B -Solid respirometry to characterize the nitrification kinetic: a better insight for modelling nitrogen conversion in vertical flow constructed wetlands *

Constructed wetlands (CW) are attractive system for wastewater treatment for small communities, but interactions between the removal processes are often badly understood. CW treatment performances may be improved at the cost of a better understanding of the complex geo-chemical phenomena occurring within the filter. Modelling of CW systems is a way to unravel the pollutant removal processes in the CW and improve their design. A modeling study with the HYDRUS/CW2D model was carried out on a French first-stage vertical flow constructed wetland (VFCW) system installed at Evieu (Ain). Characterizing the hydraulic properties of the filtering material of the VFCW is a prerequisite to model wastewater treatment using process based filtering models. The filtering material is composed of a mix of mineral porous material, and organic matter which makes its hydraulic characterization a difficult task. In this work, we present a combined laboratory, and in-situ approach to assess the hydraulic properties of the VFCW. The laboratory approach allows making a prior estimate of the local properties of the different VFCW constitutive layers. These prior estimates are subsequently refined using in-situ measurements, and inverse modelling using HYDRUS-1D code. The applied methodology with successive optimizations as well as a large range of experimental data led to a reliable hydraulic parameter set which allows simulating water contents at different depth within the VFCW with a good accuracy. We conclude that in-situ observations of hydraulic behavior in combination with inverse modelling are needed to represent consistently the hydraulic behavior of a VFCW. Before adding the biological modeling of the VFCW, we developed and validated an original method allowing measuring the nitrification rate at the different depths of the VFCW with variable contents of organic matter (sludge, colonized gravels). The method is specifically adapted for a matrix operated under partially saturated conditions and is based on respirometric principles. The obtained maximum growth rate coefficient for the autotrophic biomass in the different layers of the VFCW is critical inputs for the VFCW plant modelling. Once the hydraulic calibration carried out and some of the biological parameters assessed, the observed laboratory and field data were processed with the multi-component reactive transport module CW2D to simulate the degradation processes occurring in the operational VFCW system. Particular attention was devoted to the nitrogen fate and cycling processes (nitrification, adsorption, and denitrification). During a feeding period (3.5 days), influent fractionation was determine, influent and effluent concentrations were measured continuously (COD, NH 4 -N, NO 3 -N) as well as in-situ concentrations of oxygen contents. These measures have been used to fit the biological model. This work allowed to precise some kinetic parameters calibration in CW2D to agree the simulation with measured data. It allows pointing out the need to include some processes (ammonium adsorption). If mean efficiencies over a short period (2-4 h) is possible, we discuss the lacks of the model to obtain a good fitting on a shorter modeling step. Improvements in hydraulic, adsorption phenomena and solids entrapment are some examples.
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Waste water treatment is indeed a central issue in the water resources domain [START_REF] Asano | Planning and implementation of water reuse projects[END_REF]. Present global population levels are at the origin of a pressure of waste water on freshwater systems that must be reduced to maintain freshwater ecosystem functioning. Among the various sources of water contamination, eutrophication is one of the major issues of water quality degradation. Eutrophication is an aquatic ecosystem process that develops when the water body receives too many nutrients that can be easily assimilated by aquatic vegetation. Main nutrients causing this phenomenon are phosphorus and nitrogen (ammonium, nitrates and nitrites). When such nutrients are released in the water body, aquatic vegetation will overproliferate, which on their turn will reduce the oxygen status of the water body and finally result in overall water quality degradation. Wastewater from agricultural, domestic or animal origins that are rich in these nutrients must therefore be appropriately treated to reduce this eutrophication problem.

As an example, Table 1.1 presents the average pollutant concentrations in wastewater at a treatment plant entrance for small communities (< 2000 people equivalent (PE)). Different water polices can be developed, imposing different effluent thresholds such as the European domestic wastewater directive (DERU, 21 May 1991) which envisages a good ecological level of the water after treatment. In France, the ministerial decree from the 22 June 2007 gives the effluent threshold values that a treatment plant with a capacity between 200 and 2000 PE must achieve (Table 1.2).

Table 1.1: Influent characteristics of wastewater for small communities (< 2000 PE) (Average values; standard deviations (SD); and 90 % confidence intervals. Number of values between 2000 and 10000. Source: [START_REF] Mercoiret | Domestic wastewater characteristics in French rural areas: concentrations and ratios for treatment plant under 2000 population equivalent (120 kg of BOD 5 a day)[END_REF]. COD (mg.L -1 ) BOD 5 (mg.L -1 ) TSS (mg.L -1 ) KN (mg.L -1 ) NH 4 -N (mg.L -1 ) P total (mg.L Particularly due to its role in eutrophication, and potential toxicity to aquatic species, nitrogen is a nutrient of primary concern in the wastewater treatment process. Nitrogen is one of the most common contaminants in groundwater [START_REF] Heaton | Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: a review[END_REF], and high concentrations of nitrate nitrogen have long been recognized as a health hazard in drinking water [START_REF] Magee | Nitrogen as a potential health hazard[END_REF]. In wastewater, ammonium is typically the principal form of nitrogen. Present in wastewater by the ammonification of urea and organic nitrogen, ammonium is a strong oxygen consumer: 4.3 g of oxygen are necessary to nitrify one gram of ammonium nitrogen. The presence of ammonium nitrogen therefore promotes eutrophication. In addition, ammonium nitrogen is toxic to aquatic life at certain concentrations in relation to water temperature, salinity and pH [START_REF] Thurston | Ammonia toxicity to fishes. The effect of pH on the toxicity of the un-ionized ammonia species[END_REF]. Thus nitrification is the minimal nitrogen treatment step that has to be done in a wastewater treatment process. When it is necessary to remove the global nitrogen (eutrophication), it is advisable to recreate favourable conditions for the denitrification: an anoxic environment sufficiently rich in dissolved carbon easily assimilated by microorganisms.

For small and medium size communities (50 -5000 PE), wastewater treatment by constructed wetland (CW) plants has become an important treatment alternative in France. Currently, two main CW types exist to treat domestic wastewater: surface flow (SF) and subsurface flow (SSF) CWs [START_REF] Kadlec | Treatment wetlands[END_REF][START_REF] Kadlec | The inadequacy of first-order treatment wetland models[END_REF]. SF CWs are systems with a free water depth and dense vegetation. Typical water depths are of 0.4 m. SSF do not have free water. Compared to the previous systems, the contact surface between water, microorganisms and the media is more important in SSF CW systems, allowing reducing the surface area necessary for their installation [START_REF] Haberl | Constructed wetlands for the treatment of organic pollutants[END_REF] and increasing the treatment efficiency. Generally, to prevent clogging of the porous media, the use of traditional SSF CW is limited to pretreated wastewater, containing less particulate matter content. SSF CWs are divided into horizontal flow (HFCW) and vertical flow (VFCW) systems depending on the water flow direction through the porous media as well as the biological conditions. HFCW are saturated (anoxic) while VFCW are unsaturated (aerobic). These latter will be the subject of this study.

The two-stage VF constructed wetlands, an attractive technology

Wastewater treatment based on constructed wetlands (CWs) is an attractive technology for small communities (< 2000 PE) and is becoming more and more applied for medium size communities (< 5000 PE). As natural treatment systems, CWs require a large specific area compared to intensive technical solutions such as wastewater treatment by activated sludge, but lower than waste stabilization ponds. The simplicity of operation, its low cost and the reliability of treatment efficiency are often compatible with the limited resources that can be dedicated to wastewater treatment in these communities [START_REF] Kadlec | The inadequacy of first-order treatment wetland models[END_REF]. They provide also others additional benefits, including the acceptance of the fluctuation of the pollutant loads and fluxes and opportunities for treated water recycling and reuse [START_REF] Haberl | Constructed wetlands for the treatment of organic pollutants[END_REF]. CW design is based on an acceptable organic load, often expressed as a filter surface unity per people equivalent. Current recommendations suggest two treatment stages, with three units in parallel on the first stage and two for the second, as shown on the Figure 1.1. Work experience shows that the two stage French VFCWs allow to reach high level of organic matter treatment in terms of biological oxygen demand (BOD), chemical oxygen demand (COD) and total suspended solids (TSS)), and a quite complete nitrification of the Kjeldahl nitrogen (KN) load [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF]. In addition, when the altitude difference between the inlet and the outlet is sufficient, the system can work without provision of energy. The individual processes that occur in the filter are a mechanical filtration and a biological aerobic degradation by microorganisms that develop on granular materials. Figure 1.2 presents the material particle size profiles used for each stage. The first is filled with a material with coarser particle size than for the second stage, according to treatments carried out on each of the stages. TSS retained on the deposit surface are subject to mineralization (around 60 %) leading to an increase in the sludge content stored on filters of the first stage, with around 1.5 cm of sludge development per year [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF]. For not exceeding a 20 cm of sludge deposit, that would limit infiltration and oxygen renewal, the deposits are withdrawn after 10 to 15 years of operation. A rest period is necessary before sludge extraction in order to diminish pathogen content. In such cases, the sludge can be directly used on agricultural field as no metals are present in the sludge (which can be the case if the network collects wastewater from an industrial activity).

When the treatment objective implies a nitrate removal of the effluent, it is necessary to include a horizontal flow constructed wetland (HFCW) in the treatment chain. If implemented after the first stage instead of the second stage VFCW, [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF] showed that complete nitrogen removal cannot be maintained in cold season because of a lack of nitrification. If HFCW was implemented as a third stage, nitrification will be more complete, but denitrification rates will decrease due to a lack of carbon. As a consequence, the design of CW plants aiming at treating total nitrogen throughout the year is based on three stages SSF CW systems with a horizontal flow one between the vertical flow stage and a recirculation from the outlet to the inlet of the horizontal stage. This design increases the footprint of the plant as well as its cost (HFCW is generally designed on the basis of 2 m 2 .PE -1 ).

The operational objective in which this PhD study has been performed is consequently to improve nitrification on the first stage of the VFCW in order to develop, in future, total nitrogen removal CW plants using only two stages of treatment without recirculation. The reduction of the total footprint and cost of CW systems is also a big economical stake for its development. Before thinking to use specific material like zeolites, which will increase the construction cost, the first step is to better understand the nitrogen dynamics in the first stage of VFCW, fed with raw wastewater. This PhD work focuses on this part of CW treatment systems and adopts a modelling approach to study nitrogen dynamics on the VFCW.

VFCW: basic principles and technical aspects

Among the different CWs systems treating domestic wastewater, the two-stage VFCW is the most developed system in France. The main process originality is the direct feeding of the VFCW with raw wastewater on the first stage [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF]. No primary settling is necessary to cope with the TSS issue, allowing therefore an easier sludge management in comparison with technologies with primary sludge production. This system was developed by Cemagref more than twenty years ago [START_REF] Liénard | Domestic wastewater treatment in tanks with Emergent Hydrophytes: latest results of a recent plant in France[END_REF] and in 2004 more than 400 VFCWs were operational. The annual rate of new constructions was valued at more than 100 plants in 2003 [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF]. Nowadays we estimate that more than 2000 communities have been equipped with this treatment system. VFCWs are largely popular when nitrification and other strictly aerobic processes are required [START_REF] Langergraber | Constructed wetlands for water treatment[END_REF][START_REF] Kayser | Processes in vertical-flow reed beds: Nitrification, oxygen transfer and soil clogging[END_REF].

Separated and sealed filters are filled with materials of different size particles (gravel for first VF, sand for the second VF, see Figure 1.2) according to the quality of the wastewater that has to be treated and the treatment stage (Figure 1.3). They are planted with Phragmites australis. The raw wastewater (= influent) is spread intermittently by batches (after a temporary storage of wastewater) on the filter surface with a specific areal flow rate, by gravity (siphons) or by pumps. This batch feeding covers the entire filter surface and provides a good water distribution of the influent onto the filter surface. Moreover, it improves the TSS distribution and oxygen renewal (Forquet et al., 2009a). Each filter is fed for three to four days, alternately with the others. Therefore each primary stage unit receives the complete organic load during the feeding period. Water flowing vertically through the filter, is subjected to physical, chemical and biological treatments. The treated effluent is then drained (draining layer), collected by a drainage system and is channeled towards the second treatment stage. After this period, a rest period is required with a length twice longer than the feeding period for the first stage. This alternation of periods are fundamental for regulating the growth of the biomass that develops on the media, for restoring oxygen budget within the filter, and to promote deposit mineralization in order to reduce clogging risks (Liénard et al., 1990).

Table 1.3 resumes the specific characteristics to manage VFCW plants. 

First treatment stage

The design of the filter is based on acceptable areal loads onto the filter in operation. Table 1.4 presents the classical design loads for the first stage filters during dry weather flow. These acceptable loads lead to a surface area of about 1.2 m 2 .PE -1 for the three filters of the first stage. A national survey carried out by [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF] evaluates treatment performances. For the first stage of treatment, removal rate are about 80 % for COD, 92 % for TSS, but KN removal remains limited (60 %, [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF]. VFCW are also known to be able to accept load variations. Thresholds for hydraulic loads are presented in Table 1.5. Various plant species can be used for VFCWs, but generally macrophytes and particularly reeds (Phragmites australis) are preferred due to their resistance to environmental conditions (long flooding periods of the filter surface, dry periods, high organic matter contents) and the fast growth of their roots and rhizomes [START_REF] Brix | Treatment of wastewater in the rhizosphere of wetland plants -the root-zone method[END_REF].

Generally it is assumed that nutrient uptake by the vegetation growth plays a minor role in the wastewater treatment by VFCW. According [START_REF] Langergraber | The role of plant uptake on the removal of organic matter and nutrients in subsurface flow constructed wetlands: A simulation study[END_REF], for a domestic wastewater treatment plant, removal potential of the nitrogen and phosphorus loads by macrophytes is around 1.9 % of the received load. Therefore, the direct role of plants in nutrient assimilation is negligible. On the other side, macrophytes have generally the faculty to transfer oxygen formed by photosynthesis through roots and rhizomes, generating aerobic zones around the roots. The oxygen excess is released by small roots and quickly consumed by the oxygen local demand. The oxygenation during the winter period is very low. [START_REF] Brix | Do macrophytes play a role in constructed treatment wetlands?[END_REF] considers that a release of 0.02 gO 2 .m -2 .d -1 for Phragmites australis in winter. If we compare such oxygen provision to the loads applied (300 gCOD.m -2 .d -1 and 25-30 gKN.m -2 .d -1 ), it is obvious that the oxygen provision by macrophytes is negligible. In addition, oxygen convection and diffusion is a major issue (see section 1.2.5.).

Macrophytes play therefore mainly a physical role [START_REF] Grison | Epuration des eaux usées par filtres plantés de macrophytes: une étude bibliographique[END_REF] in SSF systems:

• By the stalk growth particularly, they reduce clogging risks. Water can thus pass through the various filter layers; • The root development increases the surface attachment for the microorganisms' development [START_REF] Brix | Do macrophytes play a role in constructed treatment wetlands?[END_REF]. They contribute also to provide a biodegradation of the organic part of the TSS and they release in the system some organic compounds with small weight, that can be easily degraded biologically; • The foliar cover seems to be a thermal insulator for cold seasons with an impact on treatment capacity [START_REF] Jenssen | Adapting constructed wetlands for wastewater treatment to northern environments[END_REF]. In the French system, the mechanical role of plants is by far the most important. The sludge deposit forms a layer that reduce both hydraulic and oxygen transfer capabilities. The stems that pierce this sludge layer increase the infiltration rate [START_REF] Molle | Effect of reeds and feeding operations on hydraulic behavior of vertical flow constructed wetlands under hydraulic overloads[END_REF] and oxygen transfers through the surface, once ponding is over.

Individual processes occurring in a VFCW

VFCWs are artificial physical-chemical and biological reactors, in which the biomass grows attached to the mineral media. Biomass is the main constituent responsible for the pollutant degradation but, if not controlled, it can influence the water flow and gaseous transfer and clog the filter. Indeed, biofilm, as organic matter accumulation, reduces the material porosity and permeability. To control the biomass, i.e. the biofilm and the accumulated organic matter, rest periods are introduced. Their role is to promote aerobic mineralization of the biomaterial. However, the biofilm presents many secondary advantages. According [START_REF] Flemming | Biofilms in environmental protecion[END_REF], the biofilm:

• Promotes the transfer of the nutrients of the liquid phase through the system;

• Protects the system against pH and salinity fluctuations, compression forces and drying; • Preserves genetic information, promotes the gene transfer due to the long retention time of the microorganisms in the system; • Creates ecological niches, anaerobic zones in aerobic areas for example. With in-situ gas content measurements carried out into a VFCW during one feeding period, [START_REF] Giraldo | Development of a conceptual model for vertical flow wetland metabolism[END_REF] pointed out that the oxygen content was not fully recovered when a new discharge occurred, leading to local anaerobic activity within the filter. • Plays a particular role in the specific sorption that will increase retention time of anions and cations. For example organic matter can adsorb ammonium [START_REF] Mcnevin | Adsorption and biological degradation of ammonium and sulfide on peat[END_REF]. The biofilm plays also a significant role in the adsorption of ammonium as it has been pointed out by [START_REF] Mc Bride | Modelling biofilm nitrogen transformations in constructed wetland mesocosms with fluctuating water levels[END_REF].

As a consequence phenomena implied in pollutant removal on VFCW systems are diverse (filtration, chemical, biological) and depend on various parameters such as water flow and oxygen transfers. According to the wastewater characteristics (solid or dissolved part, easily biodegradable or not, ionic strength, etc.), the influent is subject to various treatment mechanisms:

• TSS filtration more or less advanced according to the media pore size distribution and connectivity, the biofilm development and the sludge deposit; • Chemical transformations (sorption, precipitation) according to the mineral characteristics of the media and the properties of the organic matter; • Biological conversion along the filter of the organic matter and nitrogen contained in water, thanks to microorganisms present around the constituting media and reed roots. Biological mechanisms are briefly described below.

Biological and chemical processes

The quality improvement of the wastewater mainly occurs in the upper part of the filter. Indeed, TSS are mainly retained by the filtering material and engender a deposit layer (sludge deposit) on the filter surface which allows a slower infiltration and therefore a better effluent distribution. Reeds pierce the sludge deposit, allowing the water and air flows entrance [START_REF] Molle | Filtres plantés de roseaux : limites hydrauliques et rétention du phosphore[END_REF]. These conditions avoid the frequent and regular sludge extraction.

1.2.4.i. Endogenous respiration

Endogenous respiration expresses the oxygen consumption and the carbon dioxide (CO 2 ) production generated by the own microorganisms metabolism, for maintenance, not for growth. Respiration is thus a quantitative expression of the active biomass present in the system.

1.2.4.ii. Organic matter removal Generally, organic matter in wastewater is expressed in units of chemical or biological oxygen demand (COD or BOD 5 ). When it arrives on a VFCW it is exposed either to a total oxidation (mineralization), a biological assimilation, a conversion into other molecules, or no transformation. According to [START_REF] Henze | Activated sludge model N°1[END_REF], organic matter in wastewater can be represented by the following chemical composition: C 18 H 19 O 9 N. Organic matter mineralization can be described by the followings equations [START_REF] El Mossaoui | L'infiltration-percolation en traitement des eaux usées[END_REF] [Eq.1.2] Oxygen consumptions per gram of organic matter are calculated from these equations and are equal to 1.42 and 1.59 gO 2 .gOM -1 , respectively.

The sludge layer influences COD removal which is sensitive to the infiltration rate [START_REF] Molle | Filtres plantés de roseaux : limites hydrauliques et rétention du phosphore[END_REF]. This removal is subject to higher variations than TSS, particularly with low hydraulic loads in the presence of heterogeneous distribution of the sludge deposit, which can generate heterogeneous water flows into the filter. Nevertheless, even for organic loads higher than those normally accepted and even if there is a wastewater dilution by parasite water, the TSS and COD removals remain acceptable.

1.2.4.iii. Nitrogen removal

In wastewater, ammonium (NH 4 + ) and organic forms are typically the principal forms of nitrogen and come principally from human dejections. Kjeldahl Nitrogen (KN) represents the sum of organic nitrogen and ammonium nitrogen available in the influent. Biological treatments (assimilation, nitrification and denitrification) are the main mechanisms for nitrogen removal. Assimilation, necessary for the metabolism of microorganisms, represents a removal of about 25 % of the nitrogen in wastewater (5% of the amount of BOD 5 eliminated). This fraction is largely superior as compared to the assimilation for maintaining the reed plants (see above). The organic nitrogen is rapidly subject to the ammonification process (transformation through enzymatic hydrolysis into ammonium) by heterotrophic bacteria before being nitrified. Nitrification is the oxidation of ammonium nitrogen into nitrates by autotrophic microorganisms in the presence of oxygen. The simplified nitrification chemical equation is written as:

NH 4 + + 2O 2 → 2H + +H 2 O+NO 3 - [Eq. 1.3]
This reaction proceeds in two successive steps:

-The nitritation, oxidation of ammonium ions into nitrites carried out by nitrous bacteria (Nitrosomonas);

NH 4 + + 3/2 O 2 + H 2 O NO 2 -+ 2 H + [Eq. 1.4]
-The nitratation, oxidation of nitrites into nitrates carried out by nitric bacteria (Nitrobacter).

NO

2 -+ ½ O 2 NO 3 - [Eq. 1.5]
Nitrification process is summed up by [START_REF] Burvingt | Cinétique de nitrification, étude bibliographique[END_REF] Consequently, the oxidation of 1 g of NH 4 -N requires theoretically 4.18 g of oxygen and produces 170 mg of biomass.

It is necessary to promote nitrification because it is a preliminary step for denitrification, which occurs under anoxic conditions and consists in nitrate transformation into gaseous nitrogen in order to complete the nitrogen cycle and finally release a product perfectly harmless. The global equation for denitrification follows: For 1 g of nitrified nitrogen there is a production of 1.8 g of biomass. An alternative solution is the reuse of the effluent just after the nitrification step as a fertilizer taking advantage of the high nitrate concentration.

O + CO + N + N O H C O H + NH + NO + N O H C 2 + + 4
However, while TSS and COD removal appears relatively stationary, the nitrification efficiency on the first stage is variable. Ammonium and particular nitrogen removal rates are more sensitive to feeding conditions. Some important variations are recorded (50 to 95 %) according to hydraulic and organic loads received by VFCWs. Despite nitrification efficiency is not significantly correlated to treatment plant age or its depth, an improvement of the Kjeldahl nitrogen (KN) removal is observed over the years. Moreover seasonal variations of nitrification efficiency are observed. Winter period is the worst period for the biologic activity, with a lower sludge deposit mineralization and low temperatures. Nitrification is probably the first process to be affected by these restrictive conditions [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF].

On the other hand, [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF] pointed out the difficulty to evaluate the real efficiency of nitrogen removal due to its storage in the system (water, material, plant, and biomass).

Assessing nitrogen mass balances is a difficult task because of the ammonium storage during the feeding period and nitrate release after the rest period. As a consequence, due to its high sensitivity to oxygenation and functioning conditions, nitrification appears to be a significant indicator for improving pollutant removal performances in this system.

In summary, there is a need of oxygen to carry out biodegradation for these three mechanisms following:

• Endogenous respiration of biomass;

• COD consumption; and

• Autotrophic nitrification.

Pollutant load removal is generally expressed by the total oxygen demand (TOD). This oxygen demand is determined by the concentrations in COD, and ammonium and organic nitrogen in influent and effluent. To remember, TOD = COD + 4.57*KN [START_REF] Henze | Activated sludge model N°1[END_REF]. 4.57 mg of O 2 are needed to eliminate 1 g of KN by nitrification, and previously, we saw that 4.18 mg of O 2 are used to produce nitrates. Moreover, generally, more than 81 % (i.e. 3.38 mgO 2 ) of the oxygen consumed is transformed in nitrate form.

VFCW aeration: transport, consumption and oxygen renewal

A key element in VFCW functioning is the aeration quality of the system allowing an important aerobic biodegradation. VFCWs are not water saturated but fed alternately by batches and regulated by a succession of feeding and rest periods. As a result, there is an important temporal variation of the concentration of the different elements constituting the filter gaseous phase. As proposed by Vasel (2003), the aeration of a VFCW is ensured by: • Oxygen convection within the filter linked to the water flow brought by intermittent feedings; • Oxygen diffusion from the filter surface and aeration chimneys to the porous space. It is linked to the oxygen concentration gradient between the atmosphere and the filter; • Supply in the dissolved form in the influent that depends from temperature and pressure, with for instance a maximal concentration of about 10 mg.L -1 at 10°C. It is negligible in comparison with the TOD; • Macrophytes roots, during the oxygen production by photosynthesis. This supply is negligible.

Therefore, air flux within the filter, and consequently the oxygen supply are mainly convective and diffusive types.

Molecular diffusion takes place, either through the filter surface between two batches when the surface is not flooded and during rest periods, or by passive aeration systems allowing aeration by the filter bottom (drainage layer connected to the atmosphere by aeration chimneys for example). Three parameter groups influence principally the oxygen diffusion [START_REF] Ménoret | Traitement d'effluents concentrés par cultures fixées sur gravier ou pouzzolane[END_REF]):

• The soil structure which directly determines the porosity and pore connectivity;

• The soil moisture and the clogging stage which influence the porous space size free to the air path; • The temperature which hinders the possible exchanges when it is too low.

Air convection within the filter is the consequence of the feeding by batches, which is directly related to the water flow within the unsaturated filter. The entering water pushes the gas present in the porous filter and creates at the same time an aspiration effect of atmospheric air when the filter surface desaturates (Forquet et al., 2009a). Nevertheless, the air volume replaced with convection is inferior to the water volume entering in the filter during a batch. Indeed, the creation of local areas with high and low pressures during the water infiltration has been observed. These areas suggest that convective mass transport within the gaseous phase is buffered within the filter.

In addition, many authors carried out gas tracer measurements in order to evaluate the hydraulic behavior in subsurface CW. [START_REF] Schwager | Transport Phenomena in Intermittent Filters[END_REF] simulated oxygen transport in sand filters intermittently fed with MOFAT [START_REF] Kaluarachchi | Modeling multicomponent organic chemical transport in three-fluid-phase porous media[END_REF], a method for modelling multicomponent organic chemical transport within multiphase flow, without reactive transport. Simulations are used to assess oxygen flux by convection and diffusion in the ten first filter centimeters. Results showed that, between two feedings oxygen mainly enters into the porous media via diffusion. The recent studies led by Kayser and Kunst (2004) and by [START_REF] Laber | Bepflantze Bodenfilter zur weitergehenden Reinigung von Oberflächenwasser und Kläranlagenabläufen[END_REF] demonstrated indeed that diffusion is the most important phenomenon and convection was overestimated in various previous studies. Nevertheless, [START_REF] Forquet | Diphasic Modelling of Vertical Flow Filter[END_REF] showed that convection is greatly influenced by hydraulic load and ponding. [START_REF] Petitjean | Diphasic transfer of oxygen in vertical flow filters: A modelling approach[END_REF] compared the operation of French second stage VFCW with the Austrian VFCW regarding oxygen renewal. Their designs mostly differ by the applied loads. Conclusions show that in the former set-up oxygen income by convection dominates, while in the latter diffusion is the main oxygen renewal process.

During a feeding period, the oxygen concentration of the gaseous phase varies globally as follows [START_REF] Kayser | Processes in vertical-flow reed beds: Nitrification, oxygen transfer and soil clogging[END_REF]Kunst, 2004, Ménoret, 2001):

• At equilibrium, the oxygen content represents nearly 21 % of the gaseous phase (oxygen content in atmosphere) at every depths; • The phase following the feeding is marked by an oxygen content fall, in reference to its consumption during the nutrient biodegradation and the endogenous respiration; • An oxygen renewal phase follows which has to be sufficient to have aerobic conditions for the rest of the feeding period.

The system re-oxygenation capability is also influenced by the grain size distribution [START_REF] Langergraber | Simulation of subsurface flow constructed wetlands, results and further research needs[END_REF]. Oxygen content varies according to depth. [START_REF] Ménoret | Traitement d'effluents concentrés par cultures fixées sur gravier ou pouzzolane[END_REF] highlighted that water movements have a little impact on re-oxygenation in the upper part of the filter (5 to 10 first centimeters of the filter), which is the principal place of biodegradation and transformation (Kayser and Kunst, 2004). Indeed, the first centimeters of the filter are governed by a high diffusion coefficient which allows a good oxygenation of the upper part. Yet, no detailed study was carried out so far allowing studying the effect of the sludge layer on oxygen renewal for the particular case of French first stage VFCW.

1.2.5.i. Oxygen transfers toward the biomass

The interface between the biofilm and the gaseous phase presents generally a liquid phase (residual moisture). Therefore, according [START_REF] Ménoret | Traitement d'effluents concentrés par cultures fixées sur gravier ou pouzzolane[END_REF], gas transfer towards the biofilm takes place in three steps:

• A fast step of oxygen transfer at the liquid surface;

• The liquid-gas interface crossing; this step can be represented by the molecular diffusion through a liquid thin thickness; • The oxygen transfer into the liquid mass by diffusion and convection. 1.2.5.ii. Gas content variation within the VFCW The biomass distribution is directly linked to the spatial distribution of the organic matter which presents some high vertical variations. Consequently, the biomass will mainly be developed in areas with high organic matter and high atmospheric air provisions. These conditions are present close to the filter surface. Oxygen and carbon dioxide contents present thus high spatial variations. Within the filter, many phenomenon and forces can generate gaseous fluxes:

• Spatial variation of the molar fraction of one element;

• Variation of pressure gradients;

• Movements generated by some differences in density of elements forming the gaseous phase.

During the feeding period, convection is driven by pressure gradients. On the contrary, the pressure gradients decreasing during the rest period, it is possible to ignore convective movement during the rest period. Gas moving is thus mainly due to the creation of concentration gradients. Molecular diffusion generates gas flux towards lower concentrations in all directions.

All these processes depend on the ability of water and oxygen to flow through the porous filter media. As a consequence the accumulated biomass within the media is of great importance. This is directly linked to the clogging risk of the system 1.2.6. Clogging

The VFCW clogging may have various causes and may result in a considerable reduction of the infiltration capability. Clogging limits infiltration rate of the influent and creates temporarily ponding water at the surface. As a consequence, the gaseous phase cannot be renewed easily through the surface and the oxygen content decreases drastically [START_REF] Langergraber | Evaluation of substrate clogging processes in vertical flow constructed wetlands[END_REF]. The main mechanisms which can generate clogging are described below.

-TSS accumulation (physical clogging)

According to the TSS quantity and the particle size distribution of the media, a variable storage of particles on the filter surface and in the media porosity is observed. The storage of these particles has an influence on the porosity distribution and consequently generates a more or less significant reduction of filter permeability. The effective hydraulic porosity is affected and clogging processes appear [START_REF] Langergraber | Evaluation of substrate clogging processes in vertical flow constructed wetlands[END_REF]. In literature few data are available concerning the maximal TSS acceptable load.

-Organic load and sludge overproduction (biological clogging)

According to [START_REF] Ménoret | Traitement d'effluents concentrés par cultures fixées sur gravier ou pouzzolane[END_REF], biological clogging is generated by the occupation of the media porosity by the biomass and sub-products coming from the metabolism of microorganisms.

Clogging occurs if the sludge production from organic load removal is higher than the biomass decay rate [START_REF] Langergraber | Evaluation of substrate clogging processes in vertical flow constructed wetlands[END_REF].

The difficulty to define a limit is that clogging depends on:

• The TSS and organic loads and their nature (easily biodegradable or not);

• The particle size distribution of the media;

• The feeding and resting strategies.

As VFCW systems are used in different ways (primary, secondary treatment, continuous or batches feeding, with or without rest period) and using different filter media (gravel, sand …) it is difficult to estimate the clogging limits. Moreover clogging is never well described. In French system, ponding appears during a batch feeding. This is a normal way of functioning.

The clogging results in a continuous ponding between batches. But a daily ponding does not mean that the filter is definitively clogged. The appropriate management of the feeding resting period can allow recovering acceptable infiltration rates.

Despite the good treatment performances obtained nowadays on VFCW plants and the important optimization progresses concerning the design and the management of these treatment plants, the nitrification efficiency on the first stage still remains incomplete. At Cemagref, ongoing researches are still carried out to increase performances. Due to the interaction between each processes and the fact that these systems are seasonal dependent, the study of nitrification by pilot and/or real scale experiment is necessary. Nevertheless [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF] highlighted that treatment efficiency may be improved at the cost of a deeper analysis and a better understanding of the biological processes which take place in VFCWs. But, local performances within the VFCWs are ill-known, particularly because of the lack of biologic investigations methods [START_REF] Langergraber | Simulation of subsurface flow constructed wetlands, results and further research needs[END_REF]. It is thus essential to study more accurately nitrification processes taking place in these unsaturated systems, and to understand their limits to optimize the design procedure. Therefore it is suggested to improve the modelling of VFCWs as way to unravel process understanding.

VFCW modeling 1.3.1. Limitations of the CW modelling

CWs are engineered systems designed for optimized treatment conditions found in a natural environment using a complex mix of water, material, plants, litter and a large variety of microorganisms (especially bacteria). On the other side, VFCWs are usually fed intermittently in order to provide a good influent distribution, oxygen diffusion and an adequate retention time as well as a limited clogging in the same time. The large number of physical, chemical and biological processes operating simultaneously and influencing each others makes the CWs difficult to understand. Despite the numerous studies carried out to investigate the performances of treatment by CW, these systems are still difficult to understand and predict. They are often considered as "black boxes". They suffer from a lack of knowledge of the various interactions between soil, vegetation, water and microorganisms. The most widely used approaches and optimizations for VFCW design are based on empirical rules inferred from the experience of the designers. Examples include the use of a specific surface area [START_REF] Brix | Guidelines for vertical flow constructed wetland systems up to 30 PE. Økologisk Byfornyelse og Spildevandsrensning[END_REF], or the use of a simple first-order model derived from the difference of the concentrations in nutrients between the influent and the effluent [START_REF] Kadlec | Treatment wetlands[END_REF][START_REF] Rousseau | Model-based design of horizontal subsurface flow constructed treatment wetlands: A review[END_REF]. However, [START_REF] Kadlec | The inadequacy of first-order treatment wetland models[END_REF] showed already that first-order decay models are inadequate, highlighting the need to consider the variably saturated conditions in the reactive transport models which represents a large complexity in comparison of models used for saturated conditions (Langergraber et al., 2009a).

With numerical models, it may be possible to get a better understanding of biological and chemical transformation and degradation processes which takes place in VFCWs and therefore to improve their design and operating criteria [START_REF] Langergraber | Simulation of the treatment performance of outdoor subsurface flow constructed wetlands in temperate climates[END_REF]. Recently some mechanistic models have been developed for VFCWs, allowing including different hydraulic and reactive processes descriptions in the modeling concepts [START_REF] Rousseau | Model-based design of horizontal subsurface flow constructed treatment wetlands: A review[END_REF].

Dynamic VFCW modelling

During the last years, an increase of processes modelling describing water flow and organic matter transfer within unsaturated VFCWs has been carried out. Use is made of simulation tools with various complexity levels allowing to better understand processes which take place inside CWs [START_REF] Langergraber | Modeling of processes in subsurface flow constructed wetlands: A review[END_REF]. The subsurface transport of contaminants is generally affected by a large number of physical, chemical and biological processes that often are interactive and no linear. Consequently, Simunek et al. (2006) advises to simulate these processes using reactive transport codes which integrate the unsaturated water flow, the convective-dispersive transport, with biodegradation processes.

Seven mechanistic or process based models have been recently published to describe the reactive transport under variably saturated conditions and that can be used for the VFCW modelling (Langergraber and Simunek, 2005 (HYDRUS/CW2D); [START_REF] Mcgechan | Estimating inorganic and organic nitrogen transformation rates in a model of a constructed wetland purification system for dilute farm effluents[END_REF][START_REF] Freire | Continuous and intermittent loading of a vertical flow constructed wetland for an azo dye treatment[END_REF][START_REF] Ojeda | 2D simulation model for evaluating biochemical pathways involved in organic matter removal in horizontal subsurface flow constructed wetlands[END_REF][START_REF] Wanko | Simulation of biodegradation in infiltration seepage -Model development and hydrodynamic calibration[END_REF]Giraldi et al., 2010 (FITOVERT)).

They have been developed for VFCWs in order to consistently connect the different hydraulic and reactive processes (Table 1.6) For describing the variably saturated water conditions, the Richards equation was used by Simunek et al. (2006, HYDRUS package), [START_REF] Wanko | Simulation of biodegradation in infiltration seepage -Model development and hydrodynamic calibration[END_REF] and Giraldi et al. (2010, FITOVERT package). [START_REF] Freire | Continuous and intermittent loading of a vertical flow constructed wetland for an azo dye treatment[END_REF]Mc Gechan et al. (2005) opted for a more simplified model. An equivalency of several reactors, combining completely stirred reactors and dead zones mimics the fate of water through the different vertical layers of a CW. [START_REF] Ojeda | 2D simulation model for evaluating biochemical pathways involved in organic matter removal in horizontal subsurface flow constructed wetlands[END_REF] proposed the diphasic air-water flow approach, that was first experimentally studied by [START_REF] Forquet | Diphasic Modelling of Vertical Flow Filter[END_REF] [START_REF] Giraldi | FITOVERT: A dynamic numerical model of subsurface vertical flow constructed wetlands[END_REF] and Petitjean et al. (submitted) model. The bio-geochemical CW2D module incorporates all chemical species and degradation kinetics occurring in the wastewater treatment process (Langergraber and Simunek, 2005), and uses a biokinetic approach as in the ASM model [START_REF] Henze | Activated Sludge Models ASM1, ASM2, asm2d and ASM3. IWA task group on mathematical modelling for design and operation of biological wastewater treatment[END_REF];

For the fate of NH 4 -N, most of the CW models include NH 4 -N production by hydrolysis of organic nitrogen, and removing by integration into new cells (heterotrophic growth), and conversion into NO 3 -N under aerobic conditions by nitrification that is further converted into N 2 under anoxic conditions by denitrification (Langergraber et al., 2009a). Those models were using a biokinetic ASM-like model [START_REF] Henze | Activated Sludge Models ASM1, ASM2, asm2d and ASM3. IWA task group on mathematical modelling for design and operation of biological wastewater treatment[END_REF]. Additionally, Mc Bride and Tanner (2000) and Langergraber et al. (2009a) considered a sorption process onto organic matter for ammonium (Freundlich isotherm and linear equilibrium, respectively), including a rapid adsorption with immediate equilibrium [START_REF] Sikora | Ammonium removal in constructed wetlands with recirculating subsurface flow: Removal rates and mechanisms[END_REF] maintained all along a feeding batch-period [START_REF] Giraldo | Development of a conceptual model for vertical flow wetland metabolism[END_REF].

Model choice

Comparing the complexity of these various models, as well as their level of description of biochemical transformations of carbon and nitrogen solutes, growth/decay of biomass, the HYDRUS/CW2D model appears to be reasonably complex but realistic to simulate VFCW behavior, tested many times for hydraulic model and user-friendly. Nevertheless its use for the optimization of the design and operating conditions of VFCW still requires more realistic predictions [START_REF] Langergraber | Simulation of the treatment performance of outdoor subsurface flow constructed wetlands in temperate climates[END_REF]. Moreover, contrary to Mc Gechan et al. (2005) and [START_REF] Freire | Continuous and intermittent loading of a vertical flow constructed wetland for an azo dye treatment[END_REF] models, HYDRUS/CW2D takes into account the reactive transport of carbon, nitrogen and phosphorus compounds, making it appropriate for water flow modelling, transport of the various solutes and biochemical phenomena taking place within the VFCWs as well. Concerning the nitrogen species, various transformations can occur in the unsaturated zone: nitrification, denitrification and adsorption mechanisms (Langergraber et al., 2009a). Organic nitrogen may be transformed to NH 4 -N and NH 4 -N or NO 3 -N may be assimilated by microorganisms. NH 4 -N may be sorbed by organic matter or nitrified to NO 3 -N under oxygenated conditions. In the absence of oxygen, NO 3 -N may be converted to N 2 through denitrification. A traditional VFCW operated with alternating periods of wetting (application of wastewater) and drying (no application) introduces sequentially anoxic and aerobic periods. Therefore, both aerobic and anoxic processes take place and the nitrification process needs to be understood to be able to optimize VFCW treatment plant design. [START_REF] Giraldo | Development of a conceptual model for vertical flow wetland metabolism[END_REF] showed that sorption is one of the most important ways for the COD removal. Moreover, previous experiments carried out by [START_REF] Sikora | Ammonium removal in constructed wetlands with recirculating subsurface flow: Removal rates and mechanisms[END_REF] demonstrated rapid initial ammonium adsorption in studies of experimental constructed wetlands with fresh pea gravel. Accordingly, Mc Bride and Tanner (2000) included sorption processes in the model that they used. While FITOVERT does not consider the nitrogen adsorption process, HYDRUS/CW2D does. Many modelling studies carried out with HYDRUS concerned natural soils (Jacques et al., 2005[START_REF] Jacques | Modelling coupled water flow, solute transport and geochemical reactions affecting heavy metal migration in a podzol soil[END_REF][START_REF] Jiang | Modelling water flow and bacterial transport in undisturbed lysimeters under irrigations of dairy shed effluent and water using HYDRUS-1D[END_REF]) and most of them on water flow during rainfall events [START_REF] Dittmer | Simulation of a subsurface vertical flow constructed wetland for CSO treatment[END_REF][START_REF] Zhang | Developing a reliable strategy to infer the effective soil hydraulic properties from field evaporation experiments for agro-hydrological models[END_REF], but its use for VFCW is relatively recent (10 years) and consequently its use is little documented (Langergraber and Simunek, 2005;Toscano et al., 2009). In comparison to previous searches, this study aims modelling VFCW receiving raw wastewater, and contrary to the ordinary matrix used, as fine sand, the main filtering is a coarse material (gravel).

1.4. Improving existing models of VFCW with in-situ and ex-situ experimental investigations

1.4.1. Problem statement
Due to model complexity and hence the low parsimonious status, the HYDRUS/CW2D model calibration/parameterization remains a complicated task. The parameter calibration is necessary and particularly important for models simulating the pollutant species behavior into CWs (Giraldi et al., 2009) where literature values for ASM parameters refer to growth of the biomass only in suspension. This calibration will be more accurate if the hydraulic model is previously properly calibrated.

Hydraulic model: methods for estimating the hydraulic parameters

An accurate calibration of the hydraulic model is essential before to test the entire model in order to get reliable simulations of VFCW systems [START_REF] Langergraber | Calibration of a simulation tool for subsurface flow constructed wetlands for wastewater treatment[END_REF]. The numerical solution of the flow equation in HYDRUS requires a detailed knowledge of the partially saturated hydraulic properties in the considered porous medium. These properties are difficult to estimate because both hydraulic functions are highly non-linear and variable in space. Both direct and indirect methods exist for assessing the hydraulic properties of partially saturated porous media. They can be applied at the laboratory and at the field scale, or at both. For example the constant or falling head method [START_REF] Klute | Hydraulic conductivity and diffusivity: laboratory methods[END_REF][START_REF] Heaton | Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: a review[END_REF][START_REF] Reynolds | Constant head well permeameter (vadose zone)[END_REF] for the hydraulic conductivity determination can be applied on soil cores in the laboratory or in the field using cylinder infiltrometers (Dane and Topp, 2002). However, the direct hydraulic characterization requires restrictive initial and boundary conditions, which limit their practicability in the field. Even though laboratory direct methods are more accurate, most of the time, parameters obtained from these experiments may not be representative for field conditions and there is no common procedure to transpose the hydraulic properties obtained from laboratory experiments into field hydraulic properties [START_REF] Russo | Analyses of infiltration events in relation to determining soil hydraulic properties by inverse problem methodology[END_REF][START_REF] Ritter | Using inverse methods for estimating soil hydraulic properties from field data as an alternative to direct methods[END_REF]. The difference between laboratory and field assessments can be explained by differences in support volume and measurement scale, differences in structural status (e.g. different composition of macropores), occurrence of hysteresis, etc. [START_REF] Schuh | Comparison of a laboratory procedure and a textural model for predicting in situ soil water retention[END_REF][START_REF] Basile | Hysteresis in soil water characteristics as a key to interpreting comparisons of laboratory and field measured hydraulic properties[END_REF]. In-situ measurements are therefore considered as more appropriate for assessing the hydraulic properties of partially saturated porous media [START_REF] Zou | Estimation of depth averaged unsaturated soil hydraulic properties from infiltration experiments[END_REF][START_REF] Ramos | Estimation of soil hydraulic properties from numerical inversion of tension disk infiltrometer data[END_REF]. This is especially true with constructed wetlands where the impact of the reeds on the hydraulic characteristics of the filter can not be easily measured at the laboratory scale.

Indirect methods often rely on inverse modelling, and are particularly suited for in-situ assessments of hydraulic properties [START_REF] Beven | Equifinality, data assimilation, and uncertainty estimation in mechanistic modelling of complex environmental systems using the GLUE methodology[END_REF][START_REF] Hopmans | Simultaneous determination of water transmission and retention properties. Inverse methods[END_REF][START_REF] Vrugt | Effective and efficient algorithm for multiobjective optimization of hydrologic models[END_REF][START_REF] Minasny | Estimating soil hydraulic properties and their uncertainty: The use of stochastic simulation in the inverse modelling of the evaporation method[END_REF][START_REF] Lambot | Inverse modelling techniques to characterize soil transport processes[END_REF]Simunek et al., 2006;[START_REF] Durner | Effective hydraulic properties of layered soils at the lysimeter scale determined by inverse modelling[END_REF]. Inverse methods offer adaptable experimental procedures and impose less restrictive boundary conditions as compared to the direct methods. They can therefore be applied on transient flow experiments (e.g. [START_REF] Kool | Parameter estimation for unsaturated flow and transport models -A review[END_REF], and include many indirect measurement variables in the objective function. Moreover, with inverse modelling, both the hydraulic conductivity and water retention characteristics are assessed simultaneously from a single flow experiment. In addition, in contrast to direct methods, parameter uncertainty can be assessed rigorously with inverse modelling [START_REF] Kool | Parameter estimation for unsaturated flow and transport models -A review[END_REF]. Further, hydraulic parameters inferred from inverse methods are often more effective for describing transient flow in real flow systems. Unfortunately, inverse problems are often ill-posed and can suffer from convergence problems [START_REF] Russo | Analyses of infiltration events in relation to determining soil hydraulic properties by inverse problem methodology[END_REF]. Notwithstanding this, inverse based approaches are largely recommended according to [START_REF] Durner | Effective hydraulic properties of layered soils at the lysimeter scale determined by inverse modelling[END_REF]. Examples of the successful estimation of the hydraulic properties of soil by inverse methods are given by e.g. [START_REF] Kool | Parameter estimation for unsaturated flow and transport models -A review[END_REF], [START_REF] Romano | Use of an inverse method and geostatistics to estimate soil hydraulic conductivity for spatial variability analysis[END_REF], [START_REF] Lambot | Inverse Estimation of Soil Hydraulic Properties from Transient Flow Experiments using Global Optimization by Multilevel Coordinate Search[END_REF], [START_REF] Hopmans | Simultaneous determination of water transmission and retention properties. Inverse methods[END_REF], [START_REF] Ritter | Analysis of alternative measurement strategies for the inverse optimization of the hydraulic properties of a volcanic soil[END_REF], [START_REF] Mertens | Sensitivity of soil parameters in unsaturated zone modelling and the relation between effective, laboratory and in situ estimates[END_REF], [START_REF] Verbist | Using an inverse modelling approach to evaluate the water retention in a simple water harvesting technique[END_REF], among many others.

The development of methods for assessing the hydraulic properties of partially saturated porous media is an active field of research in the soil hydrological community, but only few studies deal with the characterization of the hydraulic properties of particular porous media such as the gravels and sands mixed with biomass in VFCW systems. Giraldi and Iannelli (2009) carried out a laboratory scale experiment to assess the saturated hydraulic conductivity of the material in a VFCW. They combined these measurements with generic estimates of the shape parameters. Subsequently they modeled the water content distributions as measured with capacitance probes within laboratory columns and a VFCW pilot plant. With these methods they can simply and rapidly identify the real layout of vertical systems, and consequently highlight operation failures. Moreover they managed to assess the unsaturated hydraulic parameters for the main layers (gravel layers) of a vertical flow bed using only water content measurements and saturated hydraulic conductivity. [START_REF] Toscano | Modelling pollutant removal in a pilot-scale two-stage subsurface flow constructed wetlands[END_REF] assessed the hydraulic parameters using the inverse simulation proposed by the HYDRUS-2D software (Simunek et al., 1999). They used outflow measurements of a pilot-scale VFCW (secondary treatment) as input data. However, they did not compare the results with laboratory assessments. The simulation study of flow resulted in good correlations between the measured and simulated effluent flow rates for two successive loads. Similarly, [START_REF] Maier | Calibration of hydraulic parameters for large-scale vertical flow constructed wetlands[END_REF] used an inverse method, considering a global optimization based on a stochastic search strategy of parameters. The hydraulic calibration was also carried on the outflow rate measurement of two VFCWs filled mainly with a mixture of expanded clay and sand. They maximized the fit between observed and simulated filter discharges and revealed potential parameter correlations between some hydraulic parameters. Another experiment, done on a laboratory sand column, used both water content and suction measurements to constrain the inversion [START_REF] Forquet | Diphasic Modelling of Vertical Flow Filter[END_REF].

Hence, several studies reported on the assessment of the hydraulic properties of VFCWs, but no study compared the performance of different hydraulic assessment methods for the particular case of VFCWs. In addition, no study has been reported allowing evaluating the different assessment procedures for the specific case of the Cemagref type VFCW, where a sludge layer develops at the filter surface.

1.4.3. Biological model 1.4.3.i. Need of calibration of the parameters Biological parameters were largely studied for wastewater components in activated sludge but little research has been done on calibration of the parameters for CWs (Henrichs et al., 2007).

A large standard bio-kinetic and stoichiometric parameter set is available in literature for the CW2D calibration (Langergraber and Simunek 2005), and most of the values come from the ASM1 model (Henze et al., 1995), except for the nitrification step (Nowak, 1996). This calibration set has been used and adapted for effluent concentration simulation with VFCW but it has to be notified that for low temperatures, predicted effluent COD and NH 4 -N concentrations are quite inaccurate mainly because hydrolysis and nitrification processes are overestimated [START_REF] Langergraber | Modeling of processes in subsurface flow constructed wetlands: A review[END_REF]. Calibration or initialization can be the main causes. To get the parameter set, calibration has traditionally been carried out with pilot units through specific and well-controlled experiments under constant operating conditions (Gernaey et al., 2001;Munz et al., 2008). However, values obtained in these conditions are not totally reliable. First of all, it is difficult to carry out the same configuration and to mimic the same functioning for a pilot unit than a full-scale unit. Another reason concerns experiments and calculations often based on constant coefficients. But, many of these parameters vary in time, over long periods, and few change considerably over a limited time period. Factors as system configuration, operating conditions, dynamics of microbial populations, temperature, pH, etc., affect parameter values of the process. This is particularly true in the French system where the loads (raw wastewater) and the operating conditions (feeding/rest periods) produce high biomass dynamic within the filter.

Moreover, while the parameter values can change over a period of few days, influent characteristics can significantly change in few hours, above all for small communities. As influent composition affects considerably the model behavior, the difficulty of the model calibration is magnified (Henrichs et al., 2007).

On the other hand, examining the sensitivity, variability and uncertainty of the ASM model, Jeppsson (1996) noticed that nitrification and denitrification parameters are the most sensitive compared to COD. Therefore, in this study relating specifically to nitrification, the maximum specific growth rate of autotrophic microorganisms is a key parameter on the nitrification process. Its calibration as well as biochemical kinetic calibration is particularly important, since literature values for CW2D parameters refer to growth of the biomass in suspension with a fix sludge age.

A research concerning the development of experimental methods aiming at assessing the biochemical parameters of ASM models and more precisely nitrification parameters is necessary [START_REF] Langergraber | Modeling of processes in subsurface flow constructed wetlands: A review[END_REF]. No technique is currently available (Langergraber and Simunek, 2005) and selecting the ideal index for the study of the biological activity from VFCW samples is tough.

1.4.3.ii. Ex-situ experiences with respirometry (biodegradability of wastewater, parameters determination)

Respirometric methods provide real-time monitoring of the oxygen uptake, and consequently the biodegradation intensity of the nitrification rate can be measured (Ginestet et al., 1998). It is a useful investigative technique of biological systems. It has been identified as the best tool to estimate the biochemical dynamics within VFCWs [START_REF] Giraldi | FITOVERT: A dynamic numerical model of subsurface vertical flow constructed wetlands[END_REF], and consequently to calibrate ASM models used in the CW domain. It is an appropriate mean aiming at characterizing the biodegradability of the concerned matrix. During the biological reactions, the oxygen use and the carbon dioxide production is linked to the metabolic activity and to the organic matter degradation [START_REF] Adani | The determination of biological stability of composts using the Dynamic Respiration Index: The results of experience after two years[END_REF]. The respective rate of the reactions depends on substrate characteristics (quantity and type of biodegradable organic matter) and environmental conditions (temperature, aeration and moisture content).

This technique was successfully developed in domains of composting and proposed for control of suspended growth biomass for twenty years [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF][START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF][START_REF] Spanjers | Respirometry as a tool for rapid characterization of wastewater and activated sludge[END_REF]Vanrolleghem et al., 1999;Ziglio et al., 2001). The main goal is the determination of the rate of oxygen consumption (quantity of oxygen consumed by microorganisms by units of volume and time) by an environmental matrix (sludge, organic waste, soil, etc.) under different operating conditions (temperature, with or without substrates, etc.).

Determining the parameters

During respirometric tests, actual conditions are not reproduced but optimal conditions are searched in order to characterize the maximal biodegradation kinetics of the biomass present in the matrix. Therefore, respirometric measurements must only depend on intrinsic parameters of the microbial activity as the biomass content, biodegradable organic matter concentration, etc. environmental conditions (temperature, moisture, etc.). The oxygen provision has also to be as constant and homogeneous as possible to provide favorable conditions to the biodegradation and not affect kinetics during the measurements [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF].

More specifically, regarding the nitrification study and thanks to optimal conditions (quantities of oxygen, ammonium and phosphorus not limiting), we can assess the maximum conversion rate of the nitrogen species. Consequently, among the different equations of the nitrification rate (Eq. 1.9 and 1.10, see Appendix II), only the maximum aerobic growth rate of the nitrifying bacteria Nitrosomonas and Nitrobacter, µ AN,s and µ ANb , respectively, as well as their concentrations in the liquid phase, c XANs and c XANb , respectively, have to be determined.

XANs IP IP ANs, IP 4 NH 4 NH ANs, 4 NH 2 O 2 O ANs, O ANs AN AN n nitritatio 2 c c + K c c + K c c + K c µ Y Y = dt dO 2 4.57 ⋅ - - [Eq. 1.9] XANb ANb N, 2 NO 2 NO ANb, 2 NO 2 O 2 O ANb, O ANb AN AN n nitratatio 2 c f c + K c c + K c µ Y Y = dt dO 2 4.57 ⋅ - - [Eq. 1.10] With IP IP ANb, IP 4 NH 4 NH ANb, 4 NH ANb N, c + K c c + K c = f
Under no-limiting conditions, Eq. 1.9 and Eq. 1.10 become:

XANs ANs MAX n nitritatio 2 c dt dO ⋅ = µ _ [Eq. 1.11] XANb ANb MAX n nitratatio 2 c dt dO ⋅ = µ _ [Eq. 1.12]
While respirometry is widely used for calibrating ASM-like models (Spanjers et al. 1998), the application for studies on samples of CW is new and few experiments are available at the moment. A method to carry out some respirometric test for measurement of VFCW biological activity in terms of kinetics of oxygen consumption, in-situ carbon dioxide production and organic matter degradation is developed by [START_REF] Giraldo | Development of a conceptual model for vertical flow wetland metabolism[END_REF]. It is also shown that the degradation rate of dissolved organic matter is dependent on its concentration and oxygen content in the gaseous phase. This technique could be applied to samples collected at different VFCW depths allowing us to assess µ AN , c XAN and Y AN (the cellular yield coefficient) parameters for each vertical layer. A comparison between measured and simulated data in relation to carbon and nitrogenous matters could thus be done. Consequently, calibration of the CW2D model could be more precise and some model assumptions confirmed or not. But this respirometric method based on semi-static oxygen uptake measurements from wetland samples requiring much more efforts for their extended use as standard calibration tool.

Types of respirometric methods

Various methods exist for measuring the biological activity of sludge. In the context of solid organic matter biodegradation, only the concepts concerning carbon oxidation by heterotrophic biomass were presently considered [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF]. Methods consist either measuring the oxygen consumption, measuring the heat produced by these oxidations or, carrying out some chemical analysis (details presented in Appendix III). These methods are validated and largely used to measure the activity of liquid materials (activated sludge), but there is a lack in literature for the measure of solid materials. Moreover liquid respirometry (saturated media) is not suitable for the study of the unsaturated matrix of VFCW systems because operating conditions do not reproduce processes and constraints linked to the gaseous oxygen (moisture, media particle size, etc.).

We studied literature dedicated to the stability of compost [START_REF] Lasaridi | Windrow composting of wastewater biosolids: Process performance and product stability assessment[END_REF][START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF]. Despite the fact that a lot of methods (physical, chemical, biological) have been proposed to determine the biological stability in solid media, there is no general consensus on the use of one commun technique. Respirometric tests are known to be the most reliable methods to measure the biological stability [START_REF] Lasaridi | Windrow composting of wastewater biosolids: Process performance and product stability assessment[END_REF][START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF] as they are a direct measurement of the microbial activity [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF].

A large number of indices exist to characterize and describe the stability and the reactivity of sludge and/or compost. According to the various studies, many different operating conditions are recommended (ideal moisture, experiment length, index units).

Table 1.7 presents the main operating conditions for some methods used for the biological activity of compost, activated sludge as well as wastewater from VFCW. Proposed methodologies differ in many key aspects as the phase in which the oxygen measurement is carried out, the respirometry type, sample quantity, water content, essay temperature and length (Appendix IV). Moreover, result expression (oxygen uptake rate or cumulative oxygen consumption) and units (based on dry or volatile solids contained into the sample) depend on method used for index determination [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]. 
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Wastewater from VFCW The main differences of the different tests consist of:

The analyzed phase. Various tests can be used: oxygen uptake, measurement of dissolved oxygen concentration, change of the carbon dioxide rate [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]. [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF] declared that this latter measurement can not be used to assess a respiration index of compost. Consequently, methods based on the oxygen uptake rate are preferred to estimate the potential biodegradability of solid organic waste [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF].

The air supply. Respirometric tests based on the oxygen consumption can be divided between static and dynamic methods in relation to the oxygen consumption measurement carried out without (static) or with (dynamic) a continue aeration of the biomass [START_REF] Scaglia | Respiration index determination: dynamic and static approaches[END_REF][START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. The choice depends also on the studied media activity: for low activity, static respirometry is recommended and dynamic ones for high activity.

• Static methods consist in oxygen consumption measurement into a closed container without continuous supply. They induce a transfer limitation through the biomass and bacterial cells; • Dynamic methods, that use a continuous supply of oxygen, have the advantage to minimize the effect of the oxygenation limitations, and can be used for high rate of oxygen uptake and large mass of organic matter.

The output results. Different results are usually calculated. A popular method uses the dynamic respiration index (DRI, [mgO 2 .kgVS -1 .h -1 ]). A method based on BOD was also suggested by [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF] Using two indices, measuring the specific oxygen uptake rate (SOUR, [mgO 2 .gVS -1 .h -1 ]) and the oxygen demand in twenty hours (OD 20 , [mgO 2 .gVS -1 ]), is more accurate for a large and longer biological stability. The dry specific oxygen uptake rate (DSOUR) for a dry solid sample is calculated by [START_REF] Iannotti | Quantitative respirometric method for monitoring compost stability[END_REF].

The cumulative oxygen uptake recorded during 96 h (four days) (AT 4 , [gO 2 .kgDM -1 ]) and the DRI are recommended as parameters for the compost stability estimate (European Commission, 2001;Barrena et al., 2009).

Limits of the existing methods

Due to the transfer limitation through the biomass and bacterial cells, dynamic methods are preferred rather than static methods. Moreover, methods measuring the oxygen content in the liquid phase are considered to be biased for unsaturated matrices. Hence, only methods measuring gaseous oxygen content are suitable. Therefore, only three methods presented in Table 1.7 could be used or adapted to evaluate respiration from VFCW samples [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF][START_REF] Scaglia | An index for quantifying the aerobic reactivity of municipal solid wastes and derived waste products[END_REF][START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF]. However, the methods proposed by [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF] and [START_REF] Scaglia | An index for quantifying the aerobic reactivity of municipal solid wastes and derived waste products[END_REF] were not retained here because their device does not use an air recirculation system which could generate poor mixed conditions and limiting oxygen rates. The most suitable method for assessing the biodegradability of wastewater and determining biological parameters in VFCW systems should therefore resemble to the [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF] device (Appendix V).

Objectives of the research

The objective of the present work is to set-up a numerical model predicting carbon and nitrogen concentrations in treated water of a VFCW filled with gravel as a way to unravel the hydraulic and biologic processes determining the VFCW functioning. One of the key issues will therefore be to determine numerical values of the hydraulic and biological parameters of the VFCW system.

The key research questions are:

• How can the hydraulic parameters of a VFCW be assessed?

• How can the biological parameters related to the nitrification step of VFCW be assessed?

The operational benefit is to better define the operating limits of a VFCW, particularly in relation to the nitrification step on the first stage of a waste water treatment process. This work will help to optimize the system design in relation to its application domain (water type, collecting network, geographical zone) and to anticipate rules and regulation evolution in relation to the river quality improvement.

The adopted approach is therefore to implement and to calibrate the HYDRUS/CW2D model (Langergraber and Simunek, 2005), that initially was developed for a VFCW system filled with sand. The challenge is to simulate, on a different matrix and more accurately, the domestic wastewater treatment by VFCW. The experimental approach to improve this model is carried out at two scales:

-At the laboratory-scale, biological turn-over parameters are refined thanks to a respirometric device aiming to quantify bacterial activities of nitrogen transformations (nitrification), and hydraulic parameters are determined for the different matrix layers part of the VFCW system. -At the treatment plant scale, the first stage of a SSW system is monitored. This monitoring is done for the VFCW plant of Evieu (Ain, France) built in 2003 and treating wastewater of 100 PE. The treatment plant characteristics are given in [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF]. This system is subject to a regular monitoring by the Cemagref since its start-up.

Its first stage will be subject to a detailed monitoring, supporting the model implementation and validation.

Outline of the thesis

The second chapter of this work is dedicated to the hydraulic modelling of the VFCW of the Evieu plant. In a modelling context, knowing the water flows and hydrodynamic inside a VFCW is essential to better understand and improve its functioning. In addition it is the first step for a global modelling (hydraulic and biological) of this system. To carry out this modelling, some hydraulic parameters have to be determined. The first part of this section concerns the hydraulic parameter assessment. We compare the VFCW hydraulic properties estimated by laboratory direct and inverse methods and those obtained by inverse modelling using water content and outflow data collected from a VFCW. The aim is to determine the most appropriate method in order to estimate the best hydraulic parameters for a VFCW system. Water content evolution within the VFCW is obtained by TDR probes. At the end of this part, the hydraulic modelling is presented. Calibration of these probes is presented in chapter 3.

We designed an experimental technique aiming at estimating the concentration in autotrophic biomass, and its kinetic and stoichiometric parameters. The fourth chapter of the thesis presents a new respirometric method aiming at measuring biological process parameters of models like HYDRUS/CW2D (Langergraber and Simunek, 2005) and particularly in connection with nitrification process in unsaturated porous media of samples taken from VFCW. These latter are required for the next step, the biological modelling of the studied VFCW. Various operating conditions were studied to determine the biodegradable organic matter quantity and the nitrification capacity. Special attention is devoted to the assessment of the robustness of the method. Therefore, with these biological parameters a better biological modelling allows a better understanding of biological and chemical transformation and degradation processes which take place in VFCWs.

The last part of the thesis concerns the calibration of the biofilm model of HYDRUS/CW2D to predict biodegradation behavior and nitrification essentially in the VFCW. Initial conditions and nutrient fractionations were determined with specific protocols (some of them determined with the respirometric method). A comparison between simulated data and experimental measurements carried out in the effluent of the VFCW of Evieu is presented. Model limits and possible improvements are discussed for gravel VFCW.

Chapter 2

On the characterization of the hydraulic properties of the filtering material of a Vertical Flow Constructed Wetland *

Abstract

Characterizing the hydraulic properties of the filtering material of a VFCW is a prerequisite to model wastewater treatment using process based filtering models. The filtering material is composed of a mix of mineral porous material, and organic matter which makes its hydraulic characterization a difficult task. In this chapter, we present a combined laboratory, and in-situ approach to assess the hydraulic properties of a French VFCW installed at Evieu. The laboratory approach allows making a prior estimate of the local properties of the different VFCW constitutive layers. The prior estimates are subsequently refined using in-situ measurements, and inverse modelling using HYDRUS-1D code. Laboratory experiments consisted on both direct (sand box, pressure chamber experiments and permeameter) and inverse estimation of hydraulic parameters (evaporation method). In-situ measurements were based on 5.5 days monitoring of the full-scale filter using 24 TDR probes installed at different depths. The applied methodology with successive optimizations as well as a large range of experimental data led to a reliable hydraulic parameter set which allows simulating water contents at different depth within the VFCW with a good accuracy. We conclude that in-situ observations of hydraulic behavior in combination with inverse modelling are needed to represent consistently the hydraulic behavior of a VFCW. Yet, in order to avoid the illposedness problem of inverse modelling schemes, the number of parameters that should be estimated with the inverse modelling should be minimal (suggesting fixing for instance the saturated water content based on local scale porosity measurements). In addition, local scale laboratory measurements should be used to initialize correctly the inverse problem.

Introduction

This chapter is dedicated to the hydraulic modelling of the VFCW of the Evieu plant with the HYDRUS model, and particularly to hydraulic parameter determination. As presented before, several studies reported on the assessment of the hydraulic properties of VFCWs, but no study compared the performance of different hydraulic assessment methods for the particular case of VFCWs. In addition, no study has been reported allowing evaluating the different assessment procedures for the specific case of the Cemagref type VFCW, where a sludge layer develops at the filter surface. Hence the first part of this section concerns the hydraulic parameter assessment. We compare the VFCW hydraulic properties estimated by laboratory direct and inverse methods and those obtained by inverse modelling using water content and outflow data collected on a French VFCW. The aim is to determine the most appropriate method in order to estimate the best hydraulic parameters for VFCW. Water content evolution within the VFCW is obtained by TDR probes. Calibration of these probes is also presented. In the end of this part, the hydraulic modelling of the VFCW is presented.

In this chapter, we compare the hydraulic properties of the first stage of a Cemagref type VFCW, as estimated by laboratory direct and inverse methods as well as by inverse modelling using water content and outflow data collected on a VFCW. The objective is to determine the most appropriate method in order to estimate the best hydraulic parameters for such a VFCW.

Materials and methods

The studied Vertical Flow Constructed Wetland

The Evieu wastewater treatment plant (Ain, France) comprises a sequence of vertical and horizontal subsurface flow constructed wetlands. The plant is in operation since 2004. It was originally designed for 200 PE, but currently only 100 PE are connected. As a consequence, the filter surface has been divided in two to work at full capacity. The first stage is made up of three VFCWs receiving raw wastewater. Only a mechanical screening using a 5 cm mesh screen is made in the pump sump at the plant inlet. Each filter is fed according to a feeding/rest regime of 3.5/7 days. The effluent from this first stage is then connected to a second pump sump and separated between vertical and horizontal flow constructed wetlands of the second stage according to the experimental objectives [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF]. All the constructed wetlands are planted with Phragmites australis.

This study focuses on one of the filters of the first stage. The selected vertical filter (28 m², 2.9 m wide and 9.7 m long) is designed according the French recommendations. From the bottom to the top it contains a 15 cm thick drainage layer (grain size of 30-60 mm), a 10 cm transition layer (grain size 15-25 mm) and a 60 cm gravel layer (d 10 = 2.46 mm; d 60 /d 10 = 1.39; average porosity of 40,4 %). As the filter is working at nominal load since 8 years, a sludge layer of about 20 cm has been developed at the top of the filter. The VFCW is fed by a raw wastewater by batches of 5 cm, at a rate of 1.23 m 3 .h -1 .m -² on average. Eight distinguished batches per day occur during dry weather. Water is drained by a drainage pipe of 160 mm diameter (0.42 m of pipe per m²) which allows a passive aeration from the bottom as well.

In-situ monitoring of the hydraulic behavior of the VFCW

The hydraulic behavior of the VFCW was monitored to estimate the hydraulic parameters of the VFCW using inverse modelling.

To monitor the water content within the VFCW, a set of 24 time domain reflectometry (TDR) probes were installed one year before the experiment took place in order to limit disturbance on measurements. Six installation pits were dug in the VFCW, and 4 probes were installed at different depths in each pit (Figure 2.1). Pits were filled up after probe insertion. Based on preliminary observations, sludge and gravel proportion varies according to filter depth. Biomass growth and solid entrapment into the gravel porosity become more limited with depth. Thus many layers may be differentiated, each having different hydraulic behaviors. To perform inverse modelling, we hypothesized that the VFCW is composed of 4 horizontal layers (from top to bottom): the sludge deposit (layer 1, h 1 = 20 cm of thickness), colonized gravels with biomass (layer 2, h 2 = 20 cm of thickness), colonized gravels with less biomass (layer 3, h 3 = 20 cm of thickness), and almost clean gravels (layer 4, h 4 = 20 cm of thickness).

Probes were inserted at different depths corresponding to this layering. They were connected through multiplexers to a TDR100 signal generator/analyser (Campbell Scientific TM ) and results were recorded using a CR1000 datalogger (Campbell Scientific TM ). Measurements were made at a time interval of 1 minute all along the monitoring campaign, including the 3.5 batch feeding days and the two first days of the rest period. In this study, the hydraulic properties of the sludge and gravel layers of the VFCW are modelled using the van Genuchten-Mualem closed-form expressions [START_REF] Van Genuchten | A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[END_REF][START_REF] Mualem | A new model for predicting the hydraulic conductivity of unsaturated porous media[END_REF]:

θ (h)=θ r + θ s -θ r [1+ (αh) n ] m [Eq. 2.1]
with h > 0 and m= 1-1/ n ; h (L), the actual pressure head; θ r and θ s (L 3 /L 3 ), the residual and the saturated volumetric water contents respectively; α (1/L) and n (-), the fitting scale and shape parameter; and

K (θ )=K S S e λ [ 1-( 1-S e 1/ m ) m ] 2 [Eq. 2.2]
with S e (-)= ( θ-θ r ) / ( θ s -θ r ) , the effective fluid saturation; K s (L/T), the saturated hydraulic conductivity; and λ (-), the pore size distribution factor.

The moisture retention equation (Eq. 2.1) contains four independent parameters (θ r , θ s , α, and n); while the hydraulic conductivity equation (Eq. 2.2) comprises the saturated hydraulic conductivity (K s ) and the Mualem pore connectivity parameter (λ). According to [START_REF] Ritter | Using inverse methods for estimating soil hydraulic properties from field data as an alternative to direct methods[END_REF], λ has a small sensitivity to model flow. Consequently, this parameter was fixed to 0.5. In order to limit the total number of parameters to be assessed during the inversion, and following [START_REF] Ramos | Estimation of soil hydraulic properties from numerical inversion of tension disk infiltrometer data[END_REF], we set θ s for gravel equal to the total porosity. The total porosity can be easily calculated from the dry bulk and particle densities [START_REF] Flint | Porosity[END_REF]. Setting θ s equal to the total porosity is questioned in several studies, suggesting that θ s might be smaller than the total porosity due to entrapped air or the presence of flow irregularities [START_REF] Wessolek | Analysing problems in describing field and laboratory measured soil hydraulic properties[END_REF][START_REF] Richard | Comparison of inverse and direct evaporation methods for estimating soil hydraulic properties under different tillage practices[END_REF]. However, we hypothesized that this is particularly true for smaller textured porous media or natural soil. Consequently, we fixed θ s,gravel to the total porosity and only optimized the θ s,sludge .

To assess the remaining parameters of Eq. 2.1 and 2.2, different parameter assessments were developed, based on both laboratory and in-situ measurements. The parameter assessment strategy is summarized in Table 2.1. Consequently, seven samples were extracted using PVC cylinders (diameter = 15 cm, height = 11 cm): one sample from layer 1; two samples from layer 2; and three samples from layer 4. The drainage layer was not studied, assuming that its role for the hydraulic behavior of the filter can be neglected.

Determination of saturated hydraulic conductivity

To directly estimate the saturated hydraulic conductivity (K s ) of the samples collected from the VFCW, the constant head soil core method (CHSCM) [START_REF] Klute | Hydraulic conductivity and diffusivity: laboratory methods[END_REF][START_REF] Heaton | Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: a review[END_REF][START_REF] Reynolds | Constant head well permeameter (vadose zone)[END_REF] was applied. This technique is suitable for measuring the hydraulic conductivity at saturation of highly permeable materials like sand and gravels (10 0 to 10 -5 cm.s -1 ). The sample cores were saturated by placing the samples in a tank filled with water for a 24 h period before measuring K s .

Water retention curves

After determining K s , undisturbed subsamples were extracted from samples using stainless steel rings of 100 cm 3 . A sand box [START_REF] Stackman | Determination of soil moisture retention[END_REF] was used to determine the water retention at low suctions up to 10 kPa (0.1, 1, 3.2 and 6 kPa). Subsequently, samples were moved into a pressure chamber for determining water retention at high suctions up to 1.5 MPa (0.025, 0.1 and 1 MPa). The van Genuchten-Mualem model (Eq. 2.1) was fitted to the experimental water retention data using the RETC program [START_REF] Van Genuchten | The RETC Code for Quantifying the Hydraulic Functions of Unsaturated Soils[END_REF]. Because θ s was fixed using the porosity value, only the residual water content, θ r and the shape parameters α and n were fitted for layers 2 and 4.

Evaporation method

The evaporation method is a transient inverse technique for determining the unsaturated hydraulic conductivity and water retention curve at the laboratory scale [START_REF] Wind | Capillary conductivity data estimated by a simple method[END_REF][START_REF] Ciollaro | Spatial variability of the soil hydraulic properties of a volcanic soil[END_REF][START_REF] Santini | Evaluation of a laboratory inverse method for determining unsaturated hydraulic properties of a soil under different tillage practices[END_REF][START_REF] Hopmans | Simultaneous determination of water transmission and retention properties. Inverse methods[END_REF]. The method inverts the governing flow equation using measured transient evaporation rates from a saturated soil sample.

The evaporation method was applied on the samples directly after the saturated hydraulic conductivity measurements when samples were still saturated. The samples were sealed at the bottom and subject to a free-evaporation boundary condition at the top, i.e. air humidity and temperature were not controlled. Two TDR probes were inserted at two different depths (at 0.03 m from the top, TDR A, and 0.03 m from the bottom, TDR B) according to Figure 2.2. Each TDR probe comprises three rods (100 mm length, 3 mm internal diameter, spacing between the rods 15 mm). TDR measurements were performed using the Tektronix TM 1503B oscilloscope. The relationship between dielectric constant and water content was obtained by a soil specific calibration. Samples were weighted two to three times per day at the beginning of the experiment and only one time per day when the evaporation rate stabilized. Once daily losses became negligible (less than 10 mg of water evaporated in 24 h), the experiment was stopped. 1D is accomplished using the Levenberg-Marquardt nonlinear minimization method [START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF].

2.2.3.iii. Inverse modelling using in-situ measurements

We did not use all data from the in-situ monitoring but selected one particular batch recorded at night, which has a long drainage period. On the one hand, we reduced the size of the data set to perform faster optimization. On the other hand, the selected batch presents a large water content variation and thus permits better hydraulic parameter estimation. Hydraulic parameters optimized from the evaporation experiment were used as starting values for the inverse modelling of in-situ water content data using HYDRUS-1D. The flow domain in all cases correspond to a vertical column of 80 cm height, composed of four materials: the sludge layer (00-0.20 m), the first gravel-sludge layer (0.20-0.415 m), the second gravel-sludge layer (0.415-0.605 m) and a last layer practically exclusively composed of gravel (0.605-0.80 m).

The transition and drainage layer have been assumed to be negligible related to flow. The one-dimensional mesh used for simulations consisted of 101 nodes. The top boundary condition is a time-dependent atmospheric boundary condition. Wastewater load duration and flow rate are specified while evaporation is neglected. If the incoming flow rate exceeds the infiltration capacity, the ponding of water above the surface is taken into account. The bottom boundary condition is a seepage face. The five van Genuchten-Mualem parameters (θ r , θ s_sludge , α, n and K s ) were estimated simultaneously, for each vertical. To avoid ill-posedness problems, the parameters were estimated layer by layer, from top to bottom.

Furthermore to evaluate the robustness of the initialization, inverse modelling of the in-situ data was initialized with hydraulic parameter estimations from the direct laboratory experiments and with parameter estimations from generic parameter data bases available in the HYDRUS software.

2.2.3.iv. A global set of parameters

Once layer hydraulic parameters were optimized for each vertical trench, we integrated the parameters from the different vertical trenches to obtain a single parameter set for each layer. Both spatial variability and inverse uncertainties are considered in this integration step. Before combining parameters into a single data set, outliers were removed. For each parameter, inversion results give a mean value and a standard deviation. The variation coefficient of the standard deviation of each parameter for each layer was used to discriminate outliers. This coefficient of variation was calculated for each layer according to:

∑ ∑ = = =               ∑ - N j ij N j N j ij ij i N N N = CV 1 2 1 2 1 2 2 1 1 1 σ σ σ [Eq. 2.3]
with i, the studied parameter; j = 1:N, the position index, with N the number of vertical trenches (i.e. N = 6); and 2 ij σ , the standard deviation of the parameter value i, for a given layer and position j, provided by the in-situ data inversion. A variation coefficient superior to 1 means that one or many standard deviation values are more than one time superior to the average of the standard deviations. Therefore these values are not taken into account in the assimilated parameter set. Negative parameter values were also removed.

Assuming that parameter values are normally distributed, we combined the parameter set of a given layer for the different vertical trenches into one parameter set with mean and standard deviation given by Eq. 2.4.

∑ N = i i GD X N = 1 1 µ ; ∑ = N = i i GD N 1 2 2 1 σ σ [Eq. 2.4]
with i = 1:N, the number of vertical trenches; µ GD , the mean of the global distribution; X, the mean of the local distribution; 2 GD σ the standard deviation of the global distribution; and σ i , the standard deviation of the local distribution.

Model validation

Subsequently to the parameter identification from inverse modelling using a single batch, hydrodynamic modelling and modelling parameters were validated by the direct application of the HYDRUS 1D model on the remaining part of the monitoring data set. The flow domain and boundary conditions were identical to those used for in-situ data inversion. Initial conditions can be specified either in terms of water content, or pressure head. It is generally advised to specify initial conditions in terms of pressure head since this variable is the driving force for water flow (Radcliffe and Simunek, 2010). In this study only water content data were available (TDR probes) and only at some VFCW depths. We used the following procedure to obtain a realistic and continuous initial pressure head profile: (i) we started from a hydrostatic pressure distribution and simulated several feeding batches separated by the average drainage time in order to achieve a pseudo-permanent state; (ii) once the pseudopermanent state was reached, we selected the time for which the water content profile matches the experimentally observed initial water content. The corresponding water pressure profile was finally considered as initial condition for the simulation of the VFCW during the monitoring period.

Results and discussion

Parameter optimization

2.3.1.i. Laboratory experiments

Based on porosity estimations, the θ s values were fixed to 40.6 % and 44.0 % for layers 2 and 3, and layer 4, respectively. As expected, the K s value is proportional to gravel content. However, the reliability of the K s value and the method used can be discussed for layer 1. First, the sludge layer is characterized by a significant shrinking-swelling behavior. The constant head soil core method is not appropriate for determining the K s of porous media of variable geometry [START_REF] Reynolds | Constant head well permeameter (vadose zone)[END_REF]. Second, the K s value for layer 1 is close to the lower boundary of the method validity range (10 -5 cm/s). We also note that the K s values for layers 2 and 3 are very close, which is somewhat surprising given that layer 2 contains more organic matter than layer 3, 2.4 % and 1.8 %, respectively.

Saturated hydraulic conductivity determination

Water retention curves

The water retention curves as determined on the sand box and within the pressure chamber apparatus are given in Figure 2.3. For a same pressure applied, the sample water content is larger when the organic matter proportion is larger. The shape of the water retention curve is consistent with the results of Giraldi and Iannelli (2009). For the coarse material, when the water content is nearly saturated, the water retention curve shape presents a sharp variation.

The water retention in these materials is generally very low. However, the reliability of the measurements close to saturation is debatable, particularly for the coarse gravel material, as significant water loss may occur when handling the samples in the sand box and pressure chamber experiments. From these data and the saturated water content fixed to the porosity (except for layer 1), hydraulic parameters were fitted for every sample. Results are presented in Table 2.3. Hydraulic parameter comparison between each sample of layer 2 reveals significant difference for θ r and α values (p < 1.10 -6 ). The Student t-test applied on the water retention curves indicates that the hydraulic properties between layers are significantly different. Table 2.3 highlights that the obtained parameter values are consistent with a simple physically based porous modelling concept. Indeed, α will be smaller and θ r will be higher when the organic matter content increase, which reflects the impact of organic matter on the structure of the porous medium. The n parameter values were similar for all samples with gravel. A more or less important sludge proportion did not have important impact on this parameter.

Evaporation method

Table 2.4 presents the hydraulic parameter values obtained from the evaporation experiment.

For layer 2 all optimized parameter values are similar (p > 0.17). As well, the parameters for two samples out of three for layer 4 are similar (p > 0.005). The differences in parameter values for these layers can be due to the spatial heterogeneity within the VFCW. When comparing θ r , α and n between layers, we do not observe a clear trend.

The parameter values from the evaporation experiment were generally lower than those estimated by the direct method. However, the reliability of the parameters as assessed by the evaporation method should be considered as low, as illustrated by the large confidence intervals obtained from the inverse optimization method. Several problems may explain this low reliability. First, the evaporation method is in general not very reliable for estimating the hydraulic properties near saturation and it results in a lower reliability when the sample cores are initially saturated, as was done in this study. Indeed, for soils with a high structural porosity, [START_REF] Richard | Comparison of inverse and direct evaporation methods for estimating soil hydraulic properties under different tillage practices[END_REF] noticed an overestimation of the retention curve and an underestimation of the hydraulic conductivity when the evaporation experiment started from fully saturated samples. [START_REF] Stolte | Comparison of six methods to determine unsaturated soil hydraulic conductivity[END_REF] suggested performing the evaporation method without the saturation step before performing laboratory measurements. Secondly, nonoptimal experimental conditions biased the evaporation measurements. The contact between TDR probes and porous material may become problematic due to air entry during the measurements. This is particularly problematic for the sludge sample, characterized by an important reduction of the sample volume during drying [START_REF] Vincent | Sludge drying reed beds for septage treatment: Towards design and operation recommendations[END_REF]. Finally, the temperature and humidity of the laboratory where the evaporation measurements took place were not controlled, eventually leading to transient evaporation demands and more uncertain upper boundary conditions in the inversion model.

2.3.1.ii. In-situ measurements

Figure 2.4 presents the measured water content within the VFCW at various depths (13, 31, 47, 62 cm below the VFCW top surface) with their experimental uncertainties estimated by media specific calibration. Water contents from only a single night batch are used to estimate the hydraulic properties using HYDRUS-1D. Due to the high organic matter content, some important signal dissipation in the sludge layer was observed for some water content measurements. The inverse modelling from in-situ data could even be more robust if more information such as measured VFCW outflow would be included in the objective function. However, the outflow as simulated by HYDRUS in the 1D modelling set-up, is evaluated at the interface between the bottom of the gravel layer and the transition layer, while outflow measurements are only available at the VFCW outlet. Effluent drains first through a gravel layer and a 20 m long drain pipe before reaching the VFCW outlet. Given that the flow behavior in the gravel layer and drain pipe was not characterized, we could not include the measured outflow in the objective function.

2.3.1.iii. Parameter integration

The coefficient of variation effectively discriminated outliers among parameter values from field data inversion. After removing outliers, the set of parameters, valid for each vertical, was integrated to obtain the overall global VFCW scale parameter set. Table 2.5 gives the statistical moments of the global hydraulic parameters. Results mostly differ from values obtained by laboratory methods, which is consistent with the results obtained by [START_REF] Mertens | Sensitivity of soil parameters in unsaturated zone modelling and the relation between effective, laboratory and in situ estimates[END_REF]. When we compare the direct with the inverse laboratory method, we note that values from optimization of inverse laboratory method were generally lower than those estimated by direct laboratory method. Part of these differences can be explained by the non-optimal conditions in which the evaporation method was performed. When we compare the laboratory with insitu determined reference parameters, we observe that the reference K s value was well estimated by laboratory methods, θ r and α values were underestimated, while values of n were too dispersed to draw any conclusion. These trends are in contrast to the conclusions of [START_REF] Kumar | Estimation of soil hydraulic properties and their uncertainty: Comparison between laboratory and field experiment[END_REF], who showed that the field scale θ r , θ s and n parameters could be estimated from laboratory experiments, but that inverse modelling with in-situ data was needed for α and K s . The differences with the [START_REF] Kumar | Estimation of soil hydraulic properties and their uncertainty: Comparison between laboratory and field experiment[END_REF] conclusions can partly be explained by the inappropriate operation conditions of the evaporation method.

We observe that the K s parameter is similar for the various approaches (Figure 2.8). As expected, the K s scales with sludge content and, consequently, increases with depth. The close agreement between the different determination techniques is remarkable because K s may normally vary significantly at short distances. These results are in contrast with many studies in soil sciences showing that the K s at the core scale in the laboratory is not effective for modelling in-situ transport (e.g. [START_REF] Mallants | Spatial Variability of Hydraulic Properties in a Multi-Layered Soil Profile[END_REF]. Determination of θ r appeared to be difficult with the inverse method (high confidence intervals), in particular when the organic matter content was important such as for layers 1 and 2. For these specific layers, a non-equilibrium flow approach would probably be more appropriate. In such approaches a part of the porosity would not participate to the water flow.

The α value was lower for layer 1 than for layers 2 and 3, as expected. On the other hand, the change of values from direct to inverse laboratory method for layers 2 and 4 was opposed to what was expected. Again, the experimental bias in the evaporation method may explain such a trend. For layers 2 and 4, α was always underestimated by laboratory methods. This could be explained by non-equilibrium flow and hysteresis. Indeed, in the VFCW, non-equilibrium preferential flow can occur. In such cases it is expected that α non-equilibrium flow > α equilibrium flow , due to the important effect of macropores on unsaturated flow [START_REF] Feyen | Modelling water flow and solute transport in heterogeneous soils: A review of recent approaches[END_REF]. However, it is still difficult to obtain reliable estimates of non-equilibrium flow parameters from inverse modelling data (Simunek et al., 2003;[START_REF] Laloy | How efficient are one-dimensional models to reproduce the hydrodynamic behavior of structured soils subjected to multi-step outflow experiments[END_REF] and the α non-equilibrium flow is therefore subject to a lot of uncertainties. Hysteresis can also be involved in the observed differences since laboratory methods represent drying processes and field measurements represent drying and wetting processes. [START_REF] Ritter | Using inverse methods for estimating soil hydraulic properties from field data as an alternative to direct methods[END_REF] illustrated that laboratory methods are useful to properly initialize inverse methods for estimating hydraulic parameters. Parameters from laboratory experiments are useful in reducing the parameter dimension in inverse modelling, and for having a faster convergence of the model. During the successive estimation and optimization processes of the hydraulic parameters, the confidence intervals generally decrease. Therefore, a step wise optimization process maximizes information exploitation from the various experiments and restrains as much as possible the objective function close to its global minimum. The inverse modelling of in-situ data directly carried out with hydraulic parameter estimations from the direct laboratory experiments have difficulties to converge

The modelling and model parameters were validated on the remaining part of the monitoring data set. As shown in Figure 2.5, the simulation is good for most of the layers for the first four batches. In these cases, the predicted water contents follow the observed water contents closely. For latter batches, some discrepancy can be observed which can be explained by the fact that HYDRUS does not consider water accumulation due to the biomass growth, the presence of organic matter, and the total suspended solids accumulation within the filter.

During the rest period, model predictions can not reproduce accurately the observed water decrease. The lowest difference between observed and simulated water contents is observed for layer 4. Nevertheless, for a mature system, we consider that the water content simulation over a three days feeding period is quite adequate. This would probably not be the case for a longer simulation and for young system where the biomass growth and suspended solid deposit during a feeding period is expected to have more impact on hydraulic parameters. Unfortunately, our experimental set-up did not allow validating the model in these conditions.

Conclusion

VFCW systems are becoming popular engineered systems for wastewater management in rural areas. Yet, the hydraulic functioning of VFCW systems is still not well known. Very few studies are available allowing to compare the performance of different parameter identification methods for such artificial systems. In particular, no study has been performed so far for the determination of the hydraulic properties of the Cemagref type VFCW, composed of different functional layers (sludge, mix between sludge and gravel).

In this paper, we used a multi-tier approach to obtain a reliable hydraulic parameter set for the various layers composing a VFCW. We used data from classical laboratory hydraulic determination methods to initialize inverse modelling methods. These latter methods were applied on laboratory and in-situ data, and initializing was needed to constrain the search space of the inversion close to the optimum, and hence to converge faster to the optimum. As in the Cemagref type VFCW vertical heterogeneity of hydraulic properties is important, four layers were needed to describe the hydraulic behavior of the filter.

The applied methodology with successive optimizations led to a reliable hydraulic parameter set which allows predicting water contents at different depths within the VFCW with a good accuracy. Contrarily, hydraulic properties inferred either from laboratory experiments or from in-situ inversion in which the initialization is based on generic literature data, failed to predict the water contents accurately. This latter conclusion suggests that the objective function in the inverse model may be characterized by a set of local minima. Given that only a local search algorithm is available in the HYDRUS model, initialization of the hydraulic function is therefore a critical issue when inverting HYDRUS on observed VFCW water data. 

Abstract

Vertical flow constructed wetlands (VFCW) treatment performances may be improved at the cost of a better understanding of the complex geo-chemical phenomena occurring within the filter. An essential issue is the description water flow within the filter. In this chapter, we present an original approach combining time domain reflectometry (TDR) and time-lapse electrical resistivity tomography (ERT) to study water flow through the first-stage VFCW.

Twenty four TDR waveguides were installed in the filter and allowed monitoring water content changes at different positions within the VFCW. Specific calibration relationships were established for the different constitutive layers of the system. The water dynamics and the progressive clogging of the filter during the loading period could successfully be monitored in the gravel layer. However, despite additional coating of the probes, TDR did not perform very well in sludge layer, leading to large uncertainties in measured water contents.

The ratio between the inverted ERT resistivity before the beginning of the feeding period and the actual inverted ERT resistivity, i.e. the time lapse ERT resistivity ratio, confirms the overall good repartition of the effluent over the entire system. This can be induced by the 20cm thick sludge layer that was developed over the 10 years of operation of the system. The time lapse ERT resistivity ratio exhibits large variations which are not observed with the TDR measurements. Direct imaging of the water content, which consists in the application of a material specific petrophysical relationship to ERT time-lapse inverted resistivity images, did not perform well. Thus we suggest to use integration methods instead of direct mapping for combining data because the latter is less sensitive to poorly defined petrophysical relations.

Introduction

The ability to monitor the volumetric water content with a high space and time resolution with advanced hydrogeophysical techniques can be considered as a new milestone for the better understanding of the functioning of VFCW systems. The use of capacitance probes located in tubes at different depths of a VFCW system was explored both at the laboratory scale [START_REF] Langergraber | Simulation of subsurface flow constructed wetlands, results and further research needs[END_REF]Forquet et al., 2009a) and at field scale (Giraldi and Iannelli, 2009). In these studies, little attention was devoted to the layer specific calibration of the capacitance probes. TDR is a popular technique in the field of near-surface hydrology, which has been proven to be efficient and reliable. It relies on the measurement of soil dielectric permittivity, which is known to be influenced by the volumetric water content of the porous material. Numerous works have been published, especially to answer calibration issues and to estimate sampling volume associated with material inserted TDR probes. An inappropriate calibration is detrimental for accuracy, especially at low water content. Robinson et al. (2003a) suggested a classification of the calibration models, distinguishing two main categories: empirical and mixing models. The most popular empirical model has been developed by [START_REF] Topp | Electromagnetic Determination of Soil Water Content: Measurement in Coaxial Transmission Lines[END_REF].

He suggested to use a second-order polynomial relationship between the permittivity and volumetric water content. Separate equations are used for mineral and organic soils. The latter have different dielectric properties because of higher porosity and bounded water content. However to reduce uncertainty, additional factors of influence must be taken into account, such as the apparent density [START_REF] Malicki | Improving the calibration of dielectric TDR soil moisture determination taking into account the solid soil[END_REF]. [START_REF] Jacobsen | Laboratory calibration of time domain reflectometry for soil water measurement including effects of bulk density and texture[END_REF] studied and ranked the different available methods but concluded that despite including more parameters, general calibration laws will remain less accurate than soil specific calibration. Mixing models are physical based models and therefore more generalizable [START_REF] Roth | Calibration of Time Domain Reflectometry for Water Content Measurement Using a Composite Dielectric Approach[END_REF][START_REF] Dirksen | Improved calibration of time domain reflectometry soil water content measurements[END_REF]. They may be particularly interesting for adapting calibration formula when the usage of a coating around waveguides is made, e.g. when the dielectric lossess are high such as in saline soils [START_REF] Fujiyasu | High dielectric insulation coating for time domain reflectometry soil moisture sensor[END_REF]. [START_REF] Ferré | The sample areas of conventional and alternative time domain reflectometry probes[END_REF], [START_REF] Knight | The Sensitivity of Time Domain Reflectometry Measurements to Lateral Variations in Soil Water Content[END_REF] and [START_REF] Knight | A numerical analysis of the effects of coatings and gaps upon relative dielectric permittivity measurement with time domain reflectometry[END_REF] numerically estimated the measurement volumes of various waveguide configurations. The latter is generally confined in the space between electrodes. Therefore it is important to install probes a long time before measurements are carried out [START_REF] Robinson | Considerations for Improving the Accuracy of Permittivity Measurement using Time Domain Reflectometry: Air-Water Calibration, Effects of Cable Length[END_REF]. The probe length is also of importance: the longer they are the less they will be sensitive to small cavities that might be created during probe insertion [START_REF] Gregory | Use of time domain reflectometry (TDR) to measure the water content of sandy soils[END_REF].

Geophysical methods, like ERT, have three main advantages over usual near-surface hydrology tools [START_REF] Linde | Hydrogeophysical parameter estimation approaches for field scale characterization[END_REF]: (i) they provide spatially distributed estimates of physical properties; (ii) they are relatively less invasive; (iii) and comparatively cheap. However they present a main disadvantage: the relationship between the measured physical property (i.e., electrical resistivity) and the hydraulic property of interest (i.e., water content) is often weak. In order to overcome this issue, different methods of combining geophysical data and locally measured hydraulic data have been developed. [START_REF] Linde | Hydrogeophysical parameter estimation approaches for field scale characterization[END_REF] distinguishes three categories: (i) direct mapping, which consists in the transformation of geophysical model using petrophysical relationship; (ii) integration methods, which rely on the interpolation of hydraulic properties using the information provided by the geophysical model; (iii) joint inversion, where hydrological data are used in the inversion process of geophysical data and vice-versa. In this chapter, we decided to focus first on the applicability of direct mapping. An example of it using time-lapse ERT is given by [START_REF] French | Snowmelt infiltration: monitoring temporal and spatial variability using time-lapse electrical resistivity[END_REF]. The pretrophysical relationship used in this study is the so-called Archie's law [START_REF] Archie | The electrical resistivity log as an aid in determining some reservoir characteristics[END_REF]. However, calibration data were missing and the default cementation index was used. Petrophysical relationship between electrical resistivity and water content has been an intensive field of research [START_REF] Lesmes | Relationships between the electrical and hydrogeological properties of rocks and soils[END_REF] and, like for TDR, both empirical and conceptual model have been developed [START_REF] Laloy | Electrical Resistivity in a Loamy Soil: Identification of the Appropriate Pedo-Electrical Model[END_REF]. The former are often preferred for direct mapping application and are either developed based on laboratory calibration measurements [START_REF] Yeh | A geostatistically based inverse model for electrical resistivity surveys and its applications to vadose hydrology[END_REF] or based on field scale calibration experiments [START_REF] Michot | Spatial and temporal monitoring of soil water content with an irrigated corn crop cover using surface electrical resistivity tomography[END_REF].

In section 2 of this chapter, we present the experimental site and the protocol used to simultaneously perform TDR and ERT measurements on the VFCW system. Section 3 includes first TDR calibration results. TDR and ERT results are then presented side by side successively for the feeding and the rest period of the functional VFCW. Finally results of direct mapping are given and discussed.

Materials and Methods

Evieu vertical flow constructed wetland

The Evieu wastewater treatment plant (Ain, France) comprises a sequence of vertical and horizontal subsurface flow constructed wetlands. The plant is in operation since 2004. It was originally designed for 200 PE, but currently only 100 p.e. are connected. As a consequence, the filter surface has been divided in two to work at full capacity. The first stage is made up of three VFCWs receiving raw wastewater. Only a mechanical screening using a 5 cm mesh screen is made in the pump sump at the plant inlet. Each filter is fed according to a feeding/rest regime of 3.5/7 days. The effluent from this first stage is then connected to a second pump sump and separated between vertical and horizontal flow constructed wetlands of the second stage according to the experimental objectives [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF]. All the constructed wetlands are planted with Phragmites australis. This study focuses on one of the filters of the first stage. The selected vertical filter (28 m², 2.9 m wide and 9.7 m long) is designed according to French recommendations. From the bottom to the top it contains a 15 cm thick drainage layer (grain size of 30-60 mm), a 10 cm transition layer (grain size 15-25 mm) and a 60 cm gravel layer (d 10 = 2.46 mm; d 60 /d 10 = 1.39; average porosity of 40,4 %). As the filter is working at nominal load since 8 years, a sludge layer of about 20 cm has been developed at the top of the filter. The VFCW is fed by a raw wastewater by batches of 5 cm, at a rate of 1.23 m 3 .h -1 .m -² on average. Eight distinguished batches per day occur during dry weather. Water is drained by a drainage pipe of 160 mm diameter (0.42 m of pipe per m²) which allows a passive aeration from the bottom as well.

TDR calibration procedure

We performed a site specific calibration of the relationship between water content and material dielectric constant. The dielectric constant is obtained from the travel time in the studied media, along the waveguide:

c K = ∆t a 2L
[Eq. 3.1] with ∆t (s), the travel time; L (m), the waveguide length; K a (-), the dielectric constant; c (m.s - 1 ), the speed of light.

Eq. 3.1 can be simplified in order to express the dielectric constant as the ratio of the apparent probe length on the actual probe length:

√ K a = L a L [Eq. 3.2] with 2 / ∆t c = L a ⋅
, L a (m), the apparent probe length. The apparent probe length experimentally measured differs from a L because it also includes an offset value ( a0 L ) related to the length and the material of probe head. We then first measured the offset value for each probe according to the protocol described by [START_REF] Heimovaara | Design of triple-wire time domain reflectometry probes in practice and theory[END_REF] and withdrew it from the measurements.

TDR measurements were carried out on three disturbed samples extracted from the VFCW (layer 1, layer 2, and layer 4) using a TDR100 signal generator/analyzer (Campbell Scientific TM ). Samples were then packed into PVC cylinders (diameter = 0.4 m, height = 0.15 m) whose volumes were reduced by two PVC plates to obtain a 5 L useful volume. At least 10 different water contents were tested for each material, from saturation to dryness for sample of layer 1 and inversely for samples of layers 2 and 4, in order to cover a large moisture scale. Triplicate tests were performed for each water contents. After each measurement three subsamples were extracted from samples using stainless steel rings of 100 cm 3 and dried in an oven (50 °C) to assess their water contents. Finally, a third power polynomial function was used to assess the relationship between water contents and dielectric constant measured by the TDR probe.

The experimental setup

To monitor the water content within the VFCW, a set of 24 TDR probes were installed one year before the experiment took place in order to limit installation disturbances on the measurements. Six installation pits were dug in the VFCW, and 4 probes were installed at different depths (0.14 m; 0.28 m; 0.42 m and 0.56 m) in each pit (Figure 3.1). Pits were filled up after probe insertion. The TDR profile was located at 0.85 m from the distribution pipes. All probes were connected through multiplexers to a TDR100 signal generator/analyser (Campbell Scientific TM ) and results were recorded using a CR1000 datalogger (Campbell Scientific TM ). Measurements were made at a time interval of 1 minute all along the monitoring campaign, including the 3.5 batch feeding days and the 7 days of the rest period. Three PT100 platinum resistance thermometers were also inserted inside the sludge layer at 0.15 m in depth, assuming that the temperature is homogeneous throughout the filter thanks to the short height of material and the contact with the atmosphere through the drain at the bottom. A rain gauge monitored rainfall events and was connected together with the thermometers to a Gantner datalogger (Gantner Instruments Test & Measurement GmbH, Austria) collecting data every minute (Figure 3.2).

The experimental setup included a row of 48 electrodes lined up on the filter surface between the TDR profile (0.5 m) and the distribution pipes. A regular spacing of 0.2 m was used. The row length was 9.4 m. Electrodes were connected to Syscal Pro resistivity meter (Iris Instruments, Orléans, France). Among the different existing arrays for electrode interrogation, the two most popular are Wenner and dipole-dipole arrays. Wenner array is sensitive to vertical changes in resistivity and give the smallest number of possible measurements. Dipole-dipole array is sensitive to horizontal changes in resistivity and is particularly appropriate for multi-channel measurements [START_REF] Loke | Tutorial: 2-D and 3-D electrical imaging surveys[END_REF]. The combination of the two techniques does not overestimate horizontal nor vertical changes but is, however, very time-consuming. Therefore, a Wenner-Schlumberger array was chosen as a good compromise between the two. A preprogrammed 366-measurements sequence was implemented in the resistivity meter which also provides electrode commutation thanks to an on-board multiplexer. 16 time-lapse measurements were carried out during both the feeding and the rest period. During the feeding period, we waited that most of the water drains out after a load (usually 1 hour and a half) before starting resistivity measurements since quick water flow may disturb it. Inlet wastewater conductivity was monitored all along the experiments. Values varied from 1490 to 1810 µS cm -1 (values compensated in temperature).

ERT and TDR data processing

Outiers were removed from TDR data using Eq.3.3.

( )

X X σ µ X 2.75 ≥ - [Eq. 3.3]
where X is the TDR dataset, X µ and X σ its average and standard deviation, respectively. The inversion was performed using a finite element based algorithm (R2, v2.6), which accounts for three-dimensional current flow in a two-dimensional resistivity field. The inversion domain was restricted to the filter cross-section since the latter is isolated from the surrounding soil by a geomembrane. An unstructured triangular mesh made of 1540 elements was used. The average element length is half the electrode spacing. The first dataset was processed alone using a linear filter for regularization. Then other datasets were inverted using a difference regularization technique based on the results of the first inversion as starting model. This technique permits to better constrain the inverse procedure [START_REF] Binley | Dc Resistivity and Induced Polarization Methods[END_REF].

Direct mapping

Combination of TDR and ERT data was done using a direct mapping approach. From each TDR dataset, we selected the values that correspond to the start time of time-lapse inversion. From each ERT model, we selected the values that correspond to the cells where TDR probes are located. The aim is to setup a petrophysical relationship between water content data and electrical resistivity values. The data were further divided between those related to the sludge layer and those corresponding to gravel. Finally we randomly selected couples of ERT/TDR data that were used for calibration; others were employed to verify the obtained relationship. 

Results and Discussion

TDR calibration

- - - - - a a a K + K K = Θ sludge + gravel [Eq. 3.6]
Obtained values are of the same order of magnitude than those obtained by [START_REF] Topp | Electromagnetic Determination of Soil Water Content: Measurement in Coaxial Transmission Lines[END_REF] for mineral soils.

The calibration of TDR probes for the sludge layer is a particular issue. In the sludge layer, the signal is attenuated to a point where the reflection cannot be distinguished from the background noise. Figure 3.3 (left) compares the signal obtained in water and in sludge. In the former media, we observe a clear reflection peak at an apparent distance of 3 m while nothing is observed in the case of the sludge, even at larger apparent distances. This phenomenon is likely to happen in presence of high ionic concentration. Despite the relatively moderate values of conductivity observed in the effluent (≈ 1000 µS cm -1 ), ionic concentration in sludge seems to be high enough to disturb the measurement. We therefore decided to coat the rods of TDR probes inserted in sludge. Coating made of plastic thermoretractable material is suppose to provide electrical isolation and therefore to reduce signal attenuation. The drawback of this technique is that it reduces measurement sensitivity (Robinson et al., 2003a).

The measured dielectric constant is no more the one of the surrounding material but the one of the association of the coating and the surrounding material. In order to compare values of calibration with those of the literature, we filtered the measured apparent dielectric constant (K app ) values for the influence of coating using the approach presented by Fujiyasu et al., (2004) (Eq. 3.7).

( ) ( ) ( ) ( ) [ ] 1 1 1 0 0 1 0 0 1 1 1 1 cosh cosh cosh / cosh r s r s K r s K r s K K = K app coat app coat a - - - - - - [Eq.3.7]
where 0 s is half of center-to-center spacing of rods without coating, 0 r is the radius of rods without coating, 1 s is half of center-to-center spacing of rods with coatings and 1 r is the radius of rods with coatings (Figure 3.4). coat K , a K and app K are the coating, the soil and the measured dielectric constants, respectively. Once corrected, the calibration relationship for sludge becomes Eq. 3.8.

( )

0.626 3.176.10 1.142.10 6.783.10

3 2 7 3 10 - - - - - a a a K + K K = Θ sludge [Eq. 3.8]
Coefficients greatly differ from those obtained by [START_REF] Topp | Electromagnetic Determination of Soil Water Content: Measurement in Coaxial Transmission Lines[END_REF] for organic soil that are often taken as reference. We also point out the large confidence intervals and errors associated to the measurement. Despite coating, the reflection coefficient remained low making it very sensitive to noise. An alternative to coating for limiting signal attenuation may be to use shorter rods but it will make probes more sensitive to cavities like shrinkage cracks that are likely to happen in sludge. Evolution of the water content during the experiment at vertical 4, which is representative of the global behavior of the system, is depicted on Figure 3.5. The feeding period distinguishes itself from the rest period by its frequent peak corresponding to loads. There is no significant decrease of the water content during the rest period which may be explained by the season and by an important rain (25 mm) that occurred on the 24 th of October (Figure 3.2). .6 provides a detailed description of what is happening during a load and the following drainage during the feeding period. On the right figure, peaks in water content correspond to the arrival of the water infiltration front at the TDR depths. There is a lag time of about 8 minutes between the peak at a depth of 14 cm and the one at 56 cm. This corresponds to a rather quick flow supporting the assumption that preferential flow occurs in such coarse systems. On the left picture, peaks corresponding to infiltration front progression can not be observed. We observe that the hydraulic properties of the materials differ significantly in depth. The maximum water content achieved on a lower layer never exceeds the minimum water content at the layer above. This supports the development of different calibration functions for different layers. Using the reference cross-section resistivity image (Figure 3.7, top), we identify the separation between the sludge deposit and the gravel filter in the first 15-20 centimeters. Sludge has a very low electrical resistivity and a very high water content, as shown on Figure 3.7 (bottom), where water content and electrical resistivity values at location of TDR probes are plotted for all time-lapse measurements. The gravel has a higher resistivity compared to the sludge. The resistivity drops at the bottom of the filter, which may be explained by the presence of a seepage face (saturated media) around the drainage pipe. We do not have any explanation for the low resistivity values on the bottom right corner of the filter and we assume that it is more likely to be an artifact related to the inverse problem, combined with a poor drainage at this location. The sludge layer plays an essential role in VFCW systems that are fed with raw wastewater, especially on hydraulic balance [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF]. Indeed, the low hydraulic conductive sludge deposit improves the influent distribution over the surface. In addition, fresh suspended solid deposit tends to clog the small pores of the sludge deposit. On Figure 3.4 we observe a clear trend over the feeding period toward an increase of the water content. This phenomenon cannot be explained alone by clogging. It takes some time (at least one day) for the filter to reach a pseudo-steady-state [START_REF] Forquet | Diphasic Modelling of Vertical Flow Filter[END_REF]. As mentioned in the previous section, the enhancement of influent distribution over filter surface is one of the benefits of sludge deposit. We suggest verifying this assertion for the studied filter using ERT. If we compare the change in resistivity between before and after the feeding period begins (Figure 3.8), we observe that it is quite homogeneous (around 0.96) over the cross-section except near the inlet pipes (at x = -2.5 m and x = 2.5 m) where it can reach 0.8. This difference is small as all observed changes in water content (Figure 3.5).

The feeding period

3.3.2.i. Water front infiltration

3.3.2.ii. The dynamics of the filter clogging

3.3.2.iii. Influent distribution

The rest period

Figure 3.9: Resistivity ratio tomograms at three selected time lapses during the rest period

The rest period exhibits larger changes in resistivity ratio (taking as reference value the last tomogram of the feeding period) as shown on Figure 3.9. Over the three days that followed the rain event, the resistivity ratio increased over the entire filter with the average value moving from 1.18 to 1.4, while the water content only slightly changed except near the surface in the sludge deposit where it dropped by 10 percent. (ii) an non-uniform media: material properties change quickly with depth; (iii) the influence of water flow during the feeding period: flow rate at the end of a load is still important especially compared to the time taken by an ERT measurement (about 20 minutes). [START_REF] Michot | Spatial and temporal monitoring of soil water content with an irrigated corn crop cover using surface electrical resistivity tomography[END_REF] demonstrate that direct mapping is possible if calibration relationships are established for each layer. An alternative method could be the use of integration methods like cokriging [START_REF] Rucker | Moisture estimation within a mine heap: An application of cokriging with assay data and electrical resistivity[END_REF].

Direct mapping

Conclusions

We observed the hydraulic behavior of a VFCW using advanced hydrogeophysical monitoring. We combined local observations of TDR measured water content with proximal ERT imagery.

The TDR methodology performed rather well for the gravel layer of the VFCW. The gravel layer specific calibration is close to the classical calibration curve established by [START_REF] Topp | Electromagnetic Determination of Soil Water Content: Measurement in Coaxial Transmission Lines[END_REF] for mineral material, but is statistically significantly different. Our calibration model therefore provides a better accuracy for volumetric water measurements in the gravel layers of VFCW systems. The calibration for the sludge layer demonstrated that the normal 0.30 m waveguides are not suited for measurement in this media, due to high signal attenuation. To solve this issue, a coating was added to probes located in sludge, but results remained imperfect leading to a poor calibration for water content, and hence large confidence interval in predicted water contents. Other solutions like the reduction of the length of the waveguides must be investigated.

At the scale of a load, TDR measurements efficiently reproduced the water front progression towards the bottom of the filter. Eight minutes are enough to the infiltration peak to reach the deepest TDR probe suggesting the existence of preferential flows. At the scale of the loading period, the water content progressively increased as the system became clogged.

Time-lapse ERT images gave a qualitative picture of the efficiency of water distribution over the filter. The ratio of resistivity change after one day of feeding was lower near the inlet pipes but only of 20 per cent compared to the rest of the filter and this value tends to diminish with time. ERT time-lapse measurements showed the drying dynamic during the rest period with ratio of resistivity change up to 2 compared to the resistivity distribution at the end of the feeding period. Such sharp changes are surprising when compared to the almost stable TDR values.

Finally, direct mapping between TDR and ERT images led to disappointing results. No significant correlation between water content and ERT data could be found in sludge and in gravel the relationship is too weak to perform any prediction. Improvements may be obtained by faster measurements and layer-specific calibration but also by using integration methods instead of direct mapping: the latter being less sensitive to weak relationship [START_REF] Rucker | Moisture estimation within a mine heap: An application of cokriging with assay data and electrical resistivity[END_REF].

Chapter 4

A -Measuring the nitrification rate

For understanding the degradation processes in VFCW, methodologies are needed for measuring the nitrification rate of organic materials. A large variety of methods exists for measuring degradation rates in saturated liquid conditions. For VFCW systems however, nitrification rates should be measured on solid unsaturated materials [START_REF] Langergraber | Simulation of subsurface flow constructed wetlands, results and further research needs[END_REF][START_REF] Andreottola | Respirometric techniques for assessment of biological kinetics in constructed wetland[END_REF][START_REF] Ortigara | Kinetics of heterotrophic biomass and storage mechanism in wetland cores measured by respirometry[END_REF]. Solid respirometry is a promising methodology for measuring this nitrification rate.

Most of the methods published for measuring the nitrifying activity of an organic matrix were developed for liquid materials, sampled in process systems with suspended growth biomass such as activated sludge process or membrane bioreactor [START_REF] Nowak | Nitrification inhibition -A method for the estimation of actual maximum autotrophic growth rates in activated sludge systems[END_REF]. The protocols were later adapted for saturated process systems with attached biomass such as submerged biofilters, moving bed bioreactors, after the biofilm has been detached prior to the nitrification measurement [START_REF] Fdz-Polanco | Spatial distribution of heterotrophs and nitrifiers in a submerged biofilter for nitrification[END_REF][START_REF] Vigne | The role of loading rate, backwashing, water and air velocities in an up-flow nitrifying tertiary filter[END_REF].

A comprehensive review of the various methods that are available was carried out. The details are provided in Table 4A.1, with the respective advantages and disadvantages of each method.

The principles of the methods are presented below, and summarized in the following pages:

• Measuring temperature variations (self-heating test);

• Measuring chemical forms like pH (titration experiments) or production of nitrates;

• Measuring oxygen uptake (respirometry liquid (saturated) or solid (unsaturated)).

4A.1. The self-heating test (calorimetry principles)

This method consists of the monitoring of temperature variations into an adiabatic chamber (isolated from outside temperature). It is used to determine the energy production rate, and so the global rate of the endo/exothermic reactions which take place inside (Daverio et al. 2003).

Nitrification and denitrification processes are exothermic (∆H° = -259 kJ.molN -1 for the nitritation process, and ∆H° = -99.4 kJ.molN -1 for the nitratation process (Daverio et al, 2003)). However, calorimetry does not allow differentiating the cell respiration from other exothermic phenomenon usually present in reactors, as chemical exothermic or biochemical reactions [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]. To provide measurement accuracy, calorimetry can be used only in a closed environment and with sludge with a high biological activity. The nitrification of one ammonium ion is accompanied by the production of two hydrogen ions, so the solution is acidified (To remember:

- + + + + → + 3 2 2 4 2 2 NO O H H O NH
). In a liquid reactor where the nitrification reaction takes place, the pH control can be carried out by acid-base addition. The added acid-base quantity gives then an estimate of the nitrification rate of an organic matrix (Gernaey et al., 2001;[START_REF] Ficara | pH-stat titration to assess nitrification inhibition[END_REF]Gapes et al., 2003) (Figure 4A.1). 

4A.2.2. Monitoring nitrate

With this method, an organic mixture is continuously mixed with a magnetic stirrer and aerated with a diffuser. Initial conditions are applied to prevent limitations due to dissolved oxygen (concentrations > 6 gO 2 .m -3 ), NH 4 -N substrate (addition of 15 gNH 4 -N.m -3 ) or alkalinity (addition of 120 gHCO 3 -.m -3 ) maintaining pH in the range 7 -8. Samples of liquid are taken every 10 minutes for 1 h, immediately filtered on glass-fibre filters (0.7 µm). The NO 3 -N concentrations are analyzed. The slope of the NO 3 -N concentrations vs. time give the maximum nitrification rate [R V,max nit expressed in kgNH 4 -N.m -3 _media.d -1 ] as it corresponds to the non-limiting nitrification rate conditions.

4A.3. Respirometry

4A.3.1.

Respirometry for saturated conditions (liquid respirometry)

For liquid matrices, respirometry can be carried out by the measurement of the dissolved oxygen uptake rate. This technique is used for both measuring the respiration linked to the organic carbon degradation [START_REF] Spanjers | Respirometry as a tool for rapid characterization of wastewater and activated sludge[END_REF] and the nitrifying activity, using or not inhibitors such as allyltiourea and chlorates [START_REF] Surmacz-Gorska | Nitrification process control in activated sludge using oxygen uptake rate measurements[END_REF] or using non nitrying conditions (Souef, 2008).

To differentiate the two processes involved in nitrification (nitritation and nitratation), inhibitors can be applied (Ginestet et al., 1988;Chandran et al., 2000;Souef, 2008). A supply of nitrites at beginning of the nitrification process versus a supply of ammonium allow to differentiate the nitritation from nitratation by subtracting the activity recorded from nitratation measured previously (Souef, 2008). [START_REF] Andreottola | Respirometric techniques for assessment of biological kinetics in constructed wetland[END_REF] presented a respirometric technique for VFCW using saturated columns, mainly to measure the rate of oxidation of COD. With this technique the maximum rate of nitrification can also be determined (Appendix IV). Despite the promising combination of these rates with CW2D model simulations [START_REF] Langergraber | Modeling of processes in subsurface flow constructed wetlands: A review[END_REF], the proposed method is carried out under immersed conditions applied to solid samples with monitoring of dissolved oxygen concentrations (not gaseous oxygen). Results should be completely different form the ones that can be observed under unsaturated conditions.

4A.3.2. Respirometry for unsaturated conditions (solid respirometry)

Solid respirometry for CW is less described in literature. Research papers were published for characterizing biological activity of compost, for carbon conversion [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF][START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. Studying nitrification of solid matrixes by respirometry is therefore a novelty and was carried out at the Cemagref Lyon during this study. On-going works were also carried out at the Cemagref Rennes for nitrification in compost (de Guardia et al., 2008).

Optimal and controlled conditions are required [START_REF] Adani | Determination of biological stability by oxygen uptake on municipal solid waste and derived products[END_REF]) such as moisture, oxygen content, temperature, and nutrient content.

Water content. For many authors [START_REF] Haug | The Practical Handbook of Compost Engineering[END_REF][START_REF] Adani | Respiration index determination: A comparative study of different methods[END_REF], water content is the most influent parameter for a respirometric test. [START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF] showed that the oxygen uptake is linked to the water content of a solid matrix. The optimal water content prevents the decrease of the optimal microbial activity when water content is too high (anaerobic conditions promoted) or too low (lower potential microbial activity). Generally, the volumetric water content in respirometric tests is limited below 45 % [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF].

Porosity. Authors emphasize the link between respiration and porosity measurements [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF]). The optimum free air space (FAS) differs between the authors (Madejon et al., 2002;Rudrum et al., 2002;Mohee et al., 1998), but commonly the FAS has to be higher than 30 % for not being a limiting factor. [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF] pointed out that a sample with both low FAS and high water content has some difficulties to be uniformly aerated. A bulking agent is therefore needed. [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF] mixed biological sludge with pine barks (1/1 wet mass ratio) to obtain such a bulking agent.

Air-flow rate. For [START_REF] Adani | Determination of biological stability by oxygen uptake on municipal solid waste and derived products[END_REF], 140 mL.L FAS -1 in the outlet airflow is the minimum airflow to ensure aerobic conditions during the dynamic respiration index (DRI) measurement.

Temperature. Biological activity is dependent on temperature. Thus this is a critical parameter for the respiration index determination [START_REF] Iannotti | Quantitative respirometric method for monitoring compost stability[END_REF][START_REF] Lasaridi | Windrow composting of wastewater biosolids: Process performance and product stability assessment[END_REF]. There is no agreement in the literature on the optimal temperature that has to be applied during a respirometric test. The available data for sludge respiration tests suggests that temperature should situate between 30 °C and 37 °C [START_REF] Iannotti | Quantitative respirometric method for monitoring compost stability[END_REF][START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF][START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF].

Hence, to study the conversion of ammonium into nitrates by autotrophic biomass (nitrification) it is still necessary to design a new technique for the measurement of nitrification rates in partially saturated medium. Indeed, the available techniques consist in the immersion of biofilm in liquid conditions (WERF, 2003;[START_REF] Dold | Importance and measurement of decay rate when assessing nitrification kinetics[END_REF][START_REF] Choubert | Updated activated sludge model no1 parameter values for improved prediction of nitrogen removal in activated sludge processes: validation at 13 full-scale plants[END_REF][START_REF] Surmacz-Gorska | Nitrification process control in activated sludge using oxygen uptake rate measurements[END_REF][START_REF] Ficara | pH-stat titration to assess nitrification inhibition[END_REF]) that leads to significant disturbance of the nitrification activity of biofilm. The purpose of the following chapter is therefore to present a novel respirometric tool (solid respirometry), designed to measure the maximum nitrification rate in a VFCW as a way to yield a-priori estimates of the biological process parameters of models like HYDRUS/CW2D.

4B.1. Introduction

The purpose of this chapter is to present a novel respirometric tool (solid respirometry) designed to measure the maximum nitrification rate in a VFCW as a way to yield a-priori estimates of the biological process parameters of models like HYDRUS/CW2D (Langergraber and Simunek, 2005). The novelty is based on the fact that the solid respirometric method allows handling matrices in partially saturated conditions, such as those found in the porous media of VFCW. The effects of the addition of substrates, the hydraulic retention time, and the injected nitrogen load on measured the measured nitrification rate are assessed. Special attention is given to interpret the phenomenon of nitrogen release and storage. Then, the robustness of the developed method was evaluated. Subsequently, the method is applied to assess turn-over parameters of the autotrophic biomass at different heights in a full-scale VFCW.

4B.2. Materials and methods

The solid respirometric equipment was set-up for samples partially saturated from VFCW is first presented in section 4B.2.1. Then the method developed for measuring the maximum nitrification rate is presented in section 4B.2.2, as well as the data used to evaluate its robustness. The application to a VFCW plant is subsequently illustrated in section 4B.2.3.

4B.2.1. The solid respirometer

4B.2.1.i. Equipment and operating conditions

The respirometric system (Figure 4B.1) was adapted from the concept developed for the characterization of household waste [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF]. The system consists of six stainless steel, temperature controlled (double envelope), cylinders of overall height 0.40 m and internal diameter 0.22 m. The VFCW sample to characterize is firstly mechanically mixed (60 rpm, 2 minutes) with a woody bulking agent (wood chips of average size 3 x 2 x 0.5 cm) that is previously immersed in tap water for 24 hours. For colonized gravels from VFCW (e.g. d 10 = 2.46 mm; UC = 1.39; initial porosity of 40 %), a volumetric ratio bulking agent/sample equal to 50/50% is used to maximize both porosity and oxygen uptake. For sludge, a volumetric ratio bulking agent/sample of 75/25% is used. The application of the mechanical mixing to provide the mixture is found to be essential to obtain a good repeatability. A total volume of 3 L of the mixture is then introduced in each cell of the solid respirometer and the reactors are hermetically closed. Each reactor is subsequently subject to a continuous airflow supply (0.5-1 L/min) with an air recirculation line (7-10 L/min) to obtain perfect mixed conditions and no limiting oxygen rates. Gas flow rates applied to every reactor are quantified by volumetric sensors (Gallus 2000, Actaris).

After, a previous cooling stage (Peltier, PKE 511) to eliminate the humidity of the gases, the outgoing gases of every reactor are analyzed with an on-line analyzer (Servomex 4900) equipped with a paramagnetic detector of oxygen (0-100 %) and optical sensors for the analysis of carbon dioxide (CO 2 , 0-3000 ppm), methane (CH 4 , 0-500 vpm) and nitrous oxide (N 2 O, 0-500 vpm). The outgoing gas of each reactor is analyzed every hour for 8 minutes, and the incoming gas was analyzed every hour for 12 minutes.

4B.2.1.ii. Sensitivity of the method

The bulking agent improves the porosity and thus the aeration efficiency of the sample to characterize [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF], with no extra oxygen uptake. It also maintains the humidity for the growth of microorganisms [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF].

The calibration of the gas analyzer is carried out twice a week, and before every start of a new experimental campaign, guaranteeing a gaz measurement precision of 0.01 %. To improve the reliability of the method, connecting pipes are changed regularly to limit the intrusive oxygen uptake by microorganisms than develop in connection pipes (recirculation line). Moreover, the total "intrusive" oxygen uptakes (blank test) of each reactor and connecting pipe are systematically measured before filling the reactors. This intrusive uptake is subtracted from the uptake measured with the mixture introduced in the reactor. With this protocol, a relative standard deviation lower than 20 % is obtained when comparing the results between two replicates.

4B.2.1.iii. Respirometric index

The difference in the oxygen concentration between the reactor entrance (

) ( 2 t O in , [%]) and the reactor exit ( ) ( 2 t O out , [%]
) provides the oxygen uptake rate by mass unit (noted DRI, [mg O 2 /kg DM/h]) as shown in Eq. 4B.1. This variable is related to the biomass activity within a reactor. The total consumed oxygen mass during the period t F (CO, [mg O 2 /kg DM]) is defined by integrating DRI (t) between t = 0 to t F , as shown in Eq. 4B.2.
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with variables: (t) and CO for three wastes like sand, colonized gravel and sludge. For sand containing few biodegradable organic matter (lab-scale columns fed with synthetic wastewater, [START_REF] Rolland | Influence of the physical and mechanical characteristics of sands on the hydraulic and biological behaviors of sand filters[END_REF], CO(t F = 200 h) ranges from 480 to 1000 mg O 2 /kg DM. For such low CO, the difference between replicates is about 40 % that prevents from using the proposed method samples with a too low amount of organic matter. For colonized gravels sampled at a first stage of a VFCW (situated in Evieu (France), [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF], CO(t F = 200 h) varies between 3840 and 6400 mg O 2 /kg DM; and for sludge of drying reed bed (situated in Andancette (France), [START_REF] Troesch | Treatment of septage in sludge drying reed beds: A case study on pilot-scale beds[END_REF], CO(t F = 200 h) ranges between 48000 and 320000 mgO 2 /kg DM. In that both organic matrices, the difference between replicates is lower than 20 %. 4B.2.2. Determination of the nitrification rate 4B.2.2.i. Liquid addition, release of percolate, and nitrification index To study nitrification, each reactor is equipped with a spraying system for a uniform supply of a liquid solution. To limit the dissolution of the oxygen when spraying, the liquid is first aerated during 12 h and subsequently is at rest for 1 h before being injected in a reactor. A typical time course of DRI(t) recorded with addition of liquid is shown in Figure 4B.3. DRI max is determined by the most important difference between the oxygen concentrations entering and leaving the reactor. The CO (Eq. 4B.2) is equal to the surface area located between DRI(t) curve and the horizontal line. The actual oxygen uptake rate ( dt dO 2 , [mg O 2 /kg DM/h]) in local conditions can be calculated using conceptual models as shown in Eq. 4B.3, drawn from activated sludge models [START_REF] Henze | Activated sludge model N°1[END_REF] and extended to VFCW (Šimůnek et al., 1999). When no limiting conditions occurs (oxygen, nitrogen and phosphorus), the previous equation is simplified into Eq. 4B.4.

( )

max , max , max max , 2 max . 57 . 4 v s XA A A A R R DRI C Y Y dt dO ρ µ = = = ⋅ ⋅ - - = [Eq. 4B.4]
From the value of DRI max Eq. 4B.4, the maximum nitrification rates R s, max [mg O 2 /kg DM/h] is determined. This value is linked to the maximum volumetric nitrification rate R V,max [mg O 2 /L media /h] using the concentrations of suspended solids in the layer noted ρ [g DM/L media ].

CO and DRI max gives the nitrified mass using the conversion factor of 4.3 gO 2 consumed for 1 gNH 4 -N nitrified (= 4.57-Y A ). Another method to determine the nitrified mass is to carry out mass balance on chemical analysis. After passing through the mixture made of bulking agent/sample, each percolated solution is collected and immediately filtered. The composition is determined by chemical analysis of COD, NH 4 -N, NO 3 -N and NO 2 -N according to standardized methods (APHA, 2005).

4B.2.2.iii. Experimental conditions tested to adjust the injection of liquid

The strategy carried out to adjust, evaluate and apply the solid respirometric method is summarized in Table 4B.1. The effects of the concentration and the volume of the liquid solution on nitrification are studied in detail for the colonized gravels from a VFCW. Two types of liquid are studied to measure the nitrification rate: ammonium-free tap-water to study the need to clean the matrix before measuring nitrification; and tap-water containing ammonium. The chemicals used are ammonium chloride (NH 4 Cl) and sodium carbonate (NaHCO 3 ). Different concentrations and volumes of the injected water are carried out to study the role of the mass of nitrogen applied. The storage and depletion (release) phenomenon of nitrogen are studied with the help of the chemical analysis of batches.

Samples of colonized gravels collected in the first stage of the VFCW of a plant located in Evieu (France) that is fully described in [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF], are mixed with a bulking agent (see preparation method in section 4B.2.1.i.), and characterized in the reactors of the solid respirometer device at 20°C. The DRI(t) curves are determined under the following addition of liquid (Table 4B.1):

-Three different injected volumes (250 and 500 mL, 1L) with two concentrations of ammonium (30 and 60 mgNH 4 -N/L) applying similar nitrogen flux of 14 and 28 mg N; -Ten successive injections of 1 L of liquid: six of them are carried out with ammonium-free water (tap water). Then four batches are carried out with water containing ammonium (60 mgNH 4 -N/L) and carbonates in soichiometric quantity (2 batches/day); -Six successive injections of 1 L of water containing ammonium (90 mgNH 4 -N/L) and carbonates in stoichiometric quantity (2 batches/day); and, -Different injected mass of nitrogen (8, 15, 28, 55, 90 mg) applied to five samples of colonized gravels, and determined after the application of a succession of 1L-batch with water containing ammonium. For each experimental condition detailed above, the maximum specific nitrification rates (Rs max , [mg O 2 /kg DM/h]) is determined as explained in section 4B.2.2.ii. Moreover, the mass of release ammonium and nitrates is calculated from the chemical composition of the liquid percolates to determine the strength of nitrification, depletion or storage phenomenon.

4B.2.2.iv. Other protocols (classical) for a comparison of the results of solid respirometry

The maximum volumetric nitrification rates (R S,max , [mg O 2 /kg DM/h]) obtained from solid respirometry experiments are compared to the values obtained with a common protocol generally applied to evaluate the maximum nitrification rate of a activated sludge. The batch test consists in measuring the NO 3 -N production rate in liquid conditions (noted R S,liq ) under non limiting conditions (mixing, aeration, substrate availability) as detailed in the protocol published by Water Environment Research Foundation (WERF, 2003). The batch test is applied after a mechanical removal of the biofilm attached to the gravels. The nitrification rate is converted as detailed in section 4B.2.2.ii. The experiment was carried out for 5 samples of colonized gravels collected every two weeks.

4B.2.3. Determination of the parameters of the autotrophic biomass developed in a VFCW plant

In the VFCW, three horizontal layers were differentiated: only sludge deposit (1 st layer, h 1 = 20 cm of thickness), colonized gravels with biofilm (2 nd layer, h 2 = 30 cm of thickness), and almost clean gravels (3 rd layer, h 3 = 30 cm of thickness) with a negligible activity. To determine the turn-over parameters of the autotrophic biomass, the strategy of sampling, the measurement and the calculations are detailed below.

4B.2.3.i. Sampling and preparation

Sludge and colonized gravels are collected at two points of the first stage of the VFCW of Evieu (France), that is to say one point for 15 m 2 of filter. Both sampling points are located at 2 meters of the feeding point (raw waste water input of the VFCW). The duplicate samples collected for each layer are merged, then subsequently prepared with the bulking agent as detailed in 4B.2.1, and introduced in the reactors of the solid respirometer device. 4B.2.3.ii. Determination of the maximum nitrification rate (R S,max ) with solid respirometry

The DRI(t) and DRI max are determined at 20°C for the two samples (sludge and colonized gravels) after four successive batches of 1 L of solution with 90 mgNH 4 -N/L. The maximum specific nitrification rates are then determined R S, max (h 1 ) and R S, max (h 2 ) respectively expressed in mg N/g DM/h. The concentrations of suspended solids in each layers, noted ρ 1 and ρ 2 , expressed in g DM/L media , are used to convert these individual values into volumetric nitrification rates noted R V, max (h 1 ) and R V, max (h 2 ). By weighting with the respective thickness (h 1 and h 2 ) of each layer, the global value (for the two first layers), noted R V, max [mg N/L media /h], is calculated. 4B.2.3.iii. Calculation of the autotrophic concentration (C XA ) with nitrogen mass balance Eq. 4B.5 adapted from [START_REF] Nowak | Nitrification inhibition -A method for the estimation of actual maximum autotrophic growth rates in activated sludge systems[END_REF] gives the daily net growth of the autotrophic biomass that accumulates in the system. It uses the daily nitrified nitrogen fluxes involved on a wastewater treatment plant, drawn from the flow rates and the concentrations of nitrogen forms measured on daily average flow proportional composite samples of raw and treated waters. The amount of the autotrophic biomass produced each day by nitrification (M XA (t), [gCOD]) is estimated by the sum of daily nitrified nitrogen (φN nitrified , [gNnitrified/d]), assuming that the autotrophic biomass input from the influent is negligible. The fraction that disappears each day is estimated from decay process (b A , [1/d]) and from the evaluation of the mass removed by treated effluent (φXA effluent , [gCOD/d]). The typical decay rate value (b A ) is chosen similar to the values determined for secondary sludge from activated sludge process [0.0071 h -1 (=0.17 d -1 ) at 20°C [START_REF] Dold | Importance and measurement of decay rate when assessing nitrification kinetics[END_REF]], as it is not easily measurable.

effluent XA XA A nitrified A t M b N Y ϕ ϕ - - = ) ( . . t d (t) M d XA [Eq. 4B.5]
This equation was applied to the VFCW of Evieu that receives 19 m 3 /d and nitrifies a daily nitrogen flux (φN nitrified ) of 420 g N nitrified /d (computed from concentrations of nitrogen forms in daily average flow proportional composite samples). Assuming an initial autotrophic concentration of 100 g COD biomass , the successive balances converged towards a reliable value, independent of the initial value [START_REF] Nowak | Parameter estimation for activated sludge models with the help of mass balances[END_REF]. The global concentration of autotrophic biomass accumulated in the overall VFCW (C XA ) is calculated by dividing the mass of autotrophic biomass (M XA ) by the volume of the active biological reactor (V 1 +V 2 ), located from the surface layer to the bottom of the second layer of gravels (h 1 +h 2 = 50 cm height), assuming that the third layer (30 cm at the bottom of VFCW) had no biological activity (almost clean gravel). 4B.2.3.iv. Calculation of the maximum autotrophic growth rate (µ A, max ) Using the previous calculations explained in section 4B.2.3.iii. (C XA ) and in section 4B.2.3.ii. (global R V, max ), the maximum autotrophic growth rate (µ A, max [h -1 ]) is determined with Eq. 4B.6.
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with Y A the cellular yield coefficient (0.24 g COD biomass /g NH 4 -N nitrified , [START_REF] Henze | Activated sludge model N°1[END_REF].

4B.3. Results and discussion

4B.3.1. Impact of injection of liquid and consequences on the measurement of nitrification

The conditions of injections are studied as described in section 4B.2.2.iii.

4B.3.1.i. Impact of the injected volume and the concentration of nitrogen For a given injected nitrogen mass of 14.3 and 28.5 mg N, the CO and the DRI max remain at very similar values whatever the injected volumes or the nitrogen concentration applied. No difference was observed for the different injected volumes. Thus, only the injected nitrogen mass should have an impact on CO and consequently on the nitrification rate. Further investigations are presented in section 4B.3.1.iv.

When the injected volume is increased from 250 to 500 mL, and from 500 mL to 1 L, for a given nitrogen concentration (30 or 60 mg NH 4 -N/L), the CO and the DRI max increased by 20 to 50 %, while the injected mass of nitrogen doubled. Similar observations are carried out when the nitrogen concentration is increased from 30 to 60 mgNH 4 -N/L for a given injected volume of water (250, 500 or 1000 mL). Thus we conclude that the increase is not proportional with the injected volume or the concentration in NH 4 -N, probably due to a limitation in the mixture coming from the oxygen transfer or to the hydraulic retention time.

4B.3.1.ii. Impact of the addition of "ammonium-free" water, and subsequent water with ammonium Figure 4B.5 presents the nitrogen mass of nitrates (NO 3 -N) and ammonium (NH 4 -N) released in the percolates, when successive 1 L batches were applied to a respirometric reactor. Six batches of ammonium-free water (tap water) are first applied. Then, four batches of water containing ammonium and carbonates are injected. The nitrified mass calculated from CO (conversion with 4B.2.2.ii) is also shown. As the number of applied batches without ammonia increased, we measured a release of nitrates. The individual concentration of nitrates decreases from 10 mg NO 3 -N (batches 1 and 2) to 2 mg NO 3 -N (batches 5 and 6). In the same time, a small release was measured for ammonium (0.3 mg N for batches 1 and 2, and almost for the other batches). The nitrified mass (calculated from CO) decreases from 2 mg N for batches 1 and 2, to a value of 0.1 mg N for batches 5 and 6. When batches of water with ammonium are applied (subsequently after batches with ammonium-free water), a storage process of nitrogen occurs through the reactor for an amount of 2 to 5 mg N per batch according to the injected mass. Indeed, a removal of 10 mg NH 4 -N occurs for batches 7 and 8, and 15 mg NH 4 -N for batches 9 and 10, but the released mass of nitrates is about 2 and 5 mg NO 3 -N for batches from 7 to 10. The nitrified mass (calculated from CO) is between 5 and 10 mg N. Consequently, depletion and then storage of nitrogen are two processes that disturb the measurement of the nitrification rate in the biofilm. The application of successive batches of water containing nitrogen only is so studied in the following paragraph.

4B.3.1.iii. Impact of the addition of water with ammonium only (no previous ammonium-free water)

Figure 4B.6 presents the results obtained with six successive 1 L-batch of water containing ammonium and carbonates, with no previous addition of ammonium-free water. As the number of injections increased, we observe a decrease of the mass of nitrogen released through the percolates from 95 to 87 mgNH 4 -N. In the same time, the released mass of NO 3 -N has increases from 1 to 6 mg NO 3 -N and the nitrified mass (calculated from CO) has increased from 1 to 5 mg N. In this protocol where water with ammonium is used, we do not observe a storage of nitrogen while the injections occurred. We still observe a difference of 1 mg N between the nitrates produced and the oxygen consumed by nitrification, which is in accordance with the accuracy of the respirometric method and the chemical analysis.

The CO increases from 7 to 17 mg O 2 /kg DM for the batches 1 to 3, and was almost constant around 17 ± 2 mg O 2 /kg DM for batches 3 to 6 (Fig. 6, right). This observation suggests that a saturation of the nitrogen stock contained in the biofilm is reached, after application of at least four batches. At the opposite, the application of water with ammonium after previous cleaning of the matrix by "ammonium-free" water would have required more than four batches to restore the depleted nitrogen stock. The maximum oxygen uptake rate (R S, max ) increases as the injected nitrogen mass increases.

We observe that the uptake rate reaches an almost an almost constant value of 34 mg O 2 /kg DM/h, that represents 41 mg O 2 /L/h. Thus, the maximal nitrification rate of the sample of colonized gravels was reached in such conditions (no oxygen limitation, 20°C). A logarithmic regression is performed using Eq. 4B.7, and the following parameter values are estimated R S,max = 34 mg O 2 /kg DM/h and k Rvmax = 0.052 /mg N by adjusting to the experimental data. For further experimentations, we have chosen to apply an injected nitrogen mass of 100 mgN to work at the conditions of the maximum level of nitrification rate which corresponds to 40.8 g N/g DM injected.

4B.3.2. Evaluation of the proposed method 4B.3.2.i. Comparison with a conventional method Nitrification rates obtained with solid respirometry (R S,max ) are compared to batch measurements carried out by immersing the detached biofilm in liquid conditions (R S,liq ) (see section 4B.2.2.iv.). As shown in Figure 4B.7, the results of liquid conditions are located between 3 to 11 mg O 2 /kg DM/h. A difference of 5 to 30 mg O 2 /kg DM/h is obtained as compared to the solid respirometry, that is to say a ratio between 0.75 and 0.15 for the ratio liquid technique to solid respirometry, suggesting that nitrifying biomass reacts differently. When partially saturated conditions are regularly applied, we thus suggest that solid respirometry is a more appropriate methodology for assessing the nitrification rate in such systems. However, solid respirometry is much more complex to implement. In addition, the use of nitrates produced and released through the percolates does not provide improved results either, due to depletion and storage phenomenon.

4B.3.2.ii. Comparison to existing literature values

In order to discuss our results, the values of maximum specific nitrification rates (R S,max , [mg O 2 /DM/h]) were converted into volumetric rates (R V,max , [mg O 2 /L media /h]), that were compared to literature values in Table 4B.2. ** calculated with a conversion of the predicted autotrophic biomass concentration (150 mgCOD/L once HYDRUS/CW2D was calibrated by inverse modelling with inflow/outflow pollutants fluxes of a VFCW) using the values of µ A, max and Y A [START_REF] Langergraber | Modelling variably saturated water flow and multicomponent reactive transport in constructed wetlands[END_REF].

We observe that the maximum nitrification rate evaluated from the proposed solid respirometric technique (this study) differs considerably from the results published by [START_REF] Andreottola | Respirometric techniques for assessment of biological kinetics in constructed wetland[END_REF] of 1.8 mg O 2 /L media /h. Notwithstanding the injected nitrogen amount is almost similar (90 mg), the respirometric method carried out by [START_REF] Andreottola | Respirometric techniques for assessment of biological kinetics in constructed wetland[END_REF] involves a liquid passing continuously through a colonized filtering column. On the contrary, our results are consistent with the maximum nitrification rate proposed by [START_REF] Langergraber | Modelling variably saturated water flow and multicomponent reactive transport in constructed wetlands[END_REF] of 30.5 mg O 2 /L media /h. They obtained maximum nitrification rates from the inverse modelling with HYDRUS/CW2D model, using inflow/outflow pollutant fluxes from a VFCW.

4B.3.3. Determination of the concentration and the maximum growth rate of autotrophic biomass Table 4B.3 presents the maximal volumetric nitrification rate (R v,max ) obtained with the solid respirometric technique applied to the samples collected and prepared as described in section 4B.2.3.i. For the sludge (1 st layer, ρ 1 = 187 g DM /L media ), a maximum volumetric nitrification rate of 16.3 g N/L media /h is obtained. For the colonized gravels (2 nd layer, ρ 2 = 114 g DM /L media ), a maximum volumetric nitrification rate of 21.7 g N/L media /h is obtained. Assuming a negligible nitrification rate for the deep layer of the VFCW, we have calculated a global volumetric value R V, max of 19.5 g N/L media /h, from the two individual values weighted by the thickness of the two layers (section 4B.2.3.ii.). Dashed line when no value was determined * wet density of pure submerged biofilm is 1 kg/L (i.e. density of water) [START_REF] Vigne | A biofiltration model for tertiary nitrification of municipal wastewaters[END_REF]. ρ includes the biofilm concentration in each layer, that is to say the concentration of dry matter once it was get rid off of dead leaves, roots, gravel ** calculated according to 4B.2.3.iii. with mass balance *** calculated with the value of µ A,max and the individual values (each layer) of R v,max (Eq. 4B.4)

A negligible autotrophic biomass concentration of 0.04 mg COD biomass /L released by TSS in the treated effluent was determined, that represents only 0.2% of the amount of autotrophic biomass stored in the VFCW. This level is very low compared to the usual values in treated water released by activated sludge process [START_REF] Feray | Assessment of three method for detection and quantification of nitrite-oxidizing bacteria and nitrobacter in freshwater sediments (MPN-PCR, MPN-Griess, Immunofluorescence)[END_REF][START_REF] Vigne | A biofiltration model for tertiary nitrification of municipal wastewaters[END_REF]. A value of 123 mg COD biomass /L media was obtained for the global autotrophic biomass concentration (C XA ) in the filter according to the method presented in section 4B.2.3.ii.

The maximum growth rate coefficient (µ A, max ) was calculated consecutively, according to section 4B.2.3.iv. A value of 0.037 h -1 (i.e. 0.88 d -1 ) was then obtained. This value is in accordance with usual values used for modelling of activated sludge process as reviewed in [START_REF] Choubert | Updated activated sludge model no1 parameter values for improved prediction of nitrogen removal in activated sludge processes: validation at 13 full-scale plants[END_REF]. Consequently, the concentrations in autotrophic biomass in the two first layers are estimated to 103 and 137 mg COD/L media respectively, so that a comparison with the predicted values by the HYDRUS/CW2D model could be carried out. These values are very close to the values predicted by [START_REF] Langergraber | Modelling variably saturated water flow and multicomponent reactive transport in constructed wetlands[END_REF] as obtained by inverse modelling with HYDRUS/CW2D model.

4B.4. Conclusions

A novel respirometric tool was developed and applied to measure the nitrification rate in partially saturated porous media taken from VFCW (sludge and colonized gravels). The best operating conditions of injections of liquid (volume, composition) were studied. The use of ammonium-free water before the injection of water with ammonium leads to a depletion of the nitrogen storage in the initial system and prevents from measuring correctly the nitrification rate. The use of water with ammonium only leads to equilibrate the depletion/storage phenomenon. The comparison with liquid batch experiments indicated that the solid respirometry is more appropriate for the partially saturated conditions and are therefore closer to the conditions of their original medium. The method was compared to more conventional protocols and literature data, and the data are found more appropriate to fit the range of simulated maximum nitrification rates reported in the literature, compared to protocols using liquid conditions. Indeed the autotrophic concentrations are closer to the values given by simulation once calibrated by inverse modelling with inflow/outflow pollutants fluxes of a VFCW. Then, the protocol is successfully applied to obtain the parameters of the autotrophic biomass of a VFCW. A value of maximum growth rate similar to the value of activated sludge process was determined. Finally, we conclude that the data provided with the solid respirometer are appropriate for a finer calibration of HYDRUS/CW2D.

*Adapted from: Morvannou, A., Choubert, J-M., Vanclooster, M. and Molle, P. Nitrogen removal modelling in first stage of a French vertical flow constructed wetlands -In preparation

Chapter 5

Nitrogen removal modelling in first stage of a French-type vertical flow constructed wetlands with CW2D: ability and limits *

Abstract

Constructed wetlands (CW) are attractive system for waste water treatment for small communities, but the removal processes are often badly understood. Modelling of CW systems is a way to unravel the pollutant removal processes in the CW and improve their design. A study was carried out on a French vertical flow constructed wetland (VFCW) system. The observed laboratory and field data were processed with a multi-component reactive transport module (CW2D) to simulate the degradation processes occurring in the operational VFCW system. Particular attention was devoted to the nitrogen fate and cycling processes (nitrification, adsorption, and denitrification). During a feeding period (3.5 days), influent and effluent concentrations were measured (COD, NH 4 -N, NO 3 -N) as well as in-situ concentrations of microorganisms and oxygen contents. Measured and simulated concentrations were compared. Some initial CW2D kinetic parameters for modelling wastewater treatment were modified and adapted to the specific treated wastewater and the sludge layer. Simulation results showed that the model agreed with measured data and the best results were achieved with a high nitrogen adsorption coefficient. Finally, some proposals are presented to improve the quality of modeling using the process based model.

Introduction

Mechanistic models allowing describing the fate and transport of water, solute, heat and chemicals in artificially CW are nowadays becoming available and may become excellent engineering tools for CW design and control. One of these models is HYDRUS/CW2D (Langergraber and Simunek, 2005). Many modelling studies carried out with HYDRUS concerned natural soils [START_REF] Jacques | Long term uranium migration in agricultural field soils following mineral P-fertilization[END_REF][START_REF] Jacques | Modelling coupled water flow, solute transport and geochemical reactions affecting heavy metal migration in a podzol soil[END_REF][START_REF] Jiang | Modelling water flow and bacterial transport in undisturbed lysimeters under irrigations of dairy shed effluent and water using HYDRUS-1D[END_REF] and most of them on water flow during rainfall events [START_REF] Dittmer | Simulation of a subsurface vertical flow constructed wetland for CSO treatment[END_REF][START_REF] Zhang | Developing a reliable strategy to infer the effective soil hydraulic properties from field evaporation experiments for agro-hydrological models[END_REF]. Only a few of the HYDRUS studies dealt with the analysis of domestic wastewater treatment systems (Langergraber and Simunek, 2005;[START_REF] Toscano | Modelling pollutant removal in a pilot-scale two-stage subsurface flow constructed wetlands[END_REF] and none dealt with the specific French VFCW system, as designed by [START_REF] Molle | Filtres plantés de roseaux : limites hydrauliques et rétention du phosphore[END_REF]. Hence the validation status of HYDRUS/CW2D is currently still poorly described.

The objective of the present work is to evaluate the ability of the HYDRUS/CW2D model to predict carbon and nitrogen concentrations in the effluent of a VFCW treatment. The novelty of the wok consists of the calibration for a VFCW filled with gravel fed with raw wastewater, whereas the available knowledge is only available for VFCW filled with sand and fed by primary treated effluent. To reach a good agreement between predicted and observed values, a specific strategy was developed. It combined data collection at full-scale VFCW plant (raw and treated wastewater) and investigations at a laboratory scale with chemical analyses of autotrophic biomass characteristics (Morvannou et al., 2011).

Material and methods

The studied VFCW plant

The Evieu wastewater treatment plant (Ain, France) comprised a sequence of vertical (first stage VF) and horizontal (second stage, HF) subsurface flow constructed wetlands (CW). The plant has been in operation since 2004, and currently 100 PE were connected. The first stage is made up of three units of VFCWs receiving raw wastewater. Each filter was fed according to a feeding/rest period of 3.5/7 days. We studied one of the filters of the VF stage (28 m², 2.9 m wide and 9.7 m long) that was designed according to French recommendations. Eight batches per day were applied. A more complete description of the studied VFCW was presented in Morvannou et al. (in prep).

Strategy of sampling and analysis

A sampling and measurement campaign was carried from 26 th to 29 th of April 2010 using online and offline measurements to collect data for comparison with simulation results. Each day of the 3.5 day-feeding batch period, two batches were particularly monitored (raw and treated effluents) with sampling and chemical analysis; all other batches were monitored with samples (raw wastewater) and online sensors (treated wastewater). Figure 5.1 indicates locations where measurements and samplings were carried out. Table 5.1 summarizes analyses made on raw wastewater and on effluent samples. Concentrations of raw wastewater for each batch during the feeding period An automatic sampler cooled at 4 °C, containing 24 sample bottles (containers) of 1 L, was installed at the entrance of the VFCW (Figure 5.1) to determine the composition of the raw wastewater. Sampling was carried out only when batch feeding started. The containers were replaced every day. An average flow proportional composite sample was also set-up by mixing a fraction of the content of the eight daily batches that were sampled.

Chemical analyses [START_REF] Apha | Standard methods for the examination of water and wastewater, 21th ed[END_REF] were carried out on the samples on each individual batch and onto the 24h-flow proportional sample, in order to assess the VFCW efficiency for the following parameters: chemical oxygen demand (COD), total and filtered (0.7 µm), phosphorus (PO 4 -P), total suspended solid (TSS), Kjeldahl nitrogen (KN) and ammonium nitrogen (NH 4 -N); (NOx-N were verified equal to zero at then inlet).

COD fractions of raw wastewater

This procedure aims at dividing the total COD of raw wastewater into six different variables as defined for ASM1 (COD fractionation) characterized by their aptitude for being rapidly (CR)/slowly biodegraded (CS), by heterotrophic (XH)/autotrophic (XA) biomasses, inert soluble (CI)/particular (Xi) [START_REF] Henze | Activated sludge model N°1[END_REF]. From the automatic sampler located at raw wastewater, four samples were taken at various instants of the day (morning 08:22; midday 13:30; evening 19:58; and night 00:01). It was possible thus to determine the variations of the COD fractions versus time, during a 24h-period.

Total COD was first determined for each sample using standardized chemical analysis [START_REF] Apha | Standard methods for the examination of water and wastewater, 21th ed[END_REF]. Then the biological method with BOD-tests [START_REF] Roeleveld | Experience with guidelines for wastewater characterisation in The Netherlands[END_REF] was applied to determine the biodegradable COD fraction (BCOD) defined as CR+CS.

Finally the physicochemical method with coagulation and 0.7 µm filtration [START_REF] Mamais | A rapid physical-chemical method for the determination of readily biodegradable soluble COD in municipal wastewater[END_REF] was applied to determine the soluble fraction (COD cf ) defined as CR+CI. CI fraction was determined by measurement of the filtered 0.7 µm COD in the effluent leaving the entire process of Evieu plant: a concentration of 30 mg.L -1 was assigned (quantification limit).

Assuming that no biomass was present in wastewater [START_REF] Henze | Activated Sludge Models ASM1, ASM2, asm2d and ASM3. IWA task group on mathematical modelling for design and operation of biological wastewater treatment[END_REF][START_REF] Pasztor | Chemical oxygen demand fractions of municipal wastewater for modelling of wastewater treatment[END_REF], total COD (COD total ) was the sum of the other fraction concentrations (Eq. 5.1), the different fractions can be calculated as presented in Eq. 5.2 to 5.4:

• COD total = CR + CS + CI + Xi [Eq. 5.1]

• CR = COD cf -CI [Eq. 5.2] • CS = BCOD -CR [Eq. 5.3] • Xi = COD total -BCOD -CI [Eq. 5.4]

Gas measurements

Oxygen and carbon dioxide contents were measured within the gaseous phase of the filter each day (DrägerSensor XS), one hour after the two particularly monitored batches. Gases were pumped at four different depths (10, 30, 40 and 50 cm) at two places into the VFCW (at 1 and 2 m of the feeding points, see Figure 5.1). Before the beginning of the campaign a measurement of the initial gas content was carried out in order to monitor the renewal of oxygen and the carbon dioxide released during the campaign. Results are expressed in percent of the air phase ±0.2 % (oxygen saturation in air being 21%).

Autotrophic biomass concentration assessment

The solid respirometric technique was applied to samples of sludge deposit and colonized gravel collected 4 rest days after the sampling campaign. They were shovelled up at two locations of the VFCW. Hence, one sample was collected for each 15 m 2 of VFCW. Both sampling points were located at 2 m of the feeding point. Solid respirometry was used to determine the maximum growth rate and the concentration for the autotrophic biomass as published by Morvannou et al. (2011).

5.2.2.ii. Online recording

The inflow rate was measured recording the pump functioning time (previously tarred), and the outflow continuously recorded with a flowmeter (ISCO bubble type) that equipped the Venturi flume. TDR probes installed within the filter were used to monitor the water content within the VFCW (Morvannou et al., in prep).

After the flume a manhole allowed collecting the effluent from the VFCW (Figure 5.1). Several on-line analyses were carried out:

-Ammonium concentrations were determined with an on-line analyzer (Datalink intruments AM200 France) every five minutes; -COD (total and filtered) and NOx-N were determined with an on-line UV-vis probe (S::can Messtechnik, GmbH, Vienna Austria) every one minute [START_REF] Rieger | Spectral in-situ analysis of NO2, NO3, COD, DOC and TSS in the effluent of a WWTP[END_REF]. Specific calibration based on partial least-squares (PLS) regression [START_REF] Aji | Contribution of bootstrap techniques to PLS regression: Application to the prediction model of gas-oil quality control[END_REF] was carried out using grab samples taken during the experiment (26 for Nox-N, 18 for total COD and 26 for dissolved COD).

During the campaign, for each daily monitored batches, grab samples were taken at 5, 10, 15, 25, 35 and 45 minutes after the batch end in order to check the correlation between the on-line analyzer data and the reference laboratory data.

Conceptual dynamic model CW2D and simulations of the VFCW behavior

The simulation software used was HYDRUS/CW2D version 1.11 (Simunek et al., 1999;Langergraber and Simunek, 2005). The model was applied to model and better understand the biochemical reactions occurring within the Evieu VFCW plant. The model study was designed to better predict carbon and nitrogen concentrations in the effluent. The large setup installed on the Evieu plant, as well as the laboratory-scale experiments allowed to monitor the concentrations inside the VFCW and in the filter effluent.

An important feature is the dynamic multi-component reactive CW2D model to simulate the VFCW from detailed wastewater characteristics and specific off-line protocols. This model, represented in Figure 5.2, integrates the main physical and biological mechanisms occurring in VFCW systems: it considers different phases (solid, immobile and mobile water, and air) involved for one filter layer, as well as processes predicted through the layers. A total amount of 46 parameters is needed for the CW2D model. Hence the parsimonious level of the model is low.

Spatial representation. Four horizontal layers were differentiated (from top to bottom): the sludge deposit (layer 1, 00-0.20 m), highly colonized gravels by biofilm (layer 2, 0.20-0.415 m), colonized gravels by biofilm (layer 3, 0.415-0.605 m) and a drainage layer practically exclusively composed of gravel (layer 4, 0.605-0.80 m), the whole forming a column of 0.80 m height and 10 cm width. The two-dimensional mesh used for simulations consisted of 305 nodes and 480 parametric triangular finite elements.

Hydraulic model (24 parameters). Morvannou et al. (in prep) succeed to model the hydraulic behavior of the Evieu VFCW thanks to a multi-tier approach.

Oxygen transfer (2 parameters and 4 parameters for temperature dependency). The oxygen transfer through the biofilm was given and remained constant along the simulation. The temperature was fixed to 20 °C and the saturation concentration of oxygen was equal to 9.18 mg.L -1 . The oxygen rate was fixed to 0.4.

Biofilm (8 composition parameters concerning the nitrogen and phosphorus contents of the organic matter and biomass). All micro-organisms are assumed to be attached (immobile) to the solid phase. The CW2D model further assumes that the organic matter is present only in the aqueous phase and that the reaction products are immediately consumed and released in the liquid phase. The CW2D model considers a constant concentration of microorganisms in each finite element. The biofilm thickness and its evolution through the time are not considered. In addition, the modifications of hydraulic properties mainly due to biomass growth are not considered.

Biological conversion of substrates (6 stoichiometric + 26 kinetic parameters). Nutrients assimilated by plants are neglected in CW2D model. Biological degradation is considered through nine biokinetic processes. They consist of Monod-type ASM-like equations (Langergraber and Simunek, 2005) and rule hydrolysis of organic matter, conversion of organic matter, conversion of ammonium into nitrites and nitrates, denitrification (using nitrite and nitrate) and microorganisms decay. Moreover, chemical adsorption is considered for ammonium and inorganic phosphorus (linear or Freundlich type) and the adsorption rate can be specified. For each layer, twelve variables are calculated: 9 for the liquid phase (O 2 , CR, CS, CI, NH 4 -N, NO 2 -N, NO 3 -N, N 2 -N, and IP) and 3 for the solid phase (heterotrophic biomass (XH) and two autotrophic biomasses, (XANs and XANb). In this study, no distinction was made between the two autotrophic micro-organism species. Similar values were used for their concentrations and their biological parameters values (kinetics and stoichiometric).

Reality Model

5.2.4.i. Input data

In addition to instantaneous water flow, the composition of the wastewater (COD fractions, nitrogen compounds and phosphorus concentrations) was given for each batch applied to the VFCW. COD fractions, CR, CS and CI concentrations were calculated from the fractions obtained with the method presented previously. Concentrations of organic compounds (nitrogen, phosphorus) are predicted as part of the particulate COD. We assumed that the concentration in nitrates, oxygen and biomasses were negligible in raw wastewater when compared to the amount present in the VFCW [START_REF] Henze | Activated Sludge Models ASM1, ASM2, asm2d and ASM3. IWA task group on mathematical modelling for design and operation of biological wastewater treatment[END_REF]. 5.2.4.ii. Initial and boundary conditions Initial conditions were imposed (oxygen) or assessed either with the concentrations measured with the off-line measurements: concentrations in the treated water and concentrations of autotrophic biomass in the VFCW. Table 5.2 presents initial conditions considered. Boundary conditions at the VFCW top and bottom were both third-type.

5.2.4.iii. Simulations

Following the concept suggested in Fig. 5.3, various simulations were carried out with biological parameters modified from the parameters initially included in the CW2D model, based on the comparison between measured and simulated outflow concentrations. To represent the degradation and transformation processes, 46 parameters are needed and some of them were modified in order to have a better match between simulated and measured data: the maximum aerobic growth rate assessed with solid respirometry experiments and valid for the two autotrophic microorganisms types, the saturation/inhibition coefficient for oxygen during the denitrification process (if the oxygen contents and nitrate outflow concentrations were too low and too high respectively), the oxygen re-aeration rate (when the nitrification process was underestimated) and adsorption parameters for ammonium. In a simple approach the linear adsorption isotherm was used.

Simulated concentrations were compared with measured concentrations for filtered COD, ammonium and nitrate in the effluent. The comparison was carried out in terms of average concentrations, weighted with the outflow calculated for each batch. Into the VFCW, comparison between measured and simulated values was carried out for the concentration of autotrophic microorganisms and the oxygen contents. As these latter were measured in the gaseous phase, dissolved oxygen contents provide by CW2D were simply converted into gaseous oxygen contents thanks to the oxygen at saturation in the air (21 %) and in the water (9.18 mg.L -1 ) phases at 20 °C. The average difference between simulated and measured concentrations, the mean absolute error (MAE, Eq. 5.5) and the mean absolute relative error (MARE, Eq. 5.6) were calculated for each variable and each scenario. with, i = 1:n, the number of average concentrations (i.e. n = 23); X simulated and X measured [mg.L - 1 ], the average simulated and measured concentrations, respectively.

We calculated the assimilated, nitrified, adsorbed, denitrified nitrogen fluxes, as well as ammonium and nitrate fluxes removed from the VFCW for the feeding and the total (feeding and rest) periods.

• From the equation used in the CW2D software (Eq. 5.7) we calculated the nitrified nitrogen flux for each layer and each time step. The reactive liquid volume was fixed to the maximal water content for each layer, calculated from the dry bulk and particle densities (100.0 % for layer 1, all the volume participating to the nitrification process, 40.6 % for layers 2 and 3, and 44.0 % for layer 4).

layer IP IP AN IP NH NH AN NH O O AN O XA A A V c K c c K c c K c c Y dt N dNH ⋅ + ⋅ + ⋅ + ⋅ ⋅ = - - , , , max 4 4 4 4 2 2 2 µ [Eq. 5.7]
with µ A, max , [min -1 ], the maximum growth rate; Y A , [mg COD,BM /mg NH4-N ], the cellular yield; C O2 [mgO 2 .L -1 ], the oxygen concentration; C NH4 , [mg N .L -1 ], the ammonium-nitrogen concentration; C IP , [mg P .L -1 ], the inorganic phosphorus concentration; C XA , [mg COD .L -1 ], the biomass concentrations; K AN,O2 , [mg O2 .L -1 ] the saturation/inhibition coefficient for oxygen; K ANs,NH4 , [mg NH4 .L -1 ], for nitrogen; K ANs,IP , [mg IP .L -1 ], for inorganic phosphorus; and V layer [L], the liquid volume of each layer. The total nitrogen mass nitrified was calculated considering the sum of the nitrified ammonium mass of the four layers.

• The denitrified nitrogen mass was calculated from the nitrified nitrogen mass and the nitrate mass removed from the VFCW: M denitrified = M nitrified -M nitrate-outflow • The assimilated nitrogen mass was calculated from the BOD 5 mass removed. It is assumed that 5 g of nitrogen are assimilated per grams of BOD 5 removed [START_REF] Henze | Wastewater Treatment. Biological and Chemical Processes[END_REF]; • The adsorbed nitrogen mass was calculated from the incoming KN mass; the nitrified; the assimilated nitrogen masses and the ammonium mass removed from the VFCW: M adsorbed = M KN-in -M assimilated -M nitrified -M ammonium-outflow . It means that NK particular in the effluent was considered to be negligible whereas generally it can reach around 3 mg.L -1 (considering that the NK amount represents around 7 % of the TSS outgoing of the system (40 mg.L -1 )). Nitrate assimilation can also be neglected. Moreover, in this approach no nitrate adsorption was considered.

To evaluate the simulation and the model robustness, simulated final values achieved at the end of the rest period were used as initial values in order to simulate a new feeding period.

Biological parameters were unchanged from the first simulation. As, no measurement was specifically carried out, this simulation attempt was called "fictive" campaign, but the results were compared to the previous measurements, considering that the system operates in a pseudo-permanent regime.

Results and discussion

5.3.1. Input data 5.3.1.i. Individual concentrations Table 5.3 presents the average concentrations and standard deviations of the various components arriving on the VFCW for the 3.5 feeding days (23 individual batches). Those results were in the similar order of magnitude compared with the values reported in the literature [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF][START_REF] Mercoiret | Domestic wastewater characteristics in French rural areas: concentrations and ratios for treatment plant under 2000 population equivalent (120 kg of BOD 5 a day)[END_REF], see Table 1.1) during dry weather flow.

The ratio between the maximum values and the average values reveal that concentrations were generally constant during the monitoring campaign, except for TSS concentrations.

COD fractions

COD fractions are presented in Figure 5.4. The results were obtained with the protocol presented in section 5.2.2.i. The COD fractions are close to reported literature data (Figure 5.4, [START_REF] Pasztor | Chemical oxygen demand fractions of municipal wastewater for modelling of wastewater treatment[END_REF] that are mainly taken on grab samples.

The main differences with the literature data come from the repartition between CS (slowly biodegradable) and Xi (inert particular) fractions. Large variations were observed for these two fractions. They are due to the sampling period. For the evening sample (19:58), CS and Xi fractions are close to literature data (CS = 51 %, Xi = 21 %) whereas in the night sample (00:01) the composition completely differs (CS = 22 %, Xi = 47 %). The results point out the importance of using COD fractions for each batch to model such a system, especially for small communities where variations can be supposed larger than for large communities.

In the HYDRUS/CW2D model, Xi is not considered. As its value is not negligible, it could be interesting to consider it in a global model simulating all the COD fractions coming on a VFCW, and on the deposit. Particles transport and clogging of the VFCW could in such cases be simulated.

The oxygen re-aeration rate

When the nitrification process was underestimated, the oxygen re-aeration rate (K La , [d -1 ]) was modified. Table 5.4 indicates the initial value of K La in CW2D and the modified value in order to fit the observed ammonium and nitrate concentrations in the effluent. No experiment was carried out to measure this input. The best fitting parameters to simulate NH 4 -N and NO 3 -N concentrations at the exit of the VFCW are presented in Table 5.5. The parameters not mentioned were used with default values proposed in CW2D (Langergraber and Simunek, 2005). The maximum aerobic growth rate (for nitrification) comes from the respirometric measurements (Morvannou et al., 2011). Changes in fitting parameters mainly concern adsorption parameters. As a decrease in NH 4 -N was not directly correlated to an increase in NO 3 -N, an increase in adsorption parameters appeared obvious. This point is in accordance with the model developed by McBride and Tanner (2000) about the nitrogen removal in constructed wetland. They stated that adsorption on organic matter is the main cause of the rapid initial ammonium decrease. Moreover, [START_REF] Kadlec | Nitrogen spiraling in subsurface-flow constructed wetlands: Implications for treatment response[END_REF] indicated through tracer experiments on gravel-bed wetlands with horizontal subsurface flow, the rapid adsorption of ammonium into sediments (28-37 % of the tracer mass injected). Therefore, the Kd parameter is proportional to the sludge content, but no adsorption is considered for layer 4. [START_REF] Birkinshaw | Nitrogen transformation component for SHETRAN catchment nitrate transport modelling[END_REF] studied the nitrogen transformations in a subsurface variably saturated heterogeneous region for nitrate transport modelling, with a term for ammonium adsorption. In a simple approach, they assumed a linear adsorption isotherm with an adsorption coefficient equals to 60 dm 3 .kg -1 . Other studies about nitrogen transformations carried out in systems for wastewater treatment also used a linear adsorption isotherm but selected adsorption coefficients were lower (2.79 and 1.38 dm 3 .kg -1 for [START_REF] Yamaguchi | Nitrification in porous media during rapid, unsaturated water flow[END_REF] and [START_REF] Martin | Interaction and spatial distribution of wetland nitrogen processes[END_REF] studies, respectively). We used decreasing values for the adsorption coefficients for layers 1 to 3 (900, 650 and 400 dm 3 .kg -1 , respectively) in order to better fit ammonium concentrations in the effluent. These values would need further studies (laboratory-scale studies) to be confirmed but are consistent with the high organic matter content in the first stage of the French VFCW fed with raw wastewater.

5.3.2.

Comparison between simulated and measured data with calibrated parameters 5.3.2.i. Online monitoring (COD, nitrogen forms)

Firstly, using on-line COD monitoring (section 5.2.2.ii.), we calculated the simulated concentrations into flow-proportional composite samples corresponding to each batch applied.

Filtered COD concentrations

We compared the dissolved COD (CR + CS + CI) simulated at the VFCW exit to the measured values from online sensor (Figure 5.5). The average value for MARE reaches 15 % and individual values varied from 3 to 50 %. Hence, the CW2D initial conditions and parameters related to COD were considered as suitable for further simulations. During the rest period, the CR and CI concentrations increase in all layers and particularly in layer 1: from 2.5 (end of the feeding period) to 2000 mg.L -1 (end of the rest period) and from 21.5 to 31.5 mg.L -1 , respectively. The predicted accumulation was due to the decay of microorganisms, while the growth is very slow due to a preferential uptake of ammonium by nitrification. Indeed the CW2D model uses a growth rate that contains a Monod function that turns to zero when ammonium is lacking. This result to the accumulation of CR and CI should not fit with reality. Indeed, solid respirometric tests carried out on sludge and colonized gravel have always shown low oxygen uptake rate.

NH 4 -N and NO 3 -N concentrations Figure 5.6 presents the evolution of the simulated and measured NH 4 -N and NO 3 -N concentrations in the VFCW effluent during the measurement campaign. We calculated an average MARE value of 27.1 % and 21.3 % for NH 4 -N and NO 3 -N concentrations, respectively. This relative difference corresponds to absolute difference MAE of 5.5 and 6.5 mg.L -1 . The MARE can reach 0.3 % to 63.9 % difference. We obtained thus an acceptable fitting with concentrations measured in the effluent with both nitrification and adsorption. That confirms the importance of ammonium adsorption for nitrification on the French system, as proposed by [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF]. The increase in outlet ammonium concentration until reaching a "plateau" could be explained, in reality, by a saturation of adsorption sites and/or a lack of oxygen for nitrification.

Nevertheless, the adsorption model based on a linear adsorption with constant kinetics (no saturation) can not simulate the saturation of adsorption sites. In the model the nitrification limitation could be attributed to oxygen depletion (see section 5.3.2.ii.). Not to mention the model limitation of ammonium adsorption, these results point out the role of the rest period in renewing oxygen content and ammonium adsorption sites as well.

Despite the consistency between simulated and measured values on a batch average basis, the instantaneous values for predicted NH 4 -N and NO 3 -N concentrations are very variable. They are difficult to fit on the observed instantaneous measured values (Figure 5.7). Concentrations peaks observed at the beginning of each batch can not be reproduced by CW2D. This disparity is probably due to non-equilibrium preferential flow, already underlined in the VFCW hydraulic modelling (Morvannou et al., in prep.) which rapidly discharge NH 4 -N and NO 3 -N in the outflow (short circuit like). Simulated oxygen contents differ from measured values by 5%-unit (layer 4) to 10 to 15%unit (layers 1, 2 and 3). Practically no oxygen is simulated for the three first VFCW layers. These low oxygen contents most probably limit nitrification and microorganisms growth, and consequently explain, as well the adsorption/nitrification competition, the limited nitrification after 3 days of functioning shown in the section 5.3.1.i. The difference between simulation and measurement can lead to two observations: -In reality nitrification seems to be more limited by a saturation of adsorption sites; -Uncertainty on water content values in sludge due to the poor calibration of TDR probes in this layer. We earlier highlighted that preferential flows occurring in reality are not taken into account by the model. Therefore the desaturation of macropores is faster and the access to oxygen easier.

Oxygen contents increase during the rest period and reach up to the saturation concentration of oxygen (i.e. 9.2 mg.L -1 ) (results not shown). For both biomass types, most of the biomass is simulated in the top 20 cm (layer 1) and a significant decrease versus depth is observed. As for various other processes treating both COD and ammonium, the microbial community is mainly composed by heterotrophic biomass. With the help of modelling, we can observe that heterotrophic biomass is in the first 30-cm, whereas autotrophic one is in the first 50-cm of the filter.

Heterotrophic and autotrophic biomasses

For the concentrations of heterotrophic biomass, we observe that:

-After 4 days of the rest period (T = 180 h), the simulated concentrations of heterotrophic microorganisms are quite close to the initial values determined from total COD and TSS. -But, at the end of the rest period (T = 252 h), the simulated concentrations are lower than the initial conditions determined (Table 5.2.).

For the concentrations of autotrophic biomass, the predicted values were always below the initial conditions and they continuously decrease with time, even during the feeding period.

The new autotrophic microorganisms did not attach in the system. This is probably due to the low oxygen contents predicted by CW2D preventing from optimal growth. In the model concepts, the microorganism decay mainly produced COD (CR, CS and CI) which is in agreement with the increase in CR and CI concentrations mentioned in section 5.3.2.i. A too high decay rate of autotrophic biomass could explain the decrease as well.

Discussion

5.3.3.i. Fate of nitrogen during feeding and feeding+rest periods

This section discusses the different ways of eliminating the KN, considering the feeding and feeding+rest periods separately. We calculated that 3549 gN were applied to the VFCW during the feeding period. This represents a mean KN load of 36 gKN.m -2 .d -1 on the operational filter. Carrying out nitrogen mass balances on a VFCW is a difficult task because ammonium and nitrate were already present in the VFCW before the feeding period and these quantities were not initially determined. Nevertheless, a mass-balance approach has been carried out (section 5.2.4.iii.) to determine the different fluxes involved in the VFCW, among which the assimilated, adsorbed, nitrified, denitrified or released (outflow) nitrogen fluxes. Figure 5.10 presents the fate of nitrogen through the system for feeding and feeding+rest periods. For the feeding period, 776 gKN are released with the effluent, 1164 gKN are adsorbed, and 1566 gKN are nitrified. The nitrified flux causes a release of nitrate of 1201 g whereas 364 g are denitrified. The total KN removal reaches 78.1 % during the feeding period. The adsorbed and nitrified nitrogen quantities represent 32.8 % and 44.1 % of the input KN. On the same plant, [START_REF] Molle | Potential for total nitrogen removal by combining vertical flow and horizontal flow constructed wetlands: A full-scale experiment study[END_REF] observed a KN removal of about 55.6 % for the same KN load in this study. Langergraber et al. (2009b) observed KN removal of mechanically pre-treated wastewater in a two-stage constructed wetland system filled with sand. In such systems, removal efficiency was of 68.9 % for KN and nitrification of about 76.6 % in the first stage. The spiralling effect [START_REF] Kadlec | Nitrogen spiraling in subsurface-flow constructed wetlands: Implications for treatment response[END_REF] is observed along the column and thus nitrification performances can not be really calculated based on the feeding period only, what CW2D can do.

a b

Nitrogen quantity previously adsorbed in the VFCW is reduced by 84.0 % during the rest period and transformed into nitrate (nitrified nitrogen quantity increased by 62.4 %). These observations explain and confirm the significant nitrate flux generally measured in the VFCW effluent during the first batches (Figure 5.7, right) [START_REF] Molle | Effect of reeds and feeding operations on hydraulic behavior of vertical flow constructed wetlands under hydraulic overloads[END_REF]. On one feeding+rest period we calculated mean removal efficiency with the CW2D model of 78.1 % for KN which is higher than what is generally observed on a 24 h composite sample during feeding period [START_REF] Molle | How to treat raw sewage with constructed wetlands: an overview of the french systems[END_REF].

As simulated dissolved oxygen is limiting, the simulated denitrified nitrogen quantity represents 23.2 % of the nitrogen nitrified and 10.3 % of the input KN. In our monitoring campaign, the denitrification rate is estimated to be about 3.71 gN.m -2 .d -1 , assuming that denitrification occurred for 3.5 days of feeding.

As stated in section 5.3.2.ii., the final conditions are different than the initial conditions, meaning that initial conditions were not stable. Consequently a second simulation was carried out with initial conditions similar to the final conditions of the first simulation.

5.3.3.ii. Additional simulation consecutive to a previous simulation period

This section deals with the simulation of a feeding period that is applied immediately after the period previously studied ("fictive" campaign), and hence with new initial values of the different components.

With this "fictive initialization", simulated COD fractions globally match measured values. Nevertheless, during the first 24 h of the feeding period, COD concentrations are much higher than the ones measured due to high COD concentrations produced by microorganisms decay during the previous rest period.

For nitrogen (Figure 5.11), despite a decrease of autotrophic microorganisms concentrations during the first feeding at rest period, ammonium concentrations are as well-simulated (MARE = 28.9 %). On the other hand, for nitrate concentrations the MARE reaches 67.8 % and the model over-estimate the nitrate release during the first batches. These first batches are the most difficult to predict. After the release of nitrate the time variation of the concentration fits with measured values. Therefore, the model calibration and the CW2D model were suitable to simulate the concentrations of nitrogen forms in the VFCW outflow. Nevertheless, some difficulties to reproduce correctly storage and release of nitrogen forms in the VFCW have been highlighted. Our research work showed that it is possible to model COD removal and nitrification on a batch average basis, except for the first batches. Indeed, both ammonium and nitrate concentrations have to be accurately monitored, particularly during the first 24 h where nitrogen concentrations are the most difficult to reproduce. In addition, these concentrations are used to establish their initial concentrations in the VFCW. Even if the pertinence of the different initial conditions can be discussed, the various simulations point out that the model has some difficulties to represent storage and release of the different nitrogen forms. For that, further studies are needed, in particular related to a better COD characterization.

Influent COD characterization

A higher data resolution of COD fractionation would improve simulation results due to low hydraulic residence times (few minutes). Indeed, large differences were observed among the different sampling moments. The concept of inert particular organic matter (Xi) is linked to a range of activated sludge retention times (SRT, from 5 to 50 days). This fraction of COD, which is refractory to biological treatment in this range of SRT, should be not correct for high SRT processes like those that develop on the French VFCWs (5 to 10 years). A "very slowly biodegradable fraction" might be defined to account for the observed biodegradability at very long SRT. There is a clear need for the improved tracking of inorganic materials, especially those involved in precipitation/dissolution (sulphide, magnesium, calcium, iron, aluminum). Simulation experience indicates that introducing inert suspended solids (ISS) like into the ASM models would improve the simulation of the sludge production.

Effluent characterization frequency

As the filtered COD concentrations are almost the same in effluent during the whole feeding period (batch average basis), monitoring the COD every minute in the effluent is not necessary. Only batch average concentrations comparisons are necessary. If the aim is to better simulate the time course of nitrogen (e.g. as observed with online measurements), then the adsorption phenomena and hydraulic behavior of the filter need to be improved.

A deeper analysis of effluent components, as TSS content and granulometry measurements, would lead to a better understanding of both filtration process and detachment rate determination.

VFCW characterization

Some adsorption measurements on materials composing the various VFCW layers would improve the simulation of nitrogen fate since this mechanism is predominant in this kind of system. Adsorption coefficients were manually calibrated and could be overestimated. A protocol should be set-up to measure this coefficient.

No measurement of the oxygen re-aeration rate was carried out in this study and it was only adjusted according to the nitrogen concentrations in the VFCW effluent. Moreover, it was constant through the whole simulation, whereas it could be modified according to the oxygen contents between the different layers. A protocol should therefore be carried out to measure this coefficient for the oxygen transfer rate.

A system should be set-up to carry samples and help determining the initial conditions in the system, for COD and nitrogen forms. Moreover, measurement of in-situ nitrogen conversion rate should be developed, using for example CO 2 and/or N 2 O emission. Moreover the measurement of denitrification rate should be developed to calibrate denitrification. The evaluation of the concentration of biomass (microbiological techniques) should also help the calibration process.

Conclusion

In this chapter, we use a process based mechanistic model to evaluate the behavior of an intensively monitored VFCW filled with gravel. Different components, of the raw/treated wastewater, and in the filter were measured during the feeding period of 3.5 days, aiming at calibrating biological parameters of the CW2D model (HYDRUS software). Dynamic behavior of nitrogen forms, COD and oxygen were simulated with a good match on a batch average basis with the model. The model achieved to simulate the intensities of adsorption and nitrification of ammonium occurring during both feeding and rest periods. It was found that during the feeding period, adsorbed nitrogen mass was almost equivalent to the nitrified mass. During the rest period, the previously adsorbed mass is nitrified, resulting consequently to high concentrations of nitrate during the first batches. However, due to interconnection between each process, the change of only one parameter can modify various processes. Different parameter combinations could still lead to a match between simulated and measured data. Practical knowledge of the VFCW systems remains essential to correctly calibrate the CW2D model. Further developments were pointed out and seemed to be necessary for a proper prediction of ammonium adsorption and nitrate release phenomena. Improving the hydraulic representation including preferential flows, measurements of in-situ oxygen transfers, initial conditions, denitrification rate and concentration of biomass (microbiology) should be the subject of future research.

Chapter 6

Conclusions and perspectives

VFCW systems are becoming popular engineered systems for wastewater management in rural areas. However, the hydraulic and biological functioning of VFCW systems is still not well known. Raw wastewater feeding the material filling the VFCW (gravel) and the large sludge deposit developed over the several functioning years (about 20 cm) are the special features of the Cemagref-type VFCW system. These typical characteristics make this kind of systems difficult to characterize. The HYDRUS/CW2D model was used to simulate both the hydraulic and biological behavior of a first stage of a two-stage VFCW.

The hydraulic calibration of the HYDRUS model was carried out through the specific assessment of the hydraulic parameters. As in the VFCW vertical heterogeneity of hydraulic properties is important, four layers composing the VFCW (a sludge layer, two layers for the mix between sludge and gravel and a gravel layer) were needed to describe its hydraulic behavior. We used a multi-tier approach to obtain a reliable hydraulic parameter set for these various layers. Indeed, both direct and inverse laboratory experiments and a network of TDR probes inserted within the VFCW were used for the assessment of the specific hydraulic parameters. The applied methodology with successive optimizations as well as a large range of experimental data led to a reliable hydraulic parameter set which allowed simulating water contents at different depth within the VFCW with a good accuracy. Contrarily, using data sets obtained either from laboratory experiments only or from in-situ data inversion using literature values for initialization failed. Nevertheless, to improve this methodology it might be interesting to consider confidence intervals from proposed methods into the calibration process (e.g. using a Bayesian approach). Another way to improve parameter calibration is to take into account the correlation among them. A change in one parameter can generate a variation in highly correlated parameters, with the result that none can be accurately determined. Finally, simulations could be further improved by usage of non-equilibrium models which are able to reproduce preferential flows.

Once the hydraulic calibration completed, the biological calibration of the CW2D was carried out by coupling laboratory and field measurements. On the one hand, some biological parameters were assessed for the different VFCW layers. In particular the nitrification capacity and the biodegradable organic matter quantity were determined thanks to a solid respirometry technique, exclusively developed to measure the biological activity in unsaturated porous media, i.e. samples taken from VFCW. Comparison with batch liquid experiments indicated that the solid respirometry was more appropriate due to the original medium where the bacteria were studied. On the other hand, an intensive monitoring was carried out within the VFCW. Different components, of the raw/treated wastewater, and within the filter were measured during a feeding period of 3.5 days long, aiming at calibrating biological parameters of the CW2D model (HYDRUS software) by adjusting the simulated values to the observed ones. Hence, with these two strategies we achieved to determine some numerical values of stoichiometric and kinetic coefficients of biological processes, linking with nutrients diffusion and utilization (carbon, nitrogen and oxygen). The model successfully achieved to simulate COD removal and nitrification on a batch average basis, except for the first batches. It simulated the two major processes (ammonium adsorption and nitrification) occurring during the feeding period. The rest period was characterized by the nitrification of the nitrogen previously adsorbed and consequently high concentrations of nitrate were observed during the first next batches. Simulation results correspond to nitrogen removal observed during the feeding period and nitrogen evolutions during the rest period match with trends observed on field scale. Therefore, the nitrate quantity produced during the rest period left the system during the first batches of the second simulated feeding period. But, the nitrate quantity produced was too high and consequently simulated concentrations were too high compared to measured data. This feeding period moment was the most difficult to reproduce for both the first and the second simulated feeding periods. After this nitrate release the concentration evolution succeeded in reproducing measured values. Therefore, the model calibration and the CW2D model were pertinent. However, due to interconnection between each process and the large number of parameter to be set up, the problem can be considered as ill-posed. Therefore, different parameter combinations could lead to a match between simulated and measured data. A protocol allowing measuring nitrogen adsorption on sludge and gravel/sludge mix could improve the nitrogen modelling. Practical knowledge of the VFCW systems remains essential to correctly calibrate the CW2D model. Contrary to the activated sludge modelling that has been deeply investigated since a long time, the CW modelling is somewhat recent and less studied. Moreover, while the activated sludge process is controlled (oxygen, nutrients, biomass contents) and thus it is easier to reproduce the various media changes, the "natural" and less controlled characteristic of the CWs means a weaker knowledge of their behavior. This work will participate to better define operating limits of French VFCW, particularly regarding nitrogen removal and the first stage of treatment. Moreover, it is a step towards optimizing filter design in relation to its application specificity -i.e. wastewater characteristics, type of sewer network, geographical area, etc. -in order to anticipate rule and regulation evolutions for river quality improvement. Two applications are of special interest: sewage overflow treatment wetlands and French VFCW built in cold climate area. In both cases an adaptation of the bio-kinetic parameters may be necessary to model the adaptation of biomass to the specificity of the influent and the low temperature, respectively.

To reach these operational goals, numerical models must also be upgraded. Regarding the hydraulic modelling of the system, it was pointed out earlier that non-equilibrium models is a necessary improvement for those coarse systems, but modelling would also gain in accuracy if phenomena so far neglected are included like the evapotranspiration or the influence of reeds. Moreover, carrying out global parameter estimation should allow solving the illposedness problem of inverse modelling schemes and improving the hydraulic parameter assessment. A global model sensitivity analysis should allow knowing which parameter is essential to the modelling and lead to a model reduction by fixing parameters not effectively pertinent, or eliminating them from the model structure. The biological part of the model would be significantly improved if the biomass attachment/detachment phenomena and pore space occupation are taken into account. Based on the experience gained over this thesis, we suggest the introduction of a new COD fraction that would represent the very slowly biodegradable fraction. This is needed because of the very long retention time (5 to 10 years).

The relative participation of adsorption to nitrogen removal process that is quite high in the studied case must now be investigated in presence of precipitation and fully developed reeds.

compost. Consequently, methods based on the oxygen uptake rate are preferred to estimate the potential biodegradability of solid organic waste [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF].

In addition, respirometric tests based on the oxygen uptake can be divided between static and dynamic methods in relation to the oxygen uptake measurement carried out without (static) or with (dynamic) a continue aeration of the biomass [START_REF] Scaglia | Respiration index determination: dynamic and static approaches[END_REF][START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF].

The choice depends also on the studied media activity: for low activity, static respirometry is recommended and dynamic ones for high activity.

• Static methods consist in oxygen uptake measurement into a closed container.

Only the oxygen initially present in the container can be consumed. Air composition is measured at the beginning and at the end of the experiment [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. As well as system simplicity, these methods are accurate due to the absence of entrance/exit in mass balances. However, they induce an oxygen transfer limitation through the biomass and bacterial cells which reduce or inhibit the aerobic biological processes [START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF][START_REF] Adani | The influence of biomass temperature on biostabilization-biodrying of municipal solid waste[END_REF]. Therefore, the oxygen uptake and thus the sample biodegradability can be underestimated [START_REF] Giraldo | Development of a conceptual model for vertical flow wetland metabolism[END_REF]. • These problems are not met with dynamic methods. They have the advantage to minimize the oxygenation limitation. In these systems, the respirometric reactor, filled with the studied sample, is continuously supplied with oxygen to ensure its diffusion within the matrix as well as aerobic conditions. In the dynamic method proposed by [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF], the dynamic respiration index (DRI, [mgO 2 .kgVS -1 .h -1 ]), is determined by measuring the difference of the oxygen concentration between the entrance and the exit of the air flow passed through the solid sample: The biological stability degree is calculated as the mean value of the twelve indexes of instantaneous respiration (DRI i ) recorded during 24 h. This value characterised by the biological activity the most intense (DRI DiProVe , [mgO 2 .kgVS -1 .h -1 ]), is calculated as follows [START_REF] Scaglia | Respiration index determination: dynamic and static approaches[END_REF]: According the essay conditions, authors point out the difference between a real dynamic respiration index (RDRI) carried out without moisture adjustment, and a potential dynamic respiration index (PDRI) carried out with moisture adjustment. According to [START_REF] Adani | Determination of biological stability by oxygen uptake on municipal solid waste and derived products[END_REF][START_REF] Adani | Respiration index determination: A comparative study of different methods[END_REF][START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF], this technique presents the following advantages: (i) continuous presence of an air flow during the measurement (dynamic condition) which does not limit the oxygen transfer through the biomass and in bacterial cells; (ii) capacity to work on large masses (until 13 kg) saving thus the sample representativeness. Therefore, the DRI measurement represents in a laboratory, a reproduction at large-scale of the composting process [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF].

The oxygen content can be measured either directly or in an aqueous solution. A method based on BOD was also suggested by [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF]. The dynamic method is carried out by a continual biomass mixing combined with an intermittent aeration Two indexes were obtained: the specific oxygen uptake rate (SOUR, [mgO 2 .gVS -1 .h -1 ]), and the oxygen demand in twenty hours (OD 20 , [mgO 2 .gVS -1 ]).

• SOUR index represents the maximum rate of oxygen uptake (peak of the respirogram representing the oxygen uptake rate): For the SOUR determination, a dissolved oxygen probe is used to measure the oxygen concentration change of a solid samples put in suspension in water under optimal conditions for the microbial activity. The OD 20 is calculated by integrating the dissolved oxygen diminution curve from 0 h to 20 h. These two methods can be used to determine the stability of a compost sample. However, the SOUR determination is faster [START_REF] Chica | Determination of the stability of MSW compost using a respirometric technique[END_REF] and [START_REF] Scaglia | Precision determination for the specific oxygen uptake rate (SOUR) method used for biological stability evaluation of compost and biostabilized products[END_REF] showed that for a large biological stability degree, the SOUR index is less accurate than the OD 20 index. Moreover, this method requires only a simple reading of the oxygen concentration during the experiment whereas OD 20 method requires a graphical integration.

VS

The dry specific oxygen uptake rate (DSOUR) for a dry solid sample is calculated by [START_REF] Iannotti | Quantitative respirometric method for monitoring compost stability[END_REF]. A comparison with the SOUR index had been carried out [START_REF] Lasaridi | Windrow composting of wastewater biosolids: Process performance and product stability assessment[END_REF] to monitor the composting process. These two indexes follow the same evolution: respiration rate increase during the first decomposition steps [START_REF] Iannotti | Quantitative respirometric method for monitoring compost stability[END_REF] due to the large organic molecules breaking into smaller and soluble ones, and temporarily more substrate is available. A good correlation is highlighted between these two indexes (correlation coefficient = 0.94/0.85). But for fresh compost, DSOUR values are irregular and lower than the SOUR ones, this difference between the two indexes diminishing with composting time. Consequently, DSOUR index can not clearly represent a composting step where the bacterial activity is important [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF].

According to [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF], measure the respiration rate of a compost aqueous suspension rather than a solid compost sample offers still some advantages:

• The test is not affected by changes of the sample water matrix;

• There is an immediate contact between the substrate, microorganisms and oxygen leading to maximum reaction rates; • The liquid-gas barrier at the compost particle surface for the oxygen diffusion is not considered; • Results obtained with liquid samples are more repeatable. Nevertheless, methods using this kind of liquid samples move away from actual conditions and consequently the result concerning the stability level of the biodegradation kinetics does not consider the influence of the solid matrix characteristics (moisture, media particle size, etc.). Indeed, liquid respirometry (saturated media) is not suitable for study of unsaturated matrix because operating conditions do not reproduce processes and constraints linked to the gaseous oxygen. Moreover, under saturated conditions, predominant microorganisms can be different of those operating under saturated conditions. Finally, liquid respirometry is limited by the small sample quantity used for the essays (3-8 g), which is not a restrictive aspect for the solid respirometry.

In Europe, respiration activity after four days (AT 4 , [gO 2 .kgDM -1 ]) and the DRI are recommended as parameters for the compost stability estimate (European Commission, 2001;Barrena et al., 2009). AT 4 is the cumulative value of the oxygen uptake recorded during 96 h (four days). This value is obtained by numerical integration of the instantaneous DRI (DRI i ) values obtained during 96 h (European Commission, 2001). confirmed the need to mix samples for quantifying all the biodegradable organic matter. Indeed, when the oxygen uptake rate reaches a low and stable, in particular for sludge from wastewater treatment, material mixings stimulate again the oxygen uptake, confirming thus the presence of residual biodegradable organic. The second oxygen uptake peak can represent between 23 % and 37 % of the total consumed oxygen after a manual material mixing [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF]. The presence of residual biodegradable organic matter can be explained by two biodegradation limiting factors: the moisture and the FAS of the sample [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF].

• While during the respirometric experiments the material temperature is constant and homogenous, some high variations concerning the moisture content within the sample are measured between the test beginning and end, independently from the fact that the gaseous phase is considered as completely stirred. Some areas with limiting moisture appear and lead to a new oxygen uptake after mixing. • In the high moisture case, low FAS within the sample can be at the origin of this limiting oxygen uptake leading to oxygen diffusion problems within the sample. Indeed, after each mixings, the FAS is higher than before, confirming thus the beneficial effect of this method to get a complete biodegradation of the samples. The main mixing effect is therefore to restore favorable environment for biodegradation (moisture and FAS within sample). This beneficial effect seems to be more important for a matrix with a high quantity of slowly biodegradable organic matter and with a low initial moisture content [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF].

Despite the fact that the moisture control is not validated, the respirometer developed by [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF], associating respirometric measurements under controlled environment and in-situ FAS measurements, is perfectly adapted for the biodegradability study of organic wastes from various origins at different evolution degrees.
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  oxygen demand; BOD: biological oxygen demand (for 5 days); TSS: total suspended solids; KN: Kjeldahl nitrogen.
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Figure 3 .

 3 Figure 3.10: (left) Calibration relationship between electrical resistivity and water content for the gravel layer estimated using the calibration set. (right) Measured water content versus estimated water content obtained by applying the calibration relationship on the validation dataset

Figure 4A. 1 :

 1 Figure 4A.1: Example of a device combining respirometry and titrimetry measurement for activated sludge study (Source: Gernaey et al., 2001)

Figure

  Figure 4B.1: Solid respirometer device

  Figure 4B.2: Examples of DRI(t) and CO(t) results for carbon degradation in three organic wastes (colonized sand and gravel, sludge)

Figure

  Figure 4B.3: Respirogram obtained after addition of ammonia for the nitrification study

  Five parameters are used, such as the maximum autotrophic growth rate (µ A, max , [1/h]), the cellular yield coefficient (Y A , [g COD biomass /gNH 4 -N nitrified ]), the saturation/inhibition coefficients for oxygen (K ANs,O2 , [mg O 2 /L]), nitrogen (K ANs,NH4 , [mg NH 4 -N/L]) and inorganic phosphorus (K ANs,IP , [mg P/L]). Also four variables are used like the concentration of oxygen (C O2 , [mg O 2 /L]), the concentration in ammonium (C NH4 , [mg N/L]), the concentration in inorganic phosphorus (C IP , [mg P/L]) and the concentration of biomass (C XA , [mg COD biomass /kg DM]):

Figure

  Figure 4B.4 presents CO and DRI max for batches of 250 mL, 500 mL and 1 L of tap water containing either a concentration of 30 or 60 mgNH 4 -N/L with carbonates, for a nitrogen mass applied of 7.5 to 60 mg N. Relative standard deviation indicates the discrepancy around the mean values.

  Figure 4B.4: CO (left) and DRImax (right) measured for different batches loaded with different nitrogen load

  Figure 4B.5: NH 4 -N, NO 3 -N and equivalent CO measured (mgN) for the successive addition of water with or without ammonium

  Figure 4B.6: Mass of NH 4 -N (injected and released), NO 3 -N (released), nitrified nitrogen (mg N) and CO measured for the successive addition of water with ammonium

  Figure 4B.7 presents the values of mean and relative deviation for the specific oxygen uptake rate (R S,max , [mg O 2 /kg DM/h]) determined for five injected nitrogen mass in the range 8 to

  , max the maximal oxygen uptake rate [mg O 2 /kg DM/h], k Rv max the rate coefficient [1/mg N], and loadN [mgN] the injected nitrogen load.

Figure 5

 5 Figure 5.1: Scheme of the studied VFCW, locations of measurements and sampling points (not on scale)

Figure 5

 5 Figure 5.2: Scheme of VFCW layers phases, compounds and processes predicted by CW2D (Source:Morvannou, 2009) 

Figure 5 . 3 :

 53 Figure 5.3: Various stages to calibrate CW2D (Adapted from Delrue et al., 2010)

Figure 5

 5 Figure 5.4: COD fractions of raw wastewater of Evieu samples and literature data (from Pasztor et al., 2009)

Figure 5 . 5 :

 55 Figure 5.5: Simulated and measured dissolved COD concentrations in the effluent for 3.5 day-period of wastewater supply

Figure 5 . 6 :

 56 Figure 5.6: Simulated and measured average concentrations for NH 4 -N (left) and NO 3 -N (right) in the effluent for 3.5 day-period of feeding

Figure 5 . 7 :

 57 Figure 5.7: Simulated and measured instantaneous concentrations for NH 4 -N (left) and NO 3 -N (right) in the effluent for 3.5 day-period of feeding

Figure 5 . 8 :

 58 Figure5.8: Calculated (continuous curve) and measured (spots) oxygen contents at different depths of the VFCW for the two measurement points (red: layer 1; blue: layer 2; green: layer 3; black: layer 4)

Figure 5 .

 5 Figure5.9 presents the evolution of the heterotrophic (XH) and autotrophic (XAN) biomasses at different VFCW depths and time periods.

Figure 5 . 9 :

 59 Figure 5.9: Simulated XH (left) and XAN (right) concentrations at different depths and times after the monitoring campaign beginning (FP = feeding period, RP = rest period)

Figure 5

 5 Figure 5.10: Nitrogen fluxes (gN) calculated for feeding (a) and feeding+rest (b) periods

Figure 5 .

 5 Figure5.11: Simulated NH 4 -N and NO 3 -N concentrations for additional simulation ("fictive" feeding period) consecutive to the previously simulation period

  with, Q : airflow [L.h -1 ]; θ: acquisition time [h] ; ∆O 2 : difference in oxygen concentration in the inlet and outlet air flow of the reactor [mL.L -1 ]; V g : volume occupied by one mole of gas at inlet air temperature [L.mol -1 ]; 31.98: molecular weight of oxygen [g.mol -1 ]; VS: total volatile solids present at the time of measurement [kg].

  slope [mgO 2 .L -1 .min -1 ];V: volume of the suspension [L]; m: masse of the compost sample [g, wet weight]; DS: fraction of dry solids (from 0 to 1); VS: fraction volatile solids (from 0 to 1).• OD 20 index is the cumulative oxygen demand for the first twenty hours of the test: the rate of oxygen uptake at time t [mgO 2 .L -1 .min -1 ].
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	Chapter 1

Table 1 .

 1 2: Effluent threshold for wastewater treatment plants (Source: French ministerial decree from 22 June 2007).

	Parameter	Maximum threshold	Minimum yield
			to reach
	COD	125 mg.L -1	75 %
	BOD 5 TSS	25 mg.L -1 35 mg.L -1	70 % 90 %
	KN	15 mg.L -1	70 %

Table 1

 1 

	Wastewater Condition Degradation Alternation	Feeding	Design Depth	Change in altitude
	Raw	Aerobic	-Carbon -Complete nitrification	Essential	Batches	2-2.5 m 2 .PE -1 60 cm	Useful

.3: VFCW characteristics (Source:

[START_REF] Boutin | Les filtres plantés de roseaux, le lagunage naturel et leur association: comment ? pourquoi ? Sinfotech -Les fiches de synthèse[END_REF] 

Table 1

 1 

	.4: Classical design loads for the first treatment stage for the dry weather flow (Source: Molle et
	al., 2008)				
		Hydraulic	COD	TSS	KN
		load (m.d -1 )	(g.m -2 .d -1 )	(g.m -2 .d -1 )	(g.m -2 .d -1 )
	Design loads on the 1 st stage filter in operation	0.38	300	150	25-30

Table 1

 1 

	.5: Thresholds for hydraulic loads for vertical flow reed beds (French configuration) (Source:
	Molle et al., 2006)				
	Deposit layer (cm)	0-10		0-25	
	Hydraulic load	Once a week	Once a month	Once a week	Once a month
	m.d -1	1.80	3.50	0.90	1.80
	m.h -1	0.25		0.11	
	1.2.2. Plant effects				

Table 1

 1 

	.6: Models existing for VFCW modelling (details presented in Appendix I)		
	References	Water flow wastewater Richards Domestic flow equation Two-phase	Main biological species	Biological conversion (kinetics)	Reactive transport	Porosity evolution
	Freire et al. (2006)				1 st order		X
	Mc Gechan et al. (2005)			N	1 st order		
	Wanko et al. (2006)	X	X	C	Monod-type		
	Forquet et al. (2009b)						
	Petitjean et al	X	X	C, N	Monod-type	X	
	(submitted)						
	Ojeda et al. (2006)	X	X	C, N	Monod-type	X	
	Langergraber and						
	Simunek (2005)	X	X	C, N, P Monod-type	X	
	HYDRUS/CW2D						
	Giraldi et al. (2010) FITOVERT	X	X	C, N	Monod-type	X	X

Table 1

 1 

		Dynamic Solid	O 2 phase	Index
	Compost				
	Adani et al. (2004)	X	X	Gaseous	DRI
	Scaglia et al. (2007)	X		Liquid	SOUR/OD 20 /OD 12
	Scaglia and Adani (2008)	X	X	Gaseous	DRI
	Liquid sludge by composting				
	Lasaridi and Stentiford (1998)	X		Liquid	SOUR/OD 20
	Tremier et al. (2005)		X	Gaseous	rO 2 [mmolO 2

.7: Main operating conditions for respirometric methods used for compost, activated sludge and wastewater from VFCW

Table 2 .

 2 2 gives the K s values and the volatile matter contents for the four layers considered within the VFCW.

Table 2 .

 2 2: Saturated conductivity and volatile matter for the four layers of the studied VFCW

	Layer	K s (cm/s)	VM (%)
	1	4.22E-04	26.9 (SD = 20.1; 12 values)
	2 2	1.49E-01 1.45E-01	2.4 (SD = 1.21; 12 values)
	3	1.07E-01	
	3	1.41E-01	1.8 (SD = 0.24; 12 values)
	3	1.57E-01	
	4	> 2.65E-01	1.4 (SD = 0.48; 12 values)

Table 2 .

 2 3: Parameter values and confidence intervals (95 %) of the hydraulic properties of the VFCW as obtained from standard laboratory experiments Table 2.4: Parameter values and confidence intervals (95 %) of the hydraulic properties of the VFCW as obtained from the inverse modelling of the evaporation method

	Layer		1		2			2			4			4			4
	Parameter Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI
	θ r	0.37	0.35 0.40	0.21	0.20 0.22	0.17	0.16 0.18 0.064 0.054 0.073 0.049 0.043 0.056 0.094 0.087 0.102
	θ s	0.67	0.64 0.70		0.406			0.406			0.44			0.44			0.44
	Α (1/cm)	1.20	0.40 2.14	0.46	0.26 0.66	0.98	0.77 1.20 5.189 2.582 7.796 4.812 3.266 6.357 1.781 1.435 2.127
	N	1.51	1.28 1.70	2.13	1.70 2.56	1.68	1.54 1.81 1.560 1.404 1.716 1.588 1.479 1.697 1.679 1.557 1.800
	Layer		1			2			2			4			4			4
	Parameter Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI	Value	95% CI
	θ r	0.05	-0.99	1.10	1.91 E-02	-0.79 0.83	0.05 -0.41 0.50	0.11 -0.75	0.97	0.03	0.02	0.04 1.0E-04	-3.0 E-04	5.0E-04
	θ s	0.84	0.79	0.89		0.406			0.406			0.44			0.44			0.44
	α (1/cm)	0.51	-0.36	1.37	3.39	1.15	5.63	0.23 -1.29 1.74	4.82 -1.33 10.96	0.17	0.08	0.26	3.29	2.33	4.26
	N	1.05	1.00	1.10	1.16	0.71	1.61	1.06	1.00 1.124 1.11	0.78	1.43	2.54	1.80	3.28	1.07	1.06	1.08
	Ks (cm/s) 6.61E-03 3.05E-03 1.02E-02 0.15	0.14	0.16	0.07	0.05	0.08	0.10	0.10	0.10	0.06 0.042 0.07	0.09	0.09	0.09

Table 2 .

 2 5: Parameter values and confidence intervals (95 %) of the hydraulic properties of the VFCW as obtained from the integration of the results of laboratory, laboratory inverse and in-situ inverse procedures.

			θ r [-]	θ s [-]	α (1/cm)	n [-]	K s (cm/s)	λ [-]
	Layer							
	1	Mean	0.638	0.840	0.150	1.800	6.830E-03	0.5
		SD	0.086	0.172	0.198	0.183	1.183E-03	
	2	Mean	0.315	0.406	3.245	1.282	0.111	
		SD	0.098		1.308	0.500	0.115	
	3	Mean	0.216	0.406	2.482	1.177	0.106	0.5
		SD	0.142		1.720	0.099	0.204	
	4	Mean	0.255	0.440	2.951	1.305	2.322	
		SD	0.040		1.519	0.313	3.220	
	SD = standard deviation						
	2.3.2. Comparison of the different methods				

  Adapted from Forquet, N.,Morvannou, A., Molle, P. and Vanclooster, M. Imaging of Vertical Flow Constructed Wetland using Electrical Resistivity Tomography and Time Domain Reflectometry -In preparation In this chapter, my work dealt with the calibration, installation and monitoring of the TDR probes, as well as the interpretation of field measurements. ERT measurements and inversions were carried out by other co-authors. Experiments presented here are part of a second experimental field campaign, the only campaign for which simultaneously resistivity measurements and TDR measurements were made.
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  [START_REF] Morris | Analysis of clogging in constructed wetlands using magnetic resonance[END_REF] presented a small embedded magnetic resonance sensor that allows measuring both hydraulic conductivity and clogging level in horizontal flow constructed wetlands. All these studies implement techniques that have small measurement volumes. Hence, for obtaining representative plant scale observations of hydraulic behaviour of VFCW systems, sensors need to be multiplied at different locations. The usage of geophysical imaging tool permits to overcome this issue.[START_REF] Lillo | Using electrical resistivity tomography (ERT) to evaluate water flow in a vertical flow constructed wetland, 3rd International Smallwat congress[END_REF] used electrical resistivity tomography (ERT) to investigate preferential flow in a vertical flow sand filter, but only discussed the raw electrical resistivity tomogram, without quantifying the water content dynamics in the filter.The purpose of this study is to combine a reference local scale water content monitoring technique with a proximal hydrogeophysical technique to monitor water content dynamics at the scale of the first stage of a VFCW system. To this end, we combined Time Domain Reflectometry (TDR) and Electrical Resistivity Tomography (ERT).

Table 4A .

 4A 1: Advantages and disadvantages of the various methods available for both nitrification and carbon degradation studies

	4A.2. Measuring chemical forms						
	Method 4A.2.1.	Material Acid-base dosage Inaccuracy sources Measurement	Mechanization possible?	Measurement phase?	Waste activity	(gas/liquid) Continuous feeding	phase? Adjustable to a solid	Commentaries
	Self-heating test	Controlled temperature reactor (accurate thermometer)	Other endo/exothermic reactions Thermal balance of possible in/out	Heat produced by the reactive environment	Yes	Liquid	Low (no continuous feeding)	No/No	Difficult	Means of temperature measurement very precise Thermal isolation of reactors needed
	Acid-base dosage	pH probes and pump dispenser for pH regulation	Material heterogeneity	Solution pH carbonate and ammonium consumption	Yes	Liquid	Low or high	Yes/No	No	Necessary to well-know the reaction stoichiometry
	Nitrogen forms monitoring	Important analysis means	Analysis method. Nitrogen storage in the solid phase difficult to estimate	Consumption and production of various nitrogen forms	Gas: yes Liquids: no	Solid/liquid	Low or high	Yes/Yes	Yes in percolates and out-gases	Necessary to be certain of the reaction stoichiometry
	Static respirometry	Closed reactor and gas analysis (dissolved or not)	Measurement device Intrusive reactions	O 2 consumption, CO 2 production	Yes	Solid/liquid	Low	No/No	Yes	Necessary to re-circulate the gases to have an adequate diffusion
	Dynamic respirometry	Provision of gas Gas analysis	Complex mass balance. Measurement device accuracy for flows, composition, intrusive reactions	O 2 consumption, CO 2 production	Yes	Solid/liquid	High	Yes	Yes	Never used for nitrification study but method largely used for biological activity measurements

Table 4B .

 4B 2: Comparison of R V, max to literature values [mg O 2 / L media /h]

	Method of R V, max measurement	Solid respirometry (partially saturated conditions)	Nitrates production rate (batch liquid conditions)	Respirometry * conditions) (liquid	Simulations **
	Source	(this study)	(this study)	(Andreottola et al., 2007)	(Langergraber and Šimůnek, 2005)
	Results	32-50 (mean = 41)	13 -25 (mean = 19)	1.8	30.5
		(SD = 9; 2 values)	(SD = 6; 5 values)		

* respirometric method applied to the liquid passing continuously through a colonized filtering column

[START_REF] Andreottola | Respirometric techniques for assessment of biological kinetics in constructed wetland[END_REF] 

  Table 4B.3: Maximum nitrification rate (R v,max ), concentration (C XA ), fraction released by treated effluent and maximum growth rate (µ A,max ) for the autotrophic biomass

		ρ ρ ρ ρ *	R v,max	C XA	C XA	µ A,max
				in reactor	in treated effluent	
	Layers	[g DM	[g N	[mg COD biomass	[mg COD biomass /L]	[1/h]
		/L media ]	/L media /h]	/L media ]	(Fraction of the mass	(1/d)
					contained in reactor)	
	Overall VFCW	143	19.5	123 **	0.04 (0.2 %)	0.037 (0.88)
	1 st layer (h 1 = 20 cm sludge)	187	16.3	103 ***	-	-
	2 nd layer				-	-
	(h 2 = 30 cm colonized	114	21.7	137 ***		
	gravels)					
	3 rd layer				-	-
	(h 3 = 30 cm clean	negligible negligible	negligible		
	gravels)					

Table 5 .

 5 1: Analyses carried out on raw wastewater and VFCW effluent samples

		Raw wastewater	Outflow
	Online measurements	-	
	Offline measurements	PO 4 -P / TSS COD raw,filtered / NH 4 -N / KN	COD raw,filtered / NH 4 -N / NO x -N
	5.2.2.i. Offline analysis		

Table 5

 5 

	.2: Initial conditions for simulations		
	O 2 (mg.L -1 )	COD fractions (mg.L -1 )	NH 4 -N and NO 3 -N (mg.L -1 )	XH (mg COD .L -1 )	XAN (mg COD .L -1 )
				Calculated from BCOD	
				(270 mg.L -1 ) of the raw	
		-CR = 60 in the		wastewater and TSS	Respirometric
	Saturation in the whole VFCW	whole VFCW -CS = 60 in the whole VFCW -CI = 30 in the	Distribution in all layers according to outflow concentrations measured during the four first batches	concentrations of sludge deposit (20 %DM and 70 %VM), fraction of biomass = 0.15 (Stricker, 2000); distributed between:	experiment: Layer 1 : 103 Layer 2 : 137 No XAN were considered for
		whole VFCW		-80 % XH for layer 1	layers 3 and 4
				-20 % XH for layers 2, 3	
				and 4	

Table 5 .

 5 3: Average concentrations and standard deviations (mg.L -1 ) of the components contained in the raw wastewater applied to the VFCW for the 3.5 feeding days (23 samples)

		Hydraulic load (m.d -1 )	COD raw (mg.L -1 )	COD filtered (mg.L -1 )	KN (mg.L -1 )	NH 4 -N (mg.L -1 )	PO 4 -P (mg.L -1 )	TSS (mg.L -1 )
	Average	0.46	493	223.8	78.2	63.5	5.0	193
	Standard deviation	0.12	69.5	44.5	10.0	7.7	0.2	56.7
	Max/Average (daily scale)	1.24	1.3	1.3	1.1	1.3	1.0	1.7
	Number of values	3	23	21	8	23	2	23

Table 5

 5 

	.4: Oxygen re-aeration rate modified compared to CW2D initial value	
	Oxygen transfer	Initial value (20 °C) (CW2D, Langergraber and Simunek, 2005)	Modified value (this work)
	K La [d -1 ]	Oxygen re-aeration rate	240	576
	5.3.1.ii. Calibrated parameters values	

Table 5 .

 5 5: Parameters values (biological, adsorption) modified in order to simulate the measured values (20 °C)

			Symbol	Meaning	Default value (20 °C) (Langergraber and Simunek, 2005)	Modified value (this work)
	Kinetic parameters		
	µ	AN	s	[ 1 -d	]	Maximum aerobic growth rate on NH 4 -N	0.9	0.88 (Morvannou et al., 2011)
	µ	AN	b	[ 1 -d	]	Maximum aerobic growth rate on NO 2 -N	1	With decay rate: b A = 0.15 d -1
	Adsorption parameters		
								Layer 1: 900
	Kd [dm 3 .kg -1 ]	Adsorption isotherm coefficient	NS	Layer 2: 650 Layer 3: 400
								Layer 4: 0
						First-order rate coefficient for one-site		
	Alpha [d -1 ]	non-equilibrium adsorption; mass transfer coefficient for solute exchange between mobile and immobile	NS	Layers 1 to 3: 0.8 Layer 4: 0
						liquid regions		
	NS: not specified			

  Table IV.3: Respirometric techniques applied to the study of wastewater from VFCW

	Matrix type/ Process	Authors	Measurement	Procedure	Respirometric method	O 2 phase	Respirometry type	Respirometer volume /waste mass	Experiment length	T° (°C)	Water/ flow Water	Main conclusions
												Sorption = main
	Wastewater -CW VF	Giraldo and Zarate (2001)	Metabolic activities = kinetics of O 2 uptake, CO 2 production, organic matter	VFCW columns (sand+ gravel) Samples in respirometer IR gas analyzer:	"Static" Only initial gas volume recycling When O 2 content reaches a constant value	Gaseous	Solid	Erlenmeyer	22 h	30	-	mechanism for organic matter removal from the wastewater; biological oxidation bio. secondly during the rest period
			degradation	% in O 2 and CO 2 volume	provision of fresh air provision							Degradation rate depending on O 2
												content in φ gaseous
	Wastewater -CW VF	Andreottola et al. (2006)	OUR = difference between top/bottom concentrations Maximum kinetic parameters (OM oxidation = readily/slowly biodegradable COD, nitrification, endogenous respiration)	VFCW columns (sand+ gravel) A series of respirometers at the column exit	Dynamic Provision of O 2	Liquid O 2dissolved content	Liquid	-	24-48 hours 20	3.2 L 23 L.h -1	1) uptake of readily biodegradable COD 2) uptake of slowly biodegradable COD + nitrification 3) endogenous respiration Respirometry = valid tool to control OM oxidation + nitrification in VFCW + measure kinetic rates

Table II.2: Reaction rates in CW2D

TableIII.3: Kinetic parameters in CW2D(Henze et al., 1995) 

Appendices

Appendix I Available models for VFCW modelling 97 

Appendix III

Respirometric methods for the carbon oxidation

Various methods exist for measuring the sludge biological activity. Generally, this activity results mainly in organic and inorganic carbon, nitrogenous and phosphorous compound oxidation. In the context of solid organic matter biodegradation, only the concepts concerning carbon oxidation by heterotrophic biomass were considered [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF]. Methods consist either in measuring the oxygen uptake, measuring the heat produced by these oxidations or, carrying out some chemical analysis. They are validated and largely used to measure the activity of liquid materials (activated sludge), but there is a lack in literature for the measure of solid materials. To identify which methods are used to evaluate this microbial activity in a solid matrix, it is necessary to see studies dedicate to the compost stability. These stability studies were carried out in order to efficiently control the process to avoid nuisances linked to the compost transport and conservation (smell, biogas production, pathogenic growth, etc.) themselves linked to the bacterial activity (directly or indirectly). Therefore, index or parameters directly linked to the measurement of the readily biodegradable organic matter content in the compost can be used to assess the biological stability. An important content of the readily biodegradable part is the result of a low biological stability; reciprocal is also true [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. Assessment methods of the biological stability can be based on physical (temperature, aeration demand, smell and color, optical density of aqueous extracts), chemical (volatile solids, C/N ratio, COD, humic substances, etc.), and biological (respiration measured either as oxygen uptake, carbon dioxide production, or heat generation, enzymatic activities, plant growth, etc.) characteristics of the compost [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]. Despite the fact that a lot of methods have been proposed to determine the biological stability in solid media, there is no general consensus on the use of one commune respirometric technique. Nevertheless, many search groups worked on this domain [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]) and many essays have been developed under aerobic conditions [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. Among all the proposed methods, respiration index based on the oxygen uptake rate or on the cumulative oxygen uptake can be successfully used to predict biological stability in heterogeneous solid waste. Therefore, respirometric tests are known to be the most reliable methods to measure the biological stability [START_REF] Lasaridi | Windrow composting of wastewater biosolids: Process performance and product stability assessment[END_REF][START_REF] Paletski | Stability measurement of biosolids compost by aerobic respirometry[END_REF] as they are a direct measurement of the microbial activity [START_REF] Adani | Dynamic respiration index as a descriptor of the biological stability of organic wastes[END_REF]. Anyway, as no clear tendency and no net conclusion about the use of chemical parameters like COD can be made, their use is not recommended for the study of waste treatment units including biological treatments, as reported by [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF] and [START_REF] Scaglia | An index for quantifying the aerobic reactivity of municipal solid wastes and derived waste products[END_REF].

To estimate microbial activity, various respirometric tests can be used: oxygen uptake, measurement of dissolved oxygen concentration, change of the carbon dioxide rate [START_REF] Barrena Gómez | The use of respiration indices in the composting process: A review[END_REF]. The carbon dioxide production is directly correlated to the aerobic respiration. The most widespread are those using alkaline traps allowing trapping the carbon dioxide. Some methods more complex are based on colorimetric techniques and gas chromatography. Nevertheless, respirometric methods which monitor only the carbon dioxide production underestimate the sample biodegradability. Indeed, carbon dioxide is a product resulting from aerobic and anaerobic reactions and, even if composting is a aerobic process, the development of anaerobic local zones can be observed [START_REF] Haug | The Practical Handbook of Compost Engineering[END_REF][START_REF] Epstein | The Science of Composting[END_REF]. [START_REF] Lasaridi | A simple respirometric technique for assessing compost stability[END_REF] declared thus that these methods can not be used to assess a respiration index of

Appendix IV

Respirometric techniques applied to studies of the compost stability, liquid sludge for composting and wastewater from VFCW 

Characteristics of the different devices available

Five respirometric devices have been identified providing an experimental volume allowing working with a raw media: (1,2) the device allowing calculating the DRI, designed with two experimental cell sizes (Adani et al., 2004, 2006), and(3,4,5) the respirometers developed by [START_REF] Gea | Monitoring the biological activity of the composting process: oxygen uptake rate (OUR), respirometric index (RI), and respiratory quotient (RQ)[END_REF][START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF] and [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF], this latter being adapted from the device developed by [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF]. Compared to others, the two latter have two main advantages. Firstly, their aeration system includes a rapid air recirculation in the cell of a part of the extracted air which ensure an oxygen diffusion more homogeneous into the biomass without any harmful behavior of the air flow (dead volume, short-circuit, etc.) than a simple forced aeration method. Therefore, oxygen is not limiting for the biodegradation [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF]. Secondly, in these systems the experimental cell and its immersion in a water bath allow to carry out a temperature and moisture control in order that they are homogeneous into the sample. Comparison between respirometric profiles is thus easier. Although the [START_REF] Tremier | A respirometric method for characterising the organic composition and biodegradation kinetics and the temperature influence on the biodegradation kinetics, for a mixture of sludge and bulking agent to be co-composted[END_REF] respirometric device is a validated, repeatable and reproducible method for measuring oxygen uptake kinetics, respecting the solid matrix characteristics, with controlled aeration conditions, temperature and moisture, a new method presented by [START_REF] Berthe | Coupling a respirometer and a pycnometer, to study the biodegradability of solid organic wastes during composting[END_REF] improves the control of environmental parameter (Figure V.1). She couples a respirometer device with a pycnometer to observe the FAS evolution within the sample during respirometric experiments and to check that this parameter stays favorable to the sample aeration. It is designed to allow the control of operating conditions: temperature, moisture and aeration. It is controlled that measurements carried out with the pycnometer have no influence on respirometric measurement and repeatability of these measurements is confirmed. During the [START_REF] Adani | Determination of biological stability by oxygen uptake on municipal solid waste and derived products[END_REF] respirometric tests, material mixings and water addition led to an increase of the biological activity. Authors concluded that these operations help to restore favourable conditions for the biodegradation. If a low or no oxygen uptake rate is recorded after a sample mixing, that corresponds either to a low biodegradability material, or to initial moisture content too high. Experiences carried out with the Berthe et al. (2007) respirometer