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Abstract 

Constructed wetlands for combined sewer overflow treatment (CSO CWs) are vertical flow 

filters in France. They effectively remove pollutants and mitigate hydraulic peaks, which protects 

natural waters. They receive unsettled flows with stochastic return periods, volumes and 

concentrations, making design optimization difficult. In the presented work, design is targeted from 

two sides. First, the scientific basis is laid down for the design-support software Orage. The tool is 

model-based and as such, it considers the stochasticity of CSOs site-specifically. Its core model has 

been calibrated and then verified by a range of tests. Simulations fit to measured data from a full-

scale CSO site (Marcy l’Etoile). The goodness of fit is evaluated visually and statistically. Model 

robustness has been confirmed by a sensitivity analysis (Morris method). After this, the iterative 

shell has been parameterized and tested (the software element doing automatic optimization). The 

design proposals of the tool have been found realistic. The other approach to target optimization has 

been a detailed field research at Marcy l’Etoile. The site at Marcy l’Etoile has been monitored for 

three years, using automatic samplers and online probes. The filling of the porous media at event 

start proves and explains short-circuiting behaviour. Adsorption capacities have been quantified for 

pozzolana and a sand and zeolite mixture. A temperature-dependent equation is calibrated to 

calculate nitrification rate. System efficiency is high for target pollutants (TSS, COD, NH4-N). 

Design, operational and environmental factors have been analysed to seek potential effects on 

removal performance and sludge accumulation. Additionally, PAHs and metals are indicated for a 

few selected events. The field results were essential to calibrate Orage and to see options for design 

improvements. The understanding of CSO CWs and the development of Orage was promoted also 

by simulating lab-scale columns using the process-based model package HYDRUS / CW2D. 

 

Keywords: constructed wetland, combined sewer overflow, Orage, design-support modelling, 

dynamic design, CW2D, stormwater treatment 
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Résumé 

En France les filtres plantés à écoulement vertical sont utilisés pour le traitement des surverses 

de déversoir d’orage (CSO en anglais). Ils sont efficaces pour le traitement des polluants ainsi que 

pour assurer un rôle de tampon hydraulique permettant de protéger les milieux hydriques 

superficiels. Ils ont la particularité de recevoir des effluents bruts dont la fréquence, l’intensité, la 

durée et les concentrations sont stochastiques. En conséquence de quoi l’optimisation du 

dimensionnement est particulièrement délicate. Dans ce travail, le dimensionnement est abordé 

suivant deux approches. D’une part en définissant les processus clefs pour une optimisation du 

dimensionnement et, d’autre part,  en construisant un modèle dynamique simplifié (Orage) 

permettant de prendre en compte, sur le long terme, le caractère stochastique des évènements et les 

contraintes locales.  Le cœur du modèle a été calibré et validé sur une large gamme d’évènements 

mesurées sur un site en taille réelle (site de Marcy l’Etoile). La qualité de la calibration a été validé 

aussi bien visuellement que statistiquement et la robustesse du modèle étudiée par une  analyse de 

sensibilité (méthode de Morris). L’optimisation automatique du dimensionnement a nécessité la 

réalisation d’une boucle itérative également paramétrée et testée dans le cadre du site de Marcy 

l’Etoile et pour des cas théoriques. Les dimensionnements proposés ont été estimés réalistes.  La 

définition des processus clefs du système de traitement, et le développement du modèle simplifié, a 

également été possible grâce à la simulation d’expérimentations sur colonnes par un modèle 

mécaniste (HYDRUS / CW2D). La paramétrisation des processus du modèle simplifié a été réalisée 

sur la base d’expérimentations détaillées sur le site de Marcy l’Etoile. Le site a été suivi pendant 

trois ans aussi bien par des prélèvements automatiques, des traçages, que des mesures en lignes 

(hydraulique, azote, teneur en eau). Parmi les processus calibrés, nous retiendrons i) l’importance 

du niveau de saturation de la base du filtre au début d’un évènement vis-à-vis des court circuits 

hydrauliques, ii) la définition des capacités d’adsorption de l’azote ammoniacale de différents 

matériaux (pouzzolane, mélange de sable et de zéolite) et iii), la définition des cinétiques de 

nitrification suivant la température et quantité d’azote ammoniacal adsorbé. Si les performances de 

l’ouvrage sont hautes pour les paramètres majeurs (MES, DCO, N-NH4), l’impact du 

dimensionnement, de la gestion et des facteurs environnementaux sur les performances et 

l’accumulation de boue a été étudié. De plus, quelques suivis ont été réalisés sur les métaux et les 

HAP. Ces mesures ont permis non seulement de calibrer le logiciel Orage mais aussi de proposer 

des modifications pour l’amélioration du dimensionnement.  

Mots clés: Filtres plantés, surverse de déversoir d’orage, Orage, outils d’aide au 

dimensionnement, dimensionnement dynamique, CW2D, traitement des eaux de temps de pluie 
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Abbreviations 

ASM ........................ Activated Sludge Model, see Henze et al. (2000) 

BMP ........................ Best Management Practice 

COD ........................ Model component in Orage, represents COD 

COD_tot .................. Total COD 

COD_S .................... Dissolved COD fraction 

COD_X ................... Particulate COD fraction 

CSO ........................ Combined Sewer Overflow 

CSO CW ................. Constructed Wetland for Combined Sewer Overflow Treatment 

CST ......................... Combined Sewer Tank 

CW .......................... Constructed Wetland 

CW2D ..................... biokinetic model, see Langergraber (2005) 

EMC ........................ Event Mean Concentration 

ET ........................... Evapotranspiration 

FWS ........................ Free Water Surface (equals SF) 

HF ........................... Horizontal Flow 

NH4N ...................... Model component in Orage, represents NH4-N 

PE ............................ Population Equivalent 

Peak_MA_cc ........... Concentration variable in Orage, optimized to the legislative threshold 

PET ......................... Potential Evapotranspiration 

RSF ......................... Retention Soil Filter (German standard of CSO CWs) 

SF ............................ Surface Flow 

SSF .......................... SubSurface Flow 

SSO ......................... Separate Sewer Outlet 

SSO CW ................. Constructed Wetland treating Separate Sewer Outlet 

TDR ........................ Time Domain Reflectometry 

TIS .......................... Tank-In-Series (hydraulic model) 

TSS .......................... Model component in Orage, represents TSS 

VF ........................... Vertical Flow 

WFD ....................... Water Framework Directive (EC 2000/60) 

WWTP .................... Wastewater Treatment Plant (refers to any classical facility) 

 

The abbreviations in the attached articles and manuscripts are resolved in the text and are not 

listed here. Model parameters and variables are written in italic. 
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Résumé étendu 

1 Introduction générale 

L’eau couvre 71% de la surface de la Terre. Si l’eau n’est pas rare, 99.3% est stockée dans les 

mers et océans ou sous forme de glace. Les eaux douces se répartissent les 0.7% restant, 

principalement sous forme d’eau souterraine ou de nappes phréatiques (Moss, 2010). Les eaux 

douces ne sont pas seulement essentielles mais un patrimoine précieux qu’il faut gérer avec sagesse 

pour faire face aux challenges que représente d’une population grandissante et les effets 

indésirables de l’activité humaine. 

Un de ces effets est lié à l’urbanisation. De l’ordre de 54 % de la population mondial vivait en 

milieu urbain en 2014. Cette valeur est sujette à s’accroitre encore, passant de 30% en 1950 à 66% 

en 2050. En Europe elle est de 73% et seulement l’Afrique et l’Asie restent globalement rurales – 

avec la prédiction d’un équilibre critique en 2050 (UN 2014). L’extension de l’urbanisation et la 

croissance de la population est synonyme d’un accroissement des émissions et d’une extension des 

surfaces imperméabilisées comparé aux zones rurales. D’un côté, les surfaces imperméabilisées 

induisent des volumes de ruissellements accrus lors de précipitations ainsi que des débits plus 

importants provoquant des chocs hydrauliques sur les milieux aquatiques des bassins versants. D’un 

autre côté, les précipitations lavent l’atmosphère et les surfaces de polluants accumulés. En 

conclusion, notre environnement anthropique altère les caractéristiques des ruissellements naturels 

aussi bien sur l’hydraulique que la qualité des bassins versants et impacte les eaux naturelles. Pour 

ces raisons, la gestion des eaux urbaines de temps de pluie est d’une importance grandissante avec 

l’imperméabilisation et l’urbanisation en général (Loperfido et al. 2014, Fournel 2012, Walsch et al. 

2005, Chocat et al. 1994). 

C’est la Directive Cadre sur l’Eau (DCE 2000), dans l’Union Européenne, qui définit un cadre, 

transposé à l’échelle locale, pour atteindre le bon état écologique des milieux.  Elle a été transposée 

à la législation française par l’Act no. 2004-338 et l’Act no. 2006-1772. Bien que de pratique 

courante de déverser les surverses de déversoir d’orage directement dans le milieu récepteur, la 

nouvelle législation impose de limiter les déversements d’eaux brutes des réseaux unitaires sans 

traitement. L’objectif étant de protéger le milieu récepteur.  

Les rejets urbains de temps de pluie posent de sérieux problèmes sur les milieux comme 

l’érosion, la sédimentation de particules, des inondations, des changements de températures du 

milieu, une chute des teneurs en oxygène, des apports de nutriment et donc l’eutrophisation des 

milieux, l’accumulation de toxiques et peuvent donc conduire à une réduction de la biodiversité et 

des changements physiologiques dans les communautés benthiques (Marsalek 1998). Les 

déversements peuvent engendrer des flux supérieurs à ceux rejetés par les stations d’épuration sur 

plusieurs polluants comme la DCO, les matières en suspension (MES), les métaux et des charges 

importantes en ammonium (Kadlec and Wallace 2009). Pour atteindre les objectifs de qualité à 

l’échelle régional et locale, des pratiques de bonnes gestions (Best Managment Pactices – BMPs) 

sont utilisées comme des techniques de traitement, de mesures ou de contrôle, pour minimiser ou 

éviter les problèmes liés aux eaux pluviales (Muthukrishnan et al. 2006). BMPs peuvent être aussi 

bien centralisées que difuses, ces dernières étant privilégiées, et de nouvelles tendances emergent 

(Loperfido et al. 2014). Ce travail de thèses se focalise sur une de ces techniques : les filtres plantés 

à écoulement vertical pour le traitement des surverses de déversoir d’orage (CSO) dans le contexte 

français. Faisant partie d’un projet de plus grande ampleur (projet ADEPTE) touchant également au 
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traitement des eaux pluviales strictes, le logiciel d’aide au dimensionnement développé dans le 

cadre de ce travail de recherche répond également à la problématique des eaux pluviales strictes. 

Les filtres plantés à écoulement vertical pour le traitement des surverses de DO sont mis en place 

entre un déversoir d’orage d’un réseau d’assainissement et le milieu récepteur. Ils trouvent leur 

intérêt lorsque le réseau est saturé en temps de pluie et que les techniques de réduction des 

intrusions d’eaux pluviales dans le réseau ne sont pas (plus) efficaces.  

25 % des réseaux sont unitaires collectant ainsi des eaux pluviales (SoeS 2011) en France. Les 

débits générés en temps de pluie, lorsqu’excédants les capacités des réseaux (ou de la station de 

traitement) sont généralement déversés directement dans le milieu récepteur. La directive 

91/271/CEE demande à limiter les pollutions liées aux pluies d’orage. A ce titre, l’article 4 de la 

directive eaux résiduaires urbaines stipule : « les eaux urbaines résiduaires qui pénètrent dans les 

systèmes de collecte sont soumises, avant d’être rejetées, à un traitement secondaire ou équivalent » 

et l’art. R.2224-11 du Code Général des Collectivités Territoriales prévoit que : « Les eaux entrant 

dans un système de collecte des eaux usées doivent, sauf dans le cas de situations inhabituelles, être 

soumises à un traitement avant d'être rejetées dans le milieu naturel ». Les eaux de surverses de 

déversoir d’orage doivent donc être traitées avant d’être rejetées dans le milieu.  Les paramètres 

auxquels s’applique le traitement sont similaires à ceux fixés pour l’unité de traitement de 

l’agglomération et peuvent donc aussi bien concerner la DCO, DBO, MES que l’azote ou le 

phosphore. De même on retiendra l’intérêt de tamponner hydrauliquement les rejets pour éviter les 

problèmes d’érosion et de remise en suspension de sédiment dans le milieu. Les filtres plantés de 

roseaux à écoulement vertical sont mis en avant pour leurs performances de traitement 

(Mungasavalli and Viraraghavan 2006). Leur efficacité pour différent type d’effluent a été 

démontré (Kadlec and Wallace 2009). Lorsque bien dimensionnés ils permettent aussi bien une 

filtration physique, biologique et chimique qu’un rôle de tampon hydraulique. Ils sont par 

conséquent capables d’éliminer une large gamme de polluants particulaires et dissous (Uhl and 

Dittmer 2005). 

Plusieurs projets de recherche ont été conduit à Irstea (Institut national de recherche en 

sciences et technologies pour l’environnement et l’agriculture) dans l’objectif d’optimiser le 

dimensionnement des filtres à écoulement vertical pour le traitement des surverses de déversoir 

d’orage. Le premier projet (SEGTEUP - Fournel 2012) avait pour objectif d’adapter le 

dimensionnement des filtres Allemands développés pour cette application.  Le concept Allemand 

met en œuvre un bassin de décantation suivi d’un filtre plantés (nommé « Retentionsbodenfilter » - 

RSF). Utilisés depuis de nombreuses années (Uhl and Dittmer 2005), l’expérience Allemande a été 

mixée avec l’expérience françaises sur le traitement des eaux usées domestiques brutes (Molle et al. 

2005) pour tester des pilotes de filtres plantés traitant les surverse de DO sans décantation primaire 

(Pilotes de 20 m2 plantés de Phragmites australis). Plusieurs matériaux et conceptions ont été testés 

et suivis pour aboutir à la réalisation d’un système en taille réelle. 

A la suite du projet SEGTEUP, le projet ADEPTE (Aide au Dimensionnement pour la gestion 

des Eaux Pluviales par Traitement Extensif), en collaboration avec différent partenaires, avait pour 

objectifs de valider les règles de dimensionnement et de développer un logiciel d’aide au 

dimensionnement nommé Orage (librement disponible à partir de 2017). Aussi bien destinés aux 

surverses de DO qu’aux eaux pluviales strictes, l’outil permet de définir les surfaces, matériaux et 

profondeurs à mettre en œuvre pour garantir un niveau de rejet précis. Les travaux du projet 

ADEPTE se sont déroulés dans quatre contextes climatiques différents en France : 

I. Marcy l’Etoile (Surverses de DO) : Situé dans l’agglomération Lyonnaise en climat semi-

continental. Premier filtre en France pour cette application et innovant dans de nombreux 
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aspects lié à son dimensionnement. Il a été le lieu des expérimentations intensives menées 

dans le cadre de ce travail de thèse.  

II. Leuville-sur-Orge/Saint Germain les Arpajon (pluvial stricte): Situé au sud de Paris, ce 

filtre planté à écoulement vertical est représentatif d’un climat océanique de transition. 

III. Moulins les Metz (pluvial stricte): ce filtre planté à écoulement vertical, situé au sud du 

Luxembourg, correspond à un climat semi continental de transition. 

IV. Périgny (pluvial stricte): Il s’agit ici d’un filtre à écoulement horizontal en climat 

océanique. 

Le travail mené dans le cadre de cette thèse s’est focalisé sur la construction du modèle 

simplifié d’aide au dimensionnement en se basant sur des expérimentations menées sur le site de 

Marcy l’Etoile.  Les objectifs principaux étaient : 

 Vérifier l’applicabilité du modèle Hydrus/CW2D pour le traitement des surverses de DO 

afin de mieux déterminer les processus clés a mettre en œuvre dans un modèle simplifié 

dédié au traitement des surverses de DO pour l’aide au dimensionnement (le logiciel 

Orage). 

 Créer les bases du modèle simplifié dans l’objectif de préciser les surfaces, matériaux et 

profodneurs à mettre en œuvre. La première étape a été de définir les processus et les choix 

conceptuels du modèle pour représenter l’hydraulique et l’évolution des concentrations 

(MES, DCO, NH4, NO3) dans le temps. La seconde étape a été de formulé la boucle 

d’optimisation de manière à optimiser le temps de calcul. L’optimisation pour les eaux 

pluviales strictes, compte tenu des faibles concentrations en polluant en sortie, concerne 

principalement une optimisation hydraulique. 

 Calibrer et valider le modèle d’aide au dimensionnement sur la base du suivi du site 

expérimental de Marcy l’étoile ainsi que les résultats du projet SEGTEUP sur des pilotes de 

taille semi-industrielle.  Le suivi à concerner aussi bien l’hydraulique que les performances 

de traitement sur les paramètres DCO, MES et formes azotées. Le traitement de l’azote 

étant représenté sous deux étapes successives par adsorption et nitrification.  

 Proposer des voies d’amélioration pour le dimensionnement et la gestion des filtres 

actuellement proposés pour le traitement des surverses de DO.  

Le travail de thèse est présenté sous forme d’articles successifs (5) et divisé en quatre parties. 

Les paramètres de calage du modèle sont présentés de manière à respecter une certaine 

confidentialité dans le cadre du projet ADEPTE. 

La partie 1 (Chapitre 1) est une synthèse générale de la revue bibliographique. Les filtres 

plantés de roseaux pour le traitement des surverses de DO sont présentés ainsi que la terminologie 

des différentes configurations. De même, une revue de la modélisation de ces ouvrages est 

présentée. Ce chapitre donne une vue d’ensemble du contexte général de ce travail (modélisation et 

expérimentations) pour une meilleure compréhension du travail réalisé. 
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La partie 2 (Chapitre 3) intitulée « dispositif expérimental et construction du modèle » discute 

les méthodologies mises en places aussi bien sur le site expérimental que les étapes et les méthodes 

mises en œuvres pour le développement, la calibration et la vérification du modèle. Ce chapitre a 

pour objectif de présenter l’ensemble de la démarche ainsi que les composantes clés du modèle 

(processus et optimisation) en lien avec les suivis de performances ou suivis spécifiques de 

calibration du site de Marcy l’étoile. Bien que présentés dans des articles individuels, compte tenu 

des liens entre les différentes étapes, ils sont présentés ici de manière conjointe. Le chapitre est 

divisé en plusieurs parties, deux dédiées au suivi expérimental et un dédié au modèle simplifié, tout 

en faisant référence aux liens entre les différents travaux. 

La partie 3 (Chapitres 4 à 6) présente les articles issus de ce travail. Elle est divisée en sous-

chapitres représentants les différentes étapes du travail sous forme d’articles. Une partie générale 

introductive ainsi qu’un résumé général synthétise les travaux de chaque article. Ils abordent les 

étapes présentés dans la Fig. 1. 

La partie 4 (chapitre 7) résume les principales avancées du travail de thèse et apporte 

également des suggestions pour améliorer le dimensionnement et la gestion des filtres plantés pour 

le traitement des surverses de DO. Les nouvelles questions de recherches et de modélisation, issues 

de ce travail, sont également présentées pour donner des indications pour les futures recherches 

dans le domaine. 

2 Synthèse de la revue bibliographique 

2.1 Terminologie 

Les zones humides artificielles (Constructed wetlands : CWs en anglais) sont des ouvrages 

issus de l’ingénierie écologique qui utilise les processus naturels liés à l’activité microbienne, les 

plantes et les matériaux constituants du filtre qui accueillent cette activité biologique (Vymazal 

2007). Largement étudiés ces dernières décennies, ils représentent une famille de procédés de 

conception différente. Suivant l’hydraulique des systèmes, ils peuvent être à écoulement surfacique 

 

Building the  
core model and 
iterative shell 

Scaling performance-
related parameters 

Formulation of 
process descriptions 

Core model: 
calibration, verification, 

sensitivity analysis 

Verification of Orage:  
iterative shell 
(optimization) 

Monitoring 
of Marcy l’Etoile 

Mechanistic 
modelling 

Earlier research 

HYDRUS / CW2D 
verification 

for CSO CWs 

Suggestions for 
design and operation 

of CSO CWs 

Figure 1: acquisition de connaissances et étapes clés du travail de thèse vis-à-vis des objectifs (cadres 

bleus). Les doubles flèches indiquent des liens de va et vient entre les différentes étapes.  
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(Surface flow – SF) ou d’écoulement sous-surfacique (subsurface flow – SSF : ce sont des filtres). 

Suivant la direction de l’écoulement, les SSF peuvent être divisés en plusieurs type de filtres : des 

filtres à écoulement horizontal (HF) ou des filtres à écoulement vertical (VF). Dans ces derniers 

types de filtres, les écoulements peuvent être librement drainés, variablement saturés ou saturés. 

Lorsque saturés, ils peuvent être à écoulement ascendant ou descendant. Les CWs peuvent avoir un 

large domaine d’application que ce soit pour des eaux usées domestiques, industrielles, des eaux 

pluviales, des boues … (Kadlec and Wallace 2009, Fonder and Headley 2013). La Fig. 2 présente 

les types de systèmes utilisés pour des eaux urbaines de temps de pluie suivant le type de réseau et 

la direction des écoulements. Ce travail de thèse s’attache à étudier les filtres à écoulement vertical 

variablement saturés tel que conçus en France suivant les règles de l’art actuelles. Ils se réfèrent à la 

terminologie VF CWs. 

 

Figure 2: Classification des CWs pour les eaux urbaines de temps de pluie.  *: pour le système Italien voir Meyer et al. 

2013; **: pour le système Allemand voir Uhl and Dittmer 2005.  

Les eaux de temps pluie génèrent, souvent lors d’évènement pluvieux intenses, de grands 

volumes de ruissellement. Les stations d’épuration, a l’exutoire d’un réseau unitaire, peuvent 

généralement accepter des volumes de l’ordre de 3 fois le débit de temps sec (le lagunage naturel et 

les filtres plantés de roseaux pouvant accepter des volumes supérieurs) si aucun bassin d’orage n’est 

mis en place (ce ratio est de 2 à 7 fois le débits de temps sec en Allemagne (Uhl and Dittmer 2005). 

De même, les capacités hydrauliques des réseaux unitaires peuvent être dépassée générant des 

surverses, un des principaux contributeurs de dégradation des milieux aquatiques en zone urbanisés 

(Chocat et al., 1994; Walsh et al., 2005). 

2.2 Caractéristiques des surverses de déversoirs d’orage 

Les caractéristiques des surverses de DO sont grandement impactées par les activités 

humaines. Cinq grandes sources de contamination peuvent être citées (Paren-Rouault and Boisson 

2007, Gromaire 1998, Dechesne 2002, Mourad 2005, Fournel 2012): 

1. Retombées atmosphérique de temps de pluie, 

2. Lessivage urbain, 

3. Ruissellement des toitures, 

4. Eaux parasites, 

5. La contribution des eaux usées (spécifique aux réseaux unitaires).  

Les polluants majeurs peuvent être répartis en trois groupes (Fournel 2012) :i) particulaire 

(MES, MVS); ii) polluants organiques (DCO, DBO5, COT, COD et COV comme certains HAP, et 
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l’azote et le phosphore organique); iii) pollution ionique (NH4-N, NO3-N, NO2-N, PO4-P, les 

métaux, sels antigels). Les concentrations des eaux urbaines de temps de pluie dépendent du temps. 

Les pollutogrammes permettent de suivre cette évolution au sein d’un évènement. Ces variations, 

mises en évidences par de nombreuses mesures sur des évènements et sites différents, et l’évolution 

des mesures en ligne, ont conduit à la nécessité de développer des calculs statistiques évolués pour 

bien définir les propriétés d’évolution des polluants. Les concentrations moyennes d’un évènement, 

proportionnelles au débit, (EMC) ont été largement utilisées : le  Table 1 présente les différences 

entre surverses de DO et eaux pluviales strictes de plusieurs sites.   

Tableau 1: gamme de concentrations (EMC) typiques de surverses de DO (CSO) et d’eau pluviales strictes (SSO) de 

plusieurs sites. Les gammes représentent les plus petites et plus grandes valeurs trouvées dans la littérature. a) Smullen et 

al. (1999); b) Kadlec and Wallace (2009); c) Fournel (2012); d) Sztruhár et al. (2002); e) Passerat et al. (2011); f) Zgheib 

et al. (2012) g) Schulz et al (1994); h) Gasperi et al. (2012).  *:TKN. 

Paramètres unités SSO [EMC] CSO [EMC] 

MES mg/L 78.4a-106f 85c -430d 
DBO5 mg O2/L 14.1a 35c -135h 

DCO_tot mg O2/L 52.8a-89f 99c -445d 
NT mg/L 2.4a 3.6c -16.8d 

NH4-N mg/L 2.8f* 2.0c -9.9h 
PT mg/L 0.3a-0.9f 1.3c -3.5h 
Cu µg/L 13.5a-55.0f 250g 
Pb µg/L 27.0f-67.5a 250g 
Zn µg/L 162a-270f 570d-1020g 

Coliformes fécaux 1000 CFU/ml 1.5b 1.3d-76e 

 

2.3 Les filtres à écoulement vertical pour le traitement des surverses de 

DO 

De nombreux systèmes existent pour le traitement des eaux urbaines de temps de pluie. Les 

choix techniques doivent être réalisés spécifiquement à chaque site, en cherchant la 

complémentarité des techniques, plutôt que leur concurrence, en gardant en tête l’objectif proposé 

par Geoff et al. (2016) : La préservation ou la restauration du milieu récepteur.  

Le travail de recherche mené dans le cadre de cette thèse se focalise sur le modèle français de 

filtre à écoulement vertical pour le traitement des surverses de DO. Ce système comporte différent 

compartiments, qui ont chacun une fonction. Ils sont présentés sur la Figure 3: 

 

Figure 3: coupe schématique d’un filtre à écoulement vertical pour le traitement des surverses de DO.  

Les eaux de temps pluie arrivent sur le filtre de manière stochastique aussi bien en ce qui 

concerne les volumes, les concentrations, les débits et leur fréquence. On peut qualifier deux 
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grandes périodes : des périodes d’alimentation pendant les épisodes pluvieux et des périodes sèches 

entre deux évènements. Dittmer (2006) précise que ces périodes ne sont pas régis par les mêmes 

mécanismes épuratoires. La Fig. 3 présente l’alternance entre les périodes d’alimentation et sèches 

sur la base d’un suivi du niveau de saturation d’un filtre. 

 

Figure 4: Alternation of intra-event (blue) and inter-event (ochre) periods. The periods are well discernible based on the 

stage in the CSO CW (blue series). 

Les périodes « sèches » permettent au système de se régénérer entre deux évènements 

pluvieux. Le terme « sèche » est une mauvaise interprétation du milieu qui reste constamment 

humide en réalité même après le drainage de l’eau gravitaire. La porosité étant non saturée, les 

processus aérobies dominent et permettent notamment la nitrification. Des périodes trop longues 

sans aucune alimentation va générer un manque de nutriment qui peut affecter négativement les 

performances sur le paramètre DCO (Dittmer 2006). 

AU démarrage d’un épisode pluvieux, le milieu est non saturé et la limitation de débit de fuite 

n’a pas encore d’effet. Excepté dans le cas de faibles débits de surverses, c’est une période courte 

où l’infiltration des eaux est localisée proche des points d’alimentation : seule une petite partie du 

filtre est effectivement utilisée. Ce phénomène correspond à un passage préférentiel. En condition 

normal de fonctionnement, lorsque le filtre est saturé, l’écoulement est du type piston grâce à la 

limitation du débit de fuite (Dittmer 2006). Un flaquage de surface a lieu de quelques heures à 

quelques jours suivant l’intensité et la durée de l’épisode pluvieux. Après l’épisode pluvieux, le 

filtre se draine en quelques heures.  

Les mécanismes de traitement des polluants se basent sur les interactions solide-liquide-

biomasse à l’image de l’ensemble des CWs. La limitation du débit de fuite est une contrainte 

hydraulique plus forte que la perméabilité du milieu. Les valeurs ciblées sont de 0.036-0.180 

m3/m2/h soit de 0.01-0.05 L/s/m2 (Meyer 2011). Cela permet d’assurer un certain temps de séjour 

dans le milieu. 

Les mécanismes épuratoires sont différents suivant que l’on soit dans une phase 

d’alimentation ou entre deux évènements. Pendant les phases d’alimentation les particules solides 

sont filtrées par le milieu conduisant à la formation d’une couche de dépôt en surface. Cette couche 

de dépôt peut créer un problème de colmatage sur le long terme (ou si le système est mal 

dimensionné). D’un autre côté, elle permet i) une protection contre le séchage du milieu, le froid et 

l’érosion du milieu, ii) d’accroitre les capacité d’adsorption, iii) de créer un milieu favorable aux 

organismes vivant par le maintien d’une certaine humidité et présence de nutriments et iv) favorise 

la distribution de l’eau au démarrage des évènements pluvieux. La couche de dépôt et le milieu 

filtrant seront appeler couche de filtration dans le reste du document, à moins que la distinction soit 

faite. La surface développée de cette couche de filtration est le lieu d’une adsorption, phénomène 
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prépondérant pour la rétention de l’azote ammoniacal. L’activité biologique pendant les épisodes 

pluvieux permettra d’abattre la DCO dissoute (COD_S). Compte tenu de la saturation du milieu, les 

processus pendant les évènements pluvieux sont principalement considérés comme anaérobiques ou 

anoxiques. Lorsque le filtre se draine gravitairement, l’air revient dans le milieu les processus 

aérobies deviennent prépondérants. L’azote adsorbé peut être nitrifié permettant de libérer les sites 

d’adsorption et provoquant un lessivage de nitrate à l’évènement pluvieux suivant. Les conditions 

aérobies et d’humidité favorisent la minéralisation de la matière organique, phénomène important 

pour la couche de dépôt de surface (Dittmer et al. 2005, Uhl and Dittmer 2005, Meyer 2011, 

Dittmer and Schmitt 2011, Dittmer et al. 2016). 

L’alternance des processus entre les phases d’alimentation et de repos, bien que les 

performances sont évaluées généralement sur les périodes d’alimentation, permet de réaliser le lien 

qu’on chacune des phases sur l’autre. Le performances moyennes à l’échelle d’un évènement pour 

différentes technologies sont présentées dans le Table 2 (RSFs sont des filtres plantés à écoulement 

vertical, technologie très répandue en Allemagne. Ils sont proches du système développé en 

France). 

Tableau 2: Performances de traitement de différentes technologies (CSO et SSO).  treatment. Sources : EPA 1999a; b: 

EPA 1999b; c: Kadlec and Wallace (2009); d: EPA 1999c; e: Waldhoff 2008; f: Pinnekamp 2013; g: Frechen 2013 

 Performances de traitement [%] 

Paramètres 
Filtres à 
sablea 

Bioretentionb 
Lag à 

macrophytes 
RSFs 

MES 70 90 68c 93e 

DBO5 70    
DCO_tot    86e 

COT 48 90 34d 62f 
NT_S     

NT 21  30c  
NTK 46 68-80   

NH4-N   31c 83e 

NO3-N 0  45c  
PT 33 70-83 41c 80e 

Cu  93-98 49c 78g 

Pb 45 93-98 74c 64<g 

Zn 45 93-98 60c 62<g 
Coliformes fécaux 76 90 77d 90e 

 

2.4 Modèles numériques appliqués aux CSO CWs 

Les règles de dimensionnement classiquement utilisées pour les filtres plantés ne peuvent être 

utilisées pour les eaux urbaines de temps de pluie en général en raison de leur caractère 

stochastique. Si les modèles numériques semblent intéressant pour mieux comprendre les processus 

des filtres alimentés par des eaux urbaines de temps de pluie, la modélisation apparait comme 

délicate également pour le dimensionnement également en raison du caractère stochastique des 

évènements pluvieux et l’impact des changements des conditions du filtre sur les processus 

épuratoires.  

Les modèles existants utilisés ou développés pour cette problématique sont de deux types :  

i) Modèles mécanistiques pour une meilleure compréhension des mécanismes ; 

ii) Modèles d’aide à la décision pour optimiser le dimensionnement.  
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Comme décrit par Meyer et al. (2015), tous les modèles sont d’intérêt mais pour des objectifs 

différents. Les modèles mécanistiques sont souvent complexe d’utilisation. Ils apportent des 

informations scientifiques d’importance mais ne sont pas aisés à utiliser pour le dimensionnement. 

Hydrus (© PC-Progress s.r.o., Šimůnek et al., 2011), développé pour des questions scientifiques, 

avec le module CW2D (pour les CW en général, Langergraber and Šimůnek, 2012). Bien qu’il n’ait 

pas été développé pour des eaux urbaines de temps de pluie, il a été testé pour la simulation de 

l’hydraulique et des performances de filtre pour le traitement des surverses de DO (Langergraber 

and Šimůnek, 2005). Les recherches se sont focalisé à déterminer les limites de son application aux 

surverse de DO progressivement par Heinrichs et al. (2007; 2009), Meyer (2011) puis Meyer et al. 

(2013) en se focalisant principalement sur le calage du NH4-N. Malgré cela, une biomasse stable 

n’a pas pu être représentée posant des problèmes sur la prédiction de la DCO. Cette croissance non 

limitée de biomasse ne permet pas de réaliser des simulations de long terme. Cette lacune laisse la 

place pour de futures recherches. 

Les modèles d’aide au dimensionnement sont des modèles simplifiés développé suite à un 

besoin de l’ingénierie d’avoir des modèles pratiques d’utilisation pour le dimensionnement (Meyer 

et al 2015). Le premier modèle simplifié développé pour les filtres à écoulement vertical pour le 

traitement des surverses de DO provient de l’expérience Allemande sur les « Rentention Soil 

Filters ». Le premier modèle (RSF_Disc, Dittmer 2006) a été implémenté dans le logiciel KOSMO 

simulant les réseaux (Schmitt and Dittmer 2007). RSF_Disc a servi de base au développement du 

modèle RSF_Sim (Meyer and Dittmer 2015) avec lequel les concentrations de sortie ont été bien 

représenté sur des systèmes à échelle réelle (Tondera et al. 2013). L’hydraulique est représentée par 

des réacteurs parfaitement mélangés en série (Figure 5) en représentant plusieurs polluants (MES, 

DCO et NH4-N) et en modélisant de manière séparée la DCO dissoute et particulaire. 

 

Figure 5: Hydraulique de RSF_Sim: réacteurs parfaitement mélangés (basé sur Meyer and Dittmer, 2015). 

3 Résumé : Dispositif expérimental et construction du modèle 

3.1 Premier filtre taille réelle pour le traitement des surverse de DO en 

France: Marcy l’Etoile 

Le premier filtre planté pour le traitement des surverses de DO (Figure 6) a été réalisé en 2012 

à Marcy l’Etoile. Le dimensionnement est basé sur la nécessité de traiter les eaux d’une pluie de 

période de retour d’un an (1160 m3) d’un bassin versant de 98 ha comportant principalement un 

habitat résidentiel. Le débit de temps sec des habitations et de quelques sources industrielles est de 

9 600 EH. Le débit de fuite est calibré par un orifice unique, pour chaque filtre, sur un tuyau 

vertical sur des valeurs ajustables entre 0.008 or 0.016 L/s/m2. La hauteur verticale de l’orifice 

permet de régler la hauteur de la couche saturée de fond de filtre. Lors d’évènements extrêmes, un 
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by-pass de surface a lieu sur un déversoir trapézoïdal à 2.1 m de la surface du filtre. La Figure 7 

représente une coupe du filtre.  

 

Figure 6: Parcours de l’eau dans le filtre de Marcy l’Etoile. [1]: Déversoir d’orage; [2]: piège à sable; [3]: canal venturi; 

[4]: alternance des filtres; [5]: points d’alimentation; [6]: dispositif de sortie; [7]: by-pass. La section jaune entre les filtres 

F1 et F2 représente le mur de séparation entre les filtres.  

 

Figure 7: Coupe vertical du filtre de Marcy l'Etoile. La seule différence entre les filtres F1 et F2 est le type de matériau de 

filtration. 

3.2 Objectifs de suivi et instrumentation 

Le suivi expérimental a débuté après un an de fonctionnement de l’ouvrage. La surverse 

réglable du DO, permet de pouvoir s’affranchir (ou non) du déversement quotidien d’eau 

industrielle. Ces eaux industrielles, d’un volume important, avaient heureusement des 

caractéristiques similaires de celles d’une surverses de DO (gamme haute) permettant de pouvoir 

également simuler des évènements réguliers pour étudier les limites du système. Les débits et 

volumes d’entrée étaient mesuré par la mise en place d’une sonde ultra son sur le canal venturi. Le 

niveau de saturation et de flaquage des filtres était mesuré par une sonde pression (STS 

ATM.1ST/N/T) dans chacun des filtres. En sortie un débitmètre eléctro magéntique (Krohne 

Waterflux 3070) permettait la mesure de débit de drainage des deux filtres à la fois. Pendant les 

périodes de suivis intensifs, des sondes dans les canalisations de mise en charge de sortie, après 

corrélation débit hauteur, permettaient d’avoir le débit de drainage individuel de chaque filtre. 

 Des préleveurs automatiques réfrigérés (Lange Bühler 2000/1027) ont été installé en entrée et 

sorties des filtres avec un prélèvement proportionnel au débit. L’échantillonnage individuel de 
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chaque filtre en sortie à été mis en place à partir du 15ème évènement mesuré. La stratégie 

d’échantillonnage est présentée dans le tableau 3 et les EMCs dans le tableau 4. 

Tableau 3: Volume prélevé moyen par évènements. Le nombre d’échantillons est présenté par filtres par ex. 9+9 (mélange 

sable/zéolite et pouzzolane respectivement). 

Evènement Volume 
Echantillons 
entrée/sortie 

Volume 
moyen 

entrée/sortie 

 

Evènement Volume 
Echantillons 
entrée/sortie 

Volume 
moyen 

entrée/sortie 

 [m3]  [m3]   [m3]  [m3] 

1 3000 - -  17 491 2/6+7 246/38 
2 300 2/6 150/50  18 448 3/9+8 149/26 
3 280 5/4 56/70  19 793 1/14+14 793/28 
4 300 5/4 60/75  20 747 2/8+8 374/47 
5 2900 28/26 104/112  21 650 4/8+9 163/38 
6 1200 1/6 1200/200  22 360 1/8+8 360/23 
7 2800 10/18 280/156  23 742 1/10+10 742/37 
8 1300 7/11 186/118  24 1321 4/9+9 330/73 
9 537 4/14 134/38  25 1011 2/11+8 506/53 

10 1020 4/6 255/170  26 1080 6/9+8 180/17 
11 1665 9/16 185/104  27 1493 4/10+11 373/71 
12 1380 6/11 230/125  28 1496 6/9+9 249/83 
13 7500 16/23 469/326  29 1774 5/8+8 355/111 
14 5600 13/23 431/243  30 3990 4/6+6 998/333 
15 1607 7/9+9 229/89  31 6400 6/9+9 1067/356 
16 290 1/5+5 290/29      

 

Tableau 4: Cocnentrations d’entrée à Marcy l’Etoile. Les valeurs sont comparées à des concentrations mesurées sur des 

surverses de DO de la littérature suivante : c) Fournel (2012); d) Sztruhár et al. (2002); e) Passerat et al. (2011); g) Schulz 

et al (1994); h) Gasperi et al (2012). Valeur moyennes à l’échelle de l’évènement (EMCs) de plusieurs site et évènements. 

L’écart représente les plus petites et plus grandes EMC de la littérature.  

Paramètres Unités CSO 
[EMC] 

Marcy l’Etoile 
[EMC]* 

MES mg/L 85c -430d 220 
DBO5 mg O2/L 35c-135h 76 

DCO_tot mg O2/L 99c -445d 220 
NT mg/L 3.6c -16.8d  

NTK mg/L 22h 21,6 
NH4-N mg/L 2.0c -9.9h 13,8 

PT mg/L 1.3c -3.5h 9,6 
PO4-P   6,5 

Cu µg/L 250g 32.5 
Pb µg/L 250g 3.3 
Zn µg/L 570d-1020g 109 

Coliformes fécaux 1000 CFU/ml 1.3d-76e  

 

En plus du suivi des performances globales, le suivi expérimental avait les objectifs suivant : 

Etude de l’hydraulique et des passages préférentiels : L’étude de l’effet de dilution lors des 

passages préférentiels et des temps de passage à différents niveaux de saturation a été réalisé par 

des traçages hydrauliques avec plusieurs injections de traceur. Un fluorimètre (GGUN-FL 932) a 

été installé en sortie pour une mesure en continu du retour du traceur. Le contrôle du débit d’entrée 

a été réalisé en pompant l’eau stocké dans le filtre non utilisé de manière à assurer un temps de 

saturation progressif et cohérent avec les injections du traceur. La fluorescéine a été injectée, en 
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contrôlant les doses, en trois fois pour générer des pics de sortie à différents niveaux de saturation 

du filtre. 

Suivi fin des bilans en azote et impact des courts circuits hydrauliques. Ces objectifs ont été 

suivis par la mesure en ligne des teneur en nitrate et azote ammoniacal (WTW Varion). Pour l’azote 

ammoniacal, l’objectif était de suivre aussi bien l’impact des courts circuits hydraulique sur la 

rétention ainsi que les courbes de percés du filtre pour des charges importantes en azote. En cas 

d’impact important des courts-circuits, ces mesures devaient permettre de pouvoir adapter le 

dimensionnement pour en limiter les causes. Les sondes étaient calibrées et contrôlées par des 

prélèvements analysés au laboratoire à chaque évènement.  

Mesure de la teneur en eau dans le filtre. La teneur en eau dans le milieu poreux a été mesurée 

par l’intermédiaire de sondes TDR afin d’avoir une indication sur l’hétérogénéité spatiale et 

temporelle des écoulements. Des sondes de 30 cm, triple broches, ont été mises en place ; 6 sondes 

Campbell Scientific CS610 et 12 réalisées à l’Université Catholique de Louvain la Neuve 

(Belgique). Les mesures ont été réalisé sur un pas de temps de la minute sur un axe longitudinal et à 

différentes profondeurs, après calibration sur le milieu de Marcy l’Etoile. 

Evaluation des vitesses de nitrification. La détermination des vitesses de nitrification a été 

étudiée en réalisant des bilans masses sur l’azote sur une succession maitrisée d’évènements (grâce 

aux eaux industrielles). Les évènements ont été enchainés à différentes saisons (effet température) 

en mettant en œuvre différents temps de repos entre deux évènements. 

3.3 Modèle d’aide au dimensionnement : Orage 

L’objectif du modèle est de faciliter le dimensionnement des ouvrages. Le logiciel Orage, 

développé dans le cadre de ce travail, permet de déterminer le matériau (et sa profondeur, ainsi que 

la surface du filtre sur la base d’une simulation d’une longue série de données d’évènement 

pluvieux (suivant la période de retour recherchée). Il se compose de trois programmes majeurs 

(Figure 8) : 

i) Structure de l’outil : une interface utilisateur permet de pouvoir rentrer des données 

spécifiques au site d’étude et réalise un premier traitement des données ainsi qu’une 

analyse statistique basique et une représentation graphique des données; 

ii) Un programme itératif réalise l’optimization automatique du dimensionnement et appellee 

régulièrement le Coeur du modèle pour la simulation des processus. L’optimisation se fait 

en adaptant le matériau utilisé, la surface du filtre et pour différents polluants (NH4-N, 

DCO et MES). L’optimisation vise un dimensionnement qui satisfait les concentrations 

limites de sorties fixées tout en utilisant le matériau le moins couteux et la surface la plus 

faible; 

iii) Le modèle des processus. Le modèle effectue des simulations de séries de données de 

long terme et calcul un niveau de concentration de sortie moyennée (Peak_MA_cc) pour 

chaque polluant, directement comparable aux niveaux de rejet fixés.   
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Figure 8: Structure d’Orage. 

Le Tableau 5: Données d’entrée d’Orage résume les données d’entrée du logiciel. Si les débits 

d’entrée sont fournis par l’utilisateur, un format est précisé et les informations de concentrations 

(précises/réalistes) doivent être données également pour un pas de temps compris entre 6 et 15 

minutes. 

Tableau 5: Données d’entrée d’Orage 

Données d’entrée nécessaires 

Function du logiciel 

Aide au 
dimensionnement 

Test 
d’applicabilité 

Débits d’entrée propres au site X  
Type d’eau (CSO/SSO) X X 
Surface disponible [m2] X X 
Région climatique (5) X X 
Bassin versant [ha]  X 
Coefficient d’imperméabilisation [%]  X 
Population [EH]  (X) 
Caapcité hydraulique maximal du réseau 
[m3/h] 

 (X) 

Volume à traiter (charge de 
dimensionnement) [m3] 

X X 

Niveaux de rejet à respecter :   
Débit max adimissble par le cours d’eau 
[m3/h] 

X X 

NH4-N [mg/L] X X 
DCO [mg/L] X X 
MES [mg/L] X X 

TOOLKIT FRAME 

 Design optimization feature  Applicability test feature 

 User and internal parameters Data User and internal parameters 

 User flow series pre-processing Internal flow series 

  User report 

 Statistics and design parameters  Wetland suggested 

 or no solution  or wetland not suggested 

ITERATIVE SHELL 

Defines which pollutant, material and filter area should 
be the next in the testing process. Calls the core model 

until the simplest material and the smallest area are 
found. 

CORE 

MODEL 
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Une fois l’optimisation réalisée, Orage renseigne différentes information d’entrée et de sortie 

sous forme de statistiques et de graphiques pour aider l’utilisateur dans l’interprétation des résultats. 

De plus les indications suivantes, relatives au dimensionnement, sont fournies :  

 Surface du filtre [m2]; 

 Matériau de filtration (sable grossier, sable fin, pouzzolane, trois différents mélanges de zéolite 

et de sable); 

 Profondeur de la couche de filtration [m]; 

 Le plus grand temps de flaquage attendu [h]; 

 La charge hydraulique annuelle [m]; 

 Le volume de stockage en surface de filtre nécessaire [m3] 

Ces aspects seront détaillés et discutés dans différents chapitres dans ce document.  

4 Résumé du chapitre 4 – l’utilisation de modèle mécanistique pour 

simuler les filtres plantés traitant les surverses de DO 

4.1 Contexte et faits marquants 

Cet article discute des limitations à résoudre pour l’utilisation du modèle mécaniste 

Hydrus/CW2D pour la simulation des filtres plantés traitant les surverses de DO sur la base 

d’expérimentations en colonnes de laboratoire issues d’un travail de thèse Allemande. De 

précédentes limitations avaient été décrites par Henrichs et al. 2007, 2009; Meyer 2011 and Meyer 

et al. 2013. Notre travail avait également pour objectif de préciser les points importants dans la 

simulation des performances sur de longue durée et détailler les processus clés. L’objectif était de 

poser les bases pour le développement du modèle simplifié Orage. Le travail pouvait aussi 

permettre d’identifier de nouvelles limites du modèle mécaniste et les besoins futurs.  

 Nous avons simuler des filtres plantés pour le traitement des surverse de DO dans 

Hydrus/CW2D. 

 Nous avons calibré le modèle biocinétique sur la base d’expérimentations en colonnes. 

 Nous avons obtenu une biomasse quasiment stable et un bon calage sur la base d’un 

évènement ou d’une série d’évènements.  

 Les précédentes limitations ont été résolues et la validation sur des systèmes pleine échelle 

peut être maintenant réalisée.  

 

4.2 Résumé – Simulation des filtres plantés pour le traitement des 

surversses de DO avec HYDRUS / CW2D 

Constructed Wetlands 2D (CW2D) est un modèle biocinétique décrivant la dynamique 

microbienne et les processus de transformation et de dégradation des polluants dans les filtres 

plantés de roseaux. Le couplage de CW2D et d’Hydrus (©PC Progress s.r.o.) a été testé pour des 

applications de filtres traitant les surverses de DO. Le caractère stochastique des évènements 

pluvieux, et la limitation de débit de fuite induit des conditions de saturation (évènements pluvieux) 

et de non saturation (entre les évènements) aléatoires. Le besoin de vérification de l’aptitude de ce 

modèle à simuler les filtres provient de ces changements drastiques de conditions de 

fonctionnement. De précédentes études ont définis les paramètres clés sur lequel il était important 

de travailler pour diminuer les limitations du modèle, comme les paramètres biocinétiques, le 
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fractionnement de la DCO entre rapidement et lentement biodégradable et les formes inertes ou 

encore l’adsorption de la DCO inerte.  

Les nouveaux paramétrages utilisés ont permis d’obtenir des conditions de biomasse stables. 

Ils ont été utilisés pour simuler des résultats obtenus sur une précédente expérimentation en 

colonnes de laboratoire allant d’une simulation d’un évènement à une série d’évènements. La 

qualité de calage a été étudiée par une méthode appropriée avec de bon résultat pour la DCO et le  

NH4-N. le calage des nitrates n’était pas recherché. 

4.3 Principaux apports 

L’utilisation d’Hudrus / CW2D a permis de simuler les performances de traitement de 

surverses de DO, sur la base de colonnes de laboratoire, pour les paramètres DCO et NH4-N sur de 

courtes séries.  Les précédentes limitations ont pu être écartées, par un ajustement des paramètres 

biociéntiques, et la dynamique de la biomasse a pu être quasiment stabilisée. Aucun pic de DCO au 

début des évènements n’est observé.  

L’état d’équilibre, après une période d’inoculation, varie par la suite suivant les cycles 

d’alimentation et de repos. Ces cycles jouent un rôle majeur sur le taux de biomasse au sein du 

système. La stabilité à long terme reste à confirmer. Cette variation de l’activité bactérienne, 

suivants les cycles, et donc un point important à prendre en compte dans la construction du modèle 

simplifié sur des simulations de long terme. 

Si la validation du modèle mécaniste reste à faire sur des systèmes de taille réelle, l’outil peut 

potentiellement être utilisé pour de l’ingénierie. Cela requiert cependant une formation 

professionnelle poussée et des temps de simulation importants (plusieurs heures). Le passage à la 

confrontation du modèle a des taille réelle nécessitera un ajustement des paramètres, d’autant plus 

sur le système développé en France qui reçoit des eaux usées brutes, contrairement aux 

expérimentations de colonnes. 

5 Résumé du chapitre 5 - Orage: modèle validation et apports sur 

l’optimisation du dimensionnement des ouvrages.  

5.1 Contexte et faits marquants 

Ce chapitre est composé de deux articles présentant le modèle orage. Ils comportent chacun le 

terme « Orage: a design-optimization modelling tool for CSO CWs » car ils présentent l’outil 

Orage. Cet outil a été développé pour l’ingénierie pour dimensionner les ouvrages de traitement en 

prenant en compte le caractère stochastique des évènements pluvieux. Il comporte trois principales 

composantes. La première est le cœur du modèle qui est présenté, testé et comparé aux données de 

taille réelle dans le premier article (le terme « core model » est ajouté au titre). Les deux autres 

composantes sont la boucle itérative d’optimisation et la structure de l’outil. Elles sont présentées, 

testées et optimisées dans le deuxième article (le terme « iterative shell » est ajouté au titre). 
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Les faits marquants du premier article sont : 

 Le développement d’un modèle simplifié permettant de prendre en compte la présence de 

filtres en parallèle, 

 La présentation de la pertinence du modèle, 

 La calibration à un évènement unique de grande ampleur, 

 La mise en évidence de la robustesse du modèle via la simulation d’une série d’évènement 

pluvieux et d’une analyse de sensibilité.  

Les faits marquants du deuxième article sont : 

 Le développement d’un outil d’optimisation du dimensionnement des ouvrages,  

 L’optimisation de la boucle itérative automatique, 

 Les paramètres clés de l’optimisation ont été fixés, 

 Le test de la boucle itérative et son réalisme en termes de prédictions, 

 Les performances sur le NH4-N peuvent être tenues, même pour des charges importantes tout 

en évitant le colmatage. 

 

5.2 Résumé – Orage : outil d’aide au dimensionnement des filtres plantés 

de Roseaux pour le traitement des eaux urbaines de temps de pluie. Cœur 

du modèle. 

Les filtres plantés de roseaux pour le traitement des surverses de DO sont développé en France 

sous un mode à écoulement vertical avec une limitation du débit de fuite. En permettant un tampon 

hydraulique et un traitement des polluants, ils permettent de réduire l’impact des déversements sur 

le milieu récepteur. Compte tenu du caractère stochastique des évènements pluvieux, le 

dimensionnement de ces ouvrages nécessite une approche dynamique, autorisé par l’usage de 

modèles. C’est à cet effet que le modèle Orage a été développé. Il comprend un module lié au 

processus (le cœur du modèle) ainsi qu’une boucle itérative pour l’optimisation, le tout intégré dans 

une interface utilisateur. L’optimisation permet de proposer une surface de filtre, un matériau de 

filtration ainsi que la profondeur de ce matériau. L’optimisation se réalise en prenant en compte les 

caractéristiques spécifiques du site d’étude, dont une chronique de déversement. Le cœur du modèle 

simule l’hydraulique et la dynamique des MES, de la DCO et du NH4-N. Un premier calage manuel 

sur un évènement, confronté par la suite à une série d’évènements a permis d’observer la pertinence 

du modèle. Une analyse de sensibilité a été réalisée pour identifier les paramètres clés nécessaire à 

caler par des mesures in situ pour affiner la calibration.    

5.3 Résumé – Orage: outil d’aide au dimensionnement des filtres plantés 

de Roseaux pour le traitement des eaux urbaines de temps de pluie. 

Boucle d’optimisation. 

Les filtres plantés de roseaux pour le traitement des surverses de DO sont développé en France 

sous un mode à écoulement vertical avec une limitation du débit de fuite. L’outil d’aide au 

dimensionnement (Orage) facilite le dimensionnement en optimisant la surface de filtre, le matériau 

de filtration ainsi que sa profondeur. L’optimisation se base sur des données propres au site, dont 

une série de déversements. La boucle d’itération appelle le cœur du modèle de manière répétée pour 

chaque dimensionnement testé. Pour chaque simulation, débits et concentrations de sortie sont 

simulés et comparés aux limites de rejets à respecter demandées par l’utilisateur. La boucle a été 
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testée sur des chroniques de pluie réelles et simulées pour fixer les paramètres d’optimisation afin 

de répondre à une grande variété de cas. L’approche d’optimisation a été vérifiée en utilisant les 

données d’un cas réel et ce pour différents niveaux de rejets. L’usage de la zéolite permet une 

meilleure nnitrification pour des charges supérieures à celles classiquement utilisées dans les 

recommandations actuelles mais nécessite d’être vigilant sur la problématique de colmatage. 

5.4 Principales avancées 

Le cœur du modèle a été testé par de nombreuses approches, y compris des tests statistiques 

pour évaluer la pertinence du calage. Il a été montré robuste par une analyse de sensibilité et la 

simulation de séries d’évènements en utilisant des paramètres calés sur un seul évènement. La 

précision du modèle et modérée à bonne. Elle nécessitera d’être confrontée a plus de données issues 

de conditions réelles. 

La précision et la robustesse du modèle sont deux facteurs importants pour une optimisation 

du dimensionnement fiable. L’intégration du modèle dans la boucle d’optimisation a montré une 

fiabilité des optimisations.  

L’optimisation des paramètres hydraulique en utilisant des débit de réseaux séparatif d’eaux 

pluviales et des concentrations en polluants de réseau unitaire (cas défavorable) a montré que des 

filtres compactes (surface de filtre inférieur à la surface de stockage) permettent de respecter des 

niveaux bas en azote ammoniacal. Dans ce cas la question d’un possible colmatage à long terme 

doit se poser. 

Dans le cas de filtres surdimensionnés, plusieurs ajustements seraient nécessaires pour une 

meilleure efficacité d’optimisation. Une approche a été réalisée pour minimiser les court-circuits 

hydrauliques engendrés par un surdimensionnement mais des données issues de déversoirs d’orage 

de réseau unitaire seraient nécessaires pour confirmer la méthodologie. D’une manière générale, la 

boucle d’optimisation a été validée et vérifiée sur le site de Marcy l’Etoile.  

6 Résumé du chapitre : Performances processus du filtre plantés à 

écoulement vertical. 

6.1 Contexte et faits marquants 

Le site de Marcy l’étoile est le premier filtre de ce type en France. Il a été suivi pendant trois 

ans en termes de débits et de performances épuratoires par l’intermédiaire de mesures en lignes et 

de prélèvement proportionnels au débit. Deux évènements pluvieux de plusieurs jours ont été 

également évalués en termes de HAP et de métaux. Cela a permis d’évaluer les performances de 

l’ouvrage. De même, des campagnes de mesures spécifiques ont été réalisées pour préciser la 

dynamique des processus pour nourrir la construction du modèle. Les processus étudiés avaient 

pour objectifs de préciser i) l’hydraulique du système à différents niveau de saturation (court-

circuits hydrauliques), ii) la dynamique de l’azote (adsorption/nitrification) et iii) l’accumulation 

des boues en surface de l’ouvrage. Les résultats sont présentés dans ce chapitre en deux articles 

intitulés « dynamique de l’azote et évolution de l’hydraulique d’un filtre plantés à écoulement 

vertical pour le traitement des surverses de DO » et « performances  épuratoires sur les paramètres 

majeurs et micropolluants d’un filtre plantés à écoulement vertical pour le traitement des surverses 

de DO ». Leur quantification était nécessaire pour la calibration du modèle Orage.  

Faits marquants sur la dynamique des processus : 
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 La dynamique des processus a été étudiée sur un système en taille réelle, 

 La dynamique de saturation, lors d’évènements pluvieux, a été étudiée suivant une section 

verticale et longitudinale par rapport au point d’alimentation,  

 Les capacités d’adsorption de l’azote ammoniacale ont été évaluées pour la pouzzolane et le 

mélange zéolite/sable, 

 Les vitesses de nitrification et les relargages de nitrates ont été quantifies et formulés.  

 Des propositions d’amélioration du dimensionnement ont été proposées ainsi que des pistes 

pour de futures recherches. 

Faits marquants sur les performances épuratoires et l’accumulation des boues : 

 Le premier filtre taille réelle en France a été intensément étudié, 

 Un grand nombre d’évènements pluvieux ont été suivis sur les trois ans, 

 Une cartographie du dépôt de boues a été réalisée et analysée pour les métaux et HAP, 

 Une analyse statistique a permis de mettre en evidence les paramètres clés impactants les 

performances sur la DCO 

  Des recherches supplémentaires sont nécessaires pour une meilleure compréhension du 

comportement des micropolluants dans le système. 

 

6.2 Résumé de l’article – dynamique de l’azote et évolution de 

l’hydraulique d’un filtre plantés à écoulement vertical pour le traitement 

des surverses de DO 

L’objectif des filtres plantés à écoulement vertical pour le traitement des surverses de DO est 

de pouvoir traiter des charges ponctuelles, et rapides, de caractère stochastique. Le premier filtre en 

taille réelle réalisé en France a été suivi pendant trois ans par l’intermédiaire de prélèvements 

proportionnels au débit et de mesures en ligne. La teneur en eau dans le milieu a été étudié, par des 

sondes TDR, suivant différents profils, sur une section longitudinale par rapport au point 

d’alimentation. L’étude de l’hydraulique a également été complétée par des traçages hydrauliques à 

différents niveaux de saturation au cours d’un évènement. Ils permettent de mettre en évidence 

l’impact du niveau de saturation de départ sur l’ampleur des court-circuits hydrauliques. Couplés à 

des mesures en lignes de  NH4-N, des propositions de dimensionnement ont été faite pour diminuer 

leur ampleur. LA dynamique de l’azote a été étudiée en réalisant des alimentions répétées du filtre à 

différentes occurrences et par des bilans massiques. Les capacités d’adsorption évaluées sur la 

pouzzolane et le mélange zéolite/sable ont été quantifiées similaire au niveau des filtres, mais leur 

volume dans chaque filtre n’est pas le même. En conséquence de quoi, leur capacité intrinsèque ont 

pu être évaluée. La vitesse de nitrification a pu être mise en équation dépendant de deux facteurs 

que sont la température et la masse de NH4-N adsorbé sur le matériau. Elle permet de pouvoir 

représenter la masse d’azote nitrifiée pendant les périodes « sèches ». LA vitesse de nitrification 

double tous les 5.7 °C. Ces résultats ont permis d’affiner la calibration du modèle. Enfin, l’étude de 

la dynamique de lessivage des nitrates en début d’évènement pluvieux permet de donner de spistes 

de dimensionnement d’un deuxième étage de traitement pour viser des objectifs d’azote global. 
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6.3 Résumé de l’article – performances épuratoires sur les paramètres 

majeurs et micropolluants d’un filtre plantés à écoulement vertical pour 

le traitement des surverses de DO 

Les performances sur les paramètres majeurs, métaux et HAP ont été évalués sur un système 

en taille réelle pendant trois ans. Les performances sont globalement hautes (97% en MES, 80% en 

DCO et 72% en NH4-N) même si les charges appliquées ont été parfois largement supérieures au 

charges de dimensionnement : l’objectif était de voir les limites de l’ouvrage. Sur les deux 

matériaux testés (pouzzolane et mélange Zéolite/sable) des performances similaires ont été 

mesurées.  

Les facteurs environnementaux ont été étudiés pour expliqués les variations observées sur les 

performances du paramètres DCO. On a pu montrer que les paramètres le splus impactants sont la 

teneur en DCO dissoute en entrée ainsi que la durée et l’évapotranspiration moyenne de la période 

de repos précédant un épisode pluvieux. Cette période de repos peut fragiliser la biomasse et 

impacter les rendements par la suite.    

Enfin, le suivi des boues a permis de calculer la vitesse d’accumulation moyenne ainsi que 

leur régression pendant les périodes sèches.  

6.4 Principales avancées 

Le suivi de la dynamique des processus a permis de confirmer les processus et de paramétrer 

le modèle Orage. 

Les cour-circuits hydrauliques impactent le niveau de rejet en azote ammoniacal, ce qui peut 

être une problématique pour des long et petits déversements (ou dans le cas d’ouvrages 

surdimensionnés). Ceci peut arriver malgré une capacité d’adsorption importante du matériau 

utilisé. Les possibilités de limitation  de l’ampleur de ces court-circuits ont été proposées : 

a) La mise ne place d’une couche de saturation permanente de 40 cm en fond de filtre,  

b) La mise ne place d’un double orifice de régulation du débit de fuite. Un petit orifice au 

niveau de la couche de saturation de fond et un plus gros au-dessus pour accélérer la 

saturation du filtre au début de l’évènement pluvieux.    

c) Maximiser la distribution du dépôt de boues en surface et mettre en oeuvre une connection 

entre les filtres au  niveau du dépôt de boue. 

Le mélange zéolite/sable et la pouzzolane sont tous deux efficaces pour l’adsorption de l’azote 

ammoniacal. La mise en œuvre de matériaux de forte capacité d’adsorption permet de réduire 

considérablement la surface du filtre. Cependant, il ne faut pas négliger dans ce cas 

l’augmentation du dépôt de boue qui pourrait à terme conduire à un colmatage de l’ouvrage. Ce 

colmatage n’a pas pu être mis en évidence sur le site de Marcy l’Etoile. Cette thématique mérite 

d’être poursuivie dans des recherches futures. Une autre problématique liée aux filtres compacts 

pourrait être la saturation progressive des sites d’adsorption en raison de périodes de repos plus 

courtes et donc une moindre nitrification. Le modèle Orage permet d’étudier cette 

problématique. 

Enfin, les flux de nitrates en début d’épisode pluvieux sont lessivés dans le cadre du premier 

mètre d’eau s’évacuant du filtre. La recherche d’objectif de dénitrification sur un deuxième étage de 

traitement nécessiterait alors de se focaliser uniquement sur ce premier mètre mais pose la question 

d’une source de carbone compte tenu des concentration en DCO en sortie d’ouvrage. 
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En ce qui concerne les performances du filtre, la robustesse de ce dernier a pu être mise en 

évidence par la stabilité des rejets. Pour des évènements en dessous de la charge nominale (2.3 m) 

les niveaux sont bons (97% en TSS, 80% en COD and 85% en NH4-N). La chute des n’a été 

observé que pour des charges extrêmes d’une charge de 12m (cela représente pour le site de Marcy, 

une pluie de période de retours de deux ans). La pouzzolane est une alternative envisageable à la 

zéolite lorsque disponible localement.  

La concentration en DCO de sortie peut être estimée sur la base de la concentration dissoute 

en DCO, la durée de la période de repos précédente et l’évapotranspiration de cette période de repos 

(R=0.62). En termes de micropolluants, le système est efficace à la fois pour certains HAP 

(benzo(a)pyrene, phenanthrene, naphthalene) que des métaux (Al, Ti, Cr and Ba). Cependant, des 

études supplémentaires et plus fines (suivis plus régulier, mesures de pH, redox …) sont nécessaires 

pour mieux appréhender le devenir des micropolluants dans ces ouvrages. Ce que l’on retiendra est 

que le niveau de concentration dans les boues, actuellement, n’empêche pas une valorisation des 

boues en agriculture. L’accumulation des boues est localisée proche des points d’alimentation et le 

filtre utilisé en « secondaire » ne reçoit plus de boues. En conséquence de quoi le niveau de 

connexion sur le filtre secondaire peut être abaissé pour minimiser les longues périodes de repos qui 

fragilisent la biomasse. 

7 Apports pour le dimensionnement et conclusions générales 

7.1 Apports pour le dimensionnement 

7.1.1 Diminution des court-circuits hydrauliques 

Le suivi des niveaux de saturation en début d’évènement couplés à la mesure en ligne de 

l’azote ammoniacal de sortie a permis de mettre en évidence l’impact des court-circuits sur les 

niveaux de rejet. Ceux-ci sont du a une infiltration localisée proche des points d’alimentation et 

peut, dans le cas de faibles évènement pluvieux, durer longtemps et affecter les performances 

significativement. Le dimensionnement peut être amélioré pour limiter ces effets.  

En premier lieu, la structure de sortie peut intégrer deux orifices de sortie pour réguler le débit 

de fuite. L’objectif étant de saturer plus rapidement le filtre ne début d’épisode pluvieux afin 

d’utiliser l’ensemble du filtre en terme d’hydraulique. L’orifice inférieur doit être calibré à un 

niveau inférieur au débit de fuite de dimensionnement, pour favoriser la saturation, et l’orifice 

supérieur calibré de manière à ce que les deux orifices drainent au débit de fuite voulu pour traiter 

rapidement les volumes importants de manière à autoriser le drainage rapide et la régénération du 

filtre. Le positionnement de l’orifice du bas peut être positionné à 40 cm du fond pour permettre 

une réserve en eau pour les périodes de repos et minimiser les court-circuits. L’orifice du haut 

pourrait être positionné au niveau de la surface du filtre. L’eau stockée dans la porosité ne 

représentant qu’une petite fraction du volume à traiter (par ex. 60 cm de matériau avec une porosité 

de 33% ne stocke que 20 cm d’eau). Un ratio de débits de fuites, entre les deux orifices, de 1:2 est 

proposé. Il induirait, pour une hauteur de flaquage de 1 m, un accroissement de l’ordre de 2,5 

heures du drainage. DE même cela permettrait d’améliorer le relargage de nitrates en début 

d’épisode pluvieux.  

Un autre moyen de minimiser les court-circuits et de mettre en œuvre une hauteur de 

saturation permanente de fond à une hauteur comprises entre 0.3 et 0.5 m. En plus de permettre une 

limitation du séchage du filtre en période de repos, les mesures et simulation réalisées par Orage ont 

montrées que ces hauteurs permettent de limiter l’effet des court-circuits sur le niveau de rejet en 
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azote ammoniacal. Ces valeurs ont donc été introduites dans orage pour le dimensionnement 

suivant que les climats soient arides ou non. On notera que le système d’aération doit se situer au-

dessus de cette zone de saturation permanente pour favoriser l’oxygénation et éviter la 

remobilisation du phosphore ou des métaux. 

7.1.2 Système de distribution d’entrée 

LE système de distribution des eaux d’entrée est aussi un point impactant l’ampleur des court-

circuits. La mise ne place d’un seul point d’alimentation peut non seulement favoriser des effets de 

bords mais aussi ne permet pas une bonne distribution des boues et des eaux. Sur Marcy l’Etoile, 

aucun dépôt de boues n’est observé à l’extrémité du filtre. Une réflexion sur une meilleure 

distribution des eaux doit donc être réalisée et, dans le cas d’un seul point, préférentiellement 

positionné au centre du filtre. 

L’usage de plusieurs points de distribution est préférable, que ce soit pour de petits ou grands 

filtres (Marcy l’Etoile possède un point pour 250 m² de filtre), afin d’améliorer la distribution des 

eaux et des boues. L’infiltration des eaux est limitée par le dépôt organique de surface jusqu’à ce 

que le filtre soit saturé. Une alimentation par un canal de déversement sur une largeur de filtre peut 

être une solution par exemple pour améliorer la distribution, comme il est parfois réalisé en 

Allemagne, mais les potentiels effets de bords mériteraient d’être étudiés. 

7.1.3 Connection hydraulique entre les filtres 

La connexion hydraulique entre les filtres de Marcy l’Etoile permet une alimentation du filtre 

secondaire en eaux décantées (Le filtre secondaire ne reçoit que de l’ordre de 15 % des MES 

d’entrée). En conséquence de quoi, aucune boue n’est observée au niveau des points de connexions. 

L’infiltration est donc rapide à ce niveau et favorise les court-circuits hydrauliques. Pour minimiser 

l’effet et mieux répartir les eaux, la connexion pourrait être réalisée là où le dépôt organique est 

présent, donc proche des points d’alimentation. 

Il est également important de ne pas mettre en place de gabions d’entrée qui diminuent la 

profondeur effective de la couche de filtration comme il a été réalisé à Marcy l’Etoile. Si les 

gabions d’entrée, nécessaires pour briser l’énergie cinétique de l’eau, s’enfoncent dans la 

profondeur du filtre, ils induisent automatiquement un court-circuits hydraulique. Ils doivent donc 

être positionnés en surface ou avoir un fond étanche. 

L’alternance des filtres a pour objectif de créer des périodes de repos plus longues entre les 

évènements pluvieux pour minéraliser le dépôt organique. En revanche, dans le cas d’un nombre 

important de petits évènements pluvieux, des périodes de repos longues vont également affecter la 

biomasse et, par conséquent, les performances épuratoires. Dans la mesure où nous avons observé 

que les eaux déversées sur le filtres secondaire n’apportent pas beaucoup de MES, des 

déversements plus fréquent ne devraient pas trop affecter la dynamique de la boue mais favoriser 

les performances épuratoires. La hauteur de 80 cm mise en place à Marcy l’Etoile semble être 

satisfaisante à cet effet. 

7.1.4 By-pass de surface 

Les by-pass de surface transportent de faibles concentration en MES dans la mesure où ils 

n’apparaissent que pour des évènements extrêmes et une décantation a lieu (visible également sur la 

DCO NK et PT lié à la partie particulaire). Il semble donc intéressant de mettre une structure de 

sortie dont l’objectif est uniquement d’arrêter les potentiels macro-déchets. 
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7.2 Conclusions et perspectives 

7.2.1 Modélisation mécaniste des filtres pour le traitement des surverses de DO 

La modélisation par Hydrus/CW2D a permis de représenter correctement les performances de 

traitement sur la DCO et NH4-N sur des chroniques courtes et moyennes en ayant une quasi stabilité 

de la biomasse épuratrice. Il est cependant nécessaire d’avoir une validation de la modélisation sur 

des ouvrages de pleine échelle, en conditions réelles. De même, son utilisation pour le système 

français (eaux usées brutes) pose d’autres questions qu’il est nécessaire d’étudier pour transférer ce 

modèle vers l’ingénierie. Quoi qu’il en soit l’usage de ce modèle nécessite une formation poussée et 

des temps de calculs importants pour de longues chroniques de débits. 

7.2.2 Le modèle Orage 

Le cœur du modèle orage (processus) est robuste et l’optimisation automatique a été vérifiée. 

La boucle d’optimisation donne des dimensionnements réalistes lorsque utilisé sur les données de 

Marcy l’Etoile. La précision du modèle, par un affinage des paramètres de calage, pourra être 

accrue sur la base de futurs suivis sur des sites réels différents. Pour cela des suivis poussés seront 

nécessaires. Il s’agira de travailler sur le calage des paramètres liés aux matériaux, aux facteurs 

influençant les performances sur la DCO et l’optimisation hydraulique. Des études supplémentaires 

permettront de comparer directement les prédictions du modèle Orage aux mesures. Pour une bonne 

utilisation, une formation des ingénieurs, décideurs sera nécessaire, même si l’outil est simple 

d’utilisation. 

7.2.3 Performances des filtres et compacité. 

En ce qui concerne les performances du filtre, la robustesse de ce dernier a pu être mise en 

évidence par la stabilité des rejets. Pour des évènements en dessous de la charge nominale (2.3 m, 

N=19) les niveaux sont bons (97% en TSS, 80% en COD and 85% en NH4-N). Aussi bien la 

pouzzolane, que le mélange zéolite/sable, ont montrés une forte capacité à l’adsorption de l’azote 

ammoniacal. Les autres polluants majeurs n’ont que peu d’impact sur le dimensionnement de la 

surface du filtre. Compte tenu des capacités d’adsorption mesurées, les filtres peuvent engendrer un 

stockage des eaux (effet tapon hydraulique) supérieur à la surface du filtre nécessaire pour la partie 

traitement. Cela engendrerait des charges hydrauliques importantes et supérieures à la pratique 

actuelle. Le risque serait alors de colmater prématurément le filtre. Des recherches supplémentaires 

sont nécessaires pour bien quantifier l’impact de charges hydrauliques et organiques importantes. 

Les charges hydrauliques testées pourraient induire des valeurs jusqu’à 250 m/an. Des solutions 

également pour limiter le déversement des particules solides des réseaux pourraient être étudiées 

également afin de dimensionner des filtres sur des charges hydrauliques importantes. 

La régénération du filtre en saison froide est inférieure à celle attendue. La vitesse de 

nitrification double tous les 5.7 °C. Cela signifie que les capacités d’adsorption pourraient être 

limitées en saison froide et nécessiteraient de longues périodes de repos difficiles à mettre en œuvre 

en hiver. Cela est donc un aspect supplémentaire, avec le colmatage, qui pourrait limiter l’usage de 

filtres compacts. Le modèle Orage prend en compte ce phénomène dans l’optimisation du 

dimensionnement. 

La concentration en DCO en sortie d’ouvrage peut être estimé en fonction de la DCO dissoute 

d’entrée et la période de repos précédente (durée, évapotranspiration) sur la base d’une corrélation 

linéaire établie dans le projet (R=0.62). Valable en concentration moyenne sur l’évènement 
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pluvieux, des recherches futures sont nécessaires pour mieux appréhender ces variations au sein 

même d’un évènement pluvieux.  

Il a été montré également que les filtres plantés permettent de retenir efficacement certains 

micropolluants de type HAP (benzo(a)pyrene, phenanthrene, naphthalene) et métaux (Al, Ti, Cr and 

Ba). Cependant, des études plus fines sont nécessaires pour améliorer la compréhension des 

processus et appréhender les performances de ce type de substances.  

7.2.4 Pistes pour la dénitrification 

Il a été montré que le relargage des nitrates est lié à la charge hydraulique qui passe au travers 

du filtre. La plus-part des nitrates est relargué au début de l’évènement pluvieux sur le premier 

mètre de charge hydraulique. En conséquence de quoi, seul le traitement de ce premier mètre serait 

nécessaire pour viser un traitement complet de l’azote global à l’échelle de l’évènement. Cependant 

cela pose la question de la source de carbone associé au temps de séjour dans un ouvrage 

secondaire pour garantir un niveau stable. Ceci doit être étudié dans le futur. La confirmation de ce 

mètre de charge qui relargue les nitrate poussent en faveur de la réalisation de filtres compacts de 

manière à minimiser les volumes à traiter et donc l’emprise des ouvrages.  
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1 General introduction 

Water is covering about 71% of the surface of Earth. Water is not scarce but 99.3% is stored in 

the seas and oceans or in ice caps and glaciers. Freshwater resources are sharing the other 0.7% of 

the total in the classical sense, dominated by groundwater (Moss, 2010). Freshwater is not only 

essential but it is a precious asset to be managed wisely facing the challenges caused by an 

increasing population and unwanted effects of human activities. 

One effect of these human activities is related to urbanization. Globally, 54 per cent of people 

were living in urban areas in 2014. The global value is predicted to increase further, from 30 per 

cent in 1950 to 66 per cent in 2050. In Europe, this value is 73 per cent and only Africa and Asia 

remain mostly rural – with the prediction of a balance pronouncedly tipping by 2050 (UN 2014). 

Urban sprawl and population increase mean increased emissions, the sprawl of the impermeable 

surfaces and a changed material use compared to the rural setting. On one hand, sealed surfaces 

trigger larger runoff volumes at precipitation events with a more pointed, taller discharge curve, 

creating a hydraulic shock on the often minor natural water bodies of the effected watershed. On the 

other hand, everything weathers with time, and precipitation tends to wash or solve out pollutants 

not only from the surfaces but also from the atmosphere of urban areas. In summary, our built 

environment alters natural runoff characteristics by changing hydraulics and water quality in the 

watershed which put an adverse impact on natural waters. For these reasons, managing urban 

stormwater is increasing in significance with the increasing area of sealed land and urbanization in 

general (Loperfido et al. 2014, Fournel 2012, Walsch et al. 2005, Chocat et al. 1994). 

It is the Water Framework Directive (WFD 2000) in the European Union which creates an 

agenda for water management down to the community level. Its main goal is to improve the quality 

of deteriorated water bodies or maintain good status of others. The directive is implemented in the 

national legislation of France via Act no. 2004-338 and Act no. 2006-1772. Although it has been a 

common practice to release excessive flows originating from urban runoff which exceed the 

capacity of the municipal wastewater treatment plants (WWTP) or sewer network, these legislations 

oblige water authorities governing communities to set a limit on pollutant loads diverted to the 

natural receiving water bodies and as such, to manage stormwater. 

Urban stormwater poses numerous treats to living waters including erosion, sedimentation, 

flooding, temperature rise, dissolved oxygen depletion, nutrient enrichment, eutrophication, toxicity 

in the acute and accumulative pathways, reduced biodiversity and changes in communities 

(Marsalek 1998). Releases carry numerous pollutants and might exceed the loads represented by 

dry weather flow in terms of COD, suspended solids (TSS) and metals and might contain 

significant loads of ammonium (Kadlec and Wallace 2009). To tackle local and regional-scale 

water quality and quantity issues, stormwater best management practices (BMPs) are widely used 

to mitigate or avoid the listed problems to the maximum feasible extent through techniques, 

measures and structural controls (Muthukrishnan et al. 2006). BMPs are usually centralized 

although the advantages of distributed BMPs are acknowledged and an emerging trend can be 

observed in their implementation (Loperfido et al. 2014). This work focuses on vertical flow 

constructed wetland systems for combined sewer overflow treatment (CSO CWs) in the French 

practice. (Similar systems treating waters from separate sewer outlets (SSO) are touched only 

because the software developed linked to this thesis has a function of hydraulics optimization for 

them.) CSO CWs are applied as centralized systems between the point of overflow and the 

receiving water. They might be advantageous if the urban area is already developed and does not 
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allow the application of dispersed BMPs. Furthermore, CSO CWs can be integrated into a de-

centralized network of distributed BMPs too. 

Stormwater is collected by combined sewers in about 25% of the lines (SoeS 2011) and the 

rest of the network length is separate sewer. The excessive flows generated by storm runoff are 

often released directly into the living waters as combined sewer overflow (CSO). To comply with 

EU Water Framework Directive (2000/60/EC) and the French legislations, pollution due to sewer 

overflow has to be managed. Furthermore, Article 4 of Urban Waste Water Treatment Directive 

(91/271/EEC) obliges the member states of the European Union to “ensure that urban waste water 

entering collecting systems shall before discharge be subject to secondary treatment or equivalent 

treatment”. Article R.2224-11 of the Code Général des Collectivités Territoriales states that “all 

waters entering a wastewater sewer, except unusual situation, have to be treated before to reach the 

waterbody”. Consequently, CSOs have to be treated before reaching the waterbody. Target 

pollutants are the same as those in sewage entering WWTP, so treatment should focus on TSS, 

COD and NH4-N/TKN. Flow control is needed as well for erosion prevention.  Vertical flow 

wetlands like CSO CWs are claimed to offer advantages in terms of treatment performance 

(Mungasavalli and Viraraghavan 2006). They are proven efficient for various types of wastewaters 

like domestic, industrial, food etc. (Kadlec and Wallace 2009). When correctly designed, they 

combine filtration, physico-chemical processes including biodegradation and a hydraulic buffer 

effect. They are therefore capable to eliminate a wide range of particulate and dissolved pollutants 

(Uhl and Dittmer 2005). 

A series of projects were started at IRSTEA (fomerly known as Cemagref; Institut national de 

recherche en sciences et technologies pour l’environnement et l’agriculture, a public research 

institute in France focusing on land management issues such as water resources and agricultural 

technology) in order to optimize the design, operation and performance of CSO CWs. The first of 

them was the SEGTEUP project (Fournel 2012) which aimed to develop an optimized system 

derived from the German standards. The German VF CW system consists of a combined sewer 

overflow tank (CST) and a so-called ’Retentionsbodenfilter’ (retention soil filter, RSF) which are 

applied serially in this order, widely in the country. The experiences from RSFs (Uhl and Dittmer 

2005) and the experiences from the French system for sewage treatment (Molle et al. 2005) were 

united to set up nine pilot scale filter beds (20 m2 each, planted by Phragmites australis). These had 

different filter media and filter depth. The large-scale pilots were receiving controlled feedings 

enabling to study the performance of different system configurations over time. In summary, 

SEGTEUP aimed to develop an optimized concept which excludes the need of the tank (CST) in 

latter full scale projects. 

As the follow-up of SEGTEUP, a new project was brought into action in a cooperation of 

several public and private stakeholders. The ADEPTE project (Aide au dimensionnement pour la 

gestion des eaux pluviales par traitement extensif – Supporing the dimensioning of extensive urban 

stormwater management systems) was born under the aegis of the National Biodiversity Strategy 

(Strategie Nationale pour la Biodiversite 2011-2020).  The objective of the project was to lay down 

the design and operation guidelines of CWs for urban stormwater treatment. The ultimate project 

output was the design-support software Orage. The tool was to be made openly available from 2017 

for both the public and private sector with the intention to simplify site-specific scaling and material 

selection of new CSO CWs (and SSO CWs) just as to aid dissemination. The research had been 

done at four full-scale wetlands located at three different climate regions of France: 

I. Marcy l’Etoile (CSO): Located close to Lyon at semi-continental climate and treating CSO, 

this wetland received pollutant loads with the highest variability. An intensive monitoring 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



General introduction 

T. G. PÁLFY  Page 3 

 

(including online probes) had been carried out. This was the very first vertical flow CSO 

CW in France and pioneer in many aspects in a broader sense as well. Monitoring results 

from this site formed the base of the presented thesis work. 

II. Leuville-sur-Orge/Saint Germain les Arpajon (SSO): Located south of Paris this site is 

representative for oceanic-transitional climate. 

III. Moulins les Metz (SSO): this site represents the semi-continental transitional climate, 

located south of Luxembourg. 

IV. Périgny (SSO): horizontal flow wetland in oceanic climate. 

This thesis deals with the design-support modelling of CSO CWs and introduces the research 

done at the Marcy l’Etoile site of the ADEPTE project. The main objectives of the work are: 

 To verify an existing CW model package (HYDRUS /CW2D) in terms of applicability on 

CSO CWs (pilot scale). This first step helps to a better insight into CSO CWs. Due to their 

complexity CSO CWs were often considered as black-boxes. The deepened understanding 

is supposed to have value to achieve other research objectives with special emphasis on the 

development of a computational tool which i) is simple to use; ii) is built for CSO CWs and 

iii) is design-oriented (Orage). 

 Create the framework of a design-support computational tool (Orage) which helps the 

scaling and material selection of CSO CWs. The first step is to formulate a numerical core 

model which works with time series of inflows and concentrations and calculates effluent 

qualities. The second step is the formulation of an iterative shell. The shell calls the core 

repetitively whilst searching for the ideal material (meaning low-cost) and the smallest 

filter area still effective in terms of hydraulics and pollutant removal. The tool should offer 

support for SSO CWs – optimization of hydraulics is satisfactory because effluent 

concentrations are low at SSO CWs anyway. 

 Calibrate and verify the design-support tool based on scientific results from previous 

research and research at the Marcy l’Etoile site of the ADEPTE project. Report monitoring 

results of removal performance, hydraulics and nitrogen dynamics (adsorption – 

nitrification) of the Marcy l’Etoile site. 

 Suggest improvements for the design and operation standards of the French concept of 

CSO CWs. 
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The work is presented as a cumulative dissertation based on five manuscripts and is divided 

into four parts.  

Part 1 (Chapter 2) is the general synthesis of the literature. The terminology and the traits of 

CSO CWs are introduced and the state of the art of modelling CSO CWs is discussed. The chapter 

gives a general overview of the broad context touched in this work (modelling and monitoring at 

full scale) to help the understanding of the work done and the outcomes obtained.  

Part 2 (Chapter 3), titled ‘Setup of field experiments and model building’ is the chapter 

discussing the materials and methods of the field experiments. On the other hand, the steps and 

methods of model development, calibration and verification are summarized. These help to see the 

integrity of the work done on the key model components (core model and iterative shell) and the 

field monitoring (performance series and specific experiments). Although these were to be 

published as stand-alone articles, they have strong linkages due to the parallel nature of field 

research and model / program verification. The chapter is divided into two parts dealing with the 

on-site research and the third with modelling but always highlighting correlations by cross-

references and practical examples. 

Part 3 (Chapters 4-6) cumulates the articles born in the process of the thesis work. This part is 

divided into subchapters, each giving frame to and based on one manuscript. The summary of the 

context and then the closing thoughts help to string up the otherwise stand-alone works. Each 

article targets to add to the knowledge enumerated in the chapter ‘Synthesis of related literature’ 

and focuses more specifically on one or a few steps of the research (see Fig. 1). 

Part 4 (Chapter 7) summarizes the main findings (‘Design proposals and final conclusions’). On the 

other hand it aims to give suggestions for design and operation of CSO CWs (see objectives). The 

new questions which have arisen during the research and model development are touched to 

propose directions for future research and the design-support software. 

 

Building the  
core model and 
iterative shell 

Scaling performance-
related parameters 

Formulation of 
process descriptions 

Core model: 
calibration, verification, 

sensitivity analysis 

Verification of Orage:  
iterative shell 
(optimization) 

Monitoring 
of Marcy l’Etoile 

Mechanistic 
modelling 

Earlier research 

HYDRUS / CW2D 
verification 

for CSO CWs 

Suggestions for 
design and operation 

of CSO CWs 

Fig. 1: Knowledge base and key steps towards the objectives (blue boxes). Arrows with two heads 

indicate where the process needed flexibility and allow two-directional exchange between steps. 
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2 Synthesis of related literature 

 Terminology 
Multiple definitions and descriptions exist in the scientific literature to resolve the term 

wetlands (e.g. Cowardin et al. 1985, Mitsch and Gosselink 2007, Kadlec and Wallace 2009). These 

definitions mention congruently several common traits of these semi-terrestrial land areas. 

Wetlands are saturated with water during part or all of the year and this has a deterministic effect on 

the soil properties and the vegetation they host. Wetlands are constructed at an increasing rate today 

all around the globe. A main driving force behind the spreading of constructed wetlands (CWs) is 

their use for wastewater treatment and any reference on CWs in this work is to be understood as 

CWs for the treatment of polluted water. These engineered systems are designed and constructed to 

utilize the natural processes which are related to microbial communities, plants and optionally the 

filter material which hosts the biota (Vymazal 2007). 

CWs evolved in the recent decades and today, a wide range of design traits exist. According to 

hydraulic mode a CW can be surface flow (SF) or subsurface flow (SSF). According to the 

direction of the flow, SSF wetlands can be divided further into horizontal flow (HF) and vertical 

flow (VF). Wetland systems have a wide range of application from household sewage to 

wastewaters with special, often unique characteristics (Kadlec and Wallace 2009, Fonder and 

Headley 2013). Fig. 2 relates the types of constructed wetlands used for urban stormwater treatment 

according to the type of collection (sewer) and the direction of the flow. This work focuses on the 

French standard of VF CWs for combined sewer overflow treatment, referred to as CSO CWs. VF 

CWs for urban stormwater (i.e., from separated sewers) were touched only because the design-

support tool Orage offers an optimization feature based on hydraulics. 

 

Fig. 2: Classification of constructed wetlands for stormwater treatment. *: for the Italian system see Meyer et al. 2013; **: 

for the German RSFs see Uhl and Dittmer 2005. 

Stormwater is the water from precipitation events, often from heavy rainfalls which generate 

large volumes of runoff. The stormwater of urban areas (just as industrial or agricultural 

stormwater) is an environmental concern because it mobilizes and carries particulate and dissolved 

pollutants (Kadlec and Wallace 2009). In many communities, especially in European cities, a 

common sewer system collects sewage and urban runoffs. The wastewater treatment plants 

(WWTPs) at the endpoint of these networks are able to treat the dry weather loads or at most a few 

times higher flow (2-7 times in Germany, Uhl and Dittmer 2005). In France, the WWTP has to treat 

flow rates until a reference value, which enables to incorporate a part of the storm events. This 
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reference normally corresponds to the 95th percentile of flow rates at the treatment plant (based on a 

five year period). The rate is roughly around 2 to 3 times of the dry weather flows (article 2 de 

l’arréte du 21 juillet 2015, Ministry of Environment). Only pond systems and vertical flow 

constructed wetlands can accept higher hydraulic loads occuring during rain events (Molle et al. 

2006, Arias et al. 2014). The capacity of the sewer pipes might be exceeded as well causing urban 

floods. In both practical cases, excess flow are bypassed and are rejected as combined sewer 

overflow (CSO). CSO is a source of pollutant and hydraulic shock to the often minor receiving 

waters. Releases from separated sewer systems are a similar concern due to solids, metals and high 

flow rates (Marsalek 1998). Urban stream syndrome is a generalized degradation of streams 

draining urban land compared to their former or natural state (Chocat et al., 1994; Walsh et al., 

2005). 

 The characteristics of combined sewer overflow 
The EU Water Framework Directive (WFD, EU directive 2000/60/EC) targets to improve the 

quality of the water bodies of the member states and has a dual approach. It calls for national 

regulations both for emission side (the quality of the released water) and for the immission (the 

quality of the receiving water). The quality of combined sewer overflow (CSO) is greatly affected 

by human activities. It has five main contamination sources: 

 Wet-weather atmospheric deposit: condensation cores of the rain droplets are often 

atmospheric suspended pollutants which get back to land with the precipitation. During the 

process, other gaseous and non-gaseous contaminants are washed out, including nitrous 

oxides, carbon monoxide, sulphur dioxide, hydrocarbon vapours, trace metals and aerosols 

(Paren-Rouault and Boisson, 2007). 

 Urban washout: Pavements and roads are the most important sources of suspended solids.  

Pollution of the urban runoff generated by precipitation events arrives to the sewer via three 

main processes (Gromaire 1998, Dechesne 2002): (1) continuous accumulation of materials 

during dry periods, (2) re-mobilization by the flows, (3) transportation into and through the 

sewer network. 

 Roof runoff: the water from roofs is often the main source of Pb, Cu and Zn due to 

plumbing and other construction materials which are rich in these elements. Roof runoff is 

low in TSS. 

 Parasitic waters: unaccounted groundwater intrusion to the sewer system. 

 Wastewater contribution (specific for CSO): the arriving flow mixes with sewage and 

becomes rich in nitrogen and phosphorous compounds. The high flow speeds might also re-

mobilize dry weather flow deposits and biofilms in the sewer network (Mourad, 2005). 

The main contaminants can be arranged in three groups (Fournel 2012): 

 Solids: the concentration of the carried solids can be described by a set of parameters. 

These include most commonly TSS (total suspended solids) and VSS (volatile suspended 

solids). Parameters describing organic pollution are largely dependent on the share of solid 

organic particles. 

 Organic pollution: organic molecules are often biodegradable and yield nutrients as end-

products. Organics are expressed in COD and BOD5 or directly as TOC (total organic 

carbon), DOC (dissolved organic carbon) and VOC (volatile organic carbon). The organic 

pollution can be characterised by the COD/BOD5 ratio which indicates biodegradability. 

Hardly biodegradable and toxic forms are polycyclic aromatic hydrocarbons (PAHs), 

pesticides and pharmaceutical compounds often grouped as organic micropollutants. 
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Furthermore, total COD is often separated into particulate COD (COD_X) and dissolved 

COD (COD_S) by filtration.  

 Mineral pollution: nutrients can be described by the concentrations of total nitrogen (TN), 

organic nitrogen, ammonium-nitrogen (NH4-N), total Kjeldahl nitrogen (TKN), nitrate and 

nitrite (NO3-N, NO2-N) and phosphate (PO4-P). CSO can have significant heavy metal 

pollution (mainly Cu, Cd, Pb and Zn) and sometimes mineral de-icing salts (NaCl, CaCl2, 

KCl). 

CSO is diluted compared to sewage regarding organics and nutrients expressed as COD, 

NH4-N and PO4-P. Still, flows rejected without treatment are one of the most important 

environmental concerns in Europe. The main effects of the pollutants in the releases are (based on 

Mitsch and Gosselink 2007): 

 TSS: increasing turbidity in the receiving water, attaching in the gills of fish, forming 

deposits and shifting the benthic community, high organic content, most of the 

micropollutants travel with particulates. 

 Organics: depletion of DO and shifting or destroying animal communities. 

 NH4-N: this parameter is used to describe both ammonium- (NH4-N) and ammoniacal- 

(NH3-N) nitrogen. The proportion of NH3-N increases with higher pH and temperature. 

Ammonia is toxic to fish, amphibian and invertebrates. The substance causes bleeding gills 

and increases the transmissibility of the membranes of cells attacking the internal organs 

and even the skin of aquatic animals. 

 NO3-N: causes eutrophication and algal blooms at increased concentrations. A shift in the 

trophic level of a water body can lead to ecological catastrophe. 

 PO4-P: contributes to the eutrophication. 

 Heavy metals: accumulation in the trophic cascade, acute toxicity. 

 PAHs: possibility of acute toxicity on aquatic species, bioaccumulation. 

 Others: The effect of many emerging pollutants and engineered molecules is often 

unknown and need further research. 

 Pathogens: risk of human and animal health (CSO poses higher risk than SSO) 

Incoming concentrations of most stormwater runoff parameters are time dependent due to the 

accumulation of dryfall on the catchment during the inter-event periods. At the beginning of the 

precipitation the accumulated materials are washed down. This entails pollutant loads are less 

linked to flow rates in time and makes sense to chart pollutant concentrations against time giving a 

chemograph. On chemographs it is often visible that rain events following a long deposition 

process are followed by a first flush of runoff which carries higher constituent concentrations than 

the runoff generated by the rest of the rain event. The first flush phenomenon is not observable 

though everywhere (Kadlec and Wallace 2009) and the constantly present dry weather flow makes 

the picture even more complex in the case of CSO.  

Chemographs give an insight into single events which have high significance for research. 

However, statistics based on a large number of events and a large number of sites demanded the 

recent spreading of online probes, powerful computers and statistical software. The stochasticity of 

volumes and concentrations could not be easily followed intra-event. The flow-weighted mean 

called event mean concentration (EMC) was more apt to estimate the extent of pollution based on 

load series. EMCs of single events showed large differences but they indicated pollutant loads from 

CSO as well as descriptive statistics could be based on them for the comparison of different 

overflow sites. The value of EMC is calculated by Eq. 1: 
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𝐸𝑀𝐶 =
∫𝑄𝐶𝑑𝑡

∫𝑄𝑑𝑡
 1) 

where C is the instantaneous concentration [mg/L], Q is the instantaneous flow [m3/h] and t is 

the time [h]. 

Table 1 compares average CSO and SSO EMC values from multiple sites. It has to be stated 

for the interpretation that measured SSO and CSO qualities show high variability which is greatly 

dependent on the characteristics (slope, ratio of the sealed area, and return period of the rain events) 

of, and the material use at the watershed. The ranges are not representing minimum and maximum 

values but give a range of the average EMC values from multiple site-based statistics from the 

literature. It is generally true that CSO has higher concentrations of TSS, organics, nitrogen, 

phosphorous and coliforms. Stormwater wetlands treating SSO target in general the removal of 

solids, metals and PAHs or pathogens. The level of heavy metal pollution is greatly dependent on 

the material use and the presence of industry in the catchment, e.g. materials used for gutters and 

heavy industry in the case of both CSO and SSO treatment (Kadlec and Wallace 2009, Zgheib et al. 

2012). 

Table 1: Typical ranges of CSO and SSO concentrations. Values are average EMCs of multiple events and sites. Ranges 

represent the smallest and largest value found in the listed literature: a) Smullen et al. (1999); b) Kadlec and Wallace 

(2009); c) Fournel (2012); d) Sztruhár et al. (2002); e) Passerat et al. (2011); f) Zgheib et al. (2012) g) Schulz et al (1994); 

h) Gasperi et al. (2012).  *:TKN. 

Parameter Units SSO [EMC] CSO [EMC] 

TSS mg/L 78.4a-106f 85c -430d 
BOD5 mg O2/L 14.1a 35c -135h 

COD_tot mg O2/L 52.8a-89f 99c -445d 
TN mg/L 2.4a 3.6c -16.8d 

NH4-N mg/L 2.8f* 2.0c -9.9h 
TP mg/L 0.3a-0.9f 1.3c -3.5h 
Cu µg/L 13.5a-55.0f 250g 
Pb µg/L 27.0f-67.5a 250g 
Zn µg/L 162a-270f 570d-1020g 

Fecal coliforms 1000 CFU/ml 1.5b 1.3d-76e 
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 Legislative context 
Legislations exist both at European and French national levels with a scope effecting 

stormwater wetlands directly or indirectly. The European Water Framework Directive (WFD; EU 

2000/60/CE) is a framework for national and community water management policy. It defines 

categories for water quality based on hydromorphology, physicochemistry and biology for surface 

water and physicochemistry and quantity for ground water. It obliges the member states to make 

steps towards the targets of the framework via the national legislations. Good status has to be 

achieved for all waters, including the preservation of the status of those which already fulfil the 

criteria of calling it good. The WFD sets also quantitative thresholds on 41 priority substances or 

substance groups for discharges into surface waters. The WFD obliges member states to divide their 

territories into watersheds and create River Basin Management Plans for each, so not only to be 

encompassed into the national legislation but to take effect directly through more local executive 

bodies. The WFD was originally released with the deadline 2015 to achieve its goals. Later, the 

obligations were deferred to 2021 or even 2027 as assessments of the management plans have 

shown that reaching a good state of all water bodies needs a longer period.  

The WFD is implemented in the French legislation by Act 2004-338 (October 2004) through 

the ’Water Management Scheme’ (SDAGE - Schéma Directeur d’Aménagement et de Gestion des 

Eaux) at the level of the watersheds. At the local level, a ’Local Water Management Scheme’ 

(SAGE – Schéma d’Aménagement et de Gestion des Eaux) is created and followed. Act 2006-1772 

(December 2006) updates the French water policy framework by bringing in new objectives to 

those in WFD, in the perspective of this work notably by targeting the modernization of the 

organization and management of public water utilities including wastewater treatment. Although it 

is a common practice to release excessive flows originating from urban runoff which exceed the 

intake capacity of the municipal wastewater treatment plant (WWTP), these acts require the water 

authorities at the community level to limit direct release to natural waters. 

From the dual emission/immission approach of WFD this work will focus on the discharge 

(emission). The water policies in France set the emission requirements for stormwater wetlands 

based on the receiving water body, considering the potential effects on the ecosystem of each. 

These include setting a limit on the overall effluent rate and the concentrations of TSS, total COD 

and NH4-N (total nitrogen and phosphorous limits are possible as well). 

 Vertical flow constructed wetlands for CSO treatment 

2.4.1 Structural and operational traits of CSO CWs 

Numerous BMPs exist for the treatment of urban stormwater. Centralized solutions are 

promising in Europe where urban and suburban areas are densely built and the historical tendency 

of building combined sewer networks often demands overflow point treatment of CSO. It is to 

mention that CSO CWs are ideally paired with decentralized solutions for infiltrating stormwater 

before reaching the sewer. An ultimate treatment goal was proposed by Geoff et al. (2016): the 

preservation or restoration of the receiving waters. The available practices should be looked at site-

specifically and as complementary options rather than competitive. The present work focuses on the 

French standard of CSO CWs. 

CSO CWs are usually installed after a single overflow structure of storm-generated flows. 

Their purpose is to mitigate environmental effects. The French system can be deployed as single 
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object for endpoint treatment due to its robustness. A classical CSO CW has different 

compartments which serve different functions. These compartments are, from top to bottom: 

1. Storage basin: the detention space is for storing the arriving overflows which often arrive 

in a short period of time on the wetland. Satisfying treatment of this water is not possible 

in such a short time due to the nature of the physical-chemical processes taking place. The 

storage basin is often called retention room or layer as well. The term retention layer is 

originating from the conceptual models of these wetlands where it is represented as a layer 

indeed. Classical VF CWs lack this basin or if they have it represents a small volume for 

the storage of impulse-like loadings. 

2. Deposit layer: the deposit layer is self-forming at operation. It does not affect treatment 

performance negatively with an optimized design but improves it. It is called also sludge 

blanket. Physical, chemical and biological removal processes take place as the water 

infiltrates and percolates vertically. 

3. Filter layer: the filter material supports the growth of the biofilm and plants. Physical, 

chemical and biological removal processes take place as the water percolates vertically. 

Hosts a network of aeration pipes just above the drainage layer. 

4. Drainage layer: contains the network of the drainage pipes and has a larger grain size as the 

filter layer does. The concentration of microorganisms decreases with depth and due to the 

smaller active surface this layer has little role in the treatment (Meyer 2011). 

Flows arriving to CSO CWs are stochastic in terms of volumes, concentrations and return 

periods. System operation can be divided to intra-event (loaded) and inter-event (unloaded) periods. 

Dittmer (2006) described that these periods differ also in the dominant removal processes as well. 

Therefore, it is essential to discuss them separately. Fig. 3 shows the alternation of inter- and intra-

event periods based on the water level in a filter. The characterization of the states and their 

dominant removal processes are described based on the similar German systems (Dittmer et al. 

2005; Uhl and Dittmer 2005; Dittmer 2006; Dittmer and Schmitt 2011; Meyer 2011) and a 

summary is given below and in subchapter 2.4.2. 

 

Fig. 3: Alternation of intra-event (blue) and inter-event (ochre) periods. The periods are well discernible based on the 

stage in the CSO CW (blue series). 

Intra- and inter-event periods can be divided further into sub-categories according to 

hydraulics and stage as shown on Fig. 4. The duration of each state is exposed to the stochasticity 

of the loadings rates and return periods themselves. 

 

level 

[cm] 

200 

100 

0 
04/2013 04/2014 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Synthesis of related literature 

T. G. PÁLFY  Page 11 

 

 

State 1A is the inter-event state of the filter in the classical sense. It establishes between two 

consecutive loadings and is the most durable. It is often referred to as “dry period” which is a 

misleading description. In fact, the filter stays moist after the gravity drainage of the water. The 

pores are filled with air and aerobic processes dominate, most importantly nitrification. 

State 1B is the exact definition of a dry period. It might follow seldom the classical inter-event 

state. This condition is unwanted and occurs after extremely long periods without any load. There is 

a lack of some nutrient since long and the filter media has even dried out. This impacts negatively 

the ecosystem including the biofilm in the filter layer. If cracks occur on the deposits or in the filter, 

hydraulic short-circuits might decrease performance even further. Dittmer (2006) refers to lab-scale 

experiments in which biomass decreased after three weeks as well as COD removal decreased from 

96 % to 74 % after three months without load. The effect might be more rapid in the case of open-

air systems due to higher ET (evapotranspiration) rate. An impact on NH4-N removal was not 

observed as it is removed by physical sorption during the loading. The occurrence of state 1B 

should be avoided, e.g. as proposed by Kadlec and Wallace (2009), by considering water sources 

for irrigation. 

State 2 is normally a short period after the loading starts. It last ideally less than an hour; 

however, its duration depends on the difference of the inflow and the outflow rate. If the difference 

is small, this period might last long which is unwanted. The partial saturation of the filter means 

that only a share of the media is hosting removal processes and the percolation speed is high. This 

phenomenon is called short-circuiting. In comparison, the normal operation of the filter is close to 

1A 

2 

3 

4 

1B 

Fig. 4: The five states of a CSO CW. The classical alternation of intra- and inter-event periods can 

be broken down further as shown by stages 1A-1B and 2-4, respectively. 
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plug-flow (state 3) due to an outflow-limiting orifice (Dittmer 2006). Short-circuiting is expected to 

lead to a decrease of treatment performance. 

The following state 3 is the longest of the intra-event states 2-4. It can last up to two days in 

the case of extreme precipitation events. Filter performance is the maximum due to the near plug-

flow in the full volume of the filter. Seldom, for the smallest events, the water might stay below the 

surface of the filter so this state is absent or fleeting. 

In state 4, the loading has stopped and the filter drains. The flow remains plug-flow. Aerobic 

processes start as air enters the pore space. 

2.4.2 Removal processes and efficiency 

The treatment of stormwater in VF CWs is based on the interaction between the solid and 

liquid phase just as in any other SSF CWs. Water flow and solute transport have significant effect 

on the performance as it determines contact times between the pollutants and the inner pore 

surfaces. Though normally the particle size and the particle size distribution have the greatest effect 

on water flow and solute transport through the hydraulic properties (with special regards to 

conductivity) of the porous media, this is different in the case of CSO CWs. The outflow rate is 

limited at the outlet structure by an orifice. This orifice limits the percolation speed significantly 

compared the hydraulic conductivity of the used materials. The target range of velocities is 0.036-

0.180 m3/m2/h or 0.01-0.05 L/s/m2 (Meyer 2011). This ensures a uniform, near plug flow even in 

coarse media. The difference in the performance was measurable between the two ends of this 

range at column-scale where wall effects could get pronounced (Dittmer 2006). 

Removal processes can be linked to the intra- or inter-event periods based on their dominant 

occurrence. The filter surface filters physically high amounts of solids in intra-event periods. Most 

solids are retained during and at the end of the ponding by the combined effect of filtration and 

sedimentation and by settling of the floating materials when ponding is over. The intrusion of the 

solids into the filter layer was less than 0.02 m in the case of German systems using a well-graded 

sand media of 0-4 mm (Dittmer 2006). The formation of the sediment layer is detectable even in the 

case of pre-settled water from CSO tanks but it is not pronounced for wetlands treating SSO 

(Zgheib et al. 2012). Sediments pose clogging risk when the system ages (or due to inappropriate 

design). On the other hand, sediment layers are rich in organics and small-particles and provide i) 

protection against drying, cold and erosion; ii) high adsorption capacity; iii) optimal environment 

for living organisms due to its water and nutrient contents; iv) surface distribution of inflows at 

short-circuiting in State 2 (Fig. 4) due to low conductivity. 

The filter layer is the sole place of treatment until the sediment layer is formed. The sediment 

layer and the filter layer are going to be referred to as ‘filter layer’ in the following description. The 

filter layer takes a large share in the filtration processes of small particles. It was shown by Dittmer 

(2006) that particles below 5 µm and even flocculated colloids are removed. Adsorption takes place 

on the physical surfaces and the adsorption capacity is enhanced by the developing biofilm and 

surface sediments. Adsorption is the dominant process of NH4-N retention. Furthermore, uptake 

related to biological activity just as absorption into the biofilm might be responsible for the intra-

event removal of dissolved COD (COD_S). Intra-event removal processes are considered to be 

dominantly anaerobic and the operation is close to a regular SSF wetland. For a general description 

of these processes the reader is advised to rely on Kadlec and Wallace (2009). The specificity of 

pollutant removal in CSO CWs is to be sought rather in the alternation intra- and inter-event 

periods. After the filter is gravity-drained, air fills the pores and aerobic processes occur in the wet 
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environment. Nitrification is the most important process of the inter-event state. The previously 

adsorbed ammonium is transformed into nitrate through the aerobic pathway. The adsorption sites 

regenerate and NO3-N will be flushed out at the beginning of the next feeding. The wet and aerobic 

environment favours the mineralization of the organics with special regard on the solids lying or 

filtered out at the top of the filter (Dittmer et al. 2005, Uhl and Dittmer 2005, Meyer 2011, Dittmer 

and Schmitt 2011). 

A conclusion from the alternation of intra- and inter-event removal processes is that although 

removal efficiency can be measured intra-event, removal happens also at the inter-event 

regeneration. EMC based removal efficiencies reported for a range of technologies are summarized 

in Table 2. (RSFs are CSO CW technology widely applied in Germany and are the closest to the 

French standard.) All values are derived from multiple measurements at multiple sites except for 

TOC for RSFs which is the average of multiple measurements at the RSF Kenten. 

Table 2: Removal rates of different technologies for CSO and SSO treatment. Values are based on measured EMCs or the 

equivalent mass removal by event. Sources are a: EPA 1999a; b: EPA 1999b; c: Kadlec and Wallace (2009); d: EPA 

1999c; e: Waldhoff 2008; f: Pinnekamp 2013; g: Frechen 2013. 

 Typical removal efficiency [%] 

Parameter 
Sand 
filtersa 

Bioretentionb FWS RSFs 

TSS 70 90 68c 93e 

BOD5 70    
COD_tot    86e 

TOC 48 90 34d 62f 
TN_S     

TN 21  30c  
TKN 46 68-80   

NH4-N   31c 83e 

NO3-N 0  45c  
TP 33 70-83 41c 80e 

Cu  93-98 49c 78g 

Pb 45 93-98 74c 64<g 

Zn 45 93-98 60c 62<g 
Faecal coliforms 76 90 77d 90e 

2.4.3 Overview of CSO CW practice in Europe 

Meyer et al. (2013) overviewed CSO CWs comparing German, French and Italian approaches. 

The application of VF CWs for CSO started in Germany where the first installations dated to 1989. 

The first filters were built from natural soils thus CSO CWs were referred to as retention soil 

(RSFs, Retentionsbodenfiltern). Soil was later replaced by technical sands to delay clogging. 

Classical RSF systems receive water from a CSO tank storing runoff volumes up to 1.5-3.5 mm of 

rainfall. These tanks allow sedimentation before overflow due to their size. Their adverse effect is 

the extension of inter-event periods (less frequent overflows) and water stress of the wetland 

ecosystem. 
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The first German standard of RSFs was published in 2005 in the DWA Merkblatt 178 (DWA 

2005). This standard had later a key role when creating the French and Italian concepts. Fig. 5: The 

German, French and Italian wetland systems for CSO treatment. Panel a: overview of the treatment 

chain. Panel b: cross-section of the VF CW in the treatment chain. compares the features and 

layering of the German, French and Italian CSO-systems. The wetland at Saarbrücken-Ensheim is 

representing just one of the several state-of-the art systems in Germany whilst the installation at 

Marcy l’Etoile and Gorla Maggiore are the pioneer full-scale systems. The fundamental difference 

is that the CSO tank has been excluded from the treatment chain. This means increased solid loads 

and more frequent loadings (Meyer et al. 2013). A detailed introduction of the French standard 

follows in the next chapter. 

 Numerical models of CSO CWs 

2.5.1 General considerations 

The treatment of combined sewer overflow (and stormwater in general) is characterized by the 

stochastic nature of rain events. As such, design approaches, which are commonly applied for 

wetlands treating sewage or other continuously available flows, are unsuitable for CSO CWs.  

Fig. 5: The German, French and Italian wetland systems for CSO treatment. Panel a: 

overview of the treatment chain. Panel b: cross-section of the VF CW in the treatment chain. 

a) 

b) 
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Numerical models were applied soon to understand CSO CWs better. Modelling seemed to be 

a challenging task just as design, again, due to the stochasticity of rain events and mainly due to its 

effect on removal efficiencies of the different pollutants. Models for the problem were used or 

developed with the following aims: 

iii) Mechanistic, process based models to have better insights into internal processes, 

iv) Design-support models to support and optimize site-specific design. 

As stated in Meyer et al. (2015), all types of models are valuable, but some perform well when 

used for scientific purposes and others for engineering. Mechanistic models are often complex 

which carries great scientific value but encumbers practical applications by engineers. 

2.5.2 Finite element modelling of CSO CWs 

HYDRUS (© PC-Progress s.r.o.) is a model package to simulate variably-saturated flow, heat 

and solute transport in the porous media. It is a process-based tool which numerically solves 

Richards’ equation and the convection-dispersion equation for heat and solute transport (Šimůnek 

et al., 2011). The tool was enabled to simulate pollutant removal in CWs with the release of the 

wetland module extension (Langergraber and Šimůnek, 2012). This offered two biokinetic models 

structured similarly as the Activated Sludge Models (ASM, Henze et al. 2000). Although the 

extension was not designed for event-driven wetlands, CW2D (Langergraber and Šimůnek, 2005) 

was tested for simulating of hydraulics and removal performance in CSO CWs. 

Even if HYDRUS/CW2D was designated to work with continuous or frequent feeding 

patterns, the tool had nearly all sub-models necessary to describe the internal processes of CSO 

CWs. The exception was the particulate transport (filtration). Research pushed out the limits of 

CSO CW application progressively in Heinrichs et al. (2007; 2009), Meyer (2011) and then in 

Meyer et al. (2013) and effluent NH4-N was fitted to measurements. Even so, a quasi-stable 

biomass could not be reached and this meant problems with the predictions on COD removal. 

Simulations showed the sign of unlimited biomass growth. Long term simulations failed to 

reproduce measured effluent concentration series for the pollutant. As COD and NH4-N are both 

key pollutants, this left room for further investigation using HYDRUS/CW2D. 

2.5.3 Design-support modelling of CSO CWs 

Design-support models are simplified compared to process based finite-element models. 

Simplicity is expected to be correlated to practicability and therefore is an expectation rising from 

the engineering aim and the targeted users of these tools (Meyer et al 2015). The development of 

simplified tools targeting CSO CWs started almost at the same time when the first mechanistic 

model package (Langergraber and Šimůnek, 2005) was created for CWs in general. 

There was one key lineage of design-support models for CSO treatment using vertical filters 

with well-documented evolution. The development was targeting the German Retention Soil Filters 

(Retentionsbodenfiltern). The first model was called RSF_Disc. Its conceptual structure was created 

by Dittmer (2006) and was later implemented as an internal extension of an existing sewer 

simulation tool called KOSMO (Schmitt and Dittmer 2007). The concept and process equations 

were taken later as the basis of RSF_Sim, implemented by Meyer (2011) and published in a cleared 

and advanced form in Meyer and Dittmer (2015). Effluent concentrations of NH4-N were 
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successfully fitted to single events and medium term event series at full-scale by Tondera et al. 

(2013). RSF_Sim is dedicated to support the scaling of RSFs. 

Hydraulics is modelled by a tanks-in-series (TIS) model (Fig. 6). The wetland is represented 

by three tanks. From top to bottom these are: i) retention tank (ponding water); ii) process layer 

(subsurface water); iii) drainage layer (subsurface water). Such simplification of the otherwise 

complex hydraulics of any vertical subsurface flow wetlands was possible due to the outflow 

orifice. This feature limits the outflow rate and consequently the exchange rate between model 

compartments. 

 

Fig. 6: Hydraulics in RSF_Sim: TIS model (based on Meyer and Dittmer, 2015). The outflow structure comes with an 

orifice which throttles the flow. This feature is represented by a constant in the model, enabling a high level of 

simplification in the hydraulics, i.e. to model the system accurately as TIS. 

Removal processes are modelled in the tank representing the process layer. Modelled 

pollutants are TSS, COD and NH4-N. Dissolved and particulate COD fractions (COD_S and 

COD_X, respectively) are modelled separately. Process equations are based on the following 

principles: 

i) TSS and COD_X are decreased to a constant background concentration in the 

effluent. 

ii) COD_S is reduced by fixed removal efficiency, with the possibility to curb effluent 

values with a background concentration. A correlation factor is used to express 

performance drops after long dry periods. 

iii) NH4-N removal is separated to intra-event adsorption and inter-event nitrification. 

Adsorption is expressed by a two-stage linear isotherm. Nitrification is dependent 

from the temperature and the adsorbed mass. 

The modelled effluent series were fitted to NH4-N concentrations of full-scale sites (Tondera 

et al. 2013, Meyer and Dittmer 2015). RSF_Sim had been implemented in a MS Excel© table so 

the manual testing of different designs is needed for optimization. Finally, the tool is incompatible 

with the French standard. These reasons inspired the development of a new tool. 
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3 Setup of field experiments and model building 

 Pioneer full-scale application of the French CSO CW: Marcy l’Etoile 

3.1.1 Wetland layout (Meyer et al. 2013, EPUR 2012) 

The pioneer CSO CW was built in France in 2012 at a satellite town of Lyon called Marcy 

l’Etoile. It is the flagship and only CSO site in the ADEPTE project. The design load is 1160 m3 

which is the one year return flow what the site has to be able to detain and effectively treat. The 

watershed is 98 ha and the main dwelling type is single household. Dry weather flow was estimated 

to be equivalent to 9600 PE from the dwellings and industrial sources. 

Fig. 7 shows the layout of the wetland. Discharged from the sewer [1], the flow continued 

towards the filter (F1 and F2) through a sand and grease trap [2] and the Venturi channel [3] 

allocated for inflow measurements. The wastewater loaded either filter bed 1 (F1, 253 m2) or 2 (F2, 

245 m2), depending on the splitter [4] position. The kinetic energy of the incoming water was 

mitigated by gabions located below the inlet points [5] to avoid the remobilization of the filter 

material. The infiltrating water percolated through the porous media and was collected by a drain 

network distributed below the whole filter. Single bores limited the outflow rate on closed and 

exchangeable vertical pipes to 0.008 or 0.016 L/s/m2 [6]. The vertical position of the orifices sets 

the level of the permanent saturation. Overflows can occur during extreme events through a 

trapezoid weir [7] located at the rim 2.1 m over the filter surface. 

 

Fig. 7: The routing of flows towards, into and from the filter at Marcy l’Etoile. Point [1] marks the CSO structure and the 

green rectangles the two filters with the wall between them. 

F1 and F2 have identical layer structures (Fig. 8). The drainage pipes run in 0.3 m of 10/20 

mm gravel topped by 0.1 m 2/6 mm gravel. The aeration pipes run above the permanently saturated 

water layer. The permanent water helps to avoid water stress during long dry periods. The filtration 

layers are 0.6 m deep coarse media (F1: 0/4 mm; F2: 4.0/6.3 mm) in order to avoid clogging.  The 

filter material is a mixture of fluvial sand (0.48 cm) and zeolite (0.12 cm, chabazite) in F1 whilst 

pozzolana in F2. Zeolite was used to increase NH4-N adsorption capacities; on the other hand, 

pozzolana was expected to have high adsorption capacity naturally. There is 0.1 m of compost on 

the top of the filters which was applied with the purpose to favour reed growth. Both filters are 
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planted with common reed (Phragmites australis) which had been grown to strength by the time of 

the experiments. Reed growth and stem movements caused by the wind help to keep the sludge 

blanket permeable. 

 

Fig. 8: Cross-section of the filter at Marcy l’Etoile. Units are given in metres. 

3.1.2 Operation 

The operation of the facility and its instruments can be divided into three phases based on the 

installed equipment and the characteristics of the water loaded on the filter: 

 The first phase started in 2012. It lasted for a year and the filter received unknown loads of 

CSO. Overflows started to be dominated by industrial waters from a medical plant. This 

water was rejected when cleaning tanks, which were used to produce growth medium for 

bacteria. The industrial discharge was about 5-10 times the mean dry weather flow (about 

50 m3/h), lasting for a few hours with a daily return. This first year was dedicated to the 

establishment of the biological communities, without measurements. 

 The second phase started in 2013, with installing an adjustable weir to avoid daily loads. 

Level adjustments allowed generating a natural loading pattern. The weir was opened 

according to the forecasted storm events. Industrial flows still exceeded the volume of 

storm-originated flows, although there were a few, purely precipitation-triggered events 

caught as well. The period is going to be referred as standard monitoring. 

 Additional equipment was installed for the third period which is going to be referred as 

detailed monitoring period. This period allowed the monitoring of outflows by filter side 

and with online probes. The feedings were artificially triggered by opening the weir. This 

means that in the majority of the cases stormwater was absent from the feedings. The phase 

served specific experiments like the tracer test, the measurement of adsorption capacities 

and the measurement of nitrification rate. 

 Monitoring targets and equipment 

3.2.1 Monitoring of flows and water level 

A weir was installed at the overflow point of the sewer at the start of the monitoring period in 

order to control feedings and create representative annual loads and time distribution of loading 
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events. Industrial releases represented a flow 5 to 10 times higher than the dry weather flow. The 

weir had to be adjusted to avoid daily feedings. On one hand, this meant small rain events were 

triggering feedings only if happening simultaneously with the industrial release. On the other, 

feedings could be artificially triggered by decreasing the weir to create extreme loads or to control 

the length of inter-event periods. The annual hydraulic loads are shown on Fig. 9 [m3/m2]. Inflow 

volumes were registered in a Ventury channel based on water levels measured by an ultrasonic 

probe (Aqualyse Aqua Venturi® AV1000) 

The water level was monitored using pressure probes (STS ATM.1ST/N/T) installed in each 

filter side. Measurements enabled to calculate the volumes inside or above the filter material. As 

such, the changes in the storage were known. Annex D introduces charts where water levels, inflow 

rates and hydraulic loads can be followed for the whole monitoring period. 

 

Fig. 9: Annual hydraulic loads on the filter sides. F1: sand (0.48 m) with zeolite (0.12 m); F2: 0.6 m pozzolana. 

At the outlet, an inductive flow meter (Krohne Waterflux 3070) was installed to measure 

effluent rate from the system. For the period of the intensive monitoring, this device was used to 

calibrate the correlation (Fig. 10) between the outflow rate from the orifices and the pressure head 

in the outflow structures. The correlation enabled to record outflow rate by filter side adding a 

second pair of the same type of pressure probes in the outflow pipes. The pressure head – orifice 

flow correlation was calculated based on Bernoulli’s law using Eq. 2, on a purely mathematical 

basis. The differences in the flow rate predicted by the two different methods were negligible. 

𝑄 = 𝜇𝑉 × 𝐴 × √(2𝑔ℎ) 2) 

where 𝜇𝑉 is the discharge coefficient for the small and sharp edged orifice (0.61); A is the area 

of the orifice. 
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Fig. 10: Measured correlation of pressure head – orifice flow. Pressure probes were installed in the outflow structure. 

3.2.2 Monitoring of pollutant concentrations 

Automatic samplers (Lange Bühler 2000/1027) were installed for flow composite sampling 

and to record pollutographs at the inlet and the outlet. All samples were flow composite in this 

period (standard monitoring). Outlet samples were mixed water of the two filter sides at the outlet. 

A third sampler was added later and samples were taken by filter side from the 15th event on. The 

effluent was sampled time composite in this period (intensive monitoring), and the volumes which 

the samples were representative for were calculated with the orifice correlation. 

The median inlet EMC at the site was comparable to typical CSO concentrations, although in 

the case of nutrients, it was slightly above them. Concentration values are summarized in Table 3 

(repeating typical CSO values from Table 1). 

Table 3: Inflow concentrations at Marcy l’Etoile. The values are compared to CSO concentrations from the following 

literature: c) Fournel (2012); d) Sztruhár et al. (2002); e) Passerat et al. (2011); g) Schulz et al (1994); h) Gasperi et al 

(2012). Values are average EMCs of multiple events and sites. Ranges represent the smallest and largest value found in 

the listed literature. 

Parameter Units CSO 
[EMC] 

Marcy l’Etoile 
[EMC]* 

TSS mg/L 85c -430d 220 
BOD5 mg O2/L 35c-135h 76 

COD_tot mg O2/L 99c -445d 220 
TN mg/L 3.6c -16.8d  

TKN mg/L 22h 21,6 
NH4-N mg/L 2.0c -9.9h 13,8 

TP mg/L 1.3c -3.5h 9,6 
PO4-P   6,5 

Cu µg/L 250g 32.5 
Pb µg/L 250g 3.3 
Zn µg/L 570d-1020g 109 

Fecal coliforms 1000 CFU/ml 1.3d-76e  

The sampling frequency was adjusted after the first results. Pollutographs allowed seeing the 

limits of the system. These were expected to occur as a drop in treatment performance during heavy 

loads, most importantly a breakthrough of NH4-N with the saturation of the adsorption sites. Water 

quality varied also at the beginning of an event. The volumes of the first samples were decreased to 
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record any first flush in the inflow or short-circuit effects and NO3-N washout at the outflow. Table 

4 gives an overview of the sampling strategy. The samples were analysed for total suspended solids 

(TSS), total COD (COD_tot), dissolved COD (COD_S), NH4-N, NO3-N and PO4-P, following 

standards methods (APHA). In some cases, samples were analysed for TKN, BOD5, TP, TOC, 

DOC, and NO2-N as well. 

Table 4: Mean volume covered by a composite sample, by event. The number of samples is given by filter side where the 

outflow has been sampled accordingly, e.g. 9+9 (sand and zeolite filter and pozzolana filter, respectively).  

Event 
Event 

volume 

Number 
of 

samples 
in/out 

Composite 
samples 
represent 

in / out 

 

Event 
Event 

volume 

Number 
of 

samples 
in/out 

Composite 
samples 
represent 

in / out 

 [m3]  [m3]   [m3]  [m3] 

1 3000 - -  17 491 2/6+7 246/38 
2 300 2/6 150/50  18 448 3/9+8 149/26 
3 280 5/4 56/70  19 793 1/14+14 793/28 
4 300 5/4 60/75  20 747 2/8+8 374/47 
5 2900 28/26 104/112  21 650 4/8+9 163/38 
6 1200 1/6 1200/200  22 360 1/8+8 360/23 
7 2800 10/18 280/156  23 742 1/10+10 742/37 
8 1300 7/11 186/118  24 1321 4/9+9 330/73 
9 537 4/14 134/38  25 1011 2/11+8 506/53 

10 1020 4/6 255/170  26 1080 6/9+8 180/17 
11 1665 9/16 185/104  27 1493 4/10+11 373/71 
12 1380 6/11 230/125  28 1496 6/9+9 249/83 
13 7500 16/23 469/326  29 1774 5/8+8 355/111 
14 5600 13/23 431/243  30 3990 4/6+6 998/333 
15 1607 7/9+9 229/89  31 6400 6/9+9 1067/356 
16 290 1/5+5 290/29      

3.2.3 Targeting specific processes of filter functionality 

Effluent samples were taken by filter side in the intensive period of monitoring (02.2015 – 

05.2016). The monitoring goals included specific targets. These were anticipated to help to have a 

better insight in the system and to quantify phenomena otherwise difficult to measure. As such, 

above the standard monitoring of filter performance, this period included the experiments shortly 

outlined below. The description here focuses on an overview of technical aspects. A more detailed 

discussion can be found in the manuscript “Filling hydraulics and nitrogen dynamics in full-scale 

CSO CWs” (Pálfy et al. 2016a) of the subchapter “Performance and process dynamics of the first 

full-scale CSO CW in France”, presented later. 

Tracer test with multiple tracer injections 

The purpose of the experiment was to understand better the dilution effects at short-circuiting, 

with special regards to the evolution of the nominal detention time from an empty filter to filter 

saturation. To carry out the experiment, the outflow orifice of one filter side was blocked. This filter 

was filled to the top of the wall after closing all cross-connections and was used as a storage basin 

for the experiment. Only the drainage gravel was saturated in the other filter side at the beginning of 

the experiment. 

A fluorimeter (GGUN-FL 932), calibrated with effluent from the site, was installed at the 

outlet structure. Then, water was pumped from the storage basin on the empty filter, ensuring a 

stable and low inflow rate and a slow, progressive saturation of the filter media. A fluorescein 
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solution was pumped to the inlet point using a peristaltic pump three times for a short period, to 

generate tracer spikes at the outflow. The concentration of these spikes was expected to be in 

inverse correlation with the saturation level (pressure head) at the time of the injection. 

Online monitoring of NH4-N and NO3-N in the effluent 

These pollutants were monitored by filter side using online probes (WTW Varion). For NH4-

N, the purpose was to follow short-circuiting peaks in the effluent. The measurements were later 

analysed to see i) if there is NH4-N breakthrough due to short-circuiting; ii) to define the extent of 

this sort of short-circuiting effect; iii) if the extent is considerable, try to define alternative designs 

which might minimize the effect. Sampling frequency was one minute. The quality of probe 

measurements was ensured by taking composite samples simultaneously and analysing those at a 

certified laboratory. In ideal case, probe concentrations and lab results of grab samples had been 

identical (Eq. 3):  

∫ 𝐶𝑑𝑡, 𝑝𝑟𝑜𝑏𝑒

𝑡𝑛+1

𝑡𝑛

= 𝐶(𝑛) 3) 

The actual shift was calculated based on linear regressions. Fig. 11 shows an example of the 

method done for both sides and for both pollutants by each event. Furthermore, three additional 

grab samples were thickened by NH4Cl and Ca(NO3)2 to cover higher concentration ranges as well. 

The thickening was done at the beginning of each nitrification rate experiments (see below at the 

section “Load series with closed mass balances”). 

 

Fig. 11: Correlation of probe measurements and laboratory analysis. The correlations were set by event, based on the 

composite samples taken from the outflow and three grab samples thickened by NH4Cl and Ca(NO3)2. 

Measurement of water content in the porous media 

The water content of the porous media was monitored to visualize the spatial heterogeneity of 

the percolation at the beginning of events, i.e. until the saturation of the filter. Measurements were 

done with one minute sampling frequency along the longitudinal section of the pozzolana filter. It 

was assumed that the sludge blanket works against short-circuit effects by distributing inflows on a 
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larger filter surface before infiltration. On the other hand, the capillary effect was expected to 

support the plants and biomass with water in long dry periods, via a rise from the permanently 

saturated layer into the filter layer. 

Time domain reflectometry (TDR) probes were used to monitor changes in the volumetric 

water content. The method is based on measuring the transit time of waves along a probe in the soil, 

based on the properties of electromagnetic waves. The measurement principle is based on the 

relationship of the water content and the dielectric constant. Fig. 12a shows one of the eighteen, 30 

cm triple-wire TDR probes (six Campbell Scientific CS610 and twelve probes built in-house at 

UCL Belgium). For a more detailed description of the method or the design of triple-wire probes, 

the reader is advised to refer on Heimovaara (1993), Ledieu et al. (1986) and Topp et al. (1980). 

Due to the length limitation on the 50 Ohm coax cables, the related equipment was installed over 

the wall between the filters. 

 

Fig. 12: Triple-wire TDR probe and in-house calibration (panel a and b, respectively). Note the two different filter 

materials on panel b: pozzolana (left) and sand and zeolite mixture in a ratio of 4:1 (right). 

Although Topp’s equation is a good estimation of the correlation between the permittivity and 

water content, the probes were calibrated in the lab for the sand and pozzolana used at Marcy 

l’Etoile (Fig. 12b). This might give better results because the materials were coarse. The same 

method was used as described by Fournel (2012) and the reader is advised to refer on that work for 

a detailed description of the calibration process. The measurements were done at ten known water 

content in five litres of material, repeated fifty times in a four second delay. The materials were 

then dried and wetted again to have three series of measurements. Fig. 13 shows the calibrated 

correlation between the relative dielectric constant and the volumetric water content. The apparent 

length and the offset of all probes were determined based on measurements repeated three times in 

air and water. As such, it was satisfactory to do calibration with one probe and make corrections 

later for each probe to diminish all differences in predicted water content originating from different 

lengths and offsets they have (Robinson et al. 2003). 

a) b) 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Setup of field experiments and model building 

T. G. PÁLFY  Page 24 

 

 

Fig. 13: Correlation of the dielectric constant (ε) and soil water content (θ) for the filter materials. 

Load series with closed mass balances 

The purpose of setting up closed mass balances was to measure nitrification rate on the field 

scale. The weir at the overflow structure and the regular industrial release enabled to regulate loads 

and the duration of inter-event periods. Mass balances of NH4-N and NO3-N could be set based on 

measured in- and outflow volumes and concentrations for short event series. The experiments were 

repeated at summer, autumn and winter, to quantify the effects not only of the adsorbed mass but 

also the filter temperature on the nitrification rate. Two thermometers were installed in the filter 

media at 5 cm and 50 cm depth. The mean filter temperature of each inter-event period was 

calculated. 

 Model-based design toolkit: Orage 

3.3.1 General purpose and structure 

The design of event-driven wetlands like the ones treating stormwater is encumbered by the 

stochasticity of volumes, concentrations and return periods of flows. The goal of the toolkit Orage 

is to facilitate the design of CSO CWs, with support of VF CWs treating separate sewer outlet. 

Orage helps the selection of filter material and area as its standard feature and has a decision 

support function for sites where inflow series are unavailable.  

The software is based on a numerical model in the core, but shaped into a design-support 

toolkit with a simplified (wizard-style) user interface. The programming was done by Megao 

Informatique based on the structure and approaches developed in the frames of this thesis work (see 

Annex A and Annex B). The handling of the model is automatized through an iterative shell which 

calls the core model repetitively. The automatization relies on i) design guidelines; ii) accounting 

for environmental factors like climate regions and seasons; iii) parameters fixed according to field 

measurements; iv) fix parameters associated with low model sensitivity; v) a low number of user-

defined parameters vi) long-term input of flows and concentrations. Point ii), v) and vi) enable site-

specific design. The goal is to enable water practitioners (engineers) to use the tool without special 

skills which are normally required for the numerical modelling of CWs, often decreasing 

practicability as discussed in Meyer et al. (2015). 

As such, Orage consists of three major program elements (Fig. 14). For a more detailed layout, 

the reader is advised to refer on the Program overview in Annex A. 
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i) The toolkit frame: user interface with data input, pre-processing, basic statistical analysis 

and charting features; 

ii) Iterative shell: the shell governs the automatic optimization and calls the core model 

repetitively with different materials, filter areas and for different pollutants (NH4-N, COD 

and TSS) to satisfy the concentrations thresholds (emission limits) whilst using the 

simplest material at the smallest possible filter area (in order of priority, respectively); 

iii) Core model: a design-support model running long-term simulations and returning a single 

variable (Peak_MA_cc) which is directly comparable to emission limits. 

 

Fig. 14: The structure of Orage. The toolkit frame serves for input and output (user interface) as well as data pre-

processing and analysis and relies on the iterative shell to call the core model repetitively until optimization is reached. 

 

  

TOOLKIT FRAME 

 Design optimization feature  Applicability test feature 

 User and internal parameters Data User and internal parameters 

 User flow series pre-processing Internal flow series 

  User report 

 Statistics and design parameters  Wetland suggested 

 or no solution  or wetland not suggested 

ITERATIVE SHELL 

Defines which pollutant, material and filter area should 
be the next in the testing process. Calls the core model 

until the simplest material and the smallest area are 
found. 

CORE 

MODEL 
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3.3.2 The toolkit frame 

Program features 

Orage offers two functions to help site-specific design. The standard function is the design-

optimization feature, where the user input has to include own inflow series. The flow series are 

advised to be long term (up to several years) and have to include concentration data for the 

pollutant removal modelling. Measured overflow rates and concentrations and sewer model output 

are both satisfying. Calibrating sewer simulations using on-site data is recommended because a few 

measured events can enhance the accuracy of sewer models. Reliable and quality input data is 

essential to maximize the accuracy of Orage and its site-specific recommendations on the key 

design parameters like filter material and filter area. 

The second feature of Orage is a decision-support function referred to as applicability test. If 

site-specific CSO or SSO data isn’t available, neither measured nor simulated, decision makers can 

still rely on this function before opting for measurement campaigns or building the network in 

sewer models for simulations. The decision-support feature relies on 45 internal tables, each 

containing i) one year of simulated SSO flow series and ii) a dry weather flow pattern. Stormwater 

series cover the climate regions of mainland France (5 categories, Table 5). 

Table 5: Climate regions in Orage 

Climate region Reference settlement 

Mountain Embrun 
Atlantic temperate Lille 
Semi-continental Metz 
Mediterranean Montélimar 
Atlantic Quimper 

For each climate region, a range of land sealing categories can be selected, from 25% to 90% 

imperviousness (9 categories, Table 6). The sewer simulation tool CANOE (INSAVALOR and 

SOGREAH 1997) was used to create the internal tables, based on five years’ of measured 

precipitation data (MeteoFrance), in one major town of each climate region. The year with the 

highest precipitation [mm] had been selected for the simulations. The user selects the region where 

the wetland is to be built and then estimates the imperviousness of the sewer’s catchment. The 

estimation of the catchment’s imperviousness is aided by land coverage categories, limiting the 

number of percentage values to select from. These selections enable to have input series with some 

wet-weather flow characteristics of the user’s site, without site-specific user input. This specificity 

is increased later as described in the next heading dealing with input data. 

 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Setup of field experiments and model building 

T. G. PÁLFY  Page 27 

 

Table 6: Imperviousness category selection in Orage 

Land coverage 
category 

Percentage of 
impervious area 

Scattered houses 25-40% 
Residential areas 30-50% 
Urbanized areas 50-75% 
Industrial areas 50-80% 

Commercial areas 70-90% 
Streets and roads 70-90% 

Selectable values 
25%;30%;40%; 
50%;60%;70%; 
75%;80%;90% 

Input data 

The input requirements are determined based on the software feature that is to be used. A 

summary is given in Table 7. If inflow series are provided, the data needs to be in a format where 

each row has inflow volume and pollutant concentrations representative for one time step of 6(-15) 

minutes. 

Table 7: User input in Orage 

Required user input 

Software function 

Design-
support 

Applicability 
test 

Own inflow series X  
Wetland type (CSO/SSO) X X 
Available land area [m2] X X 
Climate region (5) X X 
Catchment area [ha]  X 
Imperviousness [%]  X 
Population [PE]  (X) 
Capacity of the combined sewer [m3/h]  (X) 
Volume to be treated (design load) [m3] X X 
Legislative thresholds on emissions   
Allowed hydraulic load [m3/h] X X 
NH4-N [mg/L] X X 
COD [mg/L] X X 
TSS [mg/L] X X 

Data pre-processing 

Data pre-processing is depending from the inflow series which can be own dataset for the 

design-support function of the tool or internal tables for the decision-support function. The internal 

tables are re-arranged by additional pre-processing steps to scale flows and concentrations if 

necessary (see Data pre-processing in Annex A). These steps are carried out before the standard 

steps of pre-processing and are therefore discussed here first. 

The standard catchment area of the internal tables is 50 ha. Therefore, stormwater flow rates 

are up- or downscaled to the user’s catchment area based on simple linear correlation. 

Concentrations are unchanged and represent the higher end of the range found in the literature. If 

the wetland type is CSO, dry weather flow is scaled the same way as stormwater flow rates. The 
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standard flow follows the pattern of 2000 PE (Fig. 15) measured at the treatment plant of Challex, 

France. 

 

Fig. 15: Daily dry weather flow pattern for the decision support function (2000 PE). 

After scaling the flows, concentrations are re-calculated assuming a perfect mixing. Source 

values are constant. High concentrations were selected for both the dry and wet weather flows to 

stay on the safe side. The selected values are summarized in Table 8 and represent event mean 

concentrations (EMCs). 

Table 8: Quality of flows in the internal tables of Orage. As concentrations are variable, high concentrations were selected 

from the literature to stay on the safe side with the applicability test: h: Henze and Comeau (2008), a: Smullen et al. 

(1999); f: Zgheib et al. (2012). 

 Dry weather flow [mg/L]h Stormwater [mg/L] 
Parameter Low Medium High Orage Low High Orage 

TSS 250 400 600 400 78.4a 106f 106 
COD 500 750 1200 900 52.8a 89f 89 
TKN 30 60 100  2.8f  

NH4N 20 45 75 100   2.8 

The inflow rate and concentrations for CSO are re-calculated and a new table is generated 

according to the user’s scenario. The overflow is based on a user specified value to limit the sewer 

flows down the overflow point as desired (e.g. the intake capacity of the wastewater treatment 

plant). An example can be seen on Fig. 16. Calculations are based on the following equations: 

𝑆𝑒𝑤𝑒𝑟_𝑜𝑣𝑒𝑟𝑡1 = max(0;
𝐴𝑐𝑎𝑡𝑐ℎ

𝐴𝑢𝑛𝑖𝑡_𝑐𝑎𝑡𝑐ℎ
× 𝐹𝑙𝑜𝑤𝑠𝑡1 + 𝑃𝐸 × 𝑈𝑛𝑖𝑡_𝑑𝑟𝑦𝑡1 − 𝐹𝑙𝑜𝑤_𝑟𝑒𝑡) 4) 

 

𝑆𝑒𝑤𝑒𝑟_𝑜𝑣𝑒𝑟_𝑐𝑐𝑡1 =

𝐴𝑐𝑎𝑡𝑐ℎ
𝐴𝑢𝑛𝑖𝑡_𝑐𝑎𝑡𝑐ℎ

× 𝐹𝑙𝑜𝑤𝑠𝑡1 × 𝐹𝑙𝑜𝑤𝑠_𝑐𝑐 +  𝑃𝐸 × 𝑈𝑛𝑖𝑡_𝑑𝑟𝑦𝑡1 × 𝐷𝑟𝑦_𝑠𝑡𝑑_𝑐𝑐

𝐴𝑐𝑎𝑡𝑐ℎ
𝐴𝑢𝑛𝑖𝑡_𝑐𝑎𝑡𝑐ℎ

× 𝐹𝑙𝑜𝑤𝑠𝑡1 +  𝑃𝐸 × 𝑈𝑛𝑖𝑡_𝑑𝑟𝑦𝑡1 

 5) 

where 𝑆𝑒𝑤𝑒𝑟_𝑜𝑣𝑒𝑟𝑡1 is the overflow volume at the given time step; 𝐴𝑐𝑎𝑡𝑐ℎ is the catchment area 

defined by the user; 𝐴𝑢𝑛𝑖𝑡_𝑐𝑎𝑡𝑐ℎ is 50 ha; 𝐹𝑙𝑜𝑤𝑠𝑡1 is the flow of stormwater; 𝑃𝐸 is the population equivalent 

defined by the user; 𝑈𝑛𝑖𝑡_𝑑𝑟𝑦𝑡1  is the dry weather flow rate for one PE; 𝐹𝑙𝑜𝑤_𝑟𝑒𝑡 is the intake capacity of 
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the wastewater treatment plant. For Eq. 5), 𝑆𝑒𝑤𝑒𝑟_𝑜𝑣𝑒𝑟_𝑐𝑐𝑡1 is the concentration of the overflows at the 

given time step and 𝐹𝑙𝑜𝑤𝑠_𝑐𝑐 is the stormwater concentration and 𝐷𝑟𝑦_𝑠𝑡𝑑_𝑐𝑐 is the sewage (dry weather) 

concentration for the given pollutant. 

 

Fig. 16: An example of adjusted CSO flows and concentrations after data pre-processing (applicability test only). Note 

that concentrations got diluted at all seven overflows but also in cases when the precipitation was too little to generate 

CSO. 

The steps discussed above generate a one-year long dataset scaled to the user’s input scenario 

for the applicability test. Pre-processing steps from this point are identical for the two program 

modes. In the case of the applicability test, the data is always one year long so no data cropping is 

carried out. Contrary, because the user’s input file is advised to be few to several years in length, 

the worst year is selected and cropped automatically. As such, the scaling of CSO CW is carried out 

based on one single year of data in both program modes. 

The worst year is selected to encompass the five consecutive days which carry the highest 

NH4-N load on the wetland of any. One year is selected around these days to have the highest 

annual volumetric load. Then, for both program modes, the data is re-structured to start the 

simulations after the longest dry period. This justifies that a high regeneration of the simulation 

domain is assumed as initial condition. Based on the longest dry period and the measured potential 

evapotranspiration (PET), the depth of the drainage layer is calculated as well. This depth will 

minimize the risk of drought stress in the filter where permanent water serves as a reservoir for the 

living organisms like plants and bacteria. 

Statistical analysis of in- and outflows and results 

Orage calls the iterative shell after data pre-processing is over. Based on simulation results, it 

reports statistics and design parameters listed below. Events are considered separate if there is at 

least 24 hours passing between them with no outflow. 
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Statistics on the input data: 

 The five highest NH4N loads during any 5-day long period of the whole dataset1; 

 Daily mass loads of the worst of such 5-day long periods2; 

 Mass loads by event for the whole dataset (for each pollutant)3; 

 Mass loads by event for the year selected for simulations (for each pollutant)3; 

 Daily hydraulic loads of the whole dataset3; 

 Daily hydraulic loads of the year selected for simulations3,4; 

Statistics on the output (solution): 

 Peak_MA_cc by event: all events3; 

 Peak_MA_cc by event: events below the design load3; 

 Hydraulic loads by event: all events3; 

 Hydraulic loads by event: events below the design load3; 

Proposed design parameters: 

 Filter area [m2]; 

 Filter material (coarse sand, fine sand, pozzolana and sand with 0.07, 0.12 or 0.18 metres of 

zeolite); 

 Filter depth [m]; 

 Highest expected ponding time [h]; 

 Annual hydraulic load [m]; 

 Required storage volume above the media [m3]. 

3.3.3 Iterative shell 

The iterative shell is an automatic optimization algorithm which calls the core model 

repetitively. For a detailed description, the user is advised to rely on the corresponding manuscript 

in Chapter 5 and Annex A. Its purpose is to find the simplest filter material and then the smallest 

filter area with this material which satisfies all legislative thresholds (flow rate and concentrations). 

The toolkit frame submits the following parameters for the algorithm after pre-processing the data: 

i) Internal program parameters 

ii) User’s input parameters 

iii) Flow series (user’s input or re-scaled internal tables) 

The core model returns one single value called Peak_MA_cc for the iterative shell at the end 

of each simulation. This value is similar to a flow-composite of the effluents at the worst event in 

the dataset. Comparing Peak_MA_cc values of known filter materials and areas enables the shell to 

find a solution where the tested design just satisfies the legislative thresholds on pollutant 

concentrations. This means both over- and underscaled filters will be ruled out. 

 

                                                      

 

1 Ranking table 
2 Chart of minimum, average and maximum 
3 Box and whisker charts 
4 Column chart over one year 
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Optimization has the following steps: 

i) Hydraulic optimization: exclusion of excessively small and large filters. Small filters 

pose the risk of clogging. In large filters, the outflow rate limitation might never take 

effect, meaning most of the filter area is rarely or never utilized; 

ii) Optimization for NH4N removal: selection of the simplest filter material and the 

smallest filter area which will keep effluent concentrations below the legislative 

thresholds. Orage has a database of NH4-N adsorption isotherms: coarse sand, fine sand, 

pozzolana and sand and zeolite (mixtures or layered, with 0.07, 0.12 or 0.18 m zeolite in 

a filter depth fixed between 0.45 to 0.60 metres); 

iii) Single run to calculate COD removal performance; 

iv) (optional) Optimization for COD removal: further optimization of the filter area if 

necessary. 

v) (optional) Repeated optimization for NH4N removal: further optimization of the filter 

area if necessary. 

vi) Single run for TSS removal to calculate removal performance. 

3.3.4 Core model 

General considerations 

The iterative shell selects the filter area and the adsorption parameters for each simulation. 

These, and the user-defined internal parameters are imported into the core model. The model is 

calculating effluent rate and pollutant concentrations at each time step based on the inflow series 

and input parameters. The key output is one single variable by pollutant, Peak_MA_cc (see above). 

The core simulates long-term series of hydraulics and removal performance in CSO CWs. 

This model is similar to an existing one, RSF_Sim (Meyer and Dittmer 2015, Meyer 2011), but due 

to significant differences in hydraulics and other novelties, a new code had been built from scratch. 

The reader is advised to rely on the detailed information about model structure and process 

equations in the corresponding manuscript of Chapter 5, on Annex A (Core model) and on Annex 

B. Here, only a short summary is given in order to help the understanding of the core model’s 

integration in Orage. 

Hydraulics 

Hydraulics is modelled by continuously stirred tank reactors in two parallel series (TIS) (Fig. 

17) representing the twin filter sides of CSO CWs in France. The outflow orifice limits the outflow 

rate to a stable value and as such, justifies the simplification of filter hydraulics. Effluent rate has a 

constant upper threshold per unit surface. Because wetlands treating SSO are built with one filter 

basin, the model was created in a way that it works correctly when setting the area of the secondary 

filter and the cross-connection level to zero. Furthermore, due to the relative simplicity of a TIS 

model, short-circuiting is accounted for at pollutant removal calculations and not at hydraulics 

(short-circuiting is when infiltration and percolation are limited to the inlet zone). 
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Fig. 17: The hydraulic model in Orage. Red arrows show possible flow directions. The numbered tanks are: 1: common 

basin; 2: reactors representing the volume from the filter to the wall; 3: process layers; 4: permanently saturated drainage 

layer. P: primary filter side; S: secondary filter side. The tanks of the secondary side have zero volumes and no flows if 

modelling single-sided filters (for SSO). If 2P and 2S are full, the inflow is distributed between tanks 1 and the empty 

space in 2P and 2S which is left by the constant outflow at every time step. 

Pollutant removal 

TSS and COD removal is calculated when the water is leaving the process layer (exfiltration). 

A three-stage correlation is set between the process layer concentration and exfiltration 

concentration. Different removal efficiencies can be set up to consider the length of the inter-event 

periods and one freely chosen, temperature-dependent environmental effect of the preceding inter-

event (Fig. 18). This might be the temperature itself but also potential evapotranspiration, which are 

dependent from the climate region and season. Parameters for TSS removal are calibrated to give a 

background concentration independently from inflow quality. 

 

Fig. 18: Three examples of pollutant removal correlations for COD (uncalibrated). Correlations are dependent from the 

previous inter-event period and are defined by five parameters: K: background concentration, η1: slope of the first stage, 

η2: slope of the second stage, C1 and C2: threshold concentrations between K, η1 and η2. 

Ammonium removal is simulated as two-step process. Adsorption is calculated intra-event and 

nitrification inter-event. Adsorption isotherms are two-stage linear (defined by the first and second 

slope A1 and A2 which slopes are valid below and above the liquid phase concentration C1, 

respectively). Equilibrium is instantaneous. The limited availability of adsorption sites at short-

circuiting operation is considered. The domain is initiated with a completely regenerated drainage 

layer (background concentration) and a process layer with C1/3 [mg/L] in the liquid phase and the 

corresponding equilibrium concentration [mg/kg] in the solid phase. 

Nitrification affects solid phase concentrations in the process layer and liquid phase 

concentrations in the drainage layer. Nitrification starts as soon as the water level in the process 

layer gets below the highest of the event, and in the drainage layer, as soon as the process layer is 

gravity-drained. The rate is function of the temperature and the adsorbed NH4N mass and had been 

calibrated to field measurements. 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Setup of field experiments and model building 

T. G. PÁLFY  Page 33 

 

 

  

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Using process-based models to simulate CSO CWs 

T. G. PÁLFY  Page 34 

 

4 Using process-based models to simulate CSO CWs 
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  Context and highlights 

This paper discusses and targets to overcome the limitations of the process-based model 

package HYDRUS / CW2D for simulating lab-scale columns of CSO CWs. Earlier limitations were 

described in the papers Henrichs et al. 2007, 2009; Meyer 2011 and Meyer et al. 2013. Our work 

with HYDRUS / CW2D helped to display long-term purification tendencies and detailed wetland 

functions. This provided insights for the development of the core model of Orage which is partly a 

phenomenological model (phenomenological models are sometimes referred to as “simplified”). 

The work identified new limits for the applicability of HYDRUS / CW2D for CSO CWs which 

might help the development of the model itself or bring closer full-scale applications. 

 We simulated combined sewer overflow constructed wetlands (CSO CWs) in 

HYDRUS/CW2D. 

 Previous research showed strong limitations simulating CSO CWs in HYDRUS/CW2D. 

 We calibrated biokinetic and other parameters using laboratory column experiments. 

 We report quazi-stable biomass and a good fit for single loads and a load series. 

 Former limitations were overcome and validation can continue with full scale. 
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Abstract 

Constructed Wetland 2D (CW2D) is a biokinetic model describing microbial dynamics and 

transformation and degradation processes in subsurface flow constructed wetlands (CWs). The 

implementation of CW2D in HYDRUS (©PC Progress s.r.o.) was verified for application on CWs 

treating combined sewer overflow (CSO CWs). CSO CWs mitigate pollutant and hydraulic shock 

on receiving waters. Their loadings are stochastic in terms of periodicity, volume and quality. Their 

storage basin and outflow limitation causes cycles of saturated (intra-event) and unloaded (inter-

event) states. The need for verification is due to this stochasticity. Key parameters to overcome the 

limitations identified by earlier studies were (1) biokinetic parameters, (2) fractionation of COD 

between readily and slowly biodegradable and inert forms and (3) adsorption of inert COD. With 

the new settings inoculation runs yielded stable biomass and domain conditions. These were 

successfully used as initial conditions for calibration and validation. Laboratory column 

experiments formed the basis of comparison, including single loads and a load series. The goodness 

of fit was quantified by an updated method. Good fit was reached to COD and NH4-N. Fitting to 

NO3-N was not a target; still, dynamics are discussed. 

Keywords: combined sewer overflow, constructed wetland, CW2D, process-based model, 

biokinetics 
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provided to (i) simulate outflow rate limitation and (ii) avoid hung occurring at NH4N depletion in 

the domain. 
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  Context and highlights 
The two manuscripts in this section titled “Orage: a design-optimization modelling tool for 

CSO CWs” demonstrate the software toolkit Orage. The toolkit has been developed for engineers to 

deal with the stochasticity of CSO flows and has three main components to enable practicable 

handling. The first is the core model, which is demonstrated, confirmed and tested in the first 

manuscript (subtitled “core model”). The second and third components are the iterative shell and 

the toolkit frame, which are explained, tested and optimized in the second manuscript (subtitled 

“iterative shell”). 

Highlights of the first manuscript (core model): 

 We developed a numerical model for dual-sided CSO constructed wetlands 

 We demonstrate model functionality 

 Calibration results to a single but extremely long load are shown 

 We highlight model robustness via simulating event series and sensitivity analysis 

 

Highlights of the second manuscript (iterative shell): 

 We developed an optimization tool of wetlands treating  combined sewer overflow 

 We demonstrate its automatic optimization feature called the iterative shell 

 Key parameters of the optimization process are fixed in a simulation experiment 

 The iterative shell is confirmed and predictions are realistic 

 NH4-N removal can be effective even at small filters where clogging might be a risk 
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Keywords: combined sewer overflow; constructed wetland; design-support modelling; dynamic 

design; stormwater treatment; Orage 

Software: Orage alpha 0.6; developer: IRSTEA and MEGAO Informatique, France; contact:  

Remy Arnaud (remi.arnaud@megao.com); availability: freeware, version 1.0 available online at 

epnac.irstea.fr from 2017 

Abbreviations: model parameters, variables and components are written in italic. 

E-mail addresses: tamas-gabor.palfy@irstea.fr (T.G. Pálfy), meyer13@t-online.de (D. Meyer), 

stephane.troesch@epurnature.fr (S. Troesch), remy.gourdon@insa-lyon.fr (R. Gourdon), 

laurie.olivier@irstea.fr (L. Olivier), pascal.molle@irstea.fr (P. Molle). 

  

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés

mailto:remi.arnaud@megao.com
mailto:laurie.olivier@irstea.fr
mailto:pascal.molle@irstea.fr


Orage: model-based and site-specific optimization of CSO CWs 

T. G. PÁLFY  Page 55 

 

1. Introduction 

1.1. CSO CWs and stormwater treatment 

Urbanization impacts negatively the hydrology, physical-chemical properties and biota of 

surface- and groundwater without preventive actions. Water bodies are negatively impacted by 

untreated urban runoffs rejected as combined sewer overflow (CSO) or separate sewer outlet (SSO). 

Combined sewer networks accommodate high flow rates of stormwater mixed with domestic 

sewage. Overflow mechanisms are implemented to prevent overfilling of pipes and to limit 

downpipe flow rates to the capacity of the wastewater treatment plant. Unwanted peaks are 

discharged as CSO (Meyer et al. 2013) and are significant source of organics, nutrients, heavy 

metals and bacteria. In contrast, SSO is released end-of-pipe and has lower concentrations in 

organic matter and nutrient, but suspended solids, specific organic pollutants and heavy metals are a 

concern. Any flow peaks might erode and/or silt up stream habitat and change morphology. Urban 

stream syndrome is a generalized ecological degradation of streams draining urban land (Chocat et 

al. 1994, Walsh et al. 2005). 

Constructed wetlands (CWs) for CSO treatment (CSO CWs) are being implemented or 

planned to be in several countries. In Europe, vertical downflow (VF) arrangements appeared 

promising (e.g. Meyer et al. 2013) after positive experiences with retention soil filters (RSFs) in 

Germany (Dittmer et al. 2016, Uhl and Dittmer 2005). The European Water Framework Directive 

(2000/60/EC) calls for a good quality of natural waters and the limitation and/or treatment of CSO 

will be mandatory in France. Among the different CW types (Fonder and Headley, 2013), those 

developed in France for end of pipe CSO treatment are vertical downflow arrangements with 

variable saturation and outflow rate limitation. In this paper, CSO CWs will be used to refer to the 

state of the art system in France, unless otherwise specified. 

The loading characteristics of CSO CWs differ from CWs treating domestic wastewaters as 

the flows have stochastic periodicity, volume and quality. These systems have a detention basin 

above the filter material. Loadings saturate the porous media and cause ponding (intra-event state). 

Several hours might pass until the detained water is filtered, leaving through an orifice to limit 

outflow rate. After this, the pores in the filter media get filled with air again for several days (inter-

event state) and might even dry out in extreme cases. Treatment processes can be attributed either 

to the intra-event or the inter-event environment by their dominant occurrence. Filtration, 

adsorption and anaerobic biodegradation take place during intra-event while aerobic bioprocesses, 

predominantly nitrification of adsorbed ammonia and organic matter biodegradation, dominate the 

inter-event phase (Dittmer et al. 2016, Dittmer and Schmitt 2011, Meyer 2011, Dittmer et al. 2005, 

Uhl and Dittmer 2005). 

1.2. Design-support modelling of CSO CWs 

Design optimization requires a dynamic approach due to the stochastic features of storm-

generated flows. Some existing models match the complexity of the task. The process-based 

HYDRUS/CW2D (Langergraber and Šimůnek 2005) was validated at column-scale (Pálfy et al. 

2015a, Meyer 2011, Henrichs et al. 2009, Henrichs et al. 2007), but it is considered too complex for 

design purposes (Meyer et al. 2015). Design-optimization model packages exist on the watershed 

scale. For example, a module of SUSTAIN (Lee et al. 2012) provides a generalized scheme of 
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process-based simulation of flow and pollutant transport for a handful of structural best 

management practices (BMP). However, CSO CW modelling requires including adsorption 

processes and outflow limitation features. 

RSF_Sim (Meyer and Dittmer 2015) is a design-oriented tool for retention soil filters (RSFs). 

It simulates full-scale, variably saturated vertical flow constructed wetlands with good accuracy 

(Meyer et Dittmer 2015, Tondera et al. 2013). Still, another tool has to be applied for design 

purposes in France due to some specificities in technical implementation (Meyer et al. 2013), such 

as the use of twin filter basins. Furthermore, RSF_Sim is available in a table editor and as such, 

there is possibility to improve handling, data processing and automatization in general.  

A new tool was therefore developed for CSO CWs, called Orage. Orage interpolates the 

optimal dimensions and material selection for plant design. The optimization is based on multi-year 

series of flows and pollutant concentrations. The tool offers practical handling via a user interface 

and by keeping the number of user-defined parameters low. Its core model simulates hydraulics and 

total suspended solids (TSS), chemical oxygen demand (COD) and ammonium-nitrogen (NH4N) 

removal. Several parameters are selected autonomously according to environmental factors such as 

regional climate, season or the length of the last inter-event period. The tool can scale single-basin 

stormwater wetlands as well which treat SSO but this function is in practice a hydraulic 

optimization since effluent concentrations of modelled pollutants stay at low concentration levels 

(Zgheib et al. 2012) anyway. 

The objective of this paper is to 1) introduce the functionality and structure of the core model 

in Orage, 2) demonstrate its ability to simulate the operation of a real CSO CW which was 

implemented at Marcy l’Etoile (France) and monitored continuously, 3) define sensitive design 

parameters and thus justify the integration of the core model into an optimization algorithm where 

many parameters are fixed or selected from pre-defined tables. 

2. Materials and methods 

2.1. The concept of CSO CWs in France 

CSO CWs are variably saturated vertical flow constructed wetlands treating combined sewer 

overflow. The current state of the art system in France (Fig. 25) is based on experiences from 

Germany (Dittmer and Schmitt, 2011; Frechen et al., 2006; Uhl and Dittmer 2005), from “French-

design” CWs treating unsettled municipal wastewater (Molle et al. 2005) and pilot-scale research 

(Fournel 2012). Key considerations in the design of state of the art CSO CW systems are the 

following: 

i) Treating unsettled water facilitates sludge management. The twin filter sides allow 

sequential feeding. This means one side stays unloaded at regular events (small 

volumes). Both beds are fed in the case of bigger loads only. The primary filter is 

where the inlet flows; the secondary filter receives settled water through the primary if 

any. Alternation of filter priority allows longer inter-events in the secondary filter 

which favours mineralization of previously accumulated sludge and organics. This 

contributes to avoid clogging. 

ii) The permanently saturated bottom zone provides water to living organisms during dry 

periods and droughts. 
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iii) There are aeration pipes above the saturated drainage layer, to increase aeration. 

iv) Zeolite might be mixed or layered with sand if higher ammonium-removal is needed; 

v) Compost is spread on the surface of the filter media to facilitate reed establishment in 

the start-up phase of the system.  

 

An impervious liner is placed below the filter. Storm-generated flows enter the primary filter 

at the inflow point and fill the porous media. At the beginning of each loads, the infiltration and 

percolation are limited to the area close to the inlet.  Pores saturate rapidly because the outflow is 

limited by a throttle orifice. Ponding follows in the detention space. The outflow limitation ensures 

then a fairly uniform flow (near plug-flow) and extends the detention time in the process layer, 

favouring pollutant removal. 

An impermeable wall separates the filter sides. Crossflow occurs only if the water reaches the 

cross-connection pipe, making the secondary filter operational. In case of extreme storm events, 

overflows might occur. When the loading is over, the detained volume percolates through the filter 

progressively and the system empties. 

The operating conditions described above allow CSO CWs to retain and / or degrade TSS, 

COD and NH4-N, which would otherwise contaminate natural waters. The first stage of treatment is 

sedimentation and physical filtration in the top few centimetres of the filter (Dittmer 2006). The 

dominant processes for dissolved pollutants are anaerobic bacterial uptake of dissolved COD and 

adsorption of NH4-N. These processes dominate during intra-event periods. During inter-event 

periods, however, the filter is drained, and the wet but aerated media favours nitrification and 

mineralization of organic solids (Dittmer and Schmitt 2011, Meyer 2011, Dittmer et al. 2005, Uhl 

and Dittmer 2005). The filters regenerate. 

  

 

 

Detention 

space 

Process layer 

Drainage layer 
outflow 

inflow 

crossflow 
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filter 
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Fig. 25: Schematic cross-section and flows in CSO CWs. 
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2.2. The core model of Orage 

2.2.1. Development and novelty 

The core model of Orage relies on knowledge from column experiments, pilots size and full 

scale plants and simulation studies with HYDRUS/CW2D (Pálfy et al. 2015a, Felmeden 2013, 

Fournel et al., 2013, Fournel, 2012, Dittmer and Schmitt 2011, Turković and Fuchs 2010, Heinrichs 

et al. 2007, 2009, Waldhoff 2008, Woźniak 2008, Woźniak et al. 2007, Dittmer 2006, Frechen et al. 

2006, Dittmer et al. 2005). It is a time-step based numerical model where time series of CSO (or 

SSO) flows are imported. Measured flows and concentrations and simulation output of sewer 

modelling software like KOSIM, Mike Urban (SWMM and MOUSE engine) or CANOE (Schütze 

et al. 2002, INSAVALOR and SOGREAH 1997) can be used. Time steps are in the range of 6-15 

minutes. 

The core model of Orage is based on an existing model, RSF_Sim (Meyer and Dittmer 2015, 

Meyer 2011). Aspects modified or added are: (1) a new hydraulic model which follows the same 

idea but ready to simulate both single- and twin-compartment filters; (2) the removal efficiency of 

total COD is concentration-dependent instead of limiting this to the dissolved fraction only and (3) 

the simulation of short-circuiting effects are built in as these decrease performance at commencing 

load. Furthermore, the core model selects parameters environmental-dependently (climate region, 

temperature, loads following a drought) and is integrated in an autonomous optimization code. 

2.2.2. Hydraulics 

The outflow orifice assures a stable and slow percolation (around 0.02 l/s/m2). Hydraulics in 

the core model is based on an outflow rate constant and continuously stirred tanks in two parallel 

series (Fig. 26). Flow- and transport equations are valid for single-sided filters if the area of the 

secondary side (F2) and the cross-connection level is zero. The core simulates short-circuiting at 

commencing load as discussed in subchapter 2.2.3. 

 

Volumes and concentrations of flow and storage are calculated at each time step (t1) and are 

available from the preceding time step (t0). The model space is discretized into seven tanks. The 

permanently saturated drainage layer is represented by 𝐷𝑡𝑥
𝐹1 and 𝐷𝑡𝑥

𝐹2 which have constant volume 

but concentrations may vary. The process layer is represented by 𝑃𝑡𝑥
𝐹1 and 𝑃𝑡𝑥

𝐹2 with volumes 

between the residual water and saturation. Removal processes are modelled in this layer. The 

𝐵𝑎𝑠𝑖𝑛⬚
⬚ 

𝑅𝑒𝑡⬚
𝐹1 𝑅𝑒𝑡⬚

𝐹2 

𝑃⬚
𝐹1 𝑃⬚

𝐹2 

𝐷⬚
𝐹1 𝐷⬚

𝐹2 

Fig. 26: The seven tanks and possible volumetric exchanges in the core model. 
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detention space is discretized into three tanks, 𝑅𝑒𝑡𝑡𝑥
𝐹1, 𝑅𝑒𝑡𝑡𝑥

𝐹2 and 𝐵𝑎𝑠𝑖𝑛𝑡𝑥, and have volumes 

between zero and their maximum. 

Flows occur after perfect mixing within the compartments. The inflow (1) arrives to the 

primary retention side 𝑅𝑒𝑡𝐹1. It infiltrates (2) to the primary process layer 𝑃𝐹1. Infiltration gets 

limited by the primary outflow orifice to match the outflow (71) when 𝑃𝐹1 is full; otherwise the 

inflow (1) infiltrates instantaneously. Water percolates deeper (3) to the primary drainage layer 𝐷𝐹1 

and water leaves the filter, limited by (71). If the water in 𝑅𝑒𝑡𝐹1 reaches the level of cross-

connection, cross-flow (4) occurs. The cross-flow (4) for the secondary retention side 𝑅𝑒𝑡𝐹2 is like 

the inflow (1) for the primary. Flows have an identical path: infiltration to 𝑃𝐹2 (5) and percolation 

to 𝐷𝐹2 (6) leads to a limited outflow (72). In case the water reaches the cross-connection level in 

𝑅𝑒𝑡𝐹2 as well, a common water level is established. Inflow (1) volumes are halved and distributed 

instantaneously; still, 𝑅𝑒𝑡𝐹2 receives water through 𝑅𝑒𝑡𝐹1 after complete mixing. If 𝑅𝑒𝑡𝐹𝑥 are both 

full, 𝐵𝑎𝑠𝑖𝑛𝑡𝑥 starts to get filled. In this case, inflow (1) is distributed between the three 

compartments of the detention space. 𝑅𝑒𝑡𝐹1 and 𝑅𝑒𝑡𝐹2 has priority and receives equal volumes; the 

rest of the inflow (1) is added (8) to 𝐵𝑎𝑠𝑖𝑛𝑡𝑥 if there is any. Mixing happens independently by 

compartment. If 𝐵𝑎𝑠𝑖𝑛  is filled, overflow (9) is instantaneous. Detained volumes leave through 

(71) and (72). The calculation of flows, volumes and concentrations are detailed in Appendix A. 

2.2.3. Pollutant removal 

COD and TSS removal is calculated when water is leaving the process layer 𝑃𝐹𝑥 (flows 3 and 

6), based on empirical equations. These have been parameterized for TSS to yield a constant 

background value. In contrast, a true correlation was observed between inflow and outflow COD. 

Fournel (2012) suggested (1) a background constant for a diluted inflow, (2) a linear correlation at 

moderate concentrations and (3) a cap at high concentrations. A similar three-stage approach has 

been implemented in Orage with the possibility to use a second linear correlation instead of the cap. 

Process equations can be found in the subroutine ‘V_D_Calc’ of Appendix A. 

Measured data showed a rather large variance. As such, using a single correlation rule could 

have led to weak designs unless performance was underestimated, which in itself reduces 

optimization efficiency. Meyer and Dittmer (2015) improved model predictions in RSF_Sim taking 

into account the length of the preceding inter-event period (Fig. 27). Orage was enabled to 

automatically select parameters K, C1, Nu_1, C2, Nu_2 depending on the inter-event duration, the 

season and the climate region. Dry and hot days were assumed to cause a drop in COD removal 

through bacterial starvation and drought. The procedure for the selection of the different parameter 

sets was implemented as follows: 

1. Selection of a “climate-season” factor according to the season and the climate of the 

planned location of implementation; 

2. Normalization of the duration of the preceding inter-event period (in days) based on this 

factor (a multiplier); 

3. Selection of the corresponding inter-event period range (e.g. 2-8 days for 6.2 days)  

4. Application of the set of parameters (K, C1, Nu_1, C2, Nu_2) associated to this range. If 

this appears necessary, the parameters might be adjusted to distinguish between short-

circuiting conditions or normal operation. 
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The model accepts TKN (Total Kjeldahl Nitrogen) concentrations as input but handles it as 

NH4-N (component NH4N). In reality, particulate nitrogen in TKN was found to be filtered, and 

then possibly accumulated in the sludge as organic nitrogen or ammonium after ammonification. 

Regarding the fate of TKN, releases were not detected in the full-scale CSO CW of Marcy L’Etoile. 

NH4N removal is a two-step process, adsorption in the solid phase during loads and 

nitrification limited to the inter-event. Adsorption capacities in the material database represent 2-

slope isotherms as shown in Fig. 28. The curve shows the instantaneous equilibrium between liquid 

and solid phase concentrations in the process layer 𝑃𝐹𝑥. It is a simplification of a Freundlich 

isotherm, having low mean absolute error (MAE) at the concentration range of stormwater and 

CSO (e.g. Sztuhár et al. 2002). It allows to express the state of equilibrium without solving a 

differential equation. 

 

 

Only the inlet zone of filters is water-contacted at the beginning of loads, which might last at 

low inflow rates. This short-circuiting mechanism was observed to lead to decreased performance 

(Pálfy et al. 2015b). Therefore, calculations differ until the water level is under a constant h_e (Fig. 

29). If percolation is limited to the inlet zone, sorption capacity is limited as well. In this case, 
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Fig. 28: Broken-stick isotherm and its parameters, compared to a Freundlich 

isotherm. A1: slope below threshold dissolved phase concentration C1; A2: 

decreased slope above C1. 

Fig. 27: Results in RSF_Sim: mass removal percentage error can be decreased if 

considering the length of inter-event periods. Translucent symbols: error in predictions 

before; opaque symbols: after. Figure based on Meyer and Dittmer (2015). 
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passing water is mixed to the stored volume in 𝑃𝑡𝑥
𝐹𝑥 after equilibrium concentrations are calculated 

separately for the infiltration zone only. The surface area of infiltration is estimated using Eq. (8) 

based on the inflow volume and Darcy’s law. Mass of water-contacted media can then be estimated 

using Eq. (9): 

𝐴_𝑖𝑛𝑓𝑡1
𝐹𝑥 =

𝐹_𝑖𝑛𝑓𝑡1
𝐹𝑥

𝐾(𝑡1 − 𝑡0)
 

(

8) 

 

 

𝑀_𝑎𝑐𝑡𝑖𝑣𝑒𝑡1
𝐹𝑥 = 𝐴_𝑖𝑛𝑓𝑡1

𝐹𝑥 × 𝑑_𝑓𝑖𝑙𝑡 × 𝑟ℎ𝑜_𝑚𝑒𝑑𝑖𝑎 (

9) 

where 𝐴_𝑖𝑛𝑓𝑡1
𝐹𝑥, the area of infiltration [m2]; 𝐹_𝑖𝑛𝑓𝑡1

𝐹𝑥, the infiltrating volume [m3]; K, the 

infiltration [m per time step] through the organic deposit and compost on the top; 𝑀_𝑎𝑐𝑡𝑖𝑣𝑒𝑡1
𝐹𝑥, the 

mass of media [t] in contact; d_filt, the depth of the filter layer and rho_media, the bulk density of 

the media [t/m3]. 

The adsorbed mass of NH4N is calculated for the overall mass of filter medium 

(𝑁𝐻4_𝑜𝑙𝑑𝑚𝑎𝑠𝑠𝑡𝑥
𝐹𝑥) and the fraction stored in the short-circuiting zone (𝑁𝐻4_𝑖𝑛𝑓𝑧𝑜𝑛𝑒𝑚𝑡𝑥

𝐹𝑥). The 

short-circuiting zone might saturate independently from the rest of the filter, allowing short-

circuiting peaks to occur in the simulations. The infiltration area changes as a function of the 

infiltrating volume (inflow) at each time step (Fig. 29). If the infiltration area increases, the mass of 

sorbed NH4N is recalculated. If the infiltration area decreases, the total mass of sorbed NH4N is 

decreased proportionally (𝑁𝐻4_𝑜𝑙𝑑𝑚𝑎𝑠𝑠𝑡𝑥
𝐹𝑥). 

 

Fig. 29: Short-circuiting conditions with increasing (left) and decreasing (right) infiltration area. 

A potential value for h_e is shown. 

Nitrification starts as soon as the filter layer begins to empty. The initial rate is linearly 

proportional to the emptied volume. Mass decrease is otherwise calculated according to Eq. 10, 

based on the work of Meyer and Dittmer (2015). The rate is the function of the mass in the solid 

phase and the mean seasonal temperature. NH4N in the drainage layer is solely in solution but 

nitrified anyway after the outflow ceases, down to a background concentration set to be the lowest 

EMC measured in the effluent of the full-scale site at Marcy-L’Etoile (1 mg/L). 

𝑁𝐻4𝑁(𝑡 + 1) = 𝑁𝐻4𝑁(𝑡) × 𝑒−𝑑𝑖,𝑡 10) 

𝑑𝑖,𝑡 = 𝑑𝑖,𝑡 × 𝑒
𝑇−20
𝑅𝑐   

h_e h_e
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where 𝑁𝐻4𝑁(𝑡) is the mass of NH4N at time step t, −𝑑𝑖,𝑡 is a rate constant [1/time]. The 

second part of the equation corrects −𝑑𝑖,𝑡 according to the temperature T [°C] and the temperature 

sensibility constant Rc [-]. Parameters are calibrated based on field measurements. 

2.2.4. Shell integration 

Orage was programmed to call the core model repetitively until the design is considered 

optimal. The iterative shell of Orage will be discussed in a second paper (Orage: a design 

optimization modelling tool for CSO CWs: Iterative shell). The connection between the core model 

and the iterative algorithm is discussed here.  

The core model returns a single concentration value. This variable is called Peak_MA_cc 

(peak of moving average concentrations, mg/L). For small events with outflow duration under six 

hours, the value of Peak_MA_cc isn’t recorded. If there is outflow at least for six hours but 

maximum for twenty-four hours, the maximum of the mean outflow concentrations, re-calculated at 

each time step, is selected. From twenty-four hours on, the average values are the moving average 

concentrations from the last twenty-four hour blocks, and the maximum might be updated based on 

these. 

The tested design is acceptable if Peak_MA_cc is at the legislative threshold (within a tight 

tolerance range).  

2.3. Calibration approach 

2.3.1. First calibration to a single load 

Calibration was based on flow and concentration series of data acquired from the full-scale 

CSO CW operated at Marcy l’Etoile, France (Pálfy et al. 2015b, Meyer et al. 2013). An extremely 

long event (event #14) was selected and parameters from the real site and RSF_Sim standards 

(Meyer and Dittmer 2015) were used as base. The value of flow limitation was fine-tuned to fit 

water levels. COD parameters were then adjusted manually until a visually good fit was reached, 

without considering the effect of inter-events. Event #14 was a heavy load (156 g/m2) so NH4N 

sorption was fitted to a real breakthrough curve. Nitrification rate parameters were set according to 

field measurements (Pálfy et al. 2016). 

2.3.2. Confirming the calibrated parameters with event series 

Event series were simulated without further parameter refinement. Four consecutive loads 

with closed material balance and short inter-event periods were modelled. Event #14 was added to 

see if preceding loads cause any changes in predictions. Table 1 summarizes the characteristics of 

the five events. 
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Table 13: Simulation series consisting of four consecutive loads (event #16-19) and event #14 

Event 

# 

Load 

[m] 

Duration 

[h] 

Preceding inter-

event 

[d] 

16 * 1.16 20.5 62.0 

17 0.98 25.0 1.0 

18 1.10 26.0 3.5 

19 1.59 35.5 11.9 

14 10.87 190.0 ** (15.3) 

*: primary filter only; **: arbitrarily selected 

2.3.3. Assessment of model accuracy 

Series of simulated COD and NH4N effluent concentrations were compared to experimental 

measurements. Accuracy was assessed by the following calculations: 

a) Difference of simulated 6/24h Peak_MA_cc compared to the measured: [mg/L], [%] 

b) Difference to measured mass removal: [%], [MAE %] 

c) Time weighted event mean concentrations (EMC): [MAE mg/L], [MAE %] 

d) Difference of total nitrified mass: [%] 

e) Difference in short-circuiting durations (for sensitivity analysis only), 

f) Time shift to measured NH4N breakthrough: [h] 

g) Goodness of fit: Ej (Ahnert et al. 2007). 

The coefficient of efficiency (Ej) was calculated with j=1 to make it more sensitive to fitting 

inaccuracies (Ahnert et al. 2007). Composite samples covered various time intervals; this was 

counterbalanced by including time-weighing in the classical equation: 

𝐸𝑗 = 1 −
∑ |𝑀𝑖𝑡𝑖 − 𝐸�̅�𝑡𝑖|

𝑗𝑛
𝑖=1

∑ |𝑀𝑖𝑡𝑖 −𝑀𝑡𝑖|
𝑗𝑛

𝑖=1

 11) 

where Mi is the measured value for composite i, 𝐸�̅� is the average of simulated values 

coinciding with composite i, �̅� is the time-weighted average of all measured values, and ti is the 

time represented by composite i. 

No classification ranges (i.e. good fit, bad fit) were proposed in Ahnert et al. (2007). It was 

suggested to apply other numerical methods simultaneously and to present charts for visual 

interpretation. If the value of Ej is below zero, either the arithmetic mean is a better predictor than 

the model or the measured values were too low or nearly constant (Pálfy and Langergraber 2014). 

The interpretation of Ej was aided by calculating the mean time-weighed deviation: 

𝐷𝐸𝑉̅̅ ̅̅ ̅̅ =
∑ |𝑀𝑖𝑡𝑖 − 𝐸𝑖𝑡𝑖|
𝑛
𝑖=1

𝑡
 12) 
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where t is the duration of the intra-event period on which the analysis is done. 𝐷𝐸𝑉̅̅ ̅̅ ̅̅  [mg/L] 

and 𝐷𝐸𝑉̅̅ ̅̅ ̅̅  [%] helps to decide if Ej indicates a poor fit or fails. The goodness of fit was considered 

weak if Ej indicated weak results with a value below 0.1 and 𝐷𝐸𝑉̅̅ ̅̅ ̅̅  seemed important. 

2.3.4. Sensitivity analysis 

Model sensitivity was tested using a one factor at a time (OAT) screening technique called the 

Morris method (Morris 1991), applied with the improvements of Campolongo et al. (2007). The 

method yielded two values describing the importance of each scrutinized model parameter. One 

was correlated to the overall influence (𝜇𝑖
∗) on the output and the other to the non-

linearity/interactions with other factors (σi). The analysis was carried out separately on COD 

removal (number of parameters: k=16) and on NH4N removal (k=21) because the model did not 

allow to take into account interactions between the two pollutants and can be called on one 

pollutant at a time. Common parameters were those describing hydraulics and temperature 

dependence. Each model parameter xi (i=1, … , k) was varied within a pre-defined input range at 

four levels (p=4), yielding N=160 simulations for COD and N=220 for NH4N. Input ranges were 

selected to be realistic for CSO CWs. 

Values for 𝜇𝑖
∗ and σi were calculated based on the values of elementary effects (EE). Detailed 

description of the calculation were given by Morris (1991) and Campolongo et al. (2007). An EE 

was defined for each input vector x consisting of k parameters, one changed at a time. For a given 

x, the EE linked to the ith input factor is defined as: 

𝒅𝒊(𝑥) =
𝒚(𝒙𝒊, … , 𝒙𝒊−𝟏,𝒙𝒊 + ∆, 𝒙𝒊+𝟏, … , 𝒙𝒌) − 𝒚(𝑥)

∆
 13) 

The basis of evaluation is often taken to be the arithmetic mean of model output, i.e. 𝑦(𝒙) = 

EMC(x). For a more detailed outcome about model sensitivity and robustness, the analysis was 

done on all statistics listed in subchapter 2.3.3. As for goodness of fit, a single numerical had to be 

calculated from 𝐸𝑗 and 𝐷𝐸𝑉. Scores (1: worst) were derived based on arbitrarily selected ranges 

(Table 14). The final score was based on 𝐸𝑗: if the score for 𝐷𝐸𝑉 was the higher, 𝐸𝑗 was increased 

by one, otherwise it was left unchanged. The arithmetic mean of six final scores (for five events, 

one by filter side) was defined as 𝑦(𝒙). 
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Table 14: Ranges for goodness of fit-based sensitivity analysis. 

Score Range for 𝐸𝑗 [-] 
Range for 𝐷𝐸𝑉  [mg/L] 

NH4N COD 

1 𝐸𝑗 < -1.5 2.00 < 𝐷𝐸𝑉 15.0 < 𝐷𝐸𝑉 

2 -1.5 ≤ 𝐸𝑗 < -0.3 
1.50 < 𝐷𝐸𝑉 ≤ 

2.00 

12.0 < 𝐷𝐸𝑉 ≤ 

15.0 

3 -0.3 ≤ 𝐸𝑗 < 0.1 
1.25 < 𝐷𝐸𝑉 ≤ 

1.50 

9.0 < 𝐷𝐸𝑉 ≤ 

12.0 

4 0.1 ≤ 𝐸𝑗 < 0.5 
0.75 < 𝐷𝐸𝑉 ≤ 

1.25 
4.5 < 𝐷𝐸𝑉 ≤ 9.0 

5 0.5 ≤ 𝐸𝑗 𝐷𝐸𝑉 ≤ 0.75 𝐷𝐸𝑉 ≤ 4.5 

 

The parameter ranges are listed in Annex C. A wide range was used on filter area A_tot (200 - 

2000 m2), to focus the analysis on short-circuiting and to see if A_tot really has a minor effect on 

COD removal. Then, the analysis for NH4N was repeated, with a tighter range which was assumed 

to be hydrologically optimized (250-650 m2). Table 15 lists the short-circuiting times as the 

function of filter area. 

Table 15: Short-circuiting times as the function of filter area at an outflow rate fixed to 0.108 m3/m2/h. 

SA targeting 

short-circuiting 

SA at hydrologically 

optimized areas 

filter area 

(A_tot) 

short-

circuiting 

time 

filter area 

(A_tot) 

short-

circuiting 

time 

290 m2 3% 270 m2 3% 

830 m2 11% 390 m2 4% 

1370 m2 43% 510 m2 6% 

1910 m2 86% 630 m2 8% 

3. Results and Discussion 

3.1. Calibration using a single event 

The single run showed a good fit to measured hydraulics (Fig. 30) and outflow concentrations 

(Fig. 31). Water levels and ponding duration were also well predicted regardless the extreme length 

of the event. The existence of a constant outflow rate simplified indeed greatly the hydraulics of the 

system. 
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The changes in COD were followed with a slight shift in time and with flattened amplitude, 

still well-fitted (Ej=-0.1, mean time weighted deviation: 7.5 mg/L). NH4N was fitted excellently 

(Ej=0.7, mean time weighted deviation: 1.2 mg/L). The time of predicted breakthrough showed a 

two hour delay which did not cause any visible shift on the chart. 

Fitting NH4N concentrations is crucial for a good design, especially after the breakthrough (see 

before 72 h event time on Fig. 31). 

3.2. Event series 

The fit between simulated and experimental effluent concentrations was between fairly good 

and good, with a score of 3.50 for COD and 3.33 for NH4N. Results of statistical analysis are 

summarized in Table 16. 

Fig. 30: Comparison chart of measured and simulated hydraulics of the single load (event #14). Water level 

is given by filter side, outflows are lumped. 

Fig. 31: Measured and simulated COD (left) and NH4-N (right) concentrations of the single load (event #14). 
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Table 16: Analysis of the model accuracy for the closed event series. 

 
COD: 

NH4N: 

Difference of simulated 6/24h Peak_MA_cc to measured: 

[mg/L]: -18.9 -1.7 

± [%]: -26.9 -12.2 

Difference to measured mass removal: 

± [%]: -0.4 4.8 

MAE [%]: 10.6 9.6 

Time weighted EMC of the effluent: 

MAE [mg/L]: 6.9 1.4 

MAE [%]: 8.8 33.5 

Difference of total nitrified mass: 

[%]: n/a +15.8 

Time shift to measured breakthrough (event #14 only): 

[hours]: n/a -0.1 

Goodness of fit: 

𝐸𝑗 [-]: -0.64 -0.75 

𝐷𝐸𝑉 [mg/L]: 8.4 1.5 

Model predictions were satisfying for most of the events. Still, a gap of -26.9% for COD 

Peak_MA_cc was obtained, which should be improved because this variable will be used by the 

design-optimization algorithm. Fig. 32 shows intra-event concentrations at events #16-#19.  The 

effluent concentrations of event #16 were underestimated by the model. The possible reasons for 

this observation were that 1) the samples for events #16 and #19 were taken from settled ponding 

water so input concentrations were lower than real inflow and 2) the dry period before event #16 

was two month long and its possible impact on modelled performance had not been calibrated yet. 

Leaving away event #16 would have decreased the gap between the simulated and measured values 

down to -9.5%. 

For NH4N, the event mean concentration had an average difference of 33.5% (MAE). 

However, expressed in concentrations, this difference is small. 
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Short-circuiting peaks were excessively large at events #17 and #18. A parameter (K2) was set 

deliberately low to make short-circuit effects clearly visible. K2 shall be fixed equal or just slightly 

lower to its counterpart used under normal operation in order to have smaller peaks. Lowering the 

initial short-circuiting peaks would result in a weaker goodness of fit value because NH4N 

concentrations were starting from close to zero. This can be counterbalanced by increasing the 

background concentration parameter higher. Event #14 was excluded from Fig. 32. because model 

predictions did not cause visually notable alternation compared to the single load (Fig. 31).  

3.3. Sensitivity analysis 

3.3.1. SA of COD removal calculations 

The sensitivity analysis on COD removal confirmed the importance of the performance 

parameters Nu_1, C2 and Nu_2 for 6/24h Peak_MA_cc (Fig. 33). The model showed high 

sensitivity to the value of Nu_1. The other two performance parameters K and C1 showed influence 

only at lower concentrations. Their effect was therefore small; inflow concentrations were too high 

to trigger background values in the effluent.  

Fig. 32: Measured and simulated COD (left) and NH4-N (right) concentrations of the event series (excluding event #14). 

Intra-event periods are cropped for better visibility. The short-circuiting constant (parameter K2) was selected deliberately 

low to generate high NH4N spikes and see functionality. 
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Model robustness had been confirmed as other parameters had little effect on simulations, 

especially on 6/24h Peak_MA_cc. 

Fig. 33: Sensitivity analysis results for COD. Removal performance parameters K, Nu_1, C2 

and Nu_2 had the most effect. The model was robust against all other parameters especially 

in the case of 6/24h Peak_MA_cc. 
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3.3.2. SA of NH4N removal calculations, with excessive short-circuiting 

durations 

Wide parameter ranges were causing short-circuiting to be the dominant operation in the 

domain for almost all vectors (x) of the experiment. Ranges were tightened therefore in a second 

experiment to what physical research and design practice could justify. As such, one of the two 

analyses targeted performance at short-circuiting (wide ranges for area) and the other the classical 

operation with little short-circuiting (tight ranges for area). 

The results at excessive short-circuiting durations (Fig. 34) highlighted significant parameters 

which determine short-circuiting duration, i.e., how long it takes until the water level fills up to the 

short-circuiting threshold depth h_e. These were 1) h_e itself [m], 2) the base outflow rate 

f_limit_base [m3/m2/h) and 3) the total filter area A_tot [in m2]. It can be anticipated that a bad 

combination of these hit performance badly. Parameters which describe adsorption capacities in the 

short-circuiting zone showed less importance (K1, A1, C1). The total filter area (A_tot) was the 

most significant of those parameters which are not going to be fixed. 

 

Fig. 34: Sensitivity analysis results for NH4N: extreme short-circuiting durations in 

overscaled filters. Parameters impacting the longevity of short-circuiting (h_e, 

F_limit_base and A_tot)  had the most significant effect and adsorption capacities were 

less important. 
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3.3.3. SA of NH4N removal calculations, with normal short-circuiting 

durations 

The range of the filter area (A_tot) and the flow limitation (F_limit_base) were selected to give 

hydraulically consistent domains. Fig. 35 shows results with such input vectors (x). F_limit_base 

was significant for the goodness of fit index, because at some vectors (x) the remaining short-

circuiting peaks affected the fit even if the peaks themselves were fleeting.  

Adsorption-related parameters were otherwise the most significant. These were 1) the 

material-specific adsorption capacity A1 [m3/kg] and 2) the depth of the filter layer d_filt [m]. The 

depth of the filter, together with its area (A_tot) determines the total mass [kg] of the media. A1 can 

be calibrated to measurements, and A_tot is going to be optimized by the iterative shell of Orage.  

It must be noted that d_filt is not a target of the optimization algorythms, and strong 

correlation was absent between treatment performance and filter depth (Fournel 2012). Meanwhile 

A_tot, on which the automatic optimization of Orage will be based, was deemed to be less 

significant by the SA. This is a weakpoint of the model where doube thickness had the same effect 

on the virtual adsorption capacities as doubling filter area. 

 

  

Fig. 35: Sensitivity analysis results for NH4N: hydraulically optimized range for filter areas. Adsorption capacity 

(A1) and the available mass of the material (d_filt) were found to be the most significant. 
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4. Conclusions and Outlook 
The core model of Orage was calibrated to a full-scale CSO CW (Marcy l’Etoile) treating 

unsettled water in twin basins. Manual calibration gave excellent goodness of fit to the single event 

even though hydraulic and pollutant loads were high. Then, a medium-term event series was 

simulated, consisting of five loads. The goodness of fit was moderate to good without changing 

parameters. The unloaded inter-event periods allowed the simulation domain to return to a stable 

condition which means background levels of water content and NH4N in both the liquid and solid 

phases. As such, the core was proven to be capable to handle data series of any length and give 

acceptable predictions on effluent rates and pollutant concentrations. This is crucial for reliable 

design-support which will be based on long-term series. 

Statistical analyses of measured and simulated effluent data confirmed model accuracy. The 

peak of moving average on effluent concentrations (Peak_MA_cc) is a key variable. It is the 

connection between the core and the iterative shell which tests various designs (not presented here). 

Simulated Peak_MA_cc matched well measurements for NH4N (error: -1.7 mg/L or -12.2%). The 

error was rather large for COD (-18.9 mg/L or -26.9%) due to one event which arrived after a warm 

and long inter-event and where ponding water was sampled instead of the inlet. Calibrating the 

effect of inter-event periods on COD removal should increase accuracy. Further calibration should 

follow focusing on the effect of unloaded periods on COD and heavy NH4N loads. 

The sensitivity analysis has proven model robustness. Most of the parameters can be safely 

fixed as these have little effect on the output within their realistic range. Parameters identified as 

significant are either fixed in design guidelines (e.g. percolation speed in the filter media 

F_limit_base) or will need meticulous calibration (NH4N adsorption parameters by material, COD 

removal parameters as the function of dry periods and temperature). The total filter area A_tot was 

important for the simulated NH4N removal. The analysis highlighted that filter depth d_filt is 

important too. In the model, adsorption capacities are correlated with the mass of the filter media. 

In reality, the available organic matter plays a role as well (Fournel 2012).  

The accuracy of the core model can be improved further. Modelling a diversity of full-scale 

sites would be beneficial, after enough sites are built to do so. This is especially true for parameters 

recorded in internal tables such as those responsible to select the climatic and inter-event effects for 

COD removal and the material database containing the adsorption isotherms. 

The relatively simple process descriptions of Orage were proven to be satisfactory for 

modelling CSO CWs. The low number of input parameters will keep handling simple, without 

compromising the accuracy of predictions. The core is ready to be integrated in an autonomous 

iterative shell as it had shown accuracy and robustness. 
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Abstract 

Constructed wetlands for combined sewer overflow treatment (CSO CWs) are variably saturated 

vertical flow filters in France. The design-support software Orage facilitates their design by 

optimizing filter area and material site-specifically, otherwise encumbered by the stochasticity of 

CSO volumes, concentrations and return periods. Optimization is based on measured or simulated 

inflow series and just a few input parameters. The iterative shell calls a core model repetitively. 

During the process, effluent flows and concentrations are simulated for several designs and 

compared to legislative thresholds. The shell was tested with measured and simulated inflows. 

Hydraulic optimization parameters were fixed and the optimization for pollutant removal is now 

more efficient. The optimization approach was verified using inflow and available land from a full-

scale CSO CW, with different legislative thresholds. Zeolite-enriched media showed high NH4-N 

removal at hydraulic loads exceeding the recommendations of present guidelines, marking clogging 

as a potential limitation of compact filters. 

Keywords: combined sewer overflow; constructed wetland; design-support modelling; dynamic 

design; Orage; stormwater treatment 

Software: Orage alpha 0.8 developer interface; developer: IRSTEA and MEGAO Informatique, 

France; contact: Remy Arnaud (remi.arnaud@megao.com); availability: freeware, version 1.0 

available online at epnac.irstea.fr from 2017; disclaimer: Orage is not a substitute of engineering 

knowledge but a tool to facilitate decisions and design otherwise encumbered by the stochastic and 

site-specific nature of an engineering problem. 
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1. Constructed wetlands treating combined sewer overflow 

1.1. Benefits 

Urban stream syndrome is a generalized degradation of streams draining urban land compared 

to their natural state (Chocat et al., 1994; Walsh et al., 2005). These waters, which are ecosystems 

and natural resources, are negatively impacted by combined sewer overflows (CSO). Storm events 

trigger high flow rates of stormwater mixed with sewage in the combined sewer networks. If this 

rate exceeds the intake capacity of the wastewater treatment plant or what the pipe network can 

accommodate, the unwanted flow peak is discharged at CSO points (Meyer et al. 2013). These 

discharges are carrying pollutions in the form of organics, nutrients, heavy metals and bacteria. In 

contrast, separate sewer outlet (SSO) is released end-of-pipe and has lower concentrations but 

suspended solids, specific organic pollutants and heavy metals are still a concern. Both CSO and 

SSO5 might cause flow peaks which erode and/or silt up stream habitat and change morphology.  

Constructed wetlands for CSO treatment (CSO CWs) offer a solution to mitigate the impact of 

overflows. The term CSO CW was used here to refer to the state-of-the-art in France which is a 

vertical downflow arrangement. It was developed based on the retention soil filters in Germany 

(RSFs, Retentionbodenfiltern; Uhl and Dittmer 2005, Dittmer et al. 2016), the ”French” constructed 

wetlands for domestic wastewater treatment (Molle et al., 2005) and pilot scale research (Fournel, 

2012). 

1.2. Specific features of CSO CWs 

The feeding significantly differs from CWs treating domestic wastewater because CSO flows 

are stochastic in terms of volume, quality and return periods (Fig. 36). A detention basin over the 

filter is essential because feedings are flood-like. The basin is empty at the beginning of the events 

therefore Infiltration and subsequent percolation is limited to the inlet zone. This operational state is 

considered as short-circuiting. Decreases of NH4-N removal performance were reported (Pálfy et al. 

2016a). However, pores saturate rapidly and ponding occurs which is considered the normal 

operational (intra-event state). The whole filter is water contacted and percolation is close to plug-

flow. Performance are maximal. Low flow velocities are ensured by the mechanical outflow 

limitation (orifice) on the outlet structure. 

Draining the detained water might take several hours. Once it is done, the pores get filled with 

air for several days (inter-event state) but stay wet which favours the metabolism of aerobic 

bacteria. Dominant removal processes differ in the anaerobic intra-event and aerobic inter-event 

state (Dittmer et al. 2005, Uhl and Dittmer 2005, Dittmer and Schmitt 2011, Meyer 2011, Dittmer 

et al. 2016). The system might be negatively impacted by long droughts due to the stress on its 

living organisms. 

                                                      

 

5 This paper and the modelling tool Orage focuses on CSO-CWs but SSO is touched as well as Orage 

comes with a hydraulic optimization (scaling) support for SSO wetlands. 
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1.3. Design optimization and modelling 

Storms generate stochastic load events (volumes, concentrations) alternated by inter-event 

periods with different length and temperature. The stochasticity demands a dynamic approach for 

design optimization which demand can be met by numerical models (Meyer et al., 2015). 

Pálfy et al. (2016b) enumerated existing models. Although HYDRUS/CW2D (Langergraber 

and Šimůnek, 2005) had been calibrated for column scale CSO CWs (Pálfy et al., 2015a), less 

complexity would fit better engineering purposes (Meyer et al., 2015). On the other hand, the 

design-oriented model RSF_Sim (Meyer and Dittmer, 2015) simulates German retention soil filters 

(RSFs) accurately even at full-scale. This tool was incompatible though with French standards due 

to the differences in technical implementation discussed in Meyer et al. (2013). Furthermore, 

HYDRUS/CW2D and RSF_Sim would demand the manual iteration of different designs, leaving 

room for a simple and automated toolkit. 

The design-support tool Orage has been created for the reasons mentioned above. The core 

model (Pálfy et al. 2016b) has been inspired by RSF_Sim to simulate total suspended solids (TSS), 

chemical oxygen demand (COD) and ammonium-nitrogen (NH4-N) removal. Furthermore, Orage is 

capable to simulate both single- and twin-bed (standards for SSO and CSO in France, respectively) 

filters and to account for performance decrease at starting loads (short-circuiting). Although Orage 

was created for CSO CWs, it can help to scale filters treating SSO. This function is limited to a 

hydraulic optimization in practice because concentrations of NH4-N and COD in SSO are low 

anyway and TSS is filtered out with high efficiency regardless inflow concentrations. 

The core model works with long inflow datasets (a couple of years). Several parameters are 

selected automatically during the simulations according to environmental factors such as 1) the 

regional climate, 2) season and 3) the length of the preceding inter-event period. Furthermore, the 

core has been integrated into an iterative shell (automatic optimization algorithm) and a user 

interface to enhance practicability. After launching the optimization, the iterative shell calls the core 

model repetitively and optimizes the filter area and material.  

The software offers a second, decision-support function. The “applicability test” can be used if 

inflow series are unavailable. The user will rely on one of the 45 internal inflow series (5 climate 

regions and 9 surface imperviousness categories), which are scaled linearly to the entered 

catchment area (base: 50 ha) and the PE value (base: 2000 PE). This function reports only 1) if a 

CSO CW is advisable, 2) if further investigation is proposed before design or 3) CSO CW is not 

advisable. 
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Fig. 36: Water levels in a full-scale CSO CW. Filter operation can be characterized by the stochastic alternation of intra-

event (loaded; blue) and inter-event (unloaded, ochre) periods. 
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The iterative shell of Orage is described and confirmed in this paper using inflows from the 

existing full-scale site of Marcy l’Etoile. Furthermore, effluent NH4-N concentrations are analysed 

in function of filter area and hydraulics and key model parameters are fixed to keep future designs 

hydraulically fit. 

2. Methods 

2.1. Automatized optimization of the iterative shell 

2.1.1. General outline 

Orage is based on a numerical core model (Pálfy et al. 2016b) which simulates hydraulics (two 

tanks-in series in parallel) and pollutant removal (NH4-N, COD and TSS). The core model is called 

repetitively by an optimization algorithm called the iterative shell. The target is a hydraulically 

sound design with the simplest material and smallest area (in order of priority). Limits on outflow 

rate and concentrations can be freely set for each simulation project. The program performs 

optimization on hydraulics, NH4-N and COD removal (in order of priority). For the French 

standards of constructed wetlands treating combined sewer overflow, the reader is advised to refer 

on cross-section figures in Pálfy et al. (2016a) or Meyer et al. (2013). 

2.1.2. Hydraulics 

The optimization of hydraulics precedes the optimization for pollutant removal. Its goal is to 

ensure the efficiency of the latter by determining the range of filter areas [A_min; A_max] which 

will be tested for pollutant removal. The hydraulic optimization is based on 1) the storage volume; 

2) the allowed maximum of outflow rate and 3) the short-circuiting time (when percolation is 

limited to the inlet point), which correlate with filter area. The water authority provides data site-

specifically which can be entered to limit point 1) and 2), whilst 3) is limited by an internal 

parameter as discussed later.  

In the case of the maximum area (A_max), user inputs set an initial limitation before 

optimization. These inputs are 1) the land area available for the construction and 2) the allowed 

maximum of outflow rate (because the release rate is linearly proportional to the area). However, 

these initial limitations might still allow excessively large domains. To filter out these, the 

dominance of short-circuiting operation over ponding is a good indicator.  This is because the 

outflow rate in overscaled filters is high compared to the inflow rates. These domains never fill or 

do it slowly which is rendering a high ratio of short-circuiting time steps to all time steps. Therefore 

the hydraulic optimization decreases the limitation on A_max if necessary, until the ratio of short-

circuiting time steps to normal time steps is acceptable (parameter shortcut_limit, see the 

subchapter on the Refinement of the hydraulic optimization on page 79). 

As for A_min, small designs might suffer from excessive hydraulic [m3/m2/year] and solid 

[kg/m2/year] loads. Curbing A_min is necessary to avoid long intra-events and to decrease the risk 

of early clogging. The parameter h_max (maximum ponding depth over the filter area) helps to 

limit annual hydraulic loads in an indirect way. The wetland has to be able to accommodate a 

minimum volume fixed by the water authority and as such, h_max curbs A_min (Eq. 14) and 

therefore the annual hydraulic loads (Eq. 15) as well: 
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𝐴_𝑚𝑖𝑛 = 𝑉_𝑑𝑒𝑠𝑖𝑔𝑛/(ℎ_𝑚𝑎𝑥 + ℎ_𝑃) (

14) 

 

𝑞 = 𝑉/𝐴_𝑚𝑖𝑛 (

15) 

where A_min is the minimum filter area of the optimization range [m2]; V_design is the 

volume which the wetland has to be able to accommodate [m3]; h_max is the maximum allowed 

ponding depth [m]; h_P is the water column needed to fill the pore space [m]; q is the annual 

hydraulic load [m3/m2/year]; V is the total volume of wastewater arriving to the filter [m3/year]. 

The reader is advised to refer to subchapter 2.2 with regards to the parameter selection for 

shortcut_limit and h_max. 

2.1.3. Pollutant removal 

The key variable of optimization: Peak_MA_cc 

The iterative shell calls the core model repetitively to perform the material selection and area 

optimization tasks. For each call, the model returns a single concentration value with the variable 

Peak_MA_cc (peak of moving average concentrations), which can be compared to the legislative 

thresholds. All loads on the CSO CW domain are considered for the calculation of Peak_MA_cc; 

however, events shorter than 6 hours (outflow) or where the inflow volume exceeds the one 

demanded for treatment (V_design) are ignored. Events are considered to be a new event if there is 

at least 24 hours passed without outflow. Mean outflow concentrations are calculated at each time 

step of an event. Between 6 and 24 hours this mean is covering each previous time step since the 

event beginning (average). After 24 hours, only the last 24 hours are considered (moving average). 

When the event is over, the maximum of all records is selected (peak). This value is stored for each 

event. At the end of the simulation, the maximum of all stored values is identified (peak of peaks). 

This is the value of Peak_MA_cc, returned for the iterative shell during the optimization both for 

NH4N and COD. 

Optimization for ammonium-nitrogen (NH4N) removal 

The hydraulic optimization is followed by the optimization for NH4-N removal (Fig. 37). 

More focus is given to this pollutant than for COD because optimization is nearly always necessary 

whilst for COD only in special cases. At first, the simplest material is identified which offers a 

solution with A_max. This is done based on an internal database which contains six adsorption 

isotherms, organized from the material with the weakest capacity to the one with the strongest. 

These were calibrated to pilot experiments (sand and gravel: Fournel, 2012) and the full-scale CSO 

CW at Marcy l’Etoile (pozzolana and zeolite-enriched media with 0.07, 0.12 or 0.18 m zeolite: 

Pálfy et al., 2016a,b). When Peak_MA_cc is at the legislative threshold or below, the material gets 

fixed before further optimization steps. 

After fixing the material, the filter areas are minimized in the range [A_min; A_max] to still 

fulfil the legislative thresholds. Performance for A_min are calculated as the first step. If A_min is 

unsatisfying, the code assumes the linearity of Peak_MA_cc between the sufficient (A_max) and 

insufficient (A_min) filter areas. The core model is called again with the area where the linear 
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interpolation predicts Peak_MA_cc to equal the legislative limit. Simulations and linear 

interpolations are repeated until the simulation output is truly at the limit. 

Optimization for COD (COD) removal 

After the domain is optimized for hydraulics and NH4N, the core model is called to simulate 

COD removal. Optimization is necessary only if COD Peak_MA_cc is above the legislative 

threshold. Any optimization is carried out at a range defined by the hydraulic optimization (original 

A_min) and the optimization result for NH4N removal (updated A_max). Otherwise, the result for 

NH4N removal is kept as final solution. 

Strong correlations were absent between filter area, materials and COD removal performance 

(Fournel 2012). However, it was shown that dry periods might lead to the starvation and drought 

stress of organisms responsible for the treatment of the soluble fraction. The effect was measured 

on dissolved COD removal (Meyer and Dittmer, 2015). 

The core model was constructed accordingly: filter area and Peak_MA_cc do not have direct 

or significant correlation. However, indirectly (and oppositely to NH4N), a larger filter might mean 

lower performance. Large filters drain quicker and have longer inter-events. The core selects from 

multiple sets of COD removal parameters considering a potential performance drop after such 

periods. As such, a smaller simulation domain might preform slightly better in COD removal 

(lower Peak_MA_cc). Therefore the linear interpolation approach for NH4N is used for COD but 

assuming an inverse correlation of area and Peak_MA_cc. 

Repeated optimization for ammonium-nitrogen (NH4N) removal 

Any iteration for COD decreases filter area. However, the new A_max is known already to be 

smaller than the area which was necessary for NH4N removal. Therefore, after any optimization on 

COD, the optimization routine of NH4N has to be repeated. All areas satisfy COD within the new 

range; therefore, the second solution for NH4N is final. 
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Fig. 37: Illustration of the optimization approach for NH4N. The fictive steps were the following: 1) calling the core 

on three different materials from the database, until p(A_max) gets below the target range (right); 2) a simulation  

showing that p(A_min) would be unsatisfying (top left); 3) the first linear interpolation identifies A1 as a possible 

solution but calling the core with A1 shows that p(A1) is above the tolerance range; so, A1 becames the new A_min; 

4) the linear interpolation and simulation is repeated two more times (A2 and A3) – p(A3) is found to be in the target 

range around the legislative threshold so it is accepted as solution. 
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2.2. Refinement of the hydraulic optimization 

2.2.1. General considerations 

An almost monotonic correlation between filter area and Peak_MA_cc is vital for a successful 

optimization on pollutant removal. However, parameter interactions affect returned Peak_MA_cc 

values as well, especially for NH4N and at areas which are hydraulically unsound. This is because 

i. Short-circuiting might become dominant in excessively large filters (Peak_MA_cc up), 

ii. The old water in the permanently saturated drainage layer has a dilution effect which might 

be important in even larger filters (Peak_MA_cc down), 

iii. Excessively small filters mean shorter and less inter-events and therefore there is less time 

for nitrification (Peak_MA_cc up). 

The optimization for pollutant removal might stop at a local minimum or fail to find a solution 

if the range of areas [A_min; A_max] is hydraulically not optimized, i.e., covers a wide range. 

Therefore, a hydraulic optimization is done before the optimization for NH4N and the range 

[A_min; A_max] is tightened as much as possible. This has to be done of course without excluding 

valuable areas for further optimization steps. The key parameters h_max and shortcut_limit were 

fixed in the described simulation study accordingly. 

2.2.2. Optimization of key parameters shortcut_limit and h_max 

A simulation study was carried out to optimize the parameter values of shortcut_limit 

(maximum allowed ratio of short-circuiting time to total outflow time) and h_max (maximum 

ponding depth over the filter area). Inflow NH4N concentrations were arbitrarily set to average 8.1 

mg/L with a uniform distribution from 2.2 to 14.0 mg/L, following a randomized pattern. Inflows 

were the one year long internal datasets coming with Orage for its decision-support function. Flows 

represented 2 imperviousness categories (25% and 90%) and 5 climate regions (number of input 

series: 10) of the database. Then, for each input series separately, the 95th percentile of all event 

volumes was selected as the volume to be detained (V_design).  

Orage was forced to keep decreasing filter areas, which resulted in long series of simulations 

for each inflow dataset (10). Simulations were repeated on single and twin-compartment domains 

(number of simulation series: 20). The series of simulations enabled to plot Peak_MA_cc over a 

wide range of filter areas (i.e. ]A_min; A_max]). The annual hydraulic load [m3/m2] and the actual 

ratio of short-circuiting time [%] were also known for each simulation. As such, rational values 

could be fixed for shortcut_limit and h_max. The steps were based on charts and statistics which 

helped to understand simulation domain (or CSO CW) behaviour from various aspects: 

i. Performance (Peak_MA_cc) in function of filter area, 

ii. Performance (Peak_MA_cc) in function of short-circuiting time, 

iii. Annual hydraulic load in function of short-circuiting time, 

iv. The correlation of h_max with filter performance, helping to curb A_min in an indirect way 

(explanation follows).  

As for the last point, the analysis took multiple steps. The largest area was targeted where 

Peak_MA_cc is still over 90% of the average inlet concentration 8.1 mg/L (at 7.3 mg/L), as 
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illustrated by Fig. 38. Larger areas should be preserved for the optimization for NH4N as the filter 

is getting big enough for efficient removal. Smaller areas should be excluded as these might be 

prone for clogging. As such, optimization for NH4N should give better results without the range 

]0; A_min]. Parameter h_max, which is a fixed parameter in the tool, has a direct effect on A_min as 

shown by Eq. 14 earlier. To fix h_max, at first the area belonging to the 7.3 mg/L Peak_MA_cc was 

recorded from each simulation series (the optimal A_min of each). Then, ponding depths (h_max) 

were calculated which were needed to store the design loads (V_design) at these areas (N=20). The 

maximum of all h_max was fixed as final value of the parameter. This is a compromise allowing to 

maximize all A_min in a way that the NH4N removal optimization do not lose from the range where 

Peak_MA_cc undergoes the important changes. 

 

Fig. 38: Hydraulic optimization cuts small filter areas (illustration). Otherwise, even with negligible removal, such areas 

might have offered an unwanted solution at allowing legislative thresholds on NH4-N concentrations. The parameter 

h_max plays a key role in determining A_min and therefore its value had to be fixed. It was done based on N=20 

simulation series (full Peak_MA_cc curves). 

2.3. Verification of the iterative shell as whole 

The optimization approach of Orage was verified using records from an existing CSO CW 

(Marcy l’Etoile, Pálfy et al. 2016a) monitored online. The input series was 1.5 years long. The 

loads were dominated by industrial releases. As such, inflow NH4-N concentrations were slightly 

above the typical CSO (Sztuhár et al., 2002). The annual hydraulic load was around the design 

target of the real system (51.5 m/yr). Fixed parameters (e.g. filter depth, wall height etc.) of the 

model were set to represent the geometry of the real site. 

Verification took two steps. First, design criteria (e.g. concentration thresholds) were arbitrary 

selected to force numerous iterations. This helped to verify the COD and second NH4N 

optimization steps which are rarely necessary (see subsections Optimization for COD (COD) 

removal and Repeated optimization for ammonium-nitrogen (NH4N) removal  in subchapter 2.1.3 

Pollutant removal). The design load (the maximum volume to be detained) and the available land of 

the real site (1160 m3 and 500 m2, respectively) were kept for the process.  

Then, the optimization for NH4-N removal was scrutinized, by repeatedly scaling the site to 

satisfy pollutant thresholds ranging from 10 mg/L down to 4 mg/L with 1 mg/L steps. Furthermore, 

four simulations were run with the area fixed to that of the real site. This allowed seeing the best 
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achievable results by four materials already in the database. The propositions of the tool were 

compared to the real material and area of the filter at Marcy L’Etoile.  

3. Results and discussion 

3.1. Parameter selection for hydraulic optimization 

3.1.1. Example for a complete Peak_MA_cc series 

There were 20 complete Peak_MA_cc charts generated as discussed in subchapter 2.2.2. 

Although these charts were used for the parameter selection of hydraulic optimization, they serve as 

a true example for NH4N Peak_MA_cc evolution with the area. An example is Fig. 39. On this 

chart but also in other simulation series outputs in general (N=20), the following regions could be 

discretised: 1) filter areas with no treatment (plateau); 2) ideal optimization range [A_min; A_max] 

for NH4N removal; 3) range of excessive short-circuiting (higher concentrations); 4) dilution by the 

permanent water present at the beginning of loads. The vertical line marks the area where 

concentrations were the lowest. 

The generated charts, including Fig. 39, verified that i) regions 3 and 4 are well discernible; ii) 

the hydraulic optimization is beneficial when targets to exclude regions 1,3 and 4; iii) Peak_MA_cc 

is almost monotonically decreasing with the area and this is an early justification of basing the 

optimization approach on linear interpolations. 

3.1.2. Allowed short-circuiting (shortcut_limit) 

The parameter is a record of the maximum allowed ratio of short-circuiting time steps to all 

time steps with outflow. It caps the maximum area (A_max) before optimization on NH4N removal. 
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Fig. 39: Evolution of Peak_MA_cc (black line) in the function of filter area. Each point represents one simulation. 

Simulations can be separated into four distinctive regions: 1) small filter areas with no treatment and potential risk of 

clogging; 2) ideal optimization range; 3) range dominated by a concentration increase due to excessive short-

circuiting; 4) range of excessive dilution by permanent water in the filter. Note how also the annual hydraulic load 

(continuous green line) and the share of short-circuiting time steps (orange dashed line) changes with the area. 
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Fig. 40 shows Peak_MA_cc in function of short-circuiting, based on 20 simulation series. On 

one hand, the hydraulic optimization must avoid short-circuits to exclude large and therefore 

hydraulically unsound filters. Furthermore, it has to ensure that the valuable ranges for the NH4N 

optimization (left side of the series with the slope) are kept. Note that breakthrough of NH4N 

concentration gets pronounced under 50%-60% short-circuiting. Filters with higher short-circuiting 

ratio can be safely excluded. 

To decide between the two values, the annual hydraulic load was to be analysed. This helped 

to avoid large filter areas where the load [m3/m2/year] was too low to maintain a healthy wetland 

biota (underloaded filters). The annual hydraulic load is function of filter area just as short-

circuiting; the nominal load might be too low for large filters. This would cause drought stress for 

certain designs. Present targets are 40 and 50 metres for CSO CWs but this has lately been 

increased. Hydraulic loads at 50% and 60% short-circuiting are shown by Fig. 41: 

Based on Fig. 41, the risk that Orage proposes underloaded filter designs is small both at 50% 

and 60% limit on short-circuiting time. However, it has to be kept in mind that the inflow series 

were from the simulation of separate sewer outlet (SSO). Contrary to CSO, even the shortest and 

smallest rains tend to generate loads on SSO wetlands, meaning higher annual load. As such, 

shortcut_limit was fixed at 50% for now with the remark that it is an ideal value for SSO but a 

similar analysis should be done for CSO flow series as well. The value can be set separately and a 

lower tolerance might be beneficial.  
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Fig. 41: Hydraulic load as the function of short-circuiting 

(N=20 simulation series). The flow pattern was typical SSO 

with loads from the internal inflow series of Orage. 

Whiskers mark 5th and 95th percentile. 
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3.1.3. Maximum ponding depth (h_max) 

The value of h_max was fixed to 9.06 m (N=20). This was sufficient to store the design 

volume (V_design) at filter areas where Peak_MA_cc was equal to 90% of the mean inlet 

concentration. The hydraulic load would average 150 m at these areas, with the distribution 

illustrated on Fig. 42: 

Just as at the conclusion of the previous subchapter, it has to be kept in mind that simulation 

series on CSO would probably yield lower hydraulic loads. 

3.2. Verification of the iterative shell 

3.2.1. Verification of the iterative shell functions 

Orage optimized material and area based on inflow series measured at Marcy l’Etoile. 

Simulations are marked on Fig. 43 in chronological order (series 1-3, arrow bases/heads). The 

process started with material selection and the optimization of area for NH4-N (series 1). The fourth 

material was satisfactory, close to the 6 mg/L effluent threshold at A_max. An optimization for 

COD removal followed (series 2). The vertical arrows indicate the non-linearity of Peak_MA_cc 

which is specific for COD iterations. As this step decreased the filter area, a second optimization for 

NH4-N removal (series 3) was called. A material with higher adsorption capacity was selected. 

Then, the necessary filter area was predicted to be smaller. Concentration-based optimization 

features were verified and the proposed area was realistic. 
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50%
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Fig. 42: Hydraulic load at A_min (N=20 simulation series). The flow pattern was typical SSO with 

loads from the internal inflow series of Orage. Whiskers mark 5th and 95th percentile. 
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Fig. 43: Verification of the iterative shell of Orage. Each arrow base/head represents one of the thirty-six simulations. 

Series 1: first optimization for NH4-N removal; Series 2: optimization for COD removal; Series 3: final optimization for 

NH4-N removal. Areas: a1=500 m2 (A_max); a2=472 m2 (solution of series 1); a3=461 m2 (solution of series 2); b=187 

m2 (A_min); c=315 m2 (final solution of series 3). 

Hydraulic optimization did not decrease initial A_max before the optimization for pollutant 

removal. This is because land limitations were strict (500 m2). 

3.2.2. Comparison of design proposals to the parameters of an existing 

CSO CW 

Orage was used to run simulations with measured inflow series and the general design (except 

area and material) of the CSO CW at Marcy l’Etoile. The software predicted a strong dependency 

of NH4-N removal in the function of the applied material (Table 17). In a filter domain which had 

the same area as Marcy l’Etoile (500 m2), the following thresholds were predicted to be met: 

Table 17: Predicted performance as the function of filter media. The filter design was otherwise identical to the full-scale 

CSO CW at Marcy l’Etoile. 

Material Peak_MA_cc 

[mg/L] 

Coarse sand (S) 9.8 

S + 0.07 m zeolite 7.8 

S + 0.12 m zeolite 5.8 

S + 0.18 m zeolite 3.9 

Other simulations were run to test the capabilities of Orage from a user point of view. The 

experiment used program features which are available for the user in the final interface. This means 

low number of adjustable parameters and high reliance on the complete range of optimization 

features. Table 18 enumerates proposed designs based on the 1.5 years dataset. Materials and areas 

were identified by the iterative shell automatically. 
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Table 18: Proposed designs in function of effluent limits (filter depth: 0.6 metres). Input: 

1.5 years measured data from the CSO CW at Marcy-L’Etoile and had high NH4-N 

concentrations (mean around 15 mg/L). S: adsorption calibrated to a sand 0-4 mm, d10: 

0.43 mm; d60: 1.89 mm based on the work of Fournel (2012). 

Limit NH4-N 

[mg/L] 
Material 

Area 

[m2] 

10.0 Coarse sand (S) 478 

9.0 S + 0.07 m zeolite 331 

8.0 S + 0.07 m zeolite 479 

7.0 S + 0.12 m zeolite 334 

6.0 S + 0.12 m zeolite 472 

5.0 S + 0.18 m zeolite 333 

4.0 S + 0.18 m zeolite 473 

The feedings at the Marcy l’Etoile CSO CW are mostly of industrial origin with a quality 

similar to CSO. The feeding pattern and annual volumes were controlled in a way to represent the 

load pattern of real CSO sites. It is notable that concentrations of inlet NH4-N were above the 

typical CSO values. 

With the material at Marcy (mixture 4:1, equivalent to 0.48 m sand + 0.12 m zeolite) and 

allowing legislative thresholds of 7.0 and 6.0 mg/L, the software predicted the need of filter areas of 

334 m2 and 472 m2, respectively. This means that a compact filter area (compared to the original 

500 m2) should be satisfactory for pollutant removal even at high concentrations of NH4-N arriving 

to the filter. 
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4. Conclusions and possibilities 

4.1. Fixing hydraulic parameters 

The parameters shortcut_limit (maximum short-circuiting allowed) and h_max (maximum 

ponding depth over the simulated filter area) were fixed. The new values satisfied several 

simulations (N=20) and inflow series (N=10). This ensures that hydraulic optimization will work on 

a wide range of scenarios. This increases the efficiency of the succeeding optimization steps as 

well. The parameter h_max is a virtual value, i.e., an internal parameter of Orage. Orage reports a 

different value, the necessary volume of the basin for detaining the volume which is demanded by 

the water authorities (V_design). Selecting the maximum stage of the filter stays the task of the 

engineer. The high value of h_max means the detention basin might need a larger area in practice 

than the filter surface because CSO systems should be implemented with much lower ponding 

depths (compact filters). 

Full series of predicted outflow concentrations (Peak_MA_cc) were charted over a wide range 

of filter areas and several simulation series (e.g. Fig. 39). The charts show that adding 0.12 m of 

zeolite will allow the construction of compact filters due to the high adsorption capacity of this 

material compared to sand. High hydraulic loads (high solid load per unit surface) will be more of a 

concern in these than NH4-N loads. Rapid aging or filter clogging should be avoided when it comes 

to the design of compact filters. Further research will be needed to quantify tolerance and to prevent 

aging / clogging at high annual hydraulic loads (up to 250 m/year), by defining upper thresholds for 

organic loads and inorganic fines arriving on unit surface area. 

4.2. Optimizations on pollutant removal 

Full Peak_MA_cc charts helped to parameterize hydraulic optimization. These confirmed also 

the iterative approach of the optimization for NH4-N removal. Later, the verification of the iterative 

shell confirmed overall functionality. The tool was capable to optimize Peak_MA_cc to fixed 

legislative thresholds on concentration, considering both the NH4N and COD model constituents. 

Predictions on area and material were consistent and comparable to the real CSO CW at Marcy 

l‘Etoile. The tool suggested sharply different designs in the function of the legislative thresholds.  

Effluent concentration thresholds are advised to be set rigorously on NH4-N (between 3-5 

mg/L) to benefit from the optimization feature of the software. An allowing threshold would lead to 

return A_min as solution more often, meaning to support the design of CSO CWs which do not 

benefit from the capabilities what the state of the art CSO CW concept offers. 

4.3. Remarks on software utilisation 

Software accuracy can be increased further. The present values of shortcut_limit and h_max 

are rather allowing. It is advised to revise them in the future with identical simulation approach but 

based on measured flows and separately for SSO and CSO. It is also advised to refine material 

properties and removal rate constants based on a range of sites built in the future. The first sites 

scaled with the tool should be intensively monitored. The feedback would be important to 

maximize the precision of the optimization. 
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The practical use of Orage can be encouraged with the present calibration but with caution. 

Orage is not a substitute of engineering knowledge but a tool to facilitate decisions and design 

otherwise encumbered by the stochastic and site-specific nature of an engineering problem. 
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  Key findings of the two manuscripts in this section 
The core model of Orage has gone through a wide range of tests, including visual and 

statistical evaluation of goodness of fit. The model has been confirmed and proven to be robust by 

the sensitivity analysis and by the simulation of event series using parameters which were otherwise 

calibrated only to a single event. Model accuracy was moderate to good. Accuracy will be further 

improved by further calibration to field measurements.  

Accuracy and robustness are two important factors for reliable design optimization. It has been 

shown that the integration of the core model into an automatized iterative shell is justified due to its 

reliability. 

As for the iterative shell, parameters of the hydraulic optimization were fixed using internal 

SSO input series with NH4-N concentrations typical for CSO. This means hydraulic loads for CSO 

would be lower with the same maximum ponding depth (h_max) (smaller risk of clogging at 

A_min). Even so, when building compact filters (i.e., where the net filter area is smaller than the 

total basin area), technical measures should be considered to minimize clogging risks. Building 

compact filters is possible based on the simulation results, without compromising NH4-N removal 

performance. However, further research will be needed to quantify tolerance and to prevent aging / 

clogging at high annual hydraulic loads (up to 250 m/year), by defining upper thresholds for 

organic loads and inorganic fines arriving on unit surface area. 

On the side of overscaled filters, the parameters of the hydraulic optimization were fixed to be 

rather allowing (the range [A_min; A_max] is wide on the side of A_max), and therefore further 

adjustments would enable better efficiency in the future. This can be done based on real CSO 

inflow data. As an overall conclusion, the iterative shell has been confirmed and verified by 

comparing its suggestions to the design of a full-scale CSO site at Marcy l’Etoile. Industrial 

application is encouraged. 
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6 Performance and process dynamics 

of the first full-scale CSO CW in France 
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 Context and highlights 
The experimental site at Marcy l’Etoile was the first full-scale CSO CW built and evaluated in 

France. Flows and water quality have been intensively monitored using automatic samplers and 

online probes, for a period of three years. Two events were sampled for micropollutants (metals and 

PAHs) as well. This enabled the evaluation of filter performance in terms of pollutant removal. 

Additionally, medium-term campaigns targeted specific processes inside the filter, one by one. 

These processes were i) filter hydraulics at commencing load; ii) nitrogen dynamics and iii) sludge 

accumulation. Results are introduced in two manuscripts belonging to this section, titled “Filling 

hydraulics and nitrogen dynamics in a full-scale CSO CW” and “Efficiency of a full-scale CSO CW 

for major- and micropollutants”. Some of the scrutinized processes were known from earlier 

works. Still, quantification was essential even in those cases to calibrate the core model of Orage. 

Highlights of the manuscript dealing with hydraulics and nitrogen dynamics: 

 We introduce experiments targeting process dynamics of a full-scale CSO CW 

 Filling hydraulics is visualized inside the longitudinal section of the filter 

 Adsorption capacities are quantified for pozzolana and a sand and zeolite mixture 

 Nitrification rate and nitrate flush are analysed in-depth and an equation is fitted 

 We give proposals for the improvement of design as well as for future research 

 

Highlights of the manuscript dealing with removal performance and solid accumulation: 

 The first full-scale CSO CW in France has been intensively monitored 

 We analyze efficiency on major pollutants based on a high number of events 

 The depth of sludge is mapped and sludge is analysed for metals and PAHs; 

 COD removal is analyzed by multiple linear regression with environemntal factors 

 Understanding micropollutant behaviour in the system needed more detailed research 
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Pálfy TG, Gourdon R, Meyer D, Troesch S, Olivier L, Molle P: Filling hydraulics and 

nitrogen dynamics in full-scale CSO CWs. Manuscript ready for submission. 

Manuscript – 

Filling hydraulics and nitrogen dynamics in full-scale 

CSO CWs 

T.G. Pálfy*a,b,c, R. Gourdonc, D. Meyera,b, S. Troeschb, L. Oliviera, P. Mollea 

aIRSTEA Lyon, Freshwater systems, Ecology and Pollution unit, 5 rue de la Doua -  

CS70077, 69626 Villeurbanne, France 
bEpur Nature sarl, 153 av. Marechal Leclerc, 84510 Caumont sur Durance, France  
cINSA Lyon, LGCIE DEEP Team, 20 av. A. Einstein, 69621 Villeurbanne Cedex, France 

Abstract 

According to French standards, constructed wetlands treating combined sewer overflow (CSO 

CWs) are vertical flow filters with detention basin and outflow limitation. Their purpose is to treat 

rapid loads of wastewater with stochastic volumes, concentrations and periodicity. The first full-

scale CSO CW has been monitored at Marcy l’Etoile for three years, involving online equipment. It 

provided in-depth understanding of hydraulics and nitrogen dynamics. The saturation of the filter 

media was visualized along the longitudinal section of the filter to follow hydraulics in the fill 

stage. Tracer tests showed short-circuiting effects weakening as the filter saturated, which tallied 

with decreasing NH4-N concentrations in the outflow. Adverse short-circuiting effects can be 

diminished by minimizing fill time of the media. As for nitrogen dynamics, adsorption capacities 

showed no difference in the two filter sides, one with a sand-zeolite mixture (4:1) and the other with 

pozzolana. An equation was fitted to temperature and adsorbed NH4-N mass measurements to 

calculate inter-event nitrification. The rate was found to double with every 5.7 °C. The results 

helped to calibrate the design-support software Orage. Finally, the analysis of the NO3 N washouts 

highlighted the possibility of a second filter stage for denitrification. 

Keywords: adsorption capacity, combined sewer overflow, constructed wetland, short-circuiting, 

nitrification rate, Orage 
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1. Introduction 

1.1. CSO treatment with vertical flow systems 

Constructed wetlands for combined sewer overflow treatment (CSO CWs) are vertical flow 

filters with detention basin and fixed outflow rate. Because feedings are triggered by intense 

precipitation events, loads are stochastic in terms of volumes, concentrations and return periods. 

Water arrives if sewer flows exceed what the wastewater treatment plant or the pipe itself can 

accommodate (Meyer et al. 2013). Treating this water instead of direct rejection protects natural 

waters against pollutants and disadvantageous changes of streambed morphology. As such, CSO 

CWs mitigate the so-called urban stream syndrome which is the generalized degradation of stream 

habitats draining urban land (Chocat et al. 1994; Walsh et al. 2005). 

The pattern of hydraulic operation differs from CWs treating sewage. As outlet flow limitation 

is lower than infiltration capacity, loadings saturate the porous media from the bottom at first and 

then cause ponding in the detention basin above it. The ponding might reach significant depth at 

voluminous events (intra-event state). The infiltration and subsequent treatment of the detained 

water may take several hours according to the small diameter of the orifice limiting the outflow. 

The coarse filter material helps to avoid clogging and outflow limitation avoids hasty passage and 

too short biofilm contact. When ponding is over, air penetrates the pores again. The filter layer gets 

gravity drained and rests unloaded for several days (inter-event state). Then, aerobic processes 

dominate.  Filter design should seek a way to avoid drought stress on wetland biota as beds might 

dry out in extremely long and warm inter-events. The regeneration in the unloaded period enables 

to treat another load rapidly and efficiently (Dittmer et al. 2005; Uhl and Dittmer 2005, Dittmer and 

Schmitt 2011; Meyer 2011;). 

CSO CWs typically target to remove water quality constituents TSS, COD and NH4-N. The 

treatment starts with sedimentation and physical filtration in the top few centimetres (Dittmer 

2006). The dominant processes are filtration of organic and inorganic solids, anaerobic bacterial 

uptake of dissolved COD and NH4-N adsorption. In contrast, the still wet but air-filled media 

favours nitrification and the mineralization of organics in the inter-event period (Dittmer et al. 

2005; Uhl and Dittmer 2005; Dittmer and Schmitt 2011; Meyer 2011). 

1.2. The standard of CSO CWs in France 

CSO treatment will be mandatory in France in accordance with the goals set in the European 

Water Framework Directive (2000/60/EC). Vertical downflow arrangements (Fonder and Headley 

2013) were applied or desired in European countries as stand-alone stage or as an element of a 

treatment chain (Meyer et al. 2013). The first positive experiences came from retention soil filters 

(RSFs or Retentionsbodenfiltern) in Germany (Uhl and Dittmer 2005; Dittmer 2006). We refer with 

the term CSO CW to the French state of the art (Fig. 44) unless otherwise specified. 
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Fig. 44: CSO CWs in France come with twin filter sides and permanently saturated drainage layer. 

Standards in France were based on experiences from Germany (Uhl and Dittmer 2005; 

Frechen et al. 2006; Dittmer and Schmitt 2011), from pilot-scale studies on a range of filter 

materials and filter depths (Fournel 2012) and on “French-design” CWs which treat unsettled 

municipal wastewater (Molle et al. 2005). The traits of CSO CWs are: 

i) Treating unsettled water facilitates sludge management. To protect the system against 

early clogging, feeding priority is alternated between the twin filter sides. The 

secondary side receives settled water from the primary side and at large events only. As 

such, longer inter-events and low solid loads favour sludge mineralization on the 

secondary side. 

ii) the permanently saturated drainage layer on the bottom saves water for living 

organisms to any drought; 

iii) aeration pipes are laid above the drainage layer. Placing them in the process layer is 

assumed to improve aeration; 

iv) zeolite is added to the filter media if higher ammonium-removal is needed; 

v) a thin compost cover facilitates reed establishment. 

 

The first full-scale CSO CW site was built at Marcy l’Etoile (France). Table 19 summarizes 

the general characteristics of the wetland. The combined sewer drains mostly residential area and 

the wetland was designed to accommodate flow volumes with one year return period. As an 

industrial release is present in the sewer, a weir has been installed at the overflow point. The regular 

adjustment of this weir enabled to mimic the stochasticity of feedings without rain. Concentration 

ranges were comparable to unsettled CSO (Sztruhár et al. 2002; Fournel 2012), with NH4-N 

concentrations at the upper end of the range (median EMC: 13.8 mg/L). 
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Table 19: General characteristics of the CSO CW at Marcy l'Etoile 

Parameter Unit Value 

Catchment area [ha] 98 

Detention capacity [m3] 1160 

Nominal hydraulic load [m/year] 50 

Filter surface [m2] 500 

Target outflow rate [l/s/m2] 0.016 

Population equivalent p.e. 9200 

 

The filter layers are shown on Fig. 45. One filter side was filled with a mixture of 48 cm sand 

and 12 cm zeolite (4:1) whilst the other with pozzolana. The filter had about three years of startup 

operation before the nitrogen dynamic assessments. 

 

Fig. 45: Cross-section and internal structure of the CSO CW at Marcy l'Etoile, France. 

2. Materials and Methods 

2.1. Monitoring of flows and concentrations 

Flow measurements and sampling were automatic. Inflow rates were registered based on an 

ultrasonic probe over a Venturi channel. At the outlet structure, the orifice allowed to use pressure 

probes and a calibrated correlation of the outflow rate with the pressure head.  

Flow composite samples were taken at the inlet. The outlet was sampled time composite as 

orifice flows were stable. Inlet and outlet samplings had a mean volume of 326 m3 and 60 m3, 

respectively. Samples were analysed for TSS, total and filtered COD, NH4-N, NO3-N and PO4-P. 

Two online probes (WTW Varion) were placed in the outlet structures to monitor NH4-N and NO3-

N concentrations with a sampling rate of one minute. Loads averaged 735 m3 for nitrification rate 

tests and 4800 m3 for adsorption capacity tests. 
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2.2. Water content and wetting front 

Plug flow is assumed through the porous filter media after it is saturated by water. In contrast, 

a wetting front can be assumed at commencing load meaning a partial utilisation of the filter at the 

proximity of the inlet point. If percolation is limited to the inlet zone, biofilm contact and 

adsorption capacities are limited as well. The phenomenon is referred to as short-circuiting and 

decreases performance. 

To visualize it, changes in the volumetric water content were followed by measurements. Time 

domain reflectometry (TDR: Topp et al. 1980; Ledieu et al. 1986) was used with a sampling rate of 

one minute. A network of eighteen probes (30 cm, triple wire, CS610 or built in-house at UCL 

Belgium) was installed as shown on Fig. 46. The probe density was higher to improve resolution 

near the inlet. The probes were calibrated for the two filter materials of Marcy l’Etoile following 

the method of Fournel (2012). The installation disturbed the media so the first measurements started 

after loading 25% of the annual target volume.  

 

Fig. 46: Position of the eighteen TDR probes along the longitudinal filter section (cells are 5 cm vertically and 25 cm 

horizontally). Framed cells represent the probes. Squares filled with ‘x’ represent extra points where the water content 

was known to be saturated during loading (drainage layer and inlet point at the top). The brown strip marks the compost 

and sludge cover. 

Data had been imported in MS Excel and associated with cells to represent the longitudinal 

section. Inverse distance weighting (IDW: Shepard 1968) was used for multivariate interpolation 

with the known scattered set of points. IDW was carried out with the parameters summarized in 

Table 20. Colouring was then rendered and a macro enabled to visualize the saturation and the 

drainage of the filter with one minute detail.  

 

Table 20: Parameters at the multivariate interpolation of volumetric water content for inverse distance weighting. 

Parameter Value 

Power parameter p [-] 5.0 

Horizontal search neighbourhood [m] 15.0 

Vertical search neighbourhood [m] 0.4 

Number of cells 1027 

Number of cells with TDR measurements 18 

Number of auxiliary data cells at the filter bottom 6 

Number of auxiliary data cells at the filter top 1 

  

30.0 M 

0.6 M 
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2.3. Tracer test and evidence of short-circuiting 

The saturated drainage layer was assumed to mitigate short-circuiting by dilution. Once the 

load starts, the water get in contact with more and more adsorption sites until filter saturation is 

reached, thus improving ammonium adsorption. Dilution with water already present and adsorption 

will work together against concentration breakthrough caused by short-circuiting and short 

detention times. A tracer test with multiple tracer pulses had been carried out to see the effect of 

dilution. 

A fluorometer (GGUN-FL 932) was calibrated using outflow from the site and registered 

outlet concentration on a minute time step. One filter side was used as a storage basin after blocking 

its outlet. Then, a pump delivered flow to the filter in operation at a low rate (11.5 m3/h) to reach 

saturation in 4.5 hours. Fluorescein impulses (uranine) were injected into the inflow (duration: 6.2 

minute, target concentration: 0.8 g/m3), using a peristaltic pump at the start of the load and 1.5 

hours and 3 hours later. When the process layer had been saturated, the filter was flooded by 

opening knife gate valves on the cross-connection pipes between the two filter sides. Flooding 

lasted nearly for three days to ensure high tracer recovery. 

Results from the tracer experiment had been indirectly compared to ammonia short-circuiting 

measurements during normal events. The short-circuiting effect on ammonia removal has been 

monitored by online nitrogen probes placed at the outlet. Short-circuiting peaks of NH4-N (Fig. 47) 

were analysed (N=20). Their base was taken to be the minimum concentration within three hours 

before (0% breakthrough). A complete breakthrough was when the top of the peak equalled to the 

inflow concentration (100% breakthrough). The breakthroughs were normalized by expressing 

them as percentage of the complete breakthrough. 

 

Fig. 47: Normalization of short-circuiting peaks. A breakthrough would be complete if the effluent concentration was 

equal to the inflow concentration. By the time the saturation is complete (filter surface at 100 cm level) the peak was 

always over just like on this example representing the strongest observed peak. 

2.4. Quantification of ammonium adsorption capacity 

Regular industrial releases enabled to generate extremely long feedings by leaving the weir at 

the overflow point open. High NH4-N loads were assumed to saturate adsorption sites and make 

breakthrough observable (Uhl and Dittmer 2005; Woźniak 2008; Fournel 2012; Meyer and Dittmer 

2015). Two events were created. A perfect mixing and a uniform load of NH4-N were assumed on 

the two filter sides with water levels above the wall separating these. One event was sampled from 

the mixed effluent and one other was monitored by filter side. Table 21 summarizes the load 

characteristics. Events were preceded by at least two weeks of inter-event to allow filter 

regeneration. For the event where the filter sides were compared, the same initial state could be 

assumed in the two filter sides because the event was preceded by a load followed by a long inter-

0

50

100

0

5

10

9 17

depth
[cm]

conc.
[g/m3]

event time [hours]

NH4-N F2 outflow Inflow Water level in Filter 2

shortcut base (0%)

breakthrough reached
complete breakthrough (100%)

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI156/these.pdf 
© [T.G. Pálfy], [2016], INSA Lyon, tous droits réservés



Performance and process dynamics 

of the first full-scale CSO CW in France 

T. G. PÁLFY  Page 98 

 

event to have complete regeneration. Retained NH4-N masses were calculated based on the mass 

balance. The mass of NH4-N in the infiltrating wastewater was divided between the two filters 

based on a simulation in Orage (Pálfy et al. 2016). It was assumed that all NH4-N removal in the 

intra-event is due to adsorption. 

Table 21: Overload events at Marcy l’Etoile 

Event 

Preceding 

inter-event 

[days] 

Duration 

[days] 

Load 

[m] 

Load 

[g NH4-N/m2] 

E14 14 7.7 11.11 156.4 

E30 25 5.5 8.02 114.6 

2.5. Quantification of the nitrification rate at field scale 

The long regeneration time prior to nitrification rate experiments allowed assuming that 

residual NH4-N in the filter is negligible. Then, inflow and outflow masses had been recorded for 

four consecutive events (Table 22). The adsorbed NH4-N mass was estimated for the beginning of 

each inter-event period. A part of this adsorbed mass was nitrified and flushed out as NO3-N at the 

following load. The mass of the flushed nitrate was divided by the duration of the inter-event to get 

the nitrification rate. Atmospheric exchange and alternative pathways like anammox were ignored. 

Denitrification lacks organic carbon and anoxic environment. 

The rate was assumed to be dependent from the temperature and the concentration of the 

pollutant in the adsorbed phase. Soil thermometers were placed in the filter media at 5 and 50 cm 

depth. The experiments were repeated in three different seasons and mean inter-event temperatures 

were used (Table 22). Finally, (16 (from the simulation tool RSF_Sim, Meyer and Dittmer 2015) 

were fitted to the nine measurements. The outcomes were used to calibrate the design-support 

modelling software Orage (Pálfy et al. 2016). 

 

𝑁𝐻4𝑁(𝑡 + 1) = 𝑁𝐻4𝑁(𝑡) × 𝑒−𝑑𝑖,𝑡 (

16) 

𝑑𝑖,𝑡 = 𝑑𝑖,𝑡 × 𝑒
𝑇−20
𝑅𝑐   

where 𝑁𝐻4𝑁(𝑡) is the mass of NH4N (model component for NH4-N) at time step t, 𝑑𝑖,𝑡 is a 

rate constant [1/time]. The second line of the equation corrects 𝑑𝑖,𝑡 according to the temperature T 

[°C] and the temperature sensibility constant Rc [-]. 
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Table 22: Inter-events of the three nitrification rate campaigns (rest periods before the loads).  

Experiment 

no., 

Season 

Event 

no. 

Inter-event 

[days] 

Filter temp. 

[°C] 

#1 
Spring 

E16 (60)  

E17 1.0 17.5 

E18 3.5 21.9 

E19 11.9 18.7 

#2 
Summer 

E20 (12)  

E21 7.2 23.4 

E22 6.0 26.5 

E23 4.8 24.7 

#3 

Winter 

E25 (36)  

E26 3.2 10.7 

E27 2.9 13.6 

E28 4.6 12.7 

 

2.6. Nitrate flush 

Adsorbed NH4-N was observed to be nitrified in the inter-event periods under aerobic 

conditions and nitrate to be flushed out early with the next load (Uhl and Dittmer 2005). This 

caused a concentration peak of NO3-N at the beginning of each load at Marcy l’Etoile as well. After 

the peak, nitrate concentrations in the effluent settled to match the influent. The peaks allowed 

assigning hydraulic loads [in m3/m2] which are required to flush out nitrate. Although nitrate flush 

is less harmful for receiving waters than ammonia it is still a concern because it might contribute to 

harmful algal blooms and was found to shift algal communities (Walsh et al., 2005).  

3. Results and Discussion 

3.1. Hydraulic short-circuits 

The filling until saturation can be followed on Fig. 48 in twenty minute steps (Fig. 48a-g). The 

proximity of the inlet was wet before loading which is probably the effect of the locally present 

sludge blanket (Fig. 48a). Soon after the loading started (b), the wetting front reached the 

permanently saturated layer (c). Short-circuiting was strong because infiltration was limited to the 

proximity of the feeding point. As such, the outflow limitation couldn’t take effect and the 

percolation rate was limited by the conductivity of the sludge blanket. This can be assumed from 

the unsaturated nature of flow (Fig. 48c and d). Water retention times are in the range of an hour 

instead of the 16 hours which is normal after saturation (results from tracer experiments, Fig. 49). 

From this moment on, the wetting front extended horizontally and the filter media is filled from 

bottom to top at the same time (Fig. 48d-f). The whole filter is saturated finally (Fig. 48g) and 

ponding occurs. The filling took 90 minutes in this experiment but for other events it had often been 

more rapid. 
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Fig. 48: The short-circuiting phenomena of CSO CWs. When loads begin, the flow is limited close to the inlet point 

(panels b to d; top left). With increasing water level, more filter media gets water-contacted (panels e-f) until saturation is 

reached (panel g). This latest ensures maximized performance and is considered as normal operation (near plug-flow). 

The tracer experiment targeted the same phenomena. Tracer recovery rate was 90.1%. The 

fluorescein impulses generated two distinctive peaks and one plateau in the concentration curve of 

the effluent (Fig. 49). 

 

Fig. 49: Tracer concentration (uranine) at the outlet. The arrows near the origin mark tracer injections. The boxes at the 

peaks write the delay [in hours] since the corresponding injection. The water level reached the filter surface at 100 cm. 

The arrival of the tracer peaks to the effluent gained more delay with the increasing pressure 

head. The first peak occurred in 79 minutes after injection which was the nominal detention time at 

the beginning of the experiment. Water arrived to a filter where only the permanently saturated 

drainage layer was saturated (level at 35 cm). The detention time rose later to 143 minutes at 68 cm 

and 446 minutes at 87 cm. An increase of the detention time favours removal process. TDR and 

tracer test results helped to anticipate the evolution of short-circuiting with regards to NH4-N 

removal performance. Adsorption and mixing with the pore water can be anticipated to decrease 

NH4-N breakthrough together as well as longer contact times work to aid biofilm to remove 

dissolved pollutants in general. 

The measurements of online nitrogen probes tallied with tracer test results for all observations. 

Fig. 50 shows the correlation between the pressure head at commencing load (the initial depth of 

the saturated layer) and the peak of the breakthrough which was reached during short-circuiting. 

The permanently saturated drainage layer mitigates the short-circuiting effect by keeping effluent 

concentrations low. Breakthrough of NH4-N concentrations above 40 to 50 cm pressure head was 

considered unimportant because there was little room left for further improvement. 
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Fig. 50: The strength of NH4-N breakthrough due to short-circuiting in the function of pressure head at commencing load. 

The blue series represent the three period moving average. Based on the visual interpretation of the trend, there is little 

room for further deterioration or improvement below 25 cm and above 45 cm, respectively. 

3.2. Nitrogen dynamics 

3.2.1. Adsorption capacities 

The breakthrough test served to evaluate NH4-N adsorption capacity and showed a large 

potential for mass removal for the two filter sides together (E14, Fig. 51). Breakthrough started 

after filtering 1850 m3 which is the volume of the five years’ event. It corresponds to an adsorption 

of 46.5 g NH4-N/m2. Mean inlet concentration was 12.5 g/m3. Effluent concentrations before 

breakthrough were slightly above those observed in systems in Germany (e.g. Meyer and Dittmer, 

2015). As for the rest of the load, effluent concentrations rose progressively. Retained mass was 

80.6 g NH4-N/m2 and inlet EMC was 16.0 g/m3 for the whole event. 

 

Fig. 51: Breakthrough curve and adsorption capacities based on both filter sides (E14).  

There were no notable differences between the two filter sides despite of the different filter 

media (E30, Fig. 52). Breakthrough occurred after retaining 36.4 g/m2 and 39.5 g/m2 in the primary 

(sand+zeolite mixture, 4:1) and secondary (pozzolana) filter side, respectively. This corresponds to 

an infiltrated volume of 1680 m3, which is somewhat below the load with five years return. The 

mean inlet concentration was about 17.5 mg/L until the breakthrough. For the whole event, inlet 

EMC was 14 mg/L. The retained mass was 54.7 g/m2 and 54.8 g/m2 in the primary and in the 

secondary filter, respectively. This corresponds to a mass removal of 52% in sand+zeolite mixture 

and 54% in the pozzolana filter (adsorbed mass: 69.1 g/t and 102.0 g/t, respectively). 
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Fig. 52: Breakthrough curve and adsorption capacities by filter side (E30). FP: primary filter side; FS: secondary filter 

side. 

The breakthrough events E14 and E30 were used to calibrate the design-support tool Orage. 

The improvement in the adsorption capacity due to zeolite was calculated by comparing the 

capacities of Marcy l’Etoile (4:1 sand and zeolite mixture, equivalent to 0.48 m sand and 0.12 m 

zeolite) to pilot-scale experiments with 0.6 metres of pure sand (Fournel, 2012). This enabled to 

estimate adsorption capacities for sand-zeolite mixtures containing 7 cm and 18 cm of zeolite as 

well, based on a correlation which was expected to be linear between the improvement of the 

adsorption capacities with the depth of zeolite. Adsorption isotherms belonging to all three zeolite 

depths were included in the material database of Orage. 

3.2.2. Nitrification 

The nitrification rate was determined based on closed mass balances calculated for four 

consecutive loads (Fig. 53). The experiment was repeated in three seasons to calibrate the impact of 

filter temperature. The cumulative adsorbed (NH4-N) and released (NO3-N) masses can be followed 

on the three panels of Fig. 53. During the spring campaign (Fig. 53, top panel), nitrification seems 

to be incomplete but according to the length of the last dry period, it was likely complete. At 

summer, the warm temperature led notably quicker to complete regeneration. The winter rate was 

biased towards soil temperatures normally observable at spring due to the mild weather and the 

temperature of the industrial flow. Even so, with lower temperature, the regeneration was 

significantly slower. 
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Fig. 53: Cumulative masses of adsorbed nitrogen (NH4-N) and released nitrogen (NO3-N). The arrows mark the residual 

mass in the filter at the end of each inter-event. Intra-event increments are linear interpolations based on the beginning 

and end of events. 

The results were used to fit Eq. (16 (subchapter 2.5) as shown on Fig. 54, with di,t = 0.0077/h 

and Rc = 8.229 °C. The simulated decrease in the adsorbed mass and the nitrification rate were 

marked from the beginning to the end of the nine inter-events as a section. This was possible by 

setting the initial adsorbed mass according to the measured and fixing the temperature at the 

measured average. The mean rate in time equalled to the rate when the mass decrease is fifty per 

cent of the inter-event total. The measured mean rate was placed in the space as well and the 

coefficient of efficiency was calculated on the mean nitrification rate. Simulations based on the 

calibrated Eq. (16 predicted the measured rate with good accuracy (R2=0.93).  
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Fig. 54: Nitrification rate as function of temperature and adsorbed mass. The surface given by Eq. 1 was fitted to field 

measurements (red points). The equation was used to simulate nitrification (straight black sections for the nine inter-

events) based on the measured adsorbed mass (higher end) at the mean of inter-event temperatures. The means of 

simulated rates were marked by the black points. 

Nitrification rate was found to double with every 5.7 °C. As a rule of thumb, filter 

regeneration took around half a week at summer, around one week at spring and at least two weeks 

in winter even at mild filter temperatures. 

NO3-N was flushed out at the beginning of the loads after each inter-event. The hydraulic load 

until complete flush was often small compared to the event total [in m3/m2]. Fig. 55 shows the 

completeness of the flush in terms of mass as the function of the load (N=19 events). Catching the 

first meter of water on a regular basis would mean catching most of the released nitrogen. The 

results highlight that designing a second stage (denitrification step) after the classical CSO CWs 

and targeting complete nitrogen elimination worth further consideration. 
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Fig. 55: Completeness of the nitrate flush as the function of the hydraulic load for N=19 flush peaks. For the 

interpretation, the median event needed about 0.95 metres of load until the flush was complete. 

4. Conclusions and proposals for future research and development 
A range of approaches was applied to target filter hydraulics at commencing load. It was 

shown that short-circuits can cause important breakthroughs when the water level at the bottom of 

the filter is low due to the partial utilization of the filter limited to the area at the proximity of the 

inlet point. Low and lasting inflow rates could exacerbate this phenomenon and cause lastingly high 

NH4-N concentrations on the effluent side without actually depleting the adsorption capacities of 

the whole filter. It is advised to implement changes in design which minimize short-circuiting 

duration and peak concentration: 

i) A dual orifice system can minimize short-circuiting duration by speeding up the filling of 

the process layer. The diameter of the current orifice can be decreased and a second orifice 

can be added just at the level of the top of the filter layer. This ensures rapid filling and 

grants a rapid drainage of the ponding water (most of the detained volumes) at the same 

effluent rate which the systems are calibrated for today. 

ii) Keeping a permanently saturated water layer decreases the peak concentrations occurring at 

short-circuiting and therefore it is advised. 

iii) The sludge blanket has a beneficial effect as it extends the infiltration area by decreasing 

the hydraulic conductivity of the filter surface. The inlet point is advised to be placed at the 

centre of the filter which allows the concentric spreading of the sludge blanket and also 

helps to avoid wall effects. Large filters might benefit from multiple inlet points when fed 

by raw wastewater. The settled cross-connection water is advised to be led to an inlet point 

to benefit from the sludge blanket created by the raw water. 

 

The amendment of 0.12 m of zeolite to 0.48 m of sand delayed NH4-N breakthrough until 

mass loads got extreme. Pure pozzolana and sand-zeolite mixtures showed the same capacities. 

Media with high adsorption capacities could enable to decrease the active filter area whilst 

maintaining the detention volume; however, increased hydraulic loads [m3/m2] and increased TSS 

load might be a concern. Clogging and sludge distribution has to be reconsidered when trying to 

develop more compact systems. Another issue might be cold temperatures at which the incomplete 
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inter-event regenerations might lead to a multi-event, progressive saturation of the otherwise 

excessively available adsorption sites. 

This can be a target of future research because filter regeneration (nitrification) was found to 

be strongly correlated to filter temperatures. Instead of the general rule that biochemical reaction 

halves with each 10 °C (e.g. Russel 2006), rate halved with each 5.7°C. Filters at climates with cold 

and rainy winter might benefit the most from advanced materials as under such climates the media 

should be able to store NH4-N from several consecutive events.  

Nitrate flush could be captured for a second stage by collecting approximately the first 0.5-1.0 

m of the loads. As such, complete nitrogen removal might be addressed whilst keeping the areal 

demand realistic. 

Aside the direct conclusions, the results helped also to parameterize the design-support 

software Orage. The core model relies on field measurements for defining 1) the threshold water 

level between short-circuiting and normal operation during simulations, 2) the adsorption isotherms 

of pozzolana and zeolite-enriched materials in the material database and 3) the nitrification rate in 

the inter-event periods of the simulations. 
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Abstract 

The performance of a vertical flow constructed wetland for combined sewer overflow treatment has 

been evaluated. The full-scale site has been monitored for three years for major pollutants and two 

load events for micropollutants (metals and PAHs) were sampled as well. Performance were 

predominantly high (97% for TSS, 80% for COD, 72% for NH4-N), even if several loads were 

extremely voluminous pushing the filter to its limits. Two filter materials (4:1 mixture of sand with 

zeolite and pure pozzolana) showed similar treatment performance. Furthermore, environmental 

factors were correlated with COD removal efficiency. The greatest influencers of COD removal 

efficiency were the inlet dissolved COD concentrations and the duration and potential 

evapotranspiration of the previous inter-event period. Furthermore, sludge was analysed for quality 

and a sludge depth map was created. The map and calculations of the changes in sludge volume 

helped to understand solid accumulation dynamics. 
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1. Introduction 
Urbanization greatly impacts waters via increasing flood risks and pollution. The increased 

volumes of storm-generated runoffs cause hydraulic shocks on small streams and flush pollutants 

from urbanized areas, including dry weather deposits and also atmospheric pollution (Chocat et al. 

1994; Walsh et al. 2005). The mitigation of the impacts became not only an environmental but also 

a regulatory and social concern. Decision makers and stakeholders face a challenge to achieve a 

good ecological status of waters defined in the European Water Framework Directive 

(2000/60/CE). 

Urban runoff and sewage are often collected in combined sewers and might mix with parasitic 

waters as well. Also called urban wet weather effluents, these waters are the source of physical, 

chemical and ecological degradation of the natural environment (Angerville 2009). The pathway of 

the pollution is via the overflow mechanism (combined sewer overflow, CSO) which is 

implemented to limit flows according to the transport capacity of the sewer network or the capacity 

of the wastewater treatment plant under. Pollutant concentrations in CSO are comparable or greater 

to sewage regarding metals and total suspended solids (Dembele et al. 2009). Furthermore, single 

events have a shock-effect on the receiving streams due to the carried organics and ammonia. 

To deal with these problems, municipalities are required to implement management strategies. 

Common solutions are tanks for settling and storage or network separation (Dittmer 2006), but 

economic implications are often major and benefits often partial. Consequently, there is a real 

development need for alternatives such as constructed wetlands. 

Constructed wetlands for combined sewer overflow treatment (CSO CWs) are cost-efficient 

and reduce negative impacts by buffering hydraulic loads, filtering suspended solids, and retaining 

a large proportion of organics and nutrients (Uhl and Dittmer 2005; Frechen et al. 2006; Dittmer 

and Schmitt 2011). 

CSO CWs in France were developed based on experiences from the German retention soil 

filters (vertical flow filters treating CSO tank overflows, Uhl and Dittmer 2005) and from “French 

design” CWs treating municipal wastewater (Molle et al. 2005). The new technology has several 

innovations such as: (i) the coarser media allows feeding without pre-treatment (eliminating the 

CSO tank and sludge management); (ii) the presence of a permanently saturated layer at the bottom 

mitigates water stress during extended dry periods; (iii) aeration pipes are at an elevated position 

above the permanently saturated layer; (iv) zeolite is present in the filter media if high ammonium 

removal is needed and (v) the wetland is separated into two twin filter sides, enabling alternated 

operation and quicker regeneration of the secondary side (mineralization of organics) (Meyer et al. 

2013). 

The full-scale facility at Marcy l’Etoile is the first having these innovations. The main goal of 

this study was to assess performance of the system according to three criteria: filter hydraulics, 

treatment efficiency (major pollutants and micropollutants) and pollutant accumulation and 

retention in the sludge. Another aspect was to understand the impact of environmental factors on 

the removal, for example, that of the temperature, the length of the inter-event (unloaded) periods, 

etc. The final aim was, subsequently, to provide data for the optimization of CSO CWs by testing 

system limitations. 
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2. Materials and Methods 

2.1. The studied CSO CW 

Fig. 56 shows the layout of the full-scale CSO CW at Marcy l’Etoile. Discharged from the sewer 

[1], the flow reaches the filter through a 20 m3 sand and grease trap [2] and a Venturi channel [3]. 

The wastewater is loaded on the primary filter which can be selected to be F1 (253 m2) and F2 (245 

m2) by a splitter [4]. The kinetic energy of the water is mitigated by gabions below the inlet points 

[5] to avoid the remobilization of the filter material. The filter media in the two sides differs for 

researche pruposes: F1 has a 4:1 mixture of sand and zeolite (expressed in depth for the filter: 0.48 

m and 0.12 m, respectively) and F2 has pozzolana (Fig. 57). The infiltrated water is collected by a 

drain network. The detention time in the media is regulated via two outflow orifices which are the 

single effluent points at both sides [6]. Their vertical position sets permanent saturation at the 

drainage layer. Extreme events might cause overflows through a trapezoid weir [7] at the rim of the 

2.1 m deep basin. 

The design load is the event volume which the CSO CW has to be able to detain and treat. It was 

set by the water authorities to 1160 m3, which equals 2.3 m3/m2 (or 2.3 m). The annual target of 

hydraulic load was 40 m. Some events of the presented experiments were particularly big to see 

system limits. 

Fig. 56: The layout of the CSO CW at Marcy l'Etoile. 

Fig. 57: Cross-section of the CSO CW at Marcy l’Etoile. Note the different filter 

materials in F1 and F2 (sand and zeolite and pozzolana, respectively) 
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2.2. Monitoring campaign 

2.2.1. Campaign overview 

The site at Marcy l'Etoile started operation in 2012. The results presented in this article are 

based on a three years’ campaign which lasted from spring 2013 to spring 2016. Thirty-one loading 

events, some exceptionally big to test system limits, were monitored to gain information on 

performance. Feedings were manually induced, taking advantage of the frequent and high-rate 

industrial releases in the sewer. In some cases, urban storm water was present in the flows as well. 

The two filters were alternated seldom to track potential clogging effects (Fig. 58). 

2.2.2. Hydraulic monitoring 

Four probes were set up to measure piezometric water level in each filter sides and in each 

outlet structure. Furthermore, flow rates were measured by: 

 ultrasonic probe (Aqualyse AquaVenturi, 1000 m3/h) in a Venturi channel at the inlet; 

 inductive flow meter (Krohne Waterflux 3070) and later by a calibrated pressure head - 

orifice flow correlation for each filter sides. 

2.2.3. Major pollutants monitoring 

Three automatic samplers were installed. Samples were flow composite at the inlet. At the 

outlet, filter sides were sampled time composite because the flow rate was nearly constant. 

Furthermore, two online probes (WTW Varion) were placed in the outlet structure to monitor NH4-

N and NO3-N concentrations. Some events were sampled only for global effluent quality, i.e. mixed 

water from the two filter sides. The major pollutants have been studied in 30 campaigns. The 

sampling frequency was adjusted based on the first results. Samples were analysed for total 

suspended solids (TSS), total COD (COD_tot), dissolved COD (COD_S), NH4-N, NO3-N and PO4-

P following standards methods (APHA). Performance were compared according to filter side 

priority and material. 

Many factors might impact removal performance, e.g. the load of the previous event or 

environmental factors. In the case of NH4-N and PO4-P, mechanisms are well understood. These are 

i) adsorption and nitrification and ii) progressive saturation of adsorption sites, for the two 
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Fig. 58: Number of events by filter side priority 
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pollutants, respectively. However, removal of COD in CSO CWs receiving unsettled flows hasn’t 

been analyzed before. To find the factors of COD removal, a PCA has been carried out, followed by 

the creation of a multivariable linear model to reach quantitative predictions which deal with factor 

interactions. 

The selected parameters for the PCA were: i) total COD load of the previous event, ii) the 

duration of the preceding inter-event, iii) potential evapotranspiration (PET) during the inter-event, 

iv) the soil and air temperature of the inter-event, v) the inflow for the considered event, vi) COD 

concentrations. 

2.2.4. Micropollutants monitoring 

The methods of Choubert et al. (2011) were followed. Outflows were sampled by filter side to 

see differences in efficiency. Each automatic sampler was equipped with a single 16L glass 

container. Sampling tubes were changed to stiff Teflon (polytetrafluoroethylene) tubes. 

Three sampling campaigns were realized, two day long each. Two of these sampled the start of 

two events whilst the third sampled the end of the second one. Both events represented extreme 

loads. Samples were analysed for 25 metals (ICP-MS) and 18 PAHs (HPLC). Removal rate was 

defined if inlet concentration was over five times the quantification limit (QL). Where 

concentrations did not reach the QL at the outlet, removal efficiency was calculated using 50% of 

QL. 

2.2.5. Monitoring of sludge depth and micropollutants 

The sampling followed the protocol described in EPNAC (2014). Sampling points were set 

along three diagonals every two metres, yielding around 30 points by side (Fig. 59). 

One campaign targeted sludge quality. Samples were taken using a glass jar, removing all 

sludge down to the compost at each point. Then, the jar was emptied in a glass bowl. The sludge 

was mixed with a stainless spoon separately by side. 

Sludge depth distribution and changes were recorded after two events. Measurements were 

done six days after the end of intra-events, each bringing extreme solid loads. Loads were separated 

by a one month inter-event. Depths were interpolated for the whole surface using the software Q-

Gis® for inverse distance weighting (IDW, power parameter P=6). 

 Fig. 59: Sludge sampling paths. Note that compost was avoided 

to be taken with the samples (bottom left corner). 
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3. Results 

3.1. Hydraulic loads 

The twin filter sides were alternated irregularly and they received slightly different hydraulic 

loads, as shown on Table 23.  

Table 23: Hydraulic loads by filter side at the CSO CW at Marcy l’Etoile. S: side with sand and 

zeolite; P: side with pozzolana. 

  Year 1 Year 2 Year 3 

Events sampled 8 9 14 

Filter material S P S P S P 

Hydraulic 

load by 

event [m] 

Mean 1.8 1.3 1.5 2.7 1.4 1.6 

Min 0.6 0.0 0.0 0.5 0.0 0.6 

Max 3.3 3.0 5.4 9.7 5.7 5.9 

SD 1.2 1.2 1.8 3.0 1.4 1.5 

Annual load [m] 24.7 37.9 41.4 

The filter received about 62% of the design load in the first year of monitoring (Fig. 60). This 

was an undershot which can change mass removal compared to a year when the filter receives the 

design load. However, the low load was caused by one single unloaded period so an important 

effect is unlikely. In the following two years, loads were closely corresponding to the cumulated 

design load. 

 

Fig. 60: Annual hydraulic loads in the monitoring period. 

3.2. Major pollutants 

3.2.1. Global performance of the whole filter 

Hydraulic and pollutant loads were stochastic which is normal for CSO. Performance were 

determined based on the mass removal for major pollutants (Fig. 61): TSS, total, dissolved and 

particulate COD (COD_tot, COD_S and COD_X, respectively), and ammonium nitrogen (NH4-N). 

Nitrate nitrogen (NO3-N) and phosphate (PO4-P) were also studied although these are not amongst 

the targeted substances by current design. 
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TSS: High and stable removal rates were obtained (96% with SD=2.9) and outlet concentrations 

stayed around 10 mg/L. This result is consistent with other studies, e.g. Dittmer (2006), Amaral et 

al. (2013). 

COD: The removal rate of 79% was slightly lower than that experienced at CWs with CSO tank 

(90%, Masi et al. 2016). Filtration was a dominant removal process and as such, higher inflow 

concentrations improved efficiencies (see also section 3.2.4). Meanwhile, low inlet concentrations 

led to low removal – an outlet background concentration had already been described by Dittmer and 

Schmitt (2011), as the metabolic residue and inert COD from sediment mineralization. 

Furthermore, when separating the dissolved phase (COD_S) from particulate phase (COD_X), it 

can be seen that dissolved COD removal is less efficient (37% on average) which is congruent with 

experiences with the German RSFs (42%).  

NH4-N: Inflow concentrations were expected up to 9.9 mg/L for CSO (Gasperi et al., 2012). 

Measurements showed sometimes higher values (13.8 mg/L EMC_in) because the industrial release 

contained slightly higher loads than typical stormwater. Removal performance were generally high 

(>71%), even when this represent all loads including many above the design volume (1160 m3) 

which the wetland has to be able to treat. 

NO3-N: Removal was not an aim. Measurements helped to follow nitrogen-related processes. Inlet 

concentrations were high due to the industrial discharges. The effluent peaks at the outlet were the 

flush of nitrified ammonium. There was no sign of de-nitrification. 

PO4-P: Removal was negligible (8%) and often negative. However, total phosphorous was sampled 

as well for a low number of events and organic phosphorus accumulated in the sludge via filtration. 

Total phosphorous removal ranged around 45-75% (N=2) in the second year of the analysis, with 

outflow concentrations below quantification limit. 

  

Fig. 61: In-and outlet EMCs and mass removal performances (η) for the major pollutants. Whiskers represent the 

10th and 90th percentile. N: number of events. 
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3.2.2. Filter side comparison 

When focusing on filter priority, it can be concluded that the primary filter receives most of 

the solids. Sedimentation proves to be an important factor when comparing inflow with water at the 

cross-connection point. Even if both sides received near the same hydraulic loads, water on the 

secondary one had only about 15% of inlet TSS concentration. This means that the classical 

differentiation of hydraulic loads by filter side is not a good predictor of aging-related processes, 

unless the filters have been regularly alternated and a long-term analysis is done. 

Filter sides were compared also focusing on the two filter materials (Fig. 62). Differences 

were anticipated in dissolved pollutant removal due to different adsorption capacities and 

environments for biofilm development. Performance were determined for the sand and zeolite 

mixture (ratio: 4:1, relative depth: 0.48 m and 0.12 m) and pozzolana (0.6 m). However, both for 

events below and above design load, the two filters performed well (p_value= 0.42, Student test). 

Pozzolana is a natural material and might show differences in adsorption capacities depending on 

the region of origin. However, it has to be highlighted that the relative thickness of the effective 

media for NH4-N adsorption was 0.12 m zeolite against 0.60 m pozzolana. Pozzolana might offer a 

competitive alternative to sand and zeolite mixtures in certain cases (when available locally). 

 

Fig. 62: In-and outlet EMCs and mass removal performance (η) for dissolved pollutants. E: entire 

filter, P: pozzolana filter side, S: sand filter side, N: number of events. 

3.2.3. Performance below and above the design load 

For solids and organics, mass removal performance are the same with p_value=0.51 (Fig. 63). 

An exception is the dissolved fraction of organics (COD_S) where performance drop is apparent. 

In the case of nutrients, which represent the dissolved fractions just like COD_S, extreme 

loads impacted performance of events with high inflow volumes (Fig. 64). Median mass removal 

for NH4-N and PO4-P was lowering by 23% and 14% for ammonium and phosphorous, 

respectively.  
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3.2.4. Influential factors for performance 

Environmental conditions affect biomass both inter- and intra-event. The PCA visualized the 

variability of COD removal according to several parameters as shown by Fig. 65. The plane defined 

by F1 and F2 explained 62.5% of the total variance in the dataset. The duration and the cumulative 

PET of the inter-event as well as the inlet COD_S concentration had a positive correlation with 

outlet total COD concentration. A multiple linear regression was set (Eq. 17), leading to a fit shown 

on Fig. 66.  

Fig. 64: In-and outlet EMCs and mass removal performances (η) for nutrients by load.  Left: 

events below, and right, events above the design load (2.3 m). N: number of events. 

Fig. 63: In-and outlet EMCs and mass removal performances (η) for solids and organics by load.  Left: events below, 

and right, events above the design load (2.3 m). N: number of events. 
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Fig. 65: Result of the PCA on COD removal (N=24). 

 

[𝐶𝑂𝐷_𝑜𝑢𝑡] = 0,19𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 0,21[𝐶𝑂𝐷_𝑆]𝑖𝑛 + 0,10𝑃𝐸𝑇 + 23,56 17) 

, where Duration is the length of the inter-event expressed in days and PET is the cumulative value 

of PET in millimetres for the whole inter-event. 

3.3. Micropollutants 

3.3.1. Metals 

Twenty-five metals were studied in the dissolved and particulate phases (Table 24). Of these, 

cadmium, nickel and lead are “priority substances” by the EU Water Framework Directive 

(2000/60/EC). An Environmental Quality Standard (EQS) is defined for them as a concentration in 

the receiving water which should be abided after discharge (immission). Concentrations are 0.08-

0.25 µg/L, 4 µg/L and 1.2 µg/L for Cd, Ni and Pb, respectively. 
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Fig. 66: Predictions in function of measured effluent COD concentrations. 
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Table 24: Inlet metal concentrations at Marcy l'Etoile. Metal concentrations under the quantification limit: "-". 

 

Dissolved (µg/L) Particulate (µg/L) 
  Dissolved 

(µg/L) 
Particulate 

(µg/L) 

 

Mean SD Mean SD   Mean SD Mean SD 

Li - - 8.3 0.7  Rb - - 7.7 1.9 
B - - 73.6 8.0  Sr 94.6 66.4 205.5 12.0 
Al 424.7 302.9 12.2 -  Mo - - 1.1 0.2 
Ti 14.3 - 2.0 -  Sb - - 0.3 0.1 
V - - 0.9 0.2  Ba 46.2 30.0 15.7 4.3 

Cr 4.2 3.6 0.9 0.1  Pb 2.6 - 0.7 0.1 
Mn 14.2 12.9 17.2 6.5  U - - 1.0 0.3 
Fe 394.8 247.5 63.6 9.3  Se - - - - 
Co - - 0.4 0.1  Ag - - - - 
Ni - - 5.6 5.9  Sn - - - - 

Cu 24.7 19.3 7.8 2.4  Ti - - - - 
Zn 54.4 44.7 54.6 13.0  Cd - - - - 
As - - 2.2 0.6       

In storm-generated flows (third campaign, end of the feeding), most metals were bound with 

particles. This is in accordance with Dembele et al. (2009), who found particulate forms 

representing 55-85% of total from a similar residential catchment. In comparison with a wet 

weather discharge study covering explicitly urbanized areas (Becouze-Lareure et al. 2016), metal 

concentrations were low. Concerning removal efficiency (Table 25), four compounds have good 

performance both at the beginning and at the end of the event: Al, Ti, Cr and Ba. For five others 

(Mn, Fe, Cu, Zn, Sr), release was observed at the beginning of the feeding whilst removal 

efficiencies were improved and some of them even exceed 90% after extreme load volumes passing 

the filter. Priority substances (Ni and Pb) were not quantified at the beginning of the event. The 

explanation of system behaviour will need further research focusing on the detailed composite 

sampling of regular loads, with pH and possibly redox measurements. 

Table 25: Overall removal efficiencies for metals. 

 

3.3.2. Polycyclic Aromatic Hydrocarbons (PAHs) 

PAHs primarily exist adsorbed to soil particles due to their chemical properties (Prabhukumar 

and Pagilla 2010). Mean total PAH concentration was about 1.3 µg/L, mostly bound to particulates. 

This is lower than concentrations found in highway runoff, reported to be 3-5 µg/L by Terzakis 

(2008) and similar residential area runoff, reported to be 1.2 µg/L by Ruban (2005). Compounds are 

listed in Table 26. PAHs were above five times the quantification limit only for three pollutants. 

Removal efficiencies were calculated only for these and were high as shown by Fig. 67. 

Table 26: Outlet PAH concentrations at Marcy l’Etoile. 

F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2

Al 65 39 95 91 98 75 99 64 94 92 99 94

Ti 46 89 91 64 60

Cr 78 76 84 84 91 89 96 96 97 97

Mn -1729 -376 -1054 -207 -779 -631 -1220 -662 3 -25 12 36

Fe -205 -83 -2 36 -69 4 -198 -36 57 87 26 86

Ni 96 97

Cu 3 -60 -5 12 64 -22 66 -22 94 89 96 93

Zn -80 -11 -36 -42 -12 29 -47 68 59 79 71

Sr 4 -16 -23 -6 -24 -90 -3 18 61 61 36 45

Ba 61 100 68 75 85 78 79 93 93 95 90 93

P b 65 56 65 57

1-J un12-Apr 13-Apr 26-May 27-May 31-May
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PAH 
conc. 

[µg/L] 
 PAH 

conc. 

[µg/L] 

Acenaphtene 0.011  Indeno(1,2,3-

cd)pyrene 

0.006 

Benzo(a) anthracene 0.028  Naphthalene 0.034 

Benzo(a) pyrene 0.002  Benzo(g,h,i) perylene 0.006 

Benzo(b) 

fluoranthene 

0.006  Chrysene 0.010 

Fluoranthene 0.013  Phenanthrene 0.018 

Fluorene 0.011  Pyrene 0.013 

Seven PAHs are considered as priority substances in the Water Framework Directive (WFD) 

(Table 27).  Many high-molecular-weight PAHs (benzo (b) fluoranthene, benzo (a) pyrene, benzo (k) 

fluoranthene, benzo (g,h,i) perylene) are known or suspected carcinogens, and many low-

molecular-weight PAHs (naphthalene, anthracene: high solubility and volatility) are acutely toxic to 

aquatic organisms (Smith et al. 2000). None of these seven substances exceeded their EQS, not 

even in the effluent water. 

Table 27: Priority substances and EQS values in the European Water Framework Directive. 

PAH EQS (µg/L) 

Naphthalene  130 

Anthracene  0.1 

Fluoranthene  0.12 

Benzo(b)fluoranthene  0.017 

Benzo(k)fluoranthene  0.017 

Benzo(a)pyrene  0.27 

Benzo(g,h,i)perylene  0.0082 

 

  

80% 80% 92% 

Fig. 67: In- and outlet concentrations and removal 

efficiencies for PAHs. The concentration of other 

compounds was too close to the quantification limit to 

calculate removal performances. 
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3.4. Sludge  

3.4.1. Sludge blanket 

The 1st campaign followed 3 years of operation with filter priority alternations, during which 

F1 and F2 received 82.5 m and 102.3 m of water, respectively. Sludge maps (Fig. 68) show 

inhomogeneous distribution: sludge is thicker close to the inlet and absent from the other end of the 

filter. 

 

The accumulated sludge volume after 3 years was 24 m3 for F1 and 26 m3 for F2 (Fig. 69). If 

the sludge was uniformly distributed, this would correspond to 3.2 cm/year of accumulation over 

F1 and 3.5 cm/year for F2. The values correspond to about 0.35 mm of sludge for 1 m of hydraulic 

load.  

The change of sludge volume between the two campaigns explains short term functioning with 

regards on filter priority and regeneration. The imposed load on the whole filter was extremely 

high: 12 m of water, corresponding to around six months of normal operation. However, settled 

water carries only about 15% of TSS, therefore solid load is equivalent to what a single sided-filter 

had received from about 22 m of hydraulic load for F1 (primary side, inlet flow) and only 2 m for 

F2 (secondary side, cross-connection flow only). The increase of sludge over F1 was 4.8 m3. By 

contrast, sludge volume decreased over F2 by 2.1 m3. 

Fig. 68: Sludge blanket map after three years of operation. Above and 

below: after heavy loads (8 m3/m2 and 12 m3/m2) separated by a one-

month inter-event.  
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Concerning distribution, sludge settled in a semi-circle: more concentrated close to the inlet, less 

near the middle of the filter. Close to F1 inlet, sludge depth grew by 21%. 

3.4.2. Dry and organic matter (OM) content 

To better understand sludge accumulation and decomposition dynamic, dry- and volatile 

matter contents are crucial parameters. Sludge sampling imposed an idea about mineralization on a 

mature filter. Fig. 70 shows that sludge on F1 contained more water than F2 and had higher volatile 

matter content (6 days after the 8 m3/m2 load). This is consistent with previous observations: inlet 

water contains an important amount of fresh organic matter (OM) which settles quickly on F1, but 

the secondary filter (F2) wears a more mature blanket. 

Fig. 70: Dry and volatile organic matter content of the sludge. 

primary side (F1) secondary side (F2) 

Fig. 69: Changes in the sludge volume after a heavy load. The change is the integrated effect of a long 

inter-event period (1 month, decomposition) and the load (about 12 m3/m2, accumulation). 
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According to Molle et al. (2004), sludge mineralization is governed by drying and the OM 

content which is degradable. OM in the sludge of mature CWs treating municipal wastewater is 

between 30 and 50 %. At Marcy l’Etoile, this value ranged around 30-40%. 

3.4.3. Sludge and micropollutants 

Samples were analysed for metals and PAHs. Concerning PAHs, 11 of the 18 analyzed 

substances were detected (Fig. 71). Except of naphthalene, PAHs are very hydrophobic: their 

solubility in water is low. On the other hand, their alcohol/water coefficients (Kow) are relatively 

high, indicating a potential for adsorption on suspended matter and, consequently, their presence in 

any sludge. 

 

Fig. 71: PAHs in the sludge of Marcy l’Etoile 

For metals, 25 substances were analysed (Fig. 72). Rb, Sb, Se, Tl and U remained below the 

detection limit. 

Compared to the thresholds posed by the French regulation concerning wastewater sludge 

recovery (Table 28), sludge at Marcy l'Etoile could be used for manuring or composting. However, it 

is important to keep in mind that most of the flow the filter received during its operation was 

dominated by industrial flows instead of real stormwater; therefore, no general conclusion is drawn 

here about the safety of the use of CSO CW sludge in agricultural practice. 
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Fig. 72: Metals in the sludge of Marcy l’Etoile 
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Table 28: French regulation for 3 PAHs and 6 metals concerning sludge recovery 

compared to the values found at Marcy l’Etoile. 

 

Water quality constituent Limit values 

(mg/kg DM) 

Mean values 

(mg/kg DM) 

Fluoranthene 5.0 0.20 

Benzo(b)fluoranthene 2.5 0.09 

Benzo(a)pyrene 2.0 0.07 

Cd 10 0.67 

Cr 1000 38.1 

Cu 1000 181.6 

Ni 200 43.3 

Pb 800 19.4 

Zn 3000 361.5 

Cr + Cu +Ni + Zn 4000 643.9 

4. Conclusions and outlook 
CSO CWs perform well and have proven to be robust in removing major pollutants. Mass 

removal performance for events below the design load (1160 m3 or 2.3 m) were 97% for TSS, 80% 

for COD and 85% for NH4-N. Performance drops were observed only in the case of extreme events 

representing a volume with a return period over two years (about 12 m hydraulic load). However, as 

inter-event regeneration and intra-event removal processes cannot be separated, it is important to 

keep in mind that pollutant loads have to be in balance with the time available for regeneration. 

Otherwise filters will be prone to premature aging (clogging) and might perform below 

expectations. 

The comparison of the filter sides with different filter materials showed identically good 

removal efficiency for the sand and zeolite mixture (4:1, with a relative depth of 0.12 m for zeolite 

and 0.48 of sand) and natural pozzolana (0.60 m). Pozzolana offers an alternative to sand and 

zeolite mixture. In terms of filter priority, sludge accumulation was prominent close to the inlet of 

the primary filter. Sludge was absent at the cross connection (far from the inlet point). This means 

the cross-connection can be placed just over the filter surface if its location is far from the inlet. A 

low cross-connection level might enable frequent feeding on the secondary side and avoiding 

drought stress on it, without compromising its regeneration. 

The analysis of COD removal performance confirms dependency on environmental 

parameters and on the concentration of the dissolved fraction in the inlet. Total outlet COD 

concentration can be calculated from dissolved inlet COD, inter-event duration and PET and a 

constant background concentration. The reliability of this method was mediocre, with the 

coefficient of determination explaining the variability with an R2=0.62. The method is valid for 

event mean concentrations, and as such, leaves room for future studies considering a potential 

evolution intra-event as well as analyses based on a larger population number. The equation can be 

taken into account at the step of CSO CW dimensioning.  

It was shown that the technology removes effectively several micropollutants as well, both 

from the group of PAHs (benzo(a)pyrene, phenanthrene, naphthalene) and metals (Al, Ti, Cr and 

Ba). For Mn, Fe, Cu, Zn and Sr, higher outlet concentrations were observed at the beginning of the 

feedings. This might indicate the release of metals after solid mineralization in the inter-event 

periods. However, due to the low number of the analysed samples (N=2-6) and the nature of the 
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inflows (often an industrial release substituted the surface runoff part), a deeper conclusion needs 

further research. Focus should be given on detailed composite sampling of regular loads, with pH 

and possibly redox measurements.  
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 Key findings of the two manuscripts in this section 
The analysis of process dynamics and the performance of the first full-scale CSO CW helped 

to confirm and parameterize the design-support software Orage. 

Hydraulic short-circuits were shown to cause important NH4-N breakthroughs. This might be 

an issue at long inflows with low rate (e.g. during long rain events or into overscaled filters). A 

partial utilization of the filter might cause concentration breakthrough even in wetlands with robust 

adsorption capacity. This can be more a risk in the case of overscaled filters. A plausible symptom 

could be reed growing strong only at the inlet zone. The negative effects of short-circuiting are or 

could be mitigated by: 

a) Permanent water layer at the filter’s bottom 

b) Application of a dual orifice system (smaller orifice at the permanent water level, larger 

orifice a few centimetres below the filter surface) 

c) Efforts to maximize the area of the sludge blanket at the inlet and to divert cross-connection 

water back on it. 

The sand and zeolite mixture (4:1) and pozzolana were both effective in NH4-N removal at 0.6 

metres filter depth (i.e., 0.12 m of zeolite compared to 0.60 metres of pozzolana). The application of 

materials with high adsorption capacity will enable further decrease in filter area. In the case of 

smaller areas, however, annual solid loads might become a concern. Further research is necessary to 

know more about filter aging and clogging. Another issue in small filters could be the progressive 

saturation of the adsorption sites at cold temperatures and rainy weather. Several loads might 

eventually saturate the adsorption capacities due to the low nitrification rate in the inter-event 

periods. Orage accounts for the phenomena. 

As a final conclusion about nitrogen dynamics, nitrate is flushed out with roughly one meter of 

load. De-nitrification could be reached in a second stage in theory, catching only this flush instead 

of all event effluent. This would decrease the footprint of the stage. 

As for filter performance, CSO CWs offer a robust solution for removing major pollutants. 

Mass removal performance for events below the design load (2.3 m) were 97% for TSS, 

80% for COD and 85% for NH4-N. Performance drops were observed only in the case of 

extreme events representing a volume with a return period over two years (about 12 m 

load). Natural pozzolana can be a good alternative to a sand and zeolite mixture (if locally 

available). Total outlet COD concentration can be calculated from dissolved inlet COD, 

inter-event duration and PET and a constant background concentration (R2=0.62). It was 

shown that the technology removes effectively several micropollutants as well, both from 

the group of PAHs (benzo(a)pyrene, phenanthrene, naphthalene) and some metals (Al, Ti, 

Cr and Ba). A deeper conclusion needs further research. Focus should be given on detailed 

composite sampling of regular loads, with pH and possibly redox measurements. 

Sludge accumulation was prominent close to the inlet of the primary filter. Contrary, 

sludge was absent far from the inlet point. This means the cross-connection can be placed 

just over the filter surface if its location is far from the inlet which helps to avoid drought 

stress on the secondary filter. 
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7 Design proposals and final conclusions 

 Proposals for design practice 

7.1.1 Minimizing hydraulic short-circuits 

Following filling hydraulics by a range of experiments gave insight into the operation of CSO 

CWs at the beginning of the loads. These experiments have proven the existence of short-circuiting 

which refers to the partial utilization of the filter limited to the inlet zone. The phenomenon is 

fleeting in most of the cases. Even so, in certain hydraulic conditions (i.e. low and lasting inflow 

rate or overscaled filters), it might be responsible for considerable performance drops, especially for 

NH4-N. Short-circuiting is proposed to be addressed by design the following ways: 

The outlet structure can be modified to have two orifices instead of one. This could decrease 

filling times, and at the same time, preserve the time needed to drain large volumes from the 

system. This latter is crucial for maximizing the length of inter-event periods for filter regeneration. 

The orifice which is used in present design could be decreased in diameter in a way to provide only 

a fraction of the targeted outflow rate. This would ensure a rapid filling, minimizing the duration of 

short-circuiting. The second orifice could be positioned in level with the filter surface. The outflow 

from the two orifices would ensure the same outflow rate [L/s/m2] as targeted in today’s designs. 

Only the water stored in the porous media would take longer to be drained. This volume is a small 

fraction of the total stored volumes (e.g. a 60 cm filter has about 20 cm of water at θ=0.33). A 

proposed ratio of the drainage rate is 1:2 from the lower and upper orifice at a ponding depth of one 

meter, respectively (around +2.5 hours drainage time). Dual orifice might speed up nitrate flush as 

well due to longer contact times at the beginning of the event. 

Another way to minimize short-circuiting effect is having a permanently saturated drainage 

layer at the bottom of the filter. This permanent water was shown to effectively work against 

concentration breakthroughs, i.e., effluent concentration peaks, via mixing. It carries also the 

possibility to mitigate unfavourable drought effects in long inter-event periods. The effect was 

observed also in Orage during test runs. The tool was calibrated to offer at least 0.3 metres of 

saturated drainage layer below the process layer, and might propose up to 0.4 metres depth for data 

series with extremely arid climatic conditions. 

7.1.2 Inlet distribution 

Short-circuiting was targeted by various experiments at Marcy l’Etoile. Still, there were only a 

few hints how to optimize the feeding distributions in order to avoid short-circuits. Placing a single 

inlet point at the filter side is unfavourable because it might favour wall effect. It led also to an 

uneven sludge distribution. The deposits were thick at the inlet point and absent from the further 

side of the filter. Deposit depth showed a concentric decrease starting from the inlet. Therefore, 

point-like inlets are advised to be placed in the centre of the filter to maximize the surface of the 

sludge blanket. 

The use of several inlet points (e.g. H feeding with an overhead system) is preferable for both 

small and large filters, at least the same density as the filter at Marcy l’Etoile had (one point per 
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250 m2). This allows an even distribution of the sludge which works against short-circuiting. The 

infiltration rate is limited by the hydraulic conductivity of the deposits until the filter is saturated, 

leading to an unsaturated flow below the infiltration area. Feeding from trenches along the long 

sides of the filters is a third option applied in practice in Germany; however, its effect on short-

circuits is unknown (e.g. potentially high wall effect, heavier solids limited close to the wall). 

7.1.3 Cross-connection structure 

Cross-connection carries settled water from one filter side to the other. Solids (TSS) arriving 

on the secondary filter side were below 15% of the inlet concentration (N=3). This means the 

sludge blanket was absent at the cross-connection points at Marcy. Therefore short-circuit effects 

were not mitigated by the surface distribution of the water. To benefit from the sludge, the cross-

connection water could be carried and fed to the inlet point where the sludge blanket is the thickest. 

It is important to avoid features which decrease the effective depth of the filter layer both at 

the cross-connection and the inlet points. At Marcy l’Etoile, gabions were used to absorb the kinetic 

energy of the inflow. It prevented the re-mobilization of the filter media but the rock cages were 

sunken 30 cm into the filter material, meaning that the effective depth of the filter at these points 

was halved. Such practice favours hydraulic short-circuits. It is advised to keep such structures on 

the surface or use a liner underneath to avoid adverse effects. 

Filter side alternation should provide longer inter-events in the secondary filter for sludge 

mineralization. However, feeding frequency is rather difficult to control and in the case of a series 

of events with small volume, the secondary side might suffer from drought if it stays dry. As cross-

connection waters carry low amounts of sludge, frequent feeding itself should not perturb 

regeneration but protect the secondary side from drought. Therefore it is advised to place cross-

connection reasonably low, close to the surface of the filter. Meanwhile the wall height between the 

primary and secondary sides should ensure sedimentation in the primary side. The height at Marcy 

l’Etoile was found to be satisfactory (h=80 cm). 

7.1.4 Overflows 

Overflows are naturally low in solids because they occur only at extreme events. Furthermore, 

sedimentation led to lower concentrations at Marcy in the case of the particulate quality constituents 

TSS, the corresponding COD fraction, TKN and TP. An overflow through a porous media (e.g. 

gravel) might maximize solid and floating material removal. 

 Conclusions and Outlook 

7.2.1 Process-based modelling of CSO CWs 

HYDRUS / CW2D was capable to simulate CSO column performance for COD and NH4-N 

removal in the short and medium term. Previous limitations could be overcome and biomass growth 

reached a quasi-stable state and no initial peak of COD was observed. Validation of HYDRUS / 

CW2D on full-scale systems can follow. The tool can be potentially applied for design purposes but 

needs trained professionals and a high number of simulations, i.e. working hours. The re-calibration 
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of some parameters will be necessary, keeping in mind that the French system receives unsettled 

water contrary to the columns. 

7.2.2 Orage in practice 

The core model of Orage has proven to be robust and the automatic optimization process has 

been verified. The iterative shell gave realistic proposals when re-scaling an existing site (Marcy 

l’Etoile). The precision of the tool can be increased based on field scale data from full-scale sites, 

by refining parameter calibration. Ideally, these sites should be monitored intensively and scaled 

based on the propositions of Orage. It might help to refine parameters i) of filter materials, ii) in 

internal tables describing COD removal performance and their environment-dependency and iii) the 

hydraulic optimization process. It would allow also the direct comparison of predicted and 

measured performance from sites receiving real CSO. Orage should be handled as a tool to facilitate 

decisions and design and not as a substitute of engineering companies or consulting firms. 

7.2.3 Filter performance and compact filters 

Removal efficiencies of targeted pollutants were 97% for TSS, 80% for COD and 85% for 

NH4-N for events below the design load (2.3 m3/m2, N=19).  Both pozzolana and the 4:1 mixture of 

sand and zeolite have showed a high capacity of NH4-N retention. Other major pollutants had little 

correlation with the filter area in earlier pilot-scale research. According to the field adsorption 

capacities measured at Marcy l’Etoile, filters could serve a detention basin exceeding their net 

surface area two or three times. However, this would increase the annual hydraulic load to levels 

which are not seen in today’s practice. This involves the risk of premature clogging. Future 

experiments are advised to focus on the effect of excessive annual hydraulic (and correlated solid) 

loads and on engineering solutions to keep most of the solids in the sewer even if feeding with raw 

wastewater. The testing range of annual hydraulic loads advised for studies could range up to 250 

m3/m2/year. 

The regeneration of the filters was slower than expected in cold temperatures. Nitrification 

rate doubled with each 5.7 °C. This means that adsorption capacities at cold climates have to satisfy 

a series of loads, possibly the whole winter. This is the second aspect next to clogging which might 

limit the compaction of the net filter surface. Orage accounts for a progressive saturation of the 

filter when proposing filter material and area. 

Total outlet COD concentration can be calculated from dissolved inlet COD, inter-event 

duration and PET and a constant background concentration (R2=0.62). This is valid for event mean 

concentrations; experiments of the future might target to explain inter-event dynamics in the 

function of environmental factors in the inter-events. 

It was shown that CSO CWs remove effectively several micropollutants as well, both from the 

group of PAHs (benzo(a)pyrene, phenanthrene, naphthalene) and some metals (Al, Ti, Cr and Ba). 

A deeper conclusion needs further research. Focus should be given on detailed composite sampling 

of regular loads, with pH and possibly redox measurements. 
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7.2.4 Second stage for denitrification 

It has been shown how the nitrate flush is related to the load passing through the filter. Most of 

the nitrate is flushed out at the beginning of the events with the first meter of load. Therefore, 

capturing exclusively the first meter of load of each event would be satisfactory to target total 

nitrogen removal at the scale of any treated rain event. However, this poses the question of the 

carbon source and an associated water residence time in a second treatment stage to guarantee a TN 

removal performance. This has to be studied in the future. Confirmation of this one meter load to be 

caught, directs towards compact filters (with the use of zeolite or other advanced materials in the 

present design) to keep the low footprint of the overall system. 
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Flow charts 
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Data pre-processing 
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Annex C: 
Parameter ranges of the sensitivity analysis 
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Ranges were discretized to four values (p=4), the upper and lower 5% were excluded. 

COD 

Parameter Description Unit  Range min Range max 

F_limit_base Flow limitation m3/m2/h 0.018 0.18 

V_P_gr Residual water content m3/m3 0.01 0.16 

hD Drainage layer depth m 0.1 0.5 

tD Drainage layer porosity m3/m3 0.2 0.4 

tP Process layer porosity m3/m3 0.2 0.4 

A_tot Total area m2 200 2000 

h_wall Level from the filter to the top of the wall m 0.7 1.2 

h_cross_connection Level from the filter to the cross-connection m 0.1 0.6 

Nu_1 Removal performance for COD % 0.1 0.99 

Nu_2 Removal performance for COD % 0.1 0.99 

C1 Threshold between K and Nu_1 g/m3 1 70 

C2 Threshold between Nu_1 and Nu_2 g/m3 70 200 

K Background COD concentration in the effluent g/m3 1 70 

Ts Seasonal mean temperature °C 5 25 

COD_background_D Background COD concentration g/m3 0 80 

NH4N 

Parameter Description Unit Range min Range max 

F_limit_base Flow limitation m3/m2/h 0.024 0.108 

V_P_gr Residual water content m3/m3 0.01 0.16 

hD Drainage layer depth m 0.1 0.5 

tD Drainage layer porosity m3/m3 0.2 0.4 

tP Process layer porosity m3/m3 0.2 0.4 

A_tot Total area: first analysis m2 200 2000 

 Total area: second analysis  250 650 

h_wall Level from the filter to the top of the wall m 0.7 1.2 

h_cross_connection Level from the filter to the cross-connection m 0.1 0.6 

h_e Short-circuiting threshold water level m 0.15 0.3 

K Hydraulic conductivity m/h 1.8 18 

d_filt Filter depth m 0.3 0.6 

Rho_media Bulk density g/m3 1 1.75 

K1 Constant of NH4N adsorption for plug-flow - 0.35 1 

K2 
Constant of NH4N adsorption for short-

circuiting 
- 0.35 1 

A1 Slope of the adsorption isotherm m3/g 5 100 

A2 Slope of the adsorption isotherm m3/g 1 20 

C1 Threshold between A1 and A2 g/m3 0.5 5 

di Nitrification rate coefficient - 0.00001 0.025 

Ts Seasonal mean temperature °C 5 25 

NH4_background_D Background NH4N concentration g/m3 0 5 

Rc Rate sensibility °C 3.6 28.86 
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Annex D: 
Overview of load events at Marcy l’Etoile 
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