loading rate and NPRmax allows the indentification of a single couple (µA

-bA). Consequently it appears crucial to determine precisely the value of bA. This
study focuses on typical French BNR activated sludge plants with intermittent
aeration. The scope of this work is to assess the values of bA typical for such plants 
and to discuss how it could affect the results of some aeration scenario simulations. 
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I.3.2.3. Maximum nitrate production rate 

I.3.2.3.1. General expression

According to the modeling of the nitrification process in ASM1, the maximum nitrate 
production rate (NPRmax) is reached when ammonium (SNH) and oxygen (O2) are in 
excess:
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Hence the NPRmax can be approximated as following: 
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NPRmax  [g NO3--N m-3 d-1]

Equation 5 

Note that for convenience the NPRmax is usually expressed in gNO3--N m-3 h-1.

I.3.2.3.2. Temperature dependency

The above definition of the NPRmax does not consider environmental factors that may 
strongly affect its value. The maximum autotrophic growth rate µA is temperature
sensitive. The reference temperature for expressing NPRmax is 20°C. If the NPRmax is 
evaluated at any other temperature one must use temperature correction factor with 
the Arrhenius expression (noted µmA). Within the range of temperature that can be
met at municipal WWTP, the most recent literature proposes a value of µA = 1.076 
(Melcer, 2003). 

If the temperature of the medium is T, we can write: 

20)()20( T

AAA TC

Equation 6

The decay rate also follows the Arrhenius expression for expressing its temperature
dependency:

20)()20( T

bAAA TbCb

Equation 7 

Present researches have not shown any evidence of temperature dependency for the 
autotrophic yield (YA). But the concentration of autotrophic biomass (XBA) is
indirectly temperature dependent though temperature dependency of its growth, of 
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its decay rate and of heterotrophic activity. Thus the temperature dependency of the
NPRmax is complex. 

I.3.2.4. Alkalinity and pH dependency 

The alkalinity can be regarded as the ability of a medium to resists acids and bases 
influences. Several processes of the wastewater treatment affect the alkalinity,
especially nitrification and denitrification. The greater is the alkalinity, the higher is 
the buffer capacity of the medium. Nevertheless a too high alkalinity may penalize the
efficiency of chemical precipitation. 

Equation 4 shows that the alkalinity consumption is proportional to the nitrate 
production. The nitrification of 1 g of NH4+-N to NO3--N requires YA.iXB/14+1/7 moles
of HCO3-.

Aerobic growth of autotrophic biomass is known to be influenced by pH. Low pH
(<5.5) may totally inhibit nitrification, whereas high pH (>8.5) may favor the 
occurrence of nitrite by inhibiting the second step of nitrification. Nevertheless no 
model was considered able to predict the pH by the time the models were published, 
in spite of published work on dynamic simulation of pH variations with relative 
quantities of carbon dioxide and hydroxyl ions in the mixed liquor (Lijklema, 1972). 
Current advances in research should propose soon reliable models that will be added
to activated sludge models. A module for calculation of pH in ASM2d is already 
published (Serralta, 2004). 

I.3.3. Kinetics variability and inhibition 

I.3.3.1. Kinetics variability

“The people working in wastewater treatment process are probably in a singular
situation in the industry since they can control neither the quality nor the quantity 
of the product they must transform, whereas stringent norms apply to the final 
product.” (Boutin, 1986). 

According to (Grady, 1996) variability in kinetic parameters estimates may have three 
important causes among many others: the culture history, the parameter identifiably 
and the nature of the assay procedure employed to measure the parameters. 
Concerning the culture history, the operating conditions determine which species are
present, which enzyme systems are expressed and which is the physiological state of 
the biomass. In their review the authors insist on the crucial importance of So/X0

(initial substrate to biomass ratio) in the assay procedure for determining kinetic 
parameters. “Intrinsic” kinetic parameters are defined as parameters obtained with So

> Ks, i.e. parameters obtained under unrestrictive growth conditions. In parallel 
“extant” parameters are defined when So/X0 is very low and the kinetic parameters 
reflect “currently exiting” values.
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I.3.3.2. Inhibition occurrence and measurement 

Inhibition can also contribute to the variability of kinetic parameters. The nitrifying 
biomass is highly sensitive to inhibition. A study over 109 WWTPs in Sweden showed 
that about 60% of the plants received inhibitory substances for nitrification (Jönsson, 
2000). Nitrification can be inhibited by various compounds: 

- Ammonium or nitrite (Carrera, 2003) 
- Heavy metals (Hu, 2001; Hu, 2004) 
- Salts (Dinçer, 2001) 
- Toxic compounds in industrial wastewater (Grunditz, 1998) 

Various methods have been published for evaluating inhibition level: by respirometry 
(Kong, 1996), by pH-stat titration (Ficara, 2001) and by comparison with pure-
culture assays (Grunditz, 2001). A more simple method has also been proposed for 
toxicity screening: “Minntox” (Arvin, 1994). This last method was adapted for the
present study for characterizing inhibition occurrence at the studied wastewater 
plant.

I.3.3.3. Modelling inhibition

The case of nitrification inhibition by its own substrates (ammonium and nitrite) 
occur with high strength influents (pigsty influent for instance). Carrera et al. (2003)
reported four inhibition models. It was shown that Aiba model was the best for
representing inhibition by ammonium, where the Haldane model better corresponds
to inhibition by nitrite. 

But the occurrence of random inhibitors in the influent is hardly predictable. The 
concentration, the physical aspect (soluble, volatile, colloidal), and the composition of
the inhibitor are often unknown. Thus inhibition models are difficult to build with so 
poor information. 

Nitrification inhibition assessment (Arvin, 1994 ; Grunditz, 2001 ; Jönsson, 2001) are 
generally based on NPRmax measurements. This does not help the understanding of 
how model kinetic parameters (µA, bA) are affected. It can only be considered that 
from a model mechanisms point of view, moving µA helps representing short term 
variation of the nitrification, whereas moving bA acts on longer time. 

66



II. METHODS 
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II.1. On-site survey at Labège wastewater
treatment plant 

Note: all analytical methods referred in this chapter and used for the measurement of 
typical wastewater treatment parameters are described in appendix 2. 

II.1.1. Site selection criteria

The first stage in a full-scale survey is the selection of the wastewater plant. It must be 
emphasized that this stage is crucial for the unfolding of the whole project. A full-
scale plant does not have the same flexibility as a pilot plant. Data acquisition and 
information access are far more complex and depend on several levels of constraints. 
From our experience of full-scale survey, it is highly recommended to spend 
significant time and energy to achieve a wise and well-founded selection. 

This selection was undertaken during spring 2002 (before the beginning of the PhD). 
The first step consisted in defining a set of criteria, classified as strongly 
recommended and desirable (see Table 4). These criteria were based as well on the 
final goal of the study as on the specific needs for modelling. The second step was the 
gathering of information about wastewater plants inventoried within a convenient
geographic area. This information was provided by the regional administration for 
public sanitation.

At Labège WWTP, these criteria were easily met thanks to earlier contacts between 
Cemagref and the operator. A full-scale survey implies installations and storage of 
heavy monitoring equipments (samplers, sensors and data acquisition systems…).
This may interfere with the usual activity of the operator. Furthermore, for some 
specific campaigns, it can be necessary to ask for customized control and operating 
strategies. Consequently the importance of communicating with the wastewater plant 
staff must not be underestimated, in order to ensure a good understanding of the 
constraints that a scientific survey may add to the “normal” operation of the plant. 
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Table 4. Selection criteria for the studied WWTP.

Criteria – Feature Comments for Labège WWTP
Critical

Operator and owner co-operation The plant operator and owner had already 
co-operated to other scientific studies 

Domestic only sewage No industrial discharge. 
Reasonable seasonal variation (no 
tourism)

Activated sludge Operated with long SRT as typical for 
French activated sludge plants 

Nitrification - Denitrification With intermittent aeration on one train 
and anoxic zone on the other 

Strongly required 
Self-monitoring program It offers the possibility to study plant 

history and to complement and validate 
our own measurements 

Dewatered sludge weighing Provides verification of sludge production
and SRT. 

Double trains Permits to tell apart problems from the 
sewer and from the plant operation 

Negligible or no side-streams and hauled 
sewage

Side-streams return to train #1 
Some hauled sewage 

Availability of technical documentation We obtained the technical project files
and validation tests results (especially for
the aerating system) 

Good acceptance of the constraints of the
scientific study by the plant staff 

The scientific requirements may 
noticeably interfere with their usual 
activity

II.1.2. Plant design and characteristics 

II.1.2.1. Introduction 

The WWTP selected for the study is an activated sludge BNR plant located in South-
West France near Toulouse. It was designed for 20,000 PE and it is fed by a separate
sewer collecting sewage from residential areas and a service sector zone. This plant is 
operated by a municipal technical department. The on-site staff consists of a part
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time operator (his second part time consists in taking care of the network). At present 
this plant has two trains, but two extensions are scheduled in the future. Table 5 
summarizes the main characteristics of the two trains. 

Table 5. Main characteristics of Labège WWTP trains 1 and 2. 

Train 1 Train 2 
Construction year 1995 2001

Design capacity (PE) 10,000 10,000

Biological process 
characteristics

Anaerobic zone 
Anoxic zone 
Aeration tank 
(continuously aerated) 

Selector
Anaerobic zone 
Aeration tank (intermittent 
aeration)

This plant is operated at very long sludge retention times (SRT > 40 days). It is
designed for nitrification/denitrification and for combined biological/chemical
phosphorus removal through an anaerobic zone and dosing of ferric chloride. In this
study we will consider the second train only. All calibration/validation campaigns 
and the continuous monitoring were carried out on this train. 

II.1.2.2. Sewage collection

Table 6 presents all the influent sources that are collected at the plant in descending 
order of importance. It is important to notice that no industrial discharge is
inventoried.

Table 6. Influent type and characteristics at Labège WWTP.

Type of influent Characteristics
Domestic sewage Four towns (Labège, Esqualquens, Belberaud and Odars) 

totalling 12,000 inhabitants.
Service sector zone 
sewage

« Innopole » service sector zone, including offices, mall, 
garages, restaurants and hotels. Most of the discharge is 
produced between 8 am and 8 pm. 

Domestic sewage Occasional by-pass from other towns in case of pumps 
failure (represents up to 300 m3.d-1).

Hauled sewage Regular dumping from septic tanks (2 to 4 trucks a week).

The load is reduced during the summer (July and August) since this service sector 
has less activity and that part of the town inhabitants leaves for holidays. During 
weekends the flow is reduced about 10% for the same reasons. 

According to the Sanitation Department that collects taxes, 50% of the discharge 
comes from private houses, 40% from companies and 10% from public institutions.
In any case the wastewater is considered as “domestic”. 
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Even if the sewer system is considered as “separate”, the following observations can 
be made about I&I water (infiltration and inflow): 

- Seasonal variation of the dry weather flow rate related to the level of the 
ground water (infiltration) 

- Immediate flow rate increase during wet weather (runoff inflow). Nevertheless 
the response of the system varies a lot according to the location, the duration 
and the intensity of the rain 

A sewer diagnosis was done in 2002 and confirmed the good quality of the network: 
good waterproofing and few cross connection problems. The maximum dry weather
infiltration flow that was recorded was about 60 m3.d-1 (representing about 2% of the 
total flow).

II.1.2.3. Design loads

Table 7 presents the design loads and flow rates that are reported in the constructor 
proposal for the building of train #2 at Labège WWTP 

Table 7. Design loads and flow rates for Labège WWTP. 

Units Value Observed
loading rate 

Pollutants
BOD5 kg.d-1 540 66%
COD kg.d-1 1080 76%
TSS kg.d-1 630 68%
TKN kg.d-1 135 66%
TP kg.d-1 36 38%
Flow rate
Daily, dry weather m3.d-1 1900
Daily, wet weather m3.d-1 4765
Hourly average, dry 
weather

m3.h-1 79

Hourly max, dry 
weather

m3.h-1 150

Hourly max, wet 
weather

m3.h-1 237

II.1.2.4. Discharge permit

The Labège WWTP discharges the effluent to a small river (L’Hers Mort) . The local
authorities have set the effluent compliance limits. Table 8 summarizes the 
compliance limits as defined in the last discharge permit renewal on March 5th, 2001. 
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Table 8. Discharge permit for Labège WWTP.

Load limit (kg/j)
(dry weather) 

Concentration limit (mg/L) Calculated
concentration limit 

for dry weather*
(mg/L)

Daily Annual
average

Daily Annual average Daily

COD 475 125 50

BOD5 95 25 10

TSS 133 35 14

TN 57 15

TP 14,4** 2
* Not given in the official document but calculated with dry weather loads and flow in order to respect 
daily load limit.
** Does not correspond to the expected 7.6 kg.d-1 value that would be obtained by multiplying the dry
weather flow by the annual average concentration limit, while the concentration matches for TN.

The following table summarizes the required frequency for measurements and 
analysis for the control of the plant performance.

Table 9. Frequency of the measurement and analysis for control at Labège WWTP.

Parameter Number of yearly
measurements

Frequency Maximum non-
compliant samples 

Qin and Qout 365 daily -
COD 24 2x/month 3

BOD5 12 1x/month 2

TSS 24 2x/month 3

TKN 12 1x/month -

NH4+ 12 1x/month -

NO2- 12 1x/month -

NO3- 12 1x/month -

TP 12 1x/month -

Wasted Sludge
dry weight 

24 2x/month -

73



II.1.2.5. Process description

II.1.2.5.1. Preliminary treatments

The preliminary treatment process is common for the two trains of the plant. It 
consists in fine screen bars (6 mm) followed by an aerated grease trap plus grit
chamber (60 m3). The preliminary treatment performance was neither studied nor
modeled in the present work. The influent characteristics always refer to the effluent 
from the preliminary treatment. 

II.1.2.5.2. Biological treatment

As most of the French activated sludge WWTPs, the selected plant does not include a 
primary clarifier. The preliminary treated effluent is fed directly to the biological 
process. As shown on Figure 7, the biological process consists in three annular
concentric tanks. They are all permanently and completely mixed. The design of the 
tanks is given in Table 10. 

Recycle Flow

OutflowInflow from Preliminary
Treatment

***

Flat Bottom Settler

Wastage Flow

* **

Aeration Tank

* Anaerobic zone
** Selector
*** Degasing well

Ferric chloride
dosing

Figure 7. Labège WWTP biological process diagram. 

Table 10. Labège WWTP works design.

Volume
m3

Depth
m

Surface area 
m2

Selector 50 4.5 11
Anaerobic zone 380 4.5 73
Aeration tank 2370 4.5 452
Degasing well 32 5.3 6
Settler 1570 3 524

The inner tank is a selector that receives both the influent and the constant RAS flow.
The purpose of the selector is to improve the settling quality of the sludge by exerting
a selective pressure between filamentous bacteria (responsible for bulking) and 
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others flocculating bacteria. The second tank is an anaerobic zone. It was designed for 
treating 40 to 60% of the phosphorus load through biological removal.

The last annular tank is the intermittently aerated tank. This tank was designed to 
carry out COD removal by heterotrophic biomass as well as nitrification and 
denitrification. Two blowers (Aerzen®) ensure the aeration each providing an
oxygenation capacity of 158 kgO2.hr-1 (in clean water). They are single speed blowers 
and must function alternatively. 55 Passavant® diffusers with EPDM membranes 
produce fine bubbles and are installed at a depth of 4.25 m. 

The biological phosphorus removal is complete by chemical precipitation with the 
dosing of ferric chloride (FeCl3). This dosing is flow-proportional and takes place in 
the aeration tank. It complements the biological removal of phosphorus. 

From the aeration tank the MLSS goes trough a degasing well (in order to minimize 
the oxygen flow the settler) and then to the flat bottom settler. The feeding point is 
located at 1.5 m from the bottom and a suction bridge pumps the settled sludge 
towards a sludge well. From there the RAS is pumped towards the selector and the 
WAS toward the sludge train. The final effluent joins the first train effluent before 
being discharged to the river. 

II.1.2.5.3. Excess sludge treatment

The wasted sludge is dried by centrifugation or gravity belt-press (GBT), depending
on the season for the agriculture needs for land application. The clarified liquid from 
the dewatering stage is returned to the first tank of train n°1. Consequently this 
simplifies the modelling of the train of interest for this study (train n°2) as it does not
receive any significant sidestream.

II.1.3. Plant operation and monitoring 

II.1.3.1. Plant on-line sensors 

Among the selection criteria that led to choose Labège WWTP, its high level of sensor 
equipment was of importance. Nevertheless full-scale experience shows that the 
reliability of the data from these sensors relies on many factors: the sensor itself, its 
set-up (location, orientation) its maintenance/calibration, and the 
transmission/acquisition of the information. The wide range of responsibilities of the 
single operator at this plant (from sewer network to mechanical and electrical
maintenance), did not always allow him to ensure a sufficient 
maintenance/calibration of the sensors, at least not for the purpose of a scientific
study. Table 11 shows the characteristics of the main sensors used for operating the 
studied train of the plant.
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Table 11. Description of the plant sensors on train 2. 

Sensor Location Type Brand Transmitter Reliability
DO meter Aeration

tank
Self-cleaning
(every 20 min) 

E+H E+H
Liquisys S 

Good
High sensitivy 
Not enough 
frequently
calibrated

Redox
meter

Aeration
tank

Self-cleaning E+H E+H
Liquisys S 

Insufficient
cleaning

MLSS Degassing
well

Turbidity
sensor
Self-cleaning

E+H E+H
Liquisys S 

Some signal 
stability problems 

Flowmeter Inflow
(after
preliminary
treatment
and
Outflow

Parshall flume
with ultrasonic 
level sensor

E+H
FDU

E+H
FMU 861 

Need good “zero” 
calibration
Problem with 
transmission

Refrigerate
automatic
sampler

Outflow Single/Multiple
bottle

E+H ASP station A Good

Table 12 gives information about additional sensors installed at the WWTP. Among
them the weighbridge was also crucial in the selection of the plant since it allows the
estimation of the amount of wasted sludge by weighing the trucks that take away the
dewatered sludge. 

Table 12. Additional plant sensors description. 

Sensor Location Type Reliability
Weighbridge Entrance of the 

WWTP
For
septage/biosolids
trucks

Good (about 
20kg error)

Rain gage Aeration tank 
side

Bad
(transmission
problems)

Ground
water level 

Well for 
process water

No recording

It is regrettable that both the rain gage and the ground water sensor were not 
operational as it was proven that the inflow rate was influenced by these parameters. 
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II.1.3.2. SCADA system

The plant is equipped with a supervisory control and data acquisition (SCADA)
system. The SCADA system was developed in the PCVUE2® software (ARC 
Informatique) for both the control and the monitoring of the WWTP. In parallel, the
operator uses EXCEL® (Microsoft) templates to manually enter the results of the self-
monitoring samples and some other operation notes. 

The SCADA displays all the WWTP devices and their information such as: 
- Control information (parameters tuning) 
- Operating information (recording of the on and off times) 
- Maintenance information (cumulated off and on times of devices) 
- Faults and failures information 

This system also records the information from the plant on-line sensors (flowmeters,
MLSS, DO and pH sensors).

II.1.3.3. Aeration control

Two operation modes are possible for the on/off aeration: cycle and controlled. 

The cycle mode consists in defining several periods in the day (low, normal and peak
periods according to both inflow hourly profile and electricity costs, which changes 
along the day). For each of the periods on and off times are defined for the blowers.

The “controlled mode” refers to the enslavement of the blowers to predefined
minimum and maximum values of DO in the aeration tank. In this case the on and off 
times of the blowers are however limited by max and min times in case the DO 
thresholds are not met. In both operating modes the alternation of the blowers is
automatically done by the system. 

An example of the “controlled mode” is given by Table 13 and Figure 8. All possible
cases are represented; nevertheless the figure is given for example but does not 
correspond to any real data. On a full-scale plant the oxygen thresholds and duration 
limits are met according to the activity of biomass (and consequently to the influent 
load).

Table 13. Aeration control set up example (for figure below). 

On min On max Off min Off max Do min Do max 
20 min 40 min 10 min 30 min 0.5 gO2.m-3 3.5 gO2.m-3
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Figure 8. Aeration control example. 

It is important to remark that the operator cannot directly enter the daily aeration 
time. Nevertheless, in cycle mode, this parameter can easily be deduced from the sum 
of the on times. With the controlled mode the daily aeration time depends on the
oxygen demand of the mixed liquor and the selected operating parameters. In reality 
the drift of the DO sensor often lead to a mode were the minimum on and off times 
were systematically applied. Then it was possible to predict the daily aeration time. 

The controlled mode was the most used. During the two years of the study, the 
operator switched four times between the two modes.

II.1.3.4. Sludge wastage

The sludge wastage was controlled manually. The planning of the sludge wastage was 
bounded by several constraints: storage aviability, operator availability and 
mechanical failures. As shown in paragraph III.1.1.1.4 these constraints led to very 
irregular sludge wastage and MLSS concentration in the process. 

There are two options for the treatment of the sludge: the winter option consists in 
using the centrifugation process whereas the summer option implies belt press 
filtration with storage in a silo (See Figure 9). The TS after centrifugation is about 17-
19%, and 5-8% after belt press filtration. In both cases a cationic polymer is dosed to 
improve the “dewaterability” of the sludge (there is no stabilization of the sludge with 
lime or anaerobic digestion due to the very long SRT). 
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Open-air dewatered
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Clarified Liquid 

Figure 9. The two sludge treatment options. 

II.1.3.5. Performance self-monitoring

In order to comply with the discharge permit presented in II.1.1.4 the operator has 
defined a performance self-monitoring strategy. It consists in alternating two types of 
control every other week. The details of the so-called “total” and “partial” control are 
given in Table 14. The analyses of the samples are carried out in a laboratory placed 
certified by the local authorities. 
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Table 14. Self-monitoring analysis. 

COD BOD5 TSS VSS TKN NH4+-N NO3--N NO2--N TP TS

Influent × × × × × ×
Hauled
discharge

× × × × ×

Effluent × × × × × ×
Mixed
Liquor

× ×

Total

Dewatered
sludge

×

Partial Influent × ×
Hauled
discharge

× ×

Effluent × ×
Mixed
liquor

Dewatered
Sludge

Additional measurements are done by the plant operator himself: 
- Effluent nutrient concentrations (NH4+-N, NO3-—N, NO2-—N, PO43-—P) with a 

spectrometer (Hach®), once or twice a week 
- TS on mixed liquor (approximation of TSS), once or twice a week 
- dSVI, once every other week 
- TS of dewatered sludge, before each truck pick up 

II.1.4. Calibration-specific data collection 

II.1.4.1. Overview 

II.1.4.1.1. General approach

The design of full-scale plant survey for modelling cannot be set up without a clear 
definition of the overall goals of the study. These goals will determine both the level 
of complexity for the monitoring strategies and the amount, the accuracy and the 
quality of the necessary information and data. 

This section presents the full-scale survey for the simulation project that was 
designed on Labège WWTP. This project embraced several targets as: 

- Validating results obtained on pilot plants 
- Calibrating ASM1 on an alternating aeration full-scale plant over different 

seasons
- Assessing the ability of a calibrated model to reproduce long term functioning 
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- Getting a better understanding of the nitrogen removal in constraining
conditions (from operation and external sources). 

Four steps have been distinguished for designing this full-scale plant survey for 
modelling. They are: 

- Wastewater plant selection 
- Wastewater plant characterization
- Data collection strategies (including long-term monitoring and calibration 

campaigns)
- Data processing 

II.1.4.1.2. Calendar 

The following calendar (Figure 10) will help the reader to located the survey events 
and methods described in the following sections. 

Figure 10. Calendar of the full-scale survey at Labège WWTP. 

II.1.4.2. Wastewater treatment plant characterization 

It is important to distinguish data and information. For the wastewater plant 
characterization, one must look for information-rich sources rather than accumulates 
data. The first stage in wastewater plant characterization consists in investigating the 
information that led to choose the plant for the study. The second stage requires 
acquiring additional information with on-site measurements and sampling. 
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II.1.4.2.1. Design and historical information 

Generally the construction of a wastewater treatment plant is based on technical 
specifications defined by local authorities. This proposal contains a lot of information
but may be rather different from the actual facility. In the best case the owner of the
plant may provide a commissioning file that describes all devices and dimensions.
Unfortunately this is not systematic for small wastewater treatment plant and one 
may not even access to drawings of the works. However one must also stay critical 
towards the information contained in technical documents. For example, some
devices may have been replaced since the construction of the plant and this may not 
appear in the archives. 

The start-up of a wastewater plant or of an extension is generally followed by 
validation campaigns. Accessing the records of these campaigns may provide a first
estimate of the plant ability to remove COD and nutrient (if the load and sewer 
network haven’t encountered too serious changes since the campaigns).  It is also 
common to perform independent tests on the aeration capacity in order to determine
a clean water oxygen transfer capacity (“clean water KLA”) and eventually a “sludge
KLA”. Using this information source is far more recommended than deducing KLA

from blower power or airflow rate announced by the contractor. 

The last but important sources of information are the historical records of the plant 
performance. The most common situation is that the operator of the plant performs 
nutrient and pH measurement on the effluent whereas an independent laboratory 
performs more advanced analysis several times a year on 24h composite samples of
the influent and the effluent. Nevertheless the legislation leads more and more 
operators to set up advanced self-monitoring protocols in order to optimize their 
strategies. This is an opportunity to access to a more detailed history of the plant, 
considering that these data must be carefully compared with independent sources. A 
self-monitoring protocol was in place at Labège WWTP (see paragraph II.1.3.5). 
These data were used to complement our own measurements. 

Reading historic records of the plant performance requires some expertise since one 
must be very critical on the sampling and measurements. The 24h composite samples 
must be distinguished from grab samples that may be strongly dependent on 
variation over the day. One must also pay attention on the period of the year (winter, 
tourist season…) and correlate the sample to the weather conditions, especially rain if 
local records are available. 

II.1.4.2.2. Initial characterization campaign 

Information from historical records may not be sufficient to have satisfactory
characterization of the plant for initializing steady-state simulations. A 
characterization campaign can bring additional information that will allow a better 
approach of the first modelling steps. Nevertheless the characterization campaign
should not be assimilated to the calibration campaigns. A calibration campaign
requires the modification of the usual operating conditions in order to accentuate 
selected processes (such as nitrification or denitrification), whereas the 
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characterization campaign aims at giving a picture of the “standard” functioning of 
the plant. 

Of course standard steady-state functioning never occurs on full-scale plants. The 
role of the operator consists in defining the best tuning strategy through successive
unsteady situations (and in predicting them when possible). When designing a 
characterization campaign, one should select a proper period that both includes some 
routine events (such as weekend load variations) and exclude exceptional events 
(such as very strong rains falls). This may not always be possible due to sample
analysis constraints, but it should at least be taken in account when using the data. 

The one-week characterization campaign

A one-week characterization campaign (10-17 June 2002) was designed with the
following goals: 

- To know better the WWTP functioning 
- To assess influent flow and load and their fluctuations  (day/night and week

days/weekend)
- To evaluate the sludge age 
- To estimate the performance of the plant and its nitrification capacity 

Therefore daily 24-hr composite samples of both influent and effluent were analyzed 
for conventional wastewater parameters (BOD5, COD, TSS, VSS, TKN, NH4+-N, NO3-

—N, NO2-—N, TP, PO43-—P).  Filtered COD and TKN were also analyzed (0.45 µm 
filter). Additional sludge samples were taken at different stages of the process. Table 
15 shows the daily sampling and analysis program of the characterization campaign.

Table 15. Daily sampling and analysis for the characterization campaign.

Sampling location Influent Anaerobic zone Aeration tank RAS Effluent

Type composite
24h

grab
morning

grab
afternoon

grab
morning

grab
afternoon

grab
morning

grab
afternoon

composite
24h

Analysis

pH × ×
Conductivity × ×

TSS × × × × × × × ×
VSS × × × × × × × ×
COD × × × ×
CODf0.45 × ×
BOD5 × ×
NO3--N × ×
NO2--N × ×
NH4+-N × ×
TKN × ×
TKNf0.45 × ×
PO43--P × ×
TP × ×
* 0.45µm: filtration pore size 
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II.1.4.3. Long-term on-line data logging 

II.1.4.3.1. Sensors and transmitters 

The monitoring equipment described in section II.1.3.1 was not enough reliable and 
accessible for the needs of the scientific study. Thus a full range of sensors and
measurement equipments were installed in parallel by Cemagref. Doubling the 
measurements also allows comparisons which can be useful in the data processing
step. The additional measurements are presented in Table 16 and more details are
given on specific acquisitions (sludge blanket height, and pumps and blowers 
functioning) in the following paragraphs. Full information about sensors types and
locations is given in appendix III. 

Table 16. Characteristics of sensors installed by Cemagref for the Labège survey. 

Parameter Aquisition time step and type
Name impulsion

counting
average 4-

20 mA 
Instant 4-20 

mA
Flows

Influent flow 1 h 1 h 

Effluent flow 1 h 1 h 

Aeration Tank 
temperature 1 h 
DO 2 min 
pH 10 min 

MLSS 1 h 
Clarifier

Sludge blanket height 10 min 

Weather
rain 1 h 

air temperature 1 h 

Depending on the period of the study, the sensors were calibrated (if necessary!)
between once and twice a month by Cemagref. The MLSS concentration monitoring
was verified with both laboratory measurement and a secondary sensor. The DO 
probe was calibrated in the air according to the pressure. The pH measurement was 
compared with normalized solutions. Finally the flow-meters were checked regularly
for zero and several artificial levels.

Clarifier sludge blanket height

The sludge blanket height sensor in the clarifier was located on the rotating suction 
bridge. Installing this sensor was challenging since it could not be located at fixed
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location because of the rotation of the suction bridge. So it was installed on the 
bridge, but on an arm protruding about 1 m ahead of the suction pipes to avoid
measuring the height at a location where the sludge blanket height is lowered by the 
pumping. The second challenge was to provide cable-less power to the sensor as it is 
traveling. Finally the electricity power was derived the installation for the suction 
bridge it-self.

A special attention was paid in the installation of the sensor: in front of the rotation of
the bridge and at equidistance of the feed point and the wall of the tank. 

Pumps and blowers functioning

The on and off time of pumps and blowers were monitored directly in the electrical 
panels of the plant. Table 17 presents the list of logged on and off times. 

Table 17. On and off times measurements at Labège WWTP.

EQUIPEMENT ACQUISITION SYSTEM SIGNAL
name number Cemagref SCADA ON and

OFF time 
hourly ON 

time
Influent

Inlet
pumping

3 x x X X

by-pass
pumps

1 x X X

Hauling
pumps

2 x x X X

Aeration tank
air blowers 2 x x X X
FeCl3 dosing
pumps

2 x x X X

Settler
Rotating
suction
bridge

1 x x X X

Wastage
pumps

3 x x X X

RAS pumps 2 x S X X
sludge dewatering

Gravity belt 
press

1 x x X X

Centrifugator 1 x x X X

II.1.4.3.2. Data logging and downloading 

The on-line data logging described in section II.1.4.3.1 generates a considerable 
amount of data. As shown on the calendar (Figure 10), a telemonitoring system was 
installed for the last year of the study. The initial system is presented on Figure 11.
During the on-site visit at the WWTP, a laptop was used to copy the data from the 
logging units (located nearby the sensors) and to download them to the database 
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(located at the laboratory). Then the processing of the data with a PC allowed the
necessary modification/calibration that should be done during the next on-site visit 
to be planned. 

The main disadvantages of this strategy were: 
- The delay between the data acquisition and the data processing 
- The too long response time for necessary modification/calibration
- The multiple copies of the data for their transfer to the database 
- The need to download and reset each of data units (5 to 6 units for this study)

Database

Control/
processing
PC

Laptop:
Copy
Control

Decision on the
modifications for the next
on-site visit

Transmitter Data logging
unit

Sensor

Figure 11. Initial data logging and downloading system at Labège WWTP. 

In 2003 it was decided to install a telemonitoring system. With three on-site units, 
this system could acquire all the necessary data from the sensor/transmitter systems
(excepted for the sludge blanket height in the clarifier, see II.1.4.3.1). The 
communication between the three units was ensured by a radio system, and the main
unit allowed directed downloading to the database thank to a modem and a dedicated
phone line (see Figure 12). 

Database

Control PC

Tele-
monitoring
systemTransmitter

Sensor

Unit 2 

Unit 1

Main unit

Laboratory

WWTP

Figure 12. Second data logging and downloading system at Labège WWTP. 
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This new strategy allowed getting rid of the disadvantages of the previous system. The 
telemonitoring system also offered the possibility of pre-processing the data. For 
instance the DO measurements and the on and off times of the blowers could be 
combined for obtaining the daily oxygen presence time. Another important feature 
was the possibility to modify the acquisition system from the control PC (at the 
laboratory) and to better prepare the on-site visit with fresh information. 

More details on the benefit of using a telemonitoring for a scientific survey at a full-
scale waste-water plant are given in Marquot et al. (2006 – submitted). 

II.1.4.3.3. Data processing

A fourth step comes overall others: the data processing. This cannot be omitted, since 
it was rather time consuming. Data processing consists in formatting the data in 
convenient files so they can be easily checked and transferred to the simulation 
software. Checking the data was the most time consuming step because the error on 
data from of a full-scale plant can have many different kinds of sources (sensor,
calibration, transmission and storage quality). Consequently, picking out errors and 
filling data losses is often done manually and requires some expertise of the process.

II.1.4.4. Long-term manual measurements 

II.1.4.4.1. Influent 

Monthly sampling

From June 2002 to March 2004, twenty-eight 24 hours composite samples were
taken from Labège influent. Four of them were taken under wet weather conditions. 
Since the sampling system allowed refrigerated flow proportional samples, both 
concentration ratios and daily loads could be calculated from the measured 
concentrations. All these samples were analyzed for the following parameters: 

- pH and conductivity 
- TSS and VSS 
- COD, filtered COD (with 0.45 µm or 0.1 µm filter) 
- TKN, NH4+-N, NO3--N, NO2--N

The following parameters were measured less frequently (about 5 to 10 times): 
- BOD5

- Filtered TKN (with 0.45 µm or 0.1 µm filter) 
- TP and PO43--P

COD and TKN fractionation 

In 2000, Stricker mentioned that no standardized method was published for the 
characterization of the influent fractions for activated sludge modelling. This is still
true in 2006. Nevertheless the literature shows that three methods are used: 
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- Batch test 
- Respirometry
- Filtration-coagulation

All three methods have been applied to the influent of Labège. It is important to 
notice that the filtration-coagulation method is complementary to the respirometric
method and it is currently admitted that the combination of respirometry and 
coagulation-filtration tests give the most satisfactory results. 

Batch protocol

In 1992, (Lesouef, 1992) proposed a protocol for determining the inert fraction of the 
wastewater COD (Xi and Si) by measuring the raw and filtered COD at the start and 
at the end of a 10-day batch test with two reactors containing raw wastewater and 
filtered wastewater. Stricker modified this protocol in 2000 to obtain an evaluation of
the four fractions of the wastewater COD: Ss, Xs, Si and Xi, where the biomass 
fractions are included in Xs. This modified protocol also aimed at determining the 
corresponding nitrogen fractions. 

The modifications concern the filtration methods, the addition of seeding activated
sludge and the extension of the duration of test (20 to 30 days). The protocol consists 
in the following steps:

- Collecting a 24-hr composite sample of the influent. 
- Placing 4 to 5 l of the raw wastewater in reactor “R”. 
- Filtering 4 to 5 l of wastewater through decreasing filter sizes down to 1.2 µm

glass fiber filter, and placing the filtered wastewater in reactor “F” (see Figure
13 for the reactor set up). 

- Analyzing the raw COD and filtered COD at 0.45 µm of both reactors (this
corresponds to the initial point of the test). 

- Starting aeration and mixing the reactors and seeding with 5 ml of the
wastewater treatment plant mixed liquor (this should not be significant in
terms of total COD). 

- At the end of the test, analyzing the raw COD and filtered COD at 0.45 µm of 
both reactors. 

Conducting this test requires some control of the reactor parameters. The aeration
can be controlled with a DO set point of 4 gO2.m-3. The pH must be maintained 
between 6 and 8, and adjusted with NaHCO3 if necessary. There is no need to control 
the temperature as the kinetics are not considered (room temperature around 20°C 
are convenient). For more details about the test, refer to (Stricker, 2000).
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Filtered wastewater Reactor Demineralized
 water

Air supply
system

Raw wastewater Reactor

Stir bar

Diffuser

Stir plate

F R

Figure 13. Experimental set up for the batch fractionation test (From Stricker, 2000). 

Figure 14 and Figure 15 show the principle of the COD fraction determination. Figure
14 indicates how Si(0) and Ss(0) can be deduced from the initial and final filtered 
COD from the raw wastewater reactor:

Si(0) = CODF1.2 (t)

Equation 8

Ss(0) = CODF0.45(0) - Si(0)

Equation 9

With,
t: final time of the test 
F1.2: filtration at 1.2 µm 
F0.45: filtration at 0.45 µm 
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Figure 14. COD evolution during a batch test with raw influent sample (adapted from
Stricker, 2000). 

Figure 15 show how to obtain from reactor F (see Figure 13) the yield of production of 
particulate matter by growth ( a), which includes both live biomass and decay 
residue:

)0()0(
)()(

2.1

2.1

SiCOD
tCODtCOD

F

F
a

Equation 10 

Since it assumed that a is the same in both reactors (F and R on Figure 13) at the end
of the test, it leads to the calculation of Xs(0) and Xi(0) thanks to the COD 
measurement in the raw wastewater reactor:

)0(
1

)()0()0( Ss
tCODCOD

Xs
a

Equation 11 

))0()0()0(()0()0( XsSsSiCODXi

Equation 12 
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Figure 15. COD evolution during a batch test with filtered influent sample (adapted 
from Stricker, 2000). 

Respirometry protocol

The respirometry protocol was applied thanks to the collaboration of the Engineering
Process Laboratory of INSA in Toulouse (National Institute for Applied Science –
Mathieu Spérandio). The protocol is described in (Sperandio, 2000). 

The set up of this fractionation test requires carrying out two simultaneous 
respirometry batch tests with high and low S0/X0 (approximate ratio between 
wastewater substrate and biomass in gCOD.gVSS-1). With high S0/X0 ratio the
wastewater can be used directly for the test whereas, for the low S0/X0 ratio, the
addition of mixed liquor is necessary. In both cases the respiration is measured for 20 
hrs under controlled temperature and pH conditions. Figure 16 shows the 
experimental set. Figure 17 and Figure 18 show an example of the respirograms that 
can be obtained for high and low S0/X0.

This protocol consists in determining the ASM1 fractions by fitting of model curves 
with measured respiration curves. The model is based on a simplified matrix of 
ASM1, but an additional adsorption step is added.  The four considered processes are: 

- Aerobic growth of heterotrophic biomass 
- Death of heterotrophic biomass 
- Hydrolysis (of Xs) 
- Adsorption

Consequently an intermediary fraction “Xs,ad” is added but does not appear in the
final results of the fractionation. Finally this protocol allows the determination of Xs, 
Ss, and Xbh fractions. 
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Water

DO
probe

Figure 16. Experimental set up for respirometry fractionation test (from Lagarde 
2003).

Figure 17. High S0/X0  respirogram. Figure 18. Low S0/X0  respirogram. 
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The main advantage of this methodology is the possibility to quickly get the results.
Nevertheless, expert knowledge is required for the analysis of respirograms with 
mathematical algorithms. 

Filtration coagulation protocol

Figure 19 shows the correlations between physical, biological and ASM1 
fractionations of the COD. These correlations are not obvious and hypothesis on links 
between the components size, solubility and biodegradability must be taken. Finally, 
apart from Xb (Xbh+Xba) that can be considered as strictly particulate and settleable,
and Si as strictly inert and soluble, the particulate fractions may be settleable or 
colloidal whereas the Ss fraction may be soluble or colloidal. 
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Figure 19. Comparison of ASM1 wastewater COD fractions and physical-chemical
methods (modified from Petersen 2000). 

Figure 20 gives the correlation between physical-chemical and ASM1 fractionations 
of nitrogen. The fraction Sni is added in ASM1 as the soluble inert nitrogen (part of
TKN) since it is taken in account in the present work. The fractions Xnb and Xni 
correspond respectively to the nitrogen content of the biomass (ixbn.Xb) and the inert
particulate fraction of TKN. They do not show explicitly in ASM1 but they are used in
the simulation software for calculating TN. As for COD, many nitrogen fractions can
be linked to two physical-chemical characteristics (colloidal-settleable or soluble-
colloidal).
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Figure 20. Comparison of ASM1 wastewater TKN fractionation and physical-chemical 
fractions (modified from Petersen 2000). 
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The filtration coagulation protocol aims isolating the truly soluble COD approximated 
to Si and Ss from the particulate COD, considered as the sum of Xs, Xi, and the 
potential biomass (Xba+Xbh). The two main hypothesis of this protocol are: 

- 90% effluent filtered COD gives a good approximation of the influent Si
fraction

- Filtration at 0.45 µm does not retain all the components that need to be 
hydrolyzed before being assimilated by the bacteria. Therefore a preliminary 
coagulation step is necessary

The test consists in: 
- Coagulation of fresh raw wastewater under slow mixing and pH adjustment to 

7
- Settling of the wastewater 
- Filtration of the supernatant

Raw wastewater

Stirring
(stopped)

Precipitate

Filtration

Raw wastewater

Coagulant

Stirring

Figure II.1.4.4.1.i Coagulation-filtration fractionation test set up. 

The coagulant used in the context of this study was ferric chloride at 7,5oo gFe.m-3.
Other coagulants can also be used (ZnSO4 (Mamais, 1993), Al2(SO4)3 (Stricker,
2005)). A dose of 10 ml was injected in the 500 ml of wastewater sample. The
coagulation lasted 10 minutes with a slow mixing at 100 rpm. If necessary, the pH
was adjusted to 7 with a sodium hydroxide solution at 1N. The settling also lasted 10
minutes.

The supernatant was then filtered for COD analysis. Two filtration sizes were used
with membrane filter (0.45 and 0.1 µm), but this does not seem to make a 
considerable difference on the COD measurements, see Figure 21. It suggests that 
after coagulation and settling the remaining particles have a diameter < 0.1 µm. 
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Finally it was observed that the COD obtained after coagulation-filtration was in 
average 15% lower than the filtered COD. 
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Figure 21. Comparison between 0.45 and 0.1 µm coagulated-filtered COD. 

II.1.4.4.2. Effluent 

Monthly sampling

The effluent monitoring consisted mainly in grab and 24-hr composite samples
analyzed for NH4+-N, NO3--N, NO2--N. The measurements of the plant operator were 
included in our database.

More complete analysis on 24-hrs composite samples were performed during the 
characterization and the calibration campaigns. The concerned parameters were the 
same as for the influent: 

- pH and conductivity 
- TSS and VSS 
- COD, filtered COD (with 0.45 µm or 0.1 µm filter) 
- TKN, NH4+-N, NO3--N, NO2--N
- Filtered TKN (with 0.45 µm or 0.1 µm filter) 
- TP and PO43--P

Intensive daily sampling

During the two calibration-validation months (January-February 2004), the 
sampling system was programmed to perform daily 24 hours composite. In this case
the samples were acidified and taken after approximately two weeks of sampling for
pH readjustment and analyses. 
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II.1.4.4.3. Mixed liquor total solids 

As mentioned in section II.1.4.3.1, sensors in the aeration tank monitored TSS and 
DO of the mixed liquor. In parallel the MLSS concentration was frequently measured 
by two methods: TS at 105°C with an on-site heating scale and the standard measure 
(see appendix II). These measurements were used for the calibration and validation
of the on-line system. 

II.1.4.4.4. Sludge blanket TSS gradient 

On the settler, complementary measurements to the sludge blanket height were 
performed in order to evaluate the sludge gradient in the sludge blanket. These
measurements consisted in manually measuring the TSS every 10 cm from the top of 
the sludge blanket to the clarifier bottom with an optical probe (Ponselle, PBS) fixed 
on a pole. This measurement was done 25 times over the whole survey and the data
were used for both the calibration/validation of the settling model (Simple 1d) and 
studying the potential correlation between sludge blanket height and sludge mass in 
the clarifier.

The flow of wasted sludge was copied from the plant record. Nevertheless the mass of 
the wasted sludge was preferably used for simulation. Consequently the weighing of 
the truck taking off the dewatered sludge was complemented with TS measurements.

II.1.4.4.5. Dewatered sludge total solids 

The “wastage days” were manually copied from the plant operator notes. Since the 
mass of the wasted sludge was preferably used for simulation (more than using the 
wastage flows), the weighing of the truck taking off the dewatered sludge was 
complemented with TS measurements. This measurement was done either on-site or 
at the laboratory with representative sample in the dewatered sludge that was placed 
under a heating scale until the weight was stabilized. 

II.1.4.4.6. Nitrification rate

During the survey, ten additional tests were also performed on the first train 
(especially during inhibition periods in order to better characterize these events).
Two methods were used for NPRmax measurements: 

- Chemical method 
- Respirometric method 

These methods have also been combined and they validate each other. In both case it
consists in grabbing 2 l of mixed liquor from the aeration tank and to place them into 
a temperature controlled reactor. Before the grabbing the aeration is manually 
imposed for 15 minutes in order to get the best mixing conditions and the most 
representative sample. Generally the delay between (10 to 20 minutes) the grabbing 
of the sample and the beginning of the test allow a non negligible denitrification. 
Thus the test generally starts with low concentrations of NOx-N.
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During the test, the pH is maintained between 7 and 8 (generally no addition of acid
or base is required), the DO is maintained between 4 and 6 gO2.m-3 and the
temperature is either maintained at the temperature in the aeration tank or at 20°C
for reference (they are still some uncertainties about the impact of a sudden 
temperature change on the nitrifying biomass, but no clear tendency was shown 
during this study due to the strong variations of the nitrification capacities, see
chapter III.2). The sludge is mixed during the test with a magnetic stirring system 
(see Figure 22 for the experimental set up). 

Mixed liquor

Magnetic stir plate

Chiller/Heater

Air supply

DiffuserDO pH

Temp

Data control and
aquisition system

Figure 22. Diagram of the NPRmax test set up. 

The test starts with the addition of NH4Cl and lasts about 1 hour to few hours. The
dose of NH4Cl must be adapted to the NPRmax so that ammonium will not be
limiting during the test. In fact, the principle consists in placing the sludge in the 
optimal conditions for nitrification (DO controlled between 4 and 6 gO2.m-3, pH 
controlled between 7 and 8 and non limiting substrate conditions with addition of 
NH4Cl). Consequently the expression of nitrate production rate in ASM1 is simplified: 
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with 3 referring to the 3rd reaction rate in ASM1 matrix (see appendix I) 
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The duration of the test is too short to consider both the impact of the growth and the 
decay on the autotrophic biomass concentration (XBA). Also the temperature of the 
test is constant and µA is expected to be constant too. Consequently the nitrate 
production rate during the test must be constant. If not, environmental factors like 
pH variation must be investigated. A pH variation can be due to over-aeration and/or 
too low alkalinity in the sludge. In this case NaHCO3 can be added at the beginning of 
the test to increase the buffer capacity of the sludge. 

The difference between chemical and respirometric methods comes at the
measurement step. With the chemical method, samples are grabbed every ten
minutes, filtered and analyzed for NH4+-N, NO3--N, NO2--N. In the case of this study
the nitrite concentration was never significant which justified the choice of a one step 
nitrification model. Figure 23 shows an example of nitrogen concentration versus 
time during an NPRmax test. The nitrification rate can be deduced directly from the
slope of the nitrate concentration. The ammonium consumption gives an 
approximation of the NPRmax but an error is caused by the assimilation of this 
material by both the heterotrophic and autotrophic biomasses, by possible stripping,
or even by organic nitrogen hydrolysis (ammonification).
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Figure 23. Nitrogen concentration evolution during an NRPmax test.

The principle of the respirometric measurement of the NPRmax is presented on 
Figure 24. For respirometric measurement it is important to distinguish the 
endogenous respiration rate from the respiration rate generated by nitrification.
Hence one must ensure that there is no significant amount of readily biodegradable
substrate (Ss) in the sludge. Also it is preferable to start the test with no ammonium
in the sludge so that one can record the endogenous respiration rate before injecting
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the NH4Cl solution. Aerating the sludge for 60 minutes before the tests helps
removing both Ss and ammonium from the sludge. Nevertheless practical experience
shows that it is not always possible to obtain a constant base line (endogenous
respiration) during the test, especially due to uncertainties on Xs. Thus, as explained 
thereafter, it is preferable to cross the results obtained with several methods. 

The duration of the respirometric tests depends on the amount of injected NH4Cl and
the NPRmax value. An example of the respiration evolution during the test is given in 
Figure 24. The respirometric method offers two possibilities to estimate the NPRmax.
The first method consists in measuring the difference between the respiration during 
the nitrification and the endogenous respiration. The results must be divided by 4.32
to obtain the NPRmax (4.33 is the mass ratio between oxygen consumption and
nitrate production for the nitrification). 
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Figure 24. Respiration evolution during an NRPmax measurement test. 

The second method consists in dividing the amount of ammonium added by the
estimated duration of the nitrification. This second method is considered as an
approximation since ammonium is also consumed by assimilation and because 
substrate-limiting conditions occur at the end of the test, which extends the observed
nitrification duration. Nevertheless calculating the surface comprised between the 
respiration curve during nitrification and the endogenous respiration line allows the
evaluation of the total amount of oxygen used for nitrification. This way the results 
obtained with the first method can be double-checked. 
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II.1.4.5. Short terms calibration campaigns 

II.1.4.5.1. Objectives 

The calibration campaign protocol was designed to meet several objectives. The first 
target was to acquire enough information for calibrating ASM1 on an intermittently 
aerated BNR activated sludge WWTP. This depends both on the sampling strategy
and the operation of the plant. The second target was to access more detailed 
information about the plant functioning than with the regular monitoring. This 
includes answering questions beyond ASM1: characterization of the phosphorus
removal, observation/identification of hydraulic phenomena such as possible dead
zones… The last target was to evaluate some practical aspects of such a calibration 
campaign on a full-scale plant (sample filtration system, analysis capacity of the
lab…) to optimize the protocol itself. 

The campaigns were also bounded by the project resources. The total cost of a
campaign was estimated at 15,000 €. The human resources consisted in 5 persons. 
The analyses were done by a two-person lab staff at Cemagref site in Bordeaux. It 
cannot be expected that the operators/owner would do such an investment even for 
operation or design upgrade of the plant. 

II.1.4.5.2. Preparation and preliminary tests 

The calibration campaign consists in 8 hours of intensive grab sampling at different 
locations of the process with a manual control of the aeration. The analytical 
constraints do not allow a lot of flexibility but it is preferable to carry out this 
campaign during a weekday that is not influenced by exceptional events (such as 
rains, significant temperature drop, massive hauled waste dumping…). It is also 
important to co-operate with the operator in order to stabilize the plant functioning 
during the previous weeks in terms of MLSS concentration and aeration control. It is
also recommended to avoid any wastage and hauled waste dumping for two days 
before and during the campaign. 

Two 24-hour composite samples of the influent are programmed during the 
campaign day and the day before and are analyzed for TSS/VSS, COD, NH4+-N and 
TKN. This allows the checking of the actual loading of the plant and to compare it 
with the results from the regular monitoring. It is also necessary to check that the
inlet pump system of the plant will operate normally during the campaign since
hypotheses are made on the hourly profile of the COD and nitrogen loading rate. 

It is also crucial to carry out an NPRmax measurement test the day before the 
campaign. This measurement was carried out either with spectrometer analyzer
(chemical method) or respirometric methods in order to obtain the results 
immediately. Once the nitrification capacity of the plant was estimated thanks to both 
this NPRmax test and a grab sample for the effluent NH4+-N and NO3—N
concentrations, the planning of the manual aeration on/off control could be adapted. 
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The manual aeration control must provide several anoxic/aerobic cycles during the 8 
hours of the campaign. As mentioned above this number of cycles must be adapted to 
the nitrification capacity. For instance the first campaign stretched over 4 cycles 
whereas the second campaign contained only 2.5 cycles. In any case the objective is to 
obtain strong variations of nitrogen concentration in the aeration tank. Anaerobic 
conditions must be avoided but low concentrations of both NO3--N and NH4+-N must
alternatively be reached (to calibrate the half-saturation constants). The duration of
each phase (anoxic or aerobic) must also be long enough to contain the necessary 
information for the calibration of the kinetic parameters.

Figure 25 gives an example for an approximate nitrogen concentration forecast that 
can be obtained when knowing the NPRmax and with hypothesis on the influent 
hourly loading rate profile and the denitrification capacity. This example was built 
with an excel spreadsheet with only four inputs: COD and TKN loads, and 
nitrification and denitrification rates. The experience of a prior calibration campaign
allows more advance forecast scenarios by modelling with the calibrated set of
parameters (case of the second calibration campaign at Labège). 

Figure 25. Example of calibration campaign forecast for nitrogen concentration in the 
aeration tank. 

On Figure 25, the “locations” for the calibration of parameters are shown. The curve 
inflexion generally gives information on the half-saturation constants (KNO, KOA,
KNH). The anoxic periods allow the identification of the denitrification and hydrolyze
parameters (KS, g, kx, h) thanks to the nitrate decrease rate, whereas the nitrogen
content of the biomass (iXB) and the ammonification rate (kA) can be determined 
thanks to the increase of NH4+-N curve. The aeration characterizes the growth rate
(µA) of the autotrophic biomass. 
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II.1.4.5.3. Sampling and analytical program 

For this type of campaign the analytical capacity is crucial. Appendix IV presents two
tables that show the sampling strategy applied for the second calibration campaign. 
Note that the most intensive grab sampling concerns the nitrogen concentrations in
the aeration tank, to obtain a detailed evolution as presented in Figure 25. The 
influent and effluent parameters are analyzed both on 2 hours composite samples 
and one 8-hour composite sample. This allows double checking the results, which 
appears necessary due to the importance of the loads values for the calibration
protocol. Analytical methods are given in appendix II. All analyzes were performed 
within three days after the campaign, thus conservation problems were avoided.
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Transition:

In the previous section the methodology applied for the full-scale survey at the
selected BNR activated sludge WWTP has been described. The design of this survey
was orientated towards simulation purpose: model calibration and validation. The 
monitoring generated large amount of data that were processed and reused for 
modelling tasks. The next section, “Modelling Methodology”, will present the strategy
that was applied, from software selection, data management, layout building to 
calibration and validation procedures.
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II.2. Modelling methodology

II.2.1. Software selection

An important feature of modelling software for scientific research is the accessibility
to the modelling code. This allows the creation of new variables, to modify the models 
and to add user-defined controls. Another important feature is the management 
input and output data. 

The simulation software used for the simulation tasks presented in this document 
was GPS-X (Hydromantis Inc.). This choice was based on the following elements: 

- This software was already used at Cemagref, which offers internal training and
an active internal user group. 

- The code is accessible: the software allows model modification or development
and user-define controls.

- Advanced features are available, such as: sensitivity analysis, optimization
tool, steady-state calculator, process controls (PID, on-off,…).

- Complete WWTP with a large selection of treatment units from preliminary 
treatment to tertiary treatment can be represented. 

II.2.2. Data management

In this project the full-scale survey at Labège WWTP has generated a large amount of
measured/recorded data. From the software point of view, these data are input data. 
Nevertheless from the modelling point of view, some are input data (e.g. influent 
flow) and others are output data (e.g. concentration in the effluent). For a better 
understanding, the first category will be defined as “control inputs” (referring to their 
impact on the simulation) and the second as “display inputs” (referring to their 
comparison to the simulation results). Furthermore some were acquired with a 
constant time step, whereas others consisted in records of on and off times of devices.
In the case of this project only some “control input” data were recorded with non-
constant time step. According to the type of data two “reading” strategies were
adopted for simulations. 

The first strategy consisted in placing these data in text files that are read along the 
simulation. This concerned all the “display input” data and the “control input” data 
that were acquired with a constant time step. Obviously the smallest acquisition time 
step influences the speed of the simulation. 

The second strategy consisted in placing the data in a text file that is loaded in the 
computer memory at the beginning of the simulation. Hence all the “control input” 
data recorded without constant time step were instantaneously available for the 
simulation software. This method has allowed a considerable decrease of the 
simulation time (divided by 2 to 5). 
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II.2.3. Plant layout

In this work the preliminary treatment are not considered. Figure 26 represents the
layout of the second train of Labège WWTP for all the studied units. A unit generally 
stands for a tank (aeration tank, anaerobic zone,…) or a feature of the wastewater 
plant (influent flow, operation controllers,…). 

Figure 26. Labege Train #2 layout in GPS-X. 

Each unit of the layout receives input data that are modified/processed according to
the unit characteristics and the chosen model for this unit. Then the processed data 
become outputs, which are directed to the next units and/or to graphic or result files 
for comparison with the “display input” data (see Figure 27). It is necessary that
output data from a unit correspond to the required input data of the next unit 
(especially when the selected model for the two units are different). It is the role of 
the software to ensure this compatibility.
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Figure 27. Input and output data for a layout unit. 

II.2.3.1. Influent 

II.2.3.1.1. Fractionation model

Several fractionations models are available for the influent. The “CODfractions” was 
chosen since it requires entering the influent concentrations in COD and TKN as 
main inputs (main input form in the software). Since the influent load was measured 
daily, these concentrations were changed with the daily influent flow in order to 
obtain the average load. Secondary inputs consist of variables and ratios. Assuming
that the influent fractionation is constant, these inputs are not changed. 

Figure 28 shows how COD and TSS are represented in the “CODfractions” model.
The “in-box” variables correspond to the data that must be entered (COD, frscod, frsi 
and frxs). The model was simplified since it initially included biomass fractions 
(frxbh, frxbh) that were assumed to be negligible. Some variables are not obtained 
directly. For instance the following equation shows how Ss is determined: 

)1( frsifrscodCODSs

Equation 14 

The volatile suspended solids (VSS) are deduced from the ratio “icv”, and the TSS are 
calculated from the ratio “ivt”. These two ratios are frequently measured in the
influent.
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Figure 28. COD and TSS in the “CODfractions” influent model. 

Figure 29 shows how TKN is represented in the “CODfractions” model. Three inputs 
are required (TKN, frsnh and Snh). All variables are independent of the COD
fractionation. Sno (NOx-N concentration) must be independently entered if the 
concentration is not negligible (measured at 0.0 gN.m-3 at Labège). 

Complementary variables are added in red dotted boxes. Sni (inert soluble nitrogen) 
was not initially included in the model. It appeared to be not negligible from
measurements. Xni (particulate inert nitrogen) is implicitly included in the model 
since Xi is supposed to have fraction of inert nitrogen (ixp). 
Remark: if biomass fractions were not negligible, they would also imply a 
complementary source of particulate nitrogen (ixbn fraction). 

TKN

STKNXTKN

frsnh

SnhSndXnd SniXni = ixp.Xi

Figure 29. TKN in the “CODfractions” influent model. 

II.2.3.1.2. Flow 

The influent data were obtained from the processing of the total influent and second
train effluent flow rate measurements. The total influent flow rate of the two trains of 
the plant was measured in a parshall flume before the flow was divided by a splitter. 
This measurement allowed the calculation of the hourly dynamics of the flow rate,
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whereas the flow rate in the effluent allowed the evaluation of the total flow 
repartition between the two trains (over long periods). 

The time step of the entered flow rate for the model depended on the simulation
purpose:

- steady and pseudo steady-state simulations: average constant flow rate 
- initialization and long-term simulation: day or hour time step* 
- short campaigns: minute time step 

* The day time step was applied for improving the simulation time when it was 
proven that the hourly variation of the flow rate did not bring useful information for 
the purpose of the simulation. 

II.2.3.2. Biological tanks

Building the layout for representing Labège WWTP, consisted in connecting an
influent model to a set of three CSTR (completely stirred tank reactors) for the 
selector zone, the anaerobic zone and the intermittent aeration tank (see Figure 26). 
The completely stirred hydraulic was assumed from the calculation of the 
“refreshing” time in the tanks. Since the tanks are circular, it means the mean
revolution time for a particle. In the aeration tank this “refreshing” time is calculated
as follow: 

Trefresh = 
MLSS

AT

Q
V

Equation 15 

With,
VAT:  volume of the aeration tank (2,367 m3)
QMLSS: horizontal flow of MLSS in the aeration tank (calculated at 14.1 m3.s-1 from 
gyration tests) 

Thus, we have Trefresh = 2 min 48 sec in the aeration tank, which is small enough to 
assume complete mixing of the MLSS. This assumption was later confirmed by the 
simulations that showed no delay between measured and simulated data in the
biological tanks. 

The ASM1 model was selected for each of those tanks. For the aeration tank, three 
control modes were available: 

1) Ideal aeration controls were used simplified simulations such as the
initialization phases: 

a. Closed-loop on-off control based on high and low DO limits 
b. Open-loop on-off control defined by cycle times

2) Direct control data input for dynamic simulations on real data: the on-and-off 
times of the blowers recorded at the full-scale plant were applied. 

In any case, KLA was set to its measured value during aeration periods and to zero
during non-aeration periods. The ideal aeration controls were implemented thanks to 
“toolboxes” (“DO limits” and ”aeration timing” on Figure 26). 
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II.2.3.3. Ferric chloride dosing 

One critical point in building the layout was the representation of the dosing of ferric 
chloride. This chemical removal of phosphorus has a significant impact on the VSS 
ratio and the production rate of the sludge. The degasing well, located between the 
aeration tank and the clarifier, was chosen to represent the injection and mixing tank 
for ferric chloride in the layout. An empirical chemical dosage model was used to 
calculate the mass of inert suspended solids (ISS) generated as iron precipitates. The 
ISS yield coefficient was estimated to be around 2.2 kgISS/kgFe, to match the
chemical calculated sludge production (see section III.1.1.2.1 for calculation 
methods).

II.2.3.4. Clarifier, sludge wastage and recycling 

The clarifier was represented by a circular secondary settler (clarifier) with flat
bottom. The simple 1D model was selected (Takàcs, 1991). Consequently the settler 
was non-reactive: the composition of the particulate and soluble fractions remained 
unchanged. This hypothesis can be discussed. Nevertheless the lack of knowledge on 
the potential activity in the clarifier at the time when the project was initiated, led to
this simplification. The consequence of applying a reactive model in the clarifier is
discussed in chapter III.2.4.2.4. 

The feed point was set at 1.5 m from bottom as observed on the full-scale plant. The 
RAS was recycled from the bottom of the clarifier to the selector. On the full-scale 
plant, there was also the possibility of returning the sludge to the anaerobic zone or 
the aeration tank, but this option was not used during the survey and thus not 
modeled.

The sludge wastage was represented by an outflow at the bottom of the clarifier. 
During the initialization phases, the wastage was continuous at a constant flow rate,
determined to obtain the initial MLSS objective in the aeration tank. During dynamic 
simulations on real data, the wastage was discontinuous to represent actual 
operation. The start time of the wastage matched with the actual time. But instead of 
matching actual wastage flow and duration, it was found more accurate (due to
possible errors on the sludge concentration at the bottom of the clarifier) to waste at a
constant flow rate and stop the wastage in the simulation once the simulated
cumulated mass of wasted solids matched the measured dry mass of the hauled 
dewatered sludge. 

II.2.4. Calibration procedure

II.2.4.1. General methodology

In this study a specific calibration method has been developed. It includes four steps 
that must be iterated (Figure 30). The first stage consists in a steady state simulation
based on the average load and performance of the plant. This simulation is followed 
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by a 30-day “pseudo” steady state simulation that integrates intermittent aeration 
cycles and a diurnal pattern on typical influent characteristics. This allows the
representation of the alternation of aerobic and anoxic periods. The main goal of this
phase is to estimate the autotrophic biomass concentration under the given operating 
conditions (loading, aeration, temperature, wastage). 

The following “basic” dynamic simulation (30 days) is designed to reach initialization
status for the calibration campaign based on actual data from the WWTP. It is 
defined as “basic” since it can be done with a reduced set of information (flows, MLSS 
concentrations, temperature and some effluent analysis). Of course additional
information would give a more accurate initialization point but it would also turn this
phase into a calibration period. Moreover some of the results at t=60 d of the
dynamic simulation are overwritten by the actual values measured at the beginning of 
the simulation campaign (especially for nitrogen concentration in the tanks).

Information available on the sludge blanket mass and height, allowed the calibration 
of the settling model in the “basic” dynamic phase. The dynamics of the sludge
blanket corresponds to the calibration of the “rhin” parameters in the simple 1D
model (Takàcs, 1991), whereas the TSS concentration in the effluent allowed the 
calibration of parameters such as “rfloc” (dynamics correlated the flow rate) and “fns” 
(from TSS effluent concentration observed at night time, or very flow rate). 

"Pseudo" Steady State

t=0d t=30d t=60d

"Basic" Dynamic
Calibration
Campaign

Steady
State

Initialization

Figure 30. Simulation sequence for calibration. 

II.2.4.2. Simulation of calibration campaigns 

Several methods for calibrating activated sludge models were recently published
(Hulsbeek et al., 2002; Petersen et al., 2003; Vanrolleghem et al., 2003; Melcer, 
2003). Nevertheless the “intensive sampling campaigns” applied in this study were 
noticeably different from the ones proposed in the literature since they were specific
to intermittent aeration. From the experience of other study on calibrating ASM1 at 
Cemagref (Stricker, 2000; Choubert, 2002; Lagarde, 2003), it was chosen to perform 
a manual calibration based on cumulated expertise and knowledge. 

The modelling task focused mainly on the nitrogen concentration profiles in the
aeration tank. Figure 1 shows an example of the measured and simulated 
concentrations of NOx-N and NH4+-N in this tank. Table 18 relates the information
that can be extracted from these curves. 
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The effluent concentrations are generally used for showing the ability of a model to 

igure 31. Measured and simulated oxygen and nitrogen concentrations in the

ecay rates do not appear in Table 18 since the duration of the campaign is too short 

reproduced treatment processes. Nevertheless using data in the aeration tank for 
calibration gives more independence between parameters (between growth rates and 
biomass concentrations in particular) and it allows a better understanding of
processes like ammonification or hydrolysis. Assessing the maximal nitrate 
production rate prior to the campaign also gave additional information since it 
allowed refining of the estimate of µA and XBA by getting rid of half saturation 
parameters.

F
aeration tank during an 8-hr calibration campaign. 

D
to consider decay as a significant process. Nevertheless they are absolutely not
negligible for a calibration task, since they have heavy influence on biomass 
concentration and applicable sludge retention times in future simulation scenarios. 
The decay coefficient of autotrophic biomass under aerobic condition was estimated 
twice through respirometric batch tests. The procedure consists in monitoring the 
decline of nitrification capacity of a sludge sample in endogenous conditions for 5 
days (Dold, 2002). The two tests gave consistent results for the studied WWTP (See 
appendix V). 
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Table 18. Periods of the campaigns and parameters that can be calibrated 

Period Conditions Main processes Parameters of concern 
1a Anoxic Anoxic growth (denitrification*) of

heterotrophs
Hydrolysis
Ammonification
(Assimilation)

XBH, µH, KOH, g

ka

h, kH, kx

ixb

1b Anoxic/Anaerobic Anoxic growth of heterotrophs
Denitrification* in NOx limiting conditions 
Ammonification
Hydrolysis

Similar to 1a +KNO

2 Aerobic Aerobic growth of autotrophs (Nitrification) 
Aerobic growth of heterotrophs
(Hydrolysis, Ammonification, Assimilation)

XBA, µA, KOA

XBH, µH, (Ks)
KH, kx, (ks)

3 Anoxic Similar to period 1a

4a Aerobic Similar to period 2 

4b Aerobic Nitrification in NH4 limiting conditions Similar to period 1b + KNH

5 Anoxic Similar to period 1a

*The representation of the denitrification process in ASM1 may not allow the
assessment of the actual denitrification capacity. One reason is that the same 
heterotrophic yield is used for aerobic and anoxic growth, while it has been shown 
that it is lower in anoxic condition (Muller et al., 2003). Another factor affecting the 
effluent NOx is the biological activity in the clarifier, especially if it contains a 
significant part of the total sludge (15 to 30% in this study). Applying ASM1 in the 
layers of the clarifier allowed the reduction of the effluent NOx-N by 2 mg l-1 on 
average.

II.2.5. Validation procedure

In the present study the validation step was carried out with “long term simulation”
objectives, such as assessing the ability of the model and the simulation software to 
reproduce real effects of rain events, operational changes and inhibition occurrences.
Six priority variables were checked for validation, namely: the MLSS concentration in 
the aeration tank, the sludge blanket height in the clarifier (SBH), the NPRmax, the
specific NPR (NPRsp mgN.gVSS-1.h-1), the oxygen presence time in the aeration tank 
(O2PT), and the nitrogen concentrations in the effluent (Nout). Figure 33 shows the
validation/calibration protocol applied for each of these parameters. 

Figure 32 can be seen as a single unit of a bigger diagram that connects series of units 
according to the priority between the checked parameters. Figure 33 presents the 
whole strategy applied to the present study. For simplification this diagram does not 
show all possible influence factors and all modifiable parameters. However this 
diagram is case specific and must be adapted to the studied process. Figure 33
corresponds to an intermittent aeration system where a lot of information on 
nitrification is available. 
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Figure 32. Validation/Calibration for priority parameters in long term simulation. 
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Figure 33. Application of validation/calibration protocol applied to the study. 

The procedure described above stands for the validation step of the calibration of
ASM1 with full-scale data. Nevertheless, the diagrams presented in Figure 32 and 
Figure 33 includes adjustment of model parameters. Thus this step can also be
considered as a calibration procedure. This paradox can be justified with the 
following remarks: 
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- The “short” calibration campaigns and the long-term validation survey do not 
expose the system to the same sensitivity to the model parameters. For
instance half-saturation parameters are crucial during a short campaign
whereas decay rates have more influence on long periods. 

- The parameters that govern the nitrification are the only tools in ASM1 that
allow the representation of the potential inhibition of autotrophs. In the 
results section it will be seen that during the full-scale survey at Labège, the 
plant was subject to unexpected variations of its nitrification capacities. 
Consequently it became necessary to change the autotrophic kinetics during 
the validation period it-self. 

From a general point of view, the combination of short calibration campaigns and 
long-term periods for validation was chosen to both respect the classical scheme of 
model calibration and get the maximum information on the model behavior and 
limits for simulating with full-scale data. 
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III. RESULTS
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III.1. ASM1 Calibration and validation 

In this chapter the results from the full-scale survey at Labège WWTP and from
laboratory experiments aiming at calibrating/validating ASM1 are presented. This
chapter is divided into three sections: 

- Steady state calibration: overview and experience from the long term survey 
for the selection of data to build a steady state model 

- Dynamic calibration: adjustment of the model parameters using data from the 
full-scale survey (campaigns) and laboratory experiments 

- Dynamic validation: assessment of the ability of the calibrated model to
reproduce a dynamic period with an independent set of data

This “three-step” presentation does not represent the actual unfolding of the study.
The differences are due to unexpected events at the full-scale facility (especially
nitrification inhibition) and to reconsideration of some hypothesis of ASM1. 
Nevertheless it was decided to maintain this typical outline for model calibration in 
order to highlight the limits of theoretical methodology when facing full-scale
constraints.

III.1.1. Steady state calibration

III.1.1.1.  Long term survey data 

Most of the data have been recorded between the beginning of June 2002 and the end
of February 2004, so it represents a 21-month period. Ensuring the maintenance of 
the probes and the logging systems at a distant site was not easy and explains the
data losses that can be observed in the following figures. These losses were
considerably reduced during the last year of the study (March 2003 to February
2004), thanks to the use of the remote data logging system that was installed for this 
period (Perax®). 

III.1.1.1.1. Influent flow

The recording of the influent flow during the survey shows that rain has a significant 
impact on the daily volume of influent, although the flow rate pattern is not the same 
between 2002 and 2003. Actually no correlation appears between the measured rain
gage data and the influent flow, as in other similar studies (Stricker, 2002; Lagarde, 
2003). In fact the flow rate does not depend on the precipitations but on the runoff 
generated by them. Also there is no direct correlation between precipitations and 
runoff. Their relation is described by complex models (Rauch, 2002). These models 
can include a wide range of parameters such as the precipitation height, the intensity 
of the precipitation, impermeable surface area, soil characteristics, history of the rain 
before the event. 

Figure 34 shows that the flow does not reach any steady state between May 2002 and 
March 2003. The flow rate increased continuously over the autumn and winter 
seasons, that were more rainy than normal this year. 
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Between March 2003 and January 2004 the flow is steadier. A small decrease can be
observed during July and August and was attributed to the vacation period. Finally 
strong rain events increase the flow in January and February 2004. 
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Figure 34. Daily influent flow at Labège. 

III.1.1.1.2. Influent characterization

24-hr composite samples

During the 21 months of the study twenty-seven 24 hrs composite samples have been 
analyzed for characterizing the influent of Labège WWTP. Five of them were
discarded due to known errors or inconsistent results. Finally 18 dry weather samples 
and 4 wet weather samples were selected. Figure 35 shows the dates when the
samples were taken. Six samples correspond to the one-week characterizing
campaign of June 2002. Other samples were taken during winter and spring periods 
of the following years. Consequently the characterization does not represent a whole 
year functioning of the plant.

Also data show that wet weather occurs on average 2 days per week in France (i.e
28.6% occurrence). Our sampling program as permitted to validate 18 dry weather 
samples and 4 wet weather samples. Consequently, in Table 19, the results include 
weighing factors so that the 2/7 ratio is preserved for wet weather samples. 
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Figure 35. 24-hr influent composite sampling dates during the survey.

Nevertheless, in Table 19 that shows the measured loads, one can see that there is no
significant variation on the influent parameters whether wet weather is included or 
not in the calculation of the loads, except for ISS and Q. It confirms the suspected 
impact of the rain on these parameters. 

Table 19. Influent loads 

COD BOD5 TKN N-NH4+ TSS ISS TP Q
kg/d kg/d kgN/d kgN/d kg/d kg/d kgP/d m3/d

number 22 5 21 21 22 22 12 22
min 628 223 64 55 294 36 13 1 120
average 819 356 90 68 428 55 14 1 613
max 1 150 455 106 100 491 110 15 4 125

number 18 5 17 17 18 18 10 18
min 677 223 72 55 294 36 13 1 120
average 835 356 90 68 424 49 14 1 379
max 1 150 455 106 100 491 64 15 1 750

nominal
loading 1080 540 135  - 630  - 36 1900

rate (%) 76% 66% 66%  - 68%  - 38% 73%

selected samples : dry weather only

Loading rate

selected samples : dry weather, wet weather

Note: the samples were taken from the combined influent channel (train 1 & 2). The loading results were
divided by 2 to represent the influent of train 2 in table XX. 

The results also show that the average loading rate, (compared to the design loading), 
is about 66 to 76%, depending on the considered parameter, except for phosphorus:
the 38% loading rates due to a large overestimation of the P.E. load for the design of 
the process. 
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Figure 36 and Figure 37 give characteristic ratios measured in the influent. It was 
observed that some of them seem sensitive to strong rain events. 
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Fractionation

Three methods were used for assessing the fractions of the influent: one batch test, 
one respirometry test and three coagulation-filtration tests (see section II.1.4.4.1 for 
methods). They were carried out at different periods, but no conclusion can be drawn
about the variability of the influent fractionation due to methodology issues in the 
batch test protocol.

COD fractionation

The final results for the fractionation of the COD are presented in Table 20. The 
results from the three methods were compared. With the batch test, it was supposed 
that the length of this tests allows some biodegradation of the Xi fraction, while it is 
considered as inert in ASM1. Thus this method is not advised for fractionation of 
wastewater, whereas coupled respirometry/coagulation-filtration tests seem to offer
good results. 

Table 20. Influent COD fractions for Labège WWTP. 

Fraction (of total COD) %
Si 4
Ss 3
Xs 74
Xi 19

Note: for simplification the fraction Xbh was included in Xs and Xba was considered 
as negligible. The respirometry test indicates 30% of Xbh in the particulate 
biodegradable fraction of the COD. 

The batch test led to a high fraction of Ss (19 % of total COD) and a small fraction of 
Xi (7% of total COD). The results for Ss were contradicted by the two other methods, 
and the respirometry test shows that the total inert fraction of the total COD (23%) 
implies a higher Xi fraction, after deducting of Si assessed from effluent COD (4%). 
The simulation of steady state functioning of the plant has shown a good agreement
between the 19% Xi fraction in the influent and the comparison between measured 
and simulated value of the particulate COD in the MLSS (XCOD = COD – SCOD). 

Nitrogen fractionation

Neither nitrate nor nitrite was observed in the influent of Labège WWTP. 
Consequently the fractionation of the nitrogen can be given as fractions of TKN. 
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Table 21. Influent nitrogen fractions for Labège WWTP. 

Fraction of TKN % Note
Snh 71 Measured
Snd 0.7 Deduced from STKN 
Sni* 1.5 Deduced from effluent 
Xnd 16.7 Deduced from XTKN 
Xni 10.1 ixp×Xi

* Sni is not included in ASM1, but it was added for consistency with the measured of 
TKN.

Ratios for process simulation

For AMS1 the characterization of the influent is complete with COD and TKN 
fractions. However three more fraction ratios are required for actual process 
simulations in order to: 

- Calculate Xii (ISS). This variable is missing in ASM1, but is needed to calculate
total sludge production and sludge VSS/TSS ratio 

- Calculate some of the composite variables: they do not have any role in the 
simulation, but are displayed for convenience as they represent the actual 
lumped parameters routinely analyzed on plants (VSS, TSS, BOD5).

These ratios are presented in Table 22. They have been calculated from the 
combinations of dry and wet weather samples described in section “24-hr composite 
samples” (above).

Table 22. Influent ratios to calculate composite variables and ISS. 

Ratio Value Unit
icv (COD/VSS) 2.20 gCOD/gVSS
fBOD (BOD5/BODu) 0.52 gBOD5/gBODu*

ivt (VSS/TSS) 0.87 gVSS/gTSS
* BODu = Xs + Ss (+ Xbh + Xba) [biodegradable COD]

III.1.1.1.3. Sludge temperature

The processing of the data from the long-term survey revealed global information
about the plant functioning. The temperature in the sludge varied between 13.5 
(January-February) and 26.5°C (July-August) (see Figure 38). There is a sinusoidal 
evolution between summer and winter temperatures.
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Figure 38. Sludge and air temperature during the 21-month survey at Labège. 

A linear relationship was even observed between air and sludge temperature (Figure 
39). Nevertheless the buffer capacity of the water smoothes the short term variations 
of the air temperature (between night and day) and it was observed that for a same 
air temperature, the range of measured sludge temperature can reach 8°C. It is finally 
concluded that it is not possible to predict the temperature of the sludge from the 
temperature of the air, due to complex influence of parameters such as: 

- Temperature of the drinking water (surface or ground water?) 
- Temperature of the ground and travel time in the sewer 
- Heat exchange through surface of tanks and wall at the plant 
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Figure 39. Correlation between air and sludge temperature. 

III.1.1.1.4. MLSS concentration

As shown on Figure 40, the MLSS concentration measured in the aeration tank never 
reached any steady or “pseudo steady” state during the whole survey. The first year of
monitoring was impaired by several data losses. A sudden decrease of the 
concentration was observed in January 2003 over 3 days. This decrease corresponds
to a failure in the return activated sludge system. The suction bridge was actually 
clogged and no sludge was returned from the clarifier bottom to the selector. 
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Figure 40. MLSS concentration during the 21-months survey at Labège. 

On Figure 40, a selection of MLSS concentration measurements are noted as “sensor 
calibration error” (red circle). Other measurement methods have confirmed that 
these data were too high. This example highlights the importance of decision-making
on the calibration of MLSS concentration sensor. Too frequent calibrations lead to 
useless data for both sludge production evaluation (see section III.1.1.4.2) and 
simulation purpose (see section III.1.3.1). Good relative values trend might be more 
useful than absolute values affected by some calibration errors. Of course good
maintenance of sensors includes cleaning, in order to avoid fouling and drift of the 
measurement trend. 

Sludge wastage could only occur if the storage space for dewatered sludge after 
gravity belt thickening or centrifugation was available. For that reason, it was 
frequently stopped for long periods (see October-November 2003 on Figure 40). 
Afterward the operator performed intensive wastage campaigns to catch up (see
sections with decreasing trends on Figure 40). 

III.1.1.1.5. Sludge blanket level and mass 

General overview 

The sludge blanket level was continuously recorded in order to: 
- Observe the influence of the influent flow daily profile and the rain events 
- Study its potential correlation with the MLSS concentration 
- Calibrate the simple 1D model (Takacs, 1991) 
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From November 2002 to March 2003, the sludge blanket level increased from
approximately 0.5 m to 1.25 m. During the same period the influent flow also
increased (see Figure 41) and the MLSS increased from mid-December 2002 to
March 2003. This suggests a strong influence of these parameters on the sludge
blanket height but does not allow the evaluation of their respective impacts. 

During summer 2003, the sludge blanket height remained below 0.5 m in spite of 
significant variations of the MLSS concentration. At the end of year 2003 (October to 
December), the high variations in the MLSS concentration do not seem to have more 
influence on the sludge blanket height. Only in January 2004, a more dynamic 
behavior is observed again. 

Figure 41. Sludge blanket level during Labège survey. 

Correlation with sludge blanket mass and MLSS concentration 

Figure 42 shows that a correlation can be established between the sludge blanket 
height and the mass of sludge it contained. This mass was estimated from the manual
measurement of the sludge blanket MLSS profile (26 measurements over the whole 
survey). The linear relationship was observed between 0.2 and 1.4 m. Only one point
was taken at 2.0 m and this point is over the linear correlation, which is indicate that
the sludge thickens for high sludge blanket levels. 
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The linear correlation line crosses the y-axis at approximately 1000 kg (red doted line 
on Figure 42). For both the measurement of the sludge blanket TSS vertical profile 
and the sludge mass, the TSS concentration was observed every 0.1 m. Also it was 
often observed that the bottom layer was concentrated at about 20,000 gTSS.m-3.
Thus, according to the clarifier surface (526 m²), this layer contained about 1050 kg 
of sludge. If it is supposed that this layer permanently remains in the clarifier
(independently of the sludge return), this result suggests that the linear correlation 
could be extended until very small sludge blanket levels. In any case these results 
contradict the common idea that the sludge should significantly thicken when the 
sludge blanket level increases. 
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Figure 42. Correlation between sludge blanket height and sludge mass in clarifier. 

Figure 43 shows that a correlation can also be observed between the MLSS 
concentration in the aeration tank and the sludge blanket height. Nevertheless this
correlation is not as good as with the sludge mass in the clarifier. An attempt to 
correlate the MLSS concentration and the sludge mass in the clarifier gave even worst 
results.
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Influence of the influent flow 

The first two weeks of January 2004 were selected for presenting both the sludge
blanket height and the influent flow (see Figure 44). There was no rain during the 8
first days. One can easily see the daily variation of the sludge blanket height, which is 
directly influenced by the daily profile of the influent flow. Between night and day 
time the sludge blanket height is almost doubled from 0.25 to 0.5 m. 

During the ninth day the rain increases the influent flow that remains disturbed until 
the last day of the observed period. The sludge blanket height instantaneously 
increases with the flow. Even if the data seems somehow erratic, the correlation
between sludge blanket height and flow rate appears obvious. 
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Figure 44. Sludge blanket height and influent flow in January 2004. 

It was concluded that the sludge blanket is mainly under these three influences: 

- the addition of FeCl3 that ensures stable and good dSVI (about 120 mL/g at 
this plant) 

- the recycling flow rate 
- the variation of the influent flow (that pushes the sludge out of the aeration 

tank to the clarifier and lifts up the sludge blanket height) 

Sludge blanket height during an operating failure

Figure 41 shows the global evolution of the sludge blanket height over the study. It 
can be noticed that both the MLSS concentration and the sludge blanket height were
disturbed during a short period at the end of January 2003. This event can be seen in 
more details on Figure 45.

The sludge recycling is ensured by a suction bridge that collects the settled sludge at 
the bottom of the clarifier. This system is very sensitive to clogging and requires
frequent operator checks. On 19th of January 2003, it became totally clogged and the
recycling flow dropped down to zero. With no return, the sludge from the biological 
tanks poured and accumulated into the clarifier. Figure 45 shows that the MLSS 
concentration has steadily decreased at a rate of 2,000 gTSS.m-3.d-1.  The MLSS 
concentration “re”-increased only one and half day after the operator fixing of the
suction bridge clogging. It is less obvious to evaluate the increase rate of the sludge 
blanket height because of some noise on the data before the event.
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No data is available after the 22nd of January (electrical failure). Nevertheless a 
manual measurement of the MLSS gradient in the sludge blanket carried out on the 
4th of February 2003 indicates that the sludge blanket height was still about 2 m high 
and that the clarifier contained about 54% of the total sludge of the system (instead of 
10 to 20% usually).

Figure 45. Evolution of sludge blanket height, recycling rate and MLSS concentration 
during the recycling failure (January 2003). 

During the day when the MLSS concentration in the aeration tank was at its 
minimum (21st of January), grab samples in the effluent have shown the following 
concentrations:

- NH4+-N : 23.0 gN.m-3

- NO3--N : 10.1 gN.m-3

These values confirmed that nitrification was still partially occurring. The daily 
oxygen presence time was 24 hr.d-1 during the whole month of January 2003, due to
an extended aeration time of 17 hr.d-1. This aeration strategy was applied after 
observing nitrification inhibition in December 2002 (confirmed by an NPRmax

measurement of 0.0 gN.m-3.h-1). Thus it was surprising to observe that the N-NH4+

was reduced to half of the influent TKN concentration and that nitrates were present.
One can suppose that the over-aeration of the aeration tank led to a non-negligible 
transfer of oxygen to the clarifier where aerobic biological reactions could occur. 
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Nevertheless, low levels (< 5 gN.m-3) of N-NH4+ were not observed in the effluent 
until the beginning of March 2003. It is not possible to differentiate the respective
impacts of inhibition and of the operation failure on nitrification. However this event
shows that the plant is largely designed for absorbing mechanical failure, as the 
clarifier was big enough to avoid sludge discharge in the effluent. But this design does
not ensure the preservation of the biomass treatment capacities, since it relies much 
more on the operation strategy. 

III.1.1.2. Sludge production

At Labège the sludge production can be divided in two parts: 
- SPbio: the sludge production due to biological growth and accumulation of 

particulate in the influent 
- SPchem.: the sludge production due to chemical precipitation from ferric

chloride dosing for chemical removal of phosphorus. 

So it comes the total sludge production: 

SPtot = SPbio + SPchem.

In a first step, it will be shown how the SPchem. was estimated. Then five methods 
(including or no SPchem.) that allow the evaluation of the SPtot will be compared: 

- Prediction based on the influent loads 
- MLSS mass balance on dynamic period 
- Estimation of dehydrated sludge mass 
- ISS mass balance in steady-state 
- TP mass balance in steady-state 

III.1.1.2.1. Calculation of chemical sludge production 

In the case of Labège WWTP, the addition of FeCl3 in the MLSS allows precipitation 
of phosphorus (partial chemical removal with FePO4 precipitates). Nevertheless other 
precipitates are also generated such as Fe(OH)3 and Fe1.6(H2PO4)(OH)3. The form of
precipitates depends on the removal yield of phosphorus and others environmental 
parameters, such as pH. 

For the calculation of SPchem., the following mass balance for phosphorus equation 
was considered:

assimPbioPoutPinPchemP ,,,,,

          Equation 16

With,

chemP, : Flux of phosphorus removed by chemical precipitation (kgP.d-1) with ferric

chloride (FeCl3).

inP,  : Flux of phosphorus in the influent (kgP.d-1).

outP, : Flux of phosphorus in the effluent (kgP.d-1).
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bioP, : Flux of phosphorus biologically removed (kgP.d-1).

assimP, : Flux of phosphorus assimilated by the biomass (kgP.d-1).

The following table summarizes the values obtained at Labège WWTP and their 
corresponding methods. 

Table 23. Phosphorus flux for Labège WWTP 

Value
kgP.d-1

Method

inP, 14 Statistics on 24-hr composite 
samples

outP, 1.5 Statistics on 24-hr composite 
samples and snap samples

bioP, 2.8 Considered as 20% of the influent 
phosphorus

assimP, 4.1 Mean values between methods 
base on percentage of: 

- VSS concentration 
- Removed BOD5

chemP, 5.6 Deduced from Equation 16 

It was assumed that the ferric chloride would precipitate in priority with phosphorus
and the rest would precipitate with hydroxide radicals (Fe(OH)3). The dosing brings
about 22.1 kgFe.d-1. As mentioned above, two types of precipitates were considered
with phosphorus: Fe(PO4) and Fe1.6(H2PO4)(OH)3.8, but in any case the ferric 
chloride was in excess and the estimated “chemical” sludge production was found 
between 49 and 53 kgISS.d-1.

Finally the following mean value was adopted: SPchem. = 51 kgISS.d-1.

III.1.1.2.2. Predictions based on influent loads

Three formula were found in the literature: “Eckenfelder”, “Cirsee” and “Binomial”. 
The first formula was proposed in 1956 by Eckenfelder (1956): 

outTSSinXiremovedBODmbio bVSSaSP ,,5

With:
- : daily flux 
- am (=0.6): g biomass produced/gBOD5,removed

- b (=0.06): daily fraction of decayed biomass 

This formula leads to negative values with the data from the Labège survey. This
shows that this formula is not applicable to WWTPs with low F/M ratio (< 0.05 
kgBOD5/kgVSS.d-1).

The second formula is proposed by the French research institute Cirsee (Grulois,
1996):

outTSSremovaedinXiinISSbio BODMFSP ,,5,, )/log(2.083.0
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This formula takes into account the impact of the F/M ratio and of ISS from the
influent. With the average data from Labège survey this formula leads to a daily 
production of sludge of 399 kgTSS.d-1 without including the production of mineral 
sludge from FeCl3 injection (SPtot = 449 kgTSS.d-1).

In 1999, Duchène proposed a simplified formula based on influent BOD5 and TSS 
loads (Duchène, 1999): 

2
,,5 inTSSinBOD

bio kSP , with k [0.84 .. 1.10] 

The value of k is given for different types of WWTPs and sewers (0.84 for Labège). 
This formula leads to a daily production of sludge of 327 kgTSS.d-1, ISS production by
FeCl3 being not included (SPtot = 378 kgTSS.d-1).

III.1.1.2.3. MLSS mass balance on dynamic period 

This method consists in calculating the following balance on a selected period: 

outwastageMLSStot TSSTSSTSSSP

MLSSTSS  corresponds to the variation of sludge mass in the system between the

beginning and the end of the selected period. wastageTSS  corresponds to the mass of 

wasted sludge during the same period.

As wastageTSS  is difficult to estimate in a reliable way, it is obviously recommended to

select a period without wastage. It must be enough long so that the potential error on
the measure of the MLSS concentration remains negligible. It is also recommended to
not recalibrate the MLSS sensor during this period: even if the absolute value is 
wrong, it is more important that the variation is well measured. But cleaning is of
course advised for avoiding drifts.

Fourteen periods were selected during Labège survey, lasting from one week to three 
weeks. They were gathered in two groups that gave the following results: 

- November 2002 to June 2003: SPtot = 385 kgTSS.d-1

- November 2002 to Mars 2004: SPtot = 409 kgTSS.d-1

These results include the ISS generation by FeCl3 injection. 

III.1.1.2.4. Estimation of dehydrated sludge mass 

This method consists simply in adding the mass of dewatered wasted sludge during a 
period that can be considered long enough to represent the average functioning of the 
plant. The approximation of TSS flow in the effluent during the selected period must 
also be added. The following results were obtained at Labège: 
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Table 24. Approximation of the sludge production with the wasted sludge. 

Period Unit Wasted sludge Wasted sludge + 
effluent TSS 

Year 2003 kgTSS.d-1 310 378
Year 2004 kgTSS.d-1 295 361

III.1.1.2.5. ISS mass balance in steady-state 

The general mass balance on the inert suspended solids (ISS) on the system can be 
expressed as follows:

disISSoutISSwasISSwasISSppISSinISSISS ,,,,,,

Equation 17 

Where,

inISS , : flux of inert suspended solids from the influent (kgISS.d-1)

chemppISS SP, : flux of ISS produced by chemical dosing (kgISS.d-1)

wasISS , : flux of ISS removed by wastage (kgISS.d-1)

outISS , : flux of ISS discharged in the effluent (kgISS.d-1)

disISS , : flux of “re-dissolved” ISS (kgISS.d-1)

For steady-state conditions, or on a period long enough compared to SRT, we can 
assume ISS=0. For simplification, we will also assume that ISS,dis can be ignored. 
Actually, this parameter cannot be determined easily and this hypothesis will be 
reassessed afterwards. Thus it comes:

ppISSinISSoutISSwasISS ,,,,

MLSS

ppISSinISS

MLSS

outISSwasISS
outTSSwasTSStot ivtivt

SP
11

,,,,
,,

MLSS

ppISSinISS
tot ivt

SP
1

,,

Equation 18 

Applying this method to Labège WWTP data led to an estimation of the sludge
production about 333 kgTSS.d-1. This result is lower than the results obtained with 
other methods. Considering “re-dissolution” of ISS would even lead to a larger 
difference. Nevertheless, it has also been suggested that the biomass could contain a 
significant amount of ISS (as minerals), that could represent up to 8.5% of its total. In
any case the data obtained at Labège WWTP do not allow further conclusions with 
these considerations. 
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III.1.1.2.6. TP mass balance in steady-state 

The total phosphorus (TP) is conservative since it remains in the MLSS whatever is 
the removal method (biological or chemical). Thus, reasoning in steady-state
conditions, or a period long enough compared to SRT, with mass balance leads to: 

inTPoutTPwasTP ,,,

Defining iP,TSS, the ratio of TP in the MLSS (in gTP.gTSS-1) and applying the same 
reasoning as in Equation 18, it comes: 

TSSP

inTP
tot i

SP
,

,

Equation 19 

Nine values of IP,TSS were measured at Labège. The mean value indicated a content of 
0.031 gTP.gTSS-1. With the daily load of TP given in Table 19 (14 kgTP.d-1), we obtain
a sludge production of 452 kgTSS.d-1 at Labège WWTP. 

III.1.1.2.7. Conclusion on the sludge production 

The following table (24) gathers the results obtained with the five methods. Apart 
from the Eckenfelder formula, all methods lead to values of the same range. 
Nevertheless we can notice that three methods lead to close values (Binôme formula,
dynamic assessment, and the wasted sludge mass approximation). The Cirsee 
formula seems in accordance with the TP mass balance method; whereas the ISS 
mass balance method gives the lowest value (26% difference with the TP mass 
balance results). 

It is concluded that in spite of many available methods for determining the sludge 
production, it is not easy to obtain a precise value. Some biases are known on the ISS 
mass balance method, and it is interesting to notice that together with the TP mass 
balance method, they give the extreme values. 
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Table 25. Sludge production estimation results. 

Method*
Note Sludge production

KgTSS.d-1

Prediction based on the 
influent load 

Eckenfelder
Binôme
Cirsee

Negative!
378
450

MLSS mass balance on 
dynamic period 

Nov 2002 – June 2003 
Nov 2003 – March 2004 

385
409

Estimation of 
dehydrated sludge 

2003
2004

378
361

ISS mass balance 333

TP mass balance 452

III.1.1.3. Settling model calibration

The selected settling model was the simple 1D model proposed by Takács et al.
(1991). This model allows the evaluation of both the dynamics of the sludge blanket 
height and the concentration gradient in a chosen number of horizontal layers in the
clarifier. To represent Labège WWTP secondary clarifier, it was chosen to divide the
clarifier into ten horizontal layers of 30 cm. 

The calibration of the model was carried out with data from December 2002, since 
this period contains complete data and interesting dynamics. Three parameters 
needed to be modified from the default values: 

- rhin : hindered zone settling parameter (m3/gTSS)
- rfloc : flocculant zone settling parameter (m3/gTSS)
- fns : non settleable fraction (-) 

The following equation shows how these parameters are implemented in the settling 
model:

).(
max

).(
max

minmin XXrflocXXrhin
sj

jj evevv

Equation 20 

With,
vsj: settling velocity in layer j, m.d-1 (or m3.m-2.d-1)
vmax: maximum Vesilind settling velocity, m.d-1 (or m3.m-2.d-1)
Xj: suspended solids concentration in the layer j, gTSS.m-3

Xmin: minimum attainable solids concentration in a layer, gTSS.m-3
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This minimum attainable solids concentration in a layer (Xmin) is considered as the 
non-settleable fraction (fns) of the influent solids concentration to the clarifier (Xin):

inXfnsX min

Equation 21 

As shown in Table 26, rhin was increased from its default value. Increasing this 
parameter lowers the settling velocity of bottom layers. Thus this parameter is crucial 
for calibrating the sludge blanket height and dynamics. Figure 46 shows the results of 
the calibration. The results are satisfactory since they give very close absolute values 
to the measured values and they reproduce well the daily dynamics (night/day) and 
the hydraulic influence of rains (see last day of the graph). 

The parameter was decreased; consequently it decreased the settling velocity for the 
top layers. Concerning fns, this parameter impact the concentration in the top layers 
and consequently in the influent. These parameters were calibrated thanks to the
measured concentrations of TSS in the effluent along the full-scale survey. 

The calibrated parameters imply a less good settling than the default values.
Nevertheless, it must underlined that this calibration was done on a sludge with 
addition of FeCl3 as a precipitating agent for phosphorus but also as a coagulating 
agent that favors the settling characteristics of the sludge. So the clarification can be
considered as “good” with this set of calibrated parameters.
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Figure 46. Simple 1D model calibration on sludge blanket height dynamics. 
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Table 26. Simple1D calibrated parameters. 

Parameter Unit Default Used
vbnd m.d-1 274.0 274.0
vmax m.d-1 410.0 410.0
rhin m3.gTSS-1 0.0004 0.00052
rfloc m3.gTSS-1 0.0025 0.0020
fns  - 0.0010 0.0005
Xminmax gTSS.m-3 20.0 20.0

III.1.1.4. Characterization of nitrification kinetics 

Regular testing of the maximum nitrification rate was performed during the study.
Over time, the methodology has evolved from chemical measurement to
respirometry. The NPRmax measurements (in gN.m-3.hr-1) are presented in Figure 47. 
This parameter gives an actual picture of the nitrification capacity of the plant. The 
NPRsp measurements (in mgN.gVSS-1.hr-1) are presented Figure 48. Their values refer
to the actual content and activity of nitrifiers in the sludge. These two parameters give 
complementary information as they behave in different ways to operation and 
environmental changes. 

The first tests (from June 2002 to November 2002) suggested good nitrification
capacities (as shown on Figure 47 and Figure 48). Apart from the dilution event that 
occurred during the characterization campaign (12th of June 2002), values ranged
from NPRmax = 5.5 to 7 gN.m-3.hr-1 and NPRsp = 1.2 to 1.5 mgN.gVSS-1.hr-1.
Considering the temperature coefficient proposed for the autotrophic growth rate, 
these values are consistent. 
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Figure 47. Evolution of NPRmax and temperature during the survey.
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Figure 48. Evolution of NPRsp and the MLSS concentration during the survey.

On the 3rd of December 2002 a winter calibration campaign was carried out. This 
campaign is not presented in the calibration results since it was not used for 
calibration purpose. The evolution of the measured (and simulated) NOx--N and 
NH4+-N concentration in the aeration tank are represented for the 8 hrs of the 
campaign on Figure 49. It can be observed that in spite of extended aeration periods 
the concentration of NH4+-N remains high (about 16 gN.m-3) whereas the NOx--N
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concentration slowly increases. The high concentration of dissolved oxygen (about 7 
g02.m-3) also indicates a lower oxygen demand in the system. The measurement of
NPRmax in a batch reactor gave a value of 1.0 gN.m-3.hr-1 which is consistent with the
NOx--N production observed during the campaign. 
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Figure 49. Winter campaign, nitrogen and oxygen evolution in the aeration tank.

The temperature of the MLSS during the campaign was about 16.5°C, so it could not 
be considered as a really limiting factor. Consequently this drop of the nitrification
capacity initiated series of tests in order to characterize a suspected toxicity. Table 27 
summarizes the unfolding and the information of “batch tests on sludge” whereas 
Table 28 deals with “toxicity tests”. 

Table 27. Batch tests on sludge to characterize the potential toxicity at Labège 
WWTP.

Test name Duration Principle Result
Batch 1 5 days Conservation of MLSS at 

ambient temperature, pH
control and addition of 
NH4+

From the second day the 
NPRmax strongly increases 

Batch 2 3 days Feeding of MLSS with:
- Labège WWTP

influent
- Synthetic substrate 

In both case the NPRmax

strongly increased, but 
the rate is faster with the 
synthetic substrate 

Batch 3 6 days Crossing MLSS and influent
from Labège and another 
BNR AS WWTP (four
batches)

The NPRmax clearly shows 
that the toxicity is not in 
the sludge but comes 
from Labège influent. 
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Table 28. Toxicity tests on influent to characterize the potential toxicity at Labège 
WWTP.

Test name Duration Principle Result
Toxicity 1 2h The Minntox* protocol was 

applied to investigate 
potential inhibition by the 
FeCl3 solution

No toxicity was observed
(even with doubled 
concentration from the 
normal injection dose)

Toxicity 2 2h The Minntox* protocol was 
applied with sewer network
and influent samples 

No toxicity was observed

* (Arvin, 1994) 

From all the different tests, the following conclusions were made: 
- the toxicity comes with the influent (batch 1 and 3, toxicity 1) 
- the toxicity is not permanent in the influent (toxicity 2) 
- the toxicity does not attach to the sludge and seems volatile (batch 2) 

In February 2003 the plant operator analyzed some influent and upstream sewer
network samples for potential toxic substances. High concentrations of 
tetrachloroethylene were found in two network samples, and a significant amount of 
trichloroethylene was found in two influent samples. About 18 other samples were 
found free of the analyzed compounds. These results have confirmed the conclusion 
from the toxicity tests (irregular and volatile toxic compound).A few months later
advanced investigations suggested that the toxic compounds could originate from
illegal dry cleaning shop discharges. 

The NPRmax dropped down to zero in January 2003 and it took about 3 months
before it recovered. But the duration of the recovery suggests the presence of
inhibitor: simulations show that the recovery would require only 2 to 3 weeks without 
inhibition). Unfortunately the nitrification capacities decreased again in May 2005 
(inhibitor?) but luckily raised in June, allowing the second calibration campaign
before, decreasing again. 

The behavior of the nitrification capacities remains erratic during the whole survey. 
Thus establishing correlation with the temperature was not possible, nor was 
selecting a steady period for a winter calibration campaign. 

III.1.1.5. Results of the steady-state simulations 

With alternating aeration process, the steady-state must actually be a pseudo-steady 
state. All the characteristics of the steady state are maintained (“constant” value for 
all inputs) except for the on/off supply. 

Six operating points were selected to simulate pseudo-steady state with 3 MLSS 
concentrations (average: 5 gTSS.m-3, low: 3 gTSS.m-3 and high: 6 gTSS.m-3) and two 
temperatures (low 13°C and high 23°C). The calibrated parameters from the second 
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calibration campaign (see section III.1.2.2.2) were sued, excepted for the autotrophic
growth rate: the default value of 0.8 d-1 at 20°C was kept, with a temperature 
coefficient of 1.059. The influent characteristics correspond to the average results of
dry and wet weather (see Table 19). 

Ninety minutes cycles were applied with 45 minutes of aeration. This represents a 
daily aeration time of 12 hr.d-1. Applying the same aeration settings for all simulations 
was preferred, to obtain comparable results.

The simulations consisted in a true steady-state followed by 15 days of pseudo-steady
state with alternating aeration. The results are presented in Table 29. They show that 
the safe design of the plant leads to good results in any condition. 

Table 29. Pseudo steady state simulation results with Labège WWTP layout. 

Parameter Units MLSS = 5
kgTSS.m-3

MLSS = 3 
kgTSS.m-3

MLSS = 6.5 
kgTSS.m-3

Temperature °C 13 23 13 23 13 23

ivt % 0.68 0.67 0.69 0.68 0.67 0.67

A d 52 54 30.5 31.4 72 73

Cm kgBOD5.kgVSS-

1.d-1
0.042 0.042 0.067 0.068 0.032 0.032

Daily
aeration time 

hr.d-1 12 12 12 12 12 12

Daily oxygen
demand

kgO2.d-1 647 662 623 646 654 670

Effluent COD gCOD.m-3 27 26 26 26 28 27

Effluent N-
NH4+

gN.m-3 0.4 0.3 0.4 0.3 0.4 0.3

Effluent N-
NOx

gN.m-3 2.2 2.7 2.3 2.8 2.1 2.7

NPRmax gN.m-3.hr-1 4.0 5.7 3.5 5.2 4.1 5.7

NPRsp mgN.gVSS.hr-1 1.2 1.7 1.7 2.5 0.9 1.3

Sludge
blanket
height

m 0.39 0.39 0.37 0.36 0.67 0.66

Xba gCOD.m-3 43 35 38 31 44 34

Xbh gCOD.m-3 569 442 531 420 563 435

Sludge
production

kgTSS.d-1 294 286 308 297 289 282
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In the results presented above, the sludge production ranges from 282 to 308 
kgTSS.d-1. These values are particularly low compared to the results obtain in section 
III.1.1.2. Nevertheless, in the next section it will be shown that the dynamics of the
MLSS concentration can be well simulated. This issue underlines the need for further 
investigations on the estimation of the sludge production on BNR activated sludge 
systems.

III.1.2. Dynamic calibration

III.1.2.1. Specific parameter calibration

Some parameters could not be calibrated during the calibration campaigns. The two
reasons for that are: 

- the campaign duration was too short to reveal the system is sensitivity to the
parameters: this concerns the autotrophic decay rate, the heterotrophic growth 
yield and all temperature coefficient 

- the campaign corresponds to one operation point, which does not include the
actual variation of some parameters. This concerns the autotrophic growth 
rate.

III.1.2.1.1. Autotrophic biomass kinetics

As demonstrated in paragraph III.1.6, it was hardly possible to estimate a global or 
average value for the autotrophic growth rate at Labège WWTP. Nevertheless the 
combination of data reconciliation from the archive files of other plant survey at
Cemagref and the most recent results in simulation have led to define typical values 
for this parameter and its temperature coefficient on French BNR activated sludge
WWTP. This work is presented in the following reference (Choubert, 2005). 

The estimation of the decay rate requires more complex laboratory tests for its 
estimation. A protocol was derived from the literature (Dold, 2002; Lee, 2002) and 
applied twice with Labège sludge at 20°C. The same protocol was also applied for 5 
other tests with sludge from other alternating aeration BNR AS WWTP at summer
and winter temperature. These tests were interpreted with simulation and are 
presented in appendix V. They gave consistent results that are in accordance with the
results presented in (Choubert, 2005). The following table summarizes the results for 
the autotrophic biomass kinetics. 
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Table 30. Autotrophic growth and decay rates determined on the other French BNR 
WWTP.

At 20°C At 10°C Notes
d-1 d-1 -

µA 0.8 0.45 1.059
bA 0.15 (Labège) 

0.17 (average) 
0.11 (Labège)
0.13 (average) 1.029

Specific values were measured 
for Labège WWTP. 

III.1.2.1.2. Heterotrophic yield

Sensitivity analyses presented in chapter III.2.4.2.1 have shown the importance of 
this parameter when representing the activity of the heterotrophic biomass under 
aerobic and anoxic conditions. It was concluded that this parameter should adopt a 
reduced value under anoxic conditions to represent better the denitrification process. 
Additional simulation work and full-scale survey data screening have led to
conclusions that agree with the literature. The aerobic value of YH was maintained at
0.67 gCODbiomass produced/gCODdegraded, and an anoxic value of 0.54 gCODbiomass

produced/gCODdegraded was introduced as a necessary modification of ASM1. The
corresponding article is presented in appendix VI. 

III.1.2.2. Calibration campaigns

III.1.2.2.1. Calibration 1

The first calibration campaign was carried out the 25th of June 2002. The sludge
temperature was about 22.5°C, the batch measure of NPRmax was 7.2 gN.m-3.hr-1. The 
MLSS concentration was high at 7,100 gTSS.m-3, and the sludge age was about 55 
days. These conditions have favored the dynamics of the autotrophic biomass, and 
the expected variations in nitrogen concentrations in the aeration tank were obtained. 

It can be noticed that during the four aeration periods of the campaign the oxygen 
concentration remained close to zero. The campaign started with a 2-hr period
without aeration that resulted in COD and NH4+-N accumulation, especially with the
morning influent peak load. The two following aeration periods of the campaign were 
too short for degrading all the accumulated material. In these conditions the oxygen
demand was bigger than the oxygen supply which explains the very low 
concentrations in DO. 

Figure 50 shows the nitrogen and oxygen profiles during the campaign. At the end of 
the campaign, the concentration in DO started to rise, which can be correlated to the 
complete oxidation of NH4+-N. The results of the calibration are presented in Table 
31.
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Figure 50. Calibration campaign 1, nitrogen and oxygen evolution in the aeration 
tank.

III.1.2.2.2. Calibration 2

The second calibration campaign was carried out on the 17th of June 2003. The MLSS
temperature was about 22.9°C and the NPRmax was measured at 3.4 gN.m-3.hr-1. The
MLSS concentration was about 4 gTSS.m-3 corresponding to a sludge age of 38 days. 
In spite of the nitrification inhibition events occurring during winter 2002/03 and 
spring 2003, this campaign also gave satisfying results. Only two aeration cycle were 
programmed. The lower nitrification activity and the lower MLSS concentration
(than in campaign 1) allowed the DO to rise. This created an opportunity to verify the 
good calibration of the oxygen demand/supply, as see from the measured and 
simulated oxygen concentrations on Figure 51. The calibration results are presented
in Table 31. 
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Figure 51. Calibration campaign 2, nitrogen and oxygen evolution in the aeration 
tank.

III.1.2.2.3. Calibrated parameters

Over the whole survey two calibration campaigns were carried out at spring seasons.
In the winter time the WWTP encountered nitrification inhibitions, which have made 
the calibration not valid/representative. Table 31 shows the calibrated parameters
obtained from the two campaigns performed in June at one-year interval (2002 and
2003). The important remarks are that: 

- In both cases many half-saturation parameters are much lower than the ASM1 
default values. This confirms the work of (Stricker, 2000; Choubert, 2002). 
Half-saturation coefficients can be interpreted as the ability of the biomass to 
access their substrate at low concentration, but also as a compensation 
parameter for actual dead zones where concentrations of soluble and 
particulate components differ from the well mixed zone. At this plant, either
the very low volumetric and F/M loading rates (0.076 kgTKN m-3, 0.03
kgBOD5 kgMLVSS-1.d-1) resulted in the selection of biomass with high affinity 
for substrate, or/and the mixing of the tanks is good enough to avoid dead
zones. See below “Comment on calibrated half-saturation parameters and floc
size.

- The same calibration procedure was performed twice at the same season but 
did not lead to the same results for the two years. Beside uncertainty, most of
the difference reflects real changes, such as fluctuation of nitrification 
capacity. The causes may be related to changes in operation (aeration and
wastage strategies) and in environmental factors (flows, inhibitors…).
Nevertheless it is important to notice that, excepted for the nitrification growth 
rate, simulating each of the campaign with the other set of calibrated 
parameters gives acceptable results in terms of validation. 
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Table 31. Calibrated ASM1 parameters with campaigns 1 and 2 at Labège WWTP.
Parameter Definition Temperature

correction
factor

Calibration 1 Calibration 2 Unit Usual
Default

µH Maximum specific growth rate for 
heterotrophs

1.072 6.0 6.0 d-1 6.0

Ks Half saturation coefficient for Ss, for 
heterotrophs

20.0 20.0 gCOD m-3 20.0

KO,H Half sat. coef. for oxygen, for 
heterotrophs

0.05 0.05 gO2 m-3 0.2

KN,O Half sat. coef. for nitrates 0.1 0.05 gN m-3 0.5

bH Heterotrophic decay rate 1.029 0.62 0.62 d-1 0.62

g Reduction factor for anoxic growth 0.4 0.8 - 0.8

h Reduction factor for anoxic 
hydrolysis

0.4 0.4 - 0.4

kH Maximum specific hydrolysis rate 1.072 2.3 3.0 gXs/gXb,H.d 3.0

KX Half sat. coef. for particulate COD 
for hydrolysis 

(1.000) 0.03 0.03 gXs/gXb,H 0.03

µA Maximum specific growth rate for 
autotrophs

1.059 0.77 0.44 d-1 0.8

KNH Half sat. coef. for ammonium, for 
autotrophs

0.1 0.3 gNH4-Nm-3 1.0

KO,A Half sat. coef. for oxygen, for 
autotrophs

0.1 0.1 gO2 m-3 0.4

ka Ammonification rate 1.072 0.05 0.08 m3.gCOD-1d-1 0.08

bA Autotrophic decay rate 1.029 0.17 0.17 d-1 0.04

Bold: parameters changed from the ASM1 default value 
Underlined: parameters that differ between campaign 1 and campaign 2 

Comment on calibrated half-saturation parameters and floc size.

The half-saturation parameters can also represent the limitation due to the diffusion
of substrate and DO into flocs. This limitation actually relies on floc size, with the
assumption that the substrate or DO concentration is not homogenous in a floc 
(lower in core): bigger floc size can be modeled with bigger half-saturation
parameter.

During Labège survey, regular microscopic observations of the sludge were 
performed. There are not discussed in the present work since they will be 
complemented with data from other sites before being analyzed. The floc size was
systematically observed for min, max and mean value. Figure 52 shows an attempt to
correlate the floc size to the measured dSVI, which did not give concluding results. 
Nevertheless this graph shows that the floc size varied a lot (from 100 to 1400 µm).
For the two calibration campaigns, the floc size was “normal” (200 and 400 µm). 
What would have been the calibrated half-saturation parameters for extreme values 
of the floc size? 

149



Figure 52. Floc size and dSVI at Labège WWTP.

III.1.3. Dynamic Validation

The calibration of a model should be confirmed by a validation step. This task was
done with the set of calibrated parameters form the second calibration campaign. 
Only the autotrophic growth rate was modified as detailed later. The influent load for 
modelling was the average load from the long-term survey (see section III.1.1.1.2). 

An independent set of data was selected for this procedure. A two-month period was 
considered as long enough so that the validation approach would differ from the 
calibration. The sensitivity of the model on a 2-month period differs from that on an
8-hr period. This way the values of parameters acting on the long-term, such as the
decay rates, can be verified as well. It was also decided to select a winter period with
dynamic events. This period consists of the first two months of year 2004 (January 
and February). 

As shown on Figure 53, the influent flow was strongly increased by two heavy rain 
events in January. Figure 42 shows some parameters concerning the sludge dynamics 
during the validation period. The sludge wastage was irregular. 
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Figure 53. Influent flow during the validation period. 
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Figure 54. Sludge dynamics during the validation period. 

III.1.3.1. Validation of the MLSS concentration 

The dynamics of the MLSS concentration was well simulated, as shown on Figure 55.
The influence of the rains events (strong influent flow that pushes the sludge to the
clarifier) was correctly represented, especially for the first rain event. The impacts of 
the sludge wastage are the same for the measured and simulated data (which is 
logical since the input data for the model are the measured masses of wasted sludge). 
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The intermediate growth periods that are determined by the influent loads and the
biological activity also show a good fit between measured and simulated data. It can
be concluded that the calibration of ASM1 leads to an accurate tool for the prediction
of the MLSS concentration. 
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Figure 55. Measured and simulated MLSS concentration in the aeration tank. 

III.1.3.2.Validation/Re-calibration of the NPRmax 

Six NPRmax batch tests were carried out during the validation period. Values ranging 
from 1 to 3 gN.m-3.hr-1 indicate the probable occurrence of nitrification inhibition.
Thus the values of autotrophic growth rate obtained from calibration were not valid.
Furthermore, matching the measured and the simulated values of NPRmax and NPRsp

requires modifying the autotrophic growth rate at each measurement point (see 
Figure 57 and Figure 56). 
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Also, the strong variations between the six NPR values suggested even more unknown 
variations between each measurement. Thus, a variation profile of the autotrophic 
growth rate (µA) was obtained by trying to match not only NPR measurements 
(Figure 56), but also the aerobic times (Figure 58) and the effluent nitrogen
concentrations (Figure 59). The applied autotrophic growth rates are shown on 
Figure 57. 
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Figure 57. Applied autotrohic growth rate for the validation period. 

This solution of “manually” varying µA is not satisfying since it might be an artifact for 
the representation of inhibition that affects other parameters such as the decay rate 
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(bA) and the accessibility of substrate for the autotrophic biomass (KNH, KOA). More 
complex process might also be concerned such as dormancy. More details are given
on this issue in III.1.3.5 (Conclusion on the dynamic validation). 

III.1.3.3.Validation of the daily oxygen presence time 

As shown on Figure 60, the daily aeration time was quasi constant during the first 30 
days of the validation period at less than 10 hr.d-1. Together with the irregular sludge 
wastage and the winter temperature of the MLSS (13.5 to 15°C), this daily aeration
time was not sufficient to maintain safe nitrification capacities. This is confirmed by 
the nitrogen concentration in the effluent (see III.1.3.3), and especially the N-NH4+

concentration that is efficiently reduced after the modification of the daily aeration
time to 13.5 hr.d-1.

Measured and simulated values of the daily oxygen presence time have a correct fit, 
even if it can be noticed that the increase of this parameter during the first rain event 
is not represented by the simulation. The second rain event seems better simulated.
The high dilution causes extended daily oxygen presence time in the aeration tank, 
which is favorable to nitrification.

Note: from the experience of the long-term survey, the influent load for modelling
was reduced by 30% during weekends. This improved significantly the fit of 
measured and simulated daily oxygen presence time. 

0

4

8

12

16

20

24

0 10 20 30 40 50
Time (d)

A
er

at
io

n 
tim

e 
(h

r/d
)

Daily aeration time

Daily aerobic time measured

Daily aerobic time simulated

Figure 58. Measured and simulated daily aerobic time.
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III.1.3.4.Validation of effluent nitrogen concentration 

The most interesting output from the operating point of view are the nitrogen
concentrations in the effluent. Since no information are available on the nitrogen 
concentration in the aeration tank during the validation period (oppositely to the 
calibration campaigns), the effluent concentration are used to evaluate the validation 
and they may lead to modify parameters, as it was done for the autotrophic growth 
rate.
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Figure 59. Measured and simulated nitrogen concentration in the effluent. 

III.1.3.5.Conclusion on the dynamic validation

The comparison of measured and simulated values of the MLSS concentration
showed the ability of the calibrated ASM1 to well reproduce the sludge dynamics on a 
full-scale plant. These results seem to validate the sludge production predicted by 
simulation (around 300 kgTSS.d-1). Nevertheless other methods for estimating the 
sludge production indicates higher values (see section III.1.1.2). 

Other parameters, such as NPRmax, NPRsp, the daily oxygen presence, and the effluent 
nitrogen concentrations, were also well simulated. Visual evaluation shows that both
absolute value and dynamics of these parameters are represented by the model.
Nevertheless, results rely on strong variations applied on the autotrophic growth rate 
in order to represent the supposed inhibition events. 

At this point the author would like to insist on the fact that these variations of the 
autotrophic growth rate have not been applied for representing any “true” variation of 
this parameter. ASM1 is a macroscopic model that has been published for 
representing nitrogen removal by activated sludge in “normal” operation conditions.
Even if inhibition seems to be very common on full-scale WWTP, it is not considered
as normal. 
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The inhibitor concentration being unknown, moving the growth rate was chosen 
since it was the quickest way for modifying the nitrification capacities (compared to 
the decay rate for instance). Furthermore it must also be remarked that the
macroscopic structure of the model hides numerous processes in bacterial activity 
such as selection, enzyme synthesis, physiological evolution, lysis, dormancy… and it 
is also unknown how the inhibitor impacts these processes. 

III.1.4. Conclusion about full-scale survey for model
calibration

This survey was rather time, energy and money consuming for the research team of 
Cemagref. A full-scale plant is a complex system, which functioning depends on many 
parameters. Most of them cannot be controlled, especially when intervening in the 
frame of scientific research. They are firstly the environmental factors such as the
weather and the (inhibitory?) compounds in the influent, and secondly all the
operating constraints and failures. 

The initial target of the study was to carry out winter calibration campaigns. The too 
strong variations of the nitrification capacities made them not valid or impossible.
Finally only two calibration campaigns were carried out at one year interval in June. 
These campaigns allowed the validation of a specific protocol for BNR AS with 
alternating aeration. The very short term of these campaigns and the very detailed 
data allowed the calibration of most of the model parameters, except those having a
more long-term or “hidden” effect such as decay rates and yields. For these last 
parameters lab measurements and data from other French BNR plants were needed. 

Except for the autotrophic growth rate, the set of calibrated parameters from each 
campaign could be validated with the other campaign with “acceptable” errors. 
Nevertheless, the best (manual) calibration for each campaign was obtained with 
different set of parameters. This underlines the two following questions: 

- How precisely ASM1 can be calibrated for representing a real system? 
- Which and how parameters can vary in the sludge? 

Oppositely to the calibration campaigns, the validation of the calibrated model (from 
campaign 2) was carried out on a long-term period, with less measured data. This 
task relied more on on-line acquisition, NPRmax measurements and effluent
concentrations.

The validation results showed the difficulty of reproducing the actual situation 
concerning the nitrification. If the occurrence of inhibitor was proven, it was also 
observed that the combination of several constraining operating settings (too low 
daily aeration time, irregular sludge wastage) contributed to the weakening of the 
autotrophic biomass. 
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The inhibition of nitrification is site specific, but it is wondered how frequently this 
occurs. An other model calibration study carried out by the Cemagref at a full-scale 
plant has also shown inhibition issues (Lagarde, 2003). The literature reports 
frequent problems with nitrification inhibition too (Jönsson, 2000). 

The impact of the temperature on the nitrification under steady conditions is 
nowadays well characterized from both laboratory experiments and data 
reconciliation from full-scale surveys. Nevertheless this study highlighted the
following issues: 

- The autotrophic growth rate could be variable at full-scale: this would 
invalidate any work to determine temperature dependency.

- The temperature correction factor in the models stands for the lower activity of 
microorganisms with reduced temperature. Does the temperature also impact 
on the biomass sensitivity to inhibitors and operation changes?

These are difficult issues to study on full-scale. Even the intensive sampling and data 
acquisition carried out at Labège WWTP did not allow strong conclusions. This is
partly due to site specific events at this plant. It is believed that future improvements 
in data acquisition for monitoring at full-scale plants will offer opportunity for 
scientific modelling to study these issues on a large set of WWTP. 
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Transition:

In the previous section the results from the full-scale survey at Labège WWTP have 
been presented. These results provided experience on both the global survey of a BNR 
activated sludge WWTP, with operating constraints and unexpected events 
(inhibition), and on modelling with real data. It has shown that the selected models 
ASM1 and Simple 1D for settling allow good prediction on some parameters like the 
sludge dynamics, but that some limitations appears when the process is perturbed
(nitrification inhibition). 

On the basis of this practical experience, the next section, “Advanced Scenarios”, will 
present simulation results that have been obtained with the following goals: 

- Comparing simulation results with conventional design guidelines prediction 
- Going further into the comprehension of the model (ASM1) mechanisms
- Optimizing design and operation strategies. 
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III.2. Advanced scenarios

The scope of this chapter is to present simulation results that have been obtained 
from advanced scenarios. These scenarios are actually drawn from simulations 
achieved with a generic layout that represents a typical French BNR activated sludge
WWTP with intermittent aeration. The term “advanced” was adopted in order to 
express that these scenarios are based on the experience of real case studies and
especially the full-scale survey at Labège WWTP.

The results obtained with the Labège case proved the relevance of activated sludge 
models (ASM1 in particular) to reproduce steady-state and dynamic performance of a 
full-scale BNR activated sludge wastewater plant. Nevertheless it also pointed out
some crucial weaknesses that are mainly due to the difficulty/impossibility to
measure some parameters during dynamic phases. 

However, the Labège case completed a decade of investigations on modeling nitrogen 
removal by activated sludge at Cemagref and it led to propose a set of “calibrated” 
ASM1 parameters. This set corresponds to an approach of the most common values
that can be expected for BNR activated sludge wastewater plant with intermittent 
aeration (See III.2.1 and III.2.2). 

Conventional designs of BNR activated sludge are usually based on mass balance 
equations considering nutrient removal performance and sludge age constraints. In 
paragraph III.2.3, the performance predicted by conventional design equations are
compared to the results obtained by simulation with the proposed set of ASM1
parameters on the generic layout. Finally it concludes that even if both methods are 
pretty much in agreement, the modelling approach offers more information on the
biomass and leads to contradict some common hypothesis. 

This validation of the modelling tools allowed the development of “advanced
scenarios”. Two types can be distinguished: 

- Sensitivity analysis scenarios (III.2.4)
- “Crisis” situation scenarios (III.2.5) 

The first type of scenarios aims at studying the response of the system to stresses or 
variations of input parameters. This encompasses different kinds of parameters: 

- Influent fractionation parameters (III.2.4.1) 
- Operational parameters (III.2.4.2) 
- ASM1 parameters (III.2.4.3) 

The “Crisis” situation scenarios aim to assess the impact of operational strategies 
under different situations: sludge management problem (III.2.5.1), nitrification loss 
(III.2.5.2), rain events (III.2.5.3). 
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For a better reading of the following chapter we will define these two expressions: 

Real-case scenarios: any simulation scenario where input data (flow, operation of
the plant, temperature…) come from the processing of measurements and/or 
recording at a full-scale (or a pilot plant). Most of these scenarios are included in 
calibration and validation tasks. 

Advanced scenarios: any simulation scenario where input data are “artificially”
generated. Note that only part of the input data may be “artificial”. For instance one 
can simulate a virtual peak flow on a layout based on the actual design of an existing 
full-scale plant or real influent loads and flow records can be used with a virtual 
layout.

III.2.1. From full-scale survey to scenario modelling

III.2.1.1. Experience from full-scale survey 

The experience of the Labège full-scale survey has shown both strengths and
weaknesses of modelling activated sludge BNR with ASM1. The model offers a 
relevant estimate of the average performance of the plant at different temperatures
and it can also predict efficiently the dynamics of the sludge over time under 
changing conditions. Nevertheless the model does not consider all external influences
on the biomass, especially inhibitors from the influent that have unpredictable effects
on the kinetic parameters of the nitrifying biomass. 

If these uncertainties are added to other uncertainties like daily variations of the 
influent load or impact of the sludge concentration on aeration efficiency, it leads to a 
poor level of identification since error on one parameter can be easily compensated 
by adjusting other parameters. 

Nevertheless, the activated sludge models are not supposed to reproduce the full 
picture of a full-scale plant. These models are built on very strong and macroscopic 
hypothesis. For instance they lump the biomass in a very small number of bacteria
types (2 for ASM1: autotrophs and heterotrophs) that have basic kinetics (growth and 
decay). The reality is far more complex, with many bacteria types and other kinds of 
organisms like protozoa. The observed kinetics may also include more phenomena 
(dormancy, inhibition, competition, symbiosis…).

Finally the strength of the activated sludge models is to obtain a good estimate of the
plant performance in average or standard situation with a limited and accessible 
amount of information. So one should not expect very accurate predictions over long 
and dynamic periods. Over time some external influences, as influent or operating 
changes, modify the composition of the sludge. There may be almost no connection 
between the sludge of the first calibration campaign at Labège and the sludge of the 
second campaign one year later. It would partly explain why some of the parameters
were slightly different. 
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This reasoning can also be applied to temperature changes. The kinetic parameters of 
activated sludge models are associated to temperature correction factors that 
decrease the considered bacteria activity with temperature. But the microscopic 
scenario may be very different: we know that both heterotrophic and autotrophic 
biomass are actually composed of a high number of bacterial species and that their 
occurrence is strongly affected by their environment (substrate, competition,
inhibition, temperature, pH…). Consequently one can imagine that the winter
biomass must be different from the summer biomass, not only in terms of 
concentration but also in terms of population. Thus correcting the kinetic parameters
for growth and decay must be regarded as a very simplified representation of the
temperature effect on the biomass. 

III.2.1.2.Transfer of experience to advanced scenarios 

In the previous paragraph we have demonstrated that there is no point to look for the
“microscopic truth” with activated sludge models, but one should rather look for good
estimate and robust representation of real systems. When simulating advanced 
scenarios, the scope is rather different: the modeler aims at determining the most
probable response of a system to a given set of inputs or disturbances. But once
again, no one can pretend looking for the truth. The two main reasons are that: 

- The model it-self is just a simple representation of a system under limited
conditions

- The inputs and disturbances of the scenario are simplified representations of
actual events. 

Nevertheless real-case and advanced scenarios can be strongly linked and benefit 
from each other. In one way advanced scenarios allow the extrapolation from real 
situations to probable and future situations. This is actually the most common target 
after completing calibration and validation of a model with real data. In the other way 
real-case scenarios allow a good level of confidence in the results obtained with
advanced scenarios. 

The main benefit from real-case scenarios to advanced scenarios is the calibrated set
of parameters of the activated sludge model. In the present study, ASM1 has been 
selected and its set of parameters is based on the experience of several calibration 
tasks achieved with: 

- Two calibration campaigns at Labège at 22 and 23°C 
- A two months calibration-validation task at Labège with winter condition

(13°C)
- Six pilot plant tests for the autotrophic decay rate and heterotrophic 

(endogenous) respiration (from 13 to 23°C) 
- Two calibration campaigns (12 and 14°C) and a validation campaign at the 

WWTP of Meaux (France) (Lagarde, 2003)
- Long term calibration of a BNR activated sludge pilot with low temperature

(10 – 12°C ) (Choubert, 2002; Choubert, 2005) 
- Two calibration campaigns at 20°C at Rosenmeer WWTP (France) including

rain event (Stricker, 2000; Stricker, 2002) 
- Reconciliation and analysis of 15 years of experience at 10 BNR activated 

WWTP to obtain unified nitrification parameters (Choubert, 2005) 
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It took actually about a decade to establish a set of calibrated ASM1 parameters based
on the experience of French municipal wastewater plants. The main difficulty 
consisted in differentiating case specific results to more general results. In the mean 
time the literature showed other calibration experiences with activated sludge models 
(Xu, 1996; Melcer, 1999; Insel, 2003; Petersen, 2001) and the publication of more 
advanced models (ASM2, ASM2d and ASM3 (Henze, 1995; Henze, 2000)). These 
models include improvement compared to ASM1: more processes are considered,
ASM2 and ASM2d included biological phosphorus removal, and a storage stage and
decay process simplification were added in ASM3 (among other modifications). 

Nevertheless we kept on using ASM1 for the following reasons:
- New models have brought more complexity that may be constraining for 

calibration task. 
- Published in 1987, ASM1 benefits today from more experience that can be 

found in the literature. 
- Lots of influent fractionation studies were conducted towards ASM1 

simulation.
- Some of the ASM1 weaknesses can be easily corrected.

The proposed set of calibrated ASM1 parameters is in good agreement with the recent 
literature but it also includes some values that may be rather specific to French BNR
activated sludge WWTP. One may remember that a lot of the municipal WWTP in 
France have an intermittent aeration system in order to denitrify and are often 
operated with very long sludge ages (30-60 days). Both characteristics may 
significantly influence the composition of the sludge. Even more influencing might be 
the characteristics of the influent related to the customs of the French population. 

These calibrated parameters have consequently been adopted for all the advanced
scenarios results that are presented in this chapter. Other transfers from real-case to 
advanced scenarios are the experience in the input data: influent load and 
fractionation, temperature, management of the sludge, control of the aeration. This 
experience allows credible scenarios that could correspond to real-case situation. 

Finally the last but not least benefit from real-case scenario is the simulation practice 
experience. Simulating with real data allows the quick detection of inconsistencies 
and aberrations when comparing simulated and measured outputs. Experimenting 
these problems with data fitting motivates more carefulness with the results of 
advanced scenarios. 
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III.2.2. Hypothesis and options of the advanced 
scenarios

III.2.2.1. Influent characteristics

As detailed in paragraph III.2.2.2, the influent is used as a key element for designing 
the layout that supports the advanced scenarios simulations. Hence it has been
chosen to present the influent characteristics at first. The scenarios may impose
modifications in the influent concentration or flow rate, but unless it is explicitly 
specified, any dry or wet weather flow and load will refer to the influent described 
below.

The influent proposed for this design is an estimate of the flows and loads that would
correspond to a 5 000 PE municipal collection system with infiltration inflow and 
little industrial wastewater. This influent aims at representing a typical wastewater 
from small municipalities.

The dry weather flow (Qdw) is assumed to be the sum of domestic (Qdom), industrial 
(Qind) and infiltration flow (Qinf). The wet weather flow (Qww) was estimated as the 
infiltration flow plus three times the contribution of domestic and industrial as 
expressed in Equation 23: 

infQQQQ inddomdw

Equation 22 

inf)(3 QQQQ inddomww

Equation 23 

The daily load was established with the standard ratio load/PE used for the design of 
French municipal WWTP with regard to dry weather. The wet weather load was
obtained from the ratios presented in Table 32. 

Table 32. Ratios wet weather/dry weather load. 

Parameter COD BOD5 TSS TKN
Ratio 1.8 1.5 2.2 1.3

Table 33 and Table 34 present the flow and the loads for COD and nitrogen in dry and 
wet weather. The fractionation notation corresponds to the “CODfractions” influent 
model of GPS-X. Fractions are given in percentage of the total load. Together with the
parameters fBOD (ratio BOD5/BODu), icv (ratio particulate COD/VSS) and ivt

(VSS/TSS) they allow the calculation of all measurable parameters of the influent. See 
section I.2.2.1 for the schematic diagram of relationship between fractions and
measurable parameters and see appendix VII numerical details of concentrations,
loads and ratio of the proposed influent. 
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Table 33. Flow, COD load and fractions of the influent for dry and wet weather. 

Unit Dry weather Wet weather 
Flow m3.d-1 1030 2590
COD kg.d-1 760 1368
Si % 4 4
Ss % 20 20
Xi % 17 17
Xs % 59 59
fBOD - 0.550 0.458
icv - 2.252 2.520
ivt - 0.83 0.68
COD/BOD5 - 2.30 2.73

The COD fractionation does change between dry and wet weather. This assumption 
was based on two studies that demonstrated that there is not a clear trend toward 
inert or biodegradable evolution of the influent COD during rain events (Stricker,
2000; Lagarde, 2003). One may also notice that no biomass is included in the
fractionation, this simplification supposes to replace the potential biomass of the
influent by Xs.

Note that the COD/BOD5 is given as an indication since it results from the change in 
the fBOD ratio. 

Table 34. Nitrogen load and fractions of the influent for dry and wet weather. 

Unit Dry weather Wet weather 
NK kgN.d-1 77.0 100.1
NH4+-N kgN.d-1 57.8 63.5
Sni % 1 2
Snd % 6 10
Xni % 3 5
Xnd % 15 20

The nitrogen fractions are all modified between dry and wet weather. This is due by 
the two different wet weather/dry weather ratios adopted for the COD and TKN loads 
(respectively 1.8 and 1.3) and the assumption of constant ratio between some COD 
and TKN fractions, namely: 
Sni/Si = 0.03 [gN/gCOD] 
Xni/Xi = 0.02 [gN/gCOD] 
Xnd/Xs = 0.025 [gN/gCOD] 

The influent flow is expressed in m3.d-1 and the COD and nitrogen load are expressed 
in kg.d-1 and suggest that flow and concentration variation during the day are not 
considered. Dynamic simulations proved that these simplifications have minor 
impact on average results. Nevertheless a daily profile was applied to the flow only
(see the graph below, Figure 60) in order to be able to appreciate the range of 
concentrations that can be met in the effluent along the day. 
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Figure 60. Daily profile of the influent flow during dry weather for the advanced 
scenarios.

III.2.2.2. Layout description

The layout that supported all the simulations of advanced scenarios was based on the 
design proposed in a guide document published by Cemagref in 2001 for French
WWTP French operators and designer (“Nitrogen removal in biological WWTP for 
small municipalities”, (FNDAE, 2002)). This document aims at defining the design 
methods with the scope of total nitrogen removal with both nitrification and 
denitrification, with intermittent aeration system in particular. 

The described layout serves as an example for numerical application of the design 
guidelines of the document. With a given influent and given temperature and effluent 
quality constraints, the guide presents equations that allow the determination of a 
design that meets the needs in terms of nitrification and denitrification capacity, 
sludge age and aeration according to French legislation on WWTP effluent quality. 

This guide proposes two designs that correspond to the most common situation for 
French BNR activated sludge WWTP: 

- An intermittent aeration tank with a circular clarifier and return activated
sludge (Figure 61) 

- An anoxic zone, an intermittent aeration tank with mixed liquor return and a 
clarifier with return activated sludge (Figure 62) 

Note that the influent is considered to have passed through preliminary treatments 
(coarse screening, sand and grease removal). Also there is no primary treatment (as 
primary settling). Primary treatments exist in large WWTP in France, but they are 
not included in the design of smaller plants. 
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Return Activated sludge
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Figure 61. Layout schematic diagram for the advanced scenarios: single aeration tank. 

Anoxic Zone Aeration  Tank

Mixed Liquor recycle

Return Activated sludge

Influent
Effluent

Wastage

Clarifier

Figure 62. Layout schematic diagram for the advanced scenarios: Anoxic zone plus 
aeration tank. 

III.2.2.2.1. Tanks volume

Aeration tank volume 

The volume of the biological tanks was calculated according to two methods. Each of 
these methods requires knowing the effluent characteristics, especially the BOD5 and
TSS daily loads ( BOD5, influent and TSS, influent in kg.d-1). The first method consists in 
deducing the necessary volume with a target mixed liquor concentration (X, g.m-3)
and a target F/M load (kgBOD5.kgVSS-1.d-1). The necessary biological volume (Vbio) is 
given by the following equation:

luentBOD

vt

bio X

iM
F

V
inf,5.

.

Equation 24 

Note: the F/M may also be expressed in kgBOD5.kgTSS-1.d-1. In this case the ivt factor 
must be withdrawn from the above equation.
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The other method is based on the evaluation of the sludge production from the
influent with the Binomial method (Duchène, 1999): 

2
inf,inf,5 luentTSSluentBODkTSS

Equation 25 

With,
TSS: daily sludge production, kg.d-1

k: correction factor [0.84..1.10 ] depending on the type of sewer network (separate or
combined).

Then the mass of sludge in the system is given by multiplying the sludge production 
by the desired sludge age. For the present study a minimum sludge residence time 
(SRT, d) of 17 days has been considered long enough to maintain nitrification at
winter temperature (10°C). Hence considering a given sludge concentration (X, 
gTSS.m-3), we can calculate the biological volume from the equation below: 

X
SRTTSS

Vbio 1000

Equation 26 

Note that from the standard practice, the return activated sludge (RAS) flow rate is 
considered as 150% of the influent flow during dry weather and 100% of the flow 
during wet weather. 

Anoxic zone volume

Common rules for designing the anoxic zone are based on two constraints on its 
passage time. This duration must be: 

- Less than 2 hours, to avoid anaerobic conditions
- More than 1 hour, to avoid aerobic conditions

In wet weather, when the flow is max, the lower bound (1 hr) is applied. Assuming 
that the RAS is then limited to 100% of the influent flow and that the mixed liquor 
recycle is stopped, the design of the anoxic zone is based on its ability to accept twice 
the hourly peak flow of wet weather. Since the anoxic zone is considered as a 
biological volume the aeration tank volume is deduced from the subtraction of the
anoxic zone volume to the total biological volume previously calculated. The 
following equations summarize these statements: 

WPAnoxicZone QV 2

Equation 27 

AnoxicZonebionkAerationTa VVV

Equation 28 
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With,
VAnoxicZone = Anoxic zone volume, m3

VAerationTank = Aeration tank volume, m3

Qwp = Hourly wet weather influent peak flow, m3.h-1

In the scenarios presented in this chapter, the passage time in the anoxic zone will be
controlled in order to maintain a duration of 1 hr by tuning the mixed liquors recycle
flow with a PID controller. 

Clarifier

Flat bottom circular clarifiers are the most common in France, thus this option has 
been adopted for the present design. 0.6 m.h-1 is the generally admitted limit for the 
overflow rate in weather to prevent any sludge blanked overflow. The surface (Sclarifier ,
m2) of the clarifier is calculated with hourly peak flow during wet weather: 

6.0
wp

clarifier

Q
S

Equation 29 

For such WWTP a depth of 3 m can ensure a high level security regarding to peak
flow and/or sludge wastage problems. This depth has been adopted for the present 
design.

Table 35 presents the design for both single aeration tank and anoxic zone plus 
aeration tank options that result from with the influent hypothesis stated in
paragraph III.2.2.1 and the above equations. 

Table 35. Design of the layouts for advanced scenarios. 

Works Single aeration tank With anoxic zone 
Aeration tank 1300 m3 1080 m3

Anoxic zone - 220 m3

Mixed liquors flow* - Controlled for 1hr passage 
time

0 to 262% Qdw

Clarifier 180 m2 x 3 m 180 m2 x 3 m 
Return activated sludge 
flow

150% Qdw or 100% Qww 150% Qdw or 100% Qww

III.2.2.2.2. Aeration 

Oxygen demand

From the influent characteristics, the peak oxygen demand was calculated for the wet 
weather load. This demand includes carbonaceous load degradation, nitrification and
endogenous respiration minus the source of oxygen that is provided during
denitrification and that allows anoxic growth of the facultative heterotrophic 
biomass. The design guidelines (FNDAE, 2002) for calculating the oxygen demand 
lead to an estimate of 800 kgO2.d-1.
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Dissolved oxygen concentration set point 

In order to minimize energy cost it is adequate to adapt the aeration supply with a 
dissolved oxygen concentration set point. This requires that the plant is equipped 
with “variable speed” blowers and PID controller. For the present case this set point 
was deduced at 2.4 gO2.m-3 at 20°C from the following equation: 

)(int
GCF

SOSTDO TapWaterSetPo

Equation 30 

With,
DOSet Point: Dissolved oxygen set point, g.m-3

SOSTTap Water: Satured oxygen concentration including hydrostatic pressure*, g.m-3

: SOSTWaste Water/SOSTTap Water

GCF: Global correction factor, ratio between tap water oxygen supply and wastewater 
supply

: KlaWaste Water/KlaTap Water

* The hydrostatic pressure is calculated at 1/3 of the tank depth (5m). 

Table 36 presents the numerical application of the above equation with the expected 
values for the studied case. 

Table 36. DO set point calculation parameters values. 

Parameter SOSTTap Water GCF DOSet Point

g.m-3 - - - g.m-3

Value 11.3* 0.5 0.98 0.65 2.4
Note for 20°C for fine 

bubble
aeration

for French 
suspended

activated sludge

for French 
suspended

activated sludge
* This value was calculated at 20°C (summer temperature) since this is the most 
constraining condition in terms of oxygen demand. 

Aeration strategy 

The two layouts described in this paragraph must be able to nitrify and denitrify. This 
supposes to combine both aerobic and anoxic periods in the same day. The chosen 
option was to apply 12 aeration cycles per day (2 hr each) that would all contains the
same aeration time. For example to supply oxygen during twelve hours per day, the 
blowers will be on one hour every two hours. 
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III.2.2.3. Selection of model parameter 

As explained in paragraphs III.2.1 the advanced scenario study benefits from the 
experience of real-case simulation with calibration and validation tasks with ASM1
(Henze, 1987) and the settling model Simple1D (Takàcs, 1991). Consequently it 
appeared logical to use the same models for advanced scenarios simulations.

Important note: Unless another option is explicitly specified a non-reactive model
(Simple 1D) will used for the settler. 

III.2.2.3.1. Activated Sludge Model: ASM1 

ASM1 defines Xi and Si as particulate and soluble inert fractions of the COD. 
Nevertheless it does not consider particulate and soluble inert fractions of nitrogen. 
These two fractions (Xni and Sni) have been added both in the influent and in the 
activated sludge. This allows conservative variables to be obtained. 

Sni will act as Si: its concentration in the influent will determine its concentration at
any point of the process. Concerning Xni this parameter was implicitly suggested by 
ASM1 since only a fraction (ixb-fp.ixp) of the decayed biomass returns as Xnd. This 
implies the accumulation of particulate inert nitrogen (fraction fp.Ixp). The other 
source of Xni is the influent, where it is commonly accepted that it usually represents 
2% of the particulate inert COD (Xi). 

The second modification applied to ASM1 was the addition of an anoxic value of the 
heterotrophic growth yield (YHanox). Motivations for this modification are detailed in 
section I.1.5. The impact of this option on the simulation results is presented in 
paragraph III.2.3. 

The following table gives the parameters value used for ASM1 (plus YHanox) along with
the common default values (from the ASM1 IWAPRC report and the literature). Some 
values differ from the calibrated parameters obtained at Labège. This is due to the 
effort to take apart the specificities of this wastewater plant and to combine the 
experience of several French activated sludge BNR WWTPs. 
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Table 37. ASM1 parameters for simulation of advanced scenarios. 

Parameter Unit Default Used Default Used Default Used

Temperature °C 20.0 10.0
YA gXBA.gNnit-1 0.24 0.24 0.24 0.24
YH gXBH.gCOD-1 0.67 0.67 0.67 0.67
YHanox gXBH.gCOD-1 - 0.54 - 0.54
fp - 0.08 0.08 0.08 0.08
iXB gN.gCOD-1 0.086 0.086 0.086 0.086
iXP gN.gCOD-1 0.060 0.060 0.060 0.060
µH d-1 6.0 6.0 1.072 1.072 3.0 3.0
Ks gCOD.m-3 20.0 20.0 20.0 20.0
KO,H gO2.m-3 0.20 0.05 0.20 0.05
KNO gNO3--N.m-3 0.50 0.10 0.50 0.10
bH d-1 0.62 0.62 1.120 1.029 0.20 0.47

g - 0.80 0.80 0.80 0.80
h - 0.40 0.40 0.40 0.40

kh gXs.gXBH-1.d-1 3.0 3.0 1.116 1.072 1.0 1.5
Kx gXs.gXBH-1 0.03 0.03 1.116 1.000 0.01 0.03
µa d-1 0.80 0.80 1.103 1.059 0.30 0.45
KNH gNH4+-N.m-3 1.00 0.10 1.00 0.10
KO,A gO2.m-3 0.40 0.20 0.40 0.20
ka m3.gCOD-1.d-1 0.08 0.08 1.072 1.072 0.04 0.04
bA d-1 0.04* 0.17 1.072 1.029 0.02* 0.13
* not from ASM1 publication (Henze, 1987), but common practice. 

Most of the parameter values presented in the above table correspond to the 
calibrated parameters of the 8 hr calibration campaign of June 2003 at Labège since
this campaign gave the best fit between measured and simulated results. The
autotrophic growth and decay rate have been determined thanks to the lab-scale work 
devoted to bA and analysis of 15 years of experience at 10 BNR activated WWTP to
obtain unified nitrification parameters (Choubert, 2005). The anoxic value of the 
heterotrophic growth yield (YHanox) was found in the literature (Copp, 1998) and 
validated with a better estimate of the denitrification capacities at Labège. 

Temperature correction factors

A temperature correction factor ( ) allows the determination of the value of a
temperature-sensitive parameter (X) in a given range of temperature thanks to its 
value at a given temperature (generally 20C°, see Equation 31). 

20)20( TCXCTX

Equation 31 

Most of them have been reduced from their usual default value (except for the 
heterotrophic growth). This tendency was influenced by the temperature correction
factors deduced from the typical values of kinetic parameters proposed in ASM3 
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(Henze, 2000). Thus the temperature correction factor for hydrolysis was reduced
from 1.116 to 1.072 (an even lower value was proposed in ASM3: 1.041). Also Kx was
considered to have no temperature influence as all the other half-saturation
coefficients (this modification was done in ASM3). The ammonification rate ka

remained unchanged because no further information was found on its temperature
sensitivity (this process was removed in ASM3). 

The temperature correction factor for the decay rates (bH and bA) were both set at 
1.029. These values were found in the literature (Werf, 2003) and confirmed by
laboratory experiments for the autotrophic decay rate (see appendix V). 

Concerning the autotrophic growth rate (µA), the temperature coefficient factor was 
deduced from data reconciliation on several French BNR activated sludge WWTP 
studied by Cemagref (Choubert, 2005). 

Obviously the selection of these temperature correction factors was done as an 
approximation of the temperature effect on the activated sludge process. The 
literature shows that the dependency factors must be more complex. For instance 
(Lishman, 2000) show that the observed yield of the heterotrophic biomass has a 
temperature dependency and that the behavior is the opposite according to aerobic or
anoxic conditions.

III.2.2.3.2. Settling model: Simple1D 

Theory of the Simple1D model

Within the semantic proposed in GPS-X, the term “simple” stands for non-reactive
model (no biological activity) and 1D refers to a one-dimension model (only the
vertical dynamics will be considered and any horizontal layer of the settler are
considered homogeneous).
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Figure 63. One-dimensional settling model diagram 
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This model predicts the solids concentration in a chosen number of horizontal layers. 
From the experience of Labège, a selection of ten layers is sufficient to reproduce the
dynamics of the sludge in secondary clarifiers. In each layer this model opposes the 
solids fluxes due to bulk movement and settling. Above the feed layer of the clarifier
the bulk movement is driven by the outflow (effluent), and below the feed layer this 
movement is driven by the recycle flow (plus potentially the wasting flow). The 
settling velocity in each layer is calculated from the settling function, described by 
Takács et al. (1991): 

).(
max

).(
max

minmin XXrflocXXrhin
sj

jj evevv

Equation 32 

With,
vsj: settling velocity in layer j, m.d-1 (or m3.m-2.d-1)
vmax: maximum Vesilind settling velocity, m.d-1 (or m3.m-2.d-1)
rhin: hindered zone settling parameter, m3.gTSS-1

rfloc: flocculent zone settling parameter, m3.gTSS-1

Xj: suspended solids concentration in the layer j, gTSS.m-3

Xmin: minimum attainable solids concentration in a layer, gTSS.m-3

This minimum attainable solids concentration in a layer (Xmin) is considered as the 
non-settleable fraction (fns) of the influent solids concentration to the clarifier (Xin):

inXfnsX min

Equation 33 

In GPS-X the user can specify a maximum value (Xminmax) for this minimum 
attainable concentration. This option prevents negative settling velocities that would 
be calculated by Equation 33 in case of low concentration of suspended solids (Xj).
The settling velocity is also upper bounded to a maximum value defined as vbnd.

Parameter values

Table 38 presents the GPS-X default values and the values that were used for the
simulations. These values correspond to the calibrated parameters that were obtained 
with Labège data. This calibration was achieved over one-month (December 2002),
to best reproduce the dynamics of the measured sludge blanket height and clarifier 
solids mass (when available). This calibration was validated by all others simulation 
tasks undertaken with Labège data. 
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Table 38. Simple1D parameters for simulation of advanced scenarios. 

Parameter Unit Default Used
vbnd m.d-1 274.0 274.0
vmax m.d-1 410.0 410.0
rhin m3.gTSS-1 0.0004 0.00052
rfloc m3.gTSS-1 0.0025 0.0020
fns  - 0.0010 0.0005
Xminmax gTSS.m-3 20.0 20.0

It is important to mention that Labège WWTP has a combined phosphorus removal
process (biological and chemical). The chemical removal is done with ferric chloride 
(FeCl3), which generates phosphorus and hydroxide precipitates that increase the ISS 
(Inert Suspended Solids) mass. This chemical addition also affects the settling
characteristics of the sludge and allows a good dSVI (diluted Sludge Volume Index). 
Nevertheless the parameters calibrated at Labège were used for advanced scenarios
simulations since this is the only available set of calibrated/validated parameters
based on long term and validated data (estimate solids mass in the clarifier, vertical 
gradient measurement of TSS concentration and continuous recording of the sludge 
blanket height). 

III.2.3. Validation at steady-state conditions

Before using the plant layout defined in paragraph III.2.1 for advanced scenarios, a 
steady-state validation protocol was carried out in order to evaluate the convenience
of the proposed design and to compare the results of the design guidelines (FNDAE, 
2002) to the simulation results. 

III.2.3.1. “Pseudo” steady state definition 

The principle of a steady state simulation is to calculate state and output data of the
model with constant input. Both layouts include intermittent aeration; consequently 
no steady state simulation can well represent the actual functioning of the plant, 
especially in the aeration tank where both nitrification and denitrification occur. 
There is a time separation between nitrification and denitrification, which is 
determined by the presence or absence of electron acceptors (oxygen or nitrate).

Some may suggest turning this time separation into a physical separation: the 
aeration tank volume could be divided in two sub-volumes. The first volume would be 
anoxic, the second volume would be continuously aerated and the ratio between the 
two volumes would correspond to the ratio of daily oxygen presence time and anoxic 
time per day. Nevertheless this configuration leads to inconsistencies due to 
modification in the flow pattern: easily biodegradable substrate would systematically 
be degraded in anoxic conditions, leading to higher denitrification rates. Thus this
kind of simplification for steady-state simulation was avoided. 
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Since steady-state simulation can not represent the actual average functioning of an 
intermittent aeration WWTP, it has been undertaken to define “pseudo” steady-state 
as a replacement scenario for true steady-state. 

A “pseudo” steady state scenario consists in initializing the simulation with a true
steady-state (constant input, and time independent solver) and to carry on with 
periodical input until a periodical result is reached. Periodical input can be a daily or 
weekly pattern for the influent flow and load (e.g. five working days followed by the
weekend), but it can also be operation of the process (e.g. aeration cycle and/or
intermittent sludge wastage). On Figure 64 it is shown how the output parameters 
will converge to a periodical function, with the same period as the input data. 

Time
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Periodical input Output

Pseudo
convergenc

Figure 64. Convergence for a pseudo steady state simulation. 

III.2.3.2. Combined wet and dry weather approach

III.2.3.2.1. Scenario setup

Meteorological records in France show that in average case it is raining two days per 
week. We will consider the worst case situation where these two rainy days follow
each other. Consequently a “pseudo” steady state scenario has been built with this
weather configuration: 5 days of dry weather load plus 2 days of wet weather load for
28 days. The following figure presents the evolution of COD and TKN loads and flow 
during these four weeks. Note that a daily profile is applied to the flow during dry 
weather, whereas this flow remains constant at max pumping capacity during the wet
weather days. 
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Figure 65. TKN and COD concentration and flow evolution during 4 weeks combined
dry and wet weather. 

The operation strategy consisted in the following options: 
- Target MLSS concentration 4.2 gTSS.m-3  or 3 gVSS.m-3 (based on a maximal 

F/M ratio of 0.1 kgBOD5/kgVSS.d-1 during a combined dry and wet weather 
week)

- Constant sludge wastage flow 
- Recycle flow: 150% of the dry weather flow or 100% of the wet weather flow 
- Aeration: 12 hrs per day with the single aeration tank layout and 16 hrs per day 

with the anoxic zone plus aeration layout. 
Refer to paragraph III.2.2.2 for other options included in the layout. 

The four-week duration of the scenarios were considered sufficient to obtain a good 
convergence of this “pseudo” steady-state simulation, after a true steady-state was 
systematically achieved at t=0 in order to initialize the simulation. The results of this
scenario have been observed for the two layouts at days 26 (dry weather results) and 
28 (wet weather results). These results were analyzed for comparing performance 
with:

- Dry and wet weather 
- Winter and summer temperature (10 and 20°C)
- Single aeration tank and anoxic zone plus aeration tank 
- Traditional design guidelines and results of simulation 

III.2.3.2.2. Results 

The results are presented in appendix VIII and IX. The columns “CGD” refer to the
expected results from the conventional design guidelines and calculation methods 
proposed in the guide document (FNDAE, 2002). These hypothesis and calculation
methods concern the sludge production, the sludge age, the nitrification and
denitrification rate. Comparing their results with the simulation results allows some
conclusions from these two approaches. 

178



Wet weather vs dry weather 

The conventional design guidelines (FNAE, 2002) suggest that the wet weather
causes sludge storage that can be observed with an increase of the MLSS 
concentration from 4.0 to 4.2 gTSS.m-3. The simulation results also show some
sludge storage (around 300 to 500 extra kgTSS in the system), but this sludge is 
mainly stored in the clarifier due to the decrease of the recycle flow (150% in dry
weather, 100% in wet weather). With no biological model in the clarifier, the sludge 
settled sludge remains inactive. The simulation results predict also a slight increase of 
the ratio VSS/TSS with the higher content of MSS in the influent during wet weather. 

Concerning the maximal nitrate production rate (NPRmax), the conventional design 
guidelines (FNDAE, 2002) imply a possible increase with wet weather. Actually the 
simulation results lead to the opposite conclusion, with a decrease of the NPRmax due 
to a reduction of the autotrophic biomass caused by a decrease of the sludge age and 
an increase of the ratio F/M. 

Similarly the conventional design guidelines predict a possible increase of the 
denitrification rate. This time, this hypothesis is confirmed by the simulation results 
that show a significant increase due to the higher load of biodegradable COD in the 
influent.

The simulation allows also the observation of an increasing trend of the fractions Xbh 
(heterotrophic biomass) and Xs (particulate biodegradable COD) of the MLSS. This 
trend was already observed by (Stricker, 2000) and was interpreted as temporary 
storage of particulate COD, which is a favorable mechanism for the smoothing of the 
oxygen demand peak and the limitation of the COD concentration in the effluent. 

Winter temperature (10°C) vs summer temperature (20°C)

It is common to admit that the nitrification performance is more vulnerable in winter 
season. This can be considered as true when considering that the autotrophic growth 
rate (µA) is almost divided by 1.8 between 20 and 10°C (with chosen µA of 1.059). 
Nevertheless, with such a design, the nitrification performance is more dependent on 
the nitrogen load in the influent than on the autotrophic growth rate, which is not a
limiting factor. 

In winter conditions, the simulation results show a slight increase of the autotrophic 
biomass (Xba) that comes from the decrease of the autotrophic decay rate (bA) with 
the temperature. The two following expressions of Xba can help to better understand 
this phenomenon: 

(1)
1

A

AVNnit
ba

b

YC
X

Equation 34 
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(2)
A

A
ba

YNPR
X max

Equation 35 

With,
: sludge age, d 

CVNnit: Volumetric nitrified nitrogen, g of nitrogen per m3 in the biological tank, g.m-3

Note: CVNnit is used but not CVN (to volumetric loading) since even under total 
nitrification part of the nitrogen is assimilated by the heterotrophic biomass. 

Equation 34 applies when the aeration duration and power is sufficient for the 
nitrifying biomass to nitrify. In this case µA has no influence on the biomass
concentration. In winter conditions the decrease of bA leads to an increase of the 
autotrophic biomass concentration (note that bA has long time been considered as
very small or negligible in the literature until higher values around 0.15-0.2 d-1 have
been published (Copp, 1995; Dold, 2002; Lee, 2002). 

Equation 35 can apply in any case and suggests that in winter conditions (i.e. when µA

decreases) the NPRmax decrease may be partly compensated by the possible increase 
of the autotrophic biomass. This statement is illustrated on Figure 66, where the
graph show the relative evolution of µA, bA, NPRmax (CDG) and Xba with a 
temperature decrease from 20 to 10°C. This graph has been achieved with Equation 
34 and Equation 35 and hypothesis adopted for the advanced scenarios and a
constant sludge age of =20 days. The conventional design guidelines suggest the
following empirical relationship: 

VN
T CNPR 20

max 06.1128.0

Equation 36 

Note: the temperature coefficient (1.06) is nearly equal to the chosen coefficient for 
the simulation of advances scenarios (see paragraph III.2.2.3.1). This shows that the 
data reconciliation and analysis on BNR WWTP (Choubert, 2005) is in good
agreement with conventional design guidelines. 
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Figure 66. Relative evolution of µA, bA, XBA and NPRmax CDG (conventional design 
guidelines) and NPRmax predicted by ASM1 from 20 to 10°C. 

On the above figure, one can observe the increase of the autotrophic biomass (+24%) 
with the decrease of the temperature by 10°C. Consequently the loss of NPRmax ASM1
(-30%), is less strong than the growth rate (µA) decrease (-44%). Also the NPRmax 
given by the conventional design guidelines is superimposable on µA, which shows
that usual design methods do not include the above considerations.

Nevertheless these conclusions may require further investigations since they imply 
assumptions on the nitrifying biomass that have not been demonstrated with
measurements. This can only be regarded as a model mechanism. 

This same mechanism has also a strong impact on the heterotrophic biomass 
concentration that rise about 25%. Consequently the sludge production and the ratio 
VSS/TSS increases slightly. 

Another important observation concerning nitrogen removal is the increase of the
denitrification rate in the aeration tank with the decrease of the temperature. This 
was not expected with CDG methods that propose the following estimates of the 
denitrification rate during anoxic periods: 

VCODdenit Cr 8  or VSCODdenit Cr 30

Equation 37 

With,
rdenit = denitrification rate during anoxic periods, gN.m-3.hr-1

CVCOD = Volumetric COD loading rate, kgCOD.m-3.d-1

CVSCOD = Volumetric filtered COD loading rate, kgCOD.m-3.d-1

The increase that is predicted by the simulation can be correlated to the heterotrophic 
biomass increase; nevertheless this rely on hypothesis on the temperature coefficient
that have not been verified and one may also consider that the autotrophic growth 
rate (µH) is divided by two at 10°C. Another explanation is that the slower aerobic
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consumption of soluble biodegradable COD (Ss) at low temperature offers a greater 
opportunity for anoxic degradation of this material. 

Concerning the anoxic zone, CDG (FNDAE, 2002) suggest a strong dependency of the

Equation 38 

he simulation results also show a decrease of the denitrification rate but in a much

emark: the denitrification rate is a complex parameter, and it is not expressed in 

ingle aeration tank vs anoxic zone plus aeration tank

he conventional design guidelines indicate the NPRmax will be higher by 10% if an 

III.2.3.3. Dry weather steady state 

he results presented in the previous paragraphs can be considered as a picture of a 

he experience of full-scale plant survey for modelling reinforces the necessity to

denitrification rate to the temperature with respect to equation 38 that implies to 
decrease the denitrification rate by 1.63 from 20 to 10°C. 

20
20,, 05.1 T

CdenitTdenit rr

T
smaller scale (about 10%). This can be explained by the previous hypothesis about the 
denitrification in the aeration tank.

R
terms of maximal rate as the NPRmax. Unlike for ammonium during nitrification,
nitrates are not a substrate but an electron acceptor and the denitrification depends 
on the presence of another substrate (Ss). Furthermore the half-saturation coefficient
(Ks = 20 gCOD.m-3) for Ss is far higher than the ammonium half-saturation
coefficient (KNH = 0.1 gN.m-3) whereas Ss concentration uses to be very low in normal 
operation of the aeration tank (about 0 to 10 mgCOD.m-3). Consequently defining a
maximal denitrification rate is less useful than evaluating the average denitrification
rate during anoxic periods. 

S

T
anoxic zone is included in the design. This was not observed with the simulations at 
20°C. At 10°C a difference of 12% appeared, but the actual cause is the longer oxygen
presence time that is applied in the anoxic zone plus aeration tank configuration. The 
slower nitrification rate at 10°C requires longer aeration cycles, which can be
achieved more easily in this configuration than with a single aeration tank. 

T
“pseudo” steady state functioning including five dry weather days and two wet
weather days. This approach leads to impose an average weekly load higher than the
load that the plant may actually receive. Further more this may favor the
heterotrophic biomass growth since they have more substrate available. So a dry 
weather approach was adopted to better represent the usual functioning of the 
WWTP.

T
apply a dry weather approach. In fact rain events weigh on the average functioning of
the plant but they use to have no (or very little) influence on the “dry weather
functioning” of the plant. Full-scale and simulation experience show that the plant 
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can recover quickly from a rain event. It converges rapidly to a steady state that 
corresponds to dry weather. Also the terms dry weather and rain event encompass 
very different situations: the rain may be strong and short, long but no significant, or
repeated. But the combined wet and dry weather scenario presented in paragraph 
III.2.3.2 is somehow a worth-case scenario. Finally a dry weather scenario should
allow a closer representation of the plant functioning. 

The scenario setup was identical to the scenario setup applied to combined wet and

he results are presented in appendices VIII and IX at 10°C only for the two layouts.

able 39. Comparison between dry weather and combined weather approaches at

eter Observation

dry weather “pseudo” steady state, except that only dry weather flows and loads are
applied. The simulation is run until the outputs reach a “pseudo” steady state (i.e. 
periodical signal). 

T
These results are compared to the dry weather results obtained with the combined
approach (that is to say at t=26 days in the previous scenario). Table 39 summarizes 
the most remarkable differences. 

T
10°C.

Param
VSS The dry weather shows 5 to 6% increase for ivt, due to lower ISS

input without the rain events. 

Sludge production he amount of sludge to be wasted is logically smaller (about

Nitrification he dry weather approach favours nitrification in terms of 

Effluent nitrogen he above observation implies much lower NH4+ concentration 

Effluent COD o noticeable change.

T
5%) in dry weather. 

T
autotrophic biomass concentration and NPRmax, thanks to 
longer SRT. 

T
in the effluent. 

N

III.2.4. Sensitivity analysis

ensitivity analysis can be regarded as a tool to better understand the correlation S
between input and output parameters. At this point it is important to remind that the 
output parameters can be state parameters as well as “final” output parameters. For 
instance the concentration of heterotrophs in the aeration tank (XBH) can be regarded 
as a result of the model application to the input data and also as a necessary
parameters to calculate further output data (such as the MLSS concentration). The 
input data are specified by the user. They can be model parameters such as growth 
rates or yields but they also concern all operational parameters like inflow or aeration
strategy.
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We can distinguish three major interests with sensitivity analysis (Melcer, 2003): (i)

or this study sensitivity analysis is also used in order to assess the impact of some 

n the present work only linear sensitivity analysis will be considered. The non-linear 

ote: According to the statements presented in paragraph III.2.3.3 (“Dry weather 

III.2.4.1.Sensitivity to influent fractionation 

III.2.4.1.1. General sensitivity: 1% positive perturbation test 

his test was done only with the single aeration tank layout.

t is commonly accepted that fractionation of the influent is a crucial element for the

heory of the 1% perturbation test 

his test consists in applying an increase of 1% to a given input parameter and to 

athematically this 1% perturbation test can be considered as approach of a linear

selecting the parameters that can be estimated with the most accuracy, given a set of 
available measurements, (ii) developing a sampling program to gather additional
data for the particular process objective so as to target the most sensitive element of 
the model, and (iii) identifying the parameters that have negligible effect on model 
variables or conversely, identifying the variables that are not sensitive to any model 
parameter.

F
model hypothesis. For instance it will be discussed in which measure it is important 
to add a reduced anoxic value of the heterotrophic yield. 

I
sensitivity analysis, such as the Monte Carlo Analysis allows the calculation of
probability distribution of model variables from the probability distribution of the 
parameters. Numerical applications of these methods required too extended
computational resources for the considered models (biological an settling) for 
simulating WWTP functioning. Thus non-linear sensitivity will not be used for the 
results presented in the following paragraphs. 

N
steady state”), the default loads and flows applied to sensitivity analysis will
correspond to dry weather at 10°C (the most constraining temperature with regard to 
the plant performance). 

T

I
simulation of a given wastewater treatment system. In a first approach a 1% positive 
perturbation has been applied for each fraction of the influent to assess the sensitivity
of the system to influent fractionation. 

T

T
observe the impact on a selected set of outputs. In Table 40, a value of 100% means 
that the considered output increases by 1%, whereas a value of -200% means that this
twice more negatively reactive (the output value is reduce by 2%). Only significant
results are shown in the table (a blank doesn’t mean that the input and the output are
independent but that the sensitivity level is very small, between -5 and 5%). 

M
sensitivity analysis function around a certain operating point (or particular state of
the model). This is expressed as the matrix of the relative change of state variables j

for a given perturbation to input parameters i (Melcer, 2003) 
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j

j

i
ji,

Equation 39 

here i [1..k] and j [1..l], with respectively k: number of input parameters and l: 

n practice the 1% perturbation matrix is built by perturbing each individual input 

W
number of state variables. 

I
parameter one at a time with a given perturbation i (representing 1% of i in this
study) and observing the absolute values of the state variable for approximating i,j:

i

iijij

ij

i
ji

)()(
)(,

Equation 40 

esults

able 40 shows the results obtained when applying the 1% variation to each of the 

ote that the dissolved oxygen concentration in the aeration tank is not represented 

able 40. Sensitivity of the aeration tank parameters to the influent fractionation. 

R

T
fractions of the influent (Xii or ISS, COD fractions and Nitrogen fractions) and 
observing the impact on the aeration tank variables. The most influencing fractions 
are Xs and Snh. They are actually the main sources of substrate for heterotrophic and 
autotrophic growth.

N
since it is actually maintained constant by a PID controller. Si, Xi and Sni do not 
show as well; they are conservative, consequently they are 100% reactive to Si, Xi and 
Sni concentrations in the influent. 

T

TSS VSS ratioaer Xs Ss Xbh Xba Xnd Snd Snh Sno Xu

Xii 22%
Si
Ss 25 29 32 -33% 29%% % %
Xi 37  48% %
Xs 36% 45% 20 84 18 -39% -78% 82%5% % 2%

Snh -94% -31% 96 -9 25 18% 4% % 7%
Sni
Snd

In
pu

t p
ar

am
et

er
s 

Xnd -18% 19 21  34% % %
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This 1% positive variation test can be highly dependant on the chosen conditions 
(temperature, operation strategy, load, layout…). So the results can be considered as 
a first approach to determine the key parameters when studying the sensitivity of the
system.

III.2.4.1.2. Sensitivity of denitrification to the Ss fraction of the 
influent

Conditions for denitrification

According to ASM1 structure, significant denitrification occurs when these three 
conditions are respected:

- Very low concentration of dissolved oxygen 
- Sufficient concentration of nitrates 
- Sufficient concentration of soluble biodegradable COD 

These conditions define the anoxic growth of (facultative) heterotrophic biomass 
process. During denitrification nitrate becomes the electron acceptor instead of
oxygen. The presence of nitrate depends directly on the nitrification whereas the 
presence of Ss relies on two sources: the influent and the hydrolysis of particulate 
biodegradable COD (Xs). Nevertheless hydrolysis is a rather quick process, and the
true limitations in the production of Ss may be the production of Xs itself. Xs has also 
two sources: the influent and the biodegradable fraction of the residue from decay of 
the biomass. 

The occurrence of denitrification requires complying with complex processes. 
Between the two layouts proposed in paragraph III.2.2.2, the anoxic zone option aims
at facilitating the denitrification process with facing the Ss from the influent to the to 
Sno recycled from the aeration tank. 

The following table indicates the value of the switch function according to expect 
concentrations of electron acceptor and Ss in dry weather simulation at 10°C. This 
numerical application is given for illustration only. 
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Table 41. Denitrification switch function numerical application*.

Nitrate Oxygen Readily
biodegradable

COD
Variable Sno So Ss
value 0.06 gN.m-3 0.0015 gO2.m-3 15.3 gCOD.m-3

Half Saturation 
parameter

KNO KOH KS

value 0.1 gN.m-3 0.05 gO2.m-3 20 gCOD.m-3

Switch function

NOKSno
Sno

OH

OH

KSo
K

SKSs
Ss

value 0.38 0.97 0.43

* These values were obtained with a dry weather simulation at 10°C including a true
steady-state followed by 30 days pseudo-steady state. 

The values presented in Table 41 suggest that denitrification occurs at only 15% of its 
maximum potential (by multiplying the three switch functions). Note that the same 
simulation gave concentration of Sno about 7 gN.m-3 and concentration of Ss about 
5.8 gCOD.m-3 in the aeration tank. This implies a potential of 22% of the maximum 
denitrification rate during anoxic periods (furthermore the aeration is 4 folds larger 
than the anoxic zone). 

According to these considerations about the switch function it can be supposed that 
the denitrification potential of the anoxic zone is poorly used, not only because of the 
low concentration of Ss but also because of the too small amount of recycled nitrates
to this tank that reduces their concentration under the half-saturation parameter. By 
testing smaller SRT in the anoxic zone (30 min instead of 1 hr), it appears that better 
denifitrication results were obtained with no significant return of oxygen from the
aeration tank(in this case we have So = 0.003, Sno = 0.18 and Ss =10.49, resulting in
a higher potential of 22%). 

Sensitivity scenario setup

It is often discussed how important it is to estimate the distribution between easily
and slowly biodegradable substrate. The scope of this study is to evaluate the impact 
of the Ss/Xs distribution on the denitrification process. 

The scenario consisted in applying 8 fractionations of the influent with a range of 
variation for Ss/Xs comprised between 0 and 54%. These simulations were run with a
temperature of 10°C, and the inert fractions remained unchanged as well as the total 
biodegradable fraction (Xs+Ss). Figure 67 shows the 8 fractionations. The range of 
variation of Ss (0 to 28% of the total COD) was chosen as representative of the 
encountered ratio with different fractionation methods (coagulation-filtration,
respirometry or batch tests) on municipal wastewater in France. 
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Figure 67. Applied fractionations to study the sensitivity of denitrification to Ss/Xs 
ratio in the influent. 

The results presented in the paragraphs below were obtained by applying the dry
weather load to steady state simulation followed by four weeks of “pseudo” steady 
state simulation. The sludge wastage was adapted in each case in order to maintain a 
constant MLSS concentration in the aeration tank of 4.2×103 gTSS.m-3

(corresponding to a F/M ratio of 0.077 kgBOD5.kgVSS-1.d-1).

The aeration applied in the advanced scenarios corresponds to a complete removal of 
both NH4+ and NO3-. At low temperature (10°C), 12 hrs of aeration per day on the 
single tank aeration layout allows maintaining the concentrations of NOx-N in the
effluent around 1 gN.m-3 (and 5 gNH4+—N.m-3). With 16 hrs of aeration per day on the
layout with anoxic zone, the nitrogen removal performance is also very good: around 
6 gNOx-N.m-3 and 1 gNH4+-N.m-3.

The nitrate and ammonium concentrations are somehow switched between the two 
layouts. Considering that in both cases the aeration time is close to the optimization
of the total nitrogen removal in the effluent, the selected operating point has a great 
influence whether it is nitrate or ammonium. This can be understood by comparing
the ratio of aerated volume ( Vaer) for both layouts: 

V24
V

bio

aer
Vaer

Daer

Equation 41 

With,
Daer: daily aeration time, hr.d-1

Vaer: Aeration tank volume, m3

Vbio: total biological volume (aeration tank + eventually anoxic zone), m3

188



Applying this equation to the single aeration tank layout and to the anoxic zone plus 
aeration tank layout gives respectively Vaer = 0.50 and Vaer = 0.55. This explained 
why higher nitrate concentrations in the effluent are observed with the second layout. 

The simulation series “set1” and “set3” correspond to this optimized aeration
configuration. Nevertheless it was also chosen to carry out series of simulations
(“set2” and “set4”) with longer aerations times (16 and 20 hrs per day respectively on 
the two layouts – See Table 42). The purpose is to impose constraining conditions for 
the denitrification. This way we can expect a stronger response of the system to 
changes in the fractionation.

Among the characteristics given by Table 42, it is specified that the settler is reactive. 
This option was taken after comparing the results with non-reactive and reactive 
settler. It was concluded that applying ASM1 in the horizontal layer of the clarifier
does not have a significant impact on the total denitrified flux. In the case of the 
single aeration tank layout, the flux of denitrified nitrogen in the clarifier is 
subtracted to the denitrified flux in the aeration tank (with non-reactive settler). 
When an anoxic zone is included in the layout, this flux is subtracted to the anoxic 
zone and not to the aeration tank (see Table 43 and results for anoxic zone plus 
aeration tank for more details). 

Table 42. Characteristics of the four simulation series. 

Simulation series 
reference

Set 1 Set 2 Set 3 Set 4 

Layout Single aeration tank 
Reactive settler 

Anoxic zone + Aeration tank 
Reactive settler 

Aeration 12 hr.d-1 16 hr.d-1 16 hr.d-1 20 hr.d-1

Results with single aeration tank layout
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Figure 68. Denitrification fluxes – set1 Figure 69. Denitrification fluxes – set2 

189



In the simulation series set1, the nitrogen concentrations in the effluent remain 
around 1 gN.m-3 for NOx-N (and 5 gNH4+-N.m-3). Figure 68 shows the distribution of 
the daily denitrification flux in the aeration tank and the clarifier. We can notice the 
distribution stays constant, with a very little contribution of the clarifier (around 4%).
The total denitrification decreases insignificantly with the diminution of the Ss 
fraction in the influent (from 57.4 to 56.8 kgNdenit.d-1).

Figure 69 shows that in the “set2” simulation the denitrification flux stays constant
with any fractionation. This lower denitrification flux (about 50 kgNdenit.d-1) indicates
a partial denitrification. When the aeration time per day is pushed from 12 to 16 hrs 
per day, the nitrification becomes largely complete, whereas the denitrification is not
complete: the NOx-N concentration in the effluent is about 12 gN.m-3.

We can conclude that distribution between soluble and particulate within the
biodegradable fraction of the COD of the influent has no significant impact on the
denitrification. One can suppose that the flux of Ss brought by the influent is not as 
important as the flux generated by hydrolysis of the Xs from biomass decay. Also this 
hydrolysis rate being pretty quick, one may suggest that, in the range of fractionation
proposed for this study, the distribution of biodegradable COD between soluble and 
particulate do not influence the nitrogen removal performance. 

Results with anoxic zone plus aeration tank

The results are different for the context of the anoxic zone configuration. In the
simulation series “set3”, the total denitrification flux is close to the denitrification flux 
observed for the simulation series “set1”. Nevertheless the contribution of the clarifier
is three times more important (from 11 to 12%) and the participation of the anoxic 
zone is about 33%. The total denitrification flux remains constant until simulation 
reference 8: when the Ss fraction is reduced to 0%. At this point the clarifier 
contribution drops and leads to an effluent NOx-N concentration rising from 6.5 to 8 
gN.m-3. In any case the aeration tank keeps carrying out 55% of the total 
denitrification in spite of 16 hrs of aeration per day (and 17 hr.d-1 of oxygen presence 
time).
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When aeration is pushed from 16 to 20 hrs per day (set 4), the denitrification suffers 
from a lack of anoxic conditions. Consequently the NOX-N concentration in the 
effluent increases significantly (see Figure 72). In Figure 70, we can see that this
stressing condition for the denitrification gives a major role to the anoxic zone that 
performs 64 to 41% of the total denitrification flux. Actually, this denitrified flux in 
the anoxic zone drops down from 35.2 to 16.5 kgN.d-1 with the diminution of the Ss 
fraction, whereas the clarifier contribution increases from 5.8 to 7.1 kgN.d-1 and the
aeration tank participation even increases a little (from 14 to 16 kgN.d-1).

In this configuration the ratio Ss/Xs in the effluent is crucial. It proves that half of the
anoxic zone denitrification relies on the Ss content of the influent. But these results 
also show that the anoxic zone plus aeration tank configuration is less robust than the 
single aeration tank configuration in terms of total nitrogen removal. This is shown
explicitly on the graph below (Figure 72). 
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Figure 72. Evolution of N-NOx concentration in the effluent with “pushed aeration” – 
“set2” and “set4” 

In the “pushed aeration scenarios” (set 2 and 4), the benefit of the anoxic zone 
appears only below simulation 4 (i.e. with 20% Ss or more in the effluent). With the 
single aeration tank configuration, the daily aeration time is smaller and the available 
anoxic time allow slower denitrification rate (i.e. denitrification based on lysis of Xs 
rather than Ss in the influent). This justifies the better performance of the single 
aeration tank at low influent concentrations of Ss. 

Impact of reactive/non-reactive settler

The same simulations than presented above with the anoxic zone layout were done
with a non-reactive clarifier since the usual practice for design does not take in
account any reaction in this tank. The following results will be discussed only 
considering the initial fractionation (i.e. Ss = 20% of the total influent COD). 

With an optimized aeration time (16 hr.d-1, i.e. 17 hr.d-1 of oxygen presence time), 
these simulations showed that the total denitrification flux remains the same (~ 58
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kg.d-1) whatever the hypothesis chosen on the clarifier was (see Table 43). Similarly 
the aeration tank carries the same contribution (about 54%). When the aeration is 
pushed to 20 hr.d-1, the total denitrified flux undergoes a decrease which is stronger 
with non-reactive settler than with reactive settler (respectively 7 and 4 kg.d-1

causing, 7.5 to 5 extra gN.m-3 of the NOX-N concentration in the effluent). Also the
aeration tank contribution drops to 26-28% of the total denitrified flux. 

Table 43. Denitrification performance on the anoxic zone layout with the initial 
fractionation and several aeration and clarifier options.

Aeration Optimized (16 hr.d-1) Pushed (20 hr.d-1)
Clarifier reactive non-reactive reactive non-reactive
Total
denitrified flux 
(kgNdenit.d-1)

58.1 57.9 54.1 51.0

in Anoxic zone
33.0% 46.5% 62.8% 71.8%

in Aeration
tank

54.6% 53.5% 26.1% 28.2%

in Clarifier
12.4% - 11.1% -

NOX-Neffluent

(gNm-3)
6.0 6.4 10.9 13.9

NH4+-Neffluent

(gNm-3)
0.6 0.7 0.1 0.2

Consequently the above table shows that applying or not an activated sludge model in 
the clarifier does not change the denitrification performance in case the aeration 
conditions are optimized for both nitrification and denitrification. But it implies an 
important change in the role of the anoxic zone that loses 29% of its denitrification
function towards the clarifier. This can be explained by the higher flux of recycled 
NOx in the case of non-reactive clarifier. This modeling observation is not negligible 
and a full-scale study of this issue would be welcome. 

Table 43 also shows how important the anoxic zone becomes when the aeration is 
pushed to 20 hr.d-1. This suggests that the anoxic zone usually does not use its full 
denitrification potential. When the aeration is pushed more NOx are recycled to the
anoxic zone and it allows more of its denitrification capacity to be used. In the way 
pushing the aeration implies that more NOx are sent to the clarifier with the mixed 
liquor. Consequently we can also notice that with pushed aeration, applying reactive 
clarifier allows significantly better performance in terms of NOX-N concentration in 
the effluent. 
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Comparison to conventional design guidelines

In the guide document (FNDAE, 2002), the denitrified flux ( denit, g.d-1) in the anoxic
zone is equal to the sum of the MLSS recycle flow (QMLSS) and the return activated 
sludge flow (QRAS) multiplied by the nitrate concentration in the effluent (see 
Equation 42). This equation is subjected to the hypothesis that all the nitrates going 
through the anoxic zone are denitrified and that they is no noticeable denitrification
in the clarifier. 

effluentRASMLSSdenit NOQQ ][)( 3

Equation 42 

Numerical application of this equation with simulated concentration of Sno in the 
effluent leads to a daily-denitrified flux in the anoxic zone about 34.1 kg.d-1, which is
readily higher than the simulation results that predict 26.9 kg.d-1 without biological
model in the clarifier (ASM1 being applied in the clarifier, otherwise the predicted
flux drops to 19.0 kg.d-1).

We can wonder if the degree of accuracy of this equation may over predict the actual
efficiency of the denitrification zone. Finally it is interesting to notice that this 
equation converges with the simulation results when the aeration is pushed, that the
anoxic being pulled to its maximum denitrification capacity.

III.2.4.1.3. System sensitivity to the distribution of particulate 
COD between Xi and Xs in the influent

This study was accomplished in order to answer questions that arose when carrying
out coagulation-filtration fractionation tests on the influent. If the soluble COD 
concentration of the effluent is known (for an approximation of the Si fraction), this 
test allows the estimation of both Si and Ss fractions. But it does not give any 
information about the particulate fraction of the COD: what is the distribution 
between the inert (Xi) and the biodegradable fraction (Xs)? This sensitivity analysis 
aims at determining how necessary it is to carry out further tests (like respirometry) 
to answer this question. 

Sensitivity analysis setup 

This study was carried out at 10°C with the dry weather load and flow. The basic
scenario consists in a steady state simulation followed by four weeks of “pseudo”
steady state simulation. The sludge wastage was adapted in each case in order to 
maintain a constant MLSS concentration in the aeration tank of 4.2×103 gTSS.m-3

(corresponding to a F/M ratio of 0.077 kgBOD5.kgVSS-1.d-1).

The soluble fractions of the influent COD were kept unchanged (i.e. Si = 4% and Ss = 
20% of the total COD), whereas the Xi fraction was moved from 11 to 32% and
compensated with a variation of Xs from 65 to 44% of the total COD. The results have
been observed for the eight fractionations presented in figure III.2.4.1.3.a. 
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Figure 73. Applied fractionations for studying the sensitivity of the system to Xi/Xs 
distribution in the influent. 

Results

The results obtained with the single aeration tank layout and the anoxic zone layout 
are quasi-identical. The graphs presented below correspond to the single aeration
tank layout. 

As the air supply is controlled in order to maintain a constant concentration of
oxygen in the aeration tank during aeration periods, the oxygen needs are fulfilled in
any case and the variations of the fractions has no significant impact on the nitrogen
and COD concentrations in the effluent. 

The most remarkable impact occurred on the sludge and the biomass. On Figure 74, 
we can see that the sludge age decreases with the decrease of the Xs fraction, whereas 
the increase of the sludge wastage mass can be correlated to the accumulation of
particulate inert COD from the influent. 

This phenomena is explained when examining the fate of Xi and Xs from the influent.
One unit of Xi brought by the influent will produce one unit of Xi in the sludge,
whereas one unit of Xs brought by the influent will produces one unit of YH.Xs and 
ultimately fp.YH.Xs. Thus increasing the Xi fraction in the influent by decreasing the 
Xs fraction leads to more sludge production.
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Figure 74. Sensitivity of the SRT and the sludge wastage mass to the Xi/Xs 
distribution in the influent. 

The following graph (Figure 75) shows that both heterotrophic and autotrophic 
biomass decrease quasi linearly when the mixed liquor gets more and more inert in
terms of COD but less mineral as well (see ivt ratio: VSS/TSS). This shows that not 
only the heterotrophic biomass concentration relies on the actual load of 
biodegradable COD, but the autotrophic biomass is strongly dependent too. This can 
be explained by the shorter SRT imposed by the control of the MLSS concentration
and the increased sludge production. 
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Conclusion

Regardless to the layout, the distribution of the particulate fraction of the COD 
appeared to be very important for the modelling of the sludge composition. Within 
the range of tested Xs/Xi ratios, the SRT, the sludge wastage mass, the heterotrophic
and autotrophic biomass, and the ivt ratio have a quasi-linear behavior. No impact 
was observed on the effluent concentrations but the change in the biomass 
concentrations means a change in the treatment capacities. Consequently 
determining the inert and the biodegradable fractions of the particulate COD is 
crucial.

III.2.4.2. Sensitivity to AMS1 Parameters 

III.2.4.2.1. General approach

Setup

The 1% variation sensitivity analysis was presented in paragraph III.2.4.1.1 (General
sensitivity to fractionation: 1% positive variation test). Referred as “steady-state
sensitivity analysis” in the WERF manual “Methods for wastewater characterization
in activated sludge modeling” (Melcer, 2003), it consists in applying the 1% variation
test in order to observe the sensitivity of a selection of system variables (ASM1
components and activated sludge characteristics) to set of “default” ASM1
parameters.

Note that the WERF layout does not remove totally nitrogen, since the effluent 
contains 18 gNOx-N.m-3.  Also the influent nitrogen volumetric laoding rate is 160 
g/m3 TKN (instead of about 120 g.m-3 of aerated volume for the two advanced
scenarios layouts). Concerning this influent, only two indications are given:
Ss/(Ss+Xs)=24.4 % and Si/(Si+Xi)=27.8 % (they are respectively 25.3% and 19.0% 
for the advanced scenarios influent). The WERF layout was operated for SRT = 15
days.

Results

Table III.2.4.2.1.a presents the impact ranking of ASM1 parameters on the two
layouts designed for advanced scenarios (layout 1: single aeration tank; layout 2: 
anoxic zone plus aeration tank) and for the WERF layout. These parameters are
sorted according to the sum of the square of the deviation percentage they cause to 
each of the variable presented in Table 44 through a 1% positive variation test.
Variables presented in Table 45 are also ranked according to their degree of 
sensitivity. Table 44 and Table 45 are based on the information of appendix XI. 
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Comparing results in these tables, some key conclusions can be drawn: 

Globally the results of this sensitivity analysis contradict the set of calibrated 
parameters (see III.2.2.3.1) where the apparently most impacting parameters ( kH, bH,
KX, Ixb, …) were not changed, while the less impacting ones (KOH, KOA, KNO) were 
changed. This remark needs the following comments: 

For any layout the most impacting parameter is the heterotrophic yield YH

(gCODbiomass/gCODSubstrate). This parameter influences strongly XBH and XP

that both contribute to the VSS. But it also influences Sno, Snd and Xnd. The
impact on Sno is direct, through denitrification, whereas Snd and Xnd are
indirectly affected through the influence on the heterotrophs and consequently 
on their decay residues.

Second and third positions of impacting parameters are hold by kh and bH. The
hydrolysis rate kh has strong negative impact on Xs and Xnd. In spite the
hydrolysis rate are generally considered as fast, this suggests that this process 
sets may in some case be limiting for both the heterotrophic growth on Ss and
the ammonification Xnd. bH has logically a negative impact on XBH and a 
positive impact on substrates (Xnd, Xs and Snd) since they are produced from
decay residues.

For the three layouts Kx (half saturation coefficient for hydrolysis) has a
significant impact. Since this parameter is associated to the ratio Xs/XBH in the 
denominator of a Monod function, it is logical to expect this parameters to 
behave oppositely to kh in terms of impact upon Xs and Xnd (i.e. it has a
positive impact on these two fractions).

The parameters affecting nitrogen removal (ixb, µA, KNH and indirectly through 
XBA concentration: bA and YA) have almost similar ranking for layout 1 & 2,
while this ranking is different for the WERF layout. This is due  to the different
process and the intermittent aeration of the advanced scenarios layout.

One can notice that half-saturation parameters such as KOH, KOA and KNO do
not have a very significant impact on the variables (see above paragraphs for 
more comment on this point).

The last variables of Table 44 are actually not sensitive at all. Inert organics 
from the influent (Xi, Si) are not undergoing any transformation in the model
and their concentration will depend only on mass balance. So and  (SRT) do
not vary as they are actually controlled variables. 

The variable “ratioaer” appears only for the advanced scenarios layout. It
represents the ratio of daily oxygen presence time over daily aeration time.
This ratio would have no meaning for the WERF layout since the aeration time
is 24 hrs per day. This variable is not sensitive with the 1% variation test. 
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- The fact that the ranking of the parameters comes from a sum of their impact
hides the effect on each single variable. For instance KNO will obviously only
affect SNO, so even if its impact is strong, the result may appear lower than a 
parameter that impact several variables. 

- Half-saturation coefficients only have a significant effect when the variable 
they are associated with has low values. So far we can expect a low sensitivity 
of the WERF layout to KNO with an effluent Sno of about 18 gN.m-3.

-

Layout2

ASM1 is a non-linear model, thus the sensitivity analysis results are only valid 
locally and around the value of the parameter. For instance in the WERF study
KNO remains at 0.5 gN.m-3 where it was lowered at 0.1 gN.m-3 for the advanced
scenarios calibration. This may lead to a very different impact on some
operating points.

Table 44. ASM1 Parameters impact ranking according to sensitivity analysis. 

Impact
rank

Layout1 WERF
SRT=15d

1 YH YH YH

2 kh kh bH

3 bH

4 Kx

µA

6
bA

µH

h

13
bA

g iXP

17

KNO

bH kh

Kx ixb

5 µA Kx

ixb ixb fp
7 bA µA

8 µH µH

9 Ks YA

10 Ks KNH ka
12 KNH YA KNH

ka ka Ks
14 YA fp
15 fp h g

16 g

iXP iXP KOH

18 KOH KOH KOA

19 KOA KOA h

21 KNO KNO
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Table 45. Activated sludge components sensitivity ranking to ASM1 parameters.

Sensitivity
rank

Layout1 Layout2 WERF
SRT=15d

1 Xnd Xnd Xnd
2 Xs Xs
3 Xp Xp

Ss Ss
6 Snh Ss

Snd Xbh
8

VSS

So
So

Xs
Snd

4 XBH XBH Xp
5 Snh

Sno
7 Snd

Sno Xba Snh
9 XBA XBA

10 VSS TSS VSS
11 TSS Sno Salk

12 Xi Xi Xi
13 ratioaer Si
14 ratioaer So
15
16 Si Si

The following additional statements are extracted from the conclusion of the WERF
report (Melcer, 2003) where results from 3.3 and 15 days SRT simulations have been 
compared:

Some variables (such as Snh) are strongly dependent on one or two 
parameters (in this case µA, KNH) only, while others are influenced by a whole
range of parameters (e.g. Xnd).

When analyzing the results of this kind of test, the absolute values of the 
variables (not given here) provide additional information. For a 1% increase of 
the heterotrophic yield (YH) about the same relative change will occur to the 
endogenous products (Xp) and the heterotrophs (XBH) (about 1.5 to 2.2% 
according to the layout), but it will mean only a increase of some units of 
gCOD.m-3 for Xp whereas the XBH concentrations will increase by some tens of 
gCOD.m-3. (Note: this statement applies only for 3.3 days SRT simulations 
where Xbh >> Xp).

There are changes in the rank of the parameters impact between the two 
applied SRT operating points, but the general ranks did not change much:
high-ranked, important parameters and less important ones are still in their 
respective positions. 

Hydrolysis and decay parameters (kh, KX and fp) gain few position in the
ranking under long SRT conditions, while the growth parameters (µ) decrease
in importance.
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When considering variables, the nitrification process is a lot less sensitive at 15 
days SRT, based on the lower ranks of both ammonium and autotrophs. 

Conclusion

This general approach of the sensitivity of the system to ASM1 parameters has 
underlined some important points that must be taken into consideration when
calibrating this model: 

- The sensitivity depends on the layout configuration 
- It depends largely on the operation (aeration, SRT,…) too 
-

-

It also depends on the actual value of the parameter on which the 1% was 
applied. The results will be different whether this analysis is carried out with 
default parameters or with a set of calibrated of parameters.
The Yh, Kh, bH and Kx are the most impacting parameters, but they are
unfortunately the less easy one to calibrate on full-scale plant.

All these restrictions suggest a careful use of such a sensitivity analysis. The main 
benefit is the possibility to better understand interaction between parameters and 
variables. It is also important to not only read the global results (sums of impacts and 
sensitivities) but to go into the details of the results in order to point out the impact of 
a given parameter on a given variable. 

III.2.4.2.2. Sensitivity to the autotrophic decay rate 

Context and step up 

This study was carried out in the context of batch tests that aim at determining the 
autotrophic decay rate. According to (Dold, 2002) very little attention has been 
directed at the importance of nitrifier organisms decay rate bA, and in many instances 
the decay rate has been assumed very small (0.02 to 0.05 d-1) or negligible. Recent 
publications show higher values (about 0.15 to 0.23 d-1 at 20°C (Dold, 2002; Fillos,
2000; Siegrist, 1999; Lee, 2002). This motivated the set up of batch experiments to 
determine bA for the Labège study and for other similar French BNR WWTP with 
intermittent aeration.

The sensitivity study presented in this paragraph aims at evaluating the impact of 
increasing bA from the smaller values found in the literature (0.04 d-1 at 20°C)  to the
value measured for Labège (0.17 d-1 at 20°C). This study was carried out at 10°C with
a temperature correction factor of 1.029 for bA and 1.059 for µA. The considered
layout is the advanced scenario layout with single aeration tank with the dry weather
load and operated with optimized aeration (10 hrs per day) and MLSS = 4.2×103

gTSS.m-3 (corresponding to a F/M ratio of 0.077 kgBOD5.kgVSS-1.d-1).

Figure 76 presents the relationship between the NH4+-N concentration in the effluent 
and the autotrophic biomass concentration in the mixed liquor with bA ranging from 
0.04 to 0.17 d-1 (0.17 d-1 correspond to the calculation of bA at 10°C from the highest
values found at 20°C in the literature with bA=1.029). The dotted lines refers to 
uncorrected µA (µA = 0.8 d-1 at 20°C, 0.43 d-1 at 10°C), whereas the full lines 
correspond to the case where the net growth rate at 20°C was maintained and thus µA

was corrected so that the difference µA – bA stays constant (i.e µA = bA + 0.63 at 
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20°C). This correction does not ensure a constant difference at 10°C as this both 
parameters have different temperature correction factors ( µA = 1.059, bA=1.029) .

III.2.4.2.3.

In each case both the NH4+-N concentration in the effluent and the autotroph 
concentration are very sensitive to bA. The nitrifier concentration is reduced about
65% whereas the concentration of NH4+-N rises from 1.5 to 15 gN.m-3 in the effluent. 
Correcting or not the growth rate has little impact on the nitrifier concentration, but 
it allows smaller concentration of NH4+-N (not at the extreme points: at bA = 0.17 d-1

µA = 0.8 d-1 in both case and for bA = 0.04 d-1 the correction on µA has no influence 
since the nitrification can be considered as total).
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Figure 76. Impact of the selected value for bA on Xba and the NH4+-N concentration 
in the effluent.

The conclusion of this sensitivity analysis is that the chosen/measured parameters for 
the autotrophic biomass kinetics, and bA in particular, have major impact on the
model assumptions (concentration of XBA) and on the predicted performance (NH4+-
N concentration in the effluent). The sensitivity of NH4+-N concentration in the 
effluent increases with higher values of bA (see the higher slope on the plot NH4+-N
versus bA when bA increases). Consequently choosing an autotrophic decay rate
between 0.15 and 0.23 d-1 (at 20°C) from the literature improves the estimate of the 
kinetics of nitrifiers, but it also requires more attention in selecting this value.

Importance of the anoxic heterotrophic yield (YHanox)

Modifying YH in ASM1

The application of anoxic value for YH was motivated by both the need to improve the
model fitting for the denitrification performance observed at Labège and by the
emergence of experimental determination of a reduced anoxic yield of heterotrophic 
growth in the literature (Copp, 1998; Pollard, 1998; Spérandio, 1999). It was finally
concluded that the aerobic value of YH (YH, aer = 0.67 gCODbiomass/gCODremoved) should
be reduced to YH, anox = 0.54 gCODbiomass/gCODremoved.
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In ASM1, this was implemented with associating a Monod function to YH that allows 
the continuous modification of its value with the concentration of oxygen. KOH was
selected as the half-saturation factor since it also determines the limit between 
aerobic and anoxic growth of heterotrophs in ASM1. The expression of modified YH is 
given below:

OHo

o
anoxHaerHanoxHifH KS

S
YYYY ,,,mod,   or 

OHo

anoxHOHaerHo
ifH KS

YKYS
Y ,,

mod,

Equation 43 

Figure 77 shows the transition between anoxic and aerobic value of YH with the
oxygen concentration and for different values of KOH. This underlines that too low 
value for KOH may reduce the impact of an anoxic value for YH  at low oxygen 
concentrations.

In GPS-X, the coding of this modification required to apply separate calculations for
each tank since the oxygen condition can be very different between the anoxic zone, 
the aeration tank, and the clarifier. Nevertheless it has not been possible to apply this 
strategy to the clarifier because selecting a biological model for the sludge in the
clarifier imposes to “source” the parameters of this model to those of the previous 
tank (generally the aeration tank). Nevertheless we can consider that the error caused 
by this constraint is negligible since the quantity and the activity of the sludge in the
clarifier remains much lower than in the other tanks. 
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Figure 77. Evolution of the modified YH with the oxygen concentration and the value
of KOH.

Important note: the Yh “switching” strategy describe above was convenient for the
present study and allowed the quick implementation of aerobic and anoxic values 
with the simulator. Nevertheless, mixing a soichiometric parameter with half-
saturation constant is not rigorous. Further studies have also shown that some full-
scale system can be in the situation where aerobic and anoxic process takes place
simultaneously (e.g. strong load with not enough oxygen supply). In this case the
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“switching” strategy is not good. Consequently a “true” modification of the model was 
done to obtain separate aerobic et anoxic Yh. This modification was used for checking 
the consistency of the results presented below.

Impact on the denitrification potential 

Of course applying an anoxic reduction to YH changes the stoichiometry of the 
heterotrophic growth and thus the sludge production. But the change is more 
important for nitrogen removal and denitrification in particular. According to ASM1 
matrix (see appendix I), the stoichiometric coefficient that correlates the 
consumption of Sno and the Ss consumption is:

consummed

reducedH

gCOD
NgNOY

dSs
dSno 3

86.2
1

Equation 44 

Sperandio et al. (1999) suggest that the determination of the anoxic value for YH must
be associated with the evaluation of the correction factor g for µH under anoxic 
conditions. The value of this parameter might be different from the one estimated
with a single YH value (as for ASM1). 

With: 2.86 = conversion factor of nitrate to oxygen (in mass: gO2.gNO3-N).

As shown on Figure 78, this coefficient is very sensitive to YH. Moving YH from its
aerobic value to its anoxic value (i.e. reducing from 19.4%) increases this 
denitrification coefficient about 39.4% in absolute value. This can be understood as
an extra 39.4% denitrification capacity during anoxic periods. Thus for the same
amount of available Ss the use of NO3-N will be increased and oppositely the 
production of Xbh will be reduced.

No specific identification test was developed during Labège survey for YH. It only
appears that applying a reduced value during anoxic conditions allowed better
estimation of the denitrification potential, especially when the plant was over-
aerated. As the default correction factor for µH under anoxic conditions ( g = 0.8) 
allowed a good fit during the calibration campaigns, it was kept unchanged.
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Figure 78. Evolution of ASM1 denitrification stoichiometry coefficient with the
heterotrophic growth yield. 

Application to advanced scenarios

For a wider overview of the consequences of applying a reduced value for YH during 
anoxic conditions, specific scenarios were developed. At 10°C, with dry weather
conditions and MLSS = 4.2×103 gTSS.m-3, series of aeration durations were applied 
until reaching a “pseudo” steady-state on the single aeration tank layout. The aeration 
duration ranged from 6 to 22 hrs per day. These simulations were done with both a 
single YH (0.67 gCODbiomass/gCODremoved as ASM1 default) and the anoxic/aerobic 
modification proposed above.

Figure 79 shows the NOX--N and NH4+-N concentrations in the effluent obtained for 
both strategies. The oxygen presence time rather than the aeration time is reported 
on the x-axis since it is a better indicator of the aerobic/anoxic conditions in the
system. Whether YH remains constant or is modified does not affect significantly the
NH4+-N concentrations in the effluent. Consequences are far more significant on the
NOX--N concentration.

Results at short daily aeration time

COD). This is explained by the limitation of the hydrolysis rate which is limited by the

The results for both YH are in a good agreement until 12 hrs per day of oxygen 
presence time (Figure 79). Afterwards they diverge strongly. Actually 12 hrs 
corresponds also to the optimal oxygen presence time for the layout at 10°C and dry
weather load. Below 12 hrs, the nitrification is limited by oxygen, thus the nitrate 
production is limited by the nitrification in turn. Consequently the strategy for YH has 
no impact on the nitrogen removal when the plant is under-aerated.

Another consequence of under-aeration is shown on Figure 81 that represents the
COD fractions in the aeration tank. It clearly demonstrates that the ASM1 model 
predicts the accumulation of particulate substrate (Xs) when the aeration is not
sufficient (in this case the settling becomes of major importance in the removal of the
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presence of electron acceptor (NOx-N or 02), while (in ASM1) the decay rate is not 
affected by the presence or absence of oxygen. Furthermore the hydrolysis rate is 
reduced under anoxic conditions ( h), which is another considerable limitation with
short aeration times. 

The accumulation of Xs is confirmed by Figure 80 that shows that below 11 hrs of 

Figure 79. NOx-N and NH4+-N
ith single and

igure 80. Total nitrogen concentrations in the 

These phenomena also modify the nitrification. The death-regeneration system 
provides important amount of nitrogen from the biodegradable residue of the 
decayed biomass to be nitrified by the autotrophic biomass. In the present case, the 
heterotrophic biomass being reduced, this nitrogen source is partly replaced by a
greater availability in the nitrogen from effluent. Nevertheless the reduction of the 
hydrolysis rate also impacts the rate of hydrolysis of entrapped organic nitrogen 
(unless some compensation by an higher Xnd/XBH ratio). Thus Xnd also accumulates 
and is removed by wastage.

daily aeration the wasted sludge mass must be strongly increased for maintaining the 
same MLSS concentration. In spite of the decrease of the heterotrophic biomass the 
removal of COD remains good since a major part of the removal is then ensured by 
the wastage. 
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These constraints brought by the limitations on hydrolysis leads to some
inconsistencies that are discussed in paragraph II.2.4.3.3. 

Results at long daily aeration time

Figure 81. COD fractions in the ML for different oxygen presence time (at 10°C and 
MLSS = 4.2×103 gTSS.m-3).

Conversely, when the plant is over-aerated, the anoxic time becomes more intensively
used for denitrification. The limitations are both the anoxic time per day and the 
actual denitrification rate. On Figure 80 (above) the total nitrogen in the effluent and 
the wasted sludge mass (approximation of the sludge production) give a more general 
view of the system behavior at different oxygen presence times.

If we consider a concentration of 10 gTN.m-3 in the effluent as a limit for an efficient 
treatment of nitrogen, this condition is respected within a 2.5 hrs window around the 
optimal aeration time in case of a constant value for YH, whereas the window is 
extended to 4.75 hrs with the aerobic/anoxic option. This changes dramatically the 
operation strategy that could be proposed from a simulation approach.

The impact of the reduction of YH in anoxic conditions has a lower impact on the 
sludge. Nevertheless, on Figure 80, we can see that the wasted sludge is slightly
reduced with the aerobic/anoxic option when the oxygen presence time is over 12 hrs. 
Below, one can notice the opposite behavior.

Conclusion

This study about the application of a reduced anoxic value for YH showed that is has a
major impact on the denitrification, especially when the plant is over-aerated. It
allows a very significant gain in the effluent nitrates concentrations and allows more
flexibility in the aeration management. It allows the oxygen presence time to be 
extended, which might be necessary in case of nitrification inhibition for instance.
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Nevertheless the optimal aeration duration remains unchanged with both strategies
for YH, and it may explain why the need to reduce YH does not appear in many 
simulation applications. Furthermore when the aeration duration has to be extended 
for nitrification inhibition problems, the nitrate production is often reduced and
becomes a limitation for denitrification, thus the impact of YH is reduced.

The first statement is not anymore true thanks to the improvement of computational
resources that allow the simulation of several days of a complex layout within a few
minutes on a PC. The second hypothesis was supported by empirical experience at 
full-scale plant that led to conclude that the clarifier could at most contribute to the 
denitrification by reducing the NOx-N in the effluent about 2 gN.m-3.

Except that the sludge is not mixed and it does not receive directly the influent, the
clarifier has the same conditions as the anoxic zone. Consequently there was no
reason for not applying ASM1 in the clarifier for the advanced scenario (even if ASM1 
poorly consider any potential anaerobic reactions). 

This sensitivity analysis aims to show the consequences of using a reactive clarifier
model. This study was carried out at 10°C at two operating points: MLSS = 4.2×103

gTSS.m-3 and MLSS = 6.0×103 gTSS.m-3 (i.e. F/M = 0.077 gBOD5.gVSS-1.d-1 and F/M 
= 0.055 gBOD5.gVSS-1.d-1 and increased SRT from 25 to 40 days). The advanced 
scenarios layout with single aeration tank was used for this analysis with the dry 
weather load and with an aeration time applied between 6 and 20 hrs per day. 

Figure 82 and Figure 83 show the total nitrogen concentration in the effluent for the 
two F/M ratio. The dotted lines stand for non-reactive clarifier and the full lines 
stands for ASM1 reactive clarifier. The red line represents a virtual effluent quality 
objective (TNeffluent < 10 gN.m-3).

Also more recent activated sludge models (like ASM2d or ASM3) have adopted this 
anoxic value for YH. It is then concluded that this modification is necessary to ASM1 
and that it allows the extension of its application range.

In parallel this study on YH reduction under anoxic conditions revealed the behavior 
of ASM1 under short aeration time (strong impact of hydrolysis limitations). The
consequences of these phenomena are presented in paragraph II.2.4.3.3.

III.2.4.2.4. Impact of applying ASM1 in the clarifier 

Context and setup

Applying a non-reactive settling model in the secondary clarifier was justified by: 
- Too extended computational time for combined biological and settling models 
- The hypothesis that biological reactions in the clarifier are negligible

Results
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In both cases applying ASM1 in the clarifier seems to shift the curves towards longer 
aeration times. The advantage is lower nitrogen concentration in the effluent for 
longer oxygen presence times due to a better denitrification. The disadvantage is a
less good nitrification at short oxygen presence time. 

The first observation can be easily understood by considering that the denitrification
potential of the clarifier increases with the increase of nitrates concentration in the 
effluent. The gain is even bigger with smaller F/M ratio. Actually the extension of the 
SRT from 25 to 40 days implies the doubling of the sludge mass in the clarifier and 
explains this bigger denitrification potential. 
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Figure 82. Total nitrogen concentration in 
the effluent with reactive/non-reactive 
clarifier and MLSS = 4.2×103 gTSS.m-3.

Figure 83.
the effluent with reactive/non-reactive 

 Total nitrogen concentration in 

clarifier and F MLSS = 6.0×103 gTSS.m-3.

The lower nitrification performance at short oxygen presence time is due to the 
introduction of increased mortality for nitrifiers. Applying ASM1 in the clarifier
disadvantages this biomass that is only affected by decay in this tank. The simulation
shows a decrease of 10 to 15% in terms of autotrophic biomass concentration in the 
aeration tank due to reactive clarifier. Since these simulations are run at 10°C, 
decreasing XBA has an impact on the nitrification and the NH4+-N concentrations in 
the effluent.

Conclusion

From an operating point of view, the optimization of the aeration is actually not 
strongly affected: applying 13 to 14 hrs of oxygen presence time per day allows low 
concentration of total nitrogen in any case. Nevertheless the range of possible
durations is severely changed when considering the limit of 10 gNtotal.m-3. At F/M = 
0.077 kgBOD5/kgVSS.d-1 the window of applicable oxygen presence time is reduced
from 4.2 to 2.7 hrs and at F/M = 0.055 kgBOD5/kgVSS.d-1 the window decreases
from 5 to 4 hrs (note: the differences in the applicable windows for oxygen presence 
time are quasi similar of the applicable windows for aeration time in term of 
duration).
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Consequently applying or not ASM1 in the clarifier change considerably the nitrogen 
removal performance. These results suggest that full-scale survey specifically 
designed for validating these results would be very welcome in order to help modelers
to select the best hypothesis.

III.2.4.3. Sensitivity to operation parameters 

III.2.4.3.1. General approach

Sensitivit

This study adopts the same protocol than the one proposed by the study about 
sensitivity of the system to ASM1 parameters proposed in paragraph III.2.4.2.1. In
this case the parameters have been selected as “operation parameters”. This 
encompasses influent parameters (flow: Qinf, and fractions: Xs, Ss, Xi, Si, Snh, Snd, 
Xnd) , the wastage flow rate (Qwas) and the DO setpoint (for the WERF layout only).
Refer to paragraph III.2.4.2.1 for specificities of the WERF layout (Melcer, 2003) and 
for any other information about the setup of the sensitivity analysis.

Note that the main difference between sensitivity to ASM1 parameters and sensitivity
to operation and influent parameters is that in the first case the parameters can be 
calibrated whereas in the second the parameters are input data that the modeler 
cannot modify (unless a given uncertainties is known on these parameters). Table 46 
and Table 47 present respectively the ASM1 variables and the operation parameters
being sorted according to the sum of the squares of the observed deviations 
percentages. These results are based on the matrixes of appendix XII. 

Table 46. Activated sludge components sensitivity ranking to operation parameters. 

y
rank

Layout1 Layout2 WERF
Srt = 15d 

1 Sno Sno Sno
2 Xs Xs XBA

3 Xnd Xp Xi
4 Xi Xi Xp
5

TSS TSS XBH

9 Xnd
10
11  So 

Snh
Snd Snd Snd 

15 ratioaer

Xp Xnd Salk

6 XBA XBA VSS
7 VSS VSS Xs
8

XBH XBH

Si Si Si

12 Snh Ss
13 Ss Snh
14

ratioaer Ss
16 So So
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Table 47. ASM1 Parameters impact ranking according to sensitivity analysis. 

Impact
rank

Layout1 Layout2 WERF
SRT = 15d 

1 Snh Qinf CODinf

2 Xs Xs Qinf

3 Qinf Qwas Qwas

4 Qwas Snh TKNinf

5 Xi
Si

7 Ss
Xnd Xnd 

9

Xi DO setp
6 Ss Si

Si Ss
8

Snd Snd

The variable Sno is the most sensitive in any case. This is due to its dependency on 
both substrates loads: its production depends on TKN (Snh and Xnd in particular), 
and its removal depends on the biodegradable COD (Xs and Ss). 

III.2.4.3.2. Sensitivity to the F/M ratio 

Set up 

The more impacting parameters are also the same for all layouts (Qinf, Xs or CODinf,
Snh or TKNinf, and Qwas). But their ranks are different for each layout. Concerning the 
order of the more sensitive variables, it changes a lot from one layout to another. 
They are mainly particulate fractions. The less sensitive variables are the same for any
layout. In this case they are mainly soluble fractions.

This study was also carried out with a SRT of 3.3 days in the WERF report (Melcer,
2003). Comparing with the 15 days SRT results, it showed that: 

The parameters generally retain their order of importance between the 3.3 
and 15 days SRT system
The most important change in the rank of the variables concerns the two 
primary substrates (Ss and Snh). While they have noticeable sensitivity at 3.3
days SRT, they become quasi insensitive at 15 days SRT (this is partly
explained by the lower limitation with the SRT on the production of this 
substrates from the decay residue of biomass).

This study was undertaken with the single aeration tank layout only. 

The default F/M ratio of the advanced scenarios layout in dry weather is F/M = 0.077 
kgBOD5.kgVSS-1.d-1. It corresponds to a SRT of  = 25 days and a MLSS concentration 
of 4.2 103 gTSS.m-3 at 10°C. With an optimization of the aeration duration at 12 hrs
per day (i.e. 13 hrs per day of oxygen presence time), this operating point is a good 
compromise for both maintaining the nitrification and avoiding accumulation of 
sludge in the clarifier.
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The goal of this study is to analyze the consequence of applying different F/M ratios 
on the nitrogen removal. Therefore the three operating points described in Table 48 
were compared in terms of total nitrogen (TN) in the effluent. The aeration time was 
varied around its optimum value in order to consider the window of possible aeration
strategies.

Table 48. Operating points for studying the sensitivity of nitrogen removal to F/M
ratio.

Units Point 1 Point 2 Point 3 
F/M kgBOD5.kgVSS-

1.d-1
0.107 0.077 0.055

d ~17 ~25 ~40
MLSS gTSS.m-3 3.0×103 4.2×103 6.0×103

Optimized DO 
presence time 

13.5 12.8 hr.d-1 12.5

In any case the inflow rate and the loads are unchanged and correspond to dry 
weather.

Results

Figure 84 shows the total nitrogen in the effluent for the three selected F/M ratios 
within a window of daily oxygen presence time of 8 to 21 hrs per day. We can notice
that in any case the results are quasi superimposable when the oxygen presence time 
is above 14 hrs per day. In this case the nitrification is total and the denitrification
depends on the availability of Ss, which is only a little more crucial with extended 
SRT, through the production of substrate from decay residue. 

Below 14 hrs of oxygen presence per day, a strong difference is observed between the 
operating point 1 and the two others. Considering a virtual limit of 10 gNtotal.m-3 in 
the effluent, it appears not possible to apply less than 12.5 hrs per day with F/M =
0.107 kgBOD5.kgVSS-1.d-1, where this constraint is lowered to 10.4 and 9.9 hrs per day 
with respectively F/M = 0.077 and 0.055 kgBOD5.kgVSS-1.d-1. Also one can notice 
that the higher the F/M ratio, the faster the TN concentration in the effluent
increases beyond the 10 gN.m-3.
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Figure 84. Total nitrogen in the effluent vs daily oxygen presence time at 10°C for 
F/M = 0.107, 0.077 and 0.055 kgBOD5.kgVSS-1.d-1.

These results are confirmed in Figure 85 where the NPRmax is plotted for the three 
F/M ratios at different oxygen presence times per day. Above a given duration the 
NPRmax is quasi-constant. In this situation oxygen does not limit the reaction, but the
biomass concentration is limited by both the available load of nitrogen for 
nitrification and the SRT. We observe logically that higher NPRmax are achieved with 
longer SRTs (i.e. smaller F/M ratios). 

At F/M = 0.055 or 0.077 kgBOD5.kgVSS-1.d-1, the NPRmax reaches its maximum for 11 
hrs of oxygen presence time per day, whereas it requires 13 hrs when F/M = 0.107
kgBOD5.kgVSS-1.d-1. It explains the results of TN concentration observed in the 
effluent.
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Figure 85. Maximum Nitrate Production rate (NPRmax) vs daily oxygen presence time
at 10°C for F/M = 0.107, 0.077 and 0.055 kgBOD5.kgVSS-1.d-1.

Conclusion

From the operator point of view, the difference between operating the plant at MLSS 
=4.2 103 or 6.0 103 gTSS.m-3 may seems more important than between operating the 
plant at MLSS =3.0 103 or 4.2 103 g TSS.m-3. This is true when considering the
sludge mass in the clarifier. Nevertheless simulation results show that for given TN 
objective in the effluent:

- The maximal aeration time per day is the same whatever is the F/M ratio 
- The minimum aeration time per day decreases with the F/M ratio. Actually a 

low F/M ratio allows more flexibility on the “tight” aeration side. 

III.2.4.3.3. Sensitivity to temperature

Context

The temperature has an impact on all kinetic parameters of ASM1. For each of these 
parameters a temperature correction factor ( ) allows the estimation of its value 
within the temperature validity range from its value at 20°C. For instance, if we 
consider a growth rate (µ), its value at the temperature T is given by the following 
Arrhenius equation:

2020 TCCT

Equation 45 
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This type of equation must be given for a range of temperature. Unfortunately this
range is not often proposed in the literature; nevertheless it is reasonable to consider 
that the behavior of the kinetic parameters may change below 10°C and above 25°C.
It must also be underlined that this simple equation aims at representing complex 
phenomena (such as activity reduction, dormancy or population selection). 

Consequently in the same operating conditions the performance of the WWTP may 
vary according to the temperature. Nevertheless previous studies have shown that
kinetic parameters are not always the limiting factor for COD or nitrogen removal.
The present study aims at determining in which conditions the temperature has 
considerable impact on the process. 

Set up and results

The same simulations as for the study on sensitivity to F/M ratio were repeated with 
three temperatures: 10, 15 and 20°C. Refer to paragraph III.2.4.3.2 for more details 
on the set up. 

Figure 86 to Figure 88 show the total nitrogen (TN) concentration in the effluent for 
each of the F/M ratio presented in paragraph III.2.4.3.2.

90

At F/M = 1.07 kgBOD5.kgVSS-1.d-1

The temperature has no effect on the upper limit of daily aeration time because the
nitrification is complete above 15 hr.d-1 between 10 and 20°C. The temperature has 
almost no effect on denitrification: the true limitation for the rate of denitrification
remains in the availability of substrates. The lower limit of the daily aeration time 
increases when the temperature decreases as a consequence of the decrease of the
nitrification rate (see Figure 89).

At F/M = 0.077 kgBOD5.kgVSS-1.d-1

The trend changes as the effluent concentrations at 20 and 15°C become very similar 
even for the short aeration time (8 to 12 hrs on Figure 87). However, a look at Figure 

still shows that NPRmax decreases with the temperature and there is a clear
difference between 10 and 15°C. This suggests that the load to be nitrified also 
changes with both F/M and temperature, and indirectly that severe modifications in 
processes occur (since the nitrogen load in the influent remains unchanged).

At F/M = 0.055 kgBOD5.kgVSS-1.d-1

The observations made at F/M = 0.077 kgBOD5.kgVSS-1.d-1 are confirmed and
amplified. On Figure 88, the results obtained at 15°C for short aeration time are
clearly the best, whereas performance at 10 and 20°C are nearly the same.
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Figure 86. TN in the effluent vs oxygen
presence time at 10, 15 and 20°C for F/M = 
0.107 kgBOD5.kgVSS-1.d-1.

Figure 87. TN in the effluent vs oxygen
presence time at 10, 15 and 20°C for F/M =
0.077 kgBOD5.kgVSS-1.d-1.

Figure 88. TN in the effluent vs oxygen presence time at 10, 15 and 20°C for F/M = 0.055
kgBOD5.kgVSS-1.d-1.
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Figure 89. NPRmax vs oxygen presence 
time at 10, 15 and 20°C for F/M = 0.107 
kgBOD5.kgVSS-1.d-1.

Figure 90. NPRmax vs oxygen presence 
time at 10, 15 and 20°C for F/M = 0.077 
kgBOD5.kgVSS-1.d-1.
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5.kgVSS-1.d-1.

Short aeration time results

The results obtained at short aeration time leads to a surprising conclusion: for low 
F/M the nitrogen removal is better at 15°C than at 20°C. The first explanation that 
was proposed for this unexpected phenomena was that the model mechanism leads to 
increased concentration of biomass with the decrease of the temperature (since decay
rate are usually more limiting than growth rates and that they decrease together with 
the temperature, see paragraph III.2.3.2.2). At 15°C the decrease of the decay rate of
the autotrophic biomass advantages the nitrification capacity whereas the decrease of
the growth is not yet so limiting. Consequently the model predicts more flexibility in
term of aeration control at 15°C than at 20°C. 

Nevertheless a secondary explanation reinforces these observations on simulation 
results. The observation of the COD components versus the daily oxygen presence 
time has shown that under 11 hr.d-1, Xs starts to accumulate whereas XBH decreases. 
This phenomenon is not only due to temperature limitations but mainly to the
limitation on the hydrolysis rate according to the presence of electron acceptor
(nitrate or oxygen). 

More generally, ASM1 is a model that poorly describes anaerobic processes. In the
simulations presented above anaerobic conditions appear with under-aeration
conditions. In ASM3 hydrolysis of Xs does not depend on the presence of electron 

acceptor anymore (its process rate is H
HX

H
h X

XXsK
XXs

k
/

/
). Also there is no anoxic

reduction and the reaction is not stopped under anaerobic conditions.

Consequently, it was decided to compare the evolution of the COD components in the
sludge versus daily oxygen presence time with ASM1 and with a modified version that 
does not include electron acceptor limitations on the hydrolysis process. The results 
are presented on Figure 92 and Figure 93. 
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5.kgVSS-1.d-1).

Figure 93. COD fractions vs oxygen 
presence time at 10°C with modified ASM1 
(F/M F/M = 0.077 kgBOD5.kgVSS-1.d-1).

As shown on the figures above the influence of the assumption on the hydrolysis in 
ASM1 can be clearly identified. Decrease of the biomass concentration and
accumulation of Xs modify the process and the internal nitrogen flux (due to the 
death-regeneration system) with ASM1, whereas the modified ASM1 results present a 
stable fractionation of the COD. 

Conclusion

This study shows that logically low temperatures (10°C) and short SRT (i.e. high F/M 
ratio) disadvantage nitrification and total nitrogen removal. Nevertheless the results
obtained at 15°C were better than those obtained at 20°C for tight aeration times. 
This observation is justified by model mechanisms but no experimental work has
proved the coherence of these results. Empirical experience of full-scale would even 
suggest that no better results can be expected with decreasing temperature in any
case (at least on the usual temperature range met on full-scale plant). 

Nevertheless the long-term full-scale survey carried out at Labège also brought the 
idea that the sludge is subjected to significant changes in its composition and 
kinetics, due not only to temperature but also operating changes and potential
influent inhibitors. Consequently assessing the consistency of the phenomena 
observed in this study with Labège WWTP data may be rather complex. Pilot scale 
experiments with synthetic substrate should more easily lead to conclusions. 

III.2.4.3.4. Sensitivity to passage time in the anoxic zone 

Set up 

The default passage time for the anoxic zone for advanced scenarios simulation is 1 
hr, obtained by a PID controller on the recycle flow. In this paragraph we will observe 
the impact of the recycle of the mixed liquor to the anoxic zone on the nitrogen 
removal and the denitrification in particular for different aeration options. 
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For the present sensitivity study, only the anoxic zone plus aeration tank layout will 
be considered. In all scenarios, the plant is operated with dry weather conditions at 
10°C. The MLSS is maintained at 4.2×103 g.m-3 (i.e. F/M = 0.077 kgBOD5.kgVSS-1.d-

1).

The anoxic zone passage time window considered for the scenarios is encompassed
between 0.67 and 2.28 hrs. As shown on Figure 94 it corresponds to mixed liquor 
recycling rates between 0 and 535%. 
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Figure 94. Percentages of recycle flow of mixed liquor versus anoxic zone passage 
time with dry weather conditions. 

Concerning the aeration four options were tested: 
-
-
-
-

14 hrs of daily aeration time with controlled Kla (DO = 2.4 gO2.m3)
14 hrs of daily aeration time with constant Kla (=188 d-1)
20 hrs of daily aeration time with controlled Kla (DO = 2.4 gO2.m3)
20 hrs of daily aeration time with constant Kla (=188 d-1)

The controlled Kla (with a PID controller) corresponds to the default option for the 
advanced scenarios (see section III.2.2.2.2 “Aeration”). The constant Kla (=188 d-1)
corresponds to the value that is obtained with conventional methods for targeting DO 
= 2.4 gO2.m3 in steady state conditions. Applying controlled or constant Kla aims at 
observing the impact of the aeration control on the nitrogen removal and the 
denitrification in particular (risk of oxygen recycling).

When the daily aeration time is set to 14 hrs, it fits the optimized operation window 
(as shown on Figure 95). With 20 hrs of daily aeration time the system achieved
partial denitrification, in this situation it is easier to observe the impact of the anoxic 
zone passage time on the denitrification. 
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Figure 95. Effluent nitrogen concentration versus daily oxygen presence time on the 
anoxic zone layout (at 10°C, and F/M = 0.077 kgBOD5.kgVSS-1.d-1).

Results

Figure 96 shows the effluent concentration NH4+-N and NOx-N with anoxic zone
passage time ranging from 0.67 to 2.28 hrs and a daily aeration time of 14 hrs.  When
Kla is controlled (solid curves), both NH4+-N and NOx-N concentration in the effluent 
are low and not very sensitive to the anoxic zone passage time. When a constant Kla is
applied (dotted curves), better ammonium removal performance is observed but the
NOx-N concentration in the effluent becomes sensitive to the anoxic zone passage 
time: from 0.67 to 2.28 hrs the concentration of NOX-N in the effluent is doubled 
from 2.7 to 5.2 gN.m-3.
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Figure 96. Effluent NH4+-N and NOx-N concentration versus anoxic zone passage
time with 14 hrs of daily aeration time at 10°C and dry weather conditions.
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Figure 97 shows the results obtained with 20 hrs of daily aeration time. In any case
the NH4+-N concentration in the effluent remains low and insensitive to the anoxic
zone passage time. The NOX-N concentrations in the effluent appear to be 
significantly sensitive to the anoxic zone passage time. Nevertheless they don’t
behave the same way: with controlled Kla (solid curves) the relationship is quasi
linear (in the observed range – a minimum seems to occur at the beginning of the
curve) and the NOX-N concentration in the effluent increases from 7.8 to 16.6 gN.m-3,
whereas with constant Kla the minimum concentration (about 15 gN.m-3) is obtained 
with anoxic zone passage time = 1.4 hrs.
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Figure 97. Effluent NH4+-N and NOx-N concentration versus anoxic zone passage
time with 20 hrs of daily aeration time at 10°C and dry weather conditions.

Figure 98 shows the recycled DO flux versus passage time. It appears that the DO flux
recycled for 20 hrs of aeration with constant Kla is much higher than in the three 
other cases. 

The behavior of the NOX-N concentration with constant Kla and 20 hrs of daily 
aeration time can be understood with Figure 99 that shows the recycled flux of NOx-N
according to the anoxic zone passage time. In this condition the recycled DO flux is 
higher than in any other case. The recycling of DO has a negative impact on the
denitrification since it reduces the anoxic processes. This happens with strong
recycling rate (i.e. short SRT). With small recycling rate the flux of recycled nitrate is
too small and the anoxic zone is not used at its full potential.
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Figure 98. Recycled DO fluxes versus 
anoxic zone passage time at 10°C and 
dry weather conditions.

Figure 99. Recycled NOx-N fluxes versus 
anoxic zone passage time at 10°C and dry
weather conditions.

Conclusion

This study on the impact of the recycling rate (or anoxic zone passage time) on the
denitrification with different aeration conditions has shown that in most conditions 
strong recycling rates lead to a better use of the denitrification potential of the anoxic 
zone. Nevertheless with a constant Kla, which is the case on many small WWTPs, and
excess aeration, the optimization of the nitrate removal is observed at anoxic zone 
passage time = 1.4 hrs. This indicates that the management of the mixed liquor is not 
trivial and depends on the system conditions. Finally it can be concluded that the 1 hr 
passage time obtained with a PID controller for the advanced scenarios simulation is 
a good compromise.

Some comparison can also be drawn from the comparison with the conventional
guidelines:

-

- For over-aerated plants, which is a very common situation on small and mid-
size French BNR WWTP that do not have variable airflow and PID control, the 
conventional design guidelines make perfect sense. 

For plants with optimized aeration, increasing ML recycling ratio beyond
common limit (i.e. decreasing passage time < 1 hr) can yield better NOX

removal. Of course the energy consumption will increase for recycling but it 
would worth studying the balance on the potential recovery on the aeration
costs.
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III.2.5. “Crisis” Situation

III.2.5.1.1. Setup of the scenario 

The scope of this paragraph is to observe how the model can predict the impact of 
different operation strategies on the biomass. Three sludge management scenarios of 
24 days were built up with the single aeration tank layout with dry weather flow and 
loads at 10°C and optimized aeration (12 hrs per day). After reaching pseudo steady 
state conditions with MLSS = 4.2 103 g.m-3, the sludge management characteristics 
of each scenario are: 

- Scenario 2: wastage is on for 12 hours every third day with the necessary flow 
for ending up with the initial concentration of MLSS after 24 days (4.2 103

g.m-3).

Scenarios 1 and 2 led to the extension of the pseudo steady state. After 25 days the 
biomass concentrations and the effluent concentrations remain quasi unchanged.
Different results were obtained with scenario 3. Figure 100 and Figure 101 show that 
the disturbance that led to irregular sludge wastage have weakened the autotrophic
biomass (-12 %) and increased the NH4+-N concentration (+40%) in the effluent, 
whereas the MLSS concentration was correctly recovered after 25 days. 

The crisis situation scenarios are designed in order to predict the reaction of the 
WWTP plant under unexpected or constraining conditions, and studying different
corrective actions. Nevertheless it must be stressed that these are modelling results; 
consequently they are influenced by the model mechanisms and limitations that were 
discussed in the previous paragraphs. Thus the presented results must not be 
interpreted as operation guidelines, but as an evaluation of the model to produce 
predictive information.

III.2.5.1.Sludge wastage management 

- Scenario 1: the simulation goes on with a continuous sludge wastage that 
allows maintaining the same MLSS concentration over the 24 days. 

- Scenario 3: it is then considered that for technical reasons no wastage can 
occur during the 17 first days. During the following 4 days a continuous and 
intensive wastage is applied in order to recover the initial MLSS concentration
at the end of the 24 days of the scenario (the wastage is reduced during the 
fourth day and there is no wastage during the three last days for meeting the
final objective on MLSS). 

III.2.5.1.2. Results and discussion 

222



40

50

60

70

80

90

100

0 5 10 15 20
Time (d)

A
ut

ot
ro

ph
s 

co
nc

en
tr

at
io

n 
(g

C
O

D
/m

3)

3

4

5

6

M
LS

S 
co

nc
en

tr
at

io
n 

(k
gT

SS
/m

3)

Inflection: limitation of the biomass concentration
 by the nitrogen load

-25%
-12%

No wastage during 17 days
5 days
wastage

Pseudo Steady state

Figure 100. Impact of irregular sludge wastage on the concentration of the 
autotrophic biomass. 

0

1

2

3

4

5

6

0 5 10 15 20

Time (d)

Ef
flu

en
t N

H
4-

N
 (g

N
/m

3)

40

60

80

100
A

ut
ot

ro
ph

ic
 b

io
m

as
s

(g
C

O
D

/m
3)

5 days intensive
 wastageAutotrophs (secondary axis)

NH4-N

Figure 101. Evolution of the NH4+-N concentration in the effluent with dynamics of
the autotrophic biomass.

During the 17 days when no wastage occurs in scenario 3, the MLSS concentration 
increases with SRT: inert particulate COD (Xi + Xu) accumulates in the system and 
biomass also accumulates since growth is just limited by substrate and decay. After 10
days, we can notice an inflexion in the increase of the autotrophic biomass: the
substrate (ammonium) becomes limiting and the biomass will converge to its
maximal concentration given by Equation 46, meaning that the growth is in 
equilibrium with the decay: 

A

AVNnit
ba b

YC
X

Equation 46 
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At this point (day 22) the autotrophic biomass has lost 25% of its (pseudo) steady 
state concentration. This impacts the concentration of NH4+-N in the effluent that is
doubled. At day 25 the MLSS has recovered its initial concentration whereas the 
nitrifying biomass is still weakened (-12 %) and the effluent NH4+-N concentration is 
still higher by 40%. 

This study has shown that modelling different sludge management scenarios leads to 
different results in terms of nitrification. These scenarios do not include the 
numerous constraints and dynamics that could occur simultaneously on a full-scale 
plant. Some may compensate the weakening of the nitrification whereas others may 
enhance it. Nevertheless it can be retained that applying irregular sludge wastage can 
have negative impact on the nitrification, which can be critical in situations where 
this biomass is already sensitive. 

III.2.5.2. Nitrification loss/recovery

CVNnit: Volumetric nitrified nitrogen, g of nitrogen per m3 in the biological tank and 
per day, g.m-3.d-1.

After 17 days the gain for the MLSS concentration (+49%) is greater than for the 
autotrophic biomass (+33%). During the 5 wastage days, the same constraint applies 
on the MLSS and the biomass: wasting sludge removes all particulate COD according
to their proportion in the mixed liquor. This may be slightly different in reality, as the 
model does not differentiate the settling of particulate COD fraction, thus the sludge
at the bottom of the clarifier is supposed to have the same composition as the mixed 
liquor (nevertheless the model predicts a modification of the sludge fractionation
during the wastage period, but the variation for Xba was not signification: the ratio
Xba/TSS varies from 13.2 to 12.8%). 

III.2.5.1.3. Conclusion 

This section presents the results of advanced scenarios carried out with the single 
aeration tank layout at 10°C with dry weather flow and loads. The goal is to observe
how modelling allows the assessment of different operation scenarios after a 
nitrification loss. This nitrification loss was arbitrary simulated by dropping the 
autotrophic decay rate*. This sudden weakening of the autotrophic biomass does not
aim at representing any real situation. This is just a quick way to obtain a very low 
biomass.

From this point different operation strategies are applied in order to try to minimize 
the duration for recovering both the quality of the effluent in terms of ammonium 
concentration and the stability of the autotrophic biomass concentration. The two 
operational variables that were modified are: the daily aeration time and the sludge 
wastage.

* It was chosen to change the decay rate rather than the growth rate because: even if 
this last parameter as a strong effect on the nitrification performance, it would take 
much longer (several SRT) to act on the autotrophic population. 
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III.2.5.2.1. Scenario description

Figure 102. Diagram of the nitrification loss/recovery scenario. 

-

The basic scenario consists in reaching an initialization point by running a steady-
state simulation followed by 30 days of pseudo-steady state (steady state conditions
with intermittent aeration with optimized daily aeration time). The nitrification loss 
scenario starts from this point with half a day of intense mortality for autotrophs 
(decay rate bA = 5 d-1 during 12 hrs as mentioned above). Afterwards the nitrification 
decay rate returns to its usual value (bA (20°C) = 0.17 d-1 with bA = 1.029, i.e. bA

(10°C) = 0.13 d-1). During the steady state and the pseudo steady state simulation the 
plant is operated with controlled oxygen concentration (2.4 gO2.m-3.h-1) and
controlled MLSS concentration (4.2 g×103 g.m-3).

The duration of the nitrification recovery scenario depends on the applied recovery
strategy. Generally the scenario is stopped when both effluent ammonium
concentration target and stable autotrophic biomass concentration are recovered.
The effluent concentration target of 3 mgNH4+-N.m-3 and the “stable autotrophic 
biomass concentration” (60 gCOD.m-3) to be reached nearly correspond to the 
concentration observed in pseudo-steady state conditions at 10°C with dry weather 
loads and flow. Figure 102 shows how the scenario develops over time.

"Pseudo" Steady State

t=0d t=30d t=…?

Recovery scenario

Operation
strategies

Steady
State

bA = 5 d-1
12 hrs

End of the scenario:
N-NH4eff < 3 gN/m3
Xba > 60 gCOD/m3

Xba

Nitrification loss

After applying bA = 5 d-1 for 12 hrs, the autotrophic biomass is divided by 6 from its 
usual/initial concentration in pseudo-steady state conditions. In order to recover this 
initial concentration, the biomass will require extended daily aeration time. Therefore
seven daily aeration times have been tested from 12 hrs to 24 hrs per day.

Concerning the sludge wastage, two strategies have been tested:
Maintaining the MLSS concentration at 4.2×103 g.m-3

- Stopping the wastage, which causes sludge accumulation. 
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This second strategy aims at favoring the regrowth of the autotrophic biomass by 
taking away any limitation by sludge age. 

III.2.5.2.2. Results 

Figure 103 shows the recovery time for attaining NH4+-Neffluent < 3 gN.m-3 and a 
concentration of autotrophs in the mixed liquor Xba > 60 gCOD.m-3. The dotted 
curves correspond to the conservation of the MLSS concentration at 4.2×103 g.m-3,
whereas the solid curves stand for the scenario with stopped wastage.
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Figure 103. Recovery duration for NH4+-N and Xba versus daily aeration time versus.

In any case, we observe that the longer the daily aeration, the faster the effluent 
NH4+-N concentration and the autotrophic biomass recover. Between 12 and 24 hrs 
of daily aeration time per day the recovery time for the effluent NH4+-N
concentration decreases from 40-27 days to 6-5 days. Thus doubling the aeration
time divides the recovery time of this parameter by about 6.

With constant MLSS concentration (dotted curves), there is a significant gap between 
the delay for effluent NH4+-N concentration recovery and the delay for autotrophic 
biomass stabilization. This gap increases with the daily aeration time (from 8 days at 
12 hrs of daily aeration time to 12 days at 24 hrs of daily aeration time). Thus it is
important to acknowledge that recovery of the performance (effluent NH4+-N
concentration < 3 gN.m-3) and recovery of a stable biomass (Xba > 60 gCOD.m-3) do 
not occur at the same time.

When the sludge wastage is stopped (solid curves) the gap between recovery of the 
performance and recovery of a stable biomass is strongly reduced. The benefit of 
stopping the wastage for ammonium reduction is clear below 14 hrs of daily aeration 
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time, whereas it is significant at any daily aeration time for the recovery of the 
autotrophic biomass (recovery time reduced about 50-40%). 

On Figure 104 the evolution of the autotrophic biomass is represented over time in 
the case of stopped sludge wastage and for the seven selected daily aeration time. The
MLSS concentration in the aeration tank is also represented on the secondary Y-axis. 
This curve represents the average MLSS evolution for all the aeration scenarios. 
Indeed, it was nearly the same in any case, and the small differences do not change 
the conclusion of this study. 

104

A limit of 6×103 gSS.m-3 was chosen in order to determine the maximum duration for
the sludge wastage stop. This limit was based on the simulation experience on the 
layout that showed potential effluent problems with higher concentration of MLSS
(due to the raise of the sludge blanket height that become sensitive to rain events).

On the graph (Figure 104) we can see that this maximum duration is about 14 days.
Together with the objective of Xba > 60 gCOD.m-3, this limit allows the definition of 
what are the applicable daily aeration times (see red window on Figure 104: recovery
zone). Finally only daily aeration time between 18 and 24 hrs per day meet the goal.
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Figure . Realistically applicable daily aeration times for autotrophic biomass 
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On Figure 105 the sum of the concentration of NO3--N and NH4+-N in the effluent is
represented for 20 days in the nitrification loss/recovery scenario with daily aeration 
time between 12 and 24 hrs per day in the case the wastage can not be stopped.
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The need for extended aeration time after the decrease of the autotrophic biomass is 

igure 105. NO3—-N + NH4+-N effluent concentrations with different daily aeration 

III.2.5.2.3. Conclusion 

This study has shown that different operation strategies can be compared in order to

e factor (inhibitor)
riations)

These constraints may strongly affect the conclusions on the best operation strategy 

- After a loss of nitrification, extended daily aeration time is recommended. The

detrimental to the denitrification. During the first days it has little importance since 
the production of nitrate is also reduced. Thus, on Figure 105, we can see that 
applying 18 hrs of daily aeration time leads to the best results in terms of
concentration of NO3—N and NH4+-N in the effluent. After 6 days the best 
performance is reached with 16 hrs of daily aeration time. After 13 days 14 hrs of daily 
aeration time seems to be the best option, after 23 days 12 hrs of daily aeration allows 
the lower concentrations in the effluent to be reached. 
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find the best way of recovering nitrogen removal performance and autotrophic
biomass stability. The proposed scenario is arbitrary and does not include likely 
events that could occur simultaneously: 

- Persistence of the nitrifier decreas
- External disturbance (rain, temperature drop, load va
- Delay until the operator notices the nitrification loss 

to apply for nitrification recovery. Nevertheless the following observations are
applicable in most conditions: 

re-growing autotrophic biomass does not need high flow rate of oxygen, but
long duration of oxygen presence time: treating the same amount of
ammonium does not require more oxygen but more time. 
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- During the first days of recovery, extended daily aeration time do not hinder

- Stopping the sludge wastage during the recovery phase brings a significant 

III.2.5.3. Rain event

III.2.5.3.1. Scenario set up 

et weather is a key element for designing activated sludge WWTP. The 

-
- Scenario 3: operating at MLSS = 3.0×103 g.m-3 with constant wastage 
-

Constant wastage means maintaining the same wastage flow rate as in dry weather.

Operating at MLSS = 4.2×103 g.m-3 and 3.0×103 g.m-3 correspond respectively to F/M 

ll scenarios consist in initializing the system with a steady state and a pseudo steady 

III.2.5.3.2. Results 

On Figure 106, we can see the application of the two sludge wastage options during

much the denitrification since little nitrate is produced. Nevertheless the
operator must monitor the effluent ammonium quality recovery on a daily 
basis in order to reduce the daily aeration time to prevent high NO3-—N
concentration in the effluent. 

improvement in terms of autotrophic biomass recovery (reduction about 40-
50% of the recovery duration). This advantage is less important in terms of
concentration of NH4+-N in the effluent. In any case this suggests that 
operating with moderate MLSS concentration offers some operational
flexibility in case of nitrification loss (providing that the clarifier is big enough 
and that the sludge has good settling velocities). 

W
characteristics of wet weather flow and load for the advanced scenario simulations
are described in section III.2.2.1 (influent characteristics). In this study we will assess 
different operation strategies when facing a rain event. This lead to four scenarios: 

- Scenario 1: operating at MLSS = 4.2×103 g.m-3 with constant wastage
Scenario 2: operating at MLSS = 4.2×103 g.m-3 with stopped wastage

Scenario 4: operating at MLSS = 3.0×103 g.m-3 with stopped wastage

Stopped wastage corresponds to an optimization of the wastage with stopping the
wastage during the rain event and the two following days before recovering
progressively (over 8.5 days) the initial MLSS concentration. 

= 0.077 kgBOD5/kgVSS.d-1 and F/M = 0.107 kgBOD5/kgVSS.d-1.

A
state simulation at 10°C with dry weather flow and loads. The rain event scenario
lasts 15 days. The first day keeps the pseudo steady state conditions whereas during
days 2 and 3 (wet weather days), the RAS is reduced from 150% to 100% (the aeration 
settings remain unchanged). The following days are run with dry weather again. 

the wet weather scenario with initial MLSS = 4.2×103 g.m-3. The optimized sludge 
wastage strategy allows small gain in terms of NH4+-N removal and autotrophic 
biomass concentration until day 8. The tendency inverts during the following days.
Nevertheless it can be concluded that whether a wastage strategy is applied or not, it 
does not have much effect on nitrification. This phenomena is due to the decrease of
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the ratio XBA/MLTSS (even though XBA may even increase in absolute value in case of
scenario 3). So when the wastage is resumed, MLTSS gets back to its initial values 
whereas XBA reminds below. 
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Figure 106. Effluent NH4+-N concentration and Xba in the ML during the wet 

Figure 107 shows the same elements than Figure 106, for the initial MLSS 

e can also notice that in both Figure 106 and Figure 107 the ammonium 
ur ven

weather scenario with initial MLSS = 4.2×103 g.m-3.

concentration of 3.0×103 g.m-3. In this case the benefit of the sludge wastage strategy 
becomes obvious: the maximal NH4+-N concentrations in the effluent are reduced by
30% and it even allows a noticeable increase of the autotrophic biomass after the rain 
event (thus the ML is diluted in the aeration tank). 

W
concentration in the effluent remains low d ing the rain e t: this is due to
dilution. Furthermore when the wastage rate is maintained continuously the 
autotrophic concentration decreases during the rain event: this is due to hydraulic 
phenomena that push the sludge into the clarifier. 
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Figure 107. Effluent NH4+-N concentration and XBA in the ML during the wet weather 
scenario with initial MLSS = 3.0×103 g.m-3.

III.2.5.3.3. Conclusion 

Considering that other criteria are in favor of a lower sludge concentration (control of
settling and sludge mass in the clarifier, and need for buffer capacity for increasing 
MLTSS in case of nitrification loss, section III.2.5.2), it is observed that operating 
with an intermediate MLSS concentration is a good solution to carry out the best 
nitrogen removal performance (around 4.2×103 g.m-3 for the studied layout). 

This study shows that the system does not react the same way to a rain event 
depending on its initial operation point. At initial MLSS of 4.2×103 g.m-3 no
particular sludge wastage strategy seems necessary to ensure the best possible 
performance. In case of a lower initial MLSS concentration (3.0×103 g.m-3) the
nitrification is more sensitive to the rains events and the sludge wastage strategy has 
a significant impact.

231



232



CONCLUSION

233



234



This thesis wishes to bring elements and experience that would contribute to the
current research in modelling nitrogen removal by activated sludge. The applied 
strategy consisted of combining Cemagref experience and knowledge on modelling 
with a 22-month full-scale survey before continuing with the simulation of advanced 
scenarios.

The full-scale survey lead to protocol design for data monitoring and processing, with 
a special attention being made to the sludge production evaluation and to the
development of an intermittent aeration specific calibration/validation protocol. The 
results initiated reflections on ASM1 mechanisms (decay, heterotrophic yield,
hydrolysis,…) that were studied in greater depth with advanced modelling scenarios.
These scenarios were also used for getting information on the optimization of design 
and operation for nitrogen removal by activated sludge. 

Full-scale survey for calibration/validation of ASM1

This survey was rather time and energy consuming for the research team of 
Cemagref. A full-scale plant is a complex system, whose functioning depends on 
many parameters. Most of them cannot be controlled, especially when acting in the 
frame of scientific research. They are firstly the environmental factors such as the
weather and the potential inhibitory compounds in the influent, and secondly all the
operating constraints and failures. 

The initial target of the study was to carry out winter calibration campaigns. 
However, the strong variations of the nitrification capacities made them not valid or 
impossible. Finally two calibration campaigns were carried out at a one year interval 
in June. These campaigns allowed the validation a specific protocol for BNR AS with 
alternating aeration. This protocol highlights the kinetics of nitrification and 
denitrification as result of amplified variations of nitrogen concentration in the
aeration tank. It also allowed the calibration of half-saturation parameters that 
express the affinity of the biomass to substrate and oxygen sources. Most of these
parameters were reduced from the usual default values, which can be considered as 
an impact of the long SRT that can be applied on such intermittent aeration system. 

The very short term of these campaigns and the very detailed data allowed the 
calibration of most of the model parameters, except those having a more long-term or 
“hidden” effect such as decay rates and yields. For these last parameters, lab 
measurements and complementary data from other French BNR plants were used.
The results showed the importance of considering a significant value for autotrophic 
decay rate and the need for reducting the heterotrophic growth yield under anoxic 
conditions.

Except for the autotrophic growth rate, the set of calibrated parameters from each 
campaign could be validated with the other campaign with “acceptable” errors. 
Nevertheless, the best (manual) calibration for each campaign was obtained with a 
different set of parameters. This raises the two following questions: 

- How precisely can ASM1 be calibrated to represent a real system? 
- In which way and how can parameters vary in the sludge?
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These questions are related to microbiology issues. Activated sludge models are 
actually macroscopic representations of the biomass behavior. The literature shows 
that microscopic models that consider single bacterial cell behavior cannot be directly
compared to activated sludge models. However, it is also known that processes like
decay in activated sludge models are not true representations of the reality and they 
might be artifact for different processes (predation, dormancy,…). Furthermore 
microorganisms like protozoa are ignored by activated sludge models whereas they
can have significant impacts. Thus it appears obvious that the dynamics of a full-scale
system must change the selection and the physiology of the biomass and that one
should not expect to find a precise and definite value when calibrating ASMs 
parameters.

Nevertheless, the author would like to emphasize that the variation magnitude in 
parameters calibration must not be considered as a true picture of the potential
modification of the biomass structure and mechanisms. Other causes of variation in
the calibrated parameters must be involved, such as errors due to identification
issues.

The validation of the calibrated model (from campaign 2) was carried out over a long-
term period, with an intensive monitoring program. This task relied mainly on on-
line logging of operational parameters, sludge dynamic monitoring, and NPRmax and 
effluent concentrations measurements.

The validation results showed the difficulty of reproducing the actual situation 
concerning the nitrification. If the occurrence of an inhibitor was proven, it was also 
observed that the combination of several constraining operating settings (too low 
daily aeration time, irregular sludge wastage) contributed to the weakening of the 
autotrophic biomass. 

The inhibition of nitrification is site specific and not scarce. Other model calibration
studies carried out by Cemagref on a full-scale plant have also shown inhibition
issues. The literature reports frequent problems with nitrification inhibition too. 
Nevertheless, one must distinguish two types of nitrification inhibition: permanent
inhibition at a given percentage and random/unexpected occurrences. In the first 
case, design optimization must be considered, whereas in the second case, which 
corresponds to the present study, only operation strategy can help minimize the 
impact of the inhibitor on nitrogen removal. 

The impact of temperature on nitrification under steady conditions is nowadays well 
characterized from both laboratory experiments and data reconciliation from full-
scale surveys. Nevertheless, this study highlighted the following issues: 

- The observed autotrophic growth rate could be variable at full-scale: this
would invalidate any work to determine temperature dependency. 

- The temperature correction factor in the models stands for the lower activity of 
microorganisms with reduced temperature. We can wonder if the temperature 
also impacts the biomass sensitivity to inhibitors and operation changes? 
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These are key issues to study at full-scale. Even the intensive sampling and the data 
acquisition carried out at Labège WWTP did not allow strong conclusions to be. This
is partly due to site specific events at this plant.

It is believed that future improvements in data acquisition for monitoring at full-scale
plants will offer the opportunity for scientific modelling to study these issues on a 
larger set of WWTPs. Among these improvements, the use of on-line sensors for 
determining COD and nitrogen concentrations in the influent and the effluent should
allow daily mass balances to be performed. From the experience of this study, it is
also expected that the daily oxygen presence time becomes an integrated parameter
for studying and operating nitrogen removal at intermittent aeration WWTPs. This 
parameter is information rich, since its correlation with substrate loads allow 
advanced determination of the biomass activity. This parameter could also be a good 
indicator for observing inhibition occurrence. 

Advanced scenarios

In the advanced scenarios study, a reference layout (with and without anoxic zone)
was designed for studying the following issues on BNR activated sludge WWTPs with 
intermittent aeration: 

- Design and operation strategies, especially in crisis situations 

- Comparison of simulation results with conventional design guidelines (CDG).
- Sensitivity analyses 

The comparison between modelling results and the conventional design guidelines 
(CDG) published by Cemagref showed good agreement on design and operation
aspects for performing best nitrogen removal. Nevertheless the dynamic results that 
can be obtained from simulation allow complementary information to be gathered
from CDG. For instance both approaches agree that a rain event can increase the 
denitrification rate. However, CDG that are based on steady-state equations predict
also an increase of the NPRmax (as a consequence of increased loading), whereas 
simulation results show a transient decrease (as a consequence of temporary increase 
of the heterotrophs nitrogen requirements due to the increased loading rate).

The impact of the temperature on nitrogen removal has also different representations 
in both systems. With CDG, nitrification capacity decreases with the temperature, 
whereas the denitrification capacity is independent. With ASM1, both nitrification
and denitrification capacities decrease with temperature, but model mechanisms lead 
to an increase of the biomass concentration at low temperatures. It is not known if 
this is a true phenomenon, but it leads to surprising results: more flexibility is 
observed at 15°C than 20°C in term of applicable time window for the daily aeration 
time.

Finally it was observed that simulation with an activated sludge model did not 
contradict the optimizations points that were proposed by conventional guidelines (in
terms of SRT, F/M ratio and daily aeration time for instance). Furthermore it appears 
that ASM1 has a certain robustness which is highlighted by the stability of the
optimization results even with modification in its mechanisms. For instance, best 
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daily oxygen presence time for nitrogen removal performance remained almost the 
same irrespective of the applied strategy for the heterotrophic yield (single or 
aerobic/anoxic values). 

Nevertheless, this must not hide the fact that the model is not a true representation of 
reality and that some errors might compensate each other. This must occur with the 
decay processes. Modification of this process under different oxygen conditions is not 
directly included in ASM1 whereas the literature shows that significant reductions
should be applied under anoxic or anaerobic conditions. One can however suggest 
that the “error” of ignoring this issue can somehow be compensated by the absence of 
biological model in the clarifier.

ASM3 includes several features that tend to correct weaknesses of ASM1. Some of
these weaknesses appeared crucial in the present study. For instance the dependency 
of the hydrolysis process on the electron acceptor led to inconsistent results at tight 
daily oxygen presence times on intermittent aeration systems. Also ASM3 includes 
simplifications that may help for calibration and fractionation protocols. Thus the
evaluation of this model should be continued, with a special attention on the storage 
process which has not been considered in the present work. 
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Cette thèse souhaite apporter des éléments et une expérience qui pourront contribuer
à la recherche actuelle sur le traitement de l’azote par boues activées. La stratégie 
d’étude appliquée a consisté en l’exploitation, la valorisation et l’approfondissement
des connaissances du Cemagref en terme de modélisation et de suivi d’installations 
avec la conduite d’une étude sur site réel de 22 mois et la simulation de scénarios
avancés.

L’étude sur site réel a conduit à l’élaboration de méthodes pour la mesure, 
l’enregistrement et le traitement de données, en portant une attention particulière à 
l’estimation de la production de boue et à la détermination de protocoles spécifiques
pour le calage et la validation du modèle ASM1 avec un système d’aération alternée.

Les résultats obtenus ont permis d’initier une réflexion sur les mécanismes de ce 
modèle, dont certains ont ensuite été étudiés plus en détails à travers la simulation de 
scénarios avancés. Ces scénarios ont aussi été l’opportunité d’obtenir des 
informations prospectives sur l’optimisation du dimensionnement et de la gestion du 
traitement de l’azote par boues activées. 

Etude sur site réel pour le calage et la validation des paramètres du modèle ASM1

Une station d’épuration est un système complexe dont le fonctionnement dépend de 
nombreux paramètres. La plupart d’entre eux ne peut pas être contrôlée, comme la 
température ou la nature de l’eau usée. Ainsi l’occurrence d’un inhibiteur de la 
nitrification ne peut être facilement anticipée.

D’autre part les contraintes engendrées par l’étude scientifique ne doivent pas 
perturber outre mesure le fonctionnement de la station puisque celle-ci est soumise à 
des exigences sur ses rejets. Enfin une station d’épuration est toujours à la merci de 
pannes électriques ou mécaniques qui peuvent perturber considérablement le 
déroulement du protocole de suivi. 

Deux campagnes de calage réalisées à un an d’intervalle en juin ont donné des
résultats satisfaisants. Elles ont notamment permis la validation du protocole de 
calage spécifique développé pour un système à aération alternée.

Ce protocole permet d’amplifier les concentrations en azote dans le bassin d’aération
grâce à un contrôle manuel de l’aération sur une période de huit heures. La
réalisation d’une telle campagne nécessite des efforts de stabilisation et de 
caractérisation du système durant le mois qui précède. Le protocole proposé inclut
donc les étapes suivantes : 

- la simulation d’un régime permanent (puis pseudo permanent pour rendre 
compte des phases séquéncées de l’aération) à partir des données extraites du
suivi long terme, 

- la simulation d’une période dynamique longue précédant la campagne de 
calage (3 semaines à 1 mois), en incluant notamment les mesures et les
enregistrements réalisés durant cette période 
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- la simulation de la campagne de calage sur 8 heures, permettant un 
ajustement fin des paramètres. 

Ces trois étapes doivent être réalisées de manière itératives jusqu’à l’obtention d’un 
calage satisfaisant. Dans cette thèse le critère « satisfaisant » se réfère notamment à 
la comparaison des courbes dynamiques de concentrations entre azote (ammonium
et nitrate) simulées et mesurées lors de la campagne de calage. 

Parmi les paramètres calés, la plupart des constantes de demi-saturation ont été 
réduites, ce qui semble exprimer une forte affinité de la biomasse envers le substrat et
l’oxygène. Ce résultat semble caractéristique des stations d’épuration avec un âge de 
boue important. 

Néanmoins cet exercice de calage sur ce type campagne ne permet pas de caler les
paramètres dont l’impact nécessite une évaluation sur une plus longue période. Ceci 
concerne notamment le taux de décès de la biomasse nitrifiante dont la
détermination a été réalisée à partir d’une série de sept tests en laboratoire à 
différentes températures et avec les boues de plusieurs stations d’épuration. Les 
résultats ont montré l’importance de ne pas négliger la valeur de ce paramètre,
considérée comme nulle ou très faible dans d’autres études. Ces tests ont également 
abouti à la détermination d’un coefficient de température pour ce paramètre qui 
confirme une valeur proposée en 2003 la littérature. 

- En quelle mesure les paramètres peuvent-ils varier dans la boue ? 

D’autre part des études complémentaires à partir d’informations extraites dans des 
bases de données de suivi de sites réels et complétées par des travaux de simulation
ont permis de confirmer la nécessité de modifier certains aspects du modèle ASM1,
avec notamment l’ajout d’une valeur anoxie réduite du coefficient de rendement pour 
la croissance de la biomasse hétérotrophe (Yh) qui impacte fortement la
dénitrification.

Mis à part le taux de croissance de la biomasse autotrophe, les jeux des paramètres 
calés obtenus lors des deux campagnes peuvent être validés avec les données de 
l’autre campagne avec un écart « acceptable » entre données simulées et mesurées. 
Néanmoins ces jeux de paramètres, qui représentent les « meilleures » valeurs des 
paramètres pour chacune des campagnes, sont sensiblement différents. Cela pose les 
questions suivantes : 

- Quel degré de précision peut-on atteindre en calant les paramètres du modèle ASM1 
à partir des données d’un site réel ? 

Ces questions sont à rattacher à des aspects microbiologiques. Les modèles de boues 
activées (ASM) sont des représentations macroscopiques du comportement de la 
biomasse. La littérature montre cependant que les modèles microscopiques décrivant 
le comportement unitaire des bactéries ne peuvent être comparés simplement aux 
modèles de boues activées. D’autre part, il est reconnu que des processus comme la «
mortalité » sont des artefacts qui embrassent de nombreux autres processus plus
complexes (par exemple la prédation ou la mise en sommeil dans le cas de la
mortalité). Enfin les modèles ASM ignorent également certains microorganismes
comme les protozoaires alors que l’impact de leur activité est significatif. 
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Il apparaît donc évident que la dynamique d’un site réel implique des modifications
dans la sélection et la physiologie de la biomasse et qu’il ne faut pas espérer pouvoir 
déterminer des valeurs précises et constantes pour tous les paramètres du modèle. 

Néanmoins, l’auteur voudrait insister sur le fait que l’amplitude de variation des 
paramètres observée entre les deux campagnes de calage ne peut être considérée 
comme une image des modifications potentielles de la structure et des mécanismes 
de la biomasse. Cette étude est spécifique au site sélectionné et à ses aléas de 
fonctionnement. Par ailleurs, d’autres causes peuvent avoir impliqué des différences
entre les deux jeux de paramètres calés, notamment en termes d’erreur et 
d’identification.

L’étape de validation a porté sur le jeu de paramètres obtenu avec la deuxième 
campagne. Pendant deux mois (janvier-février) un programme de suivi intensif a été
appliqué, avec notamment l’enregistrement des paramètres de gestion, le suivi
dynamique de la boue et des vitesses maximales de nitrification, et le suivi quotidien 
de l’azote dans l’effluent.

Les résultats de cette validation ont montré la difficulté à reproduire la dynamique
des capacités de nitrification. L’occurrence d’un inhibiteur a pu être montrée à travers 
des tests en laboratoire qui ont caractérisé sa présence aléatoire et probablement 
volatile. Cependant d’autres facteurs, comme les conditions de gestions (temps 
d’aération journalier trop faible et extraction irrégulière de la boue), ont également
contribué à l’affaiblissement de la biomasse autotrophe. 

L’inhibition de la nitrification est spécifique au site d’étude sélectionné, mais elle
n’est pas rare. D’autres études sur sites réels menées par le Cemagref pour le calage 
de modèles ont également fait apparaître des problèmes d’inhibition par les eaux 
usées. Quant à la littérature, elle rapporte également des occurrences fréquentes de ce 
phénomène.

Néanmoins, il faut distinguer plusieurs types d’inhibition : 
- l’inhibition permanente, souvent partielle, 
- l’inhibition aléatoire qui ne peut être anticipée 

Dans le premier cas, une optimisation du design peut être envisagée pour s’adapter à
la nature de l’eau usée, alors que dans le second cas, qui correspond à celui de cette 
étude, on peut seulement espérer minimiser les effets de l’inhibiteur à travers une
stratégie de gestion de l’extraction de la boue et de l’aération. 

L’impact de la température sur la nitrification dans des conditions stabilisées est 
dorénavant bien caractérisé grâce à des expériences en laboratoire et à des bases de 
données acquises sur sites réels. Cependant, cette étude a soulevé les remarques 
suivantes : 

- Le taux de croissance de la biomasse autotrophe pourrait être variable sur un site 
réel : ceci invaliderait toute tentative pour déterminer un coefficient de température 
sur ce site. 
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- Alors que le coefficient de correction en température représente une activité réduite 
des microorganismes à basse température, on peut également se demander si la 
température a également un impact sur la sensibilité de la biomasse aux inhibiteurs 
et aux changements dans la gestion de la station d’épuration. 

Ce sont des questions clés pour la problématique d’une étude sur site réel.
Cependant, même les suivis intensifs réalisés lors de cette thèse ne permettent pas 
d’apporter des conclusions fortes sur ces points. 

Il est en tout cas supposé que les améliorations futures dans les systèmes 
d’acquisition de données sur stations d’épuration offriront des opportunités pour la
modélisation scientifique de ces questions sur un plus grand nombre de sites. Parmi 
ces améliorations, l’utilisation de sondesen ligne pour la mesure de la DCO et des
concentrations en azote dans les eaux usées devrait permettre de réaliser des bilans 
de masse plus avancés. 

De part l’expérience de cette étude, il est aussi attendu que le temps de présence 
d’oxygène journalier devienne un paramètre intégré pour l’évaluation et la gestion de 
sites permettant le traitement de l’azote avec un système d’aération alternée. Ce 
paramètre contient de nombreuses informations, dont la corrélation avec les charges 
entrantes permet une détermination pertinente de l’activité de la biomasse. D’autre 
part ce paramètre peut aussi être considéré comme un bon indicateur pour 
l’observation d’une inhibition. 

Scénarios avancés

- L’optimisation des stratégies de dimensionnement et de gestion, notamment lors 
d’événements exceptionnels. 

Deux schémas de référence (stations d’épuration virtuelles) ont été construits pour la 
réalisation des scénarios avancés : l’un avec un bassin unique en aération alternée,
l’autre avec ce même bassin auquel une zone d’anoxie en tête a été ajoutée mais avec 
un volume total de bassin indentique. Ces schémas ont permis d’étudier les questions 
suivantes : 

- La comparaison des résultats de simulation avec ceux proposés par les consignes de
dimensionnement conventionnelles. 
- Des études de sensibilité. 

La comparaison entre les résultats de modélisation et ceux obtenus avec les méthodes 
conventionnelles publiées par le Cemagref a montré une bonne cohérence sur des 
aspects de dimensionnement et de gestion pour le traitement de l’azote. Cependant,
les résultats dynamiques obtenus par la simulation permettent d’obtenir des 
informations complémentaires non accessibles par les méthodes conventionnelles. 

Par exemple, les deux approches s’accordent sur le fait qu’un événement de pluie
augmente le taux de dénitrification. Mais les méthodes conventionnelles, qui sont 
basées sur une approche en régime permanent, prévoient également une 
augmentation de la vitesse maximale de nitrification (étant une conséquence logique
de l’augmentation de la charge azotée), alors que la simulation de cet événement
montre une décroissante temporaire de la vitesse maximale de nitrification (étant une
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conséquence de l’augmentation temporaire de l’activité des hétérotrophes et donc de
leurs besoins en azote). 

L’impact de la température sur le traitement de l’azote a également des 
représentations différentes dans les deux cas. Avec les méthodes conventionnelles, les 
capacités de nitrification diminuent avec la température, alors qu’il est considéré que
les capacités de dénitrification sont indépendantes. Avec le modèle ASM1, les 
capacités de nitrification et de dénitrification décroissent toutes les deux avec la
température, mais des mécanismes propres au modèle conduisent à une 
augmentation de la concentration de la biomasse. Il n’est pas certain que cela
corresponde à la réalité, mais cela implique des résultats parfois surprenants : une 
plus grande flexibilité a été observée à 15°C par rapport à 20°C dans la fenêtre de 
temps de présence d’oxygène journaliers applicables. 

Il a en tout cas été noté que les résultats de simulation ne contredisent pas les points 
d’optimisation proposés par les méthodes conventionnelles (en terme d’age de boue, 
de charge massique et de temps de présence d’oxygène journalier notamment). De 
plus il apparaît que le modèle ASM1 a une certaine robustesse qui a été soulignée par 
la stabilité des points d’optimisation malgré des modifications de ses mécanismes : 
par exemple le temps de présence journalier optimal pour l’oxygène reste le même 
quelque soit la stratégie appliquée pour le coefficient de rendement anoxique (avec ou 
sans réduction de sa valeur aérobie). 

Néanmoins, cela ne doit pas cacher le fait que le modèle est une représentation 
approximative de la réalité et que certaines erreurs peuvent se compenser. Cela doit 
notamment se produire avec le processus de mortalité. La modification de ce dernier
en fonction de la présence d’oxygène n’est pas directement prise en compte dans le 
modèle ASM1 alors que la littérature montre que des réductions significatives sont 
observées en anoxie et surtout en anaérobie. On peut toutefois se demander si 
«l’erreur» engendrée par le modèle ASM1 ne peut être compensée par l’absence
d’application d’un modèle biologique dans le clarificateur. 

Le modèle ASM3 comprend plusieurs modifications qui ont été proposées comme des
corrections par rapport aux faiblesses du modèle ASM1. Certaines de ces faiblesses 
sont apparues importantes dans le cadre de cette étude. Par exemple la dépendance 
du processus d’hydrolyse vis à vis de l’accepteur d’électron conduit à des résultats
incohérents lorsque des temps d’aération journaliers réduits sont simulés pour un
système d’aération alternée. De plus le modèle ASM3 inclut des simplifications qui 
sont profitables aux étapes de fractionnement et de calage. L’évaluation de ce modèle
doit donc être poursuivie, avec une attention particulière au processus de stockage
qui n’a pas été discuté dans ce travail. 

La simulation de scénarios prospectifs a montré l’intérêt de l’utilisation d’un modèle 
pour définir des stratégies de gestion. Il a pu être montré en quelle mesure
l’application d’extractions de boue régulières est préférable à une gestion erratique 
qui tend à affaiblir la biomasse nitrifiante. La simulation d’événements de pluies 
fortes a montré l’intérêt et la robustesse des points de fonctionnement optimisés (en 
termes de charge massique et de concentration en boue). La simulation de la
récupération des capacités de nitrification suite à événement d’inhibition a également
permis de confirmer ces conclusions et de proposer une stratégie avancée pour 
l’aération.
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Ces derniers résultats sont toutefois tributaires de nombreuses hypothèses prises 
pour la réalisation des scénarios avancés. Ils ne sont donc pas directement 
transposables à un site d’étude particulier dont il faudrait préalablement déterminer
les caractéristiques.

De manière générale cette étude basée sur des scénarios confirme les conclusions 
obtenues sur site réel, notamment sur la pertinence du modèle à représenter les
points optimaux de fonctionnement d’une station d’épuration. 

Ainsi la modélisation peut être considérée comme un outil de dimensionnement
puissant : elle est déjà utilisée à juste titre pour de nombreux projets de construction 
et d’extension de stations d’épuration. Cependant la publication de protocoles de 
référence pour le calage des modèles sera indispensable pour permettre d’étendre 
l’aptitude de ces derniers à fournir des informations pertinentes pour l’optimisation
du contrôle et de la gestion de ces stations. 
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Appendix I. ASM1 Matrix (from Henze, 1987) 
i 21 43 65 7 8 9 10 11 12 13
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Decay
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Decay
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1
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7

Hydrolysis
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Xbh
SnoKno
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Appendix II. 
Analytical methods for full-scale survey 

For campaigns and routine analyses, samples were analysed at Cemagref Chemical 
Laboratory (Bordeaux). Table A.II.1 shows the references of the analytical methods 
that were used for the present work. 
Sampling and conservation methods : NE EN ISO 5667-3 (2004) 
Laboratory abilities : NF EN ISO/CEI 17025 (2005) 

Table A.II.1. Laboratory analytical methods. 
Parameter Method Quantification

limit
(XPT 90-210) 

Note

Nitrogen
TKN NF EN 25663 0.2 Distillation method 
NH4+ NF T90.015-1 - Distillation method 
NH4+ NF EN ISO 11732 

(F)
0.004 Colorimetric method

NO2- NF EN ISO 13395 
(F)

0.002

NO3- NF EN ISO 13395 
(F)

0.07

Carbonaceous
compounds
COD NF T 90-101 -
BOD5 T 90-103 (1975) 2 New norm: NF EN 

1899-1
Phosphorus
TP T 90.023 0.02 New norm: NF ISO 

6878 (2005)
PO43- T 90.023 0.02 New norm: NF ISO 

6878 (2005)
Suspended solids
TSS NF EN 872 (1996) - Filtration and drying 

at 105°C 
VSS - - Drying of TSS 

residue at 520°C 

For on-site analysis and rapid analyses during lab-scale experiments, the portable 
spectrometer Lasa 100 of Dr Lange ® was used (LPG357.55) 
Parameter Method Reactant
NH4+ Dr Lange LCK302 to LCK305 
NO2- HacH/Dr Lange LCK341, LCK342 and 

LCK541
NO3- Dr Lange LCK339 and LCK340 
COD Dr Lange LCI 400 COD ISO 15705 
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Appendix III. 
Sensor type and location at Labège WWTP 

Flows

Both the influent and the effluent flows are measured in the upstream section of a 
parshall flume. The sensor has an ultrasonic probe that measures the height of the 
water in order to calculate the flow rate (after calibration of the “0” level). The data
from the flow meters (Endress Hauser FUM 861) were logged in an acquisition
system (Data Taker DT50) that calculated and stored the hourly average value. 

Aeration tank parameters 

The four parameters monitored in the aeration tank are the temperature, the MLSS 
concentration, the DO concentration and the pH. 

The temperature was measured with a PT100 (DME) and the signal was 
converted by an IMOR (IPAQ 4L) system. 
The MLSS concentration was optically measured by a turbidity meter (Royce / 
75B). The signal was transmitted by a Royce system (7011 A).
The DO concentration was measured by a WTW probe (Triomatic 701), the 
signal was processed by WTW Ecoline transmitter (OXY170) and a SFERE
converter (CVP3000). 
The pH was measured by a WTW probe (Sensolyt SEA). The signal was 
transmitted by a WTW Ecoline system (pH170) and converted by a SFERE
system (CVP3000). 

Those four measurements points were located at the middle of the access bridge. The 
data were logged in a Perax DataTaker system (DT600). 

Clarifier sludge blanket height 

The sludge blanket height in the clarifier was measured from the suction bridge. A 
special attention was paid in the installation of the sensor: in front of the rotation of 
the bridge and at equidistance of the feed point (middle of the clarifier) and the 
border of the tank. The probe was a Royce SN25 with ultrasonic detection and the 
transmitter was a Royce 2505. The data logging was ensured by a Technolog system 
(Newlog 3.23 FP6). 

Weather

The millimeters of rain were measured by a Casella pluviometer (PL 2) and the
temperature was measured by a DME probe (PT100). The signal of the temperature
was converted by an IMOR (IPAQ 4L) system. These both measurements were also 
logged in the Perax DataTaker system (DT600) of the aeration tank.

Pumps and blowers functioning

The on and off time of pumps and blowers were monitored directly in the electrical 
equipment boxes of the plant. If necessary amperemetric Chauvin Arnould grips were
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used. The signals from the two blowers and from the return activated sludge pumps 
were logged on a Perax DataTaker, whereas for location issue the information on the
sludge wastage pump was copied from the SCADA records. 

Figure A.III.1. Sensor and acquisition system location for Labège WWTP survey 
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Appendix IV. 
Sampling program for a calibration campaign 

Table A.IV.1. Sampling location and frequency for a calibration campaign. 
Sampling
location

Type of 
sampling

Parameters Frequency
(every .. min)

Total number 
of samples 

Influent 2 h composite

8 h composite

24 h composite

Total alkalinity,
NH4

+-N, COD, 
CODf0.45

TSS, VSS, NO3
--N,

NO2
--N, NH4

+-N,
TKN, TKNf0.45, PO4

3-

-P, TP, COD, 
CODf0.45

Total alkalinity, TSS, 
VSS, NH4

+-N, TKN, 
TKNf0.45, COD, 
CODf0.45

120 4

1

1

RAS** Grab TSS, VSS 60 8

Anaerobic zone Grab NH4
+-N

NO3
--N, NO2

--N

CODf0.45, PO4
3--P

TKNf20.45

20

120

60

At t=0 

24

4

8

1

Aeration tank Grab NO3
--N, NO2

--N,
NH4

+-N

TSS, VSS 

CODf0.45

COD, TP, TKN*

PO4
3--P

TKNf0.45

7

60

80

120

100

240

68

8

6

4

5

2

Effluent Grab TSS, NO3
--N, NO2

--
N, NH4

+-N, TKN, 
TKNf0.45, PO4

3--P,
COD, CODf0.45

TSS, NO3
--N, NO2

--

At t=0 1
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2 h composite

8 h composite

N, NH4
+-N, CODf0.45

TSS, NO3
--N, NO2

--
N, NH4

+-N, TKN, 
TKNf0.45, PT, PO4

3--P,
COD, CODf0.45

120 4

1

* Those parameters are analyzed from MLSS samples; consequently they were blended for 30 
seconds in order to obtain a homogenous sample. This technique was validated beforehand for 
consistency and repeatability. 
** The RAS samples were taken at the RAS pipe end at the selector. 

Table A.IV.2. Number of analyses per parameter for a calibration campaign 
Parameters Number of analysis* 
Total alkalinity 5
TSS 24
VSS 19
COD 12
CODf0.45 27
NH4

+-N 103
NO3

--N 78
NO2

--N 78
TKN 8
TKNf0.45 7
TP 6
PO4

3--P 17
* NPRmax measurements are not included. 

All information from the long-term survey were also acquired to used for the
calibration purpose. See paragraph II.1.4.4 for details on these data. 

Appendix IV: Sampling program for a calibration campaign 278



Appendix V. 

Autotrophic decay rate: measurements 
methods and results 

Abstract

Lot of literature references have already reported that too low values for autotrophic 
decay rate (bA) have been commonly used. The value of the autotrophic decay rate 
has a strong influence on the determination of the autotrophic growth rate. For 
example, it has been proven that when calibrating ASM1, one can find an infinite 
number of bA, µA couples that all have the same linear relationship (Choubert, 2005). 
Since more than ten year, the literature provides bA values from batch tests (see table 
A.III.1.). All of them are based on a methodology that consists in following the 
decrease of the NRPmax of a nitrifying biomass under starvation conditions. More 
recently the influence of the ORP conditions have also been studied. 

The work presented in this paper is based on a series of bA determination tests from
four BNR wastewater treatment plants at different temperatures. It highlights the
need for a correct value of bA for dynamic simulations and it puts into questions the
limits and divergences of models in representing the autotrophic decay. 

Introduction

The autotrophic decay rate has often been considered negligible or null. Referred as 
“bA” in the activated sludge models, it allows, with the growth rate “µA”, the net 
growth rate (µA - bA) to be evaluated. In practice, this last parameter leads to the
assessment of the minimum sludge age to apply. 

The only reference about the temperature dependency for bA can be found in (Dold, 
2002) that actually refers to a decay rate tests project conducted at 12 and 22°C at the 
University of Washington (WERF, 2003). 

Recent publications and an reconciliation of Cemagref data giving a relationship 
between nitrogen load, sludge age and the maximum nitrification rate of several full-
scale plants led to consider that the hypothesis of a negligible or null value of the
autotrophic decay rate was not valid. 

Correcting this rate has a direct consequence on the growth rate since the net growth 
rate should remain unchanged (if correctly evaluated). 
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Table A.V.1. Results from the literature 
Author Media bA d-1

(aerobic)
Temperature Notes

(Salzer, 1992) Activated sludge 0.4 30°C Anoxic value: 
0.2

(Nowak, 1994) Activated sludge 0.2 20°C
(Copp and 
Murphy, 1995) 

Nitrobacter
Mixed nitrifiers 
culture

0.14
0.17

20°C

(Leenen et al.,
1997)

Nitrosomonas
europeae

0.43 30°C Anoxic value:
0.092

(Siegrist et al.,
1999)

Activated sludge 0.2 20°C Anoxic
reduction:
52.4%

(Martinage and 
Paul, 2000) 

Activated sludge 
(Industrial/urban
effluents)

0.36 30°C Anoxic
reduction: 50% 

(Dold, 2002) Activated sludge 0.19 20°C Proposes: bA =
1.029

(Lee and 
Oleszkiewicz,
2003)

Activated sludge 0.15 20°C

Note that ASM2d and ASM3 recommend an aerobic a value of bA of 0.15 d-1 at 20°C 
(and 0.05 in anoxic conditions).

Within the frame of activated sludge model parameters evaluation and calibration 
projects, Cemagref has sets determination tests for the autotroph decay rate with 
sludge from different nitrifying/denitrifying activated sludge plants. 

Seven tests were achieved between July 2003 and February 2005. The selection of 
sites (in southwest France) is listed in the table below. 

Table A.V.2. Plants selection characteristics.
Name Location PE Sludge

temperature
NPRmax

°C mgN/l.h
Biscarosse 1 6.90
Biscarosse 2 

Landes (40) 40 000 20
10.80

Labege 1 4.23
Labege 2 

Toulouse (31) 20 000 20
1.73

Canéjan2 23.6 5.48
Canéjan2

Bordeaux (33) 10 000 (?)
12.5 5.0

Cestas Bordeaux (33) 16 000 21.3 9.68

The experimental settings have strongly evolved over the different tests. The two 
firsts were done within a 10 L reactor, the two next used a volume of 74 L, and the 
two lasts used a 120 L pilot. The stabilization of the temperature has also evolved
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from a liquid circulation (with a cryothermostat) to a thermostatic room. Concerning 
pH and oxygen, their range of variation remained the same for all the tests with a 
control associated to the data monitoring device (pH [7.2, 7.4] and O2 [4.0, 6.0] mg 
O2/L). The duration of the test was reduced from 20 to 5 days. 

These tests also gave the opportunity to validate the respirometric methods applied
for the determination of the maximal nitrification rate of the sludge with comparisons 
to the chemical measurements. This validation led to set a protocol exclusively based 
on respirometry. 

Over the seven tests, different confidence levels were evaluated and only one test 
shows a significant unreliability (due to a serious inhibition issue at the 
corresponding plant). The autotrophic decay rate values obtained vary from 0.15 to 
0.22 d-1 with temperatures lying between 20 and 23.6°C. The only test at low 
temperature (Canéjan2, 12.5°C) gives a value of 0.139 d-1. These results fit with the
most recent literature results. 

Principle and protocol

The determination of the autotrophic decay rate is obtained thanks to information
logged and measured on an activated sludge volume kept in an aerated reactor
without substrate feeding over several days. This information is the increase of 
nitrates concentration in the reactor (Figure A.III.1) and the decrease of the
maximum nitrification rate (measured in a separated reactor in order to not distort 
the nitrogen mass balance in the main reactor, see graph II). In each case, the fit of 
the theoretical curve to the measured data is optimized by calibrating the activated 
sludge model parameters to be determined. 

NOx Evolution in the reactor
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Figure A.III1. Nox evolution in the main reactor. 
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The information on the NOx leads to the initial concentration of heterotrophic 
biomass in the system, since its endogenous respiration implies a continuous release 
of nitrogen. Equation A.III.1 shows the relationship between the dynamic of the
nitrate concentration and the initial concentration of heterotrophic biomass. 

)1).(0().'.'()0()( '.tbh
ppib eXbhfxxSnotSno

Equation A.III.1

Remark: the notations correspond to those proposed in the publication of the ASM1 
model. Some parameters are added an apostrophe that stands for their conversion
from death-regeneration system to the endogenous respiration system. 

The second information reveals jointly the initial concentration of nitrifying biomass
and its decay rate. Equation A.III.2 gives a relation between these parameters. 
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Equation A.III.2

It can be noticed that in the previous equation the term Xhb(0) (initial heterotrophic 
biomass concentration) must be known. This is possible thanks to the first equation. 
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Figure A.III.2 Evolution of the maximal nitrification rate (NPRmax : Nitrate 
production Rate max). 

Appendix V : Autotrophic decay rate: measurements methods and results 282



Results

The following table (table A.III.3) summarizes the results obtained during the six 
tests. This table also includes some of the protocol modifications that occurred along 
the tests. The column corresponding to the test series n°4 is grayed since it
corresponds to the non-validated results with a low reliability due to nitrification
inhibition problems at the plant.

Table A.III.3 Summary of the results. 
Unit series 1 series 2 series 3 Series 4 Series 5 Series 6 Series 7 

WWTP Biscarosse Biscarosse Labège Labège Cestas Canéjan Canéjan

approx SRT d 10 8 35 >45 15 12(?) 12(?)

bA reactor 

volume L 10 10 74 80.5 117 110 110

temperature control °C 20 20 20 20 23.6 21.3 12.5

pH control 7.2 to 7.4 7.2 to 7.4 7.2 to 7.4 7.2 to 7.4 7.2 to 7.4 7.2 to 7.4 7.2 to 7.4 

alcalinity addition no no yes yes yes yes yes

DO control mgO2/
L

4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 

duration of test d 14 16 22 10 4.5 4.5 4.5

 Vl reactor 

volume L 0.6 0.6 1.0 1.0 2.0 2.0 2.0

temperature control °C 20 20 20 20 23.6 21.3 12.5

pH control 
not needed

(stable)
not needed

(stable)
not needed

(stable)
not needed

(stable)
not needed

(stable)
not needed

(stable)
not needed

(stable)

alcalinity addition no no no no yes yes yes

DO control mgO2/
L

4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 4 to 5 

NPR measurement 
method NPR NPR respirometry respirometry respirometry respirometry respirometry

Results

nb of reliable
NPRmax pts used for

optimization
4 7 10 3 13 8 8

reliability  +  ++  +++ + ++++ +++ +++

estimated value d-1 0.163 0.157 0.153 0.15 0.212 0.171 0.139

The tests from series 5 and 6 were achieved at different temperatures from the 
reference temperature (20°C). This choice was adopted for two reasons. The first 
objective was to get ride of any temperature chock by selecting the temperature of the 
plant. The second one concerns the evaluation of the temperature coefficient. Getting
the measurement at high temperature allow the assessment of consistent
comparisons with future tests at wintertime. 
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The test from series 7 was achieved at wintertime in order to evaluate a temperature
coefficient for the autotrophic decay rate. The result was compared to the tests done 
at high temperature (Canéjan1, serie 6 at 21.3°C). It validates very accurately the
temperature coefficient from the literature: ba = 1.029. 

The duration of the test was strongly reduced for the tree last ones. This choice was 
justified by the motivation for intensifying measurements over a short period in order 
to remain as close as possible to the full-scale SRT (long tests increase the SRT and 
the lack of substrate might change the microbiology of the sludge). 

Finally these tests gave reliable results, which are consistent with other studies from
the literature. This entirely justifies the need to not neglect the autotrophic decay rate 
in simulation tasks. 

Discussion

Those tests were the opportunity to meet other issues and to call into question some 
features of the activated sludge models. For instance, in Figure A.III.1, the evolution 
of NOx-N concentration fits well with the theoretical curve for the four first days 
whereas it diverges for the following days: the measurement indicates higher values 
than the predicted ones. This phenomenon was observed for each test. During the 
longest tests, the concentration of measured NOx-N led to an inconsistence with the
maximal theoretical concentration of nitrogen contained in the biomass. This 
paradox should be studied more into details . 

Another phenomenon was very repeatable and not consistent with the available 
models: the maximum nitrification rate disparity over the same day (as illustrated in 
Figure A.III.2). This disparity may not be attributed to the measurements since they 
have been validated with different protocols (respirometric and chemical). 

Finally, microscopic observations during some of these tests allowed counting of 
protozoa species (often considered as actors of the biomass predation). This 
observation must be done during further tests (especially during wintertime tests).
Nevertheless clear tendencies have been already observed for the appearance or the
disappearance of species. 
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Abstract The present study aims at understanding and optimizing the efficiency of denitrification 
in biological nutrient removal activated sludge systems treating municipal wastewater. The 
nitrogen removal performance recorded at 22 intermittently aerated BNR WWTPs was compared 
to results from ASM1 simulations. The reduction of the heterotrophic yield in anoxic conditions 
(YH,anox) to a value of 0.54 gCODproduced/gCODremoved was confirmed, while simulations with the 
default ASM1 value of 0.67 gCODproduced/gCODremoved for any electron acceptor over-predicted 
effluent nitrate. Simulations with the modified ASM1 (dual YH) was then used to determine the 
daily aerobic time limits to meet a nitrogen discharge objective of 10 gN.m-3 to support operational 
optimization. Finally, the relevance of pre-denitrification in front of an intermittently aerated tank 
was studied to support design decisions. The data recorded from full-scale investigations at 
WWTPs operated at F/M ratio lower than the French conventional design value of 
0.10 kgBOD5.(kgMLVSS.d)-1 indicate a contribution of the anoxic zone to nitrogen removal for 
over-aerated plants (aerobic time over 18 h.d-1). For higher F/M ratios, the simulations suggest that 
the anoxic zone has a higher contribution to nitrogen removal whatever the aerobic time.

Introduction
Intermittently aerated activated sludge is the most common process for nitrogen removal from 
French municipal wastewater. When the F/M ratio is lower than 0.10 kgBOD5.(kgMLVSS.d)-1

(conventional French design load for 10°C) and with a sufficient daily aerobic time, the growth of 
nitrifying bacteria occurs. The nitrification rate depends on the operating conditions: nitrogen 
loading rate, sludge age, temperature, ammonium and oxygen concentration (Choubert et al.,
2005).

Due to the ability of most heterotrophic micro-organisms to utilize nitrate as electron acceptor 
in anoxic conditions, intermittently aerated processes can achieve significant nitrate conversion 
into N2 gas (denitrification). This reaction is usually limited by low concentrations of the readily 
biodegradable COD. At 10°C, disparate rates are reported by practitioners (Orhon et al., 1998; 
ATV-DVWK-A_131E, 2000; FNDAE_25, 2002) in the range of 0.5 to 2.0 mgN.(gMLVSS.h)-1. As 
the denitrification rate depends on three main conditions (absence of dissolved oxygen, presence of 
nitrate and readily biodegradable COD), special attention must be paid on the determination of the 
daily anoxic time. Even if the conventional design guidelines of practitioners suggest operating 
windows for the daily aerobic and anoxic times, simulations with the Activated Sludge Model n°1 
(ASM1 (Henze et al., 1987)) can provide more precise operating conditions to meet ammonium and 
nitrate concentration targets in the effluent. 

Recent studies, consisting mainly of specific laboratory experiments or ASM1 sensitivity 
analysis, have shown that some of the default parameters values proposed in ASM1 needed to be 
reconsidered to correctly predict nitrogen removal performances. Concerning the heterotrophic 
biomass, the stoichiometric ratio which determines the proportion of substrate that is utilized for 
the synthesis of new cell (YH) was found to be too high in anoxic conditions. Different studies, using 



specific respirometric batch test protocols applied to various activated sludge, have proposed an 
heterotrophic anoxic yield (YH, anox) of 0.54 gCODproduced/gCODremoved instead of the aerobic value of 
0.67 gCODproduced/g CODremoved (Sozen et al., 1998; Spérandio et al., 1999; Strotmann et al., 1999;
Muller et al., 2003). This modification has been incorporated in ASM3 (Gujer et al., 1999; Henze et 
al., 2000).

When YH = 0.54 gCODproduced/gCODremoved, the yield of nitrate consumption is (1-YH)/2.86 =
0.161 g NO3

--N per gCOD removed, instead of 0.115 gNO3
--N with YH = 0.67 (Muller et al., 2003).

This 40% increase of the nitrate consumption yield leads to lower simulated nitrate concentrations
in the effluent.

Considering that experimental data quantifying the reduction of the heterotrophic yield from
aerobic to anoxic conditions with wastewater are limited (Muller et al., 2003), and generally
measured with batch-tests protocols, investigations were initiated with the data collected at 
intermittently aerated full-scale WWTPs. To validate the reduction of the heterotrophic anoxic
yield, the nitrogen removal performance from 22 full-scale BNR WWTPs were studied with both
nitrogen mass balance and ASM1 simulations.

This work was done for both single aeration tank and pre-denitrification layouts. The practical 
consequences of using the default or reduced YH value in anoxic condition in ASM1 simulations 
were then assessed for both layouts. In a first step, simulations were used to compare the optimum
values of the daily aerobic time for a nitrogen discharge objective of 10 gN.m-3. In a second step, the
performance of both layouts were compared, and the relevance of the pre-denitrification design
was critically assessed for different F/M ratios. 

Methods
Full-scale data 
22 French BNR WWTPs (600 to 65000 PE), conventionally designed for both nitrification and
denitrification at 10°C with intermittent aeration (F/M ratio < 0.10 kgBOD5.(kgMLVSS.d)-1) were 
investigated at low temperature (10  2°C). 

The following parameters were monitored during 2-day campaigns: inflow rates, influent and 
effluent daily average concentrations (BOD5, COD, TKN, NH4

+-N, NO3
--N, TSS, VSS), Dissolved

Oxygen (DO), aerobic time and MLVSS concentration in the aeration tank. The F/M ratios ranged
from 0.03 to 0.07 kgBOD5.(kgMLVSS.d)-1, with corresponding SRT from 20 to 60 days.

Among those 22 WWTPs, 13 have a single aeration tank and 9 include a pre-anoxic zone
containing approximately 20% of the biological sludge volume with a mixed liquor return ratio
about 200%.

Nitrogen mass balance 
The daily average denitrification rate (rx, denit) was calculated from 24-hour nitrogen mass balance.
This calculation was implemented for the WWTPs for which the NO3

--N concentration was above 
1 gNO3

--N.m-3 in the effluent. The calculation is based on the inflow rate and the concentrations
measured in daily flow proportional composite samples (TKN, NH4

+-N, NO3
--N, BOD5) in the 

influent and in the effluent.

Considering that the assimilated nitrogen flux ( ) represents 5 % of the removed BOD5 flux,

the amount of nitrogen denitrified ( ) during a 24-hour period is obtained from the influent

and effluent TKN loads ( , ), and from the influent and effluent nitrate loads

( , ): . The daily average
denitrification rate (r

outNO3 ddenitrifie  = inTKN - outTKN - Ass + inNO3 - outNO3

x, denit expressed in mgN.(gMLVSS.h)-1) defined by Equation 1 is deduced by

dividing  (kgN.d-1) by the anoxic time (= 24h - aerobic time), the volume of the biological
tanks (V), and the mixed liquor concentration in biological tank (MLVSS):

(Equation 1) 
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With:

: nitrogen mass (kg N.d-1)
V: total volume of biological tanks (m3);
Daerobic: daily aerobic time (h.d-1);
MLVSS: mixed liquor concentration in biological tank (kgMLVSS.m-3)

Note that this equation gives the average denitrification rate over the whole biological stage,
whether it consists of one or two tanks.

Considering the anoxic time as “24 - Daerobic” when the average daily nitrate concentration is
above 1 gNO3

--N.m-3 can lead to an under-estimation of the denitrification rate by including some
anaerobic time (NO3

--N concentration = 0) into the anoxic periods. When the aerobic time (Daerobic)
is lower than 13 h.d-1, an over-estimation of Danoxic by 5%, induces an error on the denitrification
rate (rx, denit) lower than 5%. For Daerobic > 15 h.d-1, the nitrate concentration in the effluent is 
generally higher than 5 gN.m-3, preventing from anaerobic conditions to occur during non-aerated
periods. For Daerobic in the range 13 to 15 h.d-1, the error on the denitrification rate (rx, denit) is lower 
than 10%. 

Modelling and Simulations
The modification of ASM1 for implementing a reduced value of YH under anoxic conditions 
consisted in substituting the aerobic YH yield in the anoxic growth equation of heterotrophs by a 
new parameter YH,anoxic = 0.54 gCODproduced/gCODremoved. The default value (YH,aer = 0.67
gCODproduced/gCODremoved) was still used for aerobic conditions. 

Simulations were carried out on the two following layouts (Single aeration tank and Pre-
denitrification layouts) with a 10-layer non-reactive settling model (Takacs et al., 1991) for the
clarifier.

(i) Single aeration tank layout: (ii) Pre-denitrification layout:

For each layout, simulations were carried out with both the original ASM1 matrix (Henze et al.,
1987) with single YH and the modified ASM1 matrix with dual YH.

The design of each virtual layout was chosen to respect the conventional design F/M ratio below
0.1 kgBOD5.(kgMLVSS.d)-1. The biological tank volume was the same in both configurations. In the 
case of the pre-denitrification layout, the anoxic zone represented 20% of the total biological
volume, with a mixed liquor return ratio of 200%. 

For both layouts, and both YH values, the daily average effluent nitrogen concentrations were
simulated at pseudo-steady state (“true” steady state followed by 15 days with intermittent
aeration) for different daily aerobic times in the range of 9 to 24 hours a day. During the aeration
phases, the oxygen supply was controlled with a DO set point of 2.4 gO2.m-3 (conventional
operational value).

The simulations were carried out on the two layouts with both original (single YH) and modified
(dual YH) ASM1 matrix at three F/M ratios (see Table 1): 

- F/M = 0.03 (run 1) and 0.07 (run 2) kgBOD5.(kgMLVSS.d)-1 changing the sludge
concentration through wastage (5.6 and 2.4 kgMLTSS.m-3 respectively) while the influent
load were kept constant; Corresponding to the lowest and highest F/M ratios in the group of
surveyed plants, run 1 and run 2 aim at comparing the simulated effluent concentrations of 
both layouts with those measured on site to validate the modification of YH;

- F/M = 0.15 kgBOD5.(kgMLVSS.d)-1 (run 3) at 4.2 kgMLTSS.m-3 increasing the influent load;
Run 3 aims at comparing the simulated performance of both layouts at a F/M ratio 50% 
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higher than the conventional design guideline to assess the relevance of pre-denitrification 
layout in a range where no full-scale data are available. 

Table 1: Simulated operational conditions 

Unit run 1 run 2 run 3 
F/M kgBOD5.(kgMLVSS.d)-1 0.03 0.07 0.15

MLTSS kg.m-3 5.6 2.4 4.2
SRT d 68 26 11

The kinetic parameters used in the simulations at 10°C are presented in Table 2. This set of 
values is considered as typical for French municipal WWTPs. It combines the set proposed by 
Marquot (2005) from a long-term on-site calibration with the unified maximum growth and decay 
rates for autotrophic biomass suggested by Choubert (2005). 

Table 2: Parameter values at 10°C used in the simulations 

Parameter Unit Value
Paramete

r
Unit Value 

YA gXBA.gNnit-1 0.24 bH d-1 0.47 
YH gXBH.gCOD-1 0.67 g - 0.80 

YHanox gXBH.gCOD-1 0.54 h - 0.40 
fp - 0.08 kh gXs.gXBH

-1.d-1 1.5
iXB gN.gCOD-1 0.086 Kx gXs.gXBH

-1 0.03 
iXP gN.gCOD-1 0.060 µa d-1 0.45 
µH d-1 3.0 KNH gNH4

+-N.m-3 0.10
Ks gCOD.m-3 20.0 KO,A gO2.m-3 0.20 

KO,H gO2.m-3 0.05 ka m3.gCOD-1.d-1 0.04 
KNO gNO3

--N.m-3 0.10 bA d-1 0.13

Typical concentrations and fractionations of domestic wastewater were used for the simulations 
(Table 3). These values are 5 to 10 % different from the average concentrations calculated from the 
investigations on the 22 full-scale WWTPs. 

Table 3: Influent characteristics used for the simulations 

Parameter Unit Simulation value Measured value  
(Full-scale data ; 22 

WWTPs) 

COD gO2.m-3
500

Ss = 20% ; Xs = 59% ;  
Si = 4% ; Xi = 17%

500  180 

BOD5 gO2.m-3 200 220  100 
TKN gN.m-3 41.6 43  14 

NH4
+-N gN.m-3 29.6 28  12 



Results and Discussion
The effluent nitrogen concentrations database from the 22 WWTPs was analysed with nitrogen
mass balance (Equation 1) and compared to ASM1 simulations for the two configurations (single 
aeration tank and pre-denitrification layouts). The reduction of the heterotrophic anoxic yield in 
anoxic conditions was validated. Then, the contribution of the anoxic zone to denitrification was 
evaluated under higher loading rate conditions (F/M = 0.15). For the two configurations, the 
operational aerobic time windows leading to a given nitrogen concentration in the effluent were
compared.

Validation of YH,anox on full-scale data with single aeration tank
Figure 1 presents the nitrogen concentrations in the effluent versus the aerobic time for the 

13 single aeration tank WWTPs at 10°C for F/M ratios ranging from 0.03 to
0.07 kgBOD5.(kgMLVSS.d)-1. Simulated concentrations obtained with (i) the original ASM1 (single 
YH), and (ii) the modified ASM1 (dual anoxic/aerobic YH) are presented.

Figure 1: Observed and simulated nitrogen concentrations in the effluent VS aerobic time (single aeration tank, 10°C) 

The simulated NH4
+-N effluent concentrations are in good agreement with the observed values.

Note that at F/M ratio = 0.07 kgBOD5.(kgMLVSS.d)-1, a minimum daily aerobic time of 11 h.d-1 is 
necessary to maintain the NH4

+-N concentration in the effluent lower than 2 gN.m-3, whereas at
F/M ratio = 0.03 kgBOD5.(kgMLVSS.d)-1, the minimum daily aerobic time is close to 9 h.d-1.

For daily aerobic time lower than 12 h.d-1, the simulated nitrate concentrations fit to
measurements for both YH values because the nitrate concentration is limiting (< 2 g NO3

--N.m-3).
When the daily aerobic time is higher than 12 h.d-1, the simulated nitrate concentrations with a
single YH are higher than the observed values. The use of the modified ASM1 (anoxic/aerobic YH)
leads to lower simulated nitrate concentrations (approximately 10 gN.m-3 at 16 h.d-1) which is in far
better agreement with measured values. Negligible difference have been observed between
simulated nitrates concentrations at F/M ratios = 0.03 and 0.07 kgBOD5.(kgMLVSS.d)-1, that is 
why it was chosen to draw a single curve for both F/M ratios, with single and dual YH.

From the NH4
+-N concentrations obtained with F/M ratio = 0.07 kgBOD5.(kgMLVSS.d)-1

(Figure 1), it can be concluded that any daily aerobic time in the range of 11 to 18 h.d-1 (7 hour-
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window) is adequate to maintain both the sum of NH4
+-N and NO3

--N concentrations below
10 gN.m-3, and NH4

+-N concentrations below 2 gN.m-3, in the effluent. The simulated results
obtained with the single YH lead to a tighter range from 11 h.d-1 to 15 h.d-1 (4 hour-window). 

For a F/M ratio of 0.03 kgBOD5.(kgMLVSS.d)-1, any daily aerobic time in the range 9 to 18 h.d-1

(9 hour-window) is adequate to maintain both the sum of NH4
+-N and NO3

--N concentrations
below 10 gN.m-3, and NH4

+-N concentrations below 2 gN.m-3, in the effluent. The simulated results
obtained with the single YH lead to a tighter range from 9 h.d-1 to 15 h.d-1 (6 hour-window).

Contribution of the anoxic zone to denitrification
To estimate the contribution of an anoxic zone to denitrification, the NO3

--N and NH4
+-N

concentrations measured in the effluent of WWTPs including a pre-denitrification tank were 
studied as a function of the daily aerobic time in the aeration tank (see Figure 2). 

For a F/M ratio of 0.07 kgBOD5.(kgMLVSS.d)-1, the sum of NH4
+-N concentrations and NO3

--N
concentrations can be maintained below 10 gN.m-3 in the effluent with NH4

+-N below 2 gN.m-3, for
any aerobic time in the range of 13 h.d-1 to 24 h.d-1 (11 hour-window). An aerobic time range of 11 to
24 h.d-1 (13 hour-window) is possible for a F/M ratio of 0.03 kgBOD5.(kgMLVSS.d)-1. These
“windows” are 4-hour larger than the one determined for the single aeration tank configuration: for
aerobic time over 18 h.d-1, the pre-denitrification layout allows lower nitrate concentrations than
the ones obtained with the single aeration tank configuration. But at such low F/M ratios, no more
ammonium can be nitrified since its concentration in the effluent is below 1 gN.m-3.

Figure 2: Observed and simulated N-conc. in the effluent 
versus aerobic time (pre-denitrification layout, 10°C) 

Figure 3: Average denitrification rate versus F/M 
ratio for both configurations (single aeration tank & 

pre-denitrification layouts) 

The daily average denitrification rates calculated from the mass balance on the overall biological
stage (Equation 1) are presented in Figure 3 versus F/M ratio for both single aeration tank and pre-
denitrification layouts. Almost similar denitrification rates were observed for both layouts: 0.4-
0.5 mgN.(gMLVSS.h)-1 at F/M ratio around 0.02 kgBOD5.(kgMLVSS.d)-1; and 0.7-
0.8mg N.(gMLVSS.h)-1 at F/M ratio around 0.06 kgBOD5.(kgMLVSS.d)-1. Low concentrations of 
readily biodegradable COD can be responsible for the values observed at these F/M ratios, inducing 
the limitation of the denitrification rates to quite similar values.

As the pre-denitrification layout was shown to provide more flexible aerobic time “window” at
F/M ratios lower than 0.10 kgBOD5.(kgMLVSS.d)-1, without being able to use this extra aerobic
conditions to increase nitrification capacity, its contribution was then investigated for a F/M ratio
50% higher than the conventional design guideline. The nitrogen concentrations simulated for both
plant configurations with the modified ASM1 (anoxic/aerobic YH) at F/M ratio = 0.15
kgBOD5.(kgMLVSS.d)-1 and different aerobic time are presented in Figure 4.
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Figure 4: Simulated nitrogen concentrations in the effluent at 10°C VS aerobic time for F/M ratio of 
0.15 kgBOD5.(kgMLVSS.d)-1

At F/M ratio = 0.15 kgBOD5.(kgMLVSS.d)-1, simulations show (Figure 4) that a NH4
+-N

concentration lower than 2 gN.m-3 can be reached at 10°C when the aerobic time is higher than
14 h.d-1 for the single tank layout and 17 h.d-1 for the pre-denitrification tank layout. These values
are 30% higher than the ones obtained (11 and 13 h.d-1 respectively) for a F/M of 0.07
kgBOD5.(kgMLVSS.d)-1.

Assuming that no denitrification occurs in the clarifier (non-reactive settling model), the sum of 
the effluent NH4

+-N and NO3
--N concentrations can be maintained below 10 gN.m-3 when the daily

aerobic time is in the range of 14 h.d-1 to 15.5 h.d-1 (1.5 hour-window) for the single aeration tank 
configuration; and in the range of 17 h.d-1 to 22 h.d-1 (5 hour-window) for the pre-denitrification
tank configuration. Even if the minimum daily aerobic time is higher for the pre-denitrification
configuration due to a 20%-lower aerobic SRT, the optimal aerobic time window is 3.5 hours larger
than the one determined for the single aeration tank configuration, giving more operational 
flexibility, to nitrify and denitrify. The simulated denitrification rate is now higher in the 
configuration with anoxic zone at 2.0 mg N.(gMLVSS.h)-1 versus 0.8-1.0 mgN.(gMLVSS.h)-1 for the 
single aeration tank configuration. According to simulations, the amounts of oxygen required are
the same for the two configurations. The difference consists of the repartition of air supply in time
and space.

These observations suggest that the contribution of the anoxic zone to nitrate removal becomes
more significant at high F/M ratio, providing more efficient denitrification kinetic capacities, while
the extra aerobic time can be effectively used for nitrification.

Conclusions
This study confirms with full-scale data that a reduced value for YH in anoxic conditions should be
used to properly simulate the effluent nitrate concentrations, particularly in over-aerated plants.

Once this modification is implemented in ASM1, simulations allow to determine the optimal
daily aerobic time range to maintain both NH4

+-N concentrations below 2 gN.m-3, and the sum of 
NH4

+-N and NO3
--N concentrations below 10 gN.m-3 (nitrogen discharge objective). For F/M =

0.07 kgBOD5.(kgMLVSS.d)-1, a daily aerobic time in the range of 11 to 18 h.d-1 was shown efficient
for the single tank layout, whereas a range from 13 to 24 h.d-1 was obtained for the pre-
denitrification tank layout. For F/M = 0.03 kgBOD5.(kgMLVSS.d)-1, the daily aerobic time
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“window” is 9 to 18 h.d-1 for the single tank layout, and 11 to 24 h.d-1 for the pre-denitrification tank 
layout. As the ammonium concentrations remains below 1 gN.m-3 for the 4-hour extra aerobic time, 
it is concluded that a pre-anoxic zone only improve the nitrogen removal efficiency for over-aerated 
WWTPs (aerobic time over 18 h.d-1). Beside, the overall average denitrification rates are very 
similar for both configurations (with or without an anoxic zone): 0.4-0.5 mgN.(gMLVSS.h)-1 at F/M 
ratio around 0.02 kgBOD5.(kgMLVSS.d)-1; and 0.7-0.8mg N.(gMLVSS.h)-1 at F/M ratio around 
0.06 kgBOD5.(kgMLVSS.d)-1.

When the F/M is 50% higher than the conventional design load (0.15 kgBOD5.(kgMLVSS.d)-1),
the contribution of the anoxic zone to the denitrification process appears more significant, leading 
to higher denitrification kinetic capacities, and improving the use of the extra aerobic time for 
nitrification. The optimum daily aerobic time is in the range of 17 to 22 h.d-1, that is a 3.5 hour-
higher but also wider window than for the single aeration tank configuration (14 to 15.5 h.d-1).
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Appendix VII.
Concentrations and loads for Advanced Scenarios 

Dry
weather

Ratio
DW/WW

Wet
Weather

Average
week

Day/Week 5 2 7

Flow
Domestic m3/d 750 1.00 750
Industrial m3/d 30 1.00 30
Infiltration m3/d 250 1.00 250
Rain m3/d 0 1 560 

m3/d 1 030 2.51 2 590 1 476 
Qm

m3/h 43 2.51 108 61
Cp 2.13 1.00
Qp m3/h 91.3 1.18 107.9

Loads
COD kg/d 760.0 1.80 1 368.0 933.7
BOD5 kg/d 330.0 1.50 495.0 377.1
MES kg/d 309.0 2.20 679.8 414.9
MVS kg/d 256.5 1.80 461.6 315.1
MMS kg/d 52.5 4.15 218.2 99.9
TKN kg/d 77.0 1.30 100.1 83.6
N-NH4 kg/d 57.8 1.10 63.5 59.4
P kg/d 15.0 1.30 19.5 16.3

Concentrations
COD mg/L 737.9 0.72 528.2 632.7
BOD5 mg/L 320.4 0.60 191.1 255.6
MES mg/L 300.0 0.87 262.5 281.2
MVS mg/L 249.0 0.72 178.2 213.5
MMS mg/L 51.0 1.65 84.2 67.7
TKN mg/L 74.8 0.52 38.6 56.7
N-NH4 mg/L 56.1 0.44 24.5 40.3
P mg/L 14.6 0.52 7.5 11.0

Ratios
MVS/MES 0.83 0.82 0.68 0.76
COD/BOD5 2.30 1.20 2.76 2.48
COD/MES 2.46 0.82 2.01 2.25
COD/MVS 2.96 1.00 2.96 2.96
COD/TKN 9.87 1.38 13.67 11.17
Norg/COD 0.03 1.06 0.03 0.03
NH4/TKN 0.75 0.85 0.63 0.71
TKN/BOD5 x100 23.33 0.87 20.22 22.17
COD/P 50.7 1.38 70.2 57.3
P/BOD5 x100 4.55 0.87 3.94 4.32

COD fractionation ratios
Si/COD % 4.0% 1.00 4.0% 4.0%
Ss/COD % 20.0% 1.00 20.0% 20.0%
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Xi/COD % 17.0% 1.00 17.0% 17.0%
Xbh/COD % 0.0% 0.0% 0.0%
Xs/COD % 59.0% 1.00 59.0% 59.0%

COD biodegradable % 79.0% 1.00 79.0% 79.0%
COD inert % 21.0% 1.00 21.0% 21.0%

COD "soluble" % 24.0% 1.00 24.0% 24.0%
COD "particulate" % 76.0% 1.00 76.0% 76.0%

fbod=BOD5/BODu 0.550 0.83 0.458 0.511
icv=CODp/MVS 2.252 1.00 2.252 2.252

COD fractions flux 
Si kg/d 30 1.80 55 37.3
Ss kg/d 152 1.80 274 186.7
Xi kg/d 129 1.80 233 158.7
Xbh kg/d 0 0 0.0
Xs kg/d 448 1.80 807 550.9

COD fractions concentrations
Si mg/L 30 0.72 21 25
Ss mg/L 148 0.72 106 127
Xi mg/L 125 0.72 90 108
Xbh mg/L 0 0 0
Xs mg/L 435 0.72 312 373

N/COD fractionation ratios 
Sni/Si 0.030 1.00 0.030 0.030
Xni/Xi 0.020 1.00 0.020 0.020
Xnd/Xs 0.025 1.00 0.025 0.025

N fraction flux 
Snh kgN/d 57.8 1.10 63.5 59.4
Sni kgN/d 0.9 1.80 1.6 1.1
Snd kgN/d 4.5 2.22 10.1 6.1
Xni kgN/d 2.6 1.80 4.7 3.2
Xnd kgN/d 11.2 1.80 20.2 13.8

N fractions concentrations
Snh mg/L 56.1 0.44 24.5 40.3
Sni mg/L 0.9 0.72 0.6 0.8
Snd mg/L 4.4 0.88 3.9 4.2
Xni mg/L 2.5 0.72 1.8 2.2
Xnd mg/L 10.9 0.72 7.8 9.3

TKN Fractionation ratios
Snh/TKN % 75% 0.85 63% 71%
Sni/TKN % 1% 1.38 2% 1%
Snd/TKN % 6% 1.71 10% 7%
Xni/TKN % 3% 1.38 5% 4%
Xnd/TKN % 15% 1.38 20% 16%

TKN “ammonifiable”% 95% 0.98 94% 95%
TKN inert % 5% 1.38 6% 5%
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Appendix IX. Combined wet and dry results for Advanced Scenarios at 10°C 
Single Tank (AT) Anoxic Zone (AZ) + Aeration tank (AT) 

5d Dry Weather 2d Wet Weather 5d Dry Weather 2d Wet Weather 

         CDG Model CDG Model CDG Model CGD Model

MLSS

TSS Aeration tank g/L          4.0 4.1 4.2 4.1 4.0 4.1 4.2 4.1

%VSS           % 70% 73% 70% 72% 70% 73% 70% 72%

VSS          g/L 2.80 2.94 2.94 2.94 2.80 2.96 2.94 2.97

kgTSS 5 200 5 269 5 460 5 317 5 200 5 311 5 460 5 407 Sludge Mass in 
biological tanks 

kgVSS 3 640 3 825 3 822 3 823 3 640 3 856 3 822 3 880 

Sludge mass in clarif kgTSS 0 460 0 810 0 463 0 848 

Total sludge mass kgTSS 5 200 5 729 5 460 6 127 5 200 5 774 5 460 6 255 

kgTSS/d 268 245 493 507 268 228 493 363

kgVSS/d          188 178 345 365 188 165 345 260Sludge wastage 

kgMMS/d       81 67 148 142  81 62 148 103

Cm           kgDBO5/kgVSS.d 0.091 0.086 0.130 0.130 0.091 0.086 0.130 0.128

SRT classic d 19.4 23.4 11.1 12.1 19.4 25.4 11.1 17.2

SRT dynamic d 17.1 16.2 17.2 16.6 

Xbh mgCOD/L 1 455 1 462 1 466 1 547 

Nitrification kinetics 

N to be nitrified kg/d 57.0 70.0 57.0 70.0

NPRmax mgN/L/h 3.8 3.3 4.3 3.7

NPRsp mgN/gVSS/h 1.3 1.1 1.4 1.2

NPRaverage           mgN/L/h 3.8 3.5 5.0 3.0 4.2 3.7 5.6 3.1

Xba mgCOD/L 57.2 49.6 63.6 55.3

Denitrificaiton kinetics 

N to be denitrified kg/j 51.9 57.1 50.8 49.3

HRT AZ h      1:00 1:00 1:00 1:00

Q MLSSrecirc m3/hr 115.1 4.2

Rate MLSSrecirc %       268% 4%



O2 recirc with ML kgO2/j 4.1 0.1

NOx recirc with ML kgN/j 20.1 0.2

NOx recirc with RAS kgN/j 11.0 4.9 

Ss average ZA mg/L 8.9 48.9

DNRaverage AZ mgN/L/h      5.2 5.0 5.4 1.0

SS AT mg/L 4.7 7.8 4.3 7.3

DNRaveratge AT mgN/L/h 4.2 to 4.6 5.5 4.5 to 8.4 7.1 4.2 5.0 4.4 6.7

Aeration

On time h/d 11.8 11.9 15.8 15.9

mini (h/d) 11.5 14.2 12.4 15.3Oxygen presence 
time maxi (h/d) 14.5

12.7
14.2

12.6
  18.4

16.9 
17.9

16.7

Off time h/d 12.2 12.1 8.2 8.1

mini (h/d) 9.5 9.8 5.6 6.1
Anoxic time 

maxi (h/d) 12.5
11.3

9.8
11.4

  11.6
7.2

8.7
7.3

Effluent

TSS mg/L 9.1 17.9 9.1 18.0

COD mg/L 43.4 48.8 43.0 48.4

CODf mg/L 33.6 29.7 33.3 29.3

BOD5 mg/L 4.2 7.9 4.1 7.7

TKN mg/L 11.1 5.5 5.1 4.2

TKNf mg/L 10.5 4.2 4.4 2.9

NH4-N mg/L 0 to 1 8.4 0 to 1 2.4 0 to 1 2.3 0 to 1 0.9

NOx-N           mg/L 5.0 2.4 5.0 1.1 6.0 7.2 8.0 1.9

TN mg/L 13.5 6.6 12.2 6.1



Appendix IX. Combined wet and dry results for Advanced Scenarios at 10°C 
Single Tank (AT) Anoxic Zone (AZ) + Aeration tank (AT) 

5d Dry Weather 2d Wet Weather 5d Dry Weather 2d Wet Weather 

         CDG Model CDG Model CDG Model CGD Model

MLSS

TSS Aeration tank g/L 4.0         3.8 4.2 3.9 4.0 4.0 4.2 4.1
%VSS           % 70% 71% 70% 70% 70% 71% 70% 70%
VSS           g/L 2.80 2.74 2.94 2.72 2.80 2.84 2.94 2.85

kgTSS 5 200 4 988 5 460 5 031 5 200 5 203 5 460 5 307 Sludge Mass in 
biological tanks 

kgVSS 3 640 3 556 3 822 3 537 3 640 3 699 3 822 3 726 
Sludge mass in clarif kgTSS 0         438 0 723 0 454 0 819
Total sludge mass kgTSS 5 200 5 426 5 460 5 754 5 200 5 657 5 460 6 126 

kgTSS/d 268         238 493 479 268 221 493 332
kgVSS/d 188         170 345 337 188 157 345 233Sludge wastage 

kgMMS/d 81         68 148 142 81 64 148 99
Cm          kgDBO5/kgVSS.d 0.091 0.093 0.130 0.140 0.091 0.089 0.130 0.133
SRT classic d 19.4         22.8 11.1 12.0 19.4 25.6 11.1 18.5
SRT dynamic d          17.0 16.0 17.7 17.2
Xbh  mgCOD/L 1 152 1 316 1 174 1 363 

         
Nitrification kinetics          
N to be nitrified kg/d 57.0         70.0 57.0 70.0
NPRmax           mgN/L/h 7.7 6.6 8.0 7.0
NPRsp          mgN/gVSS/h 2.8 2.4 2.8 2.4
NPRaverage           mgN/L/h 6.8 6.4 8.9 5.4 7.6 6.2 10.0 5.3
Xba           mgCOD/L 55.5 47.5 57.5 50.1

         
Denitrificaiton kinetics          
N to be denitrified kg/j 51.9         57.1 50.8 49.3
HRT AZ h      1:00 1:00 1:00 1:00
Q MLSSrecirc m3/hr      115.1 4.2
Rate MLSSrecirc %      268% 4%



O2 recirc with ML kgO2/j      3.8 0.1

NOx recirc with ML kgN/j      20.4 0.2

NOx recirc with RAS kgN/j      11.6 5.2

Ss average ZA mg/L      7.6 46.8
DNRaverage AZ mgN/L/h      8.4 5.6 8.8 1.0
SS AT mg/L          2.7 4.4 2.6 4.1
DNRaveratge AT mgN/L/h 4.2 to4.6 3.9 4.5 to 8.4 6.7      4.2 3.0 4.4 7.0

         
Aeration          
On time h/d          11.8 11.9 15.9 15.9

mini (h/d) 6.4 7.9 6.9 8.5Oxygen presence 
time maxi (h/d) 14.5

13.0
14.2

12.7
  18.4

17.0
17.9

16.7

Off time h/d          12.2 12.1 8.2 8.1
mini (h/d) 9.5 9.8 5.6 6.1

Anoxic time 
maxi (h/d) 17.6

11.0
16.1

11.3
  17.1

7.0
15.5

7.3

         
Effluent          
TSS           mg/L 9.0 17.8 9.1 18.0
COD           mg/L 41.2 44.8 41.1 44.8
CODf           mg/L 31.8 26.3 31.6 26.1
BOD5           mg/L 2.9 5.5 2.8 5.3
TKN           mg/L 3.3 3.7 2.9 3.4
TKNf           mg/L 2.7 2.5 2.3 2.1
NH4-N  mg/L 0 to 1 1.0 0 to 1 1.0 0 to 1 0.6 0 to 1 0.6
NOx-N           mg/L 5.0 8.9 5.0 1.5 6.0 7.6 8.0 2.3
TN           mg/L 12.2 5.2 10.5 5.7





Appendix X.
Steady state result for Advanced Scenario at 10°C 

Single Tank (AT) Anoxic Zone + AT 
5d Dry Weather 2d Wet Weather 

Model Model

MLSS

TSS Aeration tank g/L 4.2 4.2
%VSS % 78% 69%
VSS g/L 3.29 2.93

kgTSS 5 492 4 549 Sludge Mass in 
biological tanks

kgVSS 4 272 943
Sludge mass in clarif kgTSS 481 480
Total sludge mass kgTSS 5 973 5 971 

kgTSS/d 228 219
kgVSS/d 177 152Sludge wastage

kgMMS/d 51 67
Cm kgDBO5/kgVSS.d 0.077 0.087
SRT classic d 26.2 27.230
SRT dynamic d 25.1 26.1
Xbh mgCOD/L 1 243 913

Nitrification kinetics 

NPRmax mgN/L/h 5.2 3.1
NPRsp mgN/gVSS/h 1.6 1.4
Xba mgCOD/L 65.9 46.3

Denitrificaiton kinetics 

N to be denitrified kg/j 0.04
HRT AZ h 2.76
Q MLSSrecirc m3/hr

Rate MLSSrecirc % 6.44

O2 recirc with ML kgO2/j 3.98

NOx recirc with ML kgN/j 2.15

NOx recirc with RAS kgN/j 0.03

Ss average ZA mg/L 0.42
DNRaverage AZ mgN/L/h 6.59
SS AT mg/L 5.1 5.51
DNRaveratge AT mgN/L/h 0.49
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Aeration

On time h/d 11.9 14.0
Oxygen presence
time

h/d 12.9 15.7

Off time h/d 12.1 10.0

Anoxic time h/d 11.1 8.3

Effluent

TSS mg/L 8.2 8.2
COD mg/L 44.1 43.5
CODf mg/L 34.7 35.1
BOD5 mg/L 4.0 4.0
TKN mg/L 4.6 4.1
TKNf mg/L 4.0 3.6
NH4-N mg/L 1.9 1.5
NOx-N mg/L 1.8 1.6
TN mg/L 6.4 5.7
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Appendix XI. 
System sensitivity to ASM1 parameters results in 
Advanced Scenarios 

Figure A.XI.1. Layout1 (Single aeration tank) 
Xnd Xs Xu Xbh Ss Snh Snd Sno Xba VSS TSS Xi ratioaer So Si

yh 89% 231% 228% -74% 114% 123% 88% 15.95
kh -211% -211% 9.08
bh 107% 102% -79% 131% 112% 5.88
kx 123% 124% 3.09

mua -148% 2.20
ixbn 96% 90% 1.78
bA 106% -70% 1.63

muh -117% 1.37
eta h -111% 1.30
Ksh 102% 1.05
Knh 100% 1.00
ka -101% 1.03
ya 99% 0.99
fu 92% 0.98

eta g 0.14
ixun 0.06
Koh 0.04
Koa 0.02
Kno 0.02

8.87 7.22 6.23 5.84 4.43 4.38 3.72 2.79 1.72 1.57 0.80 0.01 0.01 0.01 0.00 0.00

Pa
ra

m
et

er
s

Figure A.XI.2. Layout1 (Anoxic zone plus aeration tank) 
Xnd Xs Xu Xbh Snh Ss Snd Xba VSS TSS Sno Xi So ratioaer Si

yh 90% 226% 228% 119% 84% 14.03
kh -198% -200% 8.02
bh 100% 96% -79% 121% 103% 5.16
kx 113% 113% 2.55

mua -159% 2.55
ixbn 95% 92% 1.91
bA 113% -70% 1.79

muh -116% 1.36
Ksh 101% 1.03
Knh 100% 1.01
ya 99% 0.98
ka -98% 0.97
fu 87% 0.87

eta h -64% 0.51
eta g 0.05
ixun 0.03
Koh 0.03
Koa 0.02
Kno 0.00

7.98 6.36 5.90 5.83 4.87 4.02 3.16 1.72 1.50 0.75 0.75 0.02 0.01 0.00 0.00 0.00

A
SM

1 
pa

ra
m

et
er

s
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Appendix XII. 
System sensitivity to operation parameters results in 
Advanced Scenarios 

Figure A.XII.1. Layout1 (Single aeration tank) 
Sno Xs Xnd Xi Xu Xba VSS TSS Xbh Si Snh Ss Snd ratioae So

Snh 327% 93% 11.79
Xs -235% 132% 112% 76% 74% 10.07
Q 121% 121% 94% 93% 95% 95% 95% 98% 8.38

Qextb -94% -115% -76% -82% -95% 4.74
Xi 104% 1.44
Ss -102% 1.37
Si 100% 1.00

Xnd 69% 0.55
Snd 0.11

17.87 3.33 2.87 2.85 2.82 1.99 1.91 1.79 1.62 1.00 0.90 0.25 0.16 0.07 0.01 0.00

Pa
ra

m
et

er
s

Figure A.XII.2. Layout1 (Anoxic zone plus aeration tank)
Sno Xs Xu Xi Xnd Xba VSS TSS Xbh Si Ss Snh Snd ratioae So

Q 126% 89% 91% 123% 95% 93% 92% 98% 8.67
Xs -134% 122% 71% 97% 74% 5.67

Qextb -118% -97% -78% -84% -95% 4.94
Snh 194% 93% 4.80
Xi 93% 1.11
Si 100% 1.00
Ss 0.56

Xnd 0.27
Snd 0.06

6.32 3.22 2.76 2.63 2.60 2.00 1.80 1.70 1.63 1.00 0.90 0.29 0.19 0.03 0.01 0.00

Pa
ra

m
et

er
s
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