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Ce rapport a pour objectif de présenter le travail effectué sur le suivi de filtres plantés de roseaux à écoulement vertical pour le traitement des rejets urbains de temps de pluie afin d'élaborer un logiciel d'aide au dimensionnement de cette filière.

Le but de mon stage au sein du centre Irstea de Lyon-Villeurbanne a été de réaliser un suivi expérimental du site en taille réelle de filtres plantés de roseaux à écoulement vertical afin d'effectuer une première calibration du modèle sur la base des mesures récupérées sur le terrain. Cette calibration a été suivie d'une analyse de sensibilité des paramètres afin d'identifier les éléments qui influent sur les résultats du modèle.

Une fois le modèle opérationnel, le logiciel permettra de fournir aux utilisateurs un outil d'aide au dimensionnement de filtres plantés de roseaux pour le traitement des rejets urbains de temps de pluie.
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Introduction

The growth of the urbanization generates large impacts on the environment such as flood risks and water course pollution due to urban runoff. Managing these impacts is now a major concern regarding the objectives of good ecological status in all Member States defined by the European Framework Direction 2000/60/CE. Urban runoff and wastewater also called urban wet weather effluents represent a source of physical, chemical and ecological degradations for the natural environment. The pollutant load carried out by storm water can be equal or greater than pollutant loads coming from wastewater treatment plants regarding metals concentrations, total suspended solids and chemical oxygen demands. This is the reason why it is important to develop extensive techniques such as vertical or horizontal flow constructed wetlands to treat water pollution.

First developed to treat domestic wastewater, vertical flow constructed wetlands (VFCW) are now used to treat combined sewer overflows in case of large rainfall event and saturation of sewer networks. This technique has proved to be an effective method to reduce ecological impacts of combined sewer overflow on the environment. However, performances of vertical flow constructed wetlands for combined sewer overflow treatment (CSO-CW) are influenced by a lot of variables such as the temperature, the rainfall variability, the pollution rate, the previous dry period, the catchment characteristics… It has become essential to clearly define design rules for CSO-CW at a national level.

In France, as part of the ADEPTE project, four full-scale sites of constructed wetlands were monitored during three years to define design parameters, infiltration, drainage and evapotranspiration laws as well as removal performances rules. The main objective of this project is to develop a design-support modelling tool to help engineers, water companies or municipalities dimensioning constructed wetlands for combined sewer overflows based on experiences and analyses made on the four full-scale sites in France.

The aim of this report is to present the work done on the core model of the software during my internship at Irstea. This report is organized around three main parts which are the presentation of the project and the full-scale site of VFCW, the description of the software objectives and the analysis of the first results obtained with the core model in order to point out the limits of the system and obtain an operational and robust model. September 2015 I.

Project presentation The main goal of Irstea is to expand the research in the fields of water, ecosystems, territories and biodiversity in partnership with public institutions (ONEMA, water agencies, Ministry of Ecology and sustainable development and local authorities), private actors (ERDF, Compagnie Nationale du Rhône, Suez Environnement, Véolia…), economic players and universities.

Presentation of the company

The objectives are to value and broadcast scientific results and offer practical and sustainable solutions to environmental problems. September 2015

The Regional Director of Irstea Lyon-Villeurbanne is Mr. Pascal BOISTARD who is also the manager of the Freshwater system, ecology and pollution research unit.

The Lyon-Villeurbanne center is composed of three research units:

 Local water and environmental management (GESTE): This unit provides decisionsupport tools and assessment of public policy to public water, sanitation and environmental services in order to help them anticipate and face the new economic and environmental challenges.

The unit is located in Strasbourg in joint supervision with the ENGEES and Irstea.

 Hydrology -Hydraulics (HH): This unit is specialized in water resources, flood risks prevention, maintenance and management of river-beds and impacts of climate change on the quality and quantity of water resources using tools to model rain and hydrological processes.

The unit is composed of three teams: River hydraulics, metrology, hydrology of catchment areas.

 Freshwater systems, ecology and pollution (MAEP): This unit studies the characterization of urban-area pollution and sewage treatment in order to improve the quality of aquatic environments and reduce discharge linked to human activities.

The unit is composed of seven teams: Ecotoxicology laboratory, diffuse agricultural pollution, physico-chemical analysis of aquatic environments laboratory, ecohydrology dynamics, indicators and models laboratory, wastewater treatment, microbial ecology of anthropised river systems and hydroecology of watercourses.

Irstea organization chart can be found in appendix 1 at the end of this report.

My internship takes place within the MAEP unit with the EPURE team (wastewater treatment).

This team conducts applied research on existing treatment processes in order to improve performances and designs of the infrastructures. The aim is to provide to engineers, constructors, operators and contractors information they need to improve the treatment of wastewater. A national working group called EPNAC (Evaluation of new processes for small and medium-sized municipalities) has been created in 2008 with the SATESE (Technical assistance service to operators of wastewater treatment plants), water agencies, Ministry of Heath, Ministry of Ecology and sustainable development, OIEAU (International Office for Water), and ONEMA (National Office for Water and Aquatic Environments). The aim of EPNAC group is to acquire and broadcast information related to the design and the management of new processes for the treatment of wastewater for small and medium-sized municipalities. September 2015

Constructed wetlands for combined sewer overflow treatment

The growth of the urbanization and the imperviousness generate large impacts on the environment especially from storm water runoff, wastewater from by-pass of the wastewater treatment plant or combined sewer overflow. Storm water and wastewater also called urban wet weather effluents represent a source of pollution and degradation for the natural environment. Indeed, in most European countries, hydraulic loads greater than design flow are discharged directly into receiving water bodies without any treatment.

Thus, the treatment of urban wet weather effluents appears as a major challenge in order to achieve the objectives set out by the European Water Framework Directive by 2021.

Many different tools are available for the management of storm water such as the construction of detention basins, ponds, permeable surfaces or green roofs. If these technics allow avoiding rain water to enter in the sewer, many areas of communities have combined sewers that carry both wastewater and storm water. As sewers separation works are very expensive, it is relevant to implement systems in urban areas to treat overflow and decrease the volume carried by sewers.

Over the last few years, extensive approaches such as constructed wetlands have expanded as they proved to be a sustainable alternative for wastewater treatment and are also very effective and low cost.

The first experiments using constructed wetlands for wastewater treatment were carried out in Germany in the 1970s. Since then, these methods have expanded and are now widely used for the treatment of wastewater. They are used for small or medium municipalities (< 5000 population equivalent) because they are very effective but require large areas (between 1 and 4 m 2 /PE regarding treatment needs). Different types of constructed wetlands are used but we will focus on subsurface flow constructed wetlands meaning that the water percolates through a filtration layer.

There are lots of different types of subsurface flow constructed wetlands but two types are widely used in France:

 Horizontal flow constructed wetlands (HFCW): The water is fed at the inlet and flows continuously through the porous media in a horizontal path until it reaches the outlet. In HFCW, the filter is completely saturated and provides denitrification (transformation of nitrate nitrogen NO 3 -N into nitrogen gas N 2 ). Since this disposition is sensitive to clogging, a pre-treatment is needed to remove solids. September 2015 For domestic wastewater treatment, the system classical implementation (which provides full nitrification) is composed of two stages with three filters in parallel for the first stage and two for the second (Fig. 4). Each stage receives water intermittently, indeed, during 3-4 days the filter bed receives water (loading phase) and then it stops for a week (resting phase). The alternation between the two phases is mandatory to regulate the growth of the biomass, maintain aerobic conditions into the filter and mineralize the suspended solids. Screening can be used before the first stage to retain large solids present in water. It permits to prevent damages in the pipes and protect the plants. This stage is composed of three layers: a 30 to 80 cm filtration layer of fine gravel from 2 to 6 mm above a 10 cm transition layer of gravel from 3 to 20 mm and a 10 cm drainage layer of gravel from 20 to 40 mm.

The second stage completes nitrification and treatment of carbon pollution. Due to aerobic conditions, there is no denitrification within the filter. It is composed of three layers: a 30 to 80 cm sand layer above a 10 cm transition layer of gravel from 3 to 20 mm and a 10 cm drainage layer of gravel from 20 to 40 mm.

The reeds play an important role in VFCW, they are planted within the first layer and have many benefits. Their stems avoid clogging, allow a correct infiltration velocity and development of the biomass in the filter bed. They also protect the filter against frost during winter and provide shade during summer.

Vertical flow constructed wetlands are not only used to wastewater treatment, they can treat water from combined sewer overflow (CSO-CWs). During extreme rain events, the flow may exceed the hydraulic capacity of the wastewater treatment plant and therefore water overflows and goes directly to the receiving waters. overflows constructed wetlands are implemented to treat the water. Filters will receive water from sewer networks and storm water. Unlike VFCW for wastewater treatment, rain is unpredictable and thus it is not possible to alternate loading and resting phases. Moreover some parameters such as the temperature, the loading rate, quality characteristics and duration of the loading event and the previous dry period are influencing the performances of the wetlands. It leads to differences between the conception of the constructed wetland for wastewater treatment and for CSO treatment. One of the major challenges is to design properly the constructed wetlands to obtain great performances and optimize the size of the system.

Previous research projects led in Germany have permitted to determine characteristics and design of constructed wetlands also called retention soil filters for combined sewer overflows. However they cannot be applied in France due to design differences and legislative discharges standards.

Fig. 6 presents the difference between retention soil filters in Germany and constructed wetlands in France. In Germany, CSO tanks are implemented before retention soil filters to slow down the flow and provide storage overflow treatment by sedimentation. In France, no tanks are used but the storage basin above the soil filter is bigger in order to contain the volume of the overflow.

Throttles should be added at the inlet to reduce the flow arriving on filters and at the outlet to control the filtration rate and the detention time in the system. Since there is no pre-treatment (CSO tank) in French applications, filters receive raw water and thus more suspended solids. To avoid clogging issues, a coarser material is used for the filter media. The French CSO-CWs provide permanent water in the drainage layer to protect the reeds especially during long and dry summers. September 2015 The design of the construted wetlands can vary between different countries depending on national legislations and required performances. Experiences from SEGTEUP and ADEPTE projects led by Irstea will give results and recomandations about the design of constructed wetlands in France.

The main objectives of the CSO treatment are the removal of organics and suspended solids, pollutants and ammonium.

The chemical oxygen demand (COD) is commonly used to measure the amount of organic compounds in water. The biological oxygen demand (BOD) measures the quantity of oxygen used by microorganisms in the oxidation of organic matter. COD and BOD are two indicators of water quality.

The treatment of CSO discharges is based on a three-step process. The first operation is the detention and the reduction of peak flows; the water is temporarily stored within and on the top of the filter and percolates slowly within the porous media. The second process is the filtration and the reduction of suspended solids. During this phase particulate pollutants are filtrated by the media. The last process is the adsorption and biological degradation of soluble and suspended September 2015 pollutants. During the percolation of the water within the filter, ammonium is adsorbed completely by biofilms, effluent concentrations of NH 4 -N are reduced significantly (around 0.1 mg/l). Then, ammonium is nitrified during the dry period following the event and the sorption capacity is regenerated within a few days. The nitrification is highest immediately after drainage and re-aeration of the filter layer. At the beginning of the next loading event, nitrate is washed out resulting in high peak concentrations.

For the treatment of combined sewer overflow, removal rates of 85 to 99% can be expected for COD, ammonium and suspended solids with VFCW. Indeed, concentrations of COD, BOD and suspended solids are very low at the outlet. Concentrations of nitrate indicate the adsorption and the nitrification of the ammonium. Due to mainly aerobic conditions, there is no or a few denitrification within the filter.

CSO-CW have a lot of advantages such as excellent treatment performances of TSS, COD, BOD and NH 4 -N. Moreover, they are reliable and cheap because the power consumption is low; only pumps require energy unless the height difference between the inlet and the outlet is superior to 4 meters. In that case the filter can operate without energy, by gravity. Constructed wetlands generates green surfaces and do not produce unpleasant smells.

Regarding the design of CSO-CW in France, the SEGTEUP research project led by Irstea from 2009 to 2013 has permitted to define precisely the rules for the static design of constructed wetlands based on experiences from large-scale pilots. A new challenge appears at the end of the SEGTEUP project: Upgrade the design rules of the constructed wetlands by taking into account the dynamic aspect of the rain (intensity, duration, frequency).

My internship at Irstea involves working on VFCW for CSO treatment. It is part of the ADEPTE (Design support of extensive systems for storm water treatment) project which is a three-year project started in 2013 and funded by ONEMA and water agencies Rhone Méditerrannée Corse, Seine Normandie, Rhin Meuse and Adour Garonne.

In this project, four different full-scale sites have been studied during two years in order to monitor the performances of the wetlands for the major parameters (COD, BOD, TSS, nitrogen and phosphate) and certain micro pollutants.

-Grand-Lyon site: Vertical flow constructed wetlands for combined sewer overflows treatment. The site was created in February 2012 and has a treatment capacity of 26 600 m 3 /year.

-Metz Metropole site: Vertical flow constructed wetlands for water sanitization from industrial and commercial areas. The site was created in 2012 and has an area of 5 000 m 2 . September 2015 -Syndicat de l'Orge site: Vertical flow constructed wetlands for the treatment of storm water. The site has an area of 5 000 m 2 .

-UNIMA site: Horizontal flow constructed wetlands for the treatment of storm water. The site was created in 2009. The aim of the ADEPTE project (www.adepte-pluvial.org) is to create a design-support modeling tool to help engineers, water companies or municipalities dimensioning constructed wetlands for combined sewer overflows based on experiences and analysis made on the full-scale sites.

The results obtained and the software will be broadcast in order to enhance the work done during the 4-year project.

The partners of the project are Irstea, Epur Nature (builder of constructed wetlands), the Syndicat de l'Orge, the Cerema (Centre for Studies and Expertise on Risks, Environment, Mobility, and Urban and Country planning), the Unima and Megao (informatics companysoftware developer).

The project has permitted to establish a summary report on extensive systems for stormwater treatment at a national scale via the experiments from the full-scale sites. The main tasks of my internship at Irstea are to monitor and make analysis on the full-scale site at Marcy-L'Etoile and use these data to calibrate parameters of the design-support modelling tool, called Orage. September 2015

Presentation of the full-scale CSO-CW at Marcy-L'Etoile.

The full-scale site is located at Marcy-L'Etoile, 15 km northwest from Lyon. The catchment has an area of 50 ha and has 3500 inhabitants. The site is composed of two filters which receive load alternatively to avoid clogging with a saturated layer at the bottom of each filter to avoid drying the reeds. It has been scaled for a one year return period event and its treatment capacity is 1160 m 3 . If an extreme event occurs, the wetland can accept hydraulic overloads however a by-pass has been installed upstream the wetland to protect the structure and minimize the suspended loads. Fig. 8 and 9 present the wetland and the equipment on the site. Filter 1 (1) has an area of 253 m 2 and is composed of a 60 cm filtration layer of sand and chabazite above a 10 cm transition layer of gravel and a 30 cm drainage layer of gravel. Filter 2

(2) has an area of 245 m 2 and composed of a 60 cm filtration layer of pozzolana and chabazite above a 10 cm transition layer of gravel and a 30 cm drainage layer of gravel. Different materials were used in F1 and F2 to compare removal performances, retention and filtration characteristics.

Water is coming into the wetland via the inlet wall which control CSO (3) and then passes through a Venturi channel (4). A flow switch (6) controls which filter receives the flow and then, water is flowing into the filter via the inlet pipes (7). For the moment, filter 2 is receiving directly the inlet flow and filter 1 is fed by the cross-connection (9). When the water level reaches a certain height, the water goes from filter 2 to filter 1 via the cross-connection between both filters. Three different heights can be used to set the cross-connection level. An 80 cm wall (8) separates filters 1 and 2. Fig. 10 presents the scheme of CSO-CW at Marcy. A detention basin of 1.3 m on top of the filter layer permits to store water which needs to be treated (Fig. 11).

Three refrigerated automatic samplers were installed at Marcy. At the inlet, a flow composite sampler (5) takes samples if the flow rate exceeds 80 m 3 /s and at the outlet, two time composite samplers (10) take sample from each filter with a fixed time step. Two probes are installed at the outlet to measure the NH 4 -N and NO 3 -N rates and 18 TDR probes are installed in both filters to measure water content in the structure. All the equipment works with solar panels and batteries. From this chart, it can be noticed that filters received high hydraulic loads especially during events 12 to 15 since the design load of the wetland is 1160 m 3 . We observed lower removal performances when event with high loads occurred. At Marcy, hydraulic and pollutant loads are erratic since the wetland receives wastewater, storm water and industrial water from medical industries. Industries release water with unknown composition but high suspended solids rate so it can affect removal performances of the wetland.

Regarding the performances, high removal rates for TSS, COD and NH 4 -N are observed at Marcy. Fig. 13 presents the removal performances of CSO-CW at Marcy-L'Etoile.

High peaks of TSS were observed but still most of the pollutants are washed out and good removal rates are obtained (96%). For dissolved COD (COD_S), low removal performances are observed (41%) since inlet dissolved concentrations are already low and the retention in the filter is low compared to normal constructed wetland.

For NH 4 -N, better removal performances can be expected since some of the events are above the design load. Fig. 14 shows the percentage of mass removed by event. Event 14 and 15 were big events thus only 52% and 54% of mass was removed which is low compared to other events. Events 16, 17 and 19 were within the design load and show very high removal performances (between 88% and 90% of mass removed). Due to nitrification, the ammonium nitrogen is transformed into nitrate nitrogen (N0 3 -N) and thus more nitrates are released at the outlet. However, nitrate is less harmful for aquatic environment than ammonia.

TSS COD COD_S COD_X mg/L η = 96% η = 77% η = 41% η = 90% 0 
The phosphate removal is low because there is no dephosphatation. Nevertheless, total phosphorus was measured and is accumulating in the sludge blanket. It can decompose and get into phosphate before being flushed out. To verify this assertion, longer research needs to be done.

In conclusion, due to industrial wastewater, water composition is not always the same and can have an impact on the performances of the wetland. It was noticed that TSS are not affected by the temperature or the length of the dry period since the removal rates are always closed to 95% regardless the season. However, long dry period allows more adsorption of NH 4 -N and thus provide good nitrification rate. NH 4 -N removal performances are affected by the temperature and the inlet concentration as well. Dissolved COD is also affected by the inlet concentration and the dry period. II. Materials and methods

General presentation of Orage objectives

The main goal of the ADEPTE project is to develop a software to help designing CSO-CWs. The project is composed of 5 main tasks (Fig. 15). First, a state of the art of extensive techniques was done to identify parameters influencing design choices for CSO treatment and to establish first design rules. Then, four sites are monitored during three years to evaluate technical and environmental aspects of CSO-CWs. The core model was developed based on German designtool, state of the art and monitoring of the sites. These three tasks lead to the creation of the Orage software and the dissemination of knowledge acquired during the project. This section will present the objectives of Orage, the core model and the scientific approach regarding the calibration and the sensitivity analysis done on the model.

Designing an optimized CSO-CW is complex and requires a dynamic approach taking into account the stochastic aspect of the rain (intensity, duration and frequency), water qualities, climate, catchment and surface characteristics. This is why monitoring different sites is important to identify and mitigate uncertainties from the different aspects described above and the wetland itself.

Orage is a design and decision support-tool software which incorporates a core model, iterative algorithms for the selection of material, dimensions and environment-dependent parameters and variables (seasons, dry period...) and a graphical user interface. The goal of the software is to The tool has two main functions:

 A sewer simulation which calculates optimized design parameters based on measured or simulated series of sewer flows, NH 4 -N and COD rates and catchment characteristics given by the user. From these data, the software selects a one-year period with the highest inflow around the five consecutive days in the whole dataset which contain the heaviest NH 4 -N load. Then, the software identifies the simples material for which a solution exist and scales the CW. The tool will interpolate the optimal dimensions (e.g. surface area and filter depth) and material based on inflow data series (Palfy et al., 2015). It will also calculate the 24h peak moving average concentration of COD and NH 4 -N at the selected design and the overflow volume. The output data given by Orage are the total area of the wetland, the suggested materials and the filter depth.

 An applicability test based on precipitation data series and catchment parameters which indicates if a constructed wetland is a feasible solution for the treatment of combined sewer overflow. The user will give the catchment size and the population equivalent and will select input data corresponding to his catchment using roll-down menus. For the climate region, the user choose between 5 cities the one which best describe his location and his climate. The number of cities has been set to 5 for the moment but it can be increased to give more possibilities to the user to best represent his location. Then, he has to select an imperviousness coefficient among 9 coefficients to describe the land use. For this test, 45 simulations corresponding to 9 different imperviousness coefficients multiplied by 5 climate regions were run and scaled to catchment area and population equivalent to estimate combined sewer overflow. Based on these data, the software will define if it is feasible or not to implement CSO-CW.

Core model presentation

Orage incorporates a core model with equations similar to RSF_Sim [START_REF] Pálfy | Simulation of planted detentive filters treating urban stormwater[END_REF], a tool developed by Daniel Meyer to help dimensioning retention soil filters in Germany. However, the numerical model in the core was adapted by Tamás Gábor PÁLFY to the French legislation and takes into account dual filter basin concept, shortcutting effects and environmental-dependent parameters such as seasons and dry periods which have an effect on performances.

In the model, filter compartments are represented by a series of continuously stirred tank reactors in parallel plus a common basin as shown on Fig. 16. The model is described with one September 2015 dimensional water flow and variable water contents [START_REF] Meyer | RSF_Sim -A simulation tool to support the design of constructed wetlands for combined sewer overflow treatment[END_REF]. According to the real structure of CSO-CWs, filters in the model are represented by a retention layer, a process layer and a drainage layer. 

COD removal performances

The processes used in the model for carbon degradation are based on lab-scale column and full scale experiments from Germany and France (Meyer 2011, Fournel 2012). The removal of COD can be represented as a three-stage linear performance curve (Fig. 17). Removal performances represent the correlation between the water in the basin (complete mixing of inflow concentration) and the outflow concentration from the filter layer. This correlation was found based on experiments from the SEGTEUP project.

The removal is happening between the process and the drainage layer. K represents the background concentration in the outflow; C1 and C2 are two concentration thresholds and ƞ1 and ƞ2 are yield rates. Then, linear equations permit to calculate the removal performances coefficients and over a certain threshold value (C2), the performances are higher. Values of K, C1, C2, ƞ1 and ƞ2 depend on the previous dry period (inter-event) and temperature. The model takes into account this dependency with 3 season multipliers which multiply the inter-event values of these parameters by a constant according to the climate region. Different day interevent period are also implemented to take into account the previous dry period. All these parameters will be calibrated based on field measurements at Marcy-l'Etoile.

Adsorption of NH4-N and nitrification

The removal of NH 4 -N has two steps in the model: the adsorption during the load (intra-event) and the nitrification of adsorbed mass when the filter gets filled by the air again (inter-event). The adsorption in the model is instantaneous and is related to the mass of the filter media. The model considers parameters describing two different adsorption efficiencies: one for shortcutting and one for normal operation (Fig. 18). Shortcutting is occurring when the flow is low and the water only percolates near the inlet. It might decrease the removal performances due to the shorter contact times with the filter media and the fact that only a small part of the filter is used for pollutant removal. The model takes into account shortcutting where only a part of the filter media is used for pollutant removal and plug flow where all material is in contact with water (Fig. 18). H_e represents the theoretical water level from which the model considers shortcutting operation. It is an important parameter to calibrate.

Six different materials for the filter media are taken into account in the model and have different adsorption performances: gravel, coarse sand, fine sand and three different ratios of zeolite and sand mixture. Zeolite is known to be a highly efficient material for the removal of ammonium but is expensive. These materials are characterized by various parameters such as K1 the adsorption Shortcutting Normal operation September 2015 constant for normal operation, K2 the adsorption constant for shortcutting, C1 the breakthrough between A1 and A2, A1 and A2 the slopes of the adsorption isotherm before and after C1 (Fig. 19). These parameters need to be calibrated to well define NH 4 -N adsorption.

The x axis represents NH 4 -N concentration at the outlet in mg/L and the y axis represents the adsorbed concentration in mg/kg. From field measurements, adsorbed masses need to be calculated to define at which concentration the breakthrough occurs at Marcy.

Nitrification starts as soon as the filter gets drained. The adsorbed ammonium-nitrogen starts to be nitrified at the proportion of material exposed to air. The nitrified mass is negated from the total mass in the filter. Nitrification depends on the temperature and can be represented by the chart below (Fig. 20). 𝜼 September 2015

The remaining NH 4 -N is calculated based on the formulae: 𝑒 -𝑑𝑖 × 𝑒 𝑡 0 -20 14.43 where 𝑑𝑖 is the nitrification rate coefficient and 𝑡 0 the temperature at the current time step.

A calibration and validation of important parameters of the core model need to be done to obtain a model fully operational and robust.

Scientific approach

The goal of my internship at Irstea was to monitor CSO-CWs at Marcy-L'Etoile and use the data from field measurements to make a first calibration of the model. Then, a sensitivity analysis was done to identify relevant parameters of the model and possible interactions between them.

Applicability test

As defined in the previous section, this test estimates the combined sewer overflow volume from 45 pre-run simulations and catchment characteristics.

In order to generate these 45 simulations, the first task of my work was to clearly define which parameters had an influence on constructed wetland design. After a lot of researches and discussions with experts from INSA, we decided to use the catchment area, the population equivalent, the soil characteristics and the climate region as significant parameters for this study.

Regarding the climate region, intensity and length of rainfall differ depending on different climates in France. Five cities were chosen to characterize climates in France. However, the number of city can be increased to help the user finding the city which best represents his location.

-Embrun : Mountain climate -Lille : Semi-oceanic climate -Metz : Semi-continental climate -Montélimar : Mediterranean climate -Quimper : Oceanic climate

The precipitation data series of these five cities come from Météo France between 2000 and 2006.

It was also important to define the imperviousness coefficient of the study area because runoff will have an impact on the total volume of water. From existing tables, different coefficients were defined regarding land use (Table 1). September 2015 Once important parameters were defined and ranges were found, the next step was to generate output hydrographs used to calculate the total volume of storm water on the study area.

The goal was to simulate output hydrograph using CANOE and calculate the volume corresponding to combined sewer overflow for a study area with a specific climate region. This volume includes storm water and wastewater per population equivalent.

CANOE is a software developed by Artelia and INSA engineering school of Lyon dedicated to hydraulics and hydrology studies in urban contexts. To obtain the CSO, wastewater volume was calculated based on a daily discharge of 120 L/j/PE and was added to the storm water volume simulated by CANOE.

Storm water simulations were carried out with an area of 50 ha with nine different imperviousness coefficients for each of the five climate regions. In total, 45 output hydrographs were created. Results of the work done using CANOE will be presented in the next section (p. 37).

First calibration

A first calibration is essential to adjust a set of parameters in the model based on research and field measurements. The calibration involves different steps presented in Fig. 21. 

Data collection & analysis

Model input preparation

Simulation analysis & model calibration

Data collection & analysis

Input data used for the calibration was collected during a monitoring program at Marcy l'Etoile via automatic samplers installed at the inlet and outlet. Equipment on site allows monitoring and saving general data such as the cumulative inflow and outflow, the water levels in filters, the instantaneous flows, the temperature at the top and the bottom of the filters and the removal performances via NH 4 -N and NO 3 -N online probes.

One event (E14) measured at Marcy (from 26 th of January 2015 to 13 th of February 2015) was used to make a first calibration of the model. Data collected has permitted to create a chart of inflow and outflow rates in m 3 /h (Fig 22). During this event, the cumulative volume of water was equal to 5600 m 3 which is higher than the design load of the wetland (1160 m 3 ). From this chart, we observed a significant difference between the cumulative inflow and outflow measured at Marcy. This difference may be due to the inflow rate measurement. Indeed, the inflow is measured with an ultrasonic tool which is apparently not working well at these flow rates. Experiments have to be made at Marcy to be sure that the outflow measurement is correct.

To correct this problem, we changed the inflow rate using a corrected value which is based on the measured outflow rate. The change of the inflow rate (grey curve) gives better results for the cumulative inflow (blue curve). It is important to use a correct inflow value to calibrate the model. This new inflow rate was used as an input value for the simulation in Orage.

Besides inflow and outflow measurements, equipment at Marcy give water levels in both filters, inflow and outflow rates, NH 4 -N and NO 3 -N measurements via online probes and total COD, filtered COD, TSS, NH 4 -N, NO 3 -N and phosphate concentrations via samples analysis done by the laboratory at Irstea (LAMA).

Fig. 24 presents inflow and outflow concentrations of total COD, filtered COD and TSS. The calibration was done on total COD inflow and outflow concentrations since the model is not taking into account removal processes of TSS.

From this chart, high values of inflow total COD and TSS are observed after 72h corresponding to an inflow rate of 160 m 3 /h. These values were expected since E14 is a big event. Inflow concentrations of total COD will be used as input data of the model. Event 14 was chosen for the first calibration because the NH4-N breakthrough is clearly visible due to the high load of this event. This breakthrough starts at 46 g/m 3 with a peak at 145 g/m 3 . Having this breakthrough will help us calibrating parameters for NH 4 -N removal performances.

In the previous section, two different adsorption efficiencies were identified: one for shortcutting and one for normal operation. We identified a key parameter for shortcutting operation h_e. In order to calibrate this parameter, a tracer test has been set up in July to observe shortcutting phenomena and to see its significance with changing saturation (i.e. water level) in the porous media.

Fig. 26 is showing how we proceeded to realize the tracer test. First the cross-connection between the two filters was closed to maximize storage volume in the primary filter (F1). The outflow limitation was blocked to use it as a water reservoir. The tracer test was about to be carried out on the secondary filter (F2) so it was kept completely dry until the start of the experiment. This enabled to observe the infiltration of the tracer solution at similarly low flow rates which might cause lasting shortcutting at commencing loads. Wastewater had been pumped from the reservoir and a fluorescein solute was dosed uniformly via the peristaltic pump. The fluorimeter was installed at the outlet to register tracer concentrations on a minute base. To prepare the tracer, we mixed 0.24 g of fluorescein in 2L of water in order to target a concentration of 0.1 g/m 3 with a flow of 24 m 3 /h.

We decided to do three injections to better observe the influence of the water level on shortcutting and thus to derive a single water level value until which shortcutting is significant (Fig. 27). This value is assumed to be a key parameter of the design-support software Orage (h_e). The saturation of the filter media was expected to occur after 3 to 5 hours.

The first injection was done at the beginning of the pumping. The pump started to fill the empty filter side through a bucket and a 2L bottle of tracer was injected in the same bucket via the peristaltic pump. This ensured the mixing between the pumped water and the tracer solution. An entire bottle of tracer was injected in 7 min and 24 s with a pumping rate of 14.5 m 3 /h (instead of 24 m 3 /h) which means we had a final concentration of 0.13 g/m 3 . It is important not to expose the fluorescein to the sunlight since it is degrading much faster. The experiment was repeated 1.5h after the first injection with the same concentration. A problem with the fluorimeter did not allow us to carry out the tracer test since no data were registered. Another tracer test will be done at the end of September. Values of parameters related to shortcutting were calibrated based on graphical comparisons only. A better calibration of these parameters will be needed.

Model input preparation

Input data used for the simulation in Orage are the flow and inflow concentrations of COD and NH 4 -N. Since the model is cropping one-year period with the highest inflow which contain the heaviest NH 4 -N load, we had to create an input file adapted to the model. Event 14 lasts almost two weeks so we created an input file of more than one year data with the longest dry period just September 2015 before E14. Indeed, when the model selects the one-year period, it starts his simulation with the event after the longest dry days. Once the input file is created, the simulation can be done after selecting the right parameter values.

Simulation analysis and calibration of the model

Before starting a simulation, multiple parameters have to be set in Orage. Default values are given for all parameters to start a simulation. These values were set based on field measurements at Marcy, other research project and legislative standards. Parameters with their default values are described in Appendix 2.

The model takes into account dual filter basin concept so some parameters are set differently if the wetland treats combined sewer overflow or separate sewer outlet. All the work done for the calibration was based on CSO treatment.

We launched a first simulation with input file created for E14 and an area of 500 m 2 corresponding to CSO-CW at Marcy. Simulation results were compared to measured water levels and outflow COD and NH 4 -N concentrations on charts.

The calibration of parameters was done based on graphical comparisons and can be described as a three-step process:

It is important to start with the calibration of hydraulic parameters because it has an effect on the treatment performances. Simulated water levels, inflow and outflow rates were compared to the measured ones and parameters influencing the hydraulics were calibrated one by one. Simulations were re-run each time a parameter was changed to observe the influence of the parameter on water level, outflow and also COD and NH 4 -N outflow concentrations. Once hydraulic parameters were calibrated, simulated and measured outflow COD concentrations were compared and removal parameters were adjusted. Then, based on adsorption isotherms, field measurements and online probe data, NH 4 -N removal parameters were calibrated.

Overall, the calibration was done on the water balance, the adsorption capacity, the mass balances of COD and NH 4 -N including the transformation of NH 4 -N to NO 3 -N. The soil temperature, the nitrification rate, the hydraulic conductivity of the sludge and the other hydraulic parameters were adjusted to reach a good level of fit between model results and measured values.

The different steps of the calibration and the results are detailed in the next section (p. 38).

Parameters test

Once the model was calibrated, we used a set of 4 consecutive events (E16, E17, E18 and E19) to test the reliability of the parameters. The four events were within the design load of the filters and will give us a good overview of the model robustness.

An input file was creating with flows and inflow COD and NH 4 -N concentrations for the 4 events. One simulation was launched with calibrated parameters for the 4 events. Graphical comparisons were made for hydraulic, COD and NH 4 -N removal performances for all the events. Results obtained are presented in the next section (p. 44).

Sensitivity analysis and statistics calculation

In order to evaluate the goodness of fit of the model parameters, different statistics were calculated using Excel. Then, the Morris method [START_REF] Morris | Factorial Sampling Plans for Preliminary Computational Experiments[END_REF] was used for the sensitivity analysis to identify qualitatively which parameter has an influence on the model.

Statistical analysis

The following statistics have been calculated:

 Time difference between the measured and the simulated breakthrough  Total nitrified mass compared to measured  6h-24h peak moving average concentration: the simulated output started to be compared to the legislative threshold after 6h. Between 6h and 24h the simulated average concentration is compared to the legislative threshold. After 24h, the simulated average is moving until the end of the event. This statistic allows comparing the expected performance of the model to the legislative threshold.  Mean mass removal performance of the five events  Time-based event mean concentration (EMC)  Cumulative time of shortcutting in the simulation September 2015  Coefficient of efficiency and time weighted deviation [START_REF] Ahnert | Goodness-of-fit measures for numerical modelling in urban water managementa summary to support practical applications[END_REF][START_REF] Pálfy | Simulation of planted detentive filters treating urban stormwater[END_REF] The coefficient of efficiency gives a numerical evaluation of goodness of fit. It is calculated from the equation below with j=1:

𝐸 𝑗 = ∑ |𝑀 𝑖 𝑡 𝑖 -𝐸 𝑖 𝑡 𝑖 | 𝑗 𝑛 𝑖=1 ∑ |𝑀 𝑖 𝑡 𝑖 -𝑀 ̅ 𝑖 𝑡 𝑖 | 𝑗 𝑛 𝑖=1
Where 𝑀 𝑖 is the measured value, 𝐸 𝑖 the simulated value, 𝑡 𝑖 the duration and 𝑀 ̅ 𝑖 the time-weighted average of the measured values [START_REF] Pálfy | Simulation of planted detentive filters treating urban stormwater[END_REF]. The coefficient of efficiency gives bad results when the concentrations are very low or constant. This is why the goodness of fit cannot be evaluated based on 𝐸 𝑗 only so it had to be coupled with another numerical method. The mean time-weighted deviation [START_REF] Pálfy | Simulation of planted detentive filters treating urban stormwater[END_REF]:

𝐷𝐸𝑉 ̅̅̅̅̅̅ = ∑ |𝑀 𝑖 𝑡 𝑖 -𝐸 𝑖 𝑡 𝑖 | 𝑛 𝑖=1 t
Where t is the duration of the intra-event period. The deviation was expressed as the percentage of the time-weighted mean of the measured values.

Both E j and DEV were used to assess the goodness of fit of the model (p. 49).

The Morris method (Morris 1991)

The Morris method has been chosen for the sensitivity analysis. It is a One-At-a-Time (OAT) method meaning that only one value of a parameter is changed for each run. The elementary effect is calculated for each statistic in a range of variation also called 'levels' with the equation below [START_REF] Morris | Factorial Sampling Plans for Preliminary Computational Experiments[END_REF][START_REF] King | Morris method of sensitivity analysis applied to assess the importance of input variables on urban water supply yielda case study[END_REF]:

𝐸𝐸 𝐼 (x) = [y(𝑥 1 , 𝑥 2 , … , 𝑥 𝑖-1 , 𝑥 𝑖 + ∆, 𝑥 𝑖+1 , … , 𝑥 𝑘 ) -𝑦(𝑥)] ∆
Where ∆ is the magnitude of step which is a multiple of 1/(p-1) with p the number of levels of the experimentation space; 𝑦(𝒙) is the equation representing the statistic with the initial parameters; y(𝑥 1 , 𝑥 2 , … , 𝑥 𝑖-1 , 𝑥 𝑖 + ∆, 𝑥 𝑖+1 , … , 𝑥 𝑘 ) is the equation representing the statistic with 𝑥 𝑖 + ∆ the parameter value changed for the current simulation.

The elementary effect will be calculated for each combination of parameters and then used to calculate the Morris indices. [START_REF] Morris | Factorial Sampling Plans for Preliminary Computational Experiments[END_REF] proposed two sensitivity measures: the mean (µ) and the standard deviation (σ). [START_REF] Campolongo | The use of graph theory in the sensitivity analysis of the model output: a second order screening method[END_REF] improved the Morris method by introducing a third index (µ*) which gives extra information. September 2015

The mean equation is:

µ 𝑖 = ∑ 𝐸𝐸 𝑛 𝑟 𝑛=1 r
With r is the total number of combinations and 𝐸𝐸 𝑖 is the elementary effect of the tested parameter. When µ 𝑖 is high, the influence of the tested input parameter on the model output is important.

The standard deviation equation is:

σ 𝑖 = √ 1 𝑟 ∑(𝐸𝐸 𝑛 - 𝑟 𝑛=1 µ 𝑖 )²
This equation is used to determine the variance of the finite distribution of the 𝐸𝐸 𝑖 values. When σ 𝑖 is high, it indicates possible interactions with other variables and/or the variable has a nonlinear effect on the output [START_REF] Campolongo | The use of graph theory in the sensitivity analysis of the model output: a second order screening method[END_REF].

The equation of the sensitivity measure µ * 𝑖 is:

µ * 𝑖 = ∑ |𝐸𝐸 𝑛 | 𝑟 𝑛=1 r
It is an estimate of the mean of the distribution of absolute values of the 𝐸𝐸 𝑖 [START_REF] King | Morris method of sensitivity analysis applied to assess the importance of input variables on urban water supply yielda case study[END_REF].

Unlike the mean equation, this index takes the absolute value of the elementary effect meaning that if 𝐸𝐸 𝑖 contains elements with opposite signs their effects will not be canceled. The indices σ 𝑖 and µ * 𝑖 must be used together to assess the significance of the variables in the model.

Two sensitivity analyses were carried out: One for the NH 4 -N removal performances where 21 parameters were changed and one for the COD removal performances where 15 parameters were changed. Each parameter varies in a range of 4 values and only one value of a parameter is changed during one simulation. The choice of parameters and their ranges were based on calibration results and research project and will be explained in the next section (p. 48).

The statistics described above had to be calculated for each simulation. Each simulation results in the creation of one csv output file. There are as many files as combinations of parameters. A script from R helped us to identify the number of combinations and the values of each parameter.

There are 160 combinations for the COD and 220 combinations for the NH 4 -N statistical analysis. An excerpt of the parameter combinations for the COD SA is shown in Appendix 3. September 2015

In order to go as quickly as possible, I automatized the calculation of the statistics via the creation of macros. Two macros were created: One to convert the csv output files from the software into excel files (Appendix 4) and one for copying and pasting the statistics in all the excel files (Appendix 5). Then, the main results of the statistics have been copied and pasted into one excel file by the second code which gathers all the statistics values.

Megao, the software company partner for programming Orage built a script to run simulations automatically based on text files containing one array of parameter in each line. Then, a script from R calculated the EE and Morris indices for each statistic. Charts were created using the function ggplot2 from R.

The results based on the statistics and the Morris indices helped us identifying the parameters which are influencing the most the output results. Compared to classical approach, our approach is targeting statistical values which described performances (e.g. goodness of fit) or certain features of the model (e.g. shortcutting, nitrification rate).

To analyze the results it is important to consider both µ* and σ at the same time to rank factors properly [START_REF] Campolongo | An effective screening design for sensitivity analysis of large models[END_REF]. Indeed, µ* is a measure of sensibility and σ measures the interactions and non-linear effects between the parameters. Results can be shown graphically by screening plots with on the x-axis the modified mean µ* and on the y-axis the standard deviation σ. Each input is represented on the plot by a point with the coordinate (µ i *, σ i ). This method was used to assess the importance of certain parameters based on plots of σ versus µ* for NH 4 -N and COD sensitivity analyzes.

Results of COD and NH4-N sensitivity analyses are presented in the next section (p. 50).

III. Results

Applicability test

For the applicability test, CANOE was used to simulate 45 output hydrographs of storm water on a chosen area. The protocol is explained in the previous section (p. 25). Simulation results were exported into a csv file containing the time in a 6 min time step, the flow generated by CANOE and COD and NH 4 -N concentrations. This file will be used as an input file of the applicability test. Then, wastewater volume will be added to rainfall volume to obtain the total volume corresponding to combined sewer overflow. From this volume, the software will define if it is feasible or not to implement CSO-CW. September 2015

First calibration and parameters test

As explained in the previous section (p. 26), event 14 was used to make a first calibration of the model.

Hydraulic parameters calibration

The core model of the design-support software called Orage has been used to simulate the water levels in the filters just as the outflow rate. The light green and light blue curves are representing the simulated water levels in filter 1 and filter 2. After 20h, the water levels are the same: the light green curve is overlapping with the light blue curve, which is why it cannot be seen. It can be observed that simulated levels are higher than the measured. It is mainly due to the inflow rate measurement. In the protocol (p. 26) we decided to use a new inflow rate calculated based on the measured outflow rate. We ran the simulation with the new parameters and we obtained the following chart (Fig. 32). The grey curve is the modified inflow. It can be observed that the simulated water levels are now under the measured water levels; it is mainly due to the new inflow curve. It has been decided to decrease the flow limitation parameter to 29.2 m 3 /h in order to obtain a mean value of the measured outflow rate. Hydraulic parameters have also been changed such as the depth of the drainage layer and the residual water content in the process layer to increase the water level curves and obtain the same basic level at the beginning and at the end of the chart. The shapes of the simulated curves are correct and the basic level is almost the same that the one for the measured water level. We decided to keep these hydraulic parameters.

The parameters changed for the hydraulic calibration are gathered in Table 2: 

COD calibration

The COD removal performances were calibrated using the hydraulic parameters fixed before (Fig. 34). The simulated COD outflow in filter 1 and 2 are close to the measured COD outflow. The rapid increase of the simulated curves at the beginning is due to the COD background level which is a parameter of the model and has been set to 20 g/m 3 .

For the calibration, ƞ1 has been increased to decrease the effluent concentrations and thus, get closer to the measured COD curve. Fig. 35 shows the new chart; the parameters are now well calibrated for this event. The parameters changed for the COD removal performances calibration are gathered in Table 3: 

NH4-N calibration

The NH 4 -N removal performances have been calibrated with the previous parameters (Fig. 36). The simulated NH 4 -N outflows of filters 1 and 2 are very different from the measured outflow and the curves indicate low removal performances compared to the measurement. C1 represents the breakthrough between A1 and A2. The breakthrough concentration C1 is reached on the simulated curve after 0 and 12 hours whereas the breakthrough occurs after 60 and 72 hours for the measured outflow. To calibrate the model, C1 needs to be increased significantly. The test the reliability of the code, it was decided to exaggerate K2 which is the constant of NH 4 -N adsorption for shortcutting to make the peaks at the beginning easily visible (these peaks represent shortcutting). Regarding the slopes of the simulated curves, A1 and A2 have to be changed to better fit the measured outflow. Changes can be observed on the new chart below (Fig. 37). As can be seen on Fig. 37, the breakthrough occurs later and the slopes are correct. The parameters are now well calibrated for the NH 4 -N removal performances.

The parameters changed for the NH 4 -N removal performances calibration are gathered in Table 4: In conclusion, the first calibration allows us to know which parameters have an influence on the curves. A sensibility analysis of the model parameters will be done to obtain more objective results on model sensitivity.

The parameters obtained with the first calibration are now going to be used on four other events to test their validity.

Parameters test

Analyzes at Marcy-L'Etoile have been made between 27 th of April and 20 th of May and the results are used to test the validity of the parameters.

During the first event (27 th of April -29 th of April), the cross connection between the two filters was closed so no water was feeding the filter 1. Then, for the three other events, the cross connection level was 0.32 above the top of the filter media. Results obtained for the hydraulic parameters of the four events are shown in Fig. 38. On the charts, the thick light and dark blue curves are representing respectively the measured water levels in filter 1 and 2. The simulated water levels are represented by thin light and dark blue curves. The thick dashed red curve is the measured outflow rate and the thin red line the simulated outflow.

For the first event (top-left chart), it can be seen that no water is arriving on filter 1 and the simulated outflow is very close to the measured one. For the three other charts, the shape of the curves are correct but the simulated water levels in filter 1 and 2 are both underestimated. This is probably due to the value given to the flow limitation because the simulated outflow is overestimated. To obtain better curves, the flow limitation at the outlet has to be decreased to increase water level in the filter.

The results obtained for the COD removal performances are presented in Fig. 39. On the charts, the thick dashed dark and light blue curves are representing the measured outflow COD in filter 1 and filter 2 respectively. The thin dark and light blue curves are the simulated ouflow COD in filter 1 and 2 respectively. The inflow is represented by the thick dark blue line.

For the first event, the simulated and the measured outflows COD in filter 1 are equal to zero because the filter is empty. For filter 2, it can be seen that the simulation overestimates carbon degradation. This is due to the length of the dry period before this event. Indeed, the longer the dry period, the weaker the performances. However, the three other events give good results for the COD removal performances; it overlaps well the measured COD outflow. The events 3 and 4 (bottom charts) don't have measured COD in the outflow of filter 1 because the sampler at Marcy-L'Etoile was not working. These results are relevant for our calibration, the parameters seem to have good values.

The results obtained for the NH 4 -N removal performances are presented in Fig. 40. On the charts, the thick dashed dark and light red curves are representing the measured NH 4 -N outflow in filter 1 and filter 2 respectively. The thin dark and light red curves are the simulated NH 4 -N ouflow in filter 1 and 2. The inflow is represented by the thick red line.

The simulated curves have high peaks at the beginning of the event which may be related to shortcuttings though shortcutting performance parameters were not calibrated but rather exaggerated to make these peaks easily visible for testing the reliability of the code. On the measured curves which are based on composite samples, no similar peaks are represented. However, two online probes were installed at Marcy-L'Etoile to measure continuously the NH 4 -N and NO 3 -N concentrations in both filters. It is possible to use the data from the probes to see if shortcuttings occur at the same time. We will focus only on the first two events. As can be seen on Fig. 41, the probe measurement shows a peak at the same time as the one simulated with Orage. The peak of the simulated NH 4 -N concentration in filter 2 is around 3.6 g/m 3 and the peak of the NH 4 -N concentration measured in filter 2 by the probe is around 5.2 g/m 3 . Despite the difference in the peak value, this peak is certainly due to shortcutting effect. The probes constitute a good way to compare the simulation with the measurments done at Marcy-L'Etoile.

For the second event, Fig. 42 shows higher peaks from the simulation contrary to the results from the first event. These peaks are related to the value of the parameter K2 that has been set high to observe shortcuttings and are not related to shortcutting but rather to disorption. Indeed, we noticed that if K1 and K2 are too different, the model gives bad results and disorption happens. These two parameters need to be decreased. The first calibration has permitted to identify which parameters have an influence on the model and to find a proper range of application of these parameters. Then, other events have been used to test the parameters and point out the possible weakpoints of the preliminary parameter set. To obtain better results, the flow limitation has to be increased in order to increase the water levels in filter 1 and 2; K2 has to be reduced to decrease the NH 4 -N removal peaks.

Statistical calculation and sensitivity analysis results

As described in the previous section, different statistics were calculated for each of the 220 simulations to evaluate the goodness of fit of the model. Amongst all statistics, the coefficient of efficiency and the time-weighted deviation give numerical evaluation of the goodness of fit.

The goodness of fit is considered weak if 𝐸 𝑗 is below 0.1 and the deviation is high [START_REF] Pálfy | Simulation of planted detentive filters treating urban stormwater[END_REF]. However, sensitivity analysis needs numerical quantification of goodness of fit. Therefore, we created a score from 1 to 5 for 𝐸 𝑗 and 𝐷𝐸𝑉 where 1 reflects a weak fitting and 5 a good one.

The score is calculated based on ranges set for 𝐸 𝑗 , 𝐷𝐸𝑉(COD) and 𝐷𝐸𝑉(NH 4 -N) subjectively but considering the legislative thresholds and measurement precision and not based on this study. The final score is based on the 𝐸 𝑗 score and is increased by one if the 𝐷𝐸𝑉 score is greater to the 𝐸 𝑗 score. The table below gathers the scores calculated for the 5 events (Event 16-19 and event 14) by filter site. The values are obtained with the parameters calibrated for the event 14. The final score represents the goodness of fit of the parameters for each event. We can see, based on Table 5, that the fitting of this simulation was good with a mean final score of 3.5/5 for COD and 3.33/5 for NH 4 -N. It can be seen that some 𝐸 𝑗 scores have been improved based on the timeweighted deviation scores (green final scores). For example, for E16 F2, 𝐸 𝑗 score was equal to 1 but since the 𝐷𝐸𝑉 score is greater (2), the final score has been increased to take into account both scores.

Two sensitivity analyses were carried out, one for NH 4 -N removal performances and one for COD removal performances. First, I will explain how the relevant parameters and their ranges were chosen, how the calculations were realized and then how the results were analyzed.

To obtain good results with the sensitivity analyses, ranges of the parameters must be chosen precisely taking into account calibrated values identified in the previous section and data from other research.

Our study will be based on the first calibration results and on the data obtained as part of the SEGTEUP project.

COD sensitivity analysis

For the COD SA, 15 parameters were chosen to vary from a range of four values. These parameters were selected based on the results of the first calibration and from research. Indeed, The relationship between inlet and outlet concentrations was defined based on results from the SEGTEUP project. Fig. 44 is the chart representing the relationship between in and out concentrations.

The same chart was used for Orage expect that after C2, the concentration is increasing. From Fig. 42, we clearly see the relationship between inlet and outlet concentrations for the SEGTEUP data which is not the case for the data from Marcy. The relationship is not visible and we observe that calibrated values are not adapted for all events. It can be noticed that most of the points are gathered between 90 g/m 3 and 130 g/m 3 . Since no inlet concentrations are above 250 g/m 3 , it is not possible to give to C2 the value of 265 g/m3. Since the measured data is not giving us more precision about values of K, ƞ1, ƞ2, C1 and C2 we decided to take ranges based on calibrated values. 

NH4-N sensitivity analysis

For the NH4-N SA, 21 parameters were chosen to vary from a range of four values. Data from SEGTEUP project cannot be used since the protocol of removal performance was not the same as the one developed in Orage.

The removal of NH 4 -N has two steps in the model: the adsorption during the load and the nitrification of adsorbed mass when the filter gets filled by the air again. It is difficult to use data measured at Marcy to identify the mass adsorbed because it takes into account the mass nitrified during the previous event. We decided to choose the ranges from the calibrated values (Table 8). 

Results of NH 4 -N SA

The goal of the sensitivity analysis is to identify parameters which have an effect on the output results of the model and those which have no effect. The first calibration allowed us to identify some important parameters. This analysis is done to confirm our thoughts. September 2015 Fig. 45 shows the results of two different statistics: Total nitrified mass compared to the measured and simulated peak moving average concentration.

As can be seen on the charts, two groups were identified. Group 3 gathers parameters with nonlinear effects with or without interactions with each other and group 1 gathers the parameters with negligible effect. Based on these charts, lots of parameters seem to be important.

Significant parameters depend on the statistics calculated. For the simulated nitrified masses the total area (A_tot) seems to be the most sensitive parameter and the gravitational water content (V_P_gr), the flow limitation (F_limit_base), the shortcutting threshold (h_e), the process layer porosity (tP) and the hydraulic conductivity (K) are the second most sensitive. These parameters have non-linear effects and may have interactions between each other's. The total area can affect the results since the mass nitrified depend on the NH 4 -N concentrations and thus the size of the filters. The flow limitation permits to control the retention time in the filter; it has also an effect on nitrified masses as the porosity of the process layer and the hydraulic conductivity. However, h_e doesn't seem to have an effect on nitrified masses, it only represents the shortcutting threshold water level.

Some parameters were changed during the calibration of NH 4 -N removal performances and proved to have a significant impact on the model but are considered negligible with the sensitivity analysis (such as A1, A2 and C1 which are adsorption parameters). Nevertheless, the analysis identified negligible parameters such as the height of the cross connection or the level of the wall which were supposed to have no impact on the NH 4 -N removal performances.

For the simulated peak MA CC, V_P_gr seems to be the most sensitive parameter and F_limit_base, A_tot, tP and K are the second most sensitive, while the others are relatively less sensitive. Same conclusions can be made for these results.

Results of COD SA

Fig. 46 shows the results of two different statistics: Simulated peak moving average concentration of COD and the simulated COD removal.
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From these charts, three groups of parameters can be identified: group 1 with negligible parameters, group 2 with linear effect without interactions and group 3 with non-linear parameters with or without interactions.

For the simulated peak MA cc of COD, the background COD concentration in the effluent (K) is considered as a parameter with linear effect and no interactions. It seems correct since K is a linear parameter influencing the CDO yield; it is a threshold value of outlet COD concentration. Three parameters are considered important with non-linear effect: Nu_1 and Nu_2 which are the removal performance for COD and C2 the threshold between Nu_1 and Nu2 (see Fig. 46). These parameters were changed during the calibration since they are influencing the model results. 

Conclusion

The first calibration of the core model has permitted to analyze and compare the simulated results to the field measurements from the full-scale site of Marcy-l'Etoile. The calibration was also used to test the reliability of the code regarding the hydraulics and the removal performances such as shortcutting simulations. A serie of four events was used to test the parameters and to calibrate the nitrification rate. This work helped us to identify some of the key parameters and variables of the core model and understand how the processes work. To obtain a robust model, a refining model calibration will be needed based on other measurements at Marcy-l'Etoile. The validation of the model will be done with the data measured on the four other full-scale sites.

A sensitivity analysis was carried out using the Morris method to identify the parameters influencing the output results of the model and to assess the goodness of fit. Results of the SA allowed us to identify significant parameters and also non-relevant parameters. We found out that parameters and their ranges must be set precisely because it has a major influence on the results.

The Morris method has revealed some limitations, since it cannot distinguish the non-linearity of a factor from the interaction with other factors. A more detailed analysis could be done to identify the interactions between the parameters of the model.

Working on the model and making a lot of simulations have permitted to identify and correct errors from the code and thus obtain a model fully operational.

Regarding my internship at Irstea, I enjoyed working on this important project which allowed me to monitor a full-scale site and make field measurements, analyze the data collected on the site and make statistical calculations and work on the core model which involves detailed mathematical processes.

This experience has been very positive from both a professional and personal perspective and allowed me to acquire knowledge in wastewater treatment and discover the world of scientific research. September 2015 
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 3 Figure 3 : Longitudinal profile of vertical flow constructed wetlandVFCW are widely used in France for the treatment of wastewater because they allow a good treatment of raw water and permit to retain and mineralize the sludge in the filter. They are also far more aerobic than horizontal flow constructed wetlands and provide suitable conditions for nitrification. In this report, we will only focus on VFCW, their design and the results obtained.
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 4 Figure 4 : Two stages of vertical flow constructed wetlandsThe role of the first stage is to remove organics and total suspended solids (TSS), treat carbon materials and start the nitrification (transformation of the ammonium nitrogen NH 4 -N into nitrate nitrogen NO 3 -N). Suspended solids are accumulated on the top of the filter bed and create a layer of sludge of 1.5 cm per year. The layer of sludge should be removed every 10 or 15 years.
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 6 Figure 6 : Retention soil filter and constructed wetland characteristics in Germany and France
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 98 Figure 9 : Equipment at Marcy-L'Etoile [Pictures from Daniel Meyer]
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 11 Figure 11 : Picture of feeding event at Marcy-l'Etoile
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 12 Figure 12 : Hydraulic loads received by filters at Marcy-L'Etoile during one year
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 13 Figure 13 : Removal performances of CSO-CW

Figure 14 :

 14 Figure 14 : NH4-N mass removed by events

Figure

  Figure 15 : Main tasks of the ADEPTE project
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 16 Figure 16 : Scheme of compartments and hydraulics in the model The model is composed of 13 user-defined parameters, 38 internal parameters, 19 calculated parameters and 47 variables. It simulates hydraulics and the removals of COD and NH4-N in the filter layer. The multiple processes involved in the modeling are governed by equations and laws which are used to model the hydraulics, the removal performances of COD, the adsorption of NH 4 -N and nitrification.
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 17 Figure 17 : Mathematical representation of COD removal in the model
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 18 Figure 18 : Scheme of shortcutting and plug-flow operation
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 19 Figure 19 : Adsorption removal performances
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 20 Figure 20 : NH 4 -N degraded in unit time step
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 21 Figure 21 : Steps of the model calibration
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 22 Figure 22 : Cumulative inflow and outflow measured at Marcy
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 23 Figure 23 : Change of the inflow rate for new cumulative inflow and outflow measurements
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 24 Figure 24 : Inflows and outflows of total COD, filtered COD and TSS Fig 25 shows inflow and outflow concentrations of NH 4 -N and NO 3 -N for E14.

Figure 25 :

 25 Figure 25 : Inflow and outflow concentrations of NH 4 -N and NO 3 -N
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 26 Figure 26 : Experimental arrangement of the tracer test
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 27 Figure 27 : Chart of the injection time of the tracer
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 28 Figure 28 : Steps of the calibration
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 29 Fig. 29 shows how to assess the importance of a factor using plots of σ versus µ*. The factors with low µ* (1) are considered negligible, the factors with high µ* and low σ (2) provide linear
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 29 Figure 29 : Plot of µ* versus σ
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 30 Fig. 30 represents both flow and rainfall distribution over time for the city of Embrun (mountain climate) with a coefficient of imperviousness equals to 30%.
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 30 Figure 30 : Flow and rainfall distribution for the city of Embrun with a 30% imperviousness coefficient
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 31 Figure 31 : First event calibration of the hydraulic parameters: Simulation 1
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 34 Figure 34 : First event calibration of COD removal performances: Simulation 4
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 35 Figure 35 : First event calibration of COD removal performances: Simulation 5
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 36 Figure 36 : First event calibration of NH 4 -N removal performances: Simulation 6
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 41 Figure 41 : Comparison between simulation and probes measurements for the first eventFig. 41 shows the comparison between the simulated NH 4 -N concentration and the probes measurements in both filters. The thin dark and light red lines are representing the simulation NH 4 -N concentration in filter 1 and filter 2 and the thick dark and light red lines are the probe measurements in filter 1 and 2.
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 42 Figure 42 : Comparison between simulation and probes measurements for the second event
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 45 Figure 45 : Morris results for total simulated nitrified masses (left chart) and simulated peak MA concentration (right chart)
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 46 Figure 46 : Morris results for simulated peak MA CC COD (left chart) and simulated COD removal (right chart)
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Table 1 : Land use and imperviousness coefficients Land use Imperviousness coefficient

 1 

	Scattered houses	25 to 40
	Residential areas	30 to 50
	Urbanized areas	50 to 75
	Industrial areas	50 to 80
	Commercial areas	70 to 90
	Streets and roads	70 to 90

Table 2 : Calibrated parameters for the hydraulic

 2 

	Variable	Description	Unit	Initial value	Calibrated value
	H_d_max	Maximum height of the drainage layer	m	0.500	0.3500
	F_limit_base	Flow limitation	m 3 /m 2 /h	0.0680	0.0584
	V_P_gr	Gravitational water content*	m 3 /m 3	0.1000	0.0333

* The gravitational water content represents the residual water content in the process layer after complete drainage.

Table 3 : Calibrated parameters for COD removal performances

 3 

	Inflow: total COD						Outflow: total COD
	Simulated Outflow : Total COD F1		Simulated Outflow : Total COD F2
	concentration									
	[g/m 3 ]									
	350									
	300									
	250									
	200									
	150									
	100									
	50									
	0									
	0	12	24	36	48	60	72	84	96	108 120 132 144 156 168 180 192
							event time [hours]
							26 January -04 February 2015
	Variable			Description			Initial value	Calibrated value
	ƞ1			Removal performance for COD		0.670	0.750
	ƞ2			Removal performance for COD		0.967	0.920
	C2			Threshold between ƞ1 and ƞ2		150	130
	COD_background		Background COD concentration			20	22

Table 4 : Calibrated parameters for NH 4 -N removal performances

 4 

			Inflow: NH4-N				Outflow: NH4-N
	concentration		Simulated Outlow : NH4 F1		Simulated Outflow : NH4 F2
	[g/m 3 ]								
	35								
	30								
	25								
	20								
	15								
	10								
	5								
	0								
	0	12	24	36	48	60	72	84	96 108 120 132 144 156 168 180 192
								event time [hours]
							26 January -04 February 2015
	Variable			Description			Initial value	Calibrated value
	A1		Slope of the adsorption isotherm		40	100
	A2		Slope of the adsorption isotherm		0.16	40
	K1		Constant of NH 4 -N adsorption for plug-flow		0.5	1
	K2	Constant of NH 4 -N adsorption for shortcutting	0.5	0.05
	C1	Threshold between A1 and A2	0.2	3.5
	H_e		Shortcutting threshold water level		0.25	0.28
	tP		Process layer porosity		0.33	0.305

Table 5 : Coefficient of efficiency and time-weighted deviation of each event

 5 

Table 7 : Description of the parameters used for COD SA Variable Description Unit Range min Range max F_limit_base

 7 

		Flow limitation	m 3 /m 2 /h 0.018	0.18
	V_P_gr	Gravitational water content	m 3 /m 3	0.01	0.16
	hD	Drainage layer depth	m	0.1	0.5
	tD	Drainage layer porosity	m 3 /m 3	0.2	0.4
	tP	Process layer porosity	m 3 /m 3	0.2	0.4
	A_tot	Total area	m 2	200	2000
	H_wall	Level from the filter to 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/m 3	1	70
	C2	Threshold between Nu_1 and Nu_2	g/m 3	70	200
	K	Background COD cc in the effluent	g/m 3	1	70
	Ts	Seasonal mean temperature	°C	5	25
	COD_background_D Background COD concentration	g/m 3	0	80

Table 8 : Description of the parameters used for NH 4 -N SA

 8 

	Variable	Description	Unit	Range min Range max
	F_limit_base	Flow limitation	m 3 /m 2 /h 0.018	0.18
	V_P_gr	Gravitational water content	m 3 /m 3	0.01	0.16
	hD	Drainage layer depth	m	0.1	0.5
	tD	Drainage layer porosity	m 3 /m 3	0.2	0.4
	tP	Process layer porosity	m 3 /m 3	0.2	0.4
	A_tot	Total area	m 2	200	2000
	H_wall	Level from the filter to 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	Shortcutting threshold water level	m	0.05	0.315
	K	Hydraulic conductivity	m/h	0.18	18
	D_filt	Filter depth	m	0.3	0.6
	Rho_media	Bulk density	kg/m 3	1	1.75
	K1	Constant of NH4-N adsorption for plug-flow -	0.05	1
	K2	Constant of NH4-N adsorption for shortcutting	-	0.05	1
	A1	Slope of the adsorption isotherm	m 3 /kg	5	500
	A2	Slope of the adsorption isotherm	m 3 /kg	1	100
	C1	Threshold between A1 and A2	g/m 3	0.5	5
	di	Nitrification rate coefficient	-	0.00001	0.025
	Ts	Seasonal mean temperature	°C	5	25
	NH 4 background_D	Background NH'-N concentration	g/m 3	0	10
	Rc	Rate sensibility	°C	7.21	104.04
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September 2015 Appendix 2: Orage parameters with default values

After we changed the parameters, simulated curves overlap well the measured one (Fig. 33). the calibration helped us to identify parameters that might have an effect on the output results of the model such as the removal performances parameters (ƞ1, ƞ2), the background concentration in the effluent (K) and also the threshold C1 and C2. Amongst these 15 parameters, some were chosen because their influence on the output results is not known.

Table 6 below gathers results from the first calibration and results from the research project SEGTEUP. However, for the SEGTEUP project, the relationship between inlet and outlet concentrations was a bit different due to design conception thus no value for ƞ2 is given. In order to obtain a range valid for our analysis, we need to take into account measured data at Marcy. Fig. 43 represents the chart of the inlet concentration in g/m 3 versus the outlet concentration in g/m 3 for both filters from E14 to E19 and data from the SEGTEUP project. For the simulated COD removal performances, K is also considered as a factor with linear effect and Nu_1, Nu_2, C1 (threshold between K and Nu_1) and C2 are factors with non-linear effects and/or interactions.

The relevant parameters for the COD SA are:

 K : Background COD concentration in the effluent  Nu_1 : Removal performance for COD  Nu_2 : Removal performance for COD  C1 : Threshold between K and Nu_1  C2 : Threshold between Nu_1 and Nu_2

These parameters were used for the calibration of COD performances; therefore the results of this analysis seem correct.

To conclude on the sensitivity analysis, non-relevant parameters were found for NH 4 -N SA whereas COD SA gave good results. We found out that the ranges are extremely important and must be set precisely based on measured values of different events. These analyses allowed us to identify parameters with no impact on the model and those with high influence on the results. Non relevant parameters could be set to a single value if they don't affect the model results.

Regarding the results of the SA, it was maybe not wise to take the same value as the maximum range of C1 and the minimum range of C2 because it affects the removal performances (ƞ1). Ranges of values for ƞ1 and ƞ2 are too wide and it affects the results of the SA. Another SA will be done with new ranges for some of NH 4 -N parameters. Better results are expected for NH 4 -N parameter, if not, maybe some parameters were not taken into account in the calibration of the model and may have big impact on the output results. We need to keep in mind that the calibration was made on a single event and it doesn't necessarily reflect the reality. 
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