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Methane is a strong greenhouse gas, 21 times more potent than carbon dioxide. Landfills are one of the most important anthropogenic source of methane trough biogas production. For small or old landfills it is not possible install energy recovery systems and in several cases it is impossible to use flares as well. In these situations biofiltration represents a valid alternative for biogas treatment. In biofilters methane is oxidized by methanotrophic bacteria. The aim of this work is the evaluation of the efficiency of such a biofilter, through the development of a mathematical model which describes the biological oxidation process. To calibrate the model an experimental set-up on a biological methane oxidation column is presented. The column was designed to reproduce at lab-scale a real biofilter trying to consider the more probable landfill boundary conditions. Although the methane oxidation efficiency in the column was lower than the expected (around 35%), an appropriate model implementation showed an acceptable agreement between the outcomes data of the model simulation and the experimental data (with a Theil's Inequality Coefficient value of 0.08). The factors that mostly affect the process and which actually regulate the entire process have been highlighted in this work. Specifically, it was found that temperature, flow and methane concentration are the most important parameters that influence the system.

INTRODUCTION

A series of control and abatement systems must be provided to minimize the environmental impact that may derive from landfills (during the management or during the post-management). In the landfills the decomposition processes of organic substances under anaerobic conditions lead to the production of biogas which is usually composed mainly of methane (CH4) and carbon dioxide (CO2) [START_REF] Scheutz | Microbial methane oxidation processes and technologies for mitigation of landfill gas emissions[END_REF] . Both are classified as greenhouse gases. In the atmosphere the concentration of CH4 has increased from a pre-industrial value of about 715 to 1732 parts per billion (ppb) in the early 1990s, and was 1774 ppb in 2005. The atmospheric concentration of CH4 in 2005 far exceeded the natural range of the last 650 000 years (320 to 790 ppb) as determined from ice cores [START_REF] Ipcc | Summary for policymakers[END_REF] . In the last years the values of methane concentration are due to continuing anthropogenic CH4 emissions. Several studies, such as Forester et al. [START_REF] Forster | Changes in atmospheric constituents and in radiative forcing[END_REF] have demonstrated that the contribution of methane to climate change is 18% of the total radiative forcing by all long-lived greenhouse gases. In the United States the methane originated from landfills is the second largest anthropogenic CH4 emission source: the emission of CH4 from US landfills in 2007 was about 6.329 Tg [START_REF]Inventory of U.S. Greenhouse gas emissions and sinks: 1990-2007[END_REF] . Also in Europe, in 2006, the methane from landfills was the second largest source of anthropogenic CH4 (22%) with an estimated CH4 emission of 3.373 Tg from waste disposal [START_REF]Annual European Community Greenhouse Gas Inventory 1990-2006 and Inventory Report[END_REF] . If the contribution of all the landfills in the world is considered, the amount of methane released is between 35 and 69 Tg year -1 of CH4 [START_REF] Bogner | Climate Change: Mitigation Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF] . Obviously all these data do not originate from measurements on site but are projections based on estimated rates of CH4 production in relation with the national statistics about (landfilled) waste [START_REF] Scheutz | Microbial methane oxidation processes and technologies for mitigation of landfill gas emissions[END_REF] .

In relation with the environmental problematics related to the global warming, in the last few years many countries have recognized the treatment of biogas as an important step to lower the emission of greenhouse gasses. In all the developed countries new landfills must provide for a biogas extraction system linked with an energy recovery plant.

However there are different situations, such as small waste disposal sites or old landfills in which is not possible or not cost-effective making a new LFG (landfill gas) extraction system or a new energy recovery plant. For these situations there are different way to treat the biogas in order to lower the methane concentration content in the flow. Flares represent a system to reduce the methane present in the biogas. The methane is oxidized to carbon dioxide and water through combustion. Technical specifications for flares available on the market indicate a minimum flow of 50 Nm 3 /h and a methane concentration of 30% v/v [START_REF]Pnr Engineering Systems -Specialists in process instrumentation & heat exchanger services[END_REF] . If these parameters are not respected the incomplete combustion would lead the production of other gaseous pollutants (hydrocarbons, nitrogen oxides, carbon monoxide etc.). In many cases the flow and the methane concentration in the gas are low for any flares.

Biofiltration

Biofiltration is a biologic treatment for the biogas and represent a reliable system for those situations characterized by low flow quantity (less than 50 Nm 3 /h) and low methane concentration (less than 30%). The process consist in a biologic oxidation occurred by the methanotrophic bacteria. These bacteria are able to use the methane content in the gas flow as carbon source. The biochemical reaction (Δ°G = -780 kJ mol -1 CH4, Δ°H = -890 kJ mol -1 ) is the following [START_REF] Chanton | Methane oxidation in landfill cover soils; is a 10% default value reasonable?[END_REF][START_REF] Ng | A fully coupled model for water-gas-heat reactive transport with methane oxidation in landfill covers[END_REF] :
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The kinetics of the process are described by Michaelis-Menten [1-9-10] :

2 2 2 4 4 4 max o O m o CH CH m CH C K C C K C V r + ⋅ + ⋅ = Where: • r = CH4 oxidation rate [mol/(m 3 *h)]; • Vmax = maximum CH4 oxidation rate [mol/(m 3 *h)]; • Km = Michaelis-Menten or half-saturation constant [mol/m 3 ]; • C = concentration [mol/m 3 ];
The biofilter is an aerobic reactor in which the biochemical reaction described before is occurring, so called microbial aerobic methane oxidation (MAMO). Generally biofilters are containers filled with material that allows the methanotrophic bacteria to develop. The filling material is the heart of the system and different studies were focused to find the best composition to oxidize the methane [11-12-13-14] . Wood chips are considered a good material to support and sustain the development of a methanotrophic biofilm. From a technical point of view the LFG is conveyed and conducted by a piping system to the biofilter [START_REF] Streese | Microbial oxidation of CH4 from old landfills in biofilters[END_REF] . To avoid preferential pathways in the bottom of the container there is an empty space in which the LFG can be distributed uniformly over the entire oxidation surface.

As for all the biological processes many environmental factors influence the methane oxidation efficiency. The temperature is an important parameter that control this process [START_REF] Gebert | Performance of a passively vented field-scale biofilter for the microbial oxidation of landfill methane[END_REF] . The optimal range for these bacteria is around 25 -35 °C [START_REF] Boeckx | Methane Oxidation in a Neutral Landfill Cover Soil: Influence of Moisture Content; Temperature; And Nitrogen-Turnover[END_REF] , while 31°C is mentioned as the optimal temperature by King & Adamsen [START_REF] King | Effects of Temperature on methane consumption in a forest soil and in a pure cultures of methanotroph Methylomonas rubra[END_REF] . However, methane oxidation can occur down to 1-2 °C [START_REF] Einola | Responses of methane oxidation to temperature and water content in cover soil of a boreal landfill[END_REF] . The moisture of the filling material is also important for the nutrient transport and it has to be between 10-20% w/w [START_REF] Park | The effect of various environmental and design parameters on methane oxidation in a model biofilter[END_REF] . If the water content is higher the methane oxidation efficiency goes down (molecular diffusion in water is about 100 times slower than in the air [21] ). If this value is under the threshold value of 5% the bacteria activity is drastically reduced as the water stress in the system influences the nutrient supply [START_REF] Whalen | Rapid methane oxidation in a landfill cover soil[END_REF][START_REF] Park | Biofiltration for reducing methane emissions from modern sanitary landfills at the low methane generation stage[END_REF] . The pH value for the methane oxidation must be between 5.5 and 8.5 [START_REF] Scheutz | Microbial methane oxidation processes and technologies for mitigation of landfill gas emissions[END_REF] . Exopolymeric substances (EPS) can also influence the methane oxidation efficiency. EPS accumulation in the biofilm reduces the CH4 oxidizing capacity [START_REF] Hilger | Methane oxidation and microbial exopolymer production in landfill cover soils[END_REF][START_REF] Wilshusen | Long-term behaviour of passively aerated compost methanotrophic biofilter columns[END_REF] .

Aim of the study

The biogas treatment for small or landfills in advanced stages of post management is a challenging task. The biofiltration is a good solution because it is not affected by the low LFG flow or by the low methane concentration in the biogas. The development of a mathematical model to manage and control the biofiltration process is very important in order to optimize the performance of a biofilter. The aim of this study concerns the development and the calibration of a mathematical model for biofilter.

MAMO modelling

Bogner et al. [START_REF] Bogner | Climate Change: Mitigation Contribution of Working Group III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF] developed a dynamic model for landfill gas transport and methane oxidation in landfill cover soils in terms of molecule collisions with the soil matrix. Hilger et al. [START_REF] Hilger | Methane oxidation and microbial exopolymer production in landfill cover soils[END_REF] developed a model based on the well-established Stefan-Maxwell equations. Stein et al. [START_REF] Stein | Numerical model for biological oxidation and migration of methane in soils[END_REF] developed a model for simulating 1D transport and biological reaction of methane in porous media. De Visscher et al. [START_REF] De | Simulation model for gas diffusion and methane oxidation in landfill cover soils[END_REF] developed a simulation model that describes gas transport and methane oxidation in a laboratory setup. Hettiarachchi et al. [START_REF] Hettiarachchi | Comprehensive One-Dimensional Mathematical Model for Heat; Gas; and Moisture Transport in Methane Biofilters[END_REF] and Hettiarachchi et al. [START_REF] Hettiarachchi | Field-scale operation of methane biofiltration systems to mitigate point source methane emissions[END_REF] did a comprehensive onedimensional mathematical model that incorporates heat transfer and moisture transport in methane biofilters. Ng et al. [START_REF] Ng | A fully coupled model for water-gas-heat reactive transport with methane oxidation in landfill covers[END_REF] developed a model that incorporates water, gas and heat coupled reactive transport in unsaturated soil and Abichou et al. [START_REF] Abichou | Modeling the effects of vegetation on methane oxidation and emissions through soil landfill final covers across different climates[END_REF] used a numerical model that combines flow of water and heat with gas transport. Such models provide a practical tool for prediction of net methane conversion and they also allow a sensitivity analysis of the most important parameters. The main difference between the model presented in this study and existing models is that most of these models refer to the process of methane oxidation that occurs in landfill covers and not in biofilters. In the latter case all the gases enter from the bottom of the system (already premixed). Other differences are the choice of diffusion coefficients to explain the transport phenomena and the use of two dimensionless numbers to solve the model equations. Therefore, in this study, a novel model was developed.

MATERIALS AND METHODS

Model development

The simplifying assumption for the implementation of the mathematical model (in Matlab®) is that the biofilter is an ideal plug flow reactor (PFR) with complete mixing in the transverse direction and that the gas mixture consists of only CH4, O2, CO2 and N2. All the gases, including oxygen, enter from the bottom of the biofilter (Fig. 1). Nitrogen transformations were not considered in the model (as it is inert in MAMO). • ω = z / h (h is the height of the filling material and z is the axial coordinate);
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• StCH4, StO2, StCO2 = Stanton number [dimensionless]; • HCH4, HO2, HCO2 = Henry's law constant [dimensionless]; • y S CH4, y S O2, y S CO2 =

mole fraction on the biomass boundary [dimensionless]; • XCH4, XO2, XCO2 =ratio between Damköhler and Stanton number [dimensionless];

• Km CH4 , Km O2 , Km CO2 = half-saturation constant [dimensionless];

Determination of the model's parameters

For the Henry's law constants the following values were used (values expressed as gas concentration/liquid concentration and supposed constant at different temperatures): HCH4 = 29.2; HO2 = 31.4; HCO2 = 1.19 [START_REF] Sander | Compilation of Henry's Law Constants for Inorganic and Organic Species of Potential Importance in Environmental Chemistry (Version 3)[END_REF] . Two dimensionless numbers were defined in order to describe the behavior of the biofilter: The Damköhler number (Da) and Stanton number (St): Where:

• Q = landfill

flow rate entering in the biofilter [m 3 /h]; • S = effective surface of the filling material in which occurs the oxidation [m²];

• h = is the height of the filling material inside the biofilter;

• r = CH4 oxidation rate [mol/(m 3 *h)]; • kg = transport matter coefficient [m/h]; • a = specific surface area [m 2 /m 3 ].
The volumetric transport coefficient kg*a was obtained using the following function for the CO2: ( ) [START_REF] Seongyup | Determination of mass transfer coefficients for packing materials used in biofilters and biotrickling filters for air pollution control. Experimental results[END_REF] and by the diffusion coefficients (in water at 25°C for O2 is 20 cm 2 /s, for CO2 is 19.2 cm 2 /s and for CH4 is 14.9 cm 2 /s) was also calculated for O2 and CH4. The value chosen for Vmax was initially 8.1 mol/(m 3 *h) [START_REF] De | Short-term kinetic response of enhanced methane oxidation in landfill cover soils to environmental factors[END_REF] and its temperature dependence was accounted for by multiplying the maximum value of the methane oxidation rate by a correction factor fV,T [START_REF] De | Short-term kinetic response of enhanced methane oxidation in landfill cover soils to environmental factors[END_REF] which was assumed to be proportional to the temperature in °C, up to a junction temperature Tj (10/ln 2.8 = 9.71 °C).
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The parameter Km, was also made a function of temperature [START_REF] De | Short-term kinetic response of enhanced methane oxidation in landfill cover soils to environmental factors[END_REF] .

Lab-scale column set-up

For the process of model calibration a lab-scale column was constructed (Fig. 2). The column was made in glass with a diameter of 7 cm (resulting in a horizontal surface of 0.0038 m 2 ). The total height was 95 cm divided in: (from the bottom) 5 cm of free space in order to have a good distribution of the gas, 10 cm of gravel to avoid preferential pathways for the gas phase, 70 cm of filling material; 10 cm of free space to allow a good mixing of the exhaust gas and also to insert all the instruments such as temperature sensor, water input and gas output pipe. Between the gravel and the free space a plexiglass filter of 5 mm was placed to prevent the gravel from falling down. To close the column in the top a cork stopper was used with three holes (one for the temperature sensor, one for the water input pipe and one for the gas output pipe). The material selected as filling material was a 50% -50% mixture of compost and landfill soil. The landfill soil was taken from Vanheede landfill (municipality of Roeselare, Belgium, www.vanheedelandfillsolutions.be). The mixing soil had a specific weight of 645.6 kg/m 3 , a relative moisture content of 17.82% and a total solids content of 82.18%, determined by drying 3 soil samples of 10 g each for 48 h at 105°C. The gas flow had 3% of methane in entrance. This value is lower than 10% for safety reasons (the experiment was conducted indoors). Further, the gas contained 20% of oxygen (according to Wang et al. [START_REF] Wang | Methane oxidation in landfill waste biocover soil: Kinetics and sensitivity to ambient conditions[END_REF] ) and 77% of nitrogen. This gas composition was purchased as such at Air Liquide. The applied flow rate was 0.1 liter per minute (lpm) and the value of the methane loading rate was 50 molCH4/(m 2 soil*d).

Experimental procedures

After the column was filled with the soil, the gas was introduced from the bottle to the column. The experiment was conducted for two months. During the first part (one month) the gas, before entering in the column, was directed in a gas-washing bottle filled with water in order to saturate the gas. In this way it was tried to avoid that the gas took away moisture from the soil. The experiment in this first part was conducted with an on/off system: the gas flow was on for 8 hours per day and 5 days per week. During the second part of the experiment (another month) the gas was conducted directly to the column (without saturation) and the system was operated continuously (24 hours per day 7 days per week). Every day several parameters were monitored. Soil temperature was measured (two times per day) with a Traceable® Thermometer with a sensor of 30 cm and a range of -50 -150 °C. To measure the flow a Cole Parmer® flowmeter was installed (measurement range 0 -0.5 lpm). A valve system has been prepared for collecting the exhaust gas samples from the top of the column. During the experiment this valve system provided a possibility to directly sample the gas from the column, as during sample collection all the gas flow is directed in a tube already connected with a 12 mL syringe. The gas collected in the syringes was transferred in small bottles sealed with rubber stoppers. The bottle was filled with an acid solution composed of sulphuric acid, distilled water and methyl orange. The pH of the solution was around 2 (generally the ratio is 200 µl of sulphuric acid for liter of distilled water). The aim of the solution is to retain the gas and in the same time to avoid gas transfer to the liquid phase. It is only possible that a portion of carbon dioxide is transferred from the biogas to the solution, although the low pH minimizes this effect. At the same time, for each sample of exhaust gas, an input gas sample was taken in the same way.

The gas samples were analysed using the gas chromatograph Agilent 6890 Series Plus. A Hamilton gas syringe (250 μL) was used. The injector temperature was 65°C, the oven temperature was 55°C and the temperature of the Flame Ionization detector (FID) was 200°C. The chromatograph was calibrated with a known gas composition (80% of methane, 10% of carbon dioxide, 5% of nitrogen and 5% of hydrogen).

RESULTS AND DISCUSSION

The results of the lab-scale experimental column show that the methane oxidation occurred by the methanotrophic bacteria. These results were compared with those obtained from the mathematical model in order to perform a calibration.

Model implementation

For simulations with the mathematical model the following influent conditions and model parameters were used as described in the material and methods section and summarised in Table 1. The value of the maximum oxidation rate Vmax is very important for the methane oxidation efficiency [START_REF] Stein | Numerical model for biological oxidation and migration of methane in soils[END_REF][START_REF] De | Simulation model for gas diffusion and methane oxidation in landfill cover soils[END_REF][START_REF] Hettiarachchi | Comprehensive One-Dimensional Mathematical Model for Heat; Gas; and Moisture Transport in Methane Biofilters[END_REF][START_REF] Hettiarachchi | Field-scale operation of methane biofiltration systems to mitigate point source methane emissions[END_REF][START_REF] Abichou | Modeling the effects of vegetation on methane oxidation and emissions through soil landfill final covers across different climates[END_REF][START_REF] Sander | Compilation of Henry's Law Constants for Inorganic and Organic Species of Potential Importance in Environmental Chemistry (Version 3)[END_REF][START_REF] Seongyup | Determination of mass transfer coefficients for packing materials used in biofilters and biotrickling filters for air pollution control. Experimental results[END_REF][START_REF] Wang | Methane oxidation in landfill waste biocover soil: Kinetics and sensitivity to ambient conditions[END_REF][START_REF] De | Isotope fraction effects by diffusion and methane oxidation in ladfill cover soils[END_REF] . After several considerations it was decided to initially use 4 mol/(m 3 *h) as a starting value, considering that the maximum value of Vmax is 8.1 mol/(m 3 *h) and the minimum is 0 as reported by De Visscher & Van Cleemput [START_REF] De | Simulation model for gas diffusion and methane oxidation in landfill cover soils[END_REF] . 

Methane oxidation profiles

First it is important to notice that the methane loading rate of the column (described in the paragraph 2.2) is a high value in relation with the values used in literature (Tab. 2) in order to keep in lab-scale the operative conditions in small and/or old landfills (Abichou et al. [START_REF] De | Isotope fraction effects by diffusion and methane oxidation in ladfill cover soils[END_REF] show values of Vmax measured on different soils obtained from the available literature). 

Reference

Value Unit De Visscher et al. [START_REF] De | Isotope fraction effects by diffusion and methane oxidation in ladfill cover soils[END_REF] 12.5 mol / m 2 *d Stein et al. [START_REF] Stein | Numerical model for biological oxidation and migration of methane in soils[END_REF] 19.7 mol / m 2 *d Park et al. [START_REF] Park | Surface emission of landfill gas from solid waste landfill[END_REF] 30 mol / m 2 *d De Visscher et al. [START_REF] De | Methane oxidation in simultaed landfill cover soil environments[END_REF] 13.4 mol / m 2 *d Mahieu et al. [START_REF] Mahieu | Modelling methane oxidation in landfill cover soils using stable isotope ratios[END_REF] 19. Figure 3 shows an overview of the results considering 8 samples. The lines represent the results predicted by the mathematical model while the points represent the results obtained experimentally in the column. In this way, considering the methane oxidation efficiency (defined in Hettiarachchi et al. [START_REF] Hettiarachchi | Field-scale operation of methane biofiltration systems to mitigate point source methane emissions[END_REF] ), it's possible to note the comparison between the model simulations and the column experiment. By using a Vmax value of 4 mol/(m 3 *h), the methane oxidation was overestimated. As such, a value of 2.5 mol/(m 3 *h) was considered. The full line was determined using a Vmax value of 4 mol/(m 3 *h), the dotted line was determined with a Vmax value of 2.5 mol/(m 3 *h). This parameter is the most influential parameter in the model, as was indicated by a sensitivity analysis [START_REF] Stein | Numerical model for biological oxidation and migration of methane in soils[END_REF] . The graph shows that the correlation between the model and the experiment is better with a Vmax value of 2.5 mol/(m 3 *h). To evaluate numerically the goodness-of-fit between experimental and simulated values the Theil's Inequality Coefficient (TIC) was considered [START_REF] Audenaert | Full-scale modelling of an ozone reactor for drinking water treatment[END_REF] :
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Where y represents the values predicted by the mathematical model and ym the value measured from the lab-column. If the value of the TIC is lower than 0.3 the correlation between the model and experiment data is good. In this case the calculation gave a TIC value of 0.14 for Vmax=4 mol/(m 3 *h) and 0.08 for Vmax=2.5 mol/(m 3 *h). Both the situations are acceptable but the model simulation with Vmax=2.5 mol/(m 3 *h) fits better visually.

From a theoretical point of view the use of a lower value of Vmax means that the biological activity is not so good as the prediction. The reasons could be the initial intermittent flow, the possibility that the moisture is not included in the correct range (10-20%), the probably not fully developed methanotrophic biomass and the high methane loading rate.

Model application on a full scale biofilter

The standard size of a full scale biofilter in which occurs the oxidation and also other operating conditions are given in Table 3. These values are based on actual operational values for biofilter treating biogas with a low content of methane. In these conditions the degree of methane conversion is 48.3 % and the model gives the results shown in Figure 4 Figure 4: Variation of the mole fraction as a function of the biofilter height From an operational point of view, it is possible to draw graphs that can be particularly useful for the biofilter in the design and subsequent management phase. This graphs show the isoconversion curves, i.e. the locations of the points characterized by having the same values of efficiency of methane degradation. Considering three different methane mole fractions (10% -20% -40%), two different values of VMAX (8.1 -4 mol/m 3 *h) and defining the residence time of the gas in the reactor as tp [h] = V/QT (where V is the effective volume of the system and QT is the effective flow that arrives to the system). Simulation at a lower VMAX aimed at demonstrating the behaviour of the biofilter under sub-optimal conditions. Figure 5 is constructed considering a methane conversion range between 10% and 95%. 

Sensitivity Analysis

For the sensitivity analysis two functions were considered [START_REF] De Pauw | Practical aspects of sensitivity function approximation for dynamic models[END_REF] . First, the Local Sensitivity Function (SF) was calculated: SF = (V*-V)/(P*-P); where P represent the parameter value, V is the variable calculated with the original parameter value while P* represents the perturbed parameter value, i.e. (1+10 -3 ) . P, and V* is the variable calculated with the perturbed parameter value. Then the Relative Sensitivity Function (RSF), i.e. a normalized Sensitivity Function to compare the values of each variable was calculated. This allows for comparing different sensitivity functions: RSF = (SF . P)/V. For this sensitivity analysis the yCH4, yCO2 and yO2 (molar concentrations in the gas phase exit from the biofilter) were considered as variables. The parameter values mentioned in Table 3 were used. Above it was discussed that several of these parameters are related e.g kg*a is based on the applied Q, and also Km and Vmax are functions of the temperature. For this sensitivity analysis kg*a, Km and Vmax were disconnected from the their dependence from flow and temperature respectively. As such, a fixed value was used. For each parameters and for each variables it is possible to calculate the SF and the RSF and the numerical results of this calculation, using the nominal operating conditions of Table 3. According to the results of the sensitivity analysis the parameters that influence the system are the maximum oxidation rate of methane (VMAX), the half-saturation constant (Km), the temperature (T) and the flow rate (Q). Others models in literature found that the system is very sensitive to Vmax are e.g. De Visscher et al. [START_REF] Park | Surface emission of landfill gas from solid waste landfill[END_REF] and Stein et al. [START_REF] Stein | Numerical model for biological oxidation and migration of methane in soils[END_REF] .

CONCLUSION

A novel model was developed in this work to describe the methane oxidation in a biofilter. The model was developed for the most important biogas components (methane, oxygen and carbon dioxide) and considers several parameters such as gas transport, temperature, flow quantity, gas concentration. The behaviour of the model was investigated with a lab-scale column. The results of the calibration show that the methane oxidation in the column occurs with a methane oxidation efficiency comparable with literature values [26-28-34-36] .

The methane oxidation, made by methanotrophic bacteria, is a biologic phenomenon which canbe affected by many environmental factors. As such, it is very hard to find a perfect correspondence between the model prediction and the measured values. There is a difference between both values but the numeric value of the TIC suggests a good calibration of the model.

The behaviour of the model was investigated from a theoretical point also in for a full scale biofilter using the data available in literature and the degree of methane conversion was 48.3 %. The iso-conversion curves give practical informations to design and manage a biofilter. The sensitivity analysis has shown that the model is most sensitive to Vmax, so this parameter need to be determined accurately.

The next step will be the testing of the model with date from a full scale biofilter.
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 1 Figure 1: Cross-sectional details of the BiofilterFor the three components (CH4, O2, CO2) a steady state mass balance was set-up and the model calculates the methane, carbon dioxide and oxygen concentration as function of the filter height as function of for example the biogas flow. As such the following equations were used:

  yCH4, yO2, yCO2 = mole fraction in the gas phase [dimensionless];

Figure 2 :

 2 Figure 2: Schematic diagram of the experimental column

Figure 3 :

 3 Figure 3: Methane oxidation efficiency measured in the column and predicted with the model

Figure 5 :

 5 Figure 5: Iso-conversion curves for a biofilter (V = 22.75m 3 ) as a function of the residence time of the landfill gas and of the temperature of the system with these conditions: a) yCH4 = 10% -VMAX = 8.1 mol/(m 3 *h) b) yCH4 = 20% -VMAX = 8.1 mol/(m 3 *h) c) yCH4 = 40% -VMAX = 8.1 mol/(m 3 *h) d) yCH4 = 10% -VMAX = 4 mol/(m 3 *h) e) yCH4 = 20% -VMAX = 4 mol/(m 3 *h) f) yCH4 = 40% -VMAX = 4 mol/(m 3 *h).

  

Table 1

 1 Parameters and influent conditions included in the model

	Parameters	Value	Unit
	Biofilter characteristics		
	Soil height	70	cm
	Column diameter	7	cm
	Oxidation surface	38.46	cm 2
	Column volume	2692.55	cm 3
	Max. oxidation rate Vmax	2,5-4	mol/(m 3 *h)

Table 2

 2 Methane mass flow rate considered

Table 3

 3 Nominal operating conditions of the aerobic biofilter

	Parameters	Values	Unit
	Length	6.5	m
	Width	2.5	m
	Height	1.4	m
	Surface	16.25	m 2
	Volume	22.75	m 3
	Q	50	Nm 3 /h
	T	30	°C
	CTOT.	43.8	mol/m 3
	CH4	20	%
	CO2	20	%
	O2	21	%
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