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ABSTRACT 

 

This dissertation presents the work of investigating methane emission and 

oxidation through landfill covers. Methane as a major source of greenhouse and is being 

emitted from solid waste landfill at a tremendous rates.  These emissions could be 

mitigated by methanotrophic bacteria in enriched and non-enriched soil covers. 

Compost biofilters were constructed to study the methane oxidation capacity of 

compost. The aged chipped yard waste compost was obtained from Leon County landfill 

(Florida, USA). Methane oxidation was varied from 35.2% to 89.4%, which was 

inversely correlated to methane input. A one dimensional dynamical numerical model 

was developed to simulate the methane transport and oxidation through the biofilter. This 

model was designed to incorporate dynamic parameters and use flux bottom boundary, 

which is measured by a flow meter. General agreements of methane outflux and 

oxidations were obtained between model simulation and experimental data. 

Field scale control cells and biocells were evaluated in the same landfill for 

methane emission and oxidation. Methane oxidation in biocells was significantly higher 

than in control cells. When outliers were removed, methane emission from biocells was 

significant less than from control cells. A numerical model was developed to separate 

blockage of the thicker biocells cover and the biological oxidation. Results showed that 

the low emission from biocells is caused by blockage of soil cover underneath the 

compost cover as well the high oxidation capacity of this compost cover. 

An additional modeling investigation was conducted to evaluate how landfill final 

earthen cover’s construction and climate conditions affect methane emission and 

oxidation under different boundary condition and different soil oxidation capacities. This 

numerical model combined a water and heat flow model (HYDRUS1D) and a gas 

transport and oxidation model. Four landfill covers in different location with different 

climate conditions, Florida (subhumid and warm), Iowa (subhumid and cold), California 

(semiarid and warm), and Montana (semiarid and cold), were evaluated by this model. 



x 

High, medium, zero, and vacuum bottom pressure boundaries were assumed with low 

and high soil oxidation capacities. Simulations showed that soil covers in subhumid areas 

can prevent high methane emission with blockage and decent oxidation capacity. In semi-

arid sites, higher emission was obtained due to the higher air filled void space of the soil. 

Oxidation capacities in semi-arid sites are higher than those in subhumid sites since 

influxes of methane are higher in semiarid sites. High pressure underneath the cover 

caused higher emission in all sites. Even with active gas collection system (vacuum 

pressure), emissions were significant in semiarid climates.  Soil oxidation is not only 

dependent on the potential methane oxidation capacity (Vmaxmax), but depends on 

methane availability. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1  Research Objectives 

 

Landfills are major source of methane emissions, which contribute about one-

third of human-related sources of methane in the United States. Methane is a very 

important greenhouse gas, and currently counts for 15%~20% of the greenhouse budget, 

even though the atmospheric concentration of methane is approximately 200 times less 

than Carbon Dioxide (USEPA, 2003). For equal number of molecules, the greenhouse 

efficiency of CH4 is estimated to be about 20 times higher than that of CO2 (Ramanathan 

et al, 1985; Dickinson and Cicerone 1986). Reducing CH4 emission can be an efficient 

way to control the greenhouse effect, since there is less than 6% of the total CH4 

production difference between global atmospheric sources and sinks (Dlugokencky et al., 

1998). Furthermore, the relatively short residence time (7-10yr) of CH4, compared to 

100yr for CO2, means that the mitigation of CH4 emission could be effective in a 

relatively short period of time. 

Using compost to mitigate CH4 emission by its oxidation capacity had proved to 

be a very efficient method (Humer and Lechner, 1999; Hilger and Humer, 2003; Barlaz et 

al., 2004; Abichou et al., 2006a; Stern et al., 2006). For organic rich compost with 

suitable conditions to hold water and methanotrophic bacterial, up to 100% oxidation was 

reported for field conditions (Stern et al., 2006). Those results were also obtained in a lab 

scale biofilter with compost or methanotrophic enriched material, such as top soil and 

loam (Kightley et al., 1995; Humer and Lechner, 2001). 

Investigation of landfill methane emission and oxidation is very important to 

understand the greenhouse gas budget. Current effort are focusing on measuring emission 
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using the static chamber method or tracer method (Czepiel et al., 1996; Abichou et al., 

2006a, 2006b)  and oxidation using isotope technology (Barker and Fritz, 1981; Coleman 

et al., 1981; Liptay et al., 1998). Numerical tools are very limited to predict field methane 

emission and oxidation, even through some work had been done to simulate lab scale 

biofilters (Hilger et al., 1999; Stein et al, 2001; Perera et al., 2002; De Visscher and Van 

Cleemput, 2003). Those numerical models are not adapted to predict field methane 

emission and oxidation due to their shortage of response to changing environmental 

conditions with time.   

The primary function of final cover is to close solid waste landfills to prevent 

percolation into the waste, which is derived from precipitation. Thus, a well functioning 

final cover can minimize leachate production. The design concepts of landfill cover are 

moving from a barrier concept to using soil water storage capacity and the water removal 

capacity of vegetation (Benson et al., 2001; Abichou et al., 2006c). By maximizing 

transpiration of vegetation, evaporation, and water storage of soils, evapotranspiration 

covers reduce percolation. Meanwhile this cover can be considered as a well functioning 

methane mitigation cover.  

The objectives of this research are to (1) Perform lab tests of biofilter methane 

oxidation capacity and numerical simulations; (2) Perform field investigation of methane 

mitigation biocover and numerical simulations; (3) Develop a numerical model to predict 

landfill methane emission and oxidation through earthen final landfill covers. 

To achieve these objectives, a lab scale compost biofilter was studied with 

changing environmental conditions. Furthermore, field scale biocells and control cells 

were investigated. In addition, a numerical model that combines water, heat, gas transport, 

and methane oxidation was developed. This model showed general agreement with lab 

scale experiments. The model was then used to simulate landfill cover with different soils 

and climate in four locations of the US, subhumid-warm (Florida), subhumid-cold (Iowa), 

semiarid-warm (California), and semiarid-cold (Montana). 
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1.2  Structure of the Dissertation 

 

This dissertation is organized into five chapters. The first Chapter (1) introduces 

the research background, states the research problem, specifies the research objectives, 

and introduces the research methodology. The last Chapter (6) includes conclusions, 

contribution of this research, and limitations. Chapter (2) ~ Chapter (5) are each written 

in the form of a technical paper. The first paper (Chapter 2) is the background of this 

research as a literature review, which present the engineering perspective of methane 

emission and oxidation through landfill cover. The second paper (Chapter 3) presents a 

controlled lab study of methane bio-reactive filter and long-term numerical simulation. 

The third paper (Chapter 4) provides field study of the comparison of control cells and 

biocells with field numerical simulations. The fourth paper (Chapter 5) presents a model 

for gas transport and oxidation combined with HYDRUS1D model which can simulate 

water, heat, and gas flow to evaluate methane emission and oxidation from landfill covers. 
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CHAPTER 2 

 

METHANE OXIDATION THROUGHT LANDFILL COVER 

SOILS: AN ENGINEERING PERSIPECTIVE 

 

2.1 Abstract 

 

Landfill gas (LFG) typically contains 500-600 mL L
-1

 CH4 and 400-500 mL L
-1

 

CO2. Methane (CH4) is generated by methanogenic bacteria in anaerobic conditions that 

are present inside landfills. LFG can either be vented to the atmosphere, collected and 

burned using flares, or used to generate energy. An alternative way to mitigate CH4 

emissions to the atmosphere is the oxidation of CH4 as it escapes through landfill cover 

soils. A considerable research effort has focused on CH4 oxidation in landfill cover soils. 

CH4 emissions from landfills have been reported to vary seven orders of magnitude (from 

0.0004 to 4000 g CH4 m
-2 d-1). 

Soil properties, climate, gas emission rate, and fauna/ flora seem to control CH4 

oxidation in landfill covers. From an engineering perspective, the challenge is to identify 

the properties that lead to suitable conditions for growth of methanotrophic bacteria and 

therefore high oxidation rates of CH4. Such properties are: porosity, organic matter 

content, water content, compaction condition, water holding capacity, pH, and vegetation. 

This paper summarizes previous research on how these properties affect oxidation of CH4 

as it travels through landfill covers. This paper also tries to identify research needs in this 

area to fill the knowledge gap needed to promote the engineering of landfill cover 

systems capable of reducing CH4 emissions.  

 



5 

2.2 Introduction 

 

The earth’s surface radiates energy from the sun back into space. Greenhouse 

gases (water vapor, carbon dioxide, CH4, and other gases) retain some of the reflective 

energy like the glass panels of a greenhouse. Since 1750, the atmospheric concentration 

of carbon dioxide (CO2) has increased by ~31%. The atmospheric concentration of CH4 

has increased ~151% and continues to increase. The heat-trapping capacity of the earth’s 

atmosphere has been raised by the increase concentration of these greenhouse gases. 

Global mean surface temperature has increased ~1.0°C since the late 19th century (IPCC, 

2001). 

Fig. 2.1 shows the contribution of US anthropogenic sources to CH4 emissions in 

2001. Landfills are the largest anthropogenic source and are estimated to account for 

~33% of the annual anthropogenic emissions in the United States (USEPA, 2003) and 10 

to 19% of the global anthropogenic CH4 emissions (IPCC, 2001).  

CH4 is an important and powerful greenhouse gas. Concentrations of CH4 are 

currently responsible for 15 to 20% of the greenhouse effect (IPCC, 1996). This is 

estimated to be 21 times higher, by weight, than that of CO2 (IPCC, 2001).  Another 

study indicated that despite a short residence time in the atmosphere (~10 yr), the ability 

to absorb infrared radiation by makes CH4 it 20 to 30 times more efficient than CO2 as a 

greenhouse gas (Le Mer and Roger, 2001). Lashof and Ahuja (1990) have also reported 

that CH4 is up to 70 times more efficient as a greenhouse gas than CO2, even though the 

atmospheric concentration of CH4 is approximated to be 200 times lower than that of CO2. 
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Fig. 2.1 Human-related sources of methane in the US 

 

Landfill Gas (LFG) is produced as organic materials of waste decompose under 

anaerobic conditions.  These gases are primarily composed of equal parts of CH4 and 

CO2, but also have trace concentrations of other gases.  In fact, LFG is comprised of 

~550 mL L-1 CH4, 440 mL L-1 CO2 and less than 10 mL L-1 of other odorous and 

potentially hazardous substances to the environment (Table 2.1). Senior and Kasali (1990) 

reported that it is reasonable to assume that the proportion to be ~600 mL L-1 CH4 and 

400 mL L
-1

 CO2 . Landfills are considered to be an important global source of the 

greenhouse gases.  Landfill CH4 emissions are estimated to be 9 to 70 Tg yr-1(Bingemer 

and Crutzen, 1987; Cicerone and Oremland, 1988; Richards, 1989; Kreileman and 

Bouwman, 1994). Bogner and Matthews (2003)  used a model based on per capita energy 

consumption and estimated the net emission to be 16.6 to 20.7 Tg  including recovery of 

16.4 to 18.1 Tg. CH4 generation in solid waste landfills is very complex. Measured CH4 

emissions from landfills are very limited, and are typically performed at the surface of the 

landfill. The measured emissions do not account for the CH4 that had been already 

oxidized by the bacteria in the cover soil. Therefore the actual quantities of LFG 
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generated by the waste itself have not been well studied. Bingemer and Crutzen (1987) 

developed a mass balance approach in which the annual landfill deposit of degradable 

organic C is used to estimate the generation of biogas. A model developed by Augenstein 

and Pacey (1991) uses a semi-empirical approach that accounts for less than ideal 

decomposition by assuming specific biogas yield and generation rates for three waste 

categories: readily degradable, moderately degradable, and slowly degradable. The 

assumed gas yields and generation rates are based on actual results from field-scale test 

cells and field gas recovery data. 

 

Table 2.1. LFG composition†. 

 

Compound Concentration range 

 -----mL L-1---- 

Methane 400-700 

Carbon Dioxide 300-600 

Carbon Monoxide 0-30 

Nitrogen 30-50 

Oxygen 0-30 

Hydrogen 0-50 

Hydrogen Sulfide 0-20 

Trace Compounds 0-10 

      †El-Fadel et al., 1997 

 

There are two major ways to mitigate CH4 emissions from landfills. The first 

option is to use a LFG recovery facility that can utilize CH4 for energy. Gas recovery 

systems have proven to be a very efficient method to mitigate CH4 emission. Bogner et al. 
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(1993) reported that CH4 emissions had decreased more than three orders of magnitude 

adjacent to a gas recovery system. Mosher et al. (1999) also reported that gas recovery 

systems can reduce CH4 emissions by a factor of ~10, which corresponds to a reduction 

of 75 to 90% of CH4 emission to the atmosphere. However, Humer and Lechner (1999) 

reported that in practice only 40 to 60% of the LFG can be mitigated by a gas recovery 

system. In addition, recovery facilities are very costly to build and maintain, especially 

for old landfills that had already been closed. For smaller landfills, the installation of a 

gas to energy system is not economically feasible because of their lower LFG generation 

capacities.  

CH4 emission can be mitigated by using the microbiology of landfill soils 

(Whalen et al., 1990; Kightley et al., 1995; Czepiel et al., 1996; Borjesson and Svensson, 

1997; Borjesson et al., 1998; Chanton and Liptay, 2000; Borjesson et al., 2004). CH4 

oxidation rate, referred to from hereon simply as CH4 oxidation, is defined as mass of 

oxidized CH4 divided by mass of CH4 entering a system.   In landfill cover soils, CH4 

oxidation has been reported to vary from 7% to 50% (Gardner and Manley, 1993; 

Kightley et al., 1995; Reeburgh, 1996). Czepiel et al. (1996) reported 10% CH4 oxidation 

in a landfill in a cold climate (NE USA), suggesting that in warm climates CH4 oxidation 

would be much higher. Kjeldsen et al. (1997) reported that landfill soil can oxidize up 

100% of CH4 emissions. Under certain circumstances, the landfill cover can even 

consume atmospheric CH4 rather than emit CH4 to the atmosphere (Bogner et al., 1995; 

Bogner et al., 1997a; Borjesson and Svensson, 1997; Borjesson et al., 1998; Abichou et 

al., 2006a and b).  The ability of a soil to oxidize CH4 is also reported as methanotrophy, 

expressed in g CH4 m-2 d-1. Table 2.2 shows the methanotropy value for several soils.  

Kightley et al. (1995) reported a maximum value of methanotrophy in a sandy soil at the 

top of a landfill to be 170 g m-2 d-1. 

Laboratory studies were also used to measure CH4 oxidation in columns. Kightley 

et al. (1995) reported a peak oxidation rate of 166 g CH4 m-2 d-1.  Visvanathan et al. 

(1999) found a maximum oxidation rate of 100 g CH4 m
-2

 d
-1

. Both were higher than the 

oxidation rate of 45 g CH4 m
-2 d-1 measured by Whalen et al. (1990). These results were 

measured on different soils, at different laboratories, and under different CH4 feed 

conditions and therefore can’t be easily compared. 
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Emissions from landfills have been reported by Bogner et al. (1997b) to vary 

seven orders of magnitude (from 0.0004 to 4000 g CH4 m
-2 d-1). To understand the net 

emission of CH4 from landfill, variation of CH4 generation, mitigation and transportation 

process should be considered simultaneously. It is very important to investigate the 

physical, chemical and microbiological soil properties affecting methanotrophic bacteria. 

An efficient strategy for reducing CH4 emission to the atmosphere would be to build 

landfill covers able to maximize their CH4 oxidation capacities.  

 

Table 2.2. Methanotrophy in various soil types†. 

 

Environment 

No. of 

Data 

Minimum Maximum Median 

                                                                              --------------g CH4 m
-2 -1‡--------------- 

Cultivated soils 13 0.00 8.86·10
-2

 5.5·10
-4

 

Grassland soils 7 1.75·10-4 4.85·10-2
 6.5·10-4

 

Non-cultivated upland soils 6 1.0·10-5
 2.28·10-2

 8.3·10-4
 

Forest soils 17 1.6·10
-5

 0.1659 9.9·10
-4

 

Wetland soils 9 0 70 1.72·10-2
 

Upper soil layer in covered 

landfill 
3 7 1.7·102

 45 

    †Le Mer and Roger, 2001 
    ‡g CH4 m

-2
 d

-1
 is based on 1.2·10

5
 g soil m

-2
 with constant activity  

during the day. 
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2.3 Factors Controlling Methane Oxidation 

 

2.3.1 Water Content Profile 

 

Water content is a very important factor affecting CH4 oxidation in landfill cover 

soils. Water content is defined as the mass of water lost from the soil by oven-drying at 

105°C for 24 hours divided by mass of dry soil.  In geotechnical engineering, the water 

content is measured in accordance with ASTM D2216 (ASTM, 1998). Boeckx et al. 

(1996) used a multiple linear regression analysis under different incubation conditions 

and concluded that water content has more influence on CH4 oxidation than temperature. 

Christophersen et al. (2000) used statistical methods to analyze the effect of soil water 

content on CH4 oxidation. They also concluded that water content can explain most of the 

variation observed in CH4 emission data.  

Water plays three important roles. First, the optimum environment for CH4 

oxidizing bacteria (methanotrophy) is obtained at a certain water content. Second, water 

content affects the penetration of oxygen (O2) into the soils, which is the main reactor for 

CH4 oxidation. As the water content increases in the soil, the O2 diffusion into the soil is 

hindered. Thirdly, water content affects the air filled porosity of the soil and influences 

gas transport through the soil. As water fills the pores in the soil, it blocks the flow of gas 

upward.  At the same time, the blocking of flow might lead to CH4 emission due to the 

excess pressure built-up in the landfill (Boeckx et al., 1996).  

When these factors come to such a balance, the soil will have its optimum water 

content for maximum CH4 oxidation.  Below this water content, the oxidation rate will 

increase as the water content increases.  Above this water content, the oxidation rate will 

decrease as the water content increases (Fig. 2.2). At this optimum water content, there is 

both rapid gas phase molecular diffusion and a sufficient microbial activity to oxidize the 

delivered CH4. The reduced CH4-oxidizing capacity at higher water contents is caused by 

a shift of gas-phase molecular diffusion to aqueous-phase molecular diffusion, which is 

~10
4
 fold less rapid (Boeckx et al., 1996). The low CH4 oxidation at the low range of soil 

water content may be caused by less methanotrophy activity. Oxidation peaks when 

balance is achieved (Czepiel et al., 1996). The optimum oxidation soil water content will 
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be different for different soil types and depends on temperature and other environmental 

factors. The optimal oxidation water content ranged between 15.6 and 18.8% for soils 

tested by Boeckx et al. (1996) and Christophersen et al. (2000).  Czepiel et al. (1996) 

measured an optimal oxidation water content of 15.7%.   Whalen et al. (1990) reported a 

value of 11%.  Visvanathan et al. (1999) also reported values ranging from 15 to 20%. 

Christophersen et al. (2000) point out that the soil environment needs some time 

before the growth of methanotrophic bacteria is established. The longest lag phase occurs 

in the lowest water content range. Methanotrophic microorganisms tend to become 

inactive under ambient conditions when the water content falls below 13% of the 

maximum water capacity (Bender and Conrad, 1992). Visvanathan et al. (1999) reported 

that at water content lower than 6%, oxidation became zero. When the water content 

increases to saturation, the oxidation rate decreases by ~56% (Nesbit, 1992), because 

water fills all voids of soil and inhibit O2 diffusion into the soil.  

 

 

Water content % 

Optimal water content 

Maximum oxidation rate 

M
et

h
an

e 
o
x
id

at
io

n
 

 

 

Figure 2.2 Response of methane oxidation to soil water content (modified from 

Czepiel et al., 1996; Visvanathan et al., 1999) 

 

 

2.3.2 Organic Matter Content 

 

Generally, the oxidation rate increases with increasing organic matter content in 
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soils. Organic matter content is defined by the loss mass on ignition at 550°C for 1 hour 

of oven dried (105°C for 24 hours) soil divided by the mass of oven dried soil. The 

organic matter content is typically determined using procedures described in ASTM 

D2974 (ASTM, 2000). Using a higher organic matter content soil as a cover would be an 

efficient way to mitigate CH4 emission (Borjession and Svensson, 1997; Christophersen 

et al., 2000). Soils from old landfills, which have been exposed to CH4 emission for a 

long time, have higher oxidation rates than fresh soils (Nozhevnikova et al., 1993; 

Visvanathan et al., 1999). Christophersen et al. (2000) reported that CH4 oxidation rate 

increased with increasing organic matter content using an incubation test. They also 

pointed out that there was a relationship between optimal water content and organic 

matter content. The optimal oxidation water content increases with increasing organic 

matter content.  Visvanathan et al. (1999) reported that higher organic matter content was 

associated with higher CH4 oxidation rate in their column test. Material high in organic 

carbon, such as compost, has proved to be a very efficient CH4 oxidizer (Humer and 

Lechner, 2001). They reported that compost covers enriched with organic matter were 

able to entirely oxidize all CH4 emitted from their landfill. Organic matter provides 

nutrients for methanotrophic bacteria and has high porosity allowing more O2 penetration.  

 

2.3.3 Porosity 

 

The porosity of soil directly influences the penetration of O2 into the soil. Oxygen 

is the main reactor of the oxidation process. Porosity can provide the channel for O2 

penetration and the contact surface area with methanotrophic bacteria. Borjesson et al. 

(2004) reported a significant relationship between CH4 oxidation and particle size 

distribution. Soils with high porosity retain CH4 and O2 longer in the pores leading to a 

higher oxidation rate (Humer and Lechner, 1999). 

 

2.3.4 Climatic and Ambient Conditions 

 

Soil temperature 

 Generally, CH4 oxidation rate increases with increasing temperature (De 
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Visscher et al., 2001). Low temperatures inhibit CH4 oxidation (Whalen et al. 1990; 

Nozhevnikova et al., 1993; Borjesson and Svensson, 1997; Visvanathan et al., 1999). 

Borjesson and Svensson (1997) even reported that soil temperature is the controlling 

factor of CH4 oxidation, and can explain 85% of the variation in measured CH4 oxidation. 

Methanotrophic bacteria favor a certain range of temperatures. Czepiel et al. (1996) 

reported that oxidation rate increased as temperature increased to 36°C. They also 

reported that CH4 oxidation essentially stopped when temperature reached 45°C.  

Humer and Lechner (2001) reported that CH4 oxidation rate was 70-80% at 18°C. 

At a lower temperature of 4°C, little oxidation was observed. Borjesson and Svensson 

(1997) reported that the optimum temperatures for CH4 oxidation were ~25 to 35°C.  

Boeckx et al. (1996) reported that the optimal incubation temperature for CH4 oxidation 

is ~20 to 30°C and decreases with increasing water content. Dunfield et al. (1993) 

measured an optimum temperature of ~20 to 25°C.  

In tropical landfills, temperature is the dominant factor controlling CH4 oxidation 

and is ~30 to 36°C (Visvanathan et al., 1999). Whalen et al. (1990) reported an optimum 

temperature of 31°C. Boeckx et al. (1996) reported optimal temperatures between 25 and 

30°C. Nesbit (1992) reported optimal temperatures between 20 and 30°C. 

To quantify the influence of temperature, we usually use the Q10 value, which is 

the value for how many times the oxidation rate increases when temperature is increased 

by 10°C. With this value, we can easily evaluate the effect of temperature on CH4 

oxidation. Higher Q10 indicates that temperature dominates CH4 oxidation more than 

other factors.  Crill et al. (1994) concluded that low Q10 values (<2) indicate that 

temperature has less influence on oxidation than water content. Boeckx et al. (1996) 

measured an average Q10 value of 14.088.1 ±  between 10 and 20°C. Dunfield et al. 

(1993) reported values between 1.4 and 2.1 in peat soils. Christophersen et al. (2000) 

measured Q10 values between 4.13 and 5.60. A Q10 of ~2.8 was reported by De Visscher 

et al. (2001), 2.4 by Czepiel et al. (1996), and 1.9 by Whalen et al. (1990). Moreover, 

Christophersen et al. (2000) have reported that Q10 values for CH4 oxidation in landfill 

cover soil can be as high as 4.10 to 7.26.  Borjesson and Svensson (1997) explained their 

high Q10 values (3.4 to 7.3) by the negative relationship between temperature and water 

content.  



14 

Barometric pressure 

The pressure difference is believed to be one factor that controls the advection 

flow through soils. A decline in atmospheric air pressure can “pump” gas out of the 

landfill body (Borjesson and Svensson, 1997).  Some gas-flow models use air pressure as 

the main factor of gas transmission in soils (Lu and Kunz, 1981; Young, 1990). Czepiel 

et al. (2003) reported a very strong negative relationship between measured CH4 

emissions and atmospheric air pressure. However, Borjesson and Svensson (1997) 

reported that there is no relationship between CH4 emission and air pressure or change in 

air pressure over the seasons.  This contradiction indicates that when the flow is governed 

by advection, pressure difference plays a role.  However, when the flow is mainly a 

diffusive flux, it does not depend on pressure difference. 

 

Vegetation 

Vegetation influences the properties of soil, such as its pH, water content, and gas 

transport. De Visscher et al. (1999) points out that plants on landfill soil cover may 

inhibit CH4 oxidation by N uptake. However, plants also provide channels for O2 

penetration into the soil and therefore enhance CH4 oxidation. The root system of 

vegetation can also induce a more suitable microbiological environmental for CH4 

oxidation. In general vegetation can be used to enhance CH4 oxidation (Maurice et al., 

1999).  

 

2.3.5 Inhibiting Factors 

 

Chemical Inhibiters 

Studies on sieved cover soil from a municipal solid waste landfill showed that 

several compounds completely inhibited CH4 oxidation. These compounds include but 

are not limited to C2H2 (0.01 mL L-1) or C2H4 (1 mL L-1), as reported by Chan and Parkin, 

(2000).  Studies on forest sieved soils and soil cores also showed that HNO3 strongly 

inhibited net CH4 oxidation in both of these soils. Bradford et al. (2001) reported that 

even when the concentration of (NH4)2SO4 is high, its negative effect on CH4 oxidation is 

not as great as HNO3.  
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Research on three adjacent areas in eastern Scotland, with contrasting land use, 

showed that CH4 oxidation rate negatively correlated with soil water content in woodland 

soil, positively correlated with soil temperature in set aside soils (not farmed soils), and 

positively correlated with soil temperature in dry summer conditions in arable soil 

(Dobbie and Smith, 1996). Research on peat bog hummocks and hummock soil in New 

Galloway (Scotland) showed that penetration of O2 into the peat increased under 

illumination when photosynthesis was active, but decreased in the dark (Nedwell and 

Watson, 1995). Four different soils (meadow cambisol, forest luvisol, cultivated cambisol, 

paddy soil) were studied and incubated under different CH4 mixing ratios and showed 

that the CH4 incubation activity was strictly O2 dependent and was inhibited by acetylene 

or autoclaving, demonstrating that CH4 oxidation in the soil was due to the 

methanotrophic bacteria. The induction process was influenced by soil moisture, pH, 

temperature, NH4 concentration, Cu concentration and aggregate size (Bender and 

Conrad, 1995).  

A negative correlation was found between NH4 concentration and CH4 oxidation 

rate in woodland soil (Dobbie and Smith, 1996). The addition of supplemental NH4 or 

NO3 ions in excess of 30 µg g-1 dry soil yielded lower CH4 oxidation rates (Chiemchaisri 

et al., 2001).  In contrast, according to Kammann et al. (2001), there was no direct 

correlation between the amount of the N fertilizer applied and the average CH4 oxidation 

rates.  

 

Physical Inhibiters 

In landfill cover soils, there is an optimum zone for CH4 oxidation, where 

optimum condition for methanotrophs growth, O2:CH4 ratio, retaining time and suitable 

environmental condition exist. In landfill cover soil, the gas profile is very complicated. 

The distribution of gas concentration across the soil profile depends on diffusion, reaction, 

and gas flow (De Visscher et al., 1999). High CH4 concentration will increase CH4 

oxidation (De Visscher et al., 2001); however the high flow rate of CH4 from the 

underlying waste hinders the diffusion of O2 into the soil, which will inhibit CH4 

oxidation. Czepiel et al. (1996) measured oxidation rates at different soil depth using 

incubation tests. They reported that maximum oxidation occurred in the top 5 cm to 10 



16 

cm of the soil profile. Visvanathan et al. (1999) reported that maximum oxidation occurs 

at a depth between 15 and 40 cm. Several researchers reported different maximum CH4 

oxidation zones at different depths, between 40 and 60 cm by Nozhevnikova et al. (1993) 

and Borjesson and Svensson (1997), 15 and 60 cm by Barratt (1995), 3 and 12 cm by 

Whalen et al. (1990), and 20 and 30 cm by Kightley et al. (1995).  At the top of the soil 

profile, soils are drier which inhibits CH4 oxidation and below a certain depth the soil 

will become anaerobic. Humer and Lechner (2001) found that in their field scale test, the 

maximum zone of CH4 oxidation was between 40 cm and 90 cm in sewage sludge 

compost and municipal solid waste compost.  Table 2.3 shows a summary of reported 

maximum oxidation zones in several soil profiles. 

Czepiel et al. (1996) and Bender and Conrad (1995) reported that 30 mL L-1 of O2 

concentration is a threshold for CH4 oxidation to occur, which means above 30 mL L
-1

 

the concentration has very little influence on oxidation but will decrease dramatically 

when the concentration is <30 mL L
-1

. That can be the reason why there is a sharp slope 

in CH4 concentration with depth profiles. 

 

2.4 Engineering Approaches 

 

The preceding review indicates that CH4 oxidation can be achieved in soils 

typically used in the construction of landfill covers.  In Florida and other states, several 

old landfills have been closed or are in need of closure.  Because of their small size, they 

have no gas management plans. However, these landfills can be a significant source of 

odors, non- CH4 hydrocarbons, and greenhouse gases.  Gas extraction tends to be 

expensive and out of the reach of most small communities managing their solid waste 

facilities.  An attractive alternative is to incorporate a bio-reactive layer into the design of 

a landfill cover.  The biocovers can also be used in areas with significant release of gas 

into the atmosphere (typically referred to as hot spots). Bio-covers can be designed as 

part of an interim cover to reduce CH4 emissions.  Because CH4 oxidation results in co-

oxidation of non- CH4 hydrocarbons, biocovers have great potential to reduce odors. 

Through sound environmental policy, based upon scientific observation, there is a greater 

potential to reduce CH4 input to the atmosphere compared to CO2.  From an engineering 
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perspective, to build the optimal landfill cover to maximize CH4 oxidation, modern 

engineering design methods should consider soil type, soil porosity and compaction, 

chemical and microbiology additives, water content and vegetation to achieve 

optimization of CH4 oxidation.  For field scale implementation, the challenge is to 

provide suitable conditions for CH4 oxidizing organisms to thrive and maximize CH4 

oxidation to CO2 without undermining the hydraulic properties of the landfill cover.  That 

is, the percolation through these covers should not increase due to the presence of a bio-

reactive layer in the cover design.  At the same time, the rate of biological oxidation of 

CH4 depends on temperature, and water content.  The water content profile inside a 

landfill cover at different depths of the cover can be predicted using water balance 

models that incorporate meteorological conditions and vegetation to sub-divide the water 

balance into runoff, evapo-transpiration, soil water storage, and percolation.  The average 

temperature across a landfill cover can also be reasonably predicted using a heat flow 

approach.  In addition, the depth of O2 penetration which in itself is affected by the CH4 

generation rates at the landfill has an influence on the oxidation potential of CH4.  These 

tools should be used to develop a landfill cover design that allows for the oxidation of 

CH4 as it is moving through the soil cover.   

Many landfills also passively vent CH4 to prevent its horizontal migration.  These 

passive vent pipes serve as direct conduits for CH4 to pass from deep within the landfill 

to the atmosphere.  Passive biofilters that use CH4-oxidizing bacteria to reduce passive 

vent CH4 release can be incorporated into LFG management plans.  Such biofilters can be 

contained in cylinders open at the top to allow air to diffuse into it from above.  The 

cylinder can contain a porous substrate for the bacteria to grow upon.  As LFG passes 

though this scrubber, entering at the base, CH4 and non-CH4 organic compounds would 

be oxidized.  This system could also be used in later stages on larger landfills when active 

recovery is no longer economically feasible.  As landfills age, they produce less CH4 and 

at some point it will no longer be economical to power the pumps that extract the CH4 

and direct it to engines and flares.  The engineering challenge for the design of biofilters 

is to keep the gas permeability of the filter media high enough so the presence of the 

biofilter does not hinder the flow of gas through vent pipes.  This can be performed by 

using coarse grained compost and by keeping the compost at the target water content. 
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Finally, coordinated field and laboratory campaigns to design and test biocovers 

and biofilters for the elimination of CH4 emissions from landfills should be performed.  

The challenge in this endeavor is to move the research activities to the stage of pilot 

studies to be performed on actual landfills. 
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CHAPTER 3 

 

LONG-TERM NUMERICAL SIMULATION OF METHANE 

TRANSPORT AND OXIDATION IN A COMPOST 

BIOFILTER 

 

3.1 Abstract 

 

A 30-cm-thick biofilter was constructed with compost, which was obtained from 

Leon County landfill (Florida, USA).  The compost was sieved with 7-mm mesh sieve. 

The compost consisted of chipped yard waste that was windrowed for about five years. 

Methane was then continuously supplied to the bottom of the biofilter while the outflow 

of methane from the top and the extent of methane oxidation inside the biofilter were 

periodically measured.  A one-dimensional dynamic numerical simulation model was 

then developed to simulate the methane transport and oxidation within a compost biofilter. 

This model was designed to incorporate dynamic parameters, such as gas permeability, 

diffusion coefficient, methanotrophic growth, and viscosity as functions of water content 

and temperature. General agreement of methane outflux and oxidation was obtained 

between model simulations and experimental data. Additional simulations showed that 

outflux and oxidation had high correlation with temperature while their relationship with 

water content depended on other factors such as the influx boundary and the air filled 

porosity. 
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3.2 Introduction 

 

Landfills can emit methane at tremendous rates (Bogner and Spokas, 1993; 

Bogner et al., 1995; Czepiel et al., 1996, Borjesson and Swensson, 1997; Chanton and 

Liptay, 2000; Abichou et al. 2006 a and b).  Methane is currently responsible for 15 to 

20% of the greenhouse effect, even though the atmospheric concentration of CH4 is 

approximately 200 times lower than that of CO2. The greenhouse efficiency of CH4 is 

estimated to be about 20 times higher, by molecule, than that of CO2 over 100-year time 

horizon (Ramanathan et al., 1985; Dickinson and Cicerone 1986).  Landfill emissions of 

CH4 contributed about one-third of human-related sources of CH4 in the United States 

(USEPA, 2003). The relatively short residence time (7-10 yr) of CH4 (compare to 100 yr 

for CO2) means that the mitigation of CH4 emissions could be effective in a short term. 

Biofilters use methanotrophic bacteria to convert CH4 to CO2, H2O, and biomass, 

and can be used to oxidize landfill gas from point sources such as vents.  Biofilters are 

especially useful to treat landfill emissions that are not oxidized by flaring or power 

generation (Hilger and Humer, 2003).  In spite of the interest in the technology of using 

biofilters to treat landfill methane emissions, the use of biofilters has not gained 

popularity in the landfilling community.  This might be due to the lack of design tools 

available for engineers to properly design biofilters and assess their long term 

performance. Current mathematical modeling efforts had been reported by several 

researchers such as De Visscher and Cleemput (2003), Stein et al. (2001), and Hilger et al. 

(1999), however they were all developed to  simulate test sets in lab columns with 

constant environmental conditions such as water content and temperature.  In other words, 

these models did not incorporate the dynamic variation of water and heat flow as the 

weather change in the field. Perera et al. (2002) used a variant of the Stein et al. (2001) 

model in field conditions, but this model is not specifically adapted to investigate to 

calculate the response to changing environmental conditions with time, and such 

conditions were not investigated. 

This paper presents a numerical model based on an advection-diffusion-transport 

gas model combined with terms to describe the methanotrophic bacteria growth-decay to 

predict methane biofilter efficiency in oxidizing methane. This model was designed to 
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use long-term monitoring of water content and temperature as input with some easily 

obtainable parameters to dynamically simulate the working condition of biofilters.   

 

3.3 Materials and Methods 

 

A 30-cm-thick biofilter was constructed with compost (Fig.3.1), which was 

obtained from Leon County landfill (Florida, USA).  The compost was sieved with 7-mm 

mesh sieve. The compost consisted of chipped yard waste that was windrowed for about 

five years. The compost was compacted in the biofilters with the standard protocol 

hammer to achieve a compacted dry unit weight of 0.65 g cm-3. A summary of the 

properties of the compost are listed in Table 3.1. The compost biofilter test was 

conducted in a similar fashion to the methods by Kightly et al. (1995) and De Visscher et 

al. (1999) both which ran under laboratory conditions under constant water content and 

temperature. However, in this study, the biofilter was placed outside the laboratory, 

where the water content and temperature were governed by the weather conditions.  Pure 

methane (100%) was introduced through the bottom of the biofilter, which was regulated 

by a flowmeter (Cole Parmer N042-15).  The diameter of the biofilter was also different 

from previous laboratory studies.  Our biofilter had a diameter of 57 cm which is large 

enough to be considered a field scale representative elementary volume (REV) of for gas 

flow, while those in Kightly et al. (1995) and De Visscher et al. (1999) studies were only 

15cm and 14.1cm respectively.  
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Table 3.1 Compost properties 

 

sample pH Solids Ash TKN 

Ammonia 

N 

Total 

P 

Total 

K 

gravimetric 

water 

content 

organic 

matter 

content 

Unit  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg % % 

3D 7.3 548977 401851 3850 175 1013 249 82.16% 26.80% 

5D 7.6 546609 415408 2975 175 706 165 82.95% 24.00% 
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Fig. 3.1 Biofilter test set sketch 
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Methane outflux rates and gas analysis 

Biofilter CH4 outflux rates were measured by a static chamber method by using 

the headspace of biofilter as the chamber. The static chamber method is the most 

common measurement method for gas fluxes from the surface of soil, has its advantage 

of low cost and simple operation. The concept of static chamber is to monitor 

concentration changing in a certain volume above a gas-emitting or consuming surface. 

Gas samples for testing CH4 concentration were collected sequentially within 15 min 

using 60mL disposable plastic syringe with 3-way plastic stopcocks. Gas Samples were 

analyzed for CH4 concentration with a Gas Chromatograph (GC) with a Flame Ionization 

Detector (FID) within 4 hr of collection. Methane fluxes were determined from the slope 

of a linear regression curve of concentration data (C in ppmv) plotted versus elapsed time 

(t in minutes). This change in volumetric concentration was converted to a mass flux by 

using the ideal gas law, so that the CH4 flux is expressed in g CH4 m
-2 d-1.  

 

Water content monitoring with TDR 

A water content Time Domain Reflectometers (TDR) was installed into the 

compost to measure volumetric water content. The water content reading is calculated 

from the probe sensitivity to the dielectric constant of the medium surrounding the probe 

rods (Campbell Scientific Inc, 2003). Campbell Scientific model CS625 probes were 

used with a portable Campbell Scientific datalogger (CR200). Water content 

reflectometer was calibrated in the lab using the same compost that was in the biofilter 

compacted to the same dry unit weight.  

 

Temperature monitoring thermocouples 

Teflon-coated Type-T thermocouples were used to measure temperatures in the 

compost.  Four thermocouples were placed at depth of 5, 10, 20 and 30cm. Plugs have 

been attached to the thermocouple wires to connect a portable thermometer (Sper 

Scientific, Basic type K Thermometer, ESC800011)  to log the soil temperatures. 

 

Incubation study to determine Vmax and Km 
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An incubation study was performed to determine the maximum reaction rate (Vmax, 

nmol kg-1 s-1) and the Michaelis constant (Km, %): 

CK

CV
v

m +
= max  (1) 

where r is the reaction rate (nmol kg
-1

 s
-1

) and C is the methane concentration (%) 

(Tabatabai, 1994.).  Four 1-L flasks of media from methane biofilters were incubated:  

two flasks contained media from compost biocover. At the beginning of the experiment 

air in the flasks was replaced with 12% CH4 in air.  The flasks were incubated at 22oC 

and 7 samples were taken over the 70 hours after restoring the flasks to atmospheric 

pressure with oxygen before sampling.  Methane concentrations were determined by 

injecting a subsample from the vials into a TCD-GC (Shimadzu GC-8A with CRT 1 

column).  Methane gas concentrations were converted to S using Henry’s law, and Eq. 1 

was fitted to the data by the least squares method (KaleidaGraph Version 4.0, Synergy 

Software).  

 

Numerical Model Development 

Governing equations 

A continuity equation and a mass balance equation (Eq. 2) were used to describe 

the gas flow and reaction within the porous media (compost). 

i

ii r
dx

dJ

dt

dC
+−=ε  (2) 

where ε  is the air filled porosity (m
-3

gas
 
m

-3
soil), iC , the molar gas concentration (mol m

-3
), 

iJ  is the flux of gas component i including the diffusive and advective flux (mol m-2 s-1), 

ir  is the reaction rate of gas component i (mol kg
-1

dry soil s
-1

), and dt (s) and dx  (m), are 

time and vertical distance coordinates. 

The flux of the gas, J, has two components: diffusion and advection. Gas 

diffusion in porous media is governed by Fick’s law  

dx

dC
DJ i

idi −=  (3) 
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where 
idJ is the diffusive molar flux of gas component i (mol m

-2
 s

-1
), and 

iD is the 

diffusion coefficient of gas component i in a porous media for a mixture of gases (m
2 
s

-1
). 

Advection of gas on the other hand, is governed by Darcy’s law as follow: 

iai C
dx

dPk
J

μ
−=  (4) 

where
iaJ  is the advective molar flux of gas component i (mol m

-2
 s

-1
), k is the intrinsic 

permeability of the soil (m
2
), μ  is the gas mixture viscosity (N s m

-2
 ) and P  is the 

pressure (Pa). 

The pressure (P) is obtained by the ideal gas law: 

∑
=

=
4

1i

i RTCP  (5) 

where T  is the absolute temperature (K) and R  is universal gas constant (8.314 J K
-1 

mol-1). 

The total flux can then be expressed as follows: 

i

i

isoili C
dx

dPk

dx

dC
DJ

μ
−−= ,  (6) 

The diffusion coefficient of gas component i, isoilD , , in soil can be calculated as: 

igasisoil DD ,, γ=   (7) 

where igasD , is the diffusion coefficient of gas component i in gas-mixture and γ is the 

relative diffusion coefficient of gas in a tortuous void space in soil which can be 

approximated using the following equation reported by Moldrup et al. (2000): 

Φ
=

5.2εγ  (8) 

where Φ  is the total porosity (m
3

void m
-3

soil). 

Each igasD , , the diffusion coefficient of gas component i  in the gas-mixture, 

containing oxygen, nitrogen, carbon dioxide, and methane, was calculated by the 

following equation Reid and Sherwood (1966): 

∑
≠
=

−
=

m

ji
j

ijj

i

igas

Dy

y
D

1

,

)/(

1
   (9)  
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where yi is the mole fraction of the gas component i (mol mol-1) and Dij is diffusion 

coefficient for the binary gas mixture (m2 s-1), obtained from Marrero and Mason (1972) 

for each combination of the four gases.  The dynamic viscosity of the gas mixture, μ , 

was calculated from known individual gas viscosities (Wilke 1950).  

∑
∑=

≠
=

+
=

4

1
4

1

,1
i

ji
j i

j

ji

i

y

y
θ

μ
μ   (10) 

where μ  is the viscosity of gas mixture (N s
-1

 m
-2

), 
iμ  is the viscosity of gas component i 

(N m-2 s-1), yi  is the mole fraction of gas component i (mol mol-1), and ji,θ  is given by 

the  following equation (Wilke 1950). 
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where iμ  is the viscosity of gas component i (N s m-2 ), iM  is the molar weight of gas 

component i (dimensionless). 

The following equation has been used by Brooks and Corey (1964) to describe the 

dynamic gas permeability k as it varies with the soil water saturation: 

0.0=k     For bwawa uuuu )()( −≤−  

)1()1( /)2(2

0

λλ+−−= ee SSkk   For bwawa uuuu )()( −>−  (12) 

where 0k  is the gas permeability for soil at a degree of saturation of zero (no water 

present), eS  is the effective degree of saturation defined by equation (13), au  and wu  are 

the pore-air pressure and pore-water pressure (N m
-2

), respectively, λ  is the pore size 

distribution index, which is defined as the negative slope of the effective degree of 

saturation, eS , versus matric suction, )( wa uu −  curve.  The air entry value of the 

soil bwa uu )( −  is the matric suction value that must be exceeded before air recedes in the 

soil pores. 
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r

r

e
S

SS
S

−
−

=
1

  (13) 

where rS is the residual degree of saturation, which defined as the degree of saturation at 

which an increase in matric suction does not produce a significant change in the degree of 

saturation. Degree of saturation (S) is defined as the ratio of the volume of water to the 

volume of voids in the compost. 

 

Methanotrophic reaction 

The reaction component of the gas transport equation was assumed to be the 

following (De Visscher and Van Cleemput 2003): 

224 bCOaOCH →+  (14) 

where a , b  are the stoichiometric factors for oxygen and carbon dioxide, and were 

assumed to be 1.5 and 0.5.  This leads to the following reaction equation: 

OHOCHCOOCH 22224 5.15.05.05.1 ++→+  (15) 

where CH2O represents biomass. 

ir  in equation (2) is the reaction rate of  methanotrophic bacteria, which is 

calculated by Michaelis-Menton kinetics from the incubation experiment. 
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where maxV  is the maximum methane consumption rate (nmol s-1 g-1
dry soil) and mK  is the 

half saturation constants (mol m-3), 

A growth model simulating methanotrophic activity variation with soil depth, 

suggested by De Visscher and Van Cleemput (2003) was used as follows: 

d
K

C

CK

C
V

V
u

u
Om

O

CHCHm

CH

−
+

−′

=
][][

maxmax,

max
max

2

2

44

4
)1(

 (17) 

where u  is the specific growth rate (s
-1

), maxu′  is the maximum gross specific growth rate 

(s
-1

), maxmax,V  is the maximum value of Vmax that can be reached, d  is the specific 

biomass decay rate (s-1). 
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The change in maxV with time is obtained by following equation: 

max
max uV

dt

dV
=  (18) 

where mK , maxV , maxu′  are temperature dependent parameters, and were corrected for 

temperature as suggested by De Visscher and Van Cleemput (2003). 

 

Boundary and initial conditions 

Since the surface of the biofilter is open to the atmosphere, the gas composition at 

the surface node of the model was assumed to be the atmospheric gas compositions, 

which are 21.21% oxygen, 1.8 ppmv methane, 370 ppmv carbon dioxide and 78.75% 

nitrogen. For the bottom boundary, constant flux boundary condition was used.  The 

bottom flux was measured by a flow meter. 

The first day’s initial condition was set up as all the node concentration equal to 

atmospheric gas concentration. The consequent initial condition at the beginning of each 

day was set equal to the pervious day’s final concentration conditions. 

 

Finite difference method for solving the PDE 

Equation 2 was discretized as follows by considering the calculation points at the 

center of each layer. 
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The superscript k of C represents the time step. The concentration of each time step was 

calculated by the concentration and flux of the previous time step as follows: 

i

i

i

k

ji

k

jik

ji

k

ji

r
t

x

JJ
tCC

εε
Δ+

Δ

−
Δ+= +−+ 2/1,2/1,

,

1

,  (20) 

The flux in equation (20) was calculated from the concentration of each adjacent node as 

follows by discretizing the diffusion-advection flux equation (6). 
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The numerical scheme is a two-step explicit scheme. The first step is calculating 

the flux at the center point of each node with equation (21) explicitly. The second step is 

to calculate the concentration for the next time step by equation (20) using the flux 

calculated by the first step explicitly.  

 

3.4 Results and Discussion 

 

Vmax, max and mK  were measured using an incubation test by fitting the reaction 

curve to Michaelis-Menton kinetics. Saturated gas permeability (no water present in the 

soil) was chosen to be for 6.6*10-14 m2 for a soil with saturated hydraulic conductivity 

6.24 cm day
-1

 (Simunek et al. 2005). Table 3.2 summarizes the parameters used in this 

study. 

 

Water content and temperature monitoring 

Volumetric water content was recorded by TDR and soil temperature was 

monitoring by thermocouples (Fig. 3.2). The saturated water content ( sθ ) was measured 

by TDR to be 66.1%. The volumetric water content during the test period varied between 

41.1% and 58.4%. These water contents correspond to a degree of saturation of 62.1% to 

88.4%, which shows that the compost had a very good water holding capacity to provide 

suitable environment for methanotrophic bacteria. Except for earlier in the experiment, 

the water content in the compost layer steadily decreased from 0.55 in Summer 2004 to 

about 0.42 in Spring 2005 (Fig.3.2)  The soil temperature showed the same trend as air 

temperature with lower values in winter and warmer soil temperatures in summer.  The 

water content and temperature data were fed into the gas transport model at each time 

step of the simulations. The measured water content and temperature at each time step 

were used to calculate the air filled porosity, the gas permeability (Eq. 11), the gas 

diffusion coefficient (Eq. 6) at each time step.  Fig. 3.3 shows the variation of these soil 

parameters during the entire monitoring and simulated period.  
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Table 3.2 Parameters in the model 

 

Parameters Value source 

Vmax,max(nmol kg
-1 

s
-1

) 2000 Measured in this study 

Km[CH4] (%) 4.5 Measured in this study 

Km[O2] (%) 1.2 

(De Visscher and Cleemput 

2003; De Visscher et al. 

1999) 

a 1.5 This study 

b 0.5 This study 

ko 6.6*10-14 (Simunek et al. 2005) 

d(day
-1

) 0.1 De Visscher et al. 1999 

u’max(day
-1

) 2.2 De Visscher et al. 1999 

λ 4.17 (Brooks and Corey 1964) 

Sr 0.15 (Brooks and Corey 1964) 
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Fig. 3.2 Input volumetric water content and soil temperature. 

 

 

Simulated biofilter results 

Simulation was performed for a period of 279 days using the initial and boundary 

conditions described earlier and using daily compost water content and temperature.  Fig. 

3.4a shows methane outfluxes (expressed in g CH4 m
-2 d-1) obtained from the model and 

outfluxes measured using the static chamber technique at the top boundary of the 

biofilters.  Fig. 3.4a also shows the influx measured at the bottom boundary of the 

biofilter.  The outflux at the top boundary of the biofilter follows the same patterns as the 

influx.  The model predicted outflux seems to correlate well with the measured outflux. 
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Fig. 3.3 a) Diffusion coefficient vs. time as a result of air-filled porosity variations; b) 

Relative gas permeability factor vs. time as a result of air filled porosity variations. 



33 

0

50

100

150

200

250

Measured outflux
Simulated outflux
Measured and simulated Influx

7/1/04 9/1/04 11/1/04 1/1/05 3/1/05 5/1/05

O
u
tf
lu

x 
(g

 C
H

4
 m

-2
 d

-1
 )

4a

0

0.2

0.4

0.6

0.8

1

7/1/04 9/1/04 11/1/04 1/1/05 3/1/05 5/1/05

Measured
Simulated

M
e
th

a
n
e
 r
e
m

o
va

l r
a
te

Date

4b

 

Fig. 3.4 a) Simulated and measured methane outfluxes vs. time; b) simulated and 

measured methane removal rates versus time. 
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Fig. 3.4b shows the methane removal rates obtained from the model and that from the 

measured influx and outflux.  The rate of methane removal is defined as the fraction of 

the methane that was oxidized in the biofilter (%methane removal rate = (Influx-

outflux)/Influx).  Similarly, Fig. 3.4b shows a good agreement between the methane 

removal rate obtained by the model and those obtained periodically by measurement of 

influx and outflux. 

Fig. 3.5 shows the modeled outflux and the rate of methane removal versus 

compost temperature. The modeled outflux is clearly inversely proportional to compost 

temperature, suggesting lower emission of methane associated with higher compost 

temperature.  Higher compost temperature is also associated with higher methane 

removal rate (Fig. 3.5b), suggesting that the reduction in outflux is directly caused by an 

increase in methane oxidation.  These findings are in agreement with past research 

indicating higher methane oxidation with warmer temperature (Czepiel et al. 1996; De 

Visscher et al. 2001). 

Fig. 3.6 shows the modeled outflux and the rate of methane removal versus 

compost water content.  The relationship between water content and either outflux or rate 

of methane removal is not very clear.  Fig. 3.6 shows different trends for different water 

contents, suggesting that water content plays a complex role.  That is, lower water 

content allows further diffusion of oxygen into the soil and therefore encouraging 

methane oxidation.  At the same time however, lower water content leads to higher gas 

permeability and therefore higher advective flow of methane from bottom of the biofilter.  

These findings are also in agreement with those reported in the literature (Yuan et al. 

2005). It is also prudent to note that the modeled experiment was performed with a 

varying influx.  The effect of the variation of influx might have obscured the variation in 

water content.  The next section presents the effects of influx on methane oxidation in 

compost biofilters. 
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Fig. 3.5 Simulated methane removal rate(a) and outflux(b) vs. air temperature. 
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Fig. 3.6 Simulated methane removal rate(a) and outflux(b) vs. water content. 
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Parametric analysis 

Twelve additional simulations were performed using three influx values (50, 100, 

200 g CH4 m
-2 d-1) as a bottom boundary and at a constant volumetric water content of 

50%.  With each influx, compost temperatures of 20, 25, 30, and 35 
o
C were used.  Fig. 

3.7 a shows the methane removal rate versus influx for the four different temperatures.  

As observed earlier in Fig. 3.5, the methane removal rate is higher for higher temperature 

independent of influx.  At an influx of 50 CH4 m
-2 d-1, the methane removal rate is higher 

than 79% and approaches 90% for simulation performed with a compost temperature 35 

oC.  When the influx is equal to 200 g CH4 m
-2 d-1, the methane removal rate is only 52%, 

and 34% for compost temperatures of 35 and 20 
o
C, respectively. 

To investigate the effect of water content and influx on the methane removal rate 

of biofilters, fifteen simulations were performed with three influx rates and constant 

compost temperature of 25 oC.  For each influx, several volumetric water contents were 

used during the simulations (0.10, 0.20, 0.30, 0.40, and 0.50).  Results from these 

simulations are shown in Fig. 3.7b.  Three patterns emerge from these simulations.  When 

the water content was set to 0.10 and 0.20, the methane removal rate increased with 

higher influx.  The methane removal rate increased faster when the influx changed from 

50 to 100 g CH4 m
-2

 d
-1

.  When the compost water content was set to 0.30, the methane 

removal rate was 70% for an influx of 50 g CH4 m
-2 d-1, increased to 75% for and influx 

of 100 g CH4 m
-2

 d
-1

, but then decreased to 68% for influx of 200 g CH4 m
-2

 d
-1

.  The 

third pattern shows a decreasing methane removal rate with increasing influx compost 

water contents of 0.40 and 0.50.  The change of the pattern from low to high water 

content is an indication that the presence of water in the pore space plays a role in 

methane oxidation and also in the transport of methane and oxygen through the soil and 

those relationships with water content is complex as showed by Fig. 3.6. 
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Fig. 3.7 a) Simulated methane removal rate vs. different influx at different 

temperatures; b) Simulated methane removal rate vs. different influx at different 

volumetric water contents. 
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3.5 Conclusions 

 

A one-dimensional dynamic numerical simulation model was developed to 

simulate the methane transport and oxidation within a compost biofilter. The partial 

differential equation system was solved by using two-step explicit scheme with finite 

difference approximation.  This model is capable to incorporate dynamic parameters, 

such as gas permeability, diffusion coefficient, methanotrophic growth and viscosity by 

using flexible input of water content and temperature. General agreement of methane 

outflux and oxidation was obtained between model simulation and experimental data. 

Additional simulations showed that methane outfluxes and removal rates have high 

correlation with temperature while their relationship with water content depends on other 

factors such as influx boundary and air filled porosity. 

The modeled outflux is inversely proportional to compost temperature, suggesting 

lower emission of methane associated with higher compost temperature.  Higher compost 

temperature is also associated with higher methane removal rate.  When the water content 

was set to 0.10 and 0.20, the methane removal rate increased with higher influx.  When 

the compost water content was set to 0.30, the methane removal rate was 70% for an 

influx of 50 g CH4 m
-2 d-1, increased to 75% for and influx of 100 g CH4 m

-2 d-1, but then 

decreased to 68% for influx of 200 g CH4 m
-2

 d
-1

.  When the compost water contents 

were 0.40 and 0.50, methane removal rate decreased with increasing influx. The change 

of the pattern from low to high water content is an indication that the presence of water in 

the pore space plays a role in methane oxidation and also in the transport of methane and 

oxygen through the soil and those relationships with water content is complex. 
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CHAPTER 4 

 

LONG TERM PERFORMANCE AND NUMERICAL 

MODELING OF BIOCELLS USED TO MITIGATE 

METHANE EMISSIONS FROM LANDFILL COVERS 

 
4.1 Abstract 

 

Research has been underway at the Leon County Landfill to develop biocells and 

biocovers to mitigate greenhouse gas emissions via the bio-oxidation of methane at the 

surface of soil cover. This paper describes the long-term performance of biocells 

constructed with an aged compost layer overlaying a crushed glass dispersing layer in 

reducing emissions from the landfill surface along with the performance of a vegetated 

interim landfill cover (control cells). The glass dispersing layer was not effective in 

equalizing the methane influx into the overlaying compost and was deemed to be too thin 

(10 cm) to achieve its functionality.  Methane oxidation occurred in the biocells and the 

control cells.  The biocells, were more effective in reducing methane emissions from the 

surface of the landfill via methane oxidation and blockage of landfill gas from underlying 

waste.  Methane oxidation averaged 26.4% in the Control cells as compared to 39.7% in 

the biocells. These averages increase to 51.7% and 72.9% when the negative fluxes are 

considered as 100% oxidation.  When outliers, were removed from the data, methane 

emission averaged 0.084 gm
-2

d
-1

 from the biocells and was significantly different from 

emissions from the control cells (7.15 gm-2d-1).  

A numerical model was developed and used to separate blockage of landfill gas 

from the underlying waste and the actual biological oxidation of methane by 

methanotrophic bacteria.  The developed model used daily water content and daily 

temperature data collected at different depths using calibrated TDR probes and 

temperature probe.  Simulations were performed for 1 year (2005) on two soil columns 
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depicting a biocell (soil column with a layer of compost) and a control cell (soil column 

only). 

Simulations of methane transport through both columns indicated lower methane 

emissions from the biocell as compared to control.  The simulated emissions were in the 

same range as emissions measured in the field and average 0.72 g m-2 d-1 in the biocell 

simulations and 9.18 g m
-2

 d
-1

 in the control simulations.  In addition, influx of methane 

into the biocell (9.7 g m-2 d-1) was lower than that into the soil cover alone (27.9 g m-2 d-

1
), and thus indicating that part of the lower emissions from the biocell were caused by 

the presence of the compost layer (blockage).  In addition to blockage, methane oxidation 

in the compost layer was also responsible for the lower emissions obtained from the 

biocell simulations.  Methane oxidation was associated with lower water content in the 

top layer of the biocell.  On the other hand, methane blockage was associated with higher 

water content in the lower layer of the biocell. 

 

4.2 Introduction 

 

Over the last decades solid waste disposal has been transformed from open dumps 

to concentrated entombment of garbage in the modern sanitary landfill.  Landfill final 

covers or caps are used to reduce the quantity of water that infiltrates into the waste mass.  

As a result of this transition, which has mostly occurred to protect ground and surface 

water from contamination, decomposition of organic matter in solid waste now precedes 

via anaerobic respiration which results in the generation of methane as a waste product.  

Methane generation occurs within the landfill and as methane is a volatile gas, sparingly 

soluble in water, most of this methane is transported to the atmosphere.  Landfills can 

emit methane at tremendous rates (Bogner and Spokas, 1993; Bogner et al., 1995; 

Czepiel et al., 1996, Borjesson and Svensson, 1997; Chanton and Liptay, 2000; Abichou 

et al., 2006 a and b). 

Methane is a more powerful greenhouse gas than CO2. Concentrations of CH4 are 

currently responsible for 15 to 20% of the greenhouse effect, even though the 

atmospheric concentration of CH4 is approximated to be 200 times lower than that of CO2. 

The greenhouse efficiency of CH4 is estimated to be 21 times higher, by molecule, than 
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that of CO2 (Ramanathan et al., 1985; Dickinson and Cicerone 1986).  Landfill emissions 

of CH4 contributed about one-third of Human-related sources of CH4 in the United States 

(USEPA 2003). The relatively short residence time (7-10 yr) of CH4 (compare to 100 yr 

of CO2) means that the mitigation of CH4 emissions could be effective in a short period 

time. 

As CH4 transits through the landfill cover, the methanotrophic bacterial uses CH4 

as a nutrient to grow and oxidize it to CO2. Methane emissions can be mitigated by using 

the microbiology of landfill soils (Czepiel et al., 1996; Chanton and Liptay, 2000; 

Abichou et al., 2006a and b). Kjeldsen et al. (1997) reported that landfill soil can oxidize 

up 100% of CH4 emissions. Under certain circumstance, the landfill cover can even 

consume atmospheric CH4 rather than emit CH4 to the atmosphere (Bogner et al., 1995; 

Abichou et al., 2006a). 

Research has been underway at the Leon County Landfill to develop techniques to 

mitigate greenhouse gas emissions via the bio-oxidation of methane at the surface of soil 

cover.  Before such an effort began, methane emissions and oxidation at the landfill were 

characterized.  Methane flux emissions were measured on a surface representative a 

vegetated soil cover typical of an older landfill of covers.  Emissions from one third of 

this cover type were classified as low emissions.  High emissions from this type of cover 

occurred only in few isolated locations.  It was theorized that emissions from such covers 

can be reduced by placing a compost layer on these high emission zones, referred to as 

“hot spot”. The compost biocover not only increased the retention time as methane 

transported through the cover, improved methane oxidation capacity (Abichou et al. 

2006a, b; Stern et al. 2006). Stern et al. (2006) described the early performance (March, 

2004 to April, 2005) of biocells constructed with a compost layer placed on select areas 

of the landfill surface characterized by their high emissions. Conclusion included that 

biocells had significant higher oxidation rates than control site and had significant lower 

outflux than the control cells. The paper also pointed out that the low outflux measured in 

the biocells could be caused by blockage due to the additional thickness or the difficulty 

for methane to travel through longer paths. It was also remarked that the high water 

holding capacity of compost provided a suitable environment for methanotrophic bacteria 

and therefore led to higher methane oxidation.  At the same time the presence of the 
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compost layer was responsible for the lower gas permeability for gas transport into the 

underlying soil because compost did not allow the soil cover underneath it to desiccate 

and crack.   

In order to separate methane oxidation from blockage, the influx of landfill gas 

into the bottom of landfill cover has to be known, however such an influx can not be 

measured.  A numerical approach was chosen for this study.  Current mathematical 

modeling efforts had been reported by several researchers such as De Visscher and 

Cleemput (2003), Stein et al. (2001), and Hilger et al. (1999), however they were all 

developed to  simulate test sets in lab columns with constant environmental conditions 

such as water content and temperature.  In other words, these models did not incorporate 

the dynamic variation of water and heat flow as the weather change in the field. All the 

models above were using the influx as boundary conditions, which are not available for 

field conditions. Perera et al. (2002) used a variant of the Stein et al. (2001) model in 

field conditions, but this model is not specifically adapted to investigate to calculate the 

response to changing environmental conditions with time, and such conditions were not 

investigated. 

This paper describes the long-term (March, 2004 to June, 2006) performance of 

the same biocells described by Stern et al. (2006) in reducing emissions from the surface 

of Leon County Landfill.  This paper also investigates the processes responsible for the 

reduction in emissions from biocells and control cells by developing a numerical model, 

which uses field measurable pressure and gas concentration as a boundary condition and 

incorporates environmental dependent parameters, such as water content and temperature, 

to simulate gas flow and methane oxidation in virtual soil columns representing the 

control and the biocell profiles. By investigating both influx and outflux from the control 

and biocell sites using this model, reduction in methane emission from the biocells were 

separated into blockage and oxidation.  The objective of the modeling exercise was to 

quantify how much of the reduction in emissions from the biocells is caused by blockage 

as compared to the reduction caused by biological methane oxidation. 

 

 

4.3 Experimental Approach 
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This study was conducted at the Leon County Solid Waste landfill in Leon 

County, Florida.  Following preliminary spatial assessment of methane emissions at the 

site (Abichou et al. 2006a), a portion was chosen based on the location of methane 

“hotspots” for the biocell experiment.  Three biocells and three control cells, all 7.6 m x 

7.6 m, were selected as shown. Fig. 4.1 shows a cross-section of each constructed biocell.  

In the biocells, a 100-mm-thick layer of glass was placed over the entire 7.6 x 7.6 m 

surface of the cell. The in place dry unit weight of the top of the compost was measured 

using the sand cone method (ASTM D1556-00). The compost extends 3.8 m beyond the 

edges of the glass edges. The compost was provided by the landfill, and consisted of 

chipped yard waste that had been windrowed and turned for three years.  The pH of 

compost in distilled water was 7.5.  

 

  

Gas Dispersing  

Layer 

 

Compost 

Landfill Cover 

 

Fig. 4.1. Schematic of a Biocell cross-section. 

 

Four flux collars were installed on each cell. A nest of gas sampling probes to 

various depths were installed in each hot spot location. Profiles of water content were 

monitored at two locations (control and biocell) using water content reflectrometers 

(Campbell Scientific CR615). An automated data acquisition system was used to collect 

and store water content data (Campbell Scientific CR23X). Measurements from all 
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sensors were collected at a 60-minute interval and periodically downloaded to a computer.  

Power for the system was supplied by lead-acid batteries and two solar panels. 

 

Methane Emission and Oxidation 

Methane emission rates from the landfill surface were determined using a static 

chamber technique in this study (Abichou et al. 2006a, b; Stern et al. 2006). Landfill 

Static chamber method is the most common measuring method for gas fluxes from the 

surface of soil, has its advantage of low cost, simple operation and practical observations 

by discretizing space and time. The concept of static chamber is to monitor concentration 

changing in a certain volume above a gas-emitting or consuming surface. Gas samples for 

testing CH4 concentration were collected sequentially within 15min using 60mL 

disposable plastic syringe with 3-way plastic stopcocks. Gas Samples were analyzed for 

CH4 concentration with a Gas Chromatograph (GC) with a Flame Ionization Detector 

(FID) within 4hr of collection. Methane fluxes were determined from the slope of a linear 

regression curve of concentration data (C in ppmv) plotted versus elapsed time (t in 

minutes).  This change in volumetric concentration was converted to a mass flux by using 

the ideal gas law, the CH4 flux (g CH4 m
-2 d-1).  

Stable isotope method has been employed to determine the oxidation of CH4 in 

landfill cover soils (Liptay et al., 1998; Chanton and Liptay, 2000, Abichou et al. 2006a 

and b; Stern et al., 2006). There are two stable isotopes of carbon, 
13

C and 
12

C, which 

comprise 1% and 99% of carbon atoms, respectively. Microbiology studies have shown 

that the methanotrophic bacterial prefer to consume 
12

CH4 rather than 
13

CH4, leaving 

residual CH4 enriched in 13CH4. Methane oxidation rates can be calculated with this ratio 

of 
13

CH4/
12

CH4 changing (Chanton and Liptay, 2000; Abichou et al., 2006a and b). Stable 

carbon isotopes were determined by using a Hewlett Packard Gas Chromatograph 

coupled via a combustion interface to a Finnegan Mat Delta S Isotope Ratio Mass 

Spectrometer (GCC-IRMS) (Merrit et al., 1995).  Replications of measurement were 

performed for most samples with the standard deviation of about 0.15‰. Stern et al. 

(2006) provided more detailed methods of methane emission and oxidation measurement. 

Incubation study to determine Vmax and Km 
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An incubation study was performed to determine the maximum reaction rate (Vmax, 

nmol kg-1 s-1) and the Michaelis constant (Km, nM): 

CK

CV
v

m +
= max   (1) 

where r is the reaction rate (nmol kg
-1

 s
-1

) and C is the methane concentration (%) 

(Tabatabai, 1994.).  Four 1-L flasks of media from methane biofilters were incubated:  

two flasks contained media from compost biocover. At the beginning of the experiment 

air in the flasks was replaced with 12% CH4 in air.  The flasks were incubated at 22oC 

and 7 samples were taken over the 70 hours after restoring the flasks to atmospheric 

pressure with oxygen before sampling.  Methane concentrations were determined by 

injecting a subsample from the vials into a TCD-GC (Shimadzu GC-8A with CRT 1 

column).  Methane gas concentrations were converted to S using Henry’s law, and Eq. 1 

was fitted to the data by the least squares method (KaleidaGraph Version 4.0, Synergy 

Software). 

 

4.4 Numerical Modeling Approach 

 

Placing a layer of compost on a landfill cover soil will lead to more resistance to 

gas flow associated with the longer flow path landfill gas has to travel.  Flow resistance is 

also increased because of the fact that the presence of a compost layer will also keep the 

bottom soils at higher water content by decreasing desiccation from the soil surface.  

Additionally, compost has a high capacity to retain moisture which will keep the soil 

profile at higher water content.  Higher water content leads to lower gas permeability and 

lower diffusion coefficient. This effect of biocells is referred to as blockage.  Compost is 

also known to be a goodr host media for methane consuming bacteria.   

In order to assess if lower methane emissions measured in biocells were caused 

by blockage and/or enhanced oxidation, a numerical model was developed to simulate 

gas transport through a virtual soil column representing the control cells and another soil 

column representing the biocells.  The simulated control column consisted of a 15cm 

thick layer of highly organic soil (vegetative cover) underlain by a layer of 60cm thick 

sandy clay soil (Fig. 4.2). The biocell soil profile was simulated with the same soil 
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column with an additional 50 cm-thick layer of compost (Fig. 4.2). The water content 

measured using the TDR probes in the control cell 4B and biocell 4D were used as an 

input into the gas transport model.  The water content at the bottom layer of each 

simulated soil columns was assumed to be the same for both profiles.  The water content 

is used to update the gas filled porosity, gas permeability, and the gas diffusion 

coefficient of soil each day of the simulation.  The daily influx of methane from the 

underlying waste into the soil (Fin) and the methane outflux form the soil surface to the 

atmosphere (Fout) were calculated for both simulation scenarios. 

 

 

Interim Sandy clay cover 

TDR 

Top soil 

Compost 

Influx without biocell Influx with biocell 

Outflux with biocell 

Outflux without biocell 

 

 

Fig. 4.2. Schematic of No Biocell and Biocell Modeling Scenarios. 

 

Chapter 3 developed a numerical model to simulate transport and oxidation of 

landfill gas in porous media for a laboratory biofilter. That model used a constant flux 

and gas concentration as bottom boundary condition since the biofilter was fed methane 
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at a known rate which was measured by a flow meter. In order to simulate landfill gas 

transport and oxidation in field conditions (this study), constant pressure boundary and 

constant gas concentration were used, since it is not feasible to measure the influx at the 

bottom of the landfill cover. However, gas pressure in the landfill waste was periodically 

measured with a pressure gauge. The following is a brief summary of the development of 

the gas transport model. Chapter 3 provides more details about the development of the 

model. 

 

Governing equations 

A continuity equation and a mass balance equation (Eq. 2) were used to describe 

the gas flow and reaction within the porous media. 

i

ii r
dx

dJ

dt

dC
+−=ε  (2) 

where ε  is the air filled porosity (m-3
gas

 m-3
soil), iC , the molar gas concentration 

(mol m-3), 
iJ  is the flux of gas component i including the diffusive and advective flux 

(mol m
-2

 s
-1

), 
ir  is the reaction rate of gas component i (mol kg

-1
dry soil s

-1
), and dt (s) and 

dx  (m), are time and vertical distance coordinates. 

The flux of the gas, Ji, has two components: diffusion and advection. Gas 

diffusion in porous media is governed by Fick’s law as expressed in the first part of right 

side of eqn.3 and Advection of gas on the other hand, is governed by Darcy’s law, the 

total flux can then be expressed as follows: 

i

i

isoili C
dx

dPk

dx

dC
DJ

μ
−−= ,  (3) 

where The diffusion coefficient of gas component i, isoilD , , in soil (m
2 

s
-1

). k is the 

intrinsic permeability of the soil (m2), μ  is the gas mixture viscosity (N s m-2 ) and P  is 

the pressure (Pa). 

The pressure (P) is obtained by the ideal gas law: 

∑
=

=
4

1i

i RTCP   (4) 
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where T  is the absolute temperature (K) and R  is universal gas constant (8.314 J 

K-1 mol-1). 

 

Methanotrophic reaction 

The reaction component of the gas transport equation was assumed to be the 

following (De Visscher and Van Cleemput 2003): 

224 bCOaOCH →+  (5) 

where a , b  are the stoichiometric factors for oxygen and carbon dioxide, and were 

assumed to be 1.5 and 0.5.  This leads to the following reaction equation: 

OHOCHCOOCH 22224 5.15.05.05.1 ++→+  (6) 

where CH2O represents biomass.   

ir  in equation (2) is the reaction rate of  methanotrophic bacteria, which is 

calculated by Michaelis-Menton kinetics from the incubation experiment. 

22
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CK
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CK

C
Vr

++
=  (7) 

where maxV  is the maximum methane consumption rate (nmol s
-1

 g
-1

dry soil) and mK  is the 

half saturation constants (mol m
-3

), 

A growth model simulating methanotrophic activity variation with soil depth, 

suggested by De Visscher and Van Cleemput (2003) was used as follows: 

d
K

C

CK

C
V

V
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u
Om

O

CHCHm

CH

−
+
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=
][][

maxmax,

max
max

2

2

44

4
)1(

 (8) 

where u  is the specific growth rate (s-1), maxu′  is the maximum gross specific growth rate 

(s
-1

), maxmax,V  is the maximum value of Vmax that can be reached, d  is the specific 

biomass decay rate (s-1).  

The change in maxV with time is obtained by following equation: 

max
max uV

dt

dV
=  (9) 

where mK , maxV , maxu′  are temperature dependent parameters, and were corrected for 

temperature as suggested by De Visscher and Van Cleemput (2003). 
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Boundary and initial conditions 

Since the surface of the soil column is open to the atmosphere, the gas 

composition at the surface node of the model was assumed to be the atmospheric gas 

compositions, which are 21.21% oxygen, 1.8 ppmv methane, 370 ppmv carbon dioxide 

and 78.75% nitrogen. The daily average barometric pressure was obtained from the 

Tallahassee Airport and was used as a top pressure boundary condition.  For the bottom 

boundary, constant pressure, which was periodically measured with a pressure gauge was 

used. Constant gas concentration boundary condition (60% methane and 40% carbon 

dioxide) was selected. 

The first day’s initial condition was set up as all the node concentration equal to 

atmospheric gas concentration. The consequent initial condition at the beginning of each 

day was set equal to the pervious day’s final concentration conditions. 4.1 summarizes 

the parameters used in this study for each simulation. 

 

Table 4.1. Summary of parameters of the control cells and biocells simulations 

Parameters Value source 

Vmaxmax(nmol kg-1 s-1) 2000*,500** Measured in this study 

Km[CH4] (%) 4.5*, 9.3** Measured in this study 

Km[O2] (%) 1.2 De Visscher and Cleemput 2003 

a 1.5 This study 

b 0.5 This study 

ko 6.6*10-14*,1.3*10-14** Simunek et al. 2005 

d(day-1) 0.1 De Visscher et al. 1999 

u’max(day-1) 2.2 De Visscher et al. 1999 

λ 4.17
*
,2.29

** 
Brooks and Corey 1964 

Sr 0.15*,0.157** Brooks and Corey 1964 

 

*:for compost; **: for interim cover soil 
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Finite difference method for solving the PDE 

Equation 2 was discretized as follows by considering the calculation points at the 

center of each layer. 

i

ji
k

ji
kk

ji

k

ji
r

x

JJ

t

CC
+

Δ
−

=
Δ

− +−
+

2/1,2/1,,

1

,ε  (10) 

The superscript k of C represents the time step. The concentration of each time 

step was calculated by the concentration and flux of the previous time step as follows: 

i

i

i

k

ji

k

jik

ji

k

ji

r
t

x

JJ
tCC

εε
Δ+

Δ

−
Δ+= +−+ 2/1,2/1,

,

1

,  (11) 

The flux in equation (11) was calculated from the concentration of each adjacent 

node as follows by discretizing the diffusion-advection flux equation (3). 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ +

Δ

−
−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

Δ

−
−= −−

−

−−
−−

2

)()()( 1,,1

2/1

2/11,,

2/1,2/1,

k

ji

k

ji

k

j

k

j

j

j

k

ji

k

ji

ji

k

ji

CC

x

PPk

x

CC
DJ

μ
  (12) 

The numerical scheme is a two-step explicit scheme. The first step is calculating 

the flux at the center point of each node with equation (12) explicitly. The second step is 

to calculate the concentration for the next time step by equation (11) using the flux 

calculated by the first step explicitly.  

 

4.5 Experimental Results 

 

Performance of Gas Distribution Layer 

The design of the biocells included a gas distribution layer constructed with 

crushed glass culets (Fig. 4.1).  This layer was provided to equalize the inflow of gas into 

the compost.  Fig. 4.3 shows a contour map of emissions from biocells (2D and 6D) 

before and after placement of compost.  All contours were obtained using inverse 

distance weighting (IDW) with a power value of two.  Abichou et al. (2006a) and Spokas 

et al. (2003) both reported that IDW is an acceptable method to map methane flux 

emissions from landfill surfaces.  Prior to compost placement, an intensive flux survey 

was performed on all six cells to establish pre-compost conditions.  The flux in each cell 

was measured 12 to 14 times during the month prior to compost placement.  The pre-



52 

compost contours were obtained using the average of flux measurement during the period 

between January 14th and February 2nd 2004 for biocell 6D and from January 19th to 

February 2nd for biocell 2D.  The post compost contours were obtained by averaging the 

emissions during the period between March 19
th

 and June 29
th

, 2004. 

 

Fig. 4.3. Contours of Surface Methane Flux Pre and Post Placement of Compost for 

Biocell (a) 2D; (b) 6D. 

 

Emissions from Cell 2D were very high and were characterized by a high peak in 

the Southeast quadrant.  The flux contours after compost placement show significantly 

lower peak fluxes.  They also show that the Southeast quadrant has remained the area of 
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higher emissions as compared to the rest of biocell 2D.  The glass layer placed below the 

compost was thought to act as a dispersing layer.  The flux contours seems to indicate 

that the glass layer was not able to disperse the high flux measured before the glass was 

placed.  This might be due to the limited thickness of the glass layer and to the lack of 

separation between the distribution layer the adjacent soils.   Cover soil from below and 

compost from above might have migrated to the more porous distribution layer and might 

have caused clogging of this layer. 

 

 

Table 4.2. Summary of methane emissions from all cells 

 Pre Biocells** Post Placement of Biocells 

Cell Average 

Flux 

(g/m
2
/day) 

Peak Flux 

(g/m
2
/day) 

Average 

Flux 

(g/m
2
/day) 

Peak Flux 

(g/m
2
/day) 

Number of 

Negative Flux  

2B 37 247 23 740 11 

4B 20 58 13 218 21 

8B 2 8 2 49 25 

2D 306 1743 32 1159 25 

4D 11 77 1 22 33 

6D 65 330 0 11 30 

 

** Pre-biocells emissions were monitored for a period of 3 months 
 

 

Comparison of Emissions from Treated and Non-treated Areas 

Table 4.2 shows average and peak methane flux measured from each control and 

biocell before and after placement of biocells.  The peak measured methane flux in the 

control cells before placement of the biocells were 247, 58, 8 g m
-2 

d
-1

 for Cell 2B, 4B, 

and 8B respectively.  In contrast, peak emissions measured on Biocells 2D, 4D, and 6D 

were 1743, 77, and 330g m
-2 

d
-1

, respectively, during the same period.  The peak 

measured flux increased for all control cells during the post-biocell period (740, 218, 49 g 

m
-2 

d
-1

).  In contrast, the peak emissions for all biocells decreased during the post-biocell 
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period (1159, 22, 11 g m-2 d-1 for Cells 2D, 4D, and 6D respectively). During the post 

biocell period, the average emission from the control cells was 13 g m-2 d-1, which 65% 

from the average of fluxes measured during the pre biocell period.  Emissions from the 

biocells (2D, 4D, and 6D) during the post biocells period averaged 11 g m
-2 

d
-1

, which is 

only 8.7% of the average emission before the placement of the biocells.  These 

observations are expected since the placement of compost on Cells 2D, 4D, and 6D 

should increase the resistance to gas flow from the inside the landfill to the surface.  At 

the same time, compost has been reported to oxidize more methane.  Additional analysis 

will be provided later to separate these two effects. 

The distributions of flux measurements from the biocell and the control cells were 

both highly skewed.  At the same time, one flux chamber in the biocells (2D1) and one 

flux chamber in the control cells (2B1) were orders of magnitude higher than all other 

flux values.  As described in Stern et al. (2006), statistical analysis was performed to 

exclude flux values that did not fall within two standard deviations of the mean for each 

treatment on a given date and did not pass the Q-test. The Q-test is generally considered 

to be the most legitimate statistical test available for the rejection of deviant values from 

a small sample with a Gaussian distribution (Rorabacher, 1991). Values are placed in 

rank order and the difference between the outlier and the next closest value is divided by 

the range of values, i.e. the gap divided by the range.  This quotient is compared to a table 

of critical Q values, and if larger than the critical Q value at a specified confidence level, 

the outlier can be rejected. 

Fig. 4.4a shows the average emissions measured in the control cells and the 

biocells over the entire period of this study (March, 2004 to June, 2006), without 

excluding flux measurements 2D1 and 2B1. The average flux measured in the biocells 

was 10.87 gm-2d-1 as compared to 12.76 gm-2d-1 for control cells.  ANOVA analysis 

showed that p=0.72, which means there was no significant difference between them. 
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Fig. 4.4. Average Surface Flux Measured at the Control Cells and Biocells: 

Including all flux data (a), and excluding 2D1 and 2B1 (b). 
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When fluxes from 2D1 and 2B1 were excluded, the average flux in the control 

cells and biocells were significant different (one-way ANOVA, p=0.00103), with a mean 

flux 7.15 g m-2 d-1, for the control site and 0.084 g m-2 d-1 for biocells. The first period 

corresponds to the time just after the compost was placed on the biocells. It is believed 

that during this period, the placement of compost on the biocells has led to disturbance in 

the flow patterns of landfill gas from the underlying waste. This period was considered to 

be a flow equilibration period. Outside the early equilibration period (From June 29th 

2004 to the end of the study), emissions from the biocells seems to be always lower than 

those measured on the control cells. 

Negative fluxes were measured on all control and biocells, which indicate areas 

where methane in the atmosphere was being consumed by the soil cover. The numbers of 

negative fluxes measured for the control and the biocell areas are also shown in Table 

4.2. The biocells were a sink for atmospheric methane 88 times during the monitoring 

period as opposed to 57 times for the control cells. Negative fluxes might also an index of 

higher methane oxidation.  Further analysis of oxidation results is provided later in this 

section. 

 

Methane Oxidation Results 

Table 4.3 shows methane oxidation measured during this study before and after 

the placement of compost biocells.  Percent oxidation was calculated from stable isotope 

data as described earlier.  Fig. 4.5a shows the percent oxidation measured during the 

entire study.  Over the entire course of the experiment, oxidation in the control and 

biocell were significantly different (p=0.037), with a mean oxidation of 26.4% for the 

control and 39.7% for the biocell (Table 4.3). Negative flux values indicate uptake of 

methane from the atmosphere by the landfill (Bogner et al. 1997a).  A negative flux 

indicates a downward flux of atmospheric CH4 into the landfill, so it may be that all of 

the methane coming from below is oxidized before it reaches the soil surface.  It is 

possible to assume that these fluxes represent 100% oxidation (Stern et al., 2006). 

Alternatively, negative fluxes could indicate blockage or failure of methane to be 

transmitted through a less permeable zone below the surface.  Probably both explanations 

serve to describe different areas. When values for 0 and negative fluxes are included in 
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the averages as if they represent 100% oxidation, the mean oxidation for the biocells was 

72.9%, and the mean oxidation for the control was 51.7%, with p = 0.014 for the entire 

monitoring period (Fig. 4.5b).   

 

 

Table 4.3. Summary of Methane Oxidation from all Biocells and Control Cells from 

March 2004 to June 2006. 

 

Pre Biocells* 

Average 

Oxidation 

Post Biocells 

Average Oxidation 

Excluding Zero and 

Negative Fluxes as 

100% oxidation 

Post Biocells 

Average Oxidation 

Zero and Negative 

Fluxes as 100% 

oxidation 

Row B (Control) 26.4% 51.7% 

Row D (Biocell) 

25.2% 
39.7% 72.9% 

 

* Pre-biocells oxidation were monitored for a period of 3 months in the area where this 
study was performed (Abichou and Chanton, 2004). 
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Fig. 4.5a. Oxidation Results Measured in Biocells and Control Cells without assume 

zero and negative flux to be 100% oxidation;  
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Fig. 4.5b. Oxidation Results Measured in Biocells and Control with assume zero and 

negative flux to be 100% oxidation. 

 

4.6 Simulation Results 

 

As stated in the method section, Vmax max and mK  were measured using incubation 

test by fitting the reaction curve to Michaelis-Menton kinetics.  Simulations were 

performed for a period of 365 days using the initial and boundary conditions described 

earlier and using daily compost and soil water content.  Emissions obtained from the 

simulations using the control soil profile are referred to emissions with no biocell.  Fig. 

4.6a shows predicted methane outfluxes (expressed in g CH4 m
-2 d-1) from biocell and no 

biocell simulations.  The predicted emissions from the biocells averaged 0.72 g m
-2

 d
-1 

during the modeled year (2005).  Emissions from the biocells were measured during the 

same time period averaged 4.8 g m
-2

 d
-1

 (with 2D1) and 0.32 g m
-2

 d
-1

 (excluding 2D1).  

The predicted emissions from the control cells were higher and averaged 9.18 g m-2 d-1.  

The measured emissions from the control cells averaged 10.96 (with 2B1) and 7.4 g m
-2

 

d-1 (excluding 2B1).   
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Fig. 4.6. (a)Daily Simulation Emissions from Biocell and Control Cell for 2005; (b) 

Daily Simulation Influxes from Biocell and Control Cell for 2005 

 



60 

Fig. 4.6b shows the influxes of methane into the bottom of the biocells and 

control cells during the modeled period (2005).  The influx into the biocells is lower than 

the influx into the control cells.  In 2005, the average influx into the biocell was 9.7 g m-2 

d
-1

 as compared to 27.9 g m
-2

 d
-1

 into the control cell.  The decrease in influx into the 

biocells may be due to the presence of the compost layer, which keeps the underlying 

waste wetter and provides more resistance to flow.  This is an indication that part of the 

lower emissions from the biocell may have been caused by the presence of the compost 

layer (blockage).  In addition to blockage, methane oxidation in the compost layer can 

also responsible for the lower emissions obtained from the biocell simulations.   
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Fig 4.7.  Separation of Blockage from Biological Oxidation for Simulated Biocell and 

Control cell simulations. 
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Fig. 4.8.  Simulated mass biologically oxidized and mass blocked (a), and Measured 

volumetric water content at the top and bottom of the biocover (b). 
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Fig. 4.7 shows the outflux obtained from the biocell simulations along with the 

modeled influx into the biocell and the control cell.  The difference between the influx 

into the biocell and the outflux into the biocell can be contributed to biological oxidation.  

The difference between the influx into the control cell and the influx into the biocell can 

be contributed to blockage.  As can be seen from Fig. 4.7, blockage and biological 

oxidation can be responsible for the reduced outflux obtained from the biocell 

simulations.  The extent of blockage and oxidation varies throughout the year (2005).  Fig. 

4.8a shows mass of methane biologically oxidized and mass of methane blocked 

estimated by the modeling study.  Biological oxidation averaged 8.95 g m-2 d-1 as 

compared to mass of blocked methane which averaged 18.2 g m
-2

 d
-1

.  Fig. 4.8b shows 

the measured water content in the top of the biocell and the bottom of the biocell.  These 

water contents were used in the gas transport model.  The mass oxidized seems to be 

governed by the water content is the bottom layer.  That is, as the water content increases 

in this layer blockage of flow of methane into the soil column decreases.  This shows that 

the influx of methane into the cover soil is controlled by the water content at the bottom 

of the cover.  Mass of methane biologically oxidized by the cover (Fig. 4.8a) seems to be 

affected by the water content in the top layer of the biocell (Fig. 4.8b).  As water content 

in this layer increases, the diffusion of oxygen into the soil decreases, and therefore 

decreasing the oxidation rate.  Higher water contents in the bottom layer are associated 

with higher blockage. Lower water contents in the upper layer are associated with higher 

mass oxidized. 

 

4.7 SUMMARY AND CONCLUSIONS 

 

This paper described the long-term performance of the same biocells described by 

Stern et al. (2006) in reducing emissions from the surface of Leon County Landfill.  This 

paper also investigated the processes responsible for the reduction in emissions from 

biocells and control cells by developing a numerical model, which uses field measurable 

pressure and gas concentration as a boundary condition and incorporates environmental 

dependent parameters, such as water content and temperature, to simulate gas flow and 

methane oxidation in virtual soil columns representing the control and the biocell profiles. 
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By investigating both influx and outflux from the control and biocell sites using this 

model, reduction in methane emission from the biocells were separated into blockage and 

oxidation.   

The biocells were constructed with an aged compost layer overlaying a crushed 

glass dispersing layer.  The control cells consisted of a vegetated interim landfill cover.  

The glass dispersing layer was not effective in equalizing the methane influx into the 

overlaying compost and was deemed to be too thin (10 cm) to achieve its functionality.  

Methane oxidation occurred in the biocells and the control cells.  The biocells, were more 

effective in reducing methane emissions from the surface of the landfill via methane 

oxidation and blockage of landfill gas from underlying waste.  Methane oxidation 

averaged 26.4% in the Control cells as compared to 39.7% in the biocells.  These 

averages increase to 51.7% and 72.9% when the negative fluxes are considered as 100% 

oxidation.  When outliers, were removed from the data, methane emission averaged 0.084 

gm
-2

d
-1

 from the biocells and was significantly different from emissions from the control 

cells (7.15 gm-2d-1). 

A numerical model was developed and used to separate blockage of landfill gas 

from the underlying waste and the actual biological oxidation of methane by 

methanotrophic bacteria.  The developed model used daily water content and daily 

temperature data collected at different depths using calibrated TDR probes and 

thermocouples with a datalogger.  Simulations were performed for 1 year (2005) on two 

soil columns depicting a biocell (soil column with a layer of compost) and a control cell 

(soil column only). 

Simulations of methane transport through both columns indicated lower methane 

emissions from the biocell as compared to control.  The simulated emissions were in the 

same range as emissions measured in the field and average 0.72 g m-2 d-1 in the biocell 

simulations and 9.18 g m
-2

 d
-1

 in the control simulations.  In addition, influx of methane 

into the biocell (9.7 g m-2 d-1) was lower than that into the soil cover alone (27.9 g m-2 d-

1
), and thus indicating that part of the lower emissions from the biocell were caused by 

the presence of the compost layer (blockage).  In addition to blockage, methane oxidation 

in the compost layer was also responsible for the lower emissions obtained from the 

biocell simulations.  Methane oxidation was associated with lower water content in the 
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top layer of the biocell.  On the other hand, methane blockage was associated with higher 

water content in the lower layer of the biocell. 

 



65 

 

 

CHAPTER 5 

 

ESTIMATING METHANE EMISSION AND OXIDATION 

FROM EARTHEN LANDFILL COVERS 

 

5.1 Abstract 

 

Measuring methane emission and oxidation through landfill covers has been done 

by many researchers. However, the numerical methods to estimate methane emission and 

oxidation are very limited. A simulation model was developed that combined water and 

heat flow model and a gas transport and oxidation model. The gas transport and oxidation 

model is able to use dynamic parameters associated with waster content and temperature 

and incorporates dynamic methanotrophic activity. Four sites were selected to showcase 

how emissions and oxidation can be estimated knowing cover design, management 

practices, and climatic conditions.  Simulations were performed for scenarios with and 

without an active gas collection system. Different simulations were performed with and 

without organic amendments to the soil cover. Thirty-two simulations were conducted 

under different locations, climate condition, bottom pressure boundaries, and soil 

oxidation capacities. 

Simulations showed that soil covers in subhumid areas can prevent high methane 

emission with blockage and decent oxidation capacity. In semiarid sites, higher emission 

was obtained due to the higher air filled void space of the soil. Oxidation capacities in 

semiarid sites are higher than those in subhumid sites since influxes of methane are 

higher in semiarid sites. High pressure underneath the cover caused higher emission in all 

sites. Even with active gas collection system (vacuum pressure), emissions were 

significant in semiarid climates.  Soil oxidation is not only dependent on the potential 

methane oxidation capacity (Vmaxmax), but depends on methane availability. 
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5.2 INTRODUCTION AND BACKGROUND 

 

Factors Controlling Emissions and Oxidation 

The global annual input of methane to the atmosphere is estimated to be 535±125 

Tg (IPCC, 1995a), of which about half is considered to be both anthropogenic and 

originating from biospheric processes, particularly anaerobic bacterial fermentation. 

Decomposition of refuse in municipal landfills is believed to be one of the major 

components of this biogenic methane, but past estimates of the emissions from this 

source have varied greatly, from 9 to 70 Tg per year. More reliable estimates are clearly 

needed, but it appears that landfills are the largest anthropogenic source of atmospheric 

methane in the United States and European countries. Rates for both methane production 

and oxidation can exceed observed rates for other terrestrial ecosystems by large factors. 

Field flux measurements (net emissions) vary over 7 orders of magnitude, from less than 

0.0004 to about 4,000 grams per square meter per day (Bogner et al., 1997). These net 

emissions, of course, are the result of methane production, oxidation, and gaseous 

transport processes in the cover soil.  Hence, it is difficult to predict emission rates at 

sites with various cover types, climatic regimes, and management practices. Oxidation 

rates in these soils range up to over 100 g m
-2 

d
-1

, and in some cases, the landfill can be a 

net sink for atmospheric methane oxidation. Emission data can be obtained by chamber, 

inert tracer, and micrometeorological methods.  

Important variables to be considered when are: soil texture, gas-filled and total 

porosity, tortuosity, dynamic water content, moisture-holding capacity, clay mineralogy, 

and nutrient and organic matter content. For example, in landfill soils containing organic 

matter with a low C/N ratio, methane oxidation can be suppressed because of increased 

nitrogen turnover. Soil cover design and management practices are also important. 

Water content is a very important factor affecting CH4 transport and oxidation in 

landfill cover soils. Boeckx et al. (1996) used a multiple linear regression analysis under 

different incubation conditions and concluded that water content has more influence on 

CH4 oxidation than temperature. Christophersen et al. (2000) used statistical methods to 

analyze the effect of soil water content on CH4 oxidation. They also concluded that water 
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content can explain most of the variation observed in CH4 emission data. Water plays 

three important roles. First, the optimum environment for CH4 oxidizing bacteria 

(methanotrophy) is obtained at certain water content. Second, water content affects the 

penetration of oxygen (O2) into the soils, which is the main reactor for CH4 oxidation. As 

the water content increases in the soil, the O2 diffusion into the soil is hindered. Thirdly, 

water content affects the air filled porosity of the soil and influences gas transport 

through the soil. As water fills the pores in the soil, it blocks the flow of gas upward.  At 

the same time, the blocking of flow might lead to CH4 emission due to the excess 

pressure built-up in the landfill (Boeckx et al., 1996).  

The reduced CH4-oxidizing capacity at higher water contents is caused by a shift 

of gas-phase molecular diffusion to aqueous-phase molecular diffusion, which is ~10
4
 

fold less rapid (Boeckx et al., 1996). The low CH4 oxidation at the low range of soil 

water content may be caused by less methanotrophy activity. Oxidation peaks when 

balance is achieved (Czepiel et al., 1996). The optimum oxidation soil water content will 

be different for different soil types and depends on temperature and other environmental 

factors. The optimal oxidation water content ranged between 15.6 and 18.8% for soils 

tested by Boeckx et al. (1996) and Christophersen et al. (2000).  Czepiel et al. (1996) 

measured an optimal oxidation water content of 15.7%.   Whalen et al. (1990) reported a 

value of 11%.  Visvanathan et al. (1999) also reported values ranging from 15 to 20%.  

Generally, CH4 oxidation rate increases with increasing temperature (De Visscher 

et al., 2001). Low temperatures inhibit CH4 oxidation (Whalen et al. 1990; Nozhevnikova 

et al., 1993; Borjesson and Svensson, 1997; Visvanathan et al., 1999). Borjesson and 

Svensson (1997) even reported that soil temperature is the controlling factor of CH4 

oxidation, and can explain 85% of the variation in measured CH4 oxidation. 

Methanotrophic bacteria favor a certain range of temperatures. Czepiel et al. (1996) 

reported that oxidation rate increased as temperature increased to 36°C. They also 

reported that CH4 oxidation essentially stopped when temperature reached 45°C. Humer 

and Lechner (2001) reported that CH4 oxidation rate was 70-80% at 18°C. At a lower 

temperature of 4°C, little oxidation was observed. Borjesson and Svensson (1997) 

reported that the optimum temperatures for CH4 oxidation were ~25 to 35°C.  Boeckx et 

al. (1996) reported that the optimal incubation temperature for CH4 oxidation is ~20 to 
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30°C and decreases with increasing water content. Dunfield et al. (1993) measured an 

optimum temperature of ~20 to 25°C.  

Vegetation influences the properties of soil, such as its pH, water content, and gas 

transport. De Visscher et al. (1999) points out that plants on landfill soil cover may 

inhibit CH4 oxidation by N uptake. However, plants also provide channels for O2 

penetration into the soil and therefore enhance CH4 oxidation. The root system of 

vegetation can also induce a more suitable microbiological environmental for CH4 

oxidation. In general vegetation can be used to enhance CH4 oxidation (Maurice et al., 

1999).  

The pressure difference is also believed to be one factor that controls the 

advection flow through soils. A decline in atmospheric air pressure can “pump” gas out 

of the landfill body (Borjesson and Svensson, 1997).  Some gas-flow models use air 

pressure as the main factor of gas transmission in soils (Lu and Kunz, 1981; Young, 

1990). Czepiel et al. (2003) reported a very strong negative relationship between 

measured CH4 emissions and atmospheric air pressure. However, Borjesson and 

Svensson (1997) reported that there is no relationship between CH4 emission and air 

pressure or change in air pressure over the seasons.  This contradiction indicates that 

when the flow is governed by advection, pressure difference plays a role.  However, 

when the flow is mainly a diffusive flux, it does not depend on pressure difference. 

 

Potential Trading of Methane Credits 

Since methane is a greenhouse gas, most companies have focused on two points 

for future greenhouse gas reduction programs. The first is receiving credit for voluntary 

early action. This would provide a means for future credit based on present action to meet 

future regulatory requirements. The second is emissions trading for greenhouse gas 

reductions, similar to the successful program now used for acid rain pollutants. Both have 

received some federal executive and legislative branch support. In addition to federal 

support, several states have developed Climate Change Action Plans that include 

aggressive goals for achieving greenhouse gas reductions. These plans often include 

emissions trading as a way to achieve low-cost greenhouse gas reductions.  
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Some landfill owners and landfill gas project developers are already trading 

landfill gas reductions in the emerging market for greenhouse gas emissions reductions. 

To date, there have been a handful of landfill gas-related greenhouse gas trades. This is 

an emerging private market, without the strictures (or guidance) of a government 

program, driven primarily by the desire of forward-thinking companies to purchase 

voluntary greenhouse gas reductions as a type of insurance against a future greenhouse 

gas regulatory regime.  

This paper present a numerical model which combines water balance, heat 

transport models with a gas transport and oxidation model to estimate methane emission 

and oxidation from landfills with different climates. Four sites were selected to showcase 

how emissions and oxidation can be estimated knowing cover design, management 

practices, and climatic conditions.  Simulations were performed for scenarios with and 

without an active gas collection system. Different simulations was performed with and 

without organic amendments to the soil cover 

 

5.3 MATERICAL AND METHOD 

 

Four sites were selected to run the model for typical subhumid-warm weather 

(Florida), subhumid-cold weather (Iowa), semiarid-warm weather (California), and 

semiarid-cold weather (Montana). Soil cover properties are listed in 5.1. In the wet areas 

(Florida and Iowa), the covers were built thicker, 135 cm and 165 cm, respectively, to 

limit percolation , while in the dry areas, the covers were build thinner of 120cm thick 

each. All the covers are well vegetated. 

 

Numerical Modeling 

Chapter 4 presented a numerical model to simulate transport and oxidation of 

landfill gas in porous media for a lab set biofilter. That model used constant flux and gas 

concentration as a bottom boundary condition since it was measured by a flow meter. To 

simulate landfill gas transport and oxidation in field condition, in this study, constant 

pressure boundary and constant gas concentration was used, since it’s not feasible to 

measure the flux at the bottom of the landfill cover. However, gas pressure in the landfill 
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waste is easy to obtain by using a pressure gauge. HYDRUS1D was used to simulate the 

water and heat balance in the landfill cover to generate daily volumetric water content 

and temperature at each node of the soil layer. The water content and temperature were 

used as an input into the gas transport and oxidation model. Daily emission and oxidation 

rate were obtained. In addition, daily fluxes of methane from the waste to the landfill 

cover were obtained. 

 

Table 5.1 Landfill cover soil hydraulic properties summary 

Site 
Layer (top to 

bottom) 

Thickness 

(cm) 

α 

(1/cm) 

n θr θs Ks 

(cm/s) 

Top soil 60 0.0029 1.464 0.057 0.483 1.2×10
-5

 
IA 

Interim Cover 105 0.0091 1.202 0 0.512 2.3×10
-5

 

Top soil 75 0.036 1.56 0.078 0.54 2.33×10
-5

 
FL 

Clay cover 60 0.036 1.56 0.068 0.45 1.19×10
-5

 

Surface layer 60 0.028 1.31 0 0.3 2.9×10
-5

 

Storage layer 45 0.028 1.31 0 0.3 2.9×10
-5

 CA 

Interim layer 15 0.028 1.31 0 0.3 2.9×10
-5

 

Surface layer 15 0.0676 1.42 0 0.37 3.4×10
-5

 

Sandy silt 45 0.0195 1.28 0 0.30 4.0×10
-5

 MT 

Silty sand 60 0.0711 1.45 0 0.36 7.9×10
-5

 

  

 

HYDRUS1D Modeling Description 

The investigation of the volumetric water content and temperature profile of 

landfill cover on their performance involved simulations of water and heat flow in 

variably saturated soils using the computer program HYDRUS1D v3.0 (Simunek et al. 

2005). HYDRUS 1D is a one dimensional finite element model for simulating movement 

of water, heat, and multiple solutes in variably saturated media. The program numerically 

solves the Richards’ equation for saturated–unsaturated water flow as follows: 

S
x

h
K

xt
−+

∂
∂

∂
∂

=
∂
∂

)]cos([ αθ
     (1) 
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where θ is volumetric water content, h is pressure head [L], x are the spatial coordinates 

[L], t is time [T], S is the sink term [L
3
L

-3
T

-1
], α is the angle between the flow direction 

and the vertical axis (i.e., α  = 0 for vertical flow, 90 for horizontal flow, and 0 < α  < 90 

for inclined flow), The hydraulic properties K [m s
-1

]  were represented by the Mualem-

van Genuchten function (van Genuchten, 1980). 
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where Ks is saturated hydraulic conductivity, Kr is relative hydraulic conductivity. l is a 

hydraulic conductivity parameter. a is related to the air-entry value [m
-1

], and n is a pore 

size distribution parameter. Se in Eq. 2 is expressed by Eq. 4 
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r
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θθ
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−
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where Өr is the residual water content [m
3 

m
-3

]. Өs is the saturated water content [m
3 

m
-3

] 

S in Eq. 1 is a sink term to account for water uptake by plant roots and is defined 

as: 

Rp LThhS /)()( α=       (5) 

where, α(h) is the plant water stress function, Tp is the potential transpiration rate[LT
-1

], 

LR the depth [L] of the root zone. 

Heat transport through the cover was coupled to water transport and is described 

with a convection-dispersion equation of the form: 
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where )(θλ  is the coefficient of the apparent thermal conductivity of the soil [M m s
-3 

K
-

1
]. )(θpC  and Cw is the volumetric heat capacities [M m

-1
s

-2 
K

-1
] of the porous medium 

and the liquid phase, respectively. q is Darcian fluid flux density [m s
-1

] 

 

Gas Transport modeling 

Volumetric water content and temperature were generated at each node each day 

by HYDRUS1D. The gas transport model used these dynamic results to simulate 

methane emission and oxidation at each day. 
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A continuity equation and a mass balance equation were used to describe the gas 

flow and reaction within the porous media. 

i

ii r
dx

dJ

dt

dC
+−=ε       (7) 

where ε  is the air filled porosity [m
-3

gas
 
m

-3
soil], iC , the molar gas concentration [mol m

-3
], 

iJ  is the flux of gas component i including the diffusive and advective flux (mol m
-2

 s
-1

), 

ir  is the reaction rate of gas component i [mol kg
-1

dry soil s
-1

], and dt [s] and dx  [m], are 

time and vertical distance coordinates. 

The flux of the gas, Ji, has two components: diffusion and advection. Gas 

diffusion in porous media is governed by Fick’s law and gas advection is governed by 

Darcy’s law, the total flux can then be expressed as follows: 

i
i

isoili C
dx

dPk

dx

dC
DJ

μ
−−= ,       (8) 

where the diffusion coefficient of gas component i, isoilD , , in soil [m
2 

s
-1

]. k is the intrinsic 

permeability of the soil (m
2
), μ  is the gas mixture viscosity [N s m

-2
] and P  is the 

pressure [Pa].The pressure P is obtained by the ideal gas law: 

∑
=

=
4

1i

i RTCP        (9) 

where T  is the absolute temperature (K) and R  is universal gas constant [8.314 J K
-1 

mol
-1

]. 

 

Methanotrophic reaction 

The reaction component of the gas transport equation was assumed to be the 

following (De Visscher and Van Cleemput 2003): 

224 bCOaOCH →+       (10) 

where a , b  are the stoichiometric factors for oxygen and carbon dioxide, and were 

assumed to be 1.5 and 0.5.  This leads to the following reaction equation: 

OHOCHCOOCH 22224 5.15.05.05.1 ++→+    (11) 

where CH2O represents biomass.   



73 

ir  in Eq. 7 is the reaction rate of methanotrophic bacteria, which is calculated by 

Michaelis-Menton kinetics from the incubation experiment. 
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where maxV  is the maximum methane consumption rate [nmol s
-1

 kg
-1

dry soil] and mK  is 

the half saturation constants [mol m
-3

], 

A growth model simulating methanotrophic activity variation with soil depth and 

with the time it is being exposed to methane, suggested by De Visscher and Van 

Cleemput (2003) was used as follows: 
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where u  is the specific growth rate (s
-1

), maxu′  is the maximum gross specific growth rate 

(s
-1

), maxmax,V  is the maximum value of Vmax that can be reached, d  is the specific 

biomass decay rate (s
-1

). 

The temporal character of maxV  is obtained by following equation: 

max
max uV

dt

dV
=      (14) 

Combined model simulation scheme is show as a flow chart (Fig. 5.1). Air filled 

porosityε , diffusion coefficient D, and gas permeability k are the function of volumetric 

water content as describe as follows: 

θθε −Φ=)(       (15) 

where Φ  is the total porosity of soil. 

The diffusion coefficient of gas component i, isoilD , , in soil can be calculated as: 

igasigasDCisoil DDrD ,

5.2

,, Φ
==

ε
      (16) 

where rDC. is the relative diffusion coefficient, igasD , is the diffusion coefficient of gas 

component i in gas-mixture and Φ  is the total porosity (m
3

void m
-3

soil). 
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properties, and Vegetation 

Water and Heat Flow Model 
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Fig. 5.1 Flow chart of model algorithm 

 

Gas permeability change with water content can be described by Brooks and 

Corey (1964) equation that describes the dynamic gas permeability k as a function of the 

soil water saturation: 

0.0=k    for bwawa uuuu )()( −≤−     

)1()1( /)2(2

0

λλ+−−= ee SSkk   for bwawa uuuu )()( −>−   (17) 

where 0k  is the gas permeability for soil at a degree of saturation of zero (no water 

present), eS  is the effective degree of saturation defined by equation (13), au  and wu  are 

the pore-air pressure and pore-water pressure (N m
-2

), respectively, λ  is the pore size 

distribution index, which is defined as the negative slope of the effective degree of 

saturation, eS , versus matric suction, )( wa uu −  curve.  The air entry value of the 
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soil bwa uu )( −  is the matric suction value that must be exceeded before air recedes in the 

soil pores. 

The temperature dependent dynamic parameters are those in the oxidation model 

(De Visscher and Van Cleemput 2003).for Km, the following equation is using as a 

temperature correction factor: 
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For Vmax, maxμ ′ , and a , the temperature correction factor is as follows: 
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Boundary and initial conditions 

The gas composition at the surface node of the model was assumed to be the 

atmospheric gas compositions, which are 21.21% oxygen, 1.8 ppmv methane, 370 ppmv 

carbon dioxide and 78.75% nitrogen. For the bottom boundary, different constant 

pressures were used to describe the different situation of landfill pressure. Constant gas 

concentration boundary condition (60% methane and 40% carbon dioxide) was selected. 

The first day’s initial condition was set up as all the node concentration equal to 

atmospheric gas concentration. The consequent initial condition at the beginning of each 

day was set equal to the pervious day’s final concentration conditions. 

 

Model Inputs and Assumptions 

Climatic input data for FL site was obtained from a weatherstation build nearby 

the site. Other sites’ historical data were obtained from regional climate centers. The data 

included daily precipitation, potential evapotranspiration (PET), Maximum temperature, 

minimum temperature, and average temperature. These climate data were used as a time-

variable atmospheric boundary condition. The soil properties for HYDRUS1D was 

measured for IA, MT, and CA sites (Table 5.1). The soil properties for the FL site were 
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estimated based on soil classification. In order to minimize the influence of initial 

condition, a period of ten consecutive cycles of fourteen months period was modeled by 

HYDRUS1D code. At the end of this period, daily water content and temperature in each 

node were obtained for the input of gas transport and oxidation model.  

Thirty-two gas transport and oxidation simulations were conducted for different 

bottom pressure boundary condition and different soil oxidation capacity. Four kinds of 

pressure boundaries were used to represent different landfill conditions. (1) High pressure 

underneath the cover equal to constant 1.1 atm; (2) Medium pressure underneath the 

cover equal to constant 1.04 atm; (3) Zero pressure at bottom boundary equal to 

atmospheric pressure; (4) Vacuum pressure at the bottom boundary equal to -10 inches of 

water (2.49 kPa) as a typical vacuum pressure underneath cover when active landfill gas 

collection system is on. Two types of soil oxidation capacity were selected as: (1) High 

oxidation capacities as Vmaxmax=2000 nmol kg
-1

 s
-1

; (2) low oxidation capacity as 

Vmaxmax=500 nmol kg
-1

 s
-1

. 

 

5.4 RESULTS AND DISCUSSIONS 

 

Water Balance 

Water balance results are shown in Table 5.2. Fig. 5.2 also shows the typical 

water balance quantities (CA site). The total water applied to the cover (precipitation) 

was divided into four parts runoff, evaporation, transpiration, and percolation. For 

semiarid areas (CA and MT), the cumulative precipitation for the entire period was 503 

and 357.9 cm, respectively. In these semiarid areas, the runoffs were zeros since the 

precipitation was low and no heavy density of rainfall event exist. The transpiration of 

MT site was only 140.5 cm compared to 217.9 of CA site since the vegetation grow 

season of MT is shorter than CA. Overall percolation ratio over precipitation for CA and 

MT were 5.78% and 4.36%. 
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Fig. 5.2. HYDRUS1D simulation of water balance (CA) 

 

For the subhumid areas (FL and IA), the cumulative precipitation for the entire 

period was 1717.9cm and 977.1cm, respectively. The runoff of FL site was much higher 

than IA site since the rainfall was basically very dense in several events in FL. 

Transpiration and evaporation in FL was also higher than IA site, therefore the 

percentage of percolation over total precipitation for FL was 8.67%, which was lower 

than the IA site for 16.13%.  

 

Table 5.2 HYDRUS1D modeling results 

Water balance (cm) CA FL IA MT 

Precipitation 503 1717.9 977.1 357.9 

Runoff 0 445.9 62.4 0 

Evaporation 255.9 462.9 226.3 211.6 

Transpiration 217.9 659.8 509.6 140.5 

Percolation 29.1 149.3 157.7 15.6 

Percentage of Percolation 5.78% 8.67% 16.13% 4.36% 
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Methane Emission and Oxidation Modeling 

Dynamic parameters analysis 

The model presented here can adapt dynamic parameters with changing of water 

content and temperature in each node, which is the main contribution of this proposed 

model. Current models (Hilger et al., 1999; Stein et al., 2001; De Visscher and Van 

Cleemput, 2003) were using static parameters. Relative diffusion coefficient and relative 

gas permeability of the soil were calculated every time step at every node. Fig. 5.3a 

shows relative diffusion coefficient and relative gas permeability vary with varying water 

content at one node (20cm below surface) in FL site. The relative diffusion coefficient 

and gas permeability shows inverse correlation with water content. Fig. 5.3b shows the 

direct correlation between oxidation correction factors ( TVf , , TKf , ) and temperature. 

 

Temporal and Spatial variation of Vmax 

Vmax dynamic character is a function of depth, time, and methane availability. 

This model calculates Vmax every time step (temporal) at every time step (spatial). Fig. 

5.4a shows the Vmax profile along depth of the soil cover during the simulation period at 

FL site (low Vmaxmax and zero pressure). The highest peak of Vmax is 413 nmol kg
-1

 s
-1

 

in day 323 at depth of 0.5 m. Fig. 5.5a shows three periods with significant more 

biological activities (higher Vmax values). These periods are associated with period of 

higher influx from the bottom of the soil cover (Fig. 5.4b). These same periods with 

higher biological activities are also the same periods with lower water content (Fig. 5.3a). 

Lower water in the soil allows higher influx of methane in to the soil and then increase 

Vmax. Fig. 5.5a shows Vmax profile along depth of the soil cover during the simulation 

period at CA site (low Vmaxmax and zero pressure). Vmax was high than the FL site, 

reaching 400 nmol kg
-1

 s
-1

 about only 50 days and its peak of 433 nmol kg
-1

 s
-1

 at 122 

days then staying a high level. This is due to the high influx for this cover (Fig. 5.5b) that 

gave the methanotrophic bacterial enough methane to grow and stay at the high level. 
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Fig. 5.3. (a) Water content related dynamic parameters with water contents; (b) 

temperature related dynamic parameters with temperatures. 
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Fig. 5.4. (a)Vmax profile along depth vs. time; (b) influx and outflux from soil cover 

at FL (low Vmaxmax and zero pressure) 
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Fig. 5.5. (a)Vmax profile along depth vs. time; (b) influx and outflux from soil cover 

at CA (low Vmaxmax and zero pressure) 
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Fig. 5.6. Yearly cumulative emission simulations summary for all sites. 

 

Gas Transport and Oxidation Model Results 

Fig. 5.6 shows 32 simulations with different pressure boundary condition and 

different Vmaxmax. Complete values are listed in Table 5.3. For semiarid sites (CA and 

MT), the overall emissions are higher than the wet sites (FL and IA), since there was 

more air filled void space for gas to migrate through the cover. Methane emission in MT 

site ranged from 2877.1~44904.1 g m
-2

 yr
-1 

and from 466~24152.6 g m
-2

 yr
-1 

in CA. 

However for the wet sites, the emission in FL was only 160.6~857.4 g m
-2

 yr
-1

 and 

48.2~118 g m
-2

 yr
-1 

in IA. Lowest emissions were obtained when the bottom boundary is 
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vacuum and with higher Vmaxmax for all sites. Highest emissions were obtained when 

the bottom boundary is high pressure (1.1 atm) and with low Vmaxmax. 
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Fig. 5.7. Emission reductions at different sites due to higher Vmaxmax at medium 

pressure 

 

For each site, high Vmaxmax leads to low emission and low Vmaxmax leads to 

high emission. The differences of methane emission due to Vmaxmax of Dry sites are 

larger than wet sites due to the higher influx of dry site. As Fig. 5.7 shows, at medium 

pressure, the differences of emissions between high Vmaxmax and low Vmaxmax were 

4.3, 163.5, 3520.1, and 5617.6 corresponding to influx values of 199.9, 3806.3, 21209, 

and 32744 for IA, FL, CA, and MT, respectively. The reason for phenomena is that low 

influx in wet sites had no enough methane for the methanotrophic bacterial to reach its 

oxidation capacity. This is also an evidence of Vmax growth pattern showed in Fig. 5.5 

and Fig. 5.6. So chose a high oxidation capacity soil is an efficient way to mitigate 

methane emissions, however for low emission site such IA, high oxidation capacity soil 

didn’t significant reduced the emission. 
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Table 5.3 summary of the yearly cumulative emission of all ET sites (g m
-2

) 

Pressure IA FL CA MT

Influx 264.5 5173.4 42795.6 62726.3

outflux 114.6 493.2 13724 30339

mass removed 149.9 4680.2 29071.6 32387.3

oxidation 56.67% 90.47% 67.93% 51.63%

Influx 199.9 3806.3 21208.6 32744.4

outflux 73.6 270.9 3014.5 10657

mass removed 126.3 3535.4 18194.1 22087.4

oxidation 63.18% 92.88% 85.79% 67.45%

Influx 168.2 3230.6 15254.6 20954

outflux 58.1 198 1056.8 4943.4

mass removed 110.1 3032.6 14197.8 16010.6

oxidation 65.46% 93.87% 93.07% 76.41%

Influx 151.2 2909.4 10307.3 16412.2

outflux 48.2 160.6 466 2877.1

mass removed 103 2748.8 9841.3 13535.1

oxidation 68.12% 94.48% 95.48% 82.47%

Influx 264 4955.5 42359 63566.5

outflux 118 857.4 24152.6 44904.1

mass removed 146 4098.1 18206.4 18662.4

oxidation 55.30% 82.70% 42.98% 29.36%

Influx 199.6 3799.5 21049 32277.8

outflux 77.9 434.4 6534.6 16274.6

mass removed 121.7 3365.1 14514.4 16003.2

oxidation 60.97% 88.57% 68.96% 49.58%

Influx 168 3226.2 15199.2 20759.5

outflux 59.1 290.9 2030.8 7195

mass removed 108.9 2935.3 13168.4 13564.5

oxidation 64.82% 90.98% 86.64% 65.34%

Influx 151 2905.5 10286 16300.4

outflux 48.9 221.9 785.5 4039

mass removed 102.1 2683.6 9500.5 12261.4

oxidation 67.62% 92.36% 92.36% 75.22%

Vacuum

High 

Vmaxmax

Low 

Vmaxmax

High

Medium

Zero

Vacuum

High

Medium

Zero

 

For each site, methane mass removed by oxidation increase with increasing of 

pressure. In FL site at low Vmaxmax, the mass removed is 2683.6, 2935.3, 3365.1, and 

4098.1 g CH4 m
-2

 yr
-1 

for vacuum, zero, medium, and high pressure, respectively. 

however, the oxidation fractionation is decrease with increase of pressure, for 92.36%, 

90.98%, 88.57%, and 82.7% (Fig.5.8). 
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Fig. 5.8. Methane mass removed and oxidation at different pressure in FL site at low 

Vmaxmax 

 

Emissions from all sites increase with pressure increases. For FL site, the 

emissions of high pressure, medium pressure, zero pressure, and vacuum pressure were 

857, 434.4, 290.9, and 221.9 g m
-2

 yr
-1

, respectively (low Vmaxmax). This show even 

with active landfill gas collection system, there was still emission of methane into the 

atmosphere due to the diffusion of methane. In dry sites, this emissions can be as high as 

785.5 and 4039 g m
-2

 yr
-1 

for CA and MT site, respectively (low Vmaxmax). 

 

5.5 CONCLUSIONS 

 

A model was developed to study how landfill final earthen cover’s construction 

and climate conditions affect methane emission and oxidation from landfills. This 

numerical model combines the water and heat flow model (HYDRUS1D) and a gas 

transport and oxidation scheme. The gas transport and oxidation model is able to 

incorporate dynamic parameters associated with water content and temperature, such as, 
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air filled porosity, diffusion coefficient, and gas permeability. A dynamic oxidation 

capacity parameter (Vmax) is also embedded in the gas transport scheme. Four sites were 

selected to showcase how emissions and oxidation can be estimated knowing cover 

design, management practices, and climatic conditions.  Simulations were performed for 

scenarios with and without an active gas collection system. Different simulations was 

performed with and without organic amendments to the soil cover 

Simulations showed that soil covers in subhumid areas can prevent high methane 

emission with blockage and decent oxidation capacity. In semiarid sites, higher emission 

was obtained due to the higher air filled void space of the soil. Oxidation capacities in 

semiarid sites are higher than those in subhumid sites since influxes of methane are 

higher in semiarid sites. High pressure underneath the cover caused higher emission in all 

sites. Even with active gas collection system (vacuum pressure), emissions were 

significant in semiarid climates.  Soil oxidation is not only dependent on the potential 

methane oxidation capacity (Vmaxmax), but depends on methane availability.  The 

simulations are however the results of a numerical analysis.  A verification of the results 

of the predictions of the developed model should be performed. 
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CHAPTER 6  

CONCLUDING REMARKS 

 

6.1 Conclusions 

 

To study methane emission and oxidation in landfills, large laboratory scale 

biofilter was built to mitigate methane emissions from landfill vents.  A field scale pilot 

study was also conducted to assess if biocells consisting of a layer compost placed on top 

of landfill covers are capable of reducing methane emission from landfill surfaces. A one-

dimensional dynamic numerical simulation model was then developed to simulate the 

methane transport and oxidation within the compost biofilter. The developed model was 

then modified and used to study the control cells and biocells in field conditions with a 

pressure bottom boundary. Methane emission and oxidation from landfill covers in 

different climate condition, different bottom boundary conditions, and with different soil 

oxidation capacities were simulated by using this model combined with a water and heat 

flow model (HYDRUS). 

Water content and temperature measured inside of the biofilter were used as a 

dynamic input into the gas transport and oxidation model with measured influx bottom 

boundary. General agreement of methane outflux and oxidation was obtained between 

model simulation and experimental data. Additional simulations showed that methane 

outfluxes and removal rates are correlated to temperature while their relationship with 

water content depends on other factors such as influx boundary and air filled porosity. 

As part of the filed pilot study, biocells were constructed with an aged compost 

layer overlaying a crushed glass dispersing layer.  The control cells consisted of a 

vegetated interim landfill cover.  The glass dispersing layer was not effective in 

equalizing the methane influx into the overlaying compost and was deemed to be too thin 

(10 cm) to achieve its functionality.  Methane oxidation occurred in the biocells and the 
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control cells.  The biocells, were more effective in reducing methane emissions from the 

surface of the landfill via methane oxidation and blockage of landfill gas from underlying 

waste.  Methane oxidation averaged 26.4% in the control cells as compared to 39.7% in 

the biocells.  These averages increase to 51.7% and 72.9% when the negative fluxes are 

considered as 100% oxidation.  When outliers, were removed from the data, methane 

emission averaged 0.084 gm
-2

d
-1

 from the biocells and was significantly different from 

emissions from the control cells (7.15 gm-2d-1). A numerical model was developed and 

used to separate blockage of landfill gas from the underlying waste and the actual 

biological oxidation of methane by methanotrophic bacteria.  The developed model used 

daily water content and daily temperature data collected at different depths using 

calibrated TDR probes and thermocouples with a datalogger.  Simulations were 

performed for 1 year (2005) on two soil columns depicting a biocell (soil column with a 

layer of compost) and a control cell (soil column only). Simulations of methane transport 

through both columns indicated lower methane emissions from the biocell as compared to 

control.  The simulated emissions were in the same range as emissions measured in the 

field and average 0.72 g m
-2

 d
-1

 in the biocell simulations and 9.18 g m
-2

 d
-1

 in the control 

simulations.  In addition, influx of methane into the biocell (9.7 g m-2 d-1) was lower than 

that into the soil cover alone (27.9 g m
-2

 d
-1

), and thus indicating that part of the lower 

emissions from the biocell were caused by the presence of the compost layer (blockage).  

In addition to blockage, methane oxidation in the compost layer was also responsible for 

the lower emissions obtained from the biocell simulations.  Methane oxidation was 

associated with lower water content in the top layer of the biocell.  On the other hand, 

methane blockage was associated with higher water content in the lower layer of the 

biocell. 

Finally, this gas transport and oxidation model was combined with a water and 

heat flow model (HYDRUS1D). The gas transport and oxidation model is able to 

incorporate dynamic parameters associated with water content and temperature, such as, 

air filled porosity, diffusion coefficient, and gas permeability. A dynamic oxidation 

capacity parameter (Vmax) is also embedded in the gas transport scheme. Four sites were 

selected to showcase how emissions and oxidation can be estimated knowing cover 

design, management practices, and climatic conditions.  Simulations were performed for 
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scenarios with and without an active gas collection system. Different simulations were 

performed with and without organic amendments to the soil cover 

Simulations showed that soil covers in subhumid areas can prevent high methane 

emission with blockage and decent oxidation capacity. In semiarid sites, higher emission 

was obtained due to the higher air filled void space of the soil. Oxidation capacities in 

semiarid sites are higher than those in subhumid sites since influxes of methane are 

higher in semiarid sites. High pressure underneath the cover caused higher emission in all 

sites. Even with active gas collection system (vacuum pressure), emissions were 

significant in semiarid climates. Soil oxidation is not only dependent on the potential 

methane oxidation capacity (Vmaxmax), but depends on methane availability 

 

6.2 Contributions 

 

Large lab scale biofilter had a diameter of 57 cm which is large enough to be 

considered a field scale representative elementary volume (REV) of for gas flow, while 

those in Kightly et al. (1995) and De Visscher et al. (1999) studies were only 15 cm and 

14.1 cm respectively. 

A one-dimensional gas transport and oxidation numerical model was developed to 

use measured dynamic water content and temperature to simulate the performance of a 

biofilter. Current numerical model practice were only conducted with constant water 

content and temperature (Stein et al., 2001; De Visscher and Van Cleemput, 2003) 

A bottom pressure boundary was incorporated to this numerical model to simulate 

the methane emission and oxidation through landfill covers, while exiting models need 

bottom flux boundary, which was not measurable in field condition. 

This model was combined with a water flow and heat flow model (HYDRUS) to 

evaluate methane emission and oxidation from landfills with different climate conditions, 

pressure bottom boundary conditions, and soil oxidation capacities. The gas transport and 

oxidation model was using the temporal dynamic output generated by HYDRUS as an 

input. Daily emission, inflow rate, and oxidation were obtained with dynamic input. 
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6.3 Limitations 

 

The finite difference scheme of this model was a two-step explicit scheme. Small 

dt had to be used to have convergence. One year simulation would take up to 80 hours. 

Future work is needed to solve the partial differential equation with a better scheme. 

Measured daily bottom boundary pressures are needed in the future to have a better 

estimation of field methane emission and oxidation. Soil oxidation capacity (Vmaxmax) 

in the oxidation reaction model is constant. It’s correlation with water content, organic 

matter content, nutrient, etc need further study. 
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APPENDIX 

 

Site 1 Flux and Oxidation Summaries 

 
SITE 1 anoxic del

-55.38

linear 
(Liptay) 
model

LocationDate Time

Final 

Conc.

Initial 

Conc. CH4 Flux

Water 

Content

Soil 

Temp

Air 

Temp

Baro. 

Pres.
final δ13 

CH4

initial δ13 

CH4

excess 

δ13 
CH4 αox

Frac. Ox.

Conc. 

slope

100% 

assum.

(ppm) (ppm) g/m
2
/d (g/g) (C) (C) (in. of Hg) (ppt) (ppt) (ppt)

2B1 3/19/04 568.19 19.61 11.388701 0.065 18.4 30.20

2B2 3/19/04 82.15 22.92 1.225770 0.065 18.4 30.20

2B3 3/19/04 3281.88 87.61 69.072105 0.065 18.4 30.20

2B4 3/19/04 254.74 20.47 5.117971 0.065 18.4 30.20

4B1 3/19/04 17.90 14.19 0.113534 0.123 18.4 30.20

4B2 3/19/04 17.59 26.59 -0.170185 0.123 18.4 30.20 100%

4B3 3/19/04 2846.75 229.86 39.654504 0.123 18.4 30.20

4B4 3/19/04 119.71 19.31 2.284318 0.123 18.4 30.20

8B1 3/19/04 357.25 14.89 7.090077 0.054 18.4 30.24

8B2 3/19/04 1218.92 41.85 23.987797 0.054 18.4 30.24

8B3 3/19/04 6.71 8.85 -0.042057 0.054 18.4 30.24 100%

8B4 3/19/04 5.00 6.58 -0.028121 0.054 18.4 30.24 100%

2D1 3/19/04 964.95 53.13 19.630889 0.649 18.4 30.24

2D2 3/19/04 22.37 6.99 0.292613 0.649 18.4 30.24

2D3 3/19/04 11.86 22.37 0.000000 0.649 18.4 30.24 100%

2D4 3/19/04 24.31 8.73 0.266983 0.649 18.4 30.24

4D1 3/19/04 10.23 8.01 0.000000 0.649 18.4 30.27 100%

4D2 3/19/04 8.29 6.57 0.040504 0.649 18.4 30.27

4D3 3/19/04 7.19 6.56 0.010749 0.649 18.4 30.27

4D4 3/19/04 5.53 3.64 0.037475 0.649 18.4 30.27

6D1 3/19/04 6.10 4.07 0.040664 0.649 18.4 30.27

6D2 3/19/04 6.28 3.18 0.064846 0.649 18.4 30.27

6D3 3/19/04 5.65 5.06 0.015700 0.649 18.4 30.27

6D4 3/19/04 5.39 5.23 0.000000 0.649 18.4 30.27 100%

2B1 3/24/04 335.15 20.67 11.588935 0.074 16.6612 19.5 30.35 -46.81 -53.01 -46.40 1.035 25.73%

2B2 3/24/04 54.49 9.23 0.909940 0.074 16.6612 19.5 30.35 -47.28 -51.89 -46.34 1.035 25.91%

2B3 3/24/04 2524.15 69.29 53.447855 0.074 16.6612 19.5 30.35

2B4 3/24/04 315.69 18.82 6.331489 0.074 16.6612 19.5 30.35 -47.08 -51.17 -46.82 1.035 24.54%

4B1 3/24/04 6.21 10.17 -0.104696 0.062 18.6634 19.5 30.35 100%

4B2 3/24/04 5.59 6.23 -0.014474 0.062 18.6634 19.5 30.35 100%

4B3 3/24/04 2276.12 93.48 33.312335 0.062 18.6634 19.5 30.35

4B4 3/24/04 9.59 8.44 0.026287 0.062 18.6634 19.5 30.35

8B1 3/24/04 89.58 14.68 1.511980 0.069 24.0265 19.5 30.41 -49.82 -57.53 -48.31 1.032 22.31%

8B2 3/24/04 2614.84 160.08 49.040484 0.069 24.0265 19.5 30.41

8B3 3/24/04 10.27 13.99 -0.070434 0.069 24.0265 19.5 30.41 100%

8B4 3/24/04 6.20 7.66 -0.026490 0.069 24.0265 19.5 30.41 100%

2D1 3/24/04 3079.66 124.00 58.725328 0.660 20.4511 19.5 30.41

2D2 3/24/04 44.96 25.68 0.362398 0.660 20.4511 19.5 30.41

2D3 3/24/04 12.13 19.81 -0.147998 0.660 20.4511 19.5 30.41 100%

2D4 3/24/04 21.49 14.76 0.117175 0.660 20.4511 19.5 30.41

4D1 3/24/04 18.11 5.99 0.219475 0.660 21.0232 19.5 30.44

4D2 3/24/04 7.79 29.84 -0.389058 0.660 21.0232 19.5 30.44 100%

4D3 3/24/04 12.43 16.78 -0.079565 0.660 21.0232 19.5 30.44 100%

4D4 3/24/04 17.94 21.73 -0.066558 0.660 21.0232 19.5 30.44 100%

6D1 3/24/04 13.48 13.46 0.000000 0.660 26.4577 19.5 30.44 - 100%

6D2 3/24/04 15.75 13.25 0.000000 0.660 26.4577 19.5 30.44 + 100%

6D3 3/24/04 26.24 21.88 0.102818 0.660 26.4577 19.5 30.44

6D4 3/24/04 16.59 13.94 0.051050 0.660 26.4577 19.5 30.44 -53.90 -56.52 -40.11 1.030 51.74%

2B1 4/19/04 9.13 9.85 0.000000 N/A 24.8419 29.0 30.37 100%

2B2 4/19/04 5.53 3.61 0.000000 N/A 29.0 30.37 100%

2B3 4/19/04 106.67 10.29 2.160076 N/A 29.0 30.37

2B4 4/19/04 10.04 19.58 0.000000 N/A 29.0 30.37 100%

4B1 4/19/04 4.83 4.23 0.000000 N/A 29.0 30.37 100%

4B2 4/19/04 5.08 5.41 -0.008856 N/A 29.0 30.37 100%

4B3 4/19/04 7.38 9.12 -0.024754 N/A 29.0 30.37 100%

4B4 4/19/04 4.53 5.39 -0.016721 N/A 29.0 30.37 100%

8B1 4/19/04 577.14 132.41 8.458328 N/A 29.0 30.39

8B2 4/19/04 264.12 8.55 5.118885 N/A 29.0 30.39

8B3 4/19/04 1.96 2.99 0.000000 N/A 29.0 30.39 100%

8B4 4/19/04 2.85 3.30 0.000000 N/A 29.0 30.39 100%

2D1 4/19/04 2852.79 170.54 50.264189 N/A 29.0 30.39

2D2 4/19/04 103.53 24.26 1.722934 N/A 29.0 30.39

2D3 4/19/04 27.23 3.30 0.412103 N/A 29.0 30.39

2D4 4/19/04 53.10 7.09 0.911738 N/A 29.0 30.39

4D1 4/19/04 53.89 10.41 0.838829 N/A 29.0 30.41

4D2 4/19/04 860.66 35.14 17.722681 N/A 29.0 30.41

4D3 4/19/04 5.14 4.93 0.000000 N/A 29.0 30.41 100%

4D4 4/19/04 13.10 0.00 0.197967 N/A 29.0 30.41

6D1 4/19/04 7.30 5.44 0.047112 N/A 29.0 30.41

6D2 4/19/04 22.28 5.84 0.271450 N/A 29.0 30.41

6D3 4/19/04 26.02 5.65 0.478957 N/A 29.0 30.41

6D4 4/19/04 9.05 3.70 0.084611 N/A 29.0 30.41

Flux<0: oxidation=100%

unrecorded T1soil = T1air * T2soil / T2air

Flux=0:oxidation=/=100%(positive slope)

Flux=0:oxidation=100%(negetive slope)

yellow: ox<0% = 0%, ox>100% = 100%

blue flux zero due to non-significant

slope (p=0.1)
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2B1 4/28/04 40.16 23.56 0.000000 0.037 23.3 27.2 30.13 - 100%

2B2 4/28/04 20.42 23.85 -0.073703 0.037 23.3 27.2 30.13 100%

2B3 4/28/04 109.72 47.14 1.321086 0.037 23.3 27.2 30.13 -47.91 -54.26 -43.13 1.032 38.28%

2B4 4/28/04 385.62 30.10 7.839385 0.037 23.3 27.2 30.13 -51.71 -52.94 -51.61 1.032 11.79%

4B1 4/28/04 6.50 8.34 0.000000 0.085 26.1 27.2 30.13 + 100%

4B2 4/28/04 5.32 23.17 -0.279729 0.085 26.1 27.2 30.13 100%

4B3 4/28/04 52.42 8.49 0.678569 0.085 26.1 27.2 30.13 -43.94 -51.28 -42.52 1.031 41.75%

4B4 4/28/04 12.13 13.01 -0.019533 0.085 26.1 27.2 30.13 100%

8B1 4/28/04 645.63 35.42 12.029746 0.046 33.6 27.2 30.14 -41.80 -55.33 -41.01 1.028 52.14%

8B2 4/28/04 118.89 26.56 2.122467 0.046 33.6 27.2 30.14 -44.04 -51.22 -41.97 1.028 48.66%

8B3 4/28/04 11.55 14.12 -0.053549 0.046 33.6 27.2 30.14 100%

8B4 4/28/04 12.25 15.12 -0.051281 0.046 33.6 27.2 30.14 100%

2D1 4/28/04 3403.59 137.12 61.387506 0.788 28.6 27.2 30.14 -53.15 -53.15 1.029 7.80%

2D2 4/28/04 88.61 19.11 1.315390 0.788 28.6 27.2 30.14 -49.65

2D3 4/28/04 13.82 6.66 0.124781 0.788 28.6 27.2 30.14

2D4 4/28/04 43.18 10.88 0.658490 0.788 28.6 27.2 30.14 -55.08 -49.95 -56.81 1.029 0.00%

4D1 4/28/04 83.13 9.95 1.429413 0.613 29.4 27.2 30.15 -50.83

4D2 4/28/04 73.78 10.74 1.222029 0.613 29.4 27.2 30.19 -42.94 -46.23 -42.38 1.028 46.06%

4D3 4/28/04 6.89 3.35 0.068414 0.613 29.4 27.2 30.19

4D4 4/28/04 10.98 7.83 0.049124 0.613 29.4 27.2 30.19

6D1 4/28/04 10.59 13.86 0.000000 0.728 37.0 27.2 30.19 - 100%

6D2 4/28/04 9.22 7.45 0.000000 0.728 37.0 27.2 30.19 + 100%

6D3 4/28/04 14.60 3.90 0.189148 0.728 37.0 27.2 30.19 -45.34 -47.21 -44.66 1.025 43.07%

6D4 4/28/04 7.97 4.79 0.065954 0.728 37.0 27.2 30.19

2B1 5/18/04 66.10 22.30 0.903486 19.4 20.0 30.26 -48.69 -56.40 -44.76 1.034 31.50%

2B2 5/18/04 16.14 19.55 -0.071029 19.4 20.0 30.26 100%

2B3 5/18/04 570.07 43.66 11.329940 19.4 20.0 30.26 -45.96 -52.12 -45.45 1.034 29.47%

2B4 5/18/04 23.23 25.31 0.000000 19.4 20.0 30.26 - 100%

4B1 5/18/04 16.32 16.86 -0.017200 0.173 29.5 20.0 30.26 100%

4B2 5/18/04 23.39 27.25 -0.071183 0.173 29.5 20.0 30.26 100%

4B3 5/18/04 29.74 35.72 -0.078114 0.173 29.5 20.0 30.26 100%

4B4 5/18/04 24.47 26.41 0.000000 0.173 29.5 20.0 30.26 - 100%

8B1 5/18/04 14.56 12.53 0.000000 0.122 31.7 20.0 30.27 + 100%

8B2 5/18/04 313.36 21.69 5.866447 0.122 31.7 20.0 30.27 -47.21 -56.72 -46.50 1.028 31.29%

8B3 5/18/04 10.53 11.94 -0.030084 0.122 31.7 20.0 30.27 100%

8B4 5/18/04 16.73 17.51 0.000000 0.122 31.7 20.0 30.27 - 100%

2D1 5/18/04 21803.85 1175.84 378.915836 0.726 46.7 27.2 30.27 -53.17 -53.17 1.021 10.70%

2D2 5/18/04 112.23 12.69 1.879202 0.726 46.7 27.2 30.27 -43.75 -46.96 -43.34 1.021 58.31%

2D3 5/18/04 29.79 18.92 0.166480 0.726 46.7 27.2 30.27

2D4 5/18/04 132.65 25.96 2.225176 0.726 46.7 27.2 30.27 -47.57 -50.40 -46.88 1.021 41.16%

4D1 5/18/04 65.89 11.74 1.033680 1.646 28.5 27.2 30.26 -45.36 -58.46 -42.52 1.029 44.94%

4D2 5/18/04 7.26 11.42 0.000000 1.646 28.5 27.2 30.26 - 100%

4D3 5/18/04 21.16 8.90 0.227097 1.646 28.5 27.2 30.26 -53.22 -52.03 -54.08 1.029 4.53%

4D4 5/18/04 77.85 11.33 1.383821 1.646 28.5 27.2 30.26 -51.14 -54.15 -50.63 1.029 16.61%

6D1 5/18/04 12.63 8.35 0.090940 0.951 33.6 27.2 30.26

6D2 5/18/04 13.54 15.40 0.000000 0.951 33.6 27.2 30.26 - 100%

6D3 5/18/04 47.16 41.71 0.085078 0.951 33.6 27.2 30.26

6D4 5/18/04 22.98 27.08 -0.065954 0.951 33.6 27.2 30.26 100%

2B1 6/3/04 2550.60 69.18 50.900380 25.32 26.1 30.12 -60.67 -54.94 -60.83 1.031 0.00%

2B2 6/3/04 33.99 11.07 0.445181 25.32 26.1 30.12

2B3 6/3/04 648.67 40.09 12.801009 25.32 26.1 30.12 -45.84 -53.50 -45.34 1.031 32.26%

2B4 6/3/04 265.44 28.91 5.181539 25.32 26.1 30.12 -52.58 -57.51 -51.98 1.031 10.93%

4B1 6/3/04 29.32 37.72 0.000000 38.50 26.1 30.12 - 100%

4B2 6/3/04 185.53 13.92 3.843892 38.50 26.1 30.12 -45.77 -50.34 -45.40 1.025 39.25%

4B3 6/3/04 109.72 114.25 0.000000 38.50 26.1 30.12 - 100%

4B4 6/3/04 3832.12 183.32 81.424485 38.50 26.1 30.12 -56.02 -50.12 -56.32 1.025 0.00%

8B1 6/3/04 481.81 77.00 7.696254 41.37 26.1 30.14 -54.77 -51.58 -55.38 1.024 0.01%

8B2 6/3/04 8.25 4.77 0.070706 41.37 26.1 30.14 -51.35 -49.62 -53.72 1.024 6.88%

8B3 6/3/04 11.86 11.54 0.000000 41.37 26.1 30.14 + 100%

8B4 6/3/04 176.78 16.89 2.901443 41.37 26.1 30.14 -43.46 -51.52 -42.61 1.024 52.80%

2D1 6/3/04 44.81 26.1 30.14

2D2 6/3/04 44.81 26.1 30.14

2D3 6/3/04 44.81 26.1 30.14

2D4 6/3/04 44.81 26.1 30.14

4D1 6/3/04 77.17 14.08 1.216287 27.35 26.1 30.15 -50.62 -52.75 -50.14 1.029 17.98%

4D2 6/3/04 35.87 8.27 0.643075 27.35 26.1 30.15 -54.86 -54.55 -54.95 1.029 1.47%

4D3 6/3/04 196.84 27.29 3.290642 27.35 26.1 30.15 -51.43 -58.08 -50.36 1.029 17.24%

4D4 6/3/04 1100.80 71.15 18.718609 27.35 26.1 30.15 -51.89 -56.69 -51.56 1.029 13.12%

6D1 6/3/04 6.55 6.15 0.000000 32.24 26.1 30.15 + 100%

6D2 6/3/04 278.68 17.10 5.117880 32.24 26.1 30.15 -47.37 -46.70 -47.41 1.027 29.53%

6D3 6/3/04 316.59 46.05 5.712359 32.24 26.1 30.15 -45.66 -52.48 -44.50 1.027 40.33%

6D4 6/3/04 11.56 9.29 0.040832 32.24 26.1 30.15  
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2B1 6/10/04 420.33 52.55 6.889478 0.202 28.52 29.4 30.06 -48.60 -53.56 -47.89 1.030 25.17%

2B2 6/10/04 370.72 53.43 6.052420 0.202 28.52 29.4 30.06 -46.47 -50.13 -45.85 1.030 32.02%

2B3 6/10/04 911.89 43.94 18.392790 0.202 28.52 29.4 30.06 -51.93 -51.93 1.030 11.60%

2B4 6/10/04 841.67 71.97 16.647158 0.202 28.52 29.4 30.06 -53.41 -55.57 -53.21 1.030 7.30%

4B1 6/10/04 97.83 14.28 1.599608 0.218 43.37 29.4 30.06

4B2 6/10/04 48.06 18.36 0.636892 0.218 43.37 29.4 30.06

4B3 6/10/04 659.25 210.02 6.622899 0.218 43.37 29.4 30.06 -53.65 -53.68 -53.64 1.023 7.48%

4B4 6/10/04 30.84 5.50 0.464694 0.218 43.37 29.4 30.06 -59.55 -59.55 1.023 0.00%

8B1 6/10/04 375.51 64.25 6.524285 0.238 46.60 29.4 30.07 -49.38 -53.50 -48.53 1.022 31.25%

8B2 6/10/04 150.72 29.17 6.804457 0.238 46.60 29.4 30.07 -44.28 -47.25 -43.57 1.022 53.88%

8B3 6/10/04 147.95 23.87 2.394239 0.238 46.60 29.4 30.07 -44.05 -49.69 -42.96 1.022 56.63%

8B4 6/10/04 10.11 6.69 2.105784 0.238 46.60 29.4 30.07 -52.88 -52.88 1.022 11.40%

2D1 6/10/04 49711.79 10010.61 1158.830681 0.921 51.68 30.1 30.07 -52.68 -54.96 -52.10 1.018 17.76%

2D2 6/10/04 62.47 23.85 0.739325 0.921 51.68 30.1 30.07 -48.99 -55.18 -45.17 1.018 55.31%

2D3 6/10/04 11.18 5.26 0.111103 0.921 51.68 30.1 30.07 -54.41 -50.99 -57.44 1.018 0.00%

2D4 6/10/04 158.80 12.28 2.782911 0.921 51.68 30.1 30.07 -49.54 -49.54 1.018 31.63%

4D1 6/10/04 463.64 38.95 8.161986 1.035 31.54 30.1 30.05 -55.59

4D2 6/10/04 586.01 43.45 11.412929 1.035 31.54 30.1 30.05 -50.07 -50.07 1.027 19.46%

4D3 6/10/04 116.40 13.62 1.999423 1.035 31.54 30.1 30.05 -53.50 -53.50 1.027 6.89%

4D4 6/10/04 222.76 20.36 3.807806 1.035 31.54 30.1 30.05 -51.62 -51.62 1.027 13.78%

6D1 6/10/04 15.75 9.52 0.121874 0.981 37.18 30.1 30.05 -50.26 -48.28 -53.29 1.025 8.44%

6D2 6/10/04 58.52 14.53 0.852119 0.981 37.18 30.1 30.05 -53.70 -48.02 -55.58 1.025 0.00%

6D3 6/10/04 655.91 105.93 11.031468 0.981 37.18 30.1 30.05 -48.56 -51.16 -48.06 1.025 29.50%

6D4 6/10/04 391.90 65.34 6.038082 0.981 37.18 30.1 30.05 -46.78 -54.23 -45.29 1.025 40.66%

2B1 6/29/04 70288.36 791.94 133.494103 0.154 28.66 23.3 30.17 -56.66 -57.60 -56.65 1.030 0.00%

2B2 6/29/04 250.77 93.06 3.949700 0.154 28.66 23.3 30.17 -49.69 -51.05 -48.89 1.030 21.87%

2B3 6/29/04 1439.86 534.52 18.815100 0.154 28.66 23.3 30.17 -62.44 -50.84 -69.29 1.030 0.00%

2B4 6/29/04 385.13 103.69 5.888100 0.154 28.66 23.3 30.17 -52.97 -53.58 -52.75 1.030 8.87%

4B1 6/29/04 38.22 21.67 0.361522 0.259 29.64 23.3 30.17

4B2 6/29/04 148.30 44.47 2.211000 0.259 29.64 23.3 30.17 -54.07 -56.91 -52.85 1.029 8.63%

4B3 6/29/04 1169.43 369.37 12.045500 0.259 27.14 23.3 30.17 -66.50 -52.17 -73.12 1.030 0.00%

4B4 6/29/04 444.48 145.25 6.547800 0.259 27.14 23.3 30.17 -50.66 -50.66 1.030 15.55%

8B1 6/29/04 127.26 73.10 0.000000 0.151 29.45 24.4 30.18 -50.84 -49.19 -53.07 1.029 7.88% + 100%

8B2 6/29/04 83.20 35.91 0.931900 0.151 29.45 24.4 30.18 -53.29 -62.84 -46.04 1.029 31.83%

8B3 6/29/04 28.82 18.33 0.213200 0.151 29.45 24.4 30.18 -53.15 -51.82 -55.47 1.029 0.00%

8B4 6/29/04 215.65 115.45 2.116300 0.151 29.45 24.4 30.18 -52.88 -53.60 -52.05 1.029 11.34%

2D1 6/29/04 12584.53 4069.76 249.946700 1.011 30.61 24.4 30.18 -58.06 1.028

2D2 6/29/04 215.72 41.72 3.328900 1.011 30.61 24.4 30.18 -48.99 -57.78 -46.88 1.028 30.68%

2D3 6/29/04 23.92 14.16 0.188700 1.011 30.61 24.4 30.18 -54.40 -53.14 -56.23 1.028 0.00%

2D4 6/29/04 362.09 29.37 6.609200 1.011 30.61 24.4 30.18 -49.35 -49.35 1.028 21.77%

4D1 6/29/04 1296.19 54.06 22.244400 0.850 29.91 26.7 30.19 -58.60 1.028

4D2 6/29/04 141.79 46.89 1.999600 0.850 29.91 26.7 30.19 -45.33 -52.31 -41.88 1.028 48.21%

4D3 6/29/04 29.65 14.70 0.294800 0.850 28.21 26.7 30.19 -53.67 1.029

4D4 6/29/04 36.11 18.81 0.282000 0.850 28.21 26.7 30.19 -54.82 -53.30 -56.47 1.029 0.00%

6D1 6/29/04 43.40 17.08 0.492500 0.941 29.99 26.7 30.20 -63.25 -51.18 -71.09 1.028 0.00%

6D2 6/29/04 32.31 8.32 0.421800 0.941 29.99 26.7 30.20 -52.66 1.028

6D3 6/29/04 255.53 33.06 3.691200 0.941 29.99 26.7 30.20 -52.76 -50.95 -53.03 1.028 8.41%

6D4 6/29/04 29.69 12.53 0.395900 0.941 29.99 26.7 30.20 -56.14 -54.04 -57.67 1.028 0.00%

2B1 7/22/04 8:15 252.21 34.73 4.247694 0.183 25.6 25.2 30.01

2B1 7/22/04 11:30 412.36 63.09 7.283962 29.7 31.9 29.98

2B1 7/22/04 12:30 601.18 32.07 10.796852 29.7 31.9 29.98

2B1 7/22/04 16:00 304.15 47.68 5.268718 0.196 30.1 35.8 29.95

2B3 7/22/04 8:15 611.87 58.93 11.884301 0.183 25.6 25.2 30.01

2B3 7/22/04 11:30 335.15 35.74 6.179057 29.7 31.9 29.98

2B3 7/22/04 12:30 322.14 0.99 7.043606 29.7 31.9 29.98

2B3 7/22/04 16:00 1822.33 91.26 36.649210 0.196 30.1 35.8 29.95

8B3 7/22/04 8:15 5.45 5.93 0.000000 25.2 30.01 100%

8B3 7/22/04 11:30 18.20 8.55 0.227549 31.9 29.98

8B3 7/22/04 12:30 20.44 9.13 0.214921 31.9 29.98

8B3 7/22/04 16:00 109.96 17.69 1.935744 35.8 29.95

8B4 7/22/04 8:15 4.22 1.20 0.000000 25.2 30.01 100%

8B4 7/22/04 11:30 6.54 7.19 0.000000 31.9 29.98 100%

8B4 7/22/04 12:30 17.79 3.48 0.279764 31.9 29.98

8B4 7/22/04 16:00 13.36 7.79 0.000000 35.8 29.95 100%

2D1 7/22/04 8:15 5627.55 753.24 94.998074 0.089 26.6 25.2 30.01

2D1 7/22/04 11:30 15581.39 569.36 308.333320 33.6 31.9 29.98

2D1 7/22/04 12:30 18711.02 711.47 346.708298 33.6 31.9 29.98

2D1 7/22/04 16:00 9594.22 213.46 189.077519 0.117 36.3 35.8 29.95

2D2 7/22/04 8:15 199.96 49.01 2.904312 0.089 26.6 25.2 30.01

2D2 7/22/04 11:30 165.32 28.33 2.462573 33.6 31.9 29.98

2D2 7/22/04 12:30 154.78 22.32 2.517752 33.6 31.9 29.98

2D2 7/22/04 16:00 87.00 10.61 1.509379 0.117 36.3 35.8 29.95  
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2B1 7/27/04 4116.31 303.42 83.099119 0.151 29.4 23.9 29.99 -52.30 -52.50 -52.28 1.029 10.56%

2B2 7/27/04 29.68 20.63 0.000000 0.151 29.4 23.9 29.99 + 100%

2B3 7/27/04 1578.64 474.27 21.636162 0.151 29.4 23.9 29.99 -50.08

2B4 7/27/04 14.31 12.86 0.000000 0.151 29.4 23.9 29.99 + 100%

4B1 7/27/04 13.13 13.48 -0.011000 0.128 30.4 23.9 29.99 100%

4B2 7/27/04 24.52 21.52 0.000000 0.128 30.4 23.9 29.99 -52.14 -50.37 -64.85 1.029 0.00% + 100%

4B3 7/27/04 3352.90 675.36 33.752413 0.128 30.4 26.1 30.02 -49.69 -48.50 -49.99 1.029 18.63%

4B4 7/27/04 12.21 14.34 0.054716 0.128 30.4 26.1 30.02

8B1 7/27/04 8.36 8.80 0.000000 0.096 31.5 26.1 30.02 + 100%

8B2 7/27/04 833.19 151.52 12.662106 0.096 31.5 26.1 30.02 -47.03 -49.31 -46.52 1.028 31.12%

8B3 7/27/04 7.55 9.40 -0.030399 0.096 31.5 26.1 30.02 100%

8B4 7/27/04 8.07 15.27 0.000000 0.096 31.5 26.1 30.02 + 100%

2D1 7/27/04 8584.23 1763.68 147.976182 0.378 35.5 28.3 30.02

2D2 7/27/04 170.61 58.69 1.885753 0.378 35.5 28.3 30.02 -53.12 -42.20 -58.85 1.026 0.00%

2D3 7/27/04 3.63 4.65 0.000000 0.378 35.5 28.3 30.02 - 100%

2D4 7/27/04 17.35 3.93 0.266189 0.378 35.5 28.3 30.02 -36.67 -44.51 -34.38 1.026 82.21%

4D1 7/27/04 7.97 9.15 0.000000 0.226 31.7 28.3 30.02 - 100%

4D2 7/27/04 3.69 4.64 -0.025231 0.226 31.7 28.3 30.02 100%

4D3 7/27/04 5.83 4.97 0.020790 0.226 31.7 30.0 30.02

4D4 7/27/04 4.92 4.81 0.000000 0.226 31.7 30.0 30.02 + 100%

6D1 7/27/04 6.07 6.90 -0.018788 0.343 33.7 30.0 30.02 100%

6D2 7/27/04 7.54 8.04 -0.011999 0.343 33.7 30.0 30.02 100%

6D3 7/27/04 179.39 42.50 2.462422 0.343 33.7 30.0 30.02 -45.87 -50.76 -44.35 1.026 41.87%

6D4 7/27/04 6.12 7.79 -0.013463 0.343 33.7 30.0 30.02 100%

2B1a 8/17/04 8:52 14402.49 1091.52 271.210673 0.209 25.6 25.7 30.13

2B3a 8/17/04 8:53 671.03 86.14 11.496513 25.6 25.7 30.13

2D1a 8/17/04 8:52 5900.50 235.88 115.492295 0.869 25.7 25.7 30.13

2D2a 8/17/04 8:53 52.07 30.31 0.483917 25.7 25.7 30.13

2B1b 8/17/04 9:17 16797.84 711.36 318.474061 25.6 25.7 30.13

2B3b 8/17/04 9:18 489.09 63.37 8.903058 25.6 25.7 30.13

2D1b 8/17/04 9:17 5825.38 227.56 114.540444 25.7 25.7 30.13

2D2b 8/17/04 9:18 60.61 21.43 0.801298 25.7 25.7 30.13

2B1c 8/17/04 9:40 16640.89 727.55 322.531001 27.7 28.8 30.12

2B3c 8/17/04 9:41 467.58 60.27 8.061715 27.7 28.8 30.12

2D1c 8/17/04 9:40 4935.57 187.92 101.277649 27.5 28.8 30.12

2D2c 8/17/04 9:41 33.28 11.42 0.507540 27.5 28.8 30.12

2B1d 8/17/04 10:03 14066.68 536.48 272.588498 0.267 27.7 28.8 30.12

2B3d 8/17/04 10:04 381.44 22.19 7.003216 27.7 28.8 30.12

2D1d 8/17/04 10:03 4671.75 218.38 89.544263 0.808 27.5 28.8 30.12

2D2d 8/17/04 10:04 43.43 10.58 0.691186 27.5 28.8 30.12

2B1 9/3/04 8:40 3173.02 15.65 23.846947 0.206 28.9 25.4 30.06 -47.74 -47.74 1.030 25.82%

2B2 9/3/04 8:37 15.79 9.53 0.000000 0.206 28.9 25.4 30.06 -46.80 -54.13 -35.63 1.030 66.75% + 100%

2B3 9/3/04 8:40 968.28 29.48 11.302085 0.206 28.9 25.4 30.06 -48.68 -48.68 1.030 22.65%

2B4 9/3/04 8:45 11.61 28.10 -0.239035 0.206 28.9 25.4 30.06 100%

4B1 9/3/04 8:45 2.25 3.71 0.000000 0.173 29.1 25.4 30.06 - 100%

4B2 9/3/04 8:45 4.09 2.07 0.033303 0.173 29.1 25.4 30.06

4B3 9/3/04 9:30 207.16 36.29 0.949243 0.173 29.1 28.7 30.06 -44.17 -52.33 -42.44 1.029 43.88%

4B4 9/3/04 9:30 53.17 4.76 0.852599 0.173 29.1 28.7 30.06 -44.52 -51.03 -43.88 1.029 38.98%

8B1 9/3/04 12:30 3.36 2.68 0.000000 0.196 29.7 35.0 30.06 + 100%

8B2 9/3/04 12:35 1681.79 66.04 14.915080 0.196 29.7 35.0 30.06 -47.63 -51.83 -47.46 1.029 27.09%

8B3 9/3/04 12:35 3.88 3.64 0.000000 0.196 29.7 35.0 30.06 - 100%

8B4 9/3/04 12:31 2.02 2.68 0.000000 0.196 29.7 35.0 30.06 - 100%

2D1 9/3/04 10:05 1765.69 6.93 29.464894 0.681 32.4 28.7 30.06 -40.31 -48.41 -40.27 1.027 56.14%

2D2 9/3/04 10:06 32.04 1.72 0.000000 0.681 32.4 28.7 30.06 - 100%

2D3 9/3/04 10:01 1.58 13.66 0.000000 0.681 32.4 28.7 30.06 - 100%

2D4 9/3/04 10:03 1.07 5.27 0.000000 0.681 32.4 28.7 30.06 - 100%

4D1 9/3/04 11:06 1.82 3.50 0.000000 0.515 32.4 31.4 30.06 - 100%

4D2 9/3/04 11:06 1.62 3.33 -0.020986 0.515 32.4 31.4 30.06 100%

4D3 9/3/04 12:19 1.26 4.47 0.000000 0.515 32.4 29.8 30.06 - 100%

4D4 9/3/04 12:19 1.31 4.02 0.000000 0.515 32.4 29.8 30.06 - 100%

6D1 9/3/04 11:16 3.12 2.59 0.000000 0.687 32.9 30.9 30.06 + 100%

6D2 9/3/04 11:17 4.23 7.10 0.000000 0.687 32.9 30.9 30.06 - 100%

6D3 9/3/04 11:20 2.87 4.01 0.000000 0.687 32.9 30.9 30.06 - 100%

6D4 9/3/04 11:21 2.44 2.99 0.000000 0.687 32.9 30.9 30.06 - 100%  
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2B1 10/8/04 9:18 6899.80 179.87 91.192941 0.130 24.8 21.5 30.21 -49.43 -53.95 -49.30 1.031 19.37%

2B2 10/8/04 9:20 21.86 38.30 -0.129578 0.130 24.8 21.5 30.21 100%

2B3 10/8/04 9:24 4247.13 126.88 30.894265 0.130 24.8 21.5 30.21 -47.07 -53.05 -46.89 1.031 27.08%

2B4 10/8/04 9:19 33.18 38.71 0.000000 0.130 24.8 21.5 30.21 - 100%

4B1 10/8/04 11:32 5.19 4.72 0.000000 0.178 24.9 32.6 30.20 + 100%

4B2 10/8/04 11:33 34.94 7.32 0.216423 0.178 24.9 32.6 30.20 -53.13 -51.62 -53.53 1.031 5.91%

4B3 10/8/04 10:30 24792.65 602.91 107.743036 0.178 24.9 29.3 30.21 -54.23 -54.16 -54.23 1.031 3.67%

4B4 10/8/04 12:40 94.54 10.74 0.631766 0.178 24.9 29.3 30.18 -50.46 -53.53 -50.07 1.031 16.97%

8B1 10/8/04 12:30 10.84 14.65 -0.029394 0.137 25.1 35.7 30.18 100%

8B2 10/8/04 12:49 5047.69 163.06 46.395448 0.137 25.1 35.7 30.18 -46.13 -51.67 -45.95 1.031 30.20%

8B3 10/8/04 12:48 5.93 6.38 0.000000 0.137 25.1 35.7 30.18 - 100%

8B4 10/8/04 12:41 11.23 27.03 -0.110929 0.137 25.1 35.7 30.18 100%

2D1 10/8/04 9:35 2816.46 21.74 19.861638 0.518 29.8 29.3 30.21 -40.87 -40.87 1.028 51.73%

2D2 10/8/04 10:28 6.54 8.29 -0.012303 0.518 29.8 29.3 30.21 100%

2D3 10/8/04 10:34 5.05 7.60 -0.018716 0.518 29.8 29.3 30.21 100%

2D4 10/8/04 9:36 4.71 7.37 -0.025601 0.518 29.8 29.3 30.21 100%

4D1 10/8/04 10:52 4.17 6.69 -0.029282 0.427 28.3 27.2 30.21 100%

4D2 10/8/04 10:57 4.34 6.06 -0.015470 0.427 28.3 27.2 30.21 100%

4D3 10/8/04 11:33 4.57 6.74 -0.013418 0.427 28.3 32.6 30.20 100%

4D4 10/8/04 11:37 3.90 7.80 0.000000 0.427 28.3 32.6 30.20 - 100%

6D1 10/8/04 11:55 9.75 5.80 0.000000 0.684 30.4 30.5 30.20 -53.30 -52.29 -54.78 1.028 2.15% + 100%

6D2 10/8/04 11:56 4.49 6.82 0.000000 0.684 30.4 30.5 30.20 - 100%

6D3 10/8/04 12:55 3.48 6.62 -0.022988 0.684 30.4 37.1 30.18 100%

6D4 10/8/04 12:56 4.97 8.70 -0.022540 0.684 30.4 37.1 30.18 100%

2B1 11/19/04 9:10 36517.83 1686.56 399.335576 0.204 18.6 19.8 30.17 -54.11 -61.23 -53.77 1.034 4.74%

2B2 11/19/04 9:20 174.39 25.83 1.606745 0.204 18.6 19.8 30.17 -49.83 -55.34 -48.87 1.034 19.11%

2B3 11/19/04 9:21 1537.00 65.95 11.989471 0.204 18.6 19.8 30.17 -50.38 -55.68 -50.14 1.034 15.40%

2B4 11/19/04 9:10 329.05 45.66 3.930566 0.204 18.6 19.8 30.17 -50.14 -54.83 -49.38 1.034 17.61%

4B1 11/19/04 9:09 26.89 26.10 0.036102 0.252 16.7 21.5 30.17

4B2 11/19/04 9:10 168.12 29.08 0.469739 0.252 16.7 21.5 30.17 -54.65 -55.67 -54.44 1.035 2.71%

4B3 11/19/04 10:16 13586.61 328.19 64.829718 0.252 16.7 25.7 30.17 -55.57 -56.91 -55.53 1.035 0.00%

4B4 11/19/04 10:17 4432.97 101.75 27.544195 0.252 16.7 25.7 30.17 -56.76 -55.08 -56.79 1.035 0.00%

8B1 11/19/04 10:14 18.41 14.50 0.039328 0.217 18.0 29.0 30.17 -51.77 -54.10 -43.14 1.034 35.67%

8B2 11/19/04 10:15 74.29 20.01 0.342961 0.217 18.0 29.0 30.17 -49.27 -54.04 -47.51 1.034 22.93%

8B3 11/19/04 12:05 8.35 5.55 0.019162 0.217 18.0 25.3 30.15 -52.55 -51.19 -55.26 1.034 0.36%

8B4 11/19/04 12:06 28.32 8.97 0.101326 0.217 18.0 25.3 30.15 -44.17 -52.86 -40.14 1.034 44.42%

2D1 11/19/04 10:06 18077.83 605.18 117.709258 0.533 20.3 24.4 30.17 -50.86

2D2 11/19/04 10:06 59.18 15.40 0.339225 0.533 20.3 24.4 30.17 -42.85 -53.43 -39.13 1.032 50.46%

2D3 11/19/04 10:08 74.71 23.21 0.415573 0.533 20.3 24.4 30.17 -40.20 -53.22 -34.33 1.032 65.35%

2D4 11/19/04 10:09 11.94 17.94 -0.042767 0.533 20.3 24.4 30.17 100%

4D1 11/19/04 11:11 7.97 12.99 -0.038444 0.807 20.1 21.9 30.16 100%

4D2 11/19/04 11:11 7.04 18.47 0.000000 0.807 20.1 21.9 30.16 - 100%

4D3 11/19/04 11:11 12.13 18.49 -0.047218 0.807 20.1 21.9 30.16 100%

4D4 11/19/04 11:16 13.56 22.56 -0.064595 0.807 20.1 21.9 30.16 100%

6D1 11/19/04 12:20 6.38 5.22 0.000000 0.760 27.3 25.6 30.15 - 100%

6D2 11/19/04 12:20 7.35 12.19 -0.038694 0.760 27.3 25.6 30.15 100%

6D3 11/19/04 12:20 8.52 12.80 -0.020630 0.760 27.3 25.6 30.15 100%

6D4 11/19/04 12:20 34.38 7.33 0.177487 0.760 27.3 25.6 30.15 -35.42 -50.50 -31.34 1.029 82.51%

2B1 12/10/04 10:18 53410.32 929.26 739.666959 0.202 20.4 23.4 29.81 -54.98 -54.73 -54.98 1.033 1.20%

2B2 12/10/04 10:00 183.05 15.54 0.913929 0.202 20.4 23.4 29.81 -53.57 -53.91 -53.54 1.033 5.54%

2B3 12/10/04 10:00 3463.95 146.20 23.530500 0.202 20.4 23.4 29.81 -57.74 -56.24 -57.81 1.033 0.00%

2B4 12/10/04 10:19 323.48 23.01 3.362046 0.202 20.4 23.4 29.81 -56.04 -55.77 -56.06 1.033 0.00%

4B1 12/10/04 11:00 18.58 21.10 0.000000 0.265 20.2 24.3 29.83 - 100%

4B2 12/10/04 11:00 64.49 28.15 0.662605 0.265 20.2 24.3 29.83 -54.18 -56.08 -52.71 1.033 8.01%

4B3 12/10/04 11:11 23367.05 385.69 112.674933 0.265 20.2 24.3 29.83 -55.91 -56.10 -55.91 1.033 0.00%

4B4 12/10/04 11:12 3412.76 50.48 23.086762 0.265 20.2 24.3 29.83 -54.41

8B1 12/10/04 12:30 5.98 5.93 0.000000 0.294 19.9 25.7 29.81 + 100%

8B2 12/10/04 12:30 121.48 6.16 0.352422 0.294 19.9 25.7 29.81 -58.65 -52.85 -58.96 1.033 0.00%

8B3 12/10/04 13:15 8.07 4.84 0.026731 0.294 19.9 30.8 29.78 -54.85 -51.73 -59.54 1.033 0.00%

8B4 12/10/04 13:15 48.96 4.74 0.341459 0.294 19.9 20.8 29.78 -51.17 -50.84 -51.21 1.033 12.47%

2D1 12/10/04 9:45 19400.04 956.54 221.887665 1.242 23.1 23.4 29.81 -54.40 -55.60 -54.33 1.031 3.38%

2D2 12/10/04 9:46 1079.30 22.04 8.702219 1.242 23.1 23.4 29.81 -48.08 -51.12 -48.02 1.031 23.77%

2D3 12/10/04 10:38 19.39 3.82 0.173657 1.242 23.1 23.4 29.83 -48.68 -48.01 -48.84 1.031 21.09%

2D4 12/10/04 10:39 389.04 17.46 2.958687 1.242 23.1 23.4 29.83 -48.95 -50.97 -48.86 1.031 21.06%

4D1 12/10/04 11:39 835.48 28.83 11.851486 0.557 23.8 24.8 29.81 -50.68 -47.52 -50.79 1.031 14.96%

4D2 12/10/04 11:40 4.66 3.96 0.000000 0.557 23.8 24.8 29.81 + 100%

4D3 12/10/04 12:22 17.42 4.17 0.212056 0.557 23.8 25.7 29.81 -48.24 -46.84 -48.68 1.031 21.84%

4D4 12/10/04 12:23 73.19 19.75 0.000000 0.557 23.8 25.7 29.81 -53.06 -51.36 -53.69 1.031 5.52% + 100%

6D1 12/10/04 12:19 8.68 5.88 0.028066 0.723 24.4 25.7 29.81 -43.32 -50.67 -27.86 1.030 90.49%

6D2 12/10/04 12:20 3.88 3.68 0.011310 0.723 24.4 25.7 29.81

6D3 12/10/04 13:11 67.46 5.22 0.600155 0.723 24.4 30.8 29.78 -47.58 -47.59 -47.58 1.030 25.65%

6D4 12/10/04 13:12 43.96 8.21 0.256094 0.723 24.4 30.8 29.78 -47.55 -52.07 -46.51 1.030 29.16%  
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2B1 1/26/05 9:55 1098.64 18.82 15.008849 0.196 11.5 16.0 30.00 -51.32 -52.25 -51.30 1.037 10.98%

2B2 1/26/05 9:05 101.29 5.38 0.879912 0.196 11.5 14.9 29.99 -47.06

2B3 1/26/05 9:05 1624.11 60.45 12.571708 0.196 11.5 14.9 29.99 -46.06 -50.91 -45.87 1.037 25.61%

2B4 1/26/05 9:55 247.40 21.73 3.764903 0.196 11.5 16.0 30.00 -51.28 -52.34 -51.18 1.037 11.32%

4B1 1/26/05 9:00 7.82 7.13 0.000000 0.182 9.8 14.3 29.99 +

4B2 1/26/05 9:00 41.33 8.28 1.477014 0.182 9.8 14.3 29.99 -49.97 -53.75 -49.02 1.038 16.79%

4B3 1/26/05 9:50 37212.23 1325.05 217.588738 0.182 9.8 16.0 30.00 -55.70 -55.70 -55.70 1.038 0.00%

4B4 1/26/05 9:50 17281.46 199.91 116.506310 0.182 9.8 16.0 30.00 -56.66 -55.69 -56.67 1.038 0.00%

8B1 1/26/05 10:45 36.30 10.13 0.154508 0.197 10.8 19.4 30.01 -49.82 -54.17 -48.14 1.037 19.36%

8B2 1/26/05 10:45 142.20 7.21 0.421395 0.197 10.8 19.4 30.01

8B3 1/26/05 11:35 25.19 7.76 0.157042 0.197 10.8 20.9 29.99 -60.04 -51.31 -63.93 1.037 0.00%

8B4 1/26/05 11:35 3.92 4.95 0.000000 0.197 10.8 20.9 29.99 - 100%

2D1 1/26/05 8:59 6708.91 232.60 61.276640 0.870 14.2 14.3 29.99 -52.32 -53.20 -52.29 1.035 8.86%

2D2 1/26/05 8:59 1581.25 68.66 11.750795 0.870 14.2 14.3 29.99 -52.87 -50.31 -52.98 1.035 6.88%

2D3 1/26/05 9:50 21.67 8.28 0.119717 0.870 14.2 16.3 30.00 -38.12 -50.35 -30.56 1.035 71.15%

2D4 1/26/05 9:50 3.62 4.69 -0.005347 0.870 14.2 16.3 30.00 100%

4D1 1/26/05 10:43 57.69 7.07 0.529636 0.910 14.6 19.4 30.01 -31.54 -51.00 -28.82 1.035 76.52%

4D2 1/26/05 10:43 3.64 5.34 -0.014960 0.910 14.6 19.4 30.01 100%

4D3 1/26/05 11:34 7.33 6.19 0.017960 0.910 14.6 20.9 29.99

4D4 1/26/05 11:34 4.06 6.81 -0.016716 0.910 14.6 20.9 29.99 -52.13 100%

6D1 1/26/05 10:57 3.82 5.93 0.000000 1.019 13.3 19.4 30.01 - 100%

6D2 1/26/05 10:57 2.46 3.25 -0.008340 1.019 13.3 19.4 30.01 100%

6D3 1/26/05 11:42 32.69 4.21 0.225553 1.019 13.3 20.9 29.99 -43.16 -48.94 -42.31 1.035 37.06%

6D4 1/26/05 11:42 25.30 8.76 0.436546 1.019 13.3 20.9 29.99 -41.62 -49.52 -37.44 1.035 50.86%

2B1 3/2/05 9:00 1081.37 9.19 11.467480 0.180 10.7 5.6 30.21 -58.44 -50.54 -58.51 1.037 0.00%

2B2 3/2/05 9:06 30.05 5.12 0.293513 0.180 10.7 5.6 30.21 -49.55 -52.29 -48.99 1.037 17.06%

2B3 3/2/05 9:07 79.21 4.72 0.414626 0.180 10.7 5.6 30.21 -55.02 -48.91 -55.41 1.037 0.00%

2B4 3/2/05 9:00 239.18 11.08 1.659591 0.180 10.7 5.6 30.21 -54.16 -51.94 -54.27 1.037 2.97%

4B1 3/2/05 10:07 23.42 24.69 0.000000 0.266 11.6 8.0 30.23 - 100%

4B2 3/2/05 10:08 159.83 17.42 0.232254 0.266 11.6 8.0 30.23 -54.28 -55.21 -54.17 1.037 3.27%

4B3 3/2/05 11:00 12138.63 259.81 67.969562 0.266 11.6 10.1 30.23 -55.90 -57.90 -55.86 1.037 0.00%

4B4 3/2/05 11:01 10937.24 189.91 76.421696 0.266 11.6 10.1 30.23 -56.55 -57.54 -56.53 1.037 0.00%

8B1 3/2/05 10:55 6.65 6.49 0.000000 0.269 10.8 10.8 30.23 + 100%

8B2 3/2/05 10:00 18.09 5.45 0.116286 0.269 11.0 8.0 30.23 -56.54 -52.62 -58.23 1.037 0.00%

8B3 3/2/05 10:00 9.21 5.55 0.035385 0.269 11.0 8.0 30.23 -54.26 -51.69 -58.16 1.037 0.00%

8B4 3/2/05 10:55 3.87 4.79 -0.006248 0.269 10.8 10.8 30.23 100%

2D1 3/2/05 8:59 9144.73 267.41 85.049678 0.899 12.1 5.6 30.21 -53.89 -54.30 -53.87 1.036 4.21%

2D2 3/2/05 8:59 989.83 18.17 9.200379 0.899 12.1 5.6 30.21 -47.38 -52.13 -47.29 1.036 22.59%

2D3 3/2/05 9:48 5.66 7.40 0.000000 0.899 12.1 8.0 30.23 100%

2D4 3/2/05 9:49 14.68 7.39 0.110720 0.899 12.1 8.0 30.23 -48.38 -51.62 -45.10 1.036 28.73%

4D1 3/2/05 10:42 14.15 9.48 0.000000 0.785 13.7 10.1 30.23 -54.78 -53.57 -57.24 1.035 0.00% + 100%

4D2 3/2/05 10:43 6.29 8.92 0.000000 0.785 13.7 10.1 30.23 100%

4D3 3/2/05 11:35 6.45 10.61 -0.051399 0.785 14.1 12.0 30.22 100%

4D4 3/2/05 11:36 7.82 4.30 0.048380 0.785 14.1 12.0 30.22 -51.09 -49.45 -53.09 1.035 6.55%

6D1 3/2/05 11:55 4.99 5.90 0.000000 1.095 14.2 12.0 30.22 - 100%

6D2 3/2/05 11:56 11.28 5.30 -0.005196 1.095 14.2 12.0 30.22 100%

6D3 3/2/05 11:50 14.90 4.22 0.262021 1.095 14.2 12.0 30.22 -38.71 -47.37 -35.29 1.035 57.61%

6D4 3/2/05 11:50 3.92 4.93 0.000000 1.095 14.2 12.0 30.22 + 100%

2B1 4/6/05 9:00 321.37 12.75 4.498989 0.235 18.5 19.7 30.16 -50.58 -54.18 -50.43 1.034 14.53%

2B2 4/6/05 9:01 179.06 20.59 1.254785 0.235 18.5 19.7 30.16 -49.43 -55.46 -48.65 1.034 19.75%

2B3 4/6/05 9:52 996.99 44.26 9.539506 0.235 18.5 19.6 30.15 -47.03 -54.39 -46.69 1.034 25.50%

2B4 4/6/05 9:53 80.29 20.32 1.313118 0.235 18.5 19.6 30.15 -51.47 -56.25 -49.85 1.034 16.22%

4B1 4/6/05 10:47 22.22 7.28 0.078180 0.293 19.3 26.7 30.16 -54.54 -53.21 -55.19 1.034 0.57%

4B2 4/6/05 10:48 6.78 6.19 0.000000 0.293 19.3 26.7 30.16 + 100%

4B3 4/6/05 11:39 19503.32 474.36 96.742422 0.293 19.3 24.1 30.15 -55.88 -57.19 -55.85 1.034 0.00%

4B4 4/6/05 11:40 9285.89 228.20 90.246774 0.293 19.3 24.1 30.15 -55.72 -57.39 -55.67 1.034 0.00%

8B1 4/6/05 11:50 197.58 6.47 1.454343 0.224 19.7 24.1 30.15 -57.07 -55.37 -57.13 1.034 0.00%

8B2 4/6/05 10:52 1027.25 6.124415 0.224 19.7 26.7 30.16

8B3 4/6/05 10:53 49.16 5.99 0.155176 0.224 19.7 26.7 30.16 -49.53 -53.24 -49.01 1.034 18.96%

8B4 4/6/05 11:51 2.92 5.46 0.000000 0.224 19.7 24.1 30.15 - 100%

2D1 4/6/05 9:00 9663.95 178.53 75.703917 0.853 20.4 19.7 30.16 -51.42 -55.10 -51.35 1.032 12.54%

2D2 4/6/05 9:01 247.76 26.25 1.986012 0.853 20.4 19.7 30.16 -45.41 -55.12 -44.26 1.032 34.57%

2D3 4/6/05 9:55 12.57 10.31 -0.076441 0.853 20.4 19.6 30.15 -47.73 -54.29 -17.85 1.032 100.00% 100%

2D4 4/6/05 9:56 5.08 7.37 -0.012808 0.853 20.4 19.6 30.15 100%

4D1 4/6/05 10:52 13.37 4.16 0.260492 0.810 22.0 26.7 30.16 -32.30 -50.25 -24.20 1.031 99.11%

4D2 4/6/05 10:53 62.27 4.76 0.609414 0.810 22.0 26.7 30.16 -41.63 -49.66 -40.97 1.031 45.81%

4D3 4/6/05 11:44 4.18 3.24 0.015711 0.810 22.0 24.1 30.15

4D4 4/6/05 11:45 2.79 20.28 0.000000 0.810 22.0 24.1 30.15 - 100%

6D1 4/6/05 9:00 33.88 32.33 0.051894 1.114 19.0 19.7 30.16

6D2 4/6/05 9:01 9.08 14.65 -0.045533 1.114 19.0 19.7 30.16 100%

6D3 4/6/05 9:57 19.02 15.13 0.006214 1.114 19.0 19.6 30.15 -49.57 -56.46 -22.72 1.033 99.63%

6D4 4/6/05 9:58 12.66 16.21 -0.018397 1.114 19.0 19.6 30.15 100%  
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2B1 5/4/05 9:10 49.08 12.00 0.636694 0.257 20.9 21.6 30.14 -50.79 -53.38 -49.95 1.033 16.42%

2B2 5/4/05 9:11 436.54 19.80 2.841480 0.257 20.9 21.6 30.14 -52.67 -55.51 -52.54 1.033 8.61%

2B3 5/4/05 10:00 678.29 14.01 6.542923 0.257 20.9 22.3 30.15 -48.02 -50.84 -47.96 1.033 22.45%

2B4 5/4/05 10:00 235.42 8.21 2.479609 0.257 20.9 22.3 30.15 -47.67 -49.92 -47.59 1.033 23.57%

4B1 5/4/05 10:50 19.85 10.16 0.000000 0.245 21.6 24.5 30.15 -53.32 -52.95 -53.71 1.033 5.11% + 100%

4B2 5/4/05 10:50 38.91 19.03 0.105515 0.245 21.6 24.5 30.15 -53.13 -54.21 -52.10 1.033 10.03%

4B3 5/4/05 11:40 8428.76 69.73 40.444094 0.245 21.9 32.5 30.15 -56.24 -55.47 -56.25 1.033 0.00%

4B4 5/4/05 11:40 2327.49 34.59 15.744740 0.245 21.9 32.5 30.15 -56.14 -54.17 -56.17 1.033 0.00%

8B1 5/4/05 9:30 11.65 8.85 0.022446 0.217 20.9 23.8 30.15 -52.95 -53.42 -51.46 1.033 11.85%

8B2 5/4/05 10:40 14.72 7.73 0.053814 0.217 20.9 22.4 30.15 -52.08 -52.60 -51.50 1.033 11.73%

8B3 5/4/05 10:40 38.07 9.70 0.332216 0.217 20.9 22.4 30.15 -39.51 -52.71 -35.00 1.033 61.67%

8B4 5/4/05 9:30 5.09 5.17 0.000000 0.217 20.9 23.8 30.15 - 100%

2D1 5/4/05 9:12 10708.92 587.50 87.733321 1.109 22.3 24.1 30.14 -50.07 -55.08 -49.77 1.031 17.89%

2D2 5/4/05 9:12 38.78 7.08 0.289266 1.109 22.3 24.1 30.14 -48.35 -50.34 -47.90 1.031 23.88%

2D3 5/4/05 10:11 8.15 8.69 -0.015601 1.109 22.3 21.6 30.15 100%

2D4 5/4/05 10:12 7.20 7.39 0.000000 1.109 22.3 21.6 30.15 - 100%

4D1 5/4/05 12:00 4.10 6.61 -0.031104 0.686 22.9 29.1 30.15 100%

4D2 5/4/05 12:01 3.22 4.19 -0.006793 0.686 22.9 29.1 30.15 100%

4D3 5/4/05 11:08 3.97 5.38 -0.009853 0.686 22.9 32.5 30.15 100%

4D4 5/4/05 11:09 3.81 5.34 -0.014554 0.686 22.9 32.5 30.15 100%

6D1 5/4/05 12:25 3.86 4.32 -0.009687 0.810 22.7 29.1 30.14 100%

6D2 5/4/05 12:25 2.88 4.83 -0.017699 0.810 22.7 29.1 30.14 100%

6D3 5/4/05 11:30 6.78 5.10 0.017549 0.810 22.7 32.5 30.15 -48.52

6D4 5/4/05 11:30 12.89 4.98 0.190878 0.810 22.7 32.5 30.15 -41.86 -49.46 -37.07 1.031 58.75%

2B1 6/3/05 9:16 4.80 3.02 0.026368 0.147 29.5 28.8 29.90 -35.78 -48.11 -14.88 1.029 100.00%

2B2 6/3/05 9:16 8.26 3.55 0.025389 0.147 29.5 28.8 29.90 -39.72 -47.85 -33.60 1.029 74.27%

2B3 6/3/05 10:05 2.50 4.21 -0.016762 0.147 29.5 28.8 29.90 100%

2B4 6/3/05 10:05 3.67 3.51 0.000000 0.147 29.5 28.8 29.90 -45.01 -50.28 77.03 1.029 100.00% + 100%

4B1 6/3/05 10:57 2.65 3.23 -0.004648 0.202 28.7 31.2 29.91 100%

4B2 6/3/05 10:57 2.66 3.26 0.000000 0.202 28.7 31.2 29.91 - 100%

4B3 6/3/05 12:00 58.97 6.28 0.236734 0.202 28.7 30.7 29.91 -26.79 -51.88 -23.80 1.030 100.00%

4B4 6/3/05 12:00 2.54 2.98 0.000000 0.202 28.7 30.7 29.91 - 100%

8B1 6/3/05 11:13 5.88 7.76 -0.011279 0.130 29.0 31.2 29.91 100%

8B2 6/3/05 11:14 12.57 13.57 -0.020135 0.130 29.0 31.2 29.91 100%

8B3 6/3/05 12:02 2.71 5.45 -0.032679 0.130 29.0 30.7 29.91 100%

8B4 6/3/05 12:03 3.29 5.52 0.015769 0.130 29.0 30.7 29.91

2D1 6/3/05 9:13 114.98 5.19 0.764013 0.827 33.0 28.8 29.90 -18.59 -40.81 -17.53 1.027 100.00%

2D2 6/3/05 9:14 3.13 3.91 0.000000 0.827 33.0 28.8 29.90 + 100%

2D3 6/3/05 10:08 2.84 3.65 0.000000 0.827 33.0 29.5 29.90 - 100%

2D4 6/3/05 10:09 3.76 3.18 0.000000 0.827 33.0 29.5 29.90 -46.77 -46.07 -50.64 1.027 17.79% + 100%

4D1 6/3/05 11:09 2.75 3.88 -0.010912 0.716 33.8 31.2 29.91 100%

4D2 6/3/05 11:10 2.48 4.16 -0.018054 0.716 33.8 31.2 29.91 100%

4D3 6/3/05 12:02 2.25 3.34 0.000000 0.716 33.8 30.7 29.91 - 100%

4D4 6/3/05 12:03 2.17 2.96 0.000000 0.716 33.8 30.7 29.91 - 100%

6D1 6/3/05 9:24 3.89 5.74 -0.016012 0.548 32.1 28.8 29.90 100%

6D2 6/3/05 9:25 6.21 9.74 -0.023505 0.548 32.1 28.8 29.90 100%

6D3 6/3/05 10:06 6.16 10.55 -0.003213 0.548 32.1 29.5 29.90 100%

6D4 6/3/05 10:07 6.27 8.59 -0.009454 0.548 32.1 29.5 29.90 100%

2B1 7/7/05 10:00 2.14 3.43 0.000000 0.158 31.3 31.1 29.99 - 100%

2B2 7/7/05 10:00 3.72 3.70 0.000000 0.158 31.3 31.1 29.99 - 100%

2B3 7/7/05 10:50 26.43 6.34 0.121054 0.158 31.3 33.9 29.99 -48.28 -48.28 1.029 24.87%

2B4 7/7/05 10:50 7.36 4.77 0.016579 0.158 31.3 33.9 29.99

4B1 7/7/05 11:40 2.77 3.08 0.000000 0.226 30.3 32.7 29.99 - 100%

4B2 7/7/05 11:40 3.08 2.99 0.000000 0.226 30.3 32.7 29.99 + 100%

4B3 7/7/05 12:30 7.98 4.92 0.000000 0.226 30.3 33.5 29.99 -43.61 -43.61 1.029 40.63% + 100%

4B4 7/7/05 12:30 3.81 3.27 0.011741 0.226 30.3 33.5 29.99

8B1 7/7/05 11:41 9.26 5.39 0.024740 0.138 30.9 32.7 29.99 -51.52 -51.52 1.029 13.44%

8B2 7/7/05 11:42 3.23 3.70 0.000000 0.138 30.9 32.7 29.99 + 100%

8B3 7/7/05 12:32 5.05 4.79 0.003682 0.138 30.9 33.5 29.99

8B4 7/7/05 12:33 3.54 5.36 -0.012651 0.138 30.9 33.5 29.99 100%

2D1 7/7/05 10:00 353.16 11.26 2.181737 0.383 38.1 31.1 29.99 -23.25 -36.43 -22.82 1.024 100%

2D2 7/7/05 10:45 4.19 7.52 -0.029472 0.383 38.1 33.9 29.99 100%

2D3 7/7/05 10:45 3.01 3.34 0.000000 0.383 38.1 33.9 29.99 - 100%

2D4 7/7/05 10:00 4.26 3.68 0.000000 0.383 38.1 31.1 29.99 + 100%

4D1 7/7/05 12:30 2.90 3.07 0.000000 0.339 38.2 33.5 29.99 + 100%

4D2 7/7/05 12:30 3.74 3.89 0.000000 0.339 38.2 33.5 29.99 + 100%

4D3 7/7/05 11:40 8.07 3.46 -0.006793 0.339 38.2 32.7 29.99 -42.75 -42.75 1.024 51.83% 100%

4D4 7/7/05 11:40 2.50 3.07 0.000000 0.339 38.2 32.7 29.99 - 100%

6D1 7/7/05 9:56 3.26 3.62 0.000000 0.243 40.8 31.1 29.99 - 100%

6D2 7/7/05 9:57 2.52 2.91 0.000000 0.243 40.8 31.1 29.99 - 100%

6D3 7/7/05 10:47 2.50 2.88 0.000000 0.243 40.8 33.9 29.99 - 100%

6D4 7/7/05 10:48 2.82 3.25 0.000000 0.243 40.8 33.9 29.99 - 100%  
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2B1 8/4/05 8:40 426.46 33.73 4.411542 0.241 27.6 24 30.06 -50.49 -54.02 -50.19 1.030 17.22%

2B2 8/4/05 9:50 53.95 27.56 0.212387 0.241 27.6 25.9 30.08 -55.32 -56.69 -53.89 1.030 4.94%

2B3 8/4/05 9:50 972.04 87.88 6.473981 0.241 27.6 25.9 30.08 -52.40 -52.58 -52.38 1.030 9.94%

2B4 8/4/05 8:40 749.41 77.66 6.994639 0.241 27.6 24 30.06 -52.29 -55.60 -51.91 1.030 11.52%

4B1 8/4/05 10:40 11.91 11.41 0.004535 0.347 28.1 30.8 30.08

4B2 8/4/05 10:40 1176.88 43.51 7.988108 0.347 28.1 30.8 30.08 -52.81 -54.99 -52.73 1.030 8.87%

4B3 8/4/05 11:30 707.56 142.42 2.794119 0.347 28.1 31.6 30.07 -53.87 -54.83 -53.63 1.030 5.85%

4B4 8/4/05 11:30 390.59 23.18 1.798769 0.347 28.1 31.6 30.07 -51.51 -52.97 -51.42 1.030 13.24%

8B1 8/4/05 9:45 206.66 16.76 1.303907 0.260 27.2 25.9 30.08 -51.83 -53.21 -51.71 1.030 12.11%

8B2 8/4/05 8:45 31.14 19.18 0.102899 0.260 27.2 24.8 30.06 -56.04 -56.04 1.030 0.00%

8B3 8/4/05 8:45 25.43 24.45 0.009722 0.260 27.2 24.8 30.06

8B4 8/4/05 9:45 31.55 14.33 0.086348 0.260 27.2 25.9 30.08 -55.25 -52.66 -57.40 1.030 0.00%

2D1 8/4/05 8:48 13768.08 514.63 165.696504 0.967 33.1 24.9 30.06 -51.08 -53.65 -50.98 1.027 16.56%

2D2 8/4/05 8:48 16.29 22.47 -0.075921 0.967 33.1 24.9 30.06 100%

2D3 8/4/05 9:41 16.69 5.97 0.091131 0.967 33.1 25.9 30.08 -51.72 -51.72 1.027 13.76%

2D4 8/4/05 9:41 30.72 17.31 0.095899 0.967 33.1 25.9 30.08 -51.99 -50.83 -53.49 1.027 7.12%

4D1 8/4/05 10:38 34.17 9.15 0.210235 0.871 32.6 30.8 30.08 -39.77 -53.98 -34.57 1.027 77.59%

4D2 8/4/05 10:38 7.90 7.77 0.003203 0.871 32.6 30.8 30.08

4D3 8/4/05 11:39 15.04 14.87 0.000000 0.871 32.6 31.6 30.07 + 100%

4D4 8/4/05 11:39 13.15 15.32 -0.016603 0.871 32.6 31.6 30.07 100%

6D1 8/4/05 11:30 12.58 7.14 0.051943 1.030 31.8 31.6 30.07 -49.71 -49.71 1.027 20.87%

6D2 8/4/05 11:30 7.22 9.34 -0.015516 1.030 31.8 31.6 30.07 100%

6D3 8/4/05 10:35 35.17 12.63 0.314271 1.030 31.8 30.8 30.08 -44.91 -53.88 -39.88 1.027 57.03%

6D4 8/4/05 10:35 166.46 12.43 0.267944 1.030 31.8 30.8 30.08 -44.19 -54.49 -43.36 1.027 44.24%

2B1 10/12/05 66.00 11.30 0.782338 0.241 27.9 30.06 -52.31 -41.97 -54.45 1.030 3.11%

2B2 10/12/05 11.51 14.14 -0.025826 0.241 27.9 30.08 100%

2B3 10/12/05 10.64 17.22 -0.062514 0.241 27.9 30.08 100%

2B4 10/12/05 116.39 16.96 0.987758 0.241 27.9 30.06 -37.16 -54.77 -34.16 1.030 70.70%

4B1 10/12/05 4.17 5.79 -0.010305 0.347 26.0 30.08 100%

4B2 10/12/05 4.27 5.73 -0.010322 0.347 26.0 30.08 100%

4B3 10/12/05 17.05 14.61 0.011313 0.347 26.0 30.07 -43.46 -53.91 19.10 1.031 100.00%

4B4 10/12/05 3.45 4.74 -0.009786 0.347 26.0 30.07 100%

8B1 10/12/05 403.77 9.86 2.494670 0.260 25.6 30.08 -45.10 -48.64 -45.01 1.031 33.43%

8B2 10/12/05 6.33 3.85 0.034461 0.260 25.6 30.06 -31.36 -47.32 -6.50 1.031 100.00%

8B3 10/12/05 3.05 3.41 0.000000 0.260 25.6 30.06 - 100%

8B4 10/12/05 3.49 5.48 -0.013739 0.260 25.6 30.08 100%

2D1 10/12/05 8.92 8.95 -0.002303 0.967 42.6 30.06 100%

2D2 10/12/05 8.87 13.04 -0.032724 0.967 42.6 30.06 100%

2D3 10/12/05 4.29 4.89 -0.007596 0.967 42.6 30.08 100%

2D4 10/12/05 7.82 9.60 -0.020147 0.967 42.6 30.08 100%

4D1 10/12/05 3.40 4.57 -0.009334 0.871 41.2 30.08 100%

4D2 10/12/05 3.12 4.21 -0.012574 0.871 41.2 30.08 100%

4D3 10/12/05 3.31 3.68 -0.002475 0.871 41.2 30.07 100%

4D4 10/12/05 3.36 3.32 0.002294 0.871 41.2 30.07

6D1 10/12/05 2.89 3.05 -0.001580 1.030 35.6 30.07 100%

6D2 10/12/05 3.45 4.32 -0.009393 1.030 35.6 30.07 100%

6D3 10/12/05 5.12 6.42 -0.011321 1.030 35.6 30.08 100%

6D4 10/12/05 3.67 4.85 -0.007936 1.030 35.6 30.08 100%

2B1 12/13/05 10:01 16279.05 129.04 222.500187 0.243 13.1 13.6 30.22 -54.9 -56 -54.89 1.036 1.34%

2B2 12/13/05 9:05 95.28 16.62 0.596280 0.243 13.1 8.9 30.23 -35.67 -51.93 -32.23 1.036 63.54%

2B3 12/13/05 10:02 142.04 39.51 1.887094 0.243 13.1 13.6 30.22 -44.05 -55.72 -39.55 1.036 43.45%

2B4 12/13/05 10:55 2075.50 49.54 17.310095 0.243 13.1 13.6 30.22 -56.765 -47.83 -56.98 1.036 0.00%

4B1 12/13/05 11:47 9.04 8.91 0.000000 0.223 11.0 15.5 30.16 -56.765 - 100%

4B2 12/13/05 11:48 8.82 7.72 0.006502 0.223 11.0 15.5 30.16 -54.04 -53.47 -58.05 1.037 0.00%

4B3 12/13/05 12:36 1636.29 24.25 7.796353 0.223 11.0 16.4 30.16 -55.79 -55.18 -55.80 1.037 0.00%

4B4 12/13/05 12:37 2367.73 19.29 17.221392 0.223 11.0 16.4 30.16 -57.035 -53.81 -57.06 1.037 0.00%

8B1 12/13/05 12:40 619.44 9.47 4.020349 0.241 12.5 16.4 30.16 -46.39 -51.64 -46.31 1.037 24.73%

8B2 12/13/05 12:40 9.07 5.94 0.036045 0.241 12.5 16.4 30.16 -51.01 -53.72 -45.88 1.037 25.91%

8B3 12/13/05 12:44 4.28 4.10 0.004091 0.241 12.5 16.4 30.16

8B4 12/13/05 12:45 4.64 5.58 -0.006843 0.241 12.5 16.4 30.16 100%

2D1 12/13/05 9:09 342.78 20.55 2.852579 0.540 23.6 10.8 30.23 -35.25 -51.33 -34.22 1.031 68.77% 68.77%

2D2 12/13/05 9:10 10.87 17.86 -0.055902 0.540 23.6 10.8 30.23 100%

2D3 12/13/05 10:02 5.10 5.57 -0.004672 0.540 23.6 13.6 30.22 100%

2D4 12/13/05 10:03 5.69 6.11 -0.005736 0.540 23.6 13.6 30.22 100%

4D1 12/13/05 11:00 4.83 7.43 -0.023725 0.582 22.1 17.2 30.22 100%

4D2 12/13/05 11:01 3.43 4.31 -0.005644 0.582 22.1 17.2 30.22 100%

4D3 12/13/05 11:51 25.25 4.48 0.174615 0.582 22.1 15.5 30.16 -44.71 -50.96 -43.36 1.031 38.24%

4D4 12/13/05 11:52 8.50 5.60 0.024470 0.582 22.1 15.5 30.16 -49.12 -53.61 -40.48 1.031 47.43%

6D1 12/13/05 10:50 4.67 4.87 0.011189 0.611 18.4 17.2 30.22

6D2 12/13/05 10:50 3.89 4.74 -0.004828 0.611 18.4 17.2 30.22 100%

6D3 12/13/05 11:30 3.29 3.32 0.000000 0.611 18.4 14.9 30.19 - 100%

6D4 12/13/05 11:30 25.42 4.04 0.109410 0.611 18.4 14.9 30.19 -54.03 -48.62 -55.05 1.033 0.99%  
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2B1 2/16/06 12:12 2073.98 148.29 16.481320 0.252 10.7 23.7 30.3 -54.18 -54.31 -54.17 1.037 3.23%

2B2 2/16/06 12:13 248.68 12.02 3.638854 0.252 10.7 23.7 30.3 -42.67 -49.52 -42.32 1.037 34.85%

2B3 2/16/06 9:07 52.22 23.25 0.304636 0.252 10.7 15.2 30.3 -44.72 -55.89 -35.76 1.037 52.37%

2B4 2/16/06 9:08 152.23 31.96 1.440153 0.252 10.7 15.2 30.3 -51.81 -55.39 -50.86 1.037 12.07%

4B1 2/16/06 10:04 15.41 15.77 0.002912 0.272 9.9 19.6 30.31

4B2 2/16/06 10:05 9.77 9.58 0.000000 0.272 9.9 19.6 30.31 100.00%

4B3 2/16/06 11:09 825.64 19.46 3.888505 0.272 9.9 21.8 30.31 -53.96 -56.62 -53.90 1.038 3.93%

4B4 2/16/06 11:10 1451.90 66.32 9.149969 0.272 9.9 21.8 30.31 -53.27 -54.97 -53.19 1.038 5.80%

8B1 2/16/06 10:00 152.18 6.36 1.022991 0.224 10.3 19.6 30.31 -61.94 -53.01 -62.33 1.038 0.00%

8B2 2/16/06 10:00 10.15 10.41 -0.003413 0.224 10.3 19.6 30.31 100.00%

8B3 2/16/06 11:00 6.82 7.14 -0.003138 0.224 10.3 21.8 30.31 100.00%

8B4 2/16/06 11:00 4.93 6.21 -0.007757 0.224 10.3 21.8 30.31 100.00%

2D1 2/16/06 11:40 4729.26 350.74 37.421404 0.771 15.9 22.2 30.3 -49.605 -52.55 -49.37 1.034 17.61%

2D2 2/16/06 11:40 4.05 5.55 -0.013515 0.771 15.9 22.2 30.3 100.00%

2D3 2/16/06 9:00 10.98 13.36 -0.010522 0.771 14.7 15.2 30.3 100.00%

2D4 2/16/06 9:00 12.30 17.56 -0.035821 0.771 14.7 15.2 30.3 100.00%

4D1 2/16/06 10:00 5.74 11.21 -0.050691 0.599 14.3 19.6 30.31 100.00%

4D2 2/16/06 10:00 7.98 17.40 -0.096515 0.599 14.3 19.6 30.31 100.00%

4D3 2/16/06 11:00 4.88 7.73 -0.020604 0.599 15.6 21.3 30.31 100.00%

4D4 2/16/06 11:00 6.50 4.93 0.000000 0.599 15.6 21.3 30.31 -48.18 -51.55 -37.61 1.034 51.86% + 100%

6D1 2/16/06 9:10 17.24 23.81 -0.046646 0.589 13.4 15.2 30.3 100.00%

6D2 2/16/06 9:11 15.71 21.68 -0.040552 0.589 13.4 15.2 30.3 100.00%

6D3 2/16/06 12:00 4.96 4.43 -0.003666 0.589 13.4 23.7 30.3 -48.63 -59.62 43.38 1.035 100.00% 100.00%

6D4 2/16/06 12:00 4.15 6.88 -0.014373 0.589 13.4 23.7 30.3 100.00%

2B1 5/8/2006 2007.87 143.57 15.972124 25.600 -49.92

2B2 5/8/2006 2.18 2.89 -0.010125 25.600 100.00%

2B3 5/8/2006 2.37 3.78 -0.016190 25.600 100.00%

2B4 5/8/2006 3.79 5.58 -0.014036 25.600 100.00%

4B1 5/8/2006 3.28 3.90 -0.006209 24.800 100.00%

4B2 5/8/2006 3.37 3.59 -0.000323 24.800 100.00%

4B3 5/8/2006 6.52 3.59 0.011155 24.800 -49.5 -60.78 -35.69 1.03 62.77%

4B4 5/8/2006 2.09 2.83 -0.009530 24.800 100.00%

8B1 5/8/2006 4.11 4.66 -0.005435 25.600 100.00%

8B2 5/8/2006 1.99 2.75 -0.007395 25.600 100.00%

8B3 5/8/2006 2.57 3.70 -0.005765 25.600 100.00%

8B4 5/8/2006 10.91 4.35 -0.008552 25.600 -48.3 -50.47 -46.86 1.03 27.47% 100.00%

2D1 5/8/2006 2.54 3.56 -0.011567 34.000 100.00%

2D2 5/8/2006 3.84 6.23 -0.022601 34.000 100.00%

2D3 5/8/2006 2.67 3.14 -0.005938 34.000 100.00%

2D4 5/8/2006 2.40 3.10 -0.006343 34.000 100.00%

4D1 5/8/2006 2.35 3.36 -0.011960 35.300 100.00%

4D2 5/8/2006 2.23 2.83 -0.000259 35.300 100.00%

4D3 5/8/2006 2.73 3.53 -0.005900 35.300 100.00%

4D4 5/8/2006 3.41 3.82 -0.012917 35.300 100.00%

6D1 5/8/2006 2.86 3.54 -0.007109 30.500 100.00%

6D2 5/8/2006 2.32 2.75 -0.006248 30.500 100.00%

6D3 5/8/2006 2.17 2.90 0.000487 30.500

6D4 5/8/2006 2.67 3.59 -0.000993 30.500 100.00%

2B1 6/20/06 2.96 4.30 -0.029200 30.0 100%

2B2 6/20/06 7.41 5.81 0.024231 30.0 -44.85 -50.19 -25.46 1.029 100.00%

2B3 6/20/06 366.30 45.24 3.092256 30.0 -37.87 -43.89 -37.02 1.029 63.07%

2B4 6/20/06 6.00 3.81 0.025637 30.0 -49.93 86.95 1.029 100.00%

4B1 6/20/06 5.86 6.65 -0.008776 27.5 100%

4B2 6/20/06 9.57 4.73 0.047750 27.5 -52.49 -47.20 -57.66 1.030 0.00%

4B3 6/20/06 5.57 7.82 -0.016106 27.5 100%

4B4 6/20/06 7.76 3.30 0.071981 27.5 -40.92 -48.39 -35.38 1.030 66.26%

8B1 6/20/06 5.41 7.54 -0.018664 28.5 100%

8B2 6/20/06 8.21 8.19 0.023742 28.5

8B3 6/20/06 5.62 7.81 -0.013944 28.5 100%

8B4 6/20/06 7.77 3.08 0.056400 28.5

2D1 6/20/06 3.35 3.60 -0.002826 33.0 100%

2D2 6/20/06 3.38 4.57 -0.004676 33.0 100%

2D3 6/20/06 4.20 4.99 -0.006010 33.0 100%

2D4 6/20/06 4.55 5.02 0.007804 33.0

4D1 6/20/06 29.73 6.50 0.314637 38.2 -46.42 -51.20 -45.08 1.024 42.25%

4D2 6/20/06 5.14 3.37 0.010709 38.2 -50.23 -47.27 -55.88 1.024 0.00%

4D3 6/20/06 5.33 3.15 0.029467 38.2 -43.26 -48.17 -36.13 1.024 79.00%

4D4 6/20/06 2.77 3.23 0.001600 38.2

6D1 6/20/06 3.89 3.22 0.011516 30.5 -49.05 -49.24 -48.14 1.028 26.11%

6D2 6/20/06 4.64 2.79 0.019762 30.5 -48.79 -50.19 -46.68 1.028 31.36%

6D3 6/20/06 3.78 4.22 -0.005128 30.5 100%

6D4 6/20/06 6.53 3.65 0.062926 30.5 -51.68 -51.49 -51.92 1.028 12.47%  
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2B1 07/27/06 4.94 4.90 0.000 30.1 28.6

2B2 07/27/06 3.64 4.58 -0.009 31.4 31

2B3 07/27/06 2.49 3.71 -0.008 31.4 31

2B4 07/27/06 3.20 4.77 -0.011 30.1 28.6

4B1 07/27/06 2.59 3.19 0.000 32.9 42.3

4B2 07/27/06 8.36 14.38 -0.036 32.9 42.4

4B3 07/27/06 4.85 6.44 -0.013 32.3 36.5

4B4 07/27/06 4.89 6.54 -0.013 32.3 36.5

8B1 07/27/06 2.39 3.33 -0.018 29.5 29.4

8B2 07/27/06 1.98 2.59 0.000 29.7 30.4

8B3 07/27/06 3.64 3.82 0.000 29.7 30.4

8B4 07/27/06 2.16 3.12 -0.006 29.5 29.4

2D1 07/27/06 3.88 17.02 0.000 32.8 28.6

2D2 07/27/06 4.07 4.72 -0.004 32.8 28.6

2D3 07/27/06 3.60 4.98 -0.009 33.9 30.7

2D4 07/27/06 3.22 4.32 0.000 33.9 30.7

4D1 07/27/06 4.22 7.57 0.000 33.7 33.8

4D2 07/27/06 4.19 5.13 0.000 33.7 33

4D3 07/27/06 3.94 3.99 0.000 35.6 36.9

4D4 07/27/06 3.45 4.34 0.000 35.6 38.9

6D1 07/27/06 3.86 4.26 0.000 38.5 35.9

6D2 07/27/06 2.63 3.36 0.000 38.5 35.9

6D3 07/27/06 3.31 3.33 0.000 38.5 34.4

6D4 07/27/06 4.65 4.24 0.003 38.5 34.4  
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