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ABSTRACT 

 
Landfilling is one of the most common technology for solid waste management (MSW) as 

an alternative to waste burning and composting. A complex series of biological and chemical 

reactions is initiated with the burial of solid waste in a landfill, resulting in the production of 

methane (CH4) and carbon dioxide (CO2) as the major end products of biological decomposition. 

With a global warming potential 28 to 34 times as high as than carbon dioxide on a century time 

scale, methane is an important greenhouse gas in the climate system. The fate of this CH4 varies 

widely depending on typical landfill practice in a specific country. Ideally, all generated CH4 

would be captured and used beneficially as an energy source. However, even at modern landfills, 

some CH4 is released before installation of gas collection systems and some CH4 is released 

because it is not captured in a collection system. A fraction of the uncollected CH4 is oxidized in 

the landfill cover through bacterial activities and the rate of CH4 oxidation has recently been 

reviewed. Thus, estimation of methane emissions from landfills is a crucial task. Several models 

have been developed through the history for such a task, however, none of them represent the 

reality of the different phases that methane goes through in the landfill. Moreover, methane 

oxidation capacity estimation has been only based on stable isotopes method. The objective of this 

thesis is to develop new independent and field scale methodologies to quantify methane oxidation 

capacity within landfill covers. To date, the Gas Push Pull Test (GPPT) method has been used to 

determine rates of methane oxidation above a contaminated aquifer, in a peat bog, and twice in 

landfill cover soils. This method is used in two closed landfills to quantify methane oxidation 

within landfill covers at the two closed landfills. Another independent site specific methodology 

based on mass balance approach in test pads with a controlled inflow rate is established to quantify 

methane oxidation in landfills covers. Finally, a new model is developed to quantify site specific 

gas emissions based on the different phases that gas goes through, generation, collection and 

oxidation. This model has been calibrated based on field measurements and historical data 

available over the United States.
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1 CHAPTER 1 

 

INTRODUCTION 
 

 

Landfilling is the most common solid wastes disposal option worldwide. It has been used 

for 70 years (Aarne et al., 2002). Compared to other disposal options, landfills are relatively cheap, 

easy to operate with minimal capital costs required. Unfortunately, despite the many benefits of 

waste land disposal, this strategy poses significant environmental risks, including the production 

of landfill gas. Landfill gas (LFG) is a by-product of natural decomposition of organic materials 

in landfills that can create unsafe air quality, health issues, unpleasant odors, and contribute to 

global climate change. LFG predominantly consists of methane (CH4) and carbon dioxide (CO2), 

potent greenhouse gases (GHG). Methane has a global warming potential (GWP) 28 to 34 times 

greater than carbon dioxide over a 100-year timeframe (IPCC-Intergovernmental Panel on Climate 

Change, 2013) making it an important gas to control and reduce its generation and emissions into 

the atmosphere. Quantifying methane emissions from landfills is more challenging task than 

quantifying GHG from fossil fuel combustion because landfills are large area sources with non-

homogeneous rates of emissions occurring across the landfill surface.  

Several efforts have been made to collect the generated LFG before reaching the landfill 

covers. However, measurements of collection efficiency have shown that it is impossible to 

completely collect the gas using gas collection systems (Gourc et al.,2011; Barlaz et al., 2009). 

Thus, some fugitive gas crosses the landfill cover. Methane goes through landfill covers and 

microorganisms naturally oxidize methane to produce carbon dioxide. This process is called 

methane oxidation which contributes to reduce gas emissions from landfills. The escaped gas that 

doesn’t get consumed by the bacterial activity reaches the atmosphere and represents the 

emissions. 

Methodologies for quantifying those emissions from landfills have been developed for 

regulatory reporting (USEPA, 2013) and large scale inventories (IPCC, 2013). These methods 

have frequently drawn from previous methodologies while simultaneously developing their own 

methods or factors. All regulations represent LFG generation by a first-order decay model. Thus 

generation phase is guided by regulations. To limit emissions from landfills only collection and 

oxidation phases play a crucial role to reduce as much as possible emissions. Previously, the 
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USEPA (2004) and the IPCC (2006) agreed that the default for methane oxidation is set between 

0 and 10 percent due to the uncertainty and the lack of methodologies to determine the oxidation 

rate. US EPA (2013) has recently released a new regulation to quantify methane oxidation. The 

newly published EPA rules provide an option for site-specific methane oxidation values other than 

the default value of ten (10) percent. Methane oxidation values are now assigned to be 0%, 10%, 

25%, or 35% depending on the methane loading flux in grams per square meter per day (g/m2/d) 

and on the landfill cover type. Few important issues in the new rule, however, might make it 

difficult for landfills to actually use these higher than the default 10% oxidation value.  First, the 

EPA new rule assigns a ZERO oxidation value for “landfills that have a geomembrane (synthetic) 

cover with less than 12 inches of cover soil for the majority of the landfill area containing waste.”  

Second, the new rule assigns 10% oxidation value for landfills that do not have a soil cover with a 

thickness of at least 24 inches. Thirdly the higher oxidation values of 35% can only be used for 

landfills that have a soil cover that is at least 24 inches thick, and a methane flux rate less than 10 

grams per square meter per day (g/m2/d). The higher value of 25% can only be used for landfills 

that have a soil cover of that is at least 24 inches thick, and a methane flux rate between 10 and 70 

grams per square meter per day (g/m2/d). A value of 10% oxidation is assigned for landfills that 

have a soil cover of that is at least 24 inches thick, and a methane flux rate higher than 70 grams 

per square meter per day (g/m2/d).  

Several studies done by Bogner et al. (1997), Borjesson et al. (1997) and more recently 

Chanton et al. (2009) have shown that the potential range of methane oxidation in landfill soil 

covers varies from 0% to 100% and it is dependent of not only the cover type and the fugitive 

methane influx but also of the climate conditions. 

For the collection phase, regulations have set an arbitrary value of 75% based on inventory 

measurement for several landfills. However, there have been some measurements of efficiencies 

at gas recovery projects, and reported efficiencies have been between 10 and 95 percent. Oonk and 

Boom (1995) measured efficiencies at closed, unlined landfills to be in between 10 and 80 percent, 

the average over 11 solid waste disposal sites being 37 percent. Scharff et al. (2003) measured 

efficiencies at four SWDS to be 9 percent, 50 percent, 55 percent and 33 percent. Spokas et al. 

(2006) and Diot et al. (2001) measured efficiencies above 90 percent. Barlaz et al. (2009) have 

shown that collection efficiency varies through the lifetime of a landfill and can be within a range 

of 0 percent to 75 percent for a basic collection activity and can be within a range of 25 per cent 
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to 95 percent for an aggressive collection scenario. More recently, Gourc et al. (2011) has shown 

that the collection efficiency not only varies through the life time of a landfill but also depends on 

cover type used in the landfill, thus, collection efficiency varies from 35 percent to 50 percent for 

landfills with a semi-permeable cap cover and from 35 percent to 90 percent for landfills with 

impermeable cap cover.  

The aim of this dissertation is to study the regulations and models for methane emissions 

and to develop a new understanding and an improved model to better estimate gas emissions from 

landfills. Nothing much could be done for the generation phase as it is ruled by regulations. The 

two major short comings of all models and regulatory methods are the collection and oxidation 

approaches used in their estimation. The objective of this thesis is to deal with these two 

weaknesses. Also, methane oxidation default values are only stable isotopes based. Thus, a new 

methodologies and new model was developed to better predict gas emissions from landfills. 

The second chapter is a literature review that deals with several developed models and 

regulations. Those models subdivide the emission calculations into three moduli which represent 

the different phases that gas goes through within the landfill, the generation, the collection and the 

oxidation. The most used model for the generation module is a first-order kinetics based on the 

decay of the biodegradable materials. Once generated, the gas gets collected by gas collection 

systems for a purpose of energy production or flaring. A fraction of the uncollected gas will go 

through landfill covers where the bacterial activity consumes some of the methane, this process is 

referred as methane oxidation. Regulations and methodologies have set factors and models for 

those different three phases.  

To address the limitation in current estimation of fugitive gas emissions from landfills, this 

thesis consists of three major studies. The first study, introduced in chapter three, consists of a 

non- stable isotope based technique of measuring methane oxidation under field condition in two 

closed landfills using a newly developed technique called the Gas Push Pull Test (GPPT). To date, 

the GPPT method has been only used to determine rates of methane oxidation above a 

contaminated aquifer, in a peat bog, and twice in landfill cover soils.   

GPPT is a single well gas-tracer test in which inert gases are used as non-reactive tracers 

for the reactive gas (methane). During the test, a mixture of tracer and reactive gases is injected 

(pushed) into the soil. During a transition phase, the soil “gas” mixes with the injected gases where 

it is available to microorganisms. The mixture of soil “gas” and injected gas is then extracted 
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(pulled) from the same location. The quantification of oxidation is then based on the analysis of 

the breakthrough curves (concentrations) of the reactive and the tracer gases. It is expected that 

the tracer concentrations at the injection/extraction points decrease only as a result of physical 

transport processes, whereas the concentration of the reactive gas decreases as a result of both 

physical transport processes and microbial (and other) activities.  

The second study, introduced in the fourth chapter, is also a field scale methodology that 

aims to quantify methane oxidation within landfill covers using a mass balance approach at three 

test pads with different soil cover configuration. LFG is extracted from an on-site gas extraction 

well and pumped into the test pads with a controlled flow for a period of two years. The inflow 

and the outflow provided another independent methane oxidation measurement. The first test pad 

has a cover soil of 45 cm of local soil and the second test pad has cover soil composed by 30 cm 

of compost layer and 15 cm of local soil. The third test pad had a 15 cm soil cover which could 

represent a daily cover. All test pads have an underlying cover of 15 cm of gravel layer to ensure 

the uniform distribution of the injected LFG through the whole area of the both test pads.  

Finally, within the last chapter, a new methodology is developed based on best 

management practices (BMPs) for controlling methane emissions as collected from industry. 

Different best management practices as well as their corresponding gas collection efficiencies are 

implemented through the lifetime of landfills. Those practices are weighted using a code box that 

reflects their extra weighted collection efficiency. The collection efficiency also depends on the 

covers distribution during the lifetime of a landfill. A chart was developed to reflect the variability 

of the covers through the life time of the landfill. This new methodology allows the user to choose 

any one of the different existing generation models since the generation is ruled by regulations. 

Collection and oxidation are developed to be site specific moduli which are improved compared 

to the regulations. Finally, the model is tested for a case of study. 
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2 CHAPTER 2 

 

LITERATURE REVIEW 
 

 

2.1 Background 

 

Nowadays, landfilling is still considered the most economically viable municipal solid 

waste (MSW) management practices worldwide than waste burning and composting (Aarne et al., 

2002). Landfills are easy to operate and relatively cheap. However, measurements and controls of 

their environmental impact should be taken in consideration including the landfill gas production 

(Bogner et al., 2008). Landfill gas (LFG) is a by-product of biological anaerobic decomposition of 

organic materials in landfills that could lead to an unsafe air quality, health issues, unpleasant odors 

and contribution to global climate change by trapping heat in the atmosphere and making the earth 

warmer. 

Microorganisms decompose organic waste to produce predominantly carbon dioxide 

(CO2), methane (CH4), potent greenhouse gases (GHG). Methane has a global warming potential 

(GWP) 28 to 34 times greater than carbon dioxide over a 100-year timeframe (IPCC-

Intergovernmental Panel on Climate Change, 2013). The concentration of methane and carbon 

dioxide have increased dramatically due to human activities since the pre-industrial era by 43% 

for carbon dioxide and 160% for methane (IPCC, 2013; EPA, 2015). 

The fate of generated LFG changes over time and it varies widely depending on typical 

landfill practice. Initially, before the installation of LFG collection systems, the LFG is emitted to 

the atmosphere except partial oxidation in soil covers. Once a gas collection system is installed, a 

fraction of the generated gas is collected through a network of wells or/and tranches kept under a 

negative pressure. Despite the high collection efficiency of gas collection systems, LFG could not 

be collected totally. A fraction of the uncollected gas, is oxidized in the landfill covers due to the 

bacterial activity that consumes methane. Finally, a fraction of the un-oxidized gas escapes to the 

atmosphere representing the emitted gas from landfills. Figure 2.1 shows the different phases, 

generation, collection and oxidation, that gas goes through within the landfill. 
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 Figure 2.1. Phases of Gas Migration Within a Landfill 

 

 

In 2014, total U.S. greenhouse gas emissions were 6,870.5 MMT or million metric tons 

CO2 Eq. with an increase of 7.4% from 1990 to 2014. Landfill methane emissions were 

approximatively 148 MMT CO2 Eq., representing the third largest source of methane emissions in 

the U.S. Emissions from MSW landfills accounted for approximately 95% of total landfill 

emissions, while industrial landfills accounted for the remainder (EPA, 2015). 

To reduce those emissions, technological improvements were made in LFG collection and 

utilization industry since the first full-scale project implementation in Palos Verdes, California, 

USA in 1975 (Spokas et al., 2009). However, an integrated approach to evaluate all the phases that 

LFG goes through from generation, to collection, to oxidation is yet to be developed.  

Several methodologies and models have been developed to estimate LFG emissions from 

landfills all over the world. GHG emissions are typically calculated based on two methods. The 

first one consists of using a first order decay (FOD) model, which is based on waste placement, 

rainfall, the methane generation potential and the decay rate. Then the recovered methane via LFG 

collection systems is deduced from the generated methane. The second method is based on the 

measurements of the collected gas by LFG collection and control systems (GCCS). The generated 
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methane is calculated based on an estimated fraction of methane recovered (collection efficiency). 

However, this method cannot be used on landfills without GCCS. Both methods assume that the 

fraction of the non-collected gas passes through the landfill cover where a fraction of it is oxidized 

in the covers before escaping to the atmosphere.  

 

2.2 Landfill Gas Production 

 

Landfill gas (LFG) is a normal by-product of biological anaerobic decomposition of 

organic materials in landfills. LFG is composed of gases that are present in large amounts 

(principal gases) and gases that are present in very small amounts (trace gases). Typically, MSW 

LFG consists of 45-60% methane (CH4), 40-60% carbon dioxide (CO2), nitrogen (N2), ammonia 

(NH3), hydrogen (H2), hydrogen sulfide (H2S), carbon monoxide (CO), reduced sulfur compounds 

(RS), and non-methane organic compounds (NMOCs) like trichloroethylene, benzene, and vinyl 

chloride (Tchobanoglous et al., 1993). 

Once the solid waste placed in the landfill, a complex series of chemical and biological 

reactions take place in a series of phases (Barlaz et al., 1989). The rate and characteristics of biogas 

generated from a landfill vary through these phases as shown in Figure 2.2. 

Phase I: This phase is associated with initial placement of waste and introduction of oxygen into 

the landfill. Aerobic decomposition begins soon after the waste is placed and continues until all of 

the oxygen is depleted from the voids in the waste and within the organic material itself. As a 

result, the aerobic decomposition will lead to a gaseous product with high temperatures (130 to 

160°F or 54 to 71°C), high carbon dioxide content and no methane content. This phase could last 

few days as long as few months depending on the quantity of oxygen present in the landfill. 

Phase II: Once the oxygen is depleted, the decomposition gets into a transitional phase in which 

acid fermentation occurs. The gaseous byproducts of this phase are carbon dioxide and hydrogen. 

If the landfill is disturbed or any oxygen is introduced to the landfill, microbial processes will 

return to phase I. 

Phase III: During this phase, decomposition enters an anaerobic phase and the methane-forming 

bacteria, which thrive into an oxygen deficient environment, become dominant. LFG production 

becomes significant with higher concentrations of methane and carbon dioxide. This methanogenic 

phase takes few years until generation rates stabilize.  
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Figure 2.2. Landfill Gas Production Phases (ATSDR, 2001) 

 

Phase IV: This phase starts when both the composition and production rates of LFG remain 

relatively constant typically for 20 years; however, gas emissions will remain for 50 years or more 

after waste burial (Crawford and Smith, 1985). During this phase, LFG consists of 40-60% carbon 

dioxide, 45-60% methane, and 2-9% other gases (tracer gases).  

Usually, the duration of each phase is variable and depends on different factors like the 

Distribution of organic components, moisture content, and degree of compaction (Tchobanoglous 

and Kreith, 2002). 
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The general transformation of organic matter in presence of appropriate bacteria in an 

anaerobic environment could be described by an equation given by (Tchobanoglous and Kreith, 

2002): �  + + �→  + �  �  + + ++ + ℎ  

(2.1) 

Many references assume a total conversion of biodegradable matter in which all the carbon 

content of waste is assumed to be converted to carbon dioxide and methane. Based on this 

assumption, the following stoichiometric equation has been developed to calculate the total amount 

of gas production in landfills: + − − +
→ − + + + + − − +  

(2.2) 

However, this methodology has been proved to be an over-estimation by comparison of 

the data calculated by the stoichiometric estimates with actual landfill gas measurements 

(Schamucher, 1983). 

 

2.3 Landfill Gas Modeling 

 

 Quantifying methane emissions from landfills is a challenging task since landfills are large 

sources with non-homogeneous rates of emissions and landfill gas generation, collection and 

oxidation are difficult to directly measure. As a result, several methods and models have been 

developed to quantify GHG emissions from landfills. Those methods and models could be 

classified as follow: regulatory calculation models, inventory calculation models, voluntary 

reporting methodology and other models. 

 

2.3.1 Regulatory Calculation Models 

 

Regulation have introduced methodologies to estimate the GHG generation of landfills 

since the GHG is becoming more regulated. Those methods are generally prescriptive due to their 

regulatory nature even though attempts to introduce options for site specific information has been 

suggested. One of most known model is the USEPA GHG Mandatory Reporting Model. Emissions 

are calculated according to Equation 2.3. 
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� � = 4 ∗ − ∗ −  (2.3) 

Where: 

GCH4 = the generated methane. 

CE = the collection efficiency. 

OX = the oxidation factor. 

Generation, collection and oxidation are treated differently as described next. 

 

2.3.1.1 Generation. The USEPA has published on October 30, 2009 a mandatory GHG 

reporting rule known as 40 Code of Federal Regulation (CFR) part 98. This reporting rule deals 

with GHG at the facility level from approximatively 13000 facilities including MSW landfills 

(Subpart HH). 

Methane generation can be calculated using the first order decay model that uses historical 

waste placement or estimated historical waste placement. The FOD equation used for this method 

is defined as follow: 

4 =∑ ∗ ∗ ∗ ∗ ∗ ∗ − − − − − −−
=  (2.4) 

Where: 

GCH4 = Modeled methane generation rate in reporting year T [metric tons CH4]. 

x = Year in which waste was disposed. 

S = Start year of calculation.  

T = Reporting year for which emissions are calculated. 

wx = Quantity of waste disposed in the landfill in year x from measurement data [metric tons/year]. 

MCF = Methane correction factor (fraction) to correct of length of aerobic phase of landfill. 

DOC = Degradable organic carbon [fraction (metric tons C/metric ton waste)]. 

DOCF = Fraction of DOC dissimilated (fraction). Use the default value of 0.5. 

F = Fraction by volume of CH4 in landfill gas (default of 50%). 

k = Rate constant [yr−1].  

Table A-1 in Appendix A shows how the different parameters in this model are selected. Several 

default values are also included in this table. 
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2.3.1.2 Collection. The collection efficiency in the USEPA Mandatory reporting rule is 

based on landfill cover information. Collection efficiency estimated at landfill, taking into account 

system coverage, operation, and cover system materials is typically assigned. Zero collection 

efficiency is assigned to areas with no active gas collection system. The gas collection efficiency 

is 60% for areas covered with daily cover and has a gas collection system. A 75% collection 

efficiency is assigned to areas with interim soil cover or a final soil cover of less than 3 feet 

thickness and has a gas collection system. Areas with a final soil cover of 3 feet or thicker of clay 

and/or geomembrane cover system and with an active gas collection system have a gas collection 

efficiency of 95%. Finally, the area weighted average collection efficiency for landfill is 

determined once collection efficiencies are set for the different areas. If area by soil cover type 

information is not available, a value of 75% is used for all areas under active gas collection 

systems. 

 

2.3.1.3 Oxidation. The Oxidation fraction in this model is determined based on the cover 

information and the methane flux under the covers. Methane oxidation values are now assigned to 

be 0%, 10%, 25%, or 35% depending on the methane flux in grams per square meter per day 

(g/m2/d) and on the landfill cover type. A zero oxidation value is assigned for “landfills that have 

a geomembrane (synthetic) cover with less than 12 inches of cover soil for the majority of the 

landfill area containing waste.”  A value of 10% oxidation is assigned for landfills that do not have 

a soil cover with a thickness of at least 24 inches.  The higher oxidation values of 35% can only 

be used for landfills that have a soil cover that is at least 24 inches thick, and a methane flux rate 

less than 10 grams per square meter per day (g/m2/d). The higher value of 25% can only be used 

for landfills that have a soil cover of that is at least 24 inches thick, and a methane flux rate between 

10 and 70 grams per square meter per day (g/m2/d). A value of 10% oxidation is assigned for 

landfills that have a soil cover of that is at least 24 inches thick, and a methane flux rate higher 

than 70 grams per square meter per day (g/m2/d). If area by soil type information and the methane 

fluxes are not available a single value of 10% will be used for the oxidation. 

 

2.3.2 Inventory Calculation Models 

 

An attempt has been done by several entities like USEPA and IPCC (Intergovernmental 

Panel on Climate Change) to calculate GHG emissions for large numbers of landfills in different 
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states, countries, or regions. For these inventories, site-specific information is not important like 

the case for site or facility inventories. Default values for important parameters like collection 

efficiency, methane generation potential, and oxidation in the landfill surface were assigned by 

these models. 

 

2.3.2.1 IPCC GHG Inventory Calculation Model. The IPCC has developed a GHG 

inventory methodologies for national and regional inventories, most recently updated in 2013. 

GHG emissions resulting from MSW landfills are listed in the Volume 5, Chapter 3 of the IPCC 

methodologies. 

The IPCC developed a methodology based on separate FOD calculations for different 

organic waste categories with varying decay rates to predict methane emissions from individual 

landfills and at the national level. (IPCC, 2006). The emissions of methane in a single year is 

calculated using Equation 2.7. � � =∑ 4 , ∗ − ∗ −  (2.7) 

Where: 

w = waste category or type/material 

T = inventory year 

Emissions = CH4 emitted in year T, [Gg] 

GCH4 T,w = generated methane in year T for the waste category w [Gg/yr] 

RT = recovered CH4 in year T, [Gg] 

OXT = oxidation factor in year T, [fraction] 

The different terms will be described in the next sections. 

Generation: The generation is based on FOD model described in equation 2.8. 

4 , =∑� ∗ ∗ , ∗ , ∗ , ∗ − � −   
 = � � �     

(2.8) 

Where: 

x = years for which input data should be added 

A = (1 – e–k
w) / kw ; normalization factor which corrects the summation 

k = Methane generation rate constant [1/yr] 
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MSWT,w (x) = Total municipal solid waste (MSW) generated in year x for waste category w 

[Gg/yr] 

MSWF,w (x) = Fraction of MSW disposed at SWDS in year x for waste category w 

L0,w (x) = Methane generation potential for waste category w [MCF (x) • DOCw (x) • DOCFw • F 

• 1θ / 12 (Gg CH4/Gg waste)] 

Collection: The collection efficiency by default is equal to zero when there is no collection or flare 

systems installed. Otherwise the collection efficiency is given by the user based on the gas 

collection measurements. 

Oxidation: The default value for oxidation factor is zero except for covered and well managed 

solid waste disposal sites where the oxidation factor is assigned to be 10%.  

 

2.3.2.2 USEPA GHG Inventory Calculation Models. In 2005, USEPA provided landfill 

owners with an automated tool called LandGEM that estimates emissions for total landfill gas, 

methane, dioxide carbon, non-methane organic compounds (NMOCs), and individual air 

pollutants from MSW landfills. Its main purpose is to verify if a landfill is subject to the control 

requirements of the federal New Source Performance Standards (NSPS) for new MSW landfills 

(40 CFR 60 Subpart WWW), the federal Emission Guidelines (EG for existing MSW landfills (40 

CFR Subpart Cc), or the national Emissions standards for Hazardous Air Pollutants (NESHAP) 

for MSW landfills (40 CFR Subpart AAAA). LandGEM uses two sets of default parameters, one 

of them is the Inventory Defaults. They are based on emission factors in the U.S. Environmental 

Protection Agency’s (EPA’s) Compilation of Air Pollutant Emission Factors (AP-42). This set of 

defaults yields average emissions and can be used to generate emission estimates in case of absence 

of site-specific test data. The emissions are given by Equation 2.9. 

4 = 4 ∗ − ∗ −  (2.9) 

Where 

ECH4 = annual methane emissions in the year of the calculation [m3/year] 

QCH4 = annual methane generation in the year of the calculation [m3/year] 

CE = collection efficiency. 

OX = Oxidation factor. 

Generation: LandGEM uses the first order decay model (2.10) to estimate annual generations 

over a time period. 
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4 =∑ ∑ −= .=  (2.10) 

Where 

QCH4 = annual methane generation in the year of the calculation [m3/year] 

i = 1-year time increment 

n = (year of the calculation) - (initial year of waste acceptance) 

j = 0.1-year time increment 

k = methane generation rate [yr-1] 

Lo = potential methane generation capacity [m3/Mg] 

Mi = mass of waste accepted in the ith year [Mg] 

tij = age of the jth section of waste mass Mi accepted in the ith year  

The different values of the parameters are listed in tables A-3 and A-4 in the Appendix A section. 

Collection: Based on measurement in several landfills, collection efficiencies typically rages from 

60% to 85%. Thus, an average collection efficiency of 75% is most commonly used. 

Oxidation: The oxidation factor is considered to be 10% for managed landfills and 0% for 

unmanaged or managed and without aerated material covers. 

 

2.3.3 Other Generation Models 

 

2.3.3.1 TNO-Single Phase. The TNO (Netherlands Organization of Applied Scientific 

esearch) model is a first order model developed by Oonk et al. (1994) that can be described 

mathematically by the Equation 2.11. � = . � − 1  (2.11) 

Where: 

αt = landfill gas production at a given time [m3LFG.y-1] 

ς = dissimilation factor 0.η8 [-] 

1.87 = conversion factor [m3LFG.kgCdegraded-1] 

A = amount of waste in place [Mg] 

Co = amount of organic carbon in waste [kg C.Mg waste-1] 

k1 = degradation rate constant 0.094 [y-1] 

t = time elapsed since depositing [y] 
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The different values of the parameters are listed in Table A-5 in the Annex A section. 

Once the generated methane is calculated by the first order decay model, emissions are 

determined by subtracting the recovered quantity of methane with recovery system (user specified) 

and using a standard oxidation factor of 10%.  

2.3.3.2 TNO-Multi Phase (Afvalzorg). Different types of waste contain different fractions 

of organic matter that degrade at different rates. The advantage of a multi-phase model is that the 

typical waste composition can be taken into account. In the Afvalzorg multi-phase model eight 

waste categories and three fractions are distinguished. For each fraction LFG production is 

calculated separately. 

The multi-phase model is a first order model and can be described mathematically by the 

equation 2.12. 

� = ∑ � , , − 1,=  (2.12) 

Where: 

αt = landfill gas production at a given time [m3LFG.y-1] 

ς = dissimilation factor [-]* 

i = waste fraction with degradation rate k1,i [kg.kgwaste-1]** 

c = conversion factor [m3LFG.kgOMdegraded-1] (minimum 0.7, maximum 0.74) 

A = amount of waste in place [Mg] 

Co = amount of organic matter in waste [kgOM.Mg waste-1] 

k1,i = degradation rate constant of fraction i [y-1]* 

t = time elapsed since depositing [y] 

The different values of the parameters are listed in Tables A-6 and A-7 in the Appendix A section. 

Same as the TNO-single phase model, the multi-phase model determines emissions by 

subtracting the collected methane (user specified) from the calculated generated methane using the 

above first order decay equation and then using a standard value of 10% for the oxidation capacity. 

2.3.3.3 EPER Model (France). The French EPER model (Budka, 2003) gives two 

approaches to estimate methane emissions from landfills. The operator can select the most suitable 

approach. 
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 Methane emission estimates for landfill cells connected to an LFG extraction system using 

data of recovered LFG by the landfill operator and the LFG extraction efficiency. 

 Methane emissions estimates for landfill cells connected or not connected to an LFG 

extraction system using a multi-phase model (ADEME, 2002) and the LFG extraction 

efficiency. 

The methane emission for landfill cells connected to the LFG extraction system can be 

calculated with the Equations 2.13 to 2.15. � = ∗ ∗ [ ] (2.13) 

Where: 

A = recovered amount of methane [m3CH4.y
-1] 

F = extraction rate of LFG [m3LFG.h-1] 

H = compressor yearly hours in operation [h.y-1] 

[CH4] = methane concentration in LFG [m3CH4.m
-3LFG] 

A is then corrected to standard temperature and pressure (m3STP.y-1) by taking into account 

the ambient pressure and temperature at the moment of the gas quality sample. The surface area 

of cells connected to the LFG extraction system and the type of top cover present on that particular 

cell determine the extraction efficiency. For example, a zone in operation which has no top cover 

and is connected to a LFG extraction system has an LFG collection efficiency of 35%. The 

remaining 65% of LFG will eventually be emitted to the atmosphere. The production of methane 

for cells connected to LFG extraction system is calculated by the Equation 2.14. = �
 (2.14) 

Where: 

P = production of methane [m3CH4.y-1] 

 = extraction efficiency [%] 

Methane emission is then determined by equation 1.17.  =  −  −   (2.15) 

In the second approach the formation of methane is calculated with a multi-phase Equation 

2.16 following the ADEME model: 

4 =∑ ∗ ∑ � ∗ ∗ ∗ −, ,  (2.16) 
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Where: 

FECH4 = annual methane production [m3CH4.y-1] 

FE0 = methane generation potential [m3CH4.Mg waste-1] 

pi = waste fraction with degradation rate ki [kg. kgwaste-1] 

ki = degradation rate of fraction i [y-1] 

t = age of waste [y] 

Ai = normalization factor [-] 

The model describes three categories of waste and every category has a specific methane 

generation capacity per Mg of waste. The French model calculates with three fractions and three 

k values for each waste category. The model calculates an overall k value for each waste category. 

The distribution of the fractions is the same for Category 1 and 2. This results in the same k value. 

The k value for Category 3 is zero. Therefore, the French EPER multi-phase model can essentially 

be considered to be a single-phase model. The French EPER model assumes an oxidation capacity 

of the top cover of 10%. The total methane emission is calculated by the Equation 2.18.  = − ∗ . + 4 ∗ .  (2.18) 

The different values of the parameters are listed in tables A-8 and A-9 in the Appendix A section. 

Same as the TNO models, the French model determines emissions by subtracting the 

collected methane (user specified) from the calculated generated methane using the above first 

order decay equation and then using a standard value of 10% for the oxidation capacity. 
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3.1 Introduction 

 

When methane goes through cover soils of landfills, it gets into an oxygen containing zone 

rich with bacteria that converts part of the methane to produce carbon dioxide. This process is 

called methane oxidation which implies the reduction of methane emission from landfills. 

Previously, the USEPA (2004) and the IPCC (2006) agreed that the default for methane oxidation 

is set between 0 and 10 percent due to the uncertainty and the lack of methodologies to determine 

the oxidation rate. Several studies have shown that methane oxidation is dependent of several 

factors like the flux of the incoming fugitive methane toward cover soils (Scheutz et al., 2009), 

properties of the cover soil like the porosity (Gebert et al., 2009), the moisture content (Boerjesson 

et al., 1997) and the temperature (Gebert, 2007). Recently, the USEPA (2013), incorporated the 

cover soil properties and the fugitive methane influx as an input to determine the oxidation that 

ranged from 0 percent to 35 percent. Bogner et al. (1997), Borjesson et al. (1997) and more recently 

Chanton et al. (2009) have shown that the potential range of methane oxidation in landfill soil 

covers varies from 0% to 100%. Those uncertainties are basically due to the lack of methods to 

quantify the methane oxidation in landfill covers. Only specialized Stable Isotope (SI) based 
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methods are capable of such a task. The costs of the SI based methods necessitate the development 

of a new simpler test. Recently, there was also some push-back against relying on the Stable 

Isotope technique to quantify methane oxidation in landfill covers and in biocovers. It was argued 

that diffusive gas transport through soils can result in significant depletion in 13C. This is a result 

of the faster diffusive flux of the lighter 12CH4 as compared to 13CH4. The effect is increased with 

higher air-filled porosity and hence increased high diffusivity.  Some even argued that these 

uncertainties may render the application of the stable isotope method for the quantification of the 

oxidation process very difficult especially for older landfills where methane transport through the 

soil cover is mainly diffusive. Finding possible alternatives to replace the Stable Isotopes technique 

to field-assess methane oxidation and to field-estimate CH4 oxidation capacity of different cover 

materials and different cover designs and to show that methane oxidation capacity is higher than 

the default values stated by regulations is necessary. 

One of the best possible techniques is the Gas Push Pull Test (GPPT). To date, the GPPT 

method has been used to determine rates of methane oxidation above a contaminated aquifer, in a 

peat bog, and twice in landfill cover soils.  GPPT is a single well gas-tracer test in which inert 

gases are used as non-reactive tracers for the reactive gas (methane).  During the test, a mixture of 

tracer and reactive gases is injected (pushed) into the soil. During a transition phase, the soil “gas” 

mixes with the injected gases where it is available to microorganisms. The mixture of soil “gas” 

and injected gas is then extracted (pulled) from the same location (Figure 3.1). The quantification 

of oxidation is then based on the analysis of the breakthrough curves (concentrations) of the 

reactive and the tracer gases.  It is expected that the tracer concentrations at the injection/extraction 

points decrease as a result of physical transport processes, whereas the concentration of the reactive 

gas decreases as a result of both physical transport processes and microbial (and other) activities.  

Interpretation of the concentration data during this technique is, however, not straightforward and 

does require study. This chapter is a study of the Gas Push Pull Test where measurements are 

performed at a two closed landfills. Stable isotopes measurements are also performed at the same 

time as GPPT measurements are performed for a purpose of comparison. Results show that the 

simple field-scale technique (GPPT) is a trustful method and its methane oxidation capacity 

measurements were close to the ones given by stable isotopes testing and that they were higher 

than the arbitrary 10 % value stated by regulations. 
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Figure 3.1: Gas Push Pull Test Phases 

 

3.2 History of Gas Push Pull Test (GPPT) 

 

In the 1960s, the Push Pull Test (PPT) was initiated and was widely used in the oil industry 

to determine residual oil saturation in petroleum reservoirs until the late 1990s (Tomich et al., 

1973). In the late 1990s, a considerable amount of development of the method have occurred 

(Istock, 2013). Researchers used the PPT as a type of single well injection/extraction test to study 

the degree of blending of injected water with background groundwater (Sternau et al.,1967). The 

PPT was defined as an in-situ field method for characterizing physical, chemical, and biological 

processes in subsurface surroundings (Istock, 2013). The physical process includes fluid or gas 

flow by advection and mixing or spreading processes such as dispersion, conduction, and 

convection (Istock, 2013). Also, the chemical process includes a wide variety of chemical reactions 

such as acid/base, precipitation/dissolution, sorption, subsurface complexation, and 

oxidation/reduction reactions. The biological processes contain varied absorption activities shown 

by indigenous microorganisms (Istock, 2013). Therefore, the PPT is very popular test for acquiring 

a wide range of in-situ reaction rates (Mcguire et al., 2010; Zhu et al., 2007). 

The PPT can be used to obtain quantitative information on an array of subsurface attributes, 

but mostly popular for estimating in-situ rates of chemical or microbial reactions (Istock, 2013). 

A typical PPT is conducted in the field utilizing any device that provides entrée to surface wells 

or the vadose zone, which depends whether the test is being operated in the saturated or unsaturated 

zone (Istock, 2013). If the PPT is performed in the saturated zone, the test is an aqueous mixture, 

and if the test is done in the unsaturated zone, the test solution is a gas mixture (Istock, 2013). In 

both situations, the test solution is a concoction of non-reactive tracer and reactive gas (Istock, 

2013). The non-reactive gas supplies information of the physical processes such as advection, 
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diffusion, dispersion, etc., whereas reactive tracers offer information on sorption, cation exchange, 

biogeochemical reaction rates and more (Istock, 2013).  

 Urmann et al. (2005) investigated the quantification of microbial activities in the vadose 

zone, by a suggested new field test called the Gas Push-Pull Test (GPPT). Based on the results, 

first order rate constants for methane oxidation were determined to be 0.68 h-1 at 1.1m below soil 

surface and 2.19 h-1 at 2.7m. To confirm that the attenuation of methane was caused by microbial 

activity, an inhibitor (acetylene) for organisms that are able to metabolize methane was injected 

into the soil. It was verified when stable carbon isotope ratios in methane increased up to 42.6%, 

and that the GPPT device functions pretty accurately under favorable conditions. 

Gonzalez et al. (2006) also used the GPPT to measure methane oxidation in in-situ soils. 

Their data showed that the rate of coefficient of CH4 oxidation was 0 h-1 with an inhibitor, and 

2.19±0.26 h-1 without an inhibitor. 

Streese et al. (2010) conducted 50 GPPTs to determine CH4 oxidation rates in landfill cover 

soils. Zhu et al. (2007) method of calculating oxidation rates based on zero order degradation 

kinetics was utilized. The results presented oxidation rates ranging from 0 to 150 gm-3h-1. At 

temperatures of 15 and 20°C oxidation rates were between 100 and 150 gm-3h-1.  Also, an oxidation 

rate at one particular location was 440 gm-3h-1 because of a vegetable bed that had been established 

on top of the landfill. 

 Gonzalez et al. (2006), Schroth et al. (2007) and Schroth et al. (2008) utilized the GPPT 

to examine methane oxidation by soil micro-organisms with the use of tracer gases such as Helium 

(He), Neon (Ne), and Argon (Ar) to compare the transport of these gases to methane through a dry 

and variably saturated porous media. The results showed that with low saturated soils, water 

occupies the smallest pores of the soil and has little effect on gas transport. Whereas at the highest 

saturation, similar breakthrough curves are evident for CH4, Ar, Ne and transport is dominated by 

advection. For sound implementation of GPPTs in diverse subsurface environments, it is important 

to better understand the transport of gaseous components during GPPT under conditions in which 

the transport of tracer and reactant gases are similar.  

In contrast to simplified methods, transport reaction models require information on soil 

properties like porosity and tortuosity that may be difficult to obtain at a field scale. However, it 

is desirable that tracer and reactants have similar transport characteristics. Our research team has 

investigated the transport of tracers using two non-reactive gases with different molecular weights 
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in sandy and clayey soils and formulated a correction factor methodology so that any available 

tracer can be utilized during the GPPT (Higgs, 2014). 

 

3.3 Objectives 

 

The main objective of this study is to field-assess and field-estimate methane oxidation in 

different cover designs in addition to the stable isotopes based method and to show that the 

methane oxidation capacity is higher than the default values stated by regulations and that it is 

dependent of the methane loading flux into covers. 

Since the covers of the two study sites consisted of 45 cm thick topsoil layer (similar to a 

biocover), the long term performance of such covers in oxidizing methane was studied, under field 

conditions. Stable isotopes technique was also used as a purpose of comparison with GPPT results.  

 

3.4 Materials and Methods 

 

Two closed landfill sites were chosen for the study (SW, and CP).  The two landfills were 

very similar in terms of size and age. Landfill SW was operated from 1971 to 1995 and Landfill 

CP operated from 1972 to 1993.  The landfilled mass of waste was estimated to be 1,729,820 and 

1,398,320 metric tons for Landfill CP and SW, respectively. The final covers of the two landfills 

consisted of compacted soil covers. The soil cover profiles consisted of a 30 cm thick compacted 

clay barrier with a maximum hydraulic conductivity of 1 x 10-5 cm/sec, overlain by 45 cm 

vegetative layer. The vegetative layer is top soil with high organic content, and can easily be 

qualified as a biocover. Both landfills had waste foot print of around 200,000 m2. The covers on 

both landfills were well vegetated. 

Green et al. (2012) reported that these two landfills are subject to the U.S. EPA mandatory 

greenhouse gas reporting rule requirements by virtue of having a calculated methane generation 

rate exceeding 25,000 metric tons of CO2 equivalents. Generation rates for the 2014 inventory year 

predicted by the first order model and assumptions are 1,460 tons/year of CH4 for CP and 1,120 

tons/year for SW landfill. Since none of the two landfills has a gas collection system, these 

generation rates should lead to a methane loading flux (in 2014: year of study) into the bottom of 

the soil cover of 20 and 15 g/m2/d for CP and SW respectively. These methane loading can be used 

to show that methane oxidation is dependent of the methane loading flux and that it is higher than 

the default values stated by regulations. 
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3.4.1 Gas Push Pull Tests 

 

Two campaigns of GPPT tests were performed at each landfill. Each of the GPPTs 

consisted of three stages.  First, a stainless steel rod that was perforated at the tip was inserted in 

to the soil cover at a given depth of the soil profile (Figure 3.1). A soil gas sample was then 

extracted from the inserted probe to obtain a background concentration of the soil gas before any 

pushing is performed. A 40 L Tedlar bag containing a mixture of landfill gas and air was used to 

prepare the pre-push gas mixture to be injected. SF6 was added to and mixed with the gas mix in 

the 40-L bag. A sample of the gas is then obtained (pre-push) and stored for shipment to the lab to 

be tested for methane and SF6. Once the background samples and the pre-push samples are 

obtained, the Tadlar bag is connected to a 12 V powered Thomas brushless pump (SNR-14806362) 

and a Dwyer Instrument Inc. in-line flow meter (VFA-4), and the gas mixture is then 

pushed/injected into the inserted gas probe. Pushing of the gas mixture is then continued for at 

least 10 minutes for all the GPPTs.  The flow direction in the pump is then reversed and the same 

flow meter is used to regulate extraction/pulling phase of the test. During extraction, the gas blend 

was periodically sampled and then transferred into a vacuumed vial for transport to our laboratory 

for further testing. In the laboratory, CH4 and tracer gas (SF6) were measured by gas 

chromatography. Samples and standards were injected into the gas chromatograph at atmospheric 

pressure and room temperature. Table 3.1 shows a summary of the parameters of each GPPT 

performed and a summary of the characteristics and testing conditions of all GPPTs performed 

during the study.  

Breakthrough curves were obtained for methane and the tracer gas. The breakthrough data 

were then used to show the oxidation phenomena that occurred within the testing phase at the two 

closed landfills.   

 A mass balance approach was also performed on the collected data to express methane 

reactions as a percent oxidation. The percent oxidation is a similar way of expressing methane 

oxidation to that of the Stable Isotope methodology, which is used to determine methane oxidation.  

More details on the data analysis are provided in a separate section. 
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Table 3.1: Summary of GPPTs Testing Parameters 

 
Volume 

Inj [L] 

Volume 

Ext [L] 

Pulling 

Rate 

[L/min] 

Pushing 

Rate 

[L/min] 

Depth 

[cm] 
C0 [ppm] 

CBG 

[ppm] 

SW GPPT-1 26 70 3.5 3.5 25 11274 252 

SW GPPT-2 25 70 3.5 3.5 25 27702 217831 

SW GPPT-3 25 70 3.5 3.5 25 336172 6732 

SW GPPT-4 11 20 1 1 30 197229 102866 

SW GPPT-5        

SW GPPT-6 10 20 1 1 30 194639 96383 

SW MEAN 19 50 3 3 27 153403 84813 

SW StDev 8 27 1 1 3 135118 88601 

CP GPPT-1 21 70 3.5 3.5 25 268207 322726 

CP GPPT-2        

CP GPPT-3 35 20 1 1 25 50246 103441 

CP GPPT-4 14 20 1 1 30 8932 252 

CP GPPT-5 10 20 1 1 30 74871 212261 

CP GPPT-6 11 20 1 1 30 15385 24946 

CP Mean 18 30 2 2 28 83528 132725 

CP StDev 10 22 1 1 3 106650 134582 

 

3.4.2 Methane Oxidation with Isotope Testing 

 

Methane oxidation near each GPPT and in 20 other locations across each landfill cover 

was determined by sampling the “just-above-ground” air. The 20 locations were selected by 

scanning the surface of the landfill with a portable FID. A given location is sampled when the 

methane concentration in the air above the soil cover at the location is at least 10 ppm. The CH4 

stable isotope ratio (δ) of the surface gas is then compared to that below the soil cover using the 

following general equation: 
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1000 1SAM

STD

R
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 (3.1) 

Where  is the 13C/12C ratio of the sample, and  is the corresponding ratio for standard 

Vienna Peedee Belemnite (Chanton et al. 2008).  

Landfill CH4 oxidation within the landfill will be determined by measurement of the CH4 

stable isotope ratio (δ) above. 

The fraction (fox) of the CH4 generated in the landfill that is oxidized will be calculated 

using the following general equation: 

 
ox trans1000 ( )

R A

oxf
 
 


 
  (3.2) 

Where δR is the δ13C value of the residual CH4 emitted from the landfill, and δA is the anoxic zone 

CH4.  The 13C values for δR and anoxic zone CH4 (δA), that is unexposed to methanotrophic bacteria 

were used to calculate the percentage of CH4 oxidized, using the carbon isotopic fractionation 

factor for bacterial oxidation. This parameter, α, is a measure of the bacteria’s preference for the 

light isotope over the heavy isotope, given by: 

L
ox

H

K
K

   (3.3) 

Where KL and KH refer to the rate constants of the light (12CH4) and heavy (13CH4) isotopes. The 

fraction of CH4 (fox) oxidized in upward transit through the landfill cover soil is then given by 

(Chanton et al., 2000; De Visscher et al., 2004): 

 
ox trans1000 ( )

R A

oxf
 
 


 
  (3.4) 

Where δR and δA are as previously defined, and αox and αtrans are the isotope fractionation factors 

appropriate for the soil type and associated with transport of CH4, respectively. Subsurface anoxic 

samples were collected at two locations in the deep, anoxic zone of each landfill.  Stable isotopic 

ratios were determined using a Finnegan Mat Delta S-Gas Chromatograph Combustion Isotope 

Ratio Mass Spectrometer (GCC-IRMS). Soil temperatures was measured to account for the effects 

of temperature on carbon isotope fractionation during methane oxidation by landfill cover 

materials (Chanton et al., 2008; Tecle et al., 2009).  
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3.5 GPPT Data Analysis 

 

The breakthrough data and mass balance approach were used to estimate methane 

oxidation within the landfill covers during the testing phase. This section shows the data analysis 

of one of the GPPTs performed during the study. The same data analysis was then used for all the 

other GPPTs. 

 

3.5.1 Breakthrough Curves 

 

After the GPPT has been run and gas samples have been tested in the lab, GPPT data is 

examined. The breakthrough curves of tracer and reactant gases during the extraction phase are 

plotted. The plots obtained from gas samples are concentration profile plots that are constructed 

for tracer and reactant gases of relative concentration versus time. Relative concentration is the 

measured extracted concentration (tracer or reactant gas) divided by the injected pre-push 

concentration of the same gas (Istock, 2013). 

*

o

C
C

C
  (3.5) 

Where C is the concentration measured during extraction and oC  is the concentration of the 

injected test solution. 

For the reactant gas, relative concentrations are computed the same way for the tracer gas 

except that we deduce the background concentration for both measured extracted concentration 

and the injected concentration (Istock, 2013). 

* BG

o BG

C C
C

C C





 (3.6) 

Where BGC  is the background concentration of the same reactant. 

Figure 3.2 shows a breakthrough curve of SF6 and CH4. SF6 is a heavier gas than CH4 

which implies that CH4 will travel faster and further away from the injection point than SF6. SF6 

will move very slowly and remain near the injection point.  

The difference between the two breakthrough curves is then explained by the fact that 

methane reacts with the soil and by the fact that SF6 is a heavier gas than CH4.  

Once the relative concentrations of SF6 and CH4 have been calculated and breakthrough 

curves obtained, the next step is to apply a correction factor for the non-reactive tracer. This 
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correction factor function corrects tracers with dissimilar molecular weights that are heavy and 

light. Figure 3.3 showcases the application of the correction factor after the correction developed 

by Higgs (2014). As can be seen from Figure 3.3, the correction brings down the breakthrough 

curve of SF6 and converts it to a breakthrough curve of the tracer with a molecular weight of 16. 

The difference between the breakthrough curve of methane and of the corrected tracer is then 

attributed to reaction of methane with the soil. 

 

Figure 3.2: Typical Breakthrough Curve for GPPT 

 

 

Figure 3.3: Application of The Correction Factor 

 

3.5.2 Mass Balance Analysis 

 

In this analysis, the cumulative mass of methane extracted during the pull phase of the test 

is compared to that during the push phase of the test, and expressed in percent.  For this analysis, 
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the mass recovery during the extraction phase for both corrected tracer and reactive gas (methane) 

was calculated as follow: 

   % * injMR t CME t M  (3.14) 

Where CME  is the cumulative mass extracted for both reactive gas and corrected non-reactive 

tracers, injM  is the mass injected of both corrected reactive gas and non-reactive tracers and t  is 

the time while the extraction phase. 

The cumulative mass extracted is defined by: 

       
622.4 10

ext

i t i t

V i ppm i
CME t ME i M

 

    (3.15) 

The injected mass is defined by: 

622.4 10

inj Pre push

inj

V ppm
M M

  (3.16) 

Since the percentage of the mass recovery is calculated for both corrected tracers with the 

same molecular weight, we define a new parameter, called the percentage rate reaction rate, which 

is defined for any time during the extraction phase by: 

   % %     %  R MR nonreactivetr MR reactive gas   (3.17) 

Figure 3.6 shows that only 85% of the tracer was recovered after a 20-minute-test.  During 

the same test, 65% of methane was recovered.  During this test, it looks like, about 15% of the 

tracer was lost due to transport.  So 15% of the non-recovered methane was due to transport and 

not oxidation.  The percent recovery of methane is then corrected for transport.  For instance, 

during the test shown in Figure 3.6, 20% oxidation occurred. 

 

Figure 3.4: Mass Recovery Curves for GPPT 
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3.6 Summary of Results 

 

Table 3.2 shows a summary of the results for all of the tests performed during this study.  

The extent of methane oxidation was calculated in terms of a mass balance approach or a mass 

recovery analysis. The percent oxidation in this analysis cannot be determined exactly. Instead, a 

minimum value is obtained by the analysis, since the tests are stopped at 10 or 20 minutes. These 

values can be thought of as a conservative field estimate of percent oxidation. As can be seen in 

Table 3.2, the measured oxidation percent varied from a test to another. The analysis yielded an 

average percent oxidation of 8 to 70% for SW landfill and 35 to 45% for CP landfill. The stable 

isotopes data yielded an average percent oxidation of 48% for CP and 41% for SW. The GPPT mass 

balance approach resulted in similar estimates of methane oxidation as the widely accepted stable 

isotope technique.   

Table 3.2: Summary of Methane Oxidation Results 

 GPPT Mass Balance (%) Isotopes (%) 

SW GPPT-1 68 

45 SW GPPT-2 70 

SW GPPT-3 8 

SW GPPT-4 53 

36 SW GPPT-5  

SW GPPT-6 60 

SW MEAN 51.8 41 

SW StDev 25.4 15 

CP GPPT-1 40 

53 CP GPPT-2  

CP GPPT-3  

CP GPPT-4 45 

43 CP GPPT-5 40 

CP GPPT-6 35 

CP Mean 40 48 

CP StDev 4.1 17 
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Figure 3.5 shows the percent oxidation measured using GPPT method function of the 

methane loading flux calculated for both landfills as well as the defaults stated by the recent 

regulation (EPA, 2013). A methane loading flux of 20 and 15 g/m2/d was assigned for CP and SW 

respectively. The percent oxidation is higher than the default values and it is dependent of the 

methane loading flux into covers. 

 

Figure 3.5: Methane Oxidation Percent Function of MLF for CP and SW Landfills and 

Regulation’s Defaults 

 

3.7 Conclusions 

 

This chapter describes a study that introduces the Gas Push Pull Test (GPPT) to the 

geotechnical community and showcases how the GPPT was used to estimate methane oxidation in 

landfill covers under field conditions. GPPTs field campaign was performed during this study.  

The campaigns of GPPTs were performed at two closed landfills with relatively low surface 

methane emissions. A mixture of methane, oxygen, and a tracer gas (SF6) is pushed in the soil.  

Soil gas was then pulled from the same injection point and sampled regularly. Breakthrough curves 

were obtained for methane and the tracer gas. A mass balance approach was performed on the 

collected data to express methane reactions as a percent oxidation.   
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The GPPT methane oxidation results agreed with the SI based values obtained from 20 above 

ground air samples from each of the closed sites and both methods showed that methane oxidation 

capacity is higher than the default values stated by regulations.  Additionally, the results of the GPPT 

and the Isotopes analysis were lower than the overall oxidation rates estimated from the modeled 

generation and the measured tracer-based total emissions testing performed at the two landfills. 

Using the results of the study described in the previous sections, the following conclusions 

can be stated: 

 Methane oxidation capacity in landfill covers has a significant role to reduce methane 

emissions from landfills Methane oxidation is higher than the default values stated by 

regulations and it is dependent of the methane loading flux. 

 GPPT is a very promising technique to assess the field scale methane oxidation of any 

methane oxidizing layer. The study described herein is the first study in North America.  

Further development of this technique is needed in order to better field assess methane 

oxidation in landfill covers. 

 GPPT results were similar to those obtained by the stable isotope analysis of above ground 

gas samples. These results are very encouraging and showcase the potential of the use of 

GPPT acceptance.  More studies are also required to standardize the methodology and to 

ground proof the GPPT results. 
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4 CHAPTER 4 
 

FIELD SCALE MEASUREMENT OF 
 

METHANE OXIDATION – TEST PADS 
 

 

*A version of this chapter will be published in Waste Management Journal: 

Tarek Abichou1, Haykel Melaouhia1, (2017) “Innovations in Measuring Field Scale Biological 

Methane Oxidation Using Test Pads” 

1Department of Civil Engineering, Florida State University, Tallahassee, FL, USA, 

 

 

4.1  Introduction 

 

When methane goes through cover soils of landfills, it gets into an oxygen containing zone 

rich with bacteria that converts part of the methane to produce carbon dioxide. This process is 

called methane oxidation which implies the reduction of methane emission from landfills. 

Previously, the USEPA (2004) and the IPCC (2006) agreed that the default for methane oxidation 

is set between 0 and 10 percent due to the uncertainty and the lack of methodologies to determine 

the oxidation rate. Several studies have shown that methane oxidation is dependent of several 

factors like the flux of the incoming fugitive methane toward cover soils (Scheutz et al., 2009), 

properties of the cover soil like the porosity (Gebert et al., 2009), the moisture content (Boerjesson 

et al., 1997) and the temperature (Gebert, 2007). Recently, the USEPA (2013), incorporated the 

cover soil properties and the fugitive methane influx as an input to determine the oxidation that 

ranged from 0 percent to 35 percent. Bogner et al. (1997), Borjesson et al. (1997) and more recently 

Chanton et al. (2009) have shown that the potential range of methane oxidation in landfill soil 

covers varies from 0% to 100%. Those uncertainties are basically due to the lack of methods to 

quantify the methane oxidation in landfill covers. Only specialized stable isotope (SI) based 

methods are capable of such a task. The costs of the SI based methods necessitate the development 

of a new simpler test. Recently, there was also some push-back against relying on the Stable 

Isotope technique to quantify methane oxidation in landfill covers and in biocovers. It was argued 

that diffusive gas transport through soils can result in significant depletion in 13C. This is a result 

of the faster diffusive flux of the lighter 12CH4 as compared to 13CH4. The effect is increased with 

higher air-filled porosity and hence increased high diffusivity. Some even argued that these 
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uncertainties may render the application of the stable isotope method for the quantification of the 

oxidation process very difficult especially for older landfills where methane transport through the 

soil cover is mainly diffusive. Finding possible alternatives to replace the Stable Isotopes technique 

to field-assess methane oxidation and to field-estimate CH4 oxidation capacity of different cover 

materials and different cover designs and to show that methane oxidation capacity is higher than 

the default value of 10 percent stated by regulations is necessary.   

This chapter is a proposed independent field scale methodology to quantify landfill 

methane oxidation capacity through covers in three test pads with different soil cover 

configurations. This methodology is mass-balance based approach where on site extracted LFG is 

being pumped into the test pads at a controlled rate. Then the top and bottom fluxes are measured 

using static and dynamic chambers at five points of measurements. Oxidation capacity of the 

covers can be determined by comparing those measured fluxes. This technique shows that methane 

oxidation capacity could be higher than the default value stated by regulations. 

 

4.2 Methods and Materials  

 

4.2.1 Construction of Test Pads 

 

The three pads were constructed on a Landfill located at McMinnville in Oregon in U.S. 

Figure 4.1 shows the test pad model configuration where LFG is being pumped continuously 

through a pipe from an existing nearby gas extraction well on site at a controlled flow rate. Flow 

into the test pads was regulated through the use of orifice plates and estimated by measuring the 

pressure drop across the orifice plate. Figure 4.2 shows pictures of both GAST R6P155Q-50 

Blower that was used to blow LFG into the bottom of both test pads and the setup of the orifice 

plates which control the flow going into each test pad. The first test pad has a cover soil of 45 cm 

of local soil and the second test pad has cover soil composed by 30 cm of compost layer and 15 

cm of local soil. The third test pad had a 15 cm soil cover which could represent a daily cover. All 

test pads have an underlying cover of 15 cm of gravel layer to ensure the uniform distribution of 

the injected LFG through the whole area of the both test pads. Figure 4.2 shows a photo and a 

cross-section of the constructed test pads. 

The location of the test pads is characterized by heavy rains. Thus, erosion in the third test 

pad has prevented any monitoring.  
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Figure 4.1: Test Pad sketch 

 

 

Figure 4.2: Photo and Cross-Section of Test Pads 
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Figure 4.3: Gas Blower and Measuring of Gas Inflow in Each Test Pad 

 

4.2.2 Monitoring of Test Pads 

 

4.2.2.1 Concentration Measurement. Monthly survey of the composition of the gas 

below each test section was performed using a portable FID, shown in Figure 4.4, where the 

concentrations of CH4, CO2, and O2 were recorded. The flow rate of landfill gas, along with the 

composition of the landfill gas entering each test section, was also monitored on a monthly basis.  

 

 

Figure 4.4: Monitoring of Gas Composition Below Soil Profile 

 

4.2.2.2 Bottom Flux Measurements. Dynamic chamber technique is being used to 

determine the methane loading into the bottom of each test section from the gravel to the soil 

profile above it at the five stations in each test pad shown in Figure 4.1. Figure 4.5 shows the 

buried dynamic chambers under the soil cover. 
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Figure 4.5: Dynamic Chamber Being Buried 

 

To effectively measure methane loading into the bottom of the test pads, the five buried 

chambers were used as individual dynamic chambers. Nitrogen was then swept through each 

buried chamber. The sweeping flow rate was measured using a flow meter shown in Figure 4.6.  

Each chamber was swept with nitrogen for at least 30 minutes at a flow rate of at least 4 L/min.  

The volume of swept nitrogen corresponds to at least 30 times the volume of the buried chambers.  

The concentration of methane was then measured at the out flow of the swept air until it became 

constant as shown in Figure 4.6. 

 

 

Figure 4.6: Sweeping of Nitrogen into Dynamic Chamber to Determine 

 Methane Loading Flux 
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4.2.2.3 Surface Flux Measurements. Methane surface emission rates from the test pad 

surface is being measured using static chambers as shown in Figure 4.7.  The chamber dimensions 

are 0.63 x 0.63 x 0.2 m (covering an area of 0.4 m2) and contain a small fan to circulate air inside 

the chamber.  Methane samples were collected from each chamber immediately after sealing it to 

the ground (time 0) and after 5, 10, 15, 20, and 25 minutes using 60 mL disposable syringes 

(Becton, Dickinson, and Co.) fitted with plastic stopcocks (Cole Parmer Instrument Co.). Samples 

will be injected into sealed glass vials and transported to the laboratory for further analyses.  

 

 

Figure 4.7: Methane Surface Emissions Monitoring Using Static Chambers 

 

4.2.3 Laboratory Analysis 

 All samples taken on field are transported to the laboratory where the LFG contained into 

the vials are analyzed on a gas chromatograph equipped with a flame ionization detector as shown 

in Figure 4.8. 

 

 

Figure 4.8: Lab Analysis with Gas Chromatograph 

 

4.2.3.1 Top Flux Measurement: Methane top flux is determined from concentration data 

(C in ppmv) plotted versus elapsed time (t in minutes). The data usually fits a linear relationship 

shown in Figure 4.9, in which dC/dt is the slope of the fitted line. 
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Figure 4.9: Top Flux Development  
 

Once, the slope is determined CH4 fluxes are calculated using Equation 4.1 (Barlaz et al., 

2004; Zhang et al.,2013). = � ∗ +  (4.1) 

Where  is the methane flux (g/m2/d),  is the chamber headspace (m3), � is the cross-sectional 

area of the chamber (m2),  is the slope defined by Figure 4.9 converted into g/d and  is the 

temperature in the chamber. 

 

4.2.3.2 Bottom Flux Measurement: Methane bottom flux is determined using the 

recovered LFG concentration from the dynamic flux chamber. This concentration is the residual 

concentration measured at the out flow point after pumping a volume of N2 30 times the volume 

of the dynamic chamber. This residual concentration represents the bottom flux concentration. 

Those samples are then analyzed by the gas chromatograph to get the LFG concentration in ppmv. 

The methane concentration is then converted into a flux in g/m2/day based on Equation 4.2. = ∗ /� (4.2) 

Where  is the methane concentration (g),  is the flow rate of injected Nitrogen (L/d) and � is 

the areas section of the dynamic chamber (m2). 
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4.2.4 Data Analysis 

 

Monthly oxidation monitoring of the test sections started from July 2015 till February 2017 

providing enough data to make the next assumptions and analysis. Analysis will englobe each 

testing point from the five measurement locations shown in Figure 4.1 as an individual testing and 

then an overall analysis will be developed based on the average of measurements. It has been 

proven that oxidation occurs within both layers of the test pads. Some of the injected methane at a 

controlled rate is being consumed within the gravel layer, some of it get oxidized within the soil 

cover layer and the fugitive methane escaping the oxidation processes is being released from the 

top surface of the test pads into the atmosphere as methane emissions. The first oxidation occurring 

in the gravel layer is called deep oxidation and the second oxidation occurring in the soil cover 

layer is called top oxidation. Figure 4.10 is a cross section of a test pad showing the different 

oxidation occurring within the different layer. The next sections deal with the methodologies used 

to determine those methane oxidations capacities as well as an analysis of the collected data.  

 

Figure 4.10: Test Pad Profile Sketch 

 

4.2.4.1 Deep Oxidation. The deep methane oxidation occurring within the gravel layer 

could be determined based on the bottom flux given by the dynamic flux chamber and the inflow 

of the injected gas. The oxidation rate (g/m2/d) is given by Equation 4.3. The oxidation capacity 

(%) is given by Equation 4.4. 
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= � −  (4.3) = � − �  (4.4) 

 

Where � is the methane inflow (g/m2/d) and  is the bottom methane flux (g/m2/d). 

 

4.2.4.2 Top Oxidation. Same as the deep oxidation, the top oxidation could be determined 

by comparing the top fluxes measured by the static chambers to the bottom flux measured by the 

dynamic chambers. The top oxidation rate (g/m2/d) is given by Equation 4.5 and the top oxidation 

potential (%) is given by Equation 4.6. = −  (4.5) = −
 (4.6) 

Where  is the methane top flux (g/m2/d) and  is the bottom methane flux (g/m2/d). 

 

4.2.4.3 Total Oxidation. The total oxidation is the combination of the top and deep 

oxidation that occurred within the test pads. The total oxidation rate (g/m2/d) is given by Equation 

4.7 and the total oxidation potential (%) is given by Equation 4.8. = +  (4.7) = + ( − ) ∗  (4.8) 

 

4.3 Results 

 

Figure 4.11 shows the gas composition of the inflow LFG into Test Pads 1 and 2. Methane, 

oxygen and carbon dioxide concentrations varies respectively from 23.8% to 61.9%, 0.2% to 

12.9% and 14.5% to 36.3% for Test Pad 1 and from 23.4% to 62.9%, 0.5% to 13.1% and  

14.2% to 38.1%. Figure 4.12 shows the resulting methane concentration below the soil profiles in 

Test Pads 1 and 2. Note that, even though, a gas distribution layer is placed at the bottom of each 

test pad, uneven distribution of methane is evident in Figure 4.12. Figure 4.13 shows the flow rate 

of the injected LFG into Test Pad 1 which varies from 66.3 g/m2/d to 299.4 g/m2/d. Low and high 

inflow rates were applied to check the effect of the loading flux on the oxidation capacity and rate.  

Figures 4.14-15 show a typical example of the analysis being performed for each of the 

five monitoring stations for each test pad. As an example, Station 2 of Test Pad 1 was chosen to 



41 

 

show results. The graphs of the rest of monitoring stations for both Test Pads are included in 

Appendix B. Figure 4.14 shows the measured top and bottom fluxes using static and dynamic 

chambers respectively at the same location (Test Pad 1, Station 2). The top flux varies from 0 to 

12.18 g/m2/d and the bottom flux varies from 0.85 to 26.12 g/m2/d. Note that, the top flux is lower 

than the bottom flux due to the oxidation process. Figure 4.15 shows the methane oxidation rate 

as estimated by subtracting the surface emissions from the methane loading flux. Based on the 

mass-balance approach, percent oxidation and oxidation rate are then calculated and reported at 

that same monitoring station (Figure 4.15). The oxidation rate varies from 0.16 to 20 g/m2/d and 

the percent oxidation varies from 19 to 100% (Test Pad 1, Station 2). 

Once the analysis is performed for all points of measurements for each test pad, an overall 

analysis is developed then by averaging the results given for the five measurement points for each 

test pad. Figure 4.16 shows the average top and bottom flux for the Test Pad 1. The average top 

and bottom fluxes vary from 0.01 to 30 g/m2/d and 0.76 to 70 g/m2/d respectively for test pad 1 

and from 0.02 to 46 g/m2/d and 1 to 66 g/m2/d for test pad 2. A mass balance approach shows that 

two methane oxidations occurred within both test pads based on the measurements of top, bottom 

and inflow fluxes. Figures 4.17-18 show the average deep and top oxidation capacity and rate over 

time for both test pads. The deep oxidation capacity varies from 32 to 100% for test pad 1 and 

from 35 to 100% for test pad 2. The deep oxidation rate varies from 24 to 264 g/m2/d for test pad 

1 and from 25 to 288 g/m2/d for test pad 2. The top oxidation capacity varies from 42 to 99% for 

test pad 1 and from 5 to 98% for test pad 2. The top oxidation rate varies from 0.75 to 52 g/m2/d 

for test pad 1 and from 1 to 39 g/m2/d for test pad 2. The total oxidation rate within these test pads 

would be given by the sum of the top and bottom oxidation rate which will range from 42 to 296 

g/m2/d for test pad 1 and from 56 to 298 g/m2/d for test pad 2 (Figure 4.19). The total oxidation 

capacity will be given by the summation of the bottom oxidation capacity and the top oxidation 

capacity times the complementary of the bottom capacity. The total oxidation capacity varies from 

63 to 100% for test pad 1 and from 71 to 100% for test pad 2 (Figure 4.19). Figure 4.20 shows the 

average top oxidation capacity function of the methane loading flux for both Test Pads 1 and 2. 

As seen, methane loading flux plays a key role into the oxidation capacity. The higher the bottom 

loading flux is, the lower the oxidation capacity is and vice versa. The top oxidation capacity has 

an exponential regression function of methane loading flux (Figure 4.20). Figure 4.21 shows the 

top oxidation rate function of the bottom loading flux for both test pads. As seen, methane loading 
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flux plays also a key role into the oxidation rate. The higher the bottom loading flux is, the higher 

the oxidation rate is and vice versa. The top oxidation rate has a power regression function of 

methane loading flux (Figure 4.21).  

 

  

 

Figure 4.11: LFG Composition of Inflow into Test Pads 1 (a) and 2 (b) 
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Figure 4.12: CH4 Composition Below Test Pads 1 (a) and 2 (b) as  

Measured in Five Locations  
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Figure 4.13: Flow rate of the injected LFG into Test Pad 1  
 

 

Figure 4.14: Methane Loading and Surface Emission Fluxes 

in One Monitoring Station (Test Pad 1 – Station 2)  
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Figure 4.15: Top Oxidation Rate and Capacity in One Monitoring Station  

(Test Pad 1 – Station 2)  
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Figure 4.16: Average Bottom and Top Fluxes for Test Pad 1 (a) and Test Pad 2 (b) 
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Figure 4.17: Methane Deep Oxidation Rate and Capacity for  

Test Pad 1 (a) and Test Pad 2 (b) 
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Figure 4.18: Average Top Oxidation Percentage and Rate for 

 Test Pad 1 (a) and Test pad 2 (b) 
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Figure 4.19: Average Total Percent Oxidation and Rate 

 for Test Pad 1 (a) and Test pad 2 (b)  
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Figure 4.20: Average Methane Top Percent Oxidation function of  

Bottom Methane Loading Flux 

 

 

Figure 4.21: Average Methane Top Oxidation Rate  function of  

Bottom Methane Loading Flux 
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4.4 Conclusions 

 

 The developed mass balance based methodology in this chapter is another independent 

method that could replace the stable isotopes method to quantify the methane oxidation in soil 

covers in landfills. Results have shown that even though a gravel distribution layer is used to get 

a uniform distribution of the gas flow under the Test Pads, the gas flux was non uniform during 

the dry season and slightly uniform during the wet season. An inflow rate of the extracted gas 

varies from 60 to 300 g/m2/d to assess the effect of the loading flux on the oxidation capacity and 

rate. 18.88 and 19.28 tons of CH4 were injected into test pads 1 and 2 respectively during the 

testing period. Oxidation occurred within the two layers of the test pads. 14.7 and 14.6 tons of CH4 

were consumed within the first gravel layer in test pads 1 and 2 respectively. 2.87 and 2.63 tons of 

methane were consumed in the soil layer for test pads 1 and 2 respectively. Results of test pads 

have shown that top oxidation percent varies from 5 to 99%, deep oxidation percentage varies from 

35 to 100% and total oxidation percentage varies from 63 to 100%. The mass balance approach 

leads to conclude that 1.32 and 2.01 tons of methane were emitted from test pad 1 and 2 

respectively. These overall values could lead to a conclusion that within the testing period 77% of 

deep methane oxidation capacity occurred at the gravel layer and 68% and 56% of top methane 

oxidation capacity occurred within the soil layer for test pad 1 and 2 respectively. Thus, a huge 

quantity of methane was consumed within the gravel layer due to the presence of oxygen and then 

some of the remaining was consumed within the soil cover. A total oxidation capacity, which 

englobe the top and deep oxidation, could be developed and it is 92% and 89% for test pad 1 and 

2 respectively. Measurements have shown also that methane capacity is a function of the loading 

methane flux and that its values could range between zero percent and hundred percent. Higher for 

low methane loading flux and lower for high methane loading flux. These measurements are in 

accordance with what LandSEM model results. Thus, default values (35%, 25% and 10%) stated 

by regulations are very far away from reality and that methane oxidation depends of the methane 

loading flux, climate conditions and cover type. 
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5 CHAPTER 5 
 

NEW LANDFILL GAS EMISSIONS MODEL 
 

 

Based on the literature review performed during this study and the oxidation results 

presented in the previous chapters, a new landfill gas emission model is proposed as the major 

contribution of this thesis. This chapter presents a new proposed gas emission model. The model 

consists of three modules that characterize the three distinct activities in a landfill: generation, 

collection and oxidation. Each module was developed with details and input from the literature 

and from discussions with regulators and practitioners. The model is described in the flow chart 

shown in Figure 5.1. 

 

Figure 5.1: Landfill Methane Emission Modulus Flow Chart 
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The model estimates emissions based on the Equation 5.1: = ∗ − ∗ −  (5.1) 

Where,  is the methane emission rate,  is the collection efficiency and  is the percent 

oxidation.  

The developed model allows the flexibility of using several options for the generation, 

collection and oxidation scenarios 

5.1 Generation 

 

The generation module allows the use of different generation models, as discussed in 

Chapter 2. The user is asked to choose one of the next following models and input their 

corresponding parameters: 

 LandGEM 

 TNO-Single Phase 

 TNO-Multi Phase 

 ADEME 

 USEPA GHG Mandatory Reporting Rule 

 

5.1.1 LandGEM 

 

LandGEM (USEPA, 2005) uses the first order decay model (5.2) to estimate annual 

emissions over a time period. 

4 =∑ ∑ −= .=  (5.2) 

Where 

QCH4 = annual methane generation in the year of the calculation [m3/year] 

i = 1-year time increment 

n = (year of the calculation) - (initial year of waste acceptance) 

j = 0.1-year time increment 

k = methane generation rate [yr-1] 

Lo = potential methane generation capacity [m3/Mg] 

Mi = mass of waste accepted in the ith year [Mg] 

tij = age of the jth section of waste mass Mi accepted in the ith year  



54 

 

The different values of the parameters are listed in tables A-5 and A-6 in the Annex A section. 

 

5.1.2 TNO-Single Phase 

 

The TNO (Netherlands Organization of Applied Scientific esearch) model is a first order 

model developed by Oonk et al. (1994) that can be described mathematically by the Equation 5.3. � = . � − 1  (5.3) 

Where: 

αt = landfill gas production at a given time [m3LFG.y-1] 

ς = dissimilation factor 0.η8 [-] 

1.87 = conversion factor [m3LFG.kgCdegraded-1] 

A = amount of waste in place [Mg] 

Co = amount of organic carbon in waste [kg C.Mg waste-1] 

k1 = degradation rate constant 0.094 [y-1] 

t = time elapsed since depositing [y] 

The different values of the parameters are listed in tables A-7 in the Annex A section. 

 

5.1.3 TNO-Multi Phase (Afvalzorg) 

 

Different types of waste contain different fractions of organic matter that degrade at 

different rates. The advantage of a multi-phase model is that the typical waste composition can be 

taken into account. In the Afvalzorg multi-phase model eight waste categories and three fractions 

are distinguished. For each fraction LFG production is calculated separately. 

The multi-phase model is a first order model and can be described mathematically by the 

equation 5.4. 

� = ∑ � , , − 1,=  (5.4) 

Where: 

αt = landfill gas production at a given time [m3LFG.y-1] 

ς = dissimilation factor [-] 

i = waste fraction with degradation rate k1,i [kg.kgwaste-1] 

c = conversion factor [m3LFG.kgOMdegraded-1] (minimum 0.7, maximum 0.74) 

A = amount of waste in place [Mg] 
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Co = amount of organic matter in waste [kgOM.Mg waste-1] 

k1,i = degradation rate constant of fraction i [y-1] 

t = time elapsed since depositing [y] 

The different values of the parameters are listed in tables A-7 and A-8 in the Annex A section. 

 

5.1.4 ADEME 

 

In the French ADEME model (Budka, 2003), the formation of methane is calculated with 

a multi-phase Equation 5.5. 

4 =∑ ∗ ∑ � ∗ ∗ ∗ −, ,  (5.5) 

Where: 

FECH4 = annual methane production [m3CH4.y-1] 

FE0 = methane generation potential [m3CH4.Mg waste-1] 

pi = waste fraction with degradation rate ki [kg. kgwaste-1] 

ki = degradation rate of fraction i [y-1] 

t = age of waste [y] 

Ai = normalization factor [-] 

The different values of the parameters are listed in tables A-9 and A-10 in the Annex A section. 

 

5.1.5 USEPA GHG Mandatory Reporting Rule 

 

The USEPA has published on October 30, 2009 a mandatory GHG reporting rule known 

as 40 Code of Federal Regulation (CFR) part 98. This reporting rule deals with GHG at the facility 

level from approximatively 13000 facilities including MSW landfills (Subpart HH). 

Methane generation can be calculated based on a first order decay model that uses historical 

waste placement or estimated historical waste placement. The FOD Equation (5.6) used for this 

method is defined as follow: 

4 =∑ ∗ ∗ ∗ ∗ ∗ ∗ − − − − − −−
=  (5.6) 

Where: 

GCH4 = Modeled methane generation rate in reporting year T [metric tons CH4]. 

x = Year in which waste was disposed. 
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S = Start year of calculation.  

T = Reporting year for which emissions are calculated. 

wx = Quantity of waste disposed in the landfill in year x from measurement data. 

MCF = Methane correction factor [fraction] to connect of length of anaerobic phase of landfill.  

DOC = Degradable organic carbon [fraction (metric tons C/metric ton waste)]. 

DOCF = Fraction of DOC dissimilated [fraction]. Use the default value of 0.5. 

F = Fraction by volume of CH4 in landfill gas (default of 50%) 

k = Rate constant [yr−1].  

 

5.2 Collection 

 

All the models discussed in Chapter 2 use arbitrary values for gas collection efficiency. 

However, the collection efficiencies of gas collection systems are dependent on site specific 

management practices and the conditions on which the landfill is operated (SCS Engineers, 2008). 

Different best management practices as well as their corresponding gas collection efficiencies are 

implemented through the lifetime of landfills. Those practices are weighted using a code box that 

reflects their extra weighted collection efficiency. The collection efficiency also depends on the 

covers distribution during the lifetime of a landfill. A chart was developed to reflect the variability 

of the covers through the life time of the landfill. 

The best management practices are developed in Appendix B. 

 

5.2.1 Gas Collection Efficiency 

 

5.2.1.1 During the active phase. The most common practice in gas collection is to wait 

until a landfill cell is adequately built and then install vertical gas extraction wells using a standard 

design for the well placement and spacing. This approach usually results in adequate gas 

collection. When LFG systems are unable to control LFG emissions to the degree required or when 

additional LFG control is desired, modified designs can also be used. To reach the desired gas 

control, specific design features known as best management practices could be used which are 

listed as follow: 

 Use of horizontal collectors 

 Use of surface collectors 

 Use of tighter spacing of LFG wells 
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 Use of mixed horizontal and vertical wells 

 Connect the LCRS to GCCS 

 Use of deep multi-vertical wells 

 Maximize borehole and well diameters 

 Enhance seals 

 Dewater gas wells 

 Early installation of GCCS 

 Enhanced SEM 

 Maximize Capacity of gas mover equipment 

 Regular maintenance including new components replacement 

 Well Seal installation 

 Maintaining healthy vegetative layer with no erosion 

 Use of automation and remote monitoring 

 Maintaining Connection of LCRS to GCCS 

More details of each BMPs (Best Management Practices) are included in Appendix B.  

Based on those practices, a model has been proposed that incorporates a score that reflects 

the weight of those practices on the collection efficiencies. As shown in Table 5.1, a score of 1 is 

attributed to low, 2 to medium and 3 to high relative GHG emissions reduction potential of each 

BMP. For the worst case scenario when none of the practices are used, a score of 0 is attributed. 

The best case scenario is when all of the practices are used and has a total score of 28.  

The collection efficiency for the worst case scenario is equal to 0% for the first year after 

waste placement. Then a collection efficiency of 35% is used for the first years before the 

placement of interim or intermediate cover. A value of 55% and 65% will be used for the interim 

cover and the permanent interim cover respectively once placed.  

The collection efficiency for the best case is equal to 0% for the first year after waste 

placement. Then a collection efficiency of 65% will be used for the first years before the placement 

of interim or intermediate cover. A value of 75% and 85% will be used for the interim cover and 

the permanent interim cover respectively once placed. 

The in between cases, where not all but some of the BMPs are used, are developed by 

interpolation based on the given score and its collection efficiencies will be compromised between 

the worst and best cases defined above. 
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Table 5.1: Corresponding Scores for Best Management Practices  

Best Management Practice 

Relative GHG 

emissions 

reduction potential 

Worst 

Score 

Best 

Score 

Horizontal Collectors Medium 0 2 

Surface Collectors High 0 3 

Tighter Spacing of LFG wells Medium 0 2 

Mixed Horizontal and Vertical wells Medium 0 2 

Connection of LCRS to GCCS Medium to High 0 3 

Deep multi-vertical wells Low 0 1 

Maximize borehole and well diameters Low 0 1 

Enhance seals Medium to High 0 3 

Dewater gas wells High 0 3 

Early installation of GCCS Low to High 0 3 

Enhanced SEM Low to High 0 3 

Maximize Capacity of gas mover equipment Low to High 0 3 

 

Table 5.2: Best Management Practices During Active Phase 

Best Management Practice Yes No 

Horizontal Collectors 2 0 

Surface Collectors 3 0 

Tighter Spacing of LFG wells 2 0 

Mixed Horizontal and Vertical wells 2 0 

Deep multi-vertical wells 1 0 

Maximize borehole and well 

diameters 
1 0 

Dewater gas wells 3 0 

Early installation of LFG 3 0 

Enhance seals 
Arid Climate  Wet Climate 

0 
3 2 

Connection of LCRS to GCCS 
Wet Climate Arid Climate 

0 
3 2 

Enhanced SEM 
Never done before Otherwise 

0 
3 2 

Maximize Capacity of gas mover 

equipment 

If Gas capacity > 

Blower capacity 
Otherwise 

0 

3 1 
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5.2.1.2 During The Post-Closure Phase. Once the closure phase is reached, final covers 

are installed and collection efficiency is at its peak value which is 95% for the composite final 

cover and 85% for earthern final cover. However, a bad maintenance of the LFG collection systems 

would decrease that value over time to 85% for composite final cover and 75% for earthern final 

cover. So, best management practices and extra efforts should be done to maintain that high 

collection efficiency. As for the active phase, a score box is set based on the best management 

practices and deductions are applied to the collection efficiency if the best management practices 

were not respected. Table 5.3 shows the different practices with their weight. A score of 0 is 

attributed if the practice was not made, a score of 1 is attributed to a low GHG emission reduction 

effect, a score of 2 is attributed to a medium GHG emissions reduction effect and a score of 3 is 

attributed to a high GHG emission reduction effect.  

The best score of 10 is attributed to the case where all the best management practices are 

used and with a collection efficiency during the post-closure phase of 95%. On the other hand, the 

worst case is attributed by a score of 0 where none of the best management practices are used and 

a collection efficiency of 75% is attributed to this worst case. 

 

Table 5.3: Best Management Practices During Closure and Post Closure Phase 

Best Management Practice Yes No 

Regular maintenance including new components 

replacement 
3 0 

Well Seal installation 3 0 

Maintaining healthy vegetative layer with no erosion 2 0 

Use of automation and remote monitoring 1 0 

Maintaining Connection of LCRS to GCCS 1 0 

 

Figure 5.2 shows the collection efficiencies for all types of covers with and without the 

adoptions of BMPs. The daily cover, interim cover, permanent interim cover, composite final 

cover and earthern final cover have a collection efficiency of 65%, 75%, 85%, 95% and 85% 

respectively for the best case scenario and 35%, 55%, 65%, 85% and 75% respectively for the 

worst case scenario. 



60 

 

 

Figure 5.2: Best and Worst Proposed Collection Efficiencies for Different Covers 

 

5.2.2 Weighted Collection Efficiency 

 

Once the collection efficiencies are developed for each cover type, the overall collection 

efficiency is computed by multiplying the collection efficiencies of each cover by the percent of 

each cover type over the life time of the landfill. This collection efficiency is referred to as 

weighted collection efficiency. 

The percent cover distribution is estimated as follow:  

 Phase I: During this phase, waste is being placed and covered by a daily cover and an interim 

cover on a regular basis. During this phase the daily covered part has a constant area. Once 

complete, the cell is covered by an interim cover and a new constant area daily covered starts. 

Figure 5.3 shows the evolution of cells during this phase for the case with uniform daily filling 

rate with its different cover percentages. The daily cover and the intermediate cover are 

complementary and in case daily disposal rate is equally distributed the percent distribution of 

covers could be written as follow: 
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{ % �  =% �  = −  ℎ   �  ℎ   �   �   (5.6) 

Generally, the disposal rate is different for each year. In this case the previous equation 

is corrected by an area ratio � /� − , where �  is the new area covered by a daily cover at year � and � −  is the area covered by a permanent cover at the previous year.  

If the unit weight of waste and lift thickness are the same each year, one can write: � − = �   ℎ  −� − ℎ = � ℎ   ℎ   �� − = −  (5.7) 

Where,  ( −  respectively) is the weight of waste placed at year � (� −  respectively), �  

is the unit weight of waste in place and ℎ is the height of the filling. 

Finally, the percent distribution of covers in the general case could be written as: 

{ 
 % �  = ∗ / −% �  = − ∗ / −

  (5.8) 

 

Figure 5.3: Filling Steps with Different Cover Percentages (same acceptance rate case) 

 

 Phase II: Once the filling phase is finished, the intermediate cover is being replaced by a 

permanent intermediate cover and a final cover. This phase is over once the closure time which 

is characterized by a full distribution of final cover all over the landfill is achieved. The percent 

final cover distribution is assumed a linear distribution with a slope equal to 1/tclosure and the 

permanent intermediate cover is its complementary. 
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 Phase III: The post closure phase is characterized by constant percent distribution equal to 

100% for final cover. 

Figure 5.4 shows the different phases that landfill goes through during its lifetime for the 

idealized case with uniform disposal rate and its corresponding percent covers distribution before 

the end of disposal (EOD), during the pre-closure and after closure of the landfill. 

The weighted collection efficiencies for different covers over the life time of a landfill are 

obtained by multiplying the previous cover distribution by the percent of collection efficiency of 

each cover as determined in accordance with the BMPs used on site of the landfill. Figures 5.5 and 

5.6 show the different weighted collection efficiencies for different covers over the lifetime of a 

landfill for both aggressive and poor collection at a same waste acceptance rate and for both 

composite and earthern final cover cases. 

Finally, the weighted collection efficiency over the lifetime of the landfill is obtained by 

the sum of all the previous collection efficiency distribution of each cover. Figure 5.7 shows the 

final poor and aggressive collection efficiencies for the case of a landfill with same acceptance 

rate and for both composite and earthern final cover cases. 

 

Figure 5.4: Percent Covers Distribution Over the Lifetime of a Landfill 

 (same waste acceptance rate case) 
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Figure 5.5: Collection Efficiencies Distribution-Minimum Required Collection 

 (same acceptance rate case) 

 

 

Figure 5.6: Collection Efficiencies Distribution-Aggressive Collection 

 (same waste acceptance rate case) 
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Figure 5.7: Weighted Collection Efficiency Distribution – Minimum Required and 

Aggressive Collection (same waste acceptance rate case) 

 

5.3 Transport Through Covers and Oxidation Module 

 

Not all the generated gas is collected. Some of it escapes the collection system and it could 

be calculated in accordance with Equation 5.9. = − = ∗ −  (5.9) 

Where  is the escaped methane,  the generated methane,  the collected methane and  is 

the collection efficiency. 

The escaped gas, which is not collected, escapes and enters into landfill covers where some 

of it is consumed by bacteria. This process is called oxidation. The remaining gas which has not 

been oxidized is then emitted to the atmosphere. The different models studied in Chapter 2 impose 

a constant value of oxidation. The USEPA has recently published and updated a reporting rule 

(2013) which states that the oxidation is a function of the cover soil and the flux of methane 

referred to as MLF (Methane Loading Flux) that goes through those covers as seen in Chapter one. 

In this proposed model, the third module introduces the escaping landfill gas from each 

cover type into a gas transport combined with methane oxidation model. The gas emission is then 

obtained by Equation 5.10. 
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= ∗ − = ∗ − ∗ −  (5.10) 

Where E is the emitted gas (m3/year) and fox is the percent oxidation (%). 

As stated in the literature review, regulations have been using default constant values for 

methane oxidation. However, several studies have shown that methane oxidation is not constant 

and it depends on climate, cover type and bottom flux. Recent work performed by the research 

group at FSU was instrumental in changing the percent oxidation rule published by the USEPA 

(2013). 

 

5.3.1 Fugitive Flux Through Different Covers 

 

At any given time, different cover thicknesses are present on top of the waste. The thinner 

daily covers are more diffusive than thicker covers, which leads to a flux distribution that is not 

homogeneous (Figure 5.8). In fact, the gas migrates toward the easiest pathway to escape the 

landfill. Since covers has different thicknesses, the gas escapes preferably from the daily cover 

than the interim and final cover. Thus, the flux is higher within the daily cover than the other covers 

and higher within the interim cover than the final cover. The diffusive aspect of the gas explains 

this phenomenon through the Equation 5.11 based on the different cover thicknesses. = ∆∆      ;        = ∆∆       ;       = ∆∆      ;       = ∆∆  (5.11) 

Where , ,  and  are respectively the fluxes (g/m2/day) for daily, intermediate, 

permanent intermediate and final cover, D is the diffusion coefficient of gas (m2/s),  is the molar 

concentration of the gas (mole/m3) and ∆  is the thickness of the different covers (m). 

The mass balance of gas entering the bottom of the cover can be given by Equation 5.12. = � ∗ + � ∗ + � ∗ + � ∗  (5.12) 

Where MT is the total mass of the gas entering the bottom of the cover which is also the mass of 

gas escaping the collection system (g/day), ADC, AIC, APIC and AFC are respectively the area for the 

daily cover, intermediate cover, permanent intermediate cover and final cover (m2). 

The area of each cover could be determined by multiplying the cover distribution 

established in the previous section by the total landfill covered area which is known. Then the 

mass balance defined by Equation 5.12 could be written as follow in Equation 5.13. = � ∗ [ ∗ + ∗ + ∗ + ∗ ] (5.13) 
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Where  is the cover distribution defined by Figure 5.4, �  is the cumulative yearly covered area 

by waste (m2). 

 

 

Figure 5.8: Gas Migration Through Landfills Under Different Covers 

(Thicker arrows indicate higher fluxes) 

 

Based on equations 5.11 and 5.13, the fluxes for each cover are given by Equation 5.14. 

{   
  
   = �+ ∆∆ � + ∆∆ �� + ∆∆ �� = �+ ∆ �∆ + ∆ �∆ �� + ∆ �∆ ��� = �+ ∆ ��∆ + ∆ ��∆ � + ∆ ��∆ �� = �+ ∆ �∆ + ∆ �∆ � + ∆ �∆ �� }   

  
   

 (5.14) 

Figure 5.9 shows the flux distribution through different covers calculated using Equation 

5.14 for a case of study where the total flux FT is equal to Unit Flux and the cover thickness of 

daily, interim, permanent interim and final covers are θ”, 12”, 18” and 48” respectively. The active 

phase is characterized by the presence of daily cover and interim cover at the same time and as 
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seen, the flux through daily cover is two times higher than the flux going through interim cover. 

Then, during the transition phase, there is presence of the final and permanent interim cover and 

as seen, the flux through the interim cover is two and a half times the flux through final cover. 

Finally, the post-closure phase is characterized by the presence of only final cover and then the 

flux going through the final cover is constant and equal to the total flux. 

 

 

Figure 5.9: Methane Flux Distribution Through Different Covers and Phases of a Landfill 

(example case) 

 

5.3.2 Methane Transport and Oxidation Through Covers 

 

Once the fluxes are determined for each cover for each year, based on Abichou et al. (2011) 

work incorporated in a model called LandSEM elaborated at FSU, the percent oxidation is 

determined for each cover type (fox,DC, fox,IC, fox,PIC, fox,FC,). Then, emissions from each cover will 

be calculated by deducting the mass oxidized in each cover from the whole mass of fugitive 

methane going through each cover. Finally, total emissions are determined by the sum of all 

calculated emissions from each cover. 

The LandSEM model incorporate four major modules which are: 
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 A climate module which generates daily minimum and maximum air temperature  as well 

as daily rainfall based on the geographic location of the site of study. The module adopted 

from models GlobalTempSIM and GlobalRain (Spokas and Forcella, 2009), including an 

air temperature simulation and precipitation simulation. The air temperature generation 

predicts the daily average air temperature based on a 30-year (1961-1990) temperature 

records and calculate the daily maximum and minimum air temperature. The global rainfall 

module estimates daily rainfall patterns for a yearly cycle based on a 30-year (1961-1990) 

global average monthly precipitation records. The information obtained from these 

modules together with the soil texture information serve the soil environmental simulator 

as input. 

 Climate and Soil environmental simulators module which is adopted from the Soil 

Temperature and Moisture Model (STM2) [Spokas and Forcella, 2009] which estimates 

soil temperature and moisture content based on minimum information including the soil 

texture, air temperature, and precipitation. These climate and soil property models have 

been validated by field data [Spokas and Forcella, 2009; Spokas et al., 2009].  Refer 

Spokas and Forcella [2009] for detail information of these modules. 

 A core computational module which simulates the concentration and fluxof the gas 

components including methane in landfill cover soil.  

The next sections are a detailed development of the process that LandSEM goes through 

to calculate the percent oxidation for each cover type depending on climate conditions and the 

fugitive bottom methane flux. 

 

5.3.2.1 Governing Equations. To describe the gas flow and reaction within the porous 

media, a continuity equation and a mass balance Equation (5.15) were used. = − +  (5.15) 

Where  is air-filled porosity (m3
gas/ m3

soil),  is the molar concentration of gas component i 

(mol.m-3),  is the flux of gas component i due to advection and diffusion (mol.m-2.s-1),  is the 

reaction rate of gas component i (mol.kg-1
dry soil.s

-1 ) and  (s) and  (m) are time and vertical 

distance coordinate. In Equation 5.15, the first term on right hand side represents the transport 

process while the second term accounts for the soil gas reaction (oxidation for methane). 
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The flux of the gas, , has two components: diffusion and advection. Gas diffusion is 

governed by Fick’s law and gas advection is governed by Darcy’s law, the total flux could be then 

written as follow. = − , − �  (5.16) 

Where ,  is the diffusion coefficient of gas component i in soil (m2.s-1),  is the intrinsic 

permeability of the soil (m-2), � is the gas mixture viscosity (N.s.m-2) and  is the pressure (Pa) 

which is determined by the ideal gas law: 

=∑=  (5.17) 

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

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

, = � � ,  (5.18) 

Where � ,  is the diffusion coefficient of gas component i in gas-mixture and � 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): � = .�  (5.19) 

Where � is the total porosity (m3
void.m

-3
soil). 

Each � , , the diffusion coefficient of gas component i in the gas mixture, containing 

oxygen, nitrogen, carbon dioxide and methane was calculated by the following Reid and Sherwood 

(1966) equation: 

1
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(5.20) 

where iy  is the mole fraction of the diffusing component i, and ijD is the diffusion coefficient for 

the binary mixture (m2.s-1) obtained from Marrero and Manson (1972). The viscosity of the gas 

mixture   is calculated by the following equation by Reid and Sherwood (1966): 
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where i  is the viscosity of gas component i (
2N s m  ), which can be found in Reid and 

Sherwood (1966); Stein et al. (2001); iy  and jy  are the mole fraction of gas component i and j, 

respectively; and ,i j  is given by: 
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where iM  and jM  are molar weight of gas component i and j, respectively.  

The intrinsic permeability is given [Brooks and Corey, 1964] 
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 (5.23) 

where 0k  is the gas permeability for soils at a degree of saturation of zero (i.e., no water content); 

eS is the effective degree of saturation; au  and wu  are pore-air and pore-water pressure (
2 N m
), 

respectively;   is the pore size distribution index; and ( )a w bu u  denotes the air entry value of 

soil which is the matric suction value that must be exceeded before air recedes in the soil pores 

Yuan et al., (2009). 

 

5.3.2.2 Methanotrophic Reaction. The reaction component of the gas transport equation 

is given by Yuan et al., (2009) as follow: 

4 2 2 2 21.5 0.5 0.5 1.5CH O CO CH O H O     (5.24) 

Where CH2O represent the biomass. The reaction rate of methane used in Equation 5.15 is 

calculated by Michaelis-Menton kinetics and given by: 

4 2

4

4 4 2 2

max

[ ] [ ]

CH O

CH

m CH CH m O O

C C
r V

K C K C


 
 (5.25) 

where maxV  is the maximum methane consumption rate ( 1 1

dry soilnmol s g   ); and 
4[ ]m CHK  and 

2[ ]m OK  
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are the half-saturation constants of CH4 and O2 ( 3mol m ), respectively. Methane oxidation is 

affected by many factors among which soil temperature and moisture content are more significant. 

A temperature and moisture correction factor are considered for the kinetic parameters in Equation 

η.2η. 

 

5.3.2.3 Field Correction. The following correlations were used for the temperature 

correction, fV,T to correct for the variation of methane oxidation with soil temperature (Abichou et 

al. 2011). 

fV,T = 2.235- 0.18 ( T-33) for (T > 33), T is the soil temperature in oC. 

fV,T = 0.112T – 1.47  for (15 < T < 33)     

fV,T = 0.0142T for (T < 15)  

(5.26) 

The following correlations for water content correction factor for the oxidation rate were 

used (Abichou et al. 2011): 

fV,m = 0 for (  < wilting) 

fV,m = (  – wilting)/( FC – wilting) for (wilting<  < FC) 

fV,m = 1 for (  > FC)  

(5.27) 

Where fV,m the water content correction factor and  the volumetric water content.  Wilting is the 

volumetric water content corresponding to the wilting point of the soil, and FC is equal to 

volumetric water content corresponding to the field capacity of the soil.  The concept of using 

wilting point and field capacity was adopted to make the water content correction usable regardless 

of soil type. 

 

5.3.2.4 Boundary and Initial Conditions. Since the surface of the covers 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, a variable flux boundary was used. The 

bottom flux is given by the calculated fugitive flux in Equation 5.14 for each different cover type. 

The first day’s initial condition was set to be that the nodes’ concentration is equal to the 

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

set equal to the previous day’s final concentration. 



72 

 

5.3.2.5 Finite Difference Method for Solving the Equations. Equation 5.15 was 

discretized as follow by considering calculations at the center of each layer: 

, + − ,∆ = − , − / − , + /∆ +  (5.28) 

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 follow: 

, + = , + , − / − , + /∆ + ∆  (5.29) 

The flux in Equation 5.29 is calculated from the concentration of each adjacent node by 

discretizing the diffusion advection flux Equation 5.16: 

, − / = − [ , − , − , −∆ ] − [ −� −
− −∆ , − , − ] (5.30) 

The numerical scheme is a two-step explicit scheme. The first step is to calculate the flux 

at the center point of each node using Equation 5.30 explicitly. The second step is to calculate the 

concentration for the next time step using Equation 5.29 using the flux calculated in the first step. 

This model was used to develop fraction oxidized curves by running one year of climate 

data with a methane loading fluxes of 2, 5, 10, 20, 50, 100 and 200 g/m2/day. 

 

5.4 Case Study 

 

Data from a Landfill located in the Midwest were used to assess how the modeled methane 

generation, collection and emissions compare to field obtained data. The landfill is located in the 

Midwest of the United States characterized by a wet climate with an average annual precipitations 

of 810 mm. The landfill opened year is 1993. The end of disposal year is considered to be 2016. 

The landfill is considered as a bioreactor where leachate is being circulated to accelerate the waste 

decomposition. The final cover consists of a geomembrane/soil composite cover. LandGEM model 

was used to estimate methane generation prediction with a corresponding bioreactor methane 

generation rate constant (k = 0.16 yr-1) and conventional potential methane generation capacity 

(L0 = 100 m3/Mg). Previous work at the site verified that the choice of k and L0 are very appropriate. 

The waste acceptance rate is given in Table 5.4. To reduce emissions as much as possible, it is 

better to reduce the transition phase by reaching the closure phase as soon as possible. Thus a 
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period of three years is considered as a transition phase where the permanent interim cover is being 

replaced by the final cover just after the end of deposit. 

 

Table 5.4: Waste Acceptance Rate for The Case of Study 

Year of Waste 

Burial 

Waste Tonnage 

(Mg/year) 

 

Year of Waste 

Burial 

Waste Tonnage 

(Mg/year) 

1993 29,837 2005 101,035 

1994 66,776 2006 100,251 

1995 74,016 2007 147,165 

1996 101,188 2008 135,451 

1997 88,245 2009 133,410 

1998 95,122 2010 149,877 

1999 48,578 2011 211,478 

2000 13,368 2012 237,545 

2001 48,997 2013 148,682 

2002 53,479 2014 144,147 

2003 114,302 2015 133,966 

2004 96,130 2016 138,597 

 

Using the above information and on the given waste acceptance rate, the percent cover 

distribution was made using Equation 5.8 and shown in Figure 5.10. 

 

Figure 5.10: Percent Covers Distribution Over the Lifetime of a Landfill 

 (Midwest Landfill case)  
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Three cases were developed for the collection module: Aggressive, Minimum allowed and 

good collection. The aggressive collection scenario is a representation of the implementation of all 

the best management practices and the minimum scenario is a representation of none of the BMPs 

but still in accordance with minimum requirement. The intermediate scenario represents a more 

realistic scenario of the landfill based on the site history practice (Appendix C). The site is close 

to a living neighborhood thus an extra collection practices have been taken into consideration to 

reduce gas and odor emission from the landfill and avoid neighbors’ complaints.  For this case, the 

best management sheet has been completed as seen in Table 4.5. and then the scores of both pre 

and post closure phases were developed based on the proposed model stated above. 

 

Table 5.5: Best Management Practices for The Case of Study 

 Best Management Practice Yes No 

A
ct

iv
e 

P
h
as

e
 

Horizontal Collectors  X 

Surface Collectors X  

Tighter Spacing of LFG wells X  

Mixed Horizontal and Vertical wells  X 

Deep multi-vertical wells X  

Maximize borehole and well diameters X  

Dewater gas wells  X 

Early installation of LFG X  

Enhance seals X  

Connection of LCRS to GCCS X  

Enhanced SEM 

Used before? 

 X 

 X 

Maximize Capacity of gas mover equipment 

Is the gas capacity greater than blower capacity? 

 X 

 X 

P
o
st

 C
lo

su
re

 

P
h
as

e 

Regular maintenance including new components replacement X  

Well Seal installation X  

Maintaining healthy vegetative layer with no erosion  X 

Use of automation and remote monitoring  X 

Maintaining Connection of LCRS to GCCS X  

 

According to Table 5.5, the score during the active phase is equal to 15 and the one during 

post closure phase is equal to 7. Then, the multiplication ratio for the active phase will be R = 
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15/28 = 0.536 and the ration for the post closure phase will be equal to R = 7/10 = 0.7. Those ratios 

are used to determine the collection efficiency for each cover type. 

Figure 5.11 shows the different collection efficiencies for the daily, intermediate, 

permanent intermediate and final cover determined by the proposed model using the above ratios. 

 

Figure 5.11: Collection Efficiencies for Different Covers and Different Cases 

(Midwest Landfill study) 

 

Once the percent covers distribution and the collection efficiencies for different covers and 

cases are determined, the final weighted collection efficiencies for each case, aggressive, actual 

case study and minimum required by regulations collection could be determined by multiplying 

both terms. Figure 5.12 shows the final weighted collection efficiencies through the life time of 

the landfill of study and as seen the actual case of study is bounded by the aggressive and the 

minimum required cases. 

Figure 5.13 shows the modeled collected methane for the different cases of collection as 

well as the observed data versus time for k = 0.16 yr-1 and L0 = 100 m3/Mg. those data collected 

are the most reliable since measurements of collected gas are very accurate. As seen, the proposed 

model fits better the data that the model given by the USEPA regulation. In deed the error between 

the proposed modeled collected gas and the actual data is less that the one given by USEPA model. 
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The optimal k was determined using the minimum sum of squared errors (SSE) between 

measured and calculated methane collection, which was carried out by minimizing the SSE 

(Equation 5.16):  =∑ , − ,=  (5.16) 

where j ranges over the total number of years during which measured CH4 collection data were 

available; Qcalcd,j is the yearly methane collection rate calculated from proposed model; and Qmeas,j 

is the observed yearly methane collection rate, all m3 year−1. 

The optimal k for our case of study was calculated for fixed L0 100 (m3 CH4 wet Mg−1).  

The optimized k at fixed L0 was calculated by applying all the waste tonnage (1993-2016), 

observed methane collection for all the phases (2000-2016) and proposed collection effieciency. 

Estimated methane collection was compared with observed methane collection based on data.  The 

best fit decay rate based on the SSE was determined to be kopt = 0.23 year-1, which is a logical 

value for a bioreactor landfill. 

Figure 5.14 shows the field estimated methane generation compared to the modeled 

generation using LandGEM with different parameters’ configuration. The estimated methane 

generation is calculated based on field measurement of the collected methane divided by the 

proposed estimated collection efficiency for the different cases discussed above, aggressive, 

minimum required and the actual case of study collection for each corresponding year of 

measurements. Figure 5.14 shows that the modeled generated methane using LandGEM using the 

optimum decay rate kopt = 0.23 year-1 fits better the estimated generated methane using the 

proposed model than the one using k = 0.16 year-1. 

Figure 5.15, which is the same as Figure 5.13 except that the modeled generated methane 

is given using the optimum decay rate, shows the different modeled collected methane for each 

case, aggressive, minimum required and the actual case of study and the measured collected 

methane data. Those data are the most reliable since they are accurate measurement. The USEPA 

model is also incorporated into the graph to compare the results of the models. It is obvious based 

on Figure 5.15 that the proposed model fits better the data than the USEPA model since the errors 

between measured and modeled collected methane for the proposed model are way less than the 

one given by USEPA regulation. 
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Figure 5.12: Weighted Collection Efficiency Distribution-Aggressive, Minimum Required 

and Case Study (Midwest Landfill case)  

 

 

Figure 5.13: Modeled and Observed Data of the Collected Methane 

(k = 0.16 yr-1, L0 = 100 m3/Mg) 
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Figure 5.14: Modeled and Observed data of the Generated Methane 

 

Figure 5.15: Modeled and Observed Data of the Collected Methane 

(kopt = 0.23 yr-1, L0 = 100 m3/Mg) 
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Once collected methane is determined with the optimum generation parameters, the 

fugitive methane, which is the part of the gas that escapes the collection systems to reach up to the 

top cover soils of the landfill, is calculated by subtracting the collected gas to the generated gas. 

Figure 5.16 shows the fugitive methane for our case of study for the different cases established 

before: the aggressive collection case, the realistic case of study and the minimum case required 

by regulations. 

Once the escaped gas is determined, the calculated mass is converted into a daily total flux 

by dividing the fugitive mass each year by the yearly cumulative area expansion shown in  

Table 5.6. Then, using Equation 5.14 to account for the diffusive effect of the gas, the fluxes of 

methane going through each cover are determined for each step of time as shown in Figure 5.17.  

Then, LandSEM is used to determine the percent oxidation function of the loading bottom 

flux for each cover type with regard of site specific conditions. 

Figure 5.17 and Figure 5.18 show the results given by LandSEM for our case of study of 

percent oxidation function of some bottom loading flux (2, 5, 10, 20, 50, 100 and 200 g/m2/day) 

for the different covers and for different values of Vmax equal to 150 and 250 1 1

dry soilnmol s g   . 

Once the curves are established, a fitting power function based on the minimum sum of squared 

errors using Equation 5.16 is used to calculate the percent oxidation for any loading flux value as 

shown in Figure 5.17 and 5.18. 

Once the oxidation curves are established, their equations are used to determine the percent 

oxidation for each cover type and for each bottom loading flux already established for the different 

covers (Figure 5.17). As predicted, the methane loading flux going through the daily cover is the 

highest flux compared to the ones for the thicker covers. During the active phase the flux going 

through the daily flux is higher than the one going through the intermediate cover. During the 

transition phase, the flux going through the permanent intermediate cover is higher than the one 

going through the final cover. This variability assesses the diffusive aspect of the gas. 

 Finally, the emitted gas is calculated by summing the emitted gas calculated for each cover 

by subtracting the oxidized fraction of the gas from the fugitive gas going through each cover. 

Figures 5.20 and 5.21 show the results of methane emissions for the different configurations, 

aggressive, minimum required and the actual case of study and for the different values of Vmax. 

The USEPA model is also introduced into the graph as a comparison and as seen the emissions are 

over estimated compared to the actual measured data.  
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Table 5.6: Yearly Area Expansion in the Landfill and Its Cumulative  

Year 

CELL AREA 

EXPANSION 

(m2) 

CUMULATIVE 

AREA EXPANSION 

(m2) 

1993 36,421.74 36,421.74 

1994 36,826.43 72,843.48 

1995  109,669.91 

1996 32,779.57 109,669.91 

1997  142,449.47 

1998  142,449.47 

1999  142,449.47 

2000  142,449.47 

2001 44,515.46 142,449.47 

2002  186,964.93 

2003 25,090.53 186,964.93 

2004 25,495.22 212,055.46 

2005  237,550.68 

2006 45,324.83 237,550.68 

2007  282,875.51 

2008  282,875.51 

2009  282,875.51 

2010  282,875.51 

2011  282,875.51 

2012  282,875.51 

2013 21,246.02 282,875.51 

2014  304,121.53 

2015  304,121.53 

2016  304,121.53 

2017  304,121.53 
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Figure 5.16: Modeled Escaped Methane for Different Cases  

(kopt = 0.23 yr-1, L0 = 100 m3/Mg) 

 

 

Figure 5.17: Bottom Loading Flux for Each Cover Type (Midwest Landfill case) 
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Figure 5.18: Percent Oxidation Function of Loading Flux Given by LandSEM for Vmax = 150 

With Its Power Fitting Curves (Midwest Landfill case) 

 

 

Figure 5.19: Percent Oxidation Function of Loading Flux Given by LandSEM for Vmax = 250 

With Its Power Fitting Curves (Midwest Landfill case) 
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Figure 5.20: Methane Emissions for Vmax = 150 (Midwest Landfill case) 

 

 

 

Figure 5.21: Methane Emissions for Vmax = 250 (Midwest Landfill case) 
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5.5 Conclusions 

In this chapter, a new site specific model was developed to better estimate landfill gas 

emissions. The new model has the same structure than the old models which is incorporated into 

three moduli that represent the phases that gas goes through within the landfill. First the generation, 

then the collection and finally the oxidation. The new model incorporated all the existing 

generation equations which will give the user the freedom to choose between any of the existing 

equations depending of the regulations. Then, the new model fulfills the weaknesses of the existing 

models by replacing the default values stated by regulations for the collection and oxidation 

module by a site specific modules that encourage landfill owners to collect more aggressively as a 

purpose to reduce emissions.  

The collection module is based on the best management practices issued from the industry 

which are effective processes to achieve a desired collection efficiency. Those practices aim to 

improve gas collection systems for the purpose of minimizing gas emissions from landfills. The 

user is asked to respond to a sheet depending on the practices used within a landfill. Using a box 

score, a ratio is developed for both active and post closure phases to determine the collection 

efficiency for each cover type. A chart of cover distribution curves is developed through the life 

time of a landfill for each cover type depending on the waste acceptance rate. This chart and the 

already developed collection efficiencies for each cover type are combined to produce the final 

weighted collection efficiency. Finally, the escaped gas that escaped the gas collection systems is 

calculated using the generated gas and the final weighted collection efficiency. This calculated 

escaped gas represents the output of the collection module. 

The escaped gas is then distributed for each cover according to the diffusive aspect of the 

gas which means that the gas will try to escape from the easiest path into the atmosphere which 

leads to a higher loading flux for the daily thin covers than the thick final ones. Depending on the 

area expansion of the landfill, cover distribution curves and cover thicknesses, the fluxes going 

through each covers are determined through the lifetime of the landfill. Then, using LandSEM, a 

numerical model developed by our research team at Florida State University that combined water 

and heat flow with a gas transport and oxidation model, and the calculated loading fluxes, the 

percent oxidation is determined for each cover type through the lifetime of the landfill.  

Finally, the emitted gas from each cover type is calculated by subtracting the consumed 

gas by oxidation within the landfill cover from the calculated escaped gas through each cover type. 
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The total emissions are then calculated by summing all the calculated emissions from each cover 

type. 

This new developed model is tested using a case study where data from a Landfill located 

in the Midwest were used to assess how the modeled methane generation, collection and emissions 

compare to field obtained data. The results show that the modeled methane collection and 

emissions using the new model are very close to the field measured data than the results given by 

regulations. Also, this model motivates to collect more and shows how emissions could be 

improved by improving the gas collection systems and by improving the oxidation which other 

models didn’t do. 
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6 CHAPTER 6 
 

CONCLUSION 
 

 

Several models and regulations have been developed trying to quantify LFG emissions. 

However, none of them represent the reality of the different phases that gas goes through. Arbitrary 

values for the collection and oxidation were given by those regulations. Also, all the oxidation 

factors stated by regulations are stable isotopes based. Unfortunately, this methodology is costly 

and require advanced analysis. 

During this thesis, two independent field-scale methods were developed to quantify 

methane oxidation in landfill covers. First, the Gas Push Pull Test (GPPT) which is a single well 

gas-tracer test in which inert gases are used as non-reactive tracers for the reactive gas (methane). 

During the test, a mixture of tracer and reactive gases is injected (pushed) into the soil. During a 

transition phase, the soil “gas” mixes with the injected gases where it is available to 

microorganisms. The mixture of soil “gas” and injected gas is then extracted (pulled) from the 

same location. The quantification of oxidation is then based on the analysis of the breakthrough 

curves (concentrations) of the reactive and the tracer gases. Results have shown that the tracer 

concentrations at the injection/extraction points decrease as a result of physical transport processes, 

whereas the concentration of the reactive gas decreases as a result of both physical transport 

processes and microbial (and other) activities. Also, results have shown that methane oxidation 

within two closed landfills ranged from 8 to 70% with an average oxidation of 40% and 51% for 

landfills CP and SW respectively. These values given by GPPT are higher than the arbitrary values 

given by regulations.  

Another independent field scale study was developed that aims to quantify methane 

oxidation within landfill covers using a mass balance approach at three test pads with different soil 

cover configuration. LFG is extracted from an on-site gas extraction well and pumped into the test 

pads with a controlled flow for a period of two years. The inflow and the outflow provided another 

independent methane oxidation measurement. The first test pad has a cover soil of 45 cm of local 

soil and the second test pad has cover soil composed by 30 cm of compost layer and 15 cm of local 

soil. The third test pad had a 15 cm soil cover which could represent a daily cover. All test pads 

have an underlying cover of 15 cm of gravel layer to ensure the uniform distribution of the injected 

LFG through the whole area of the both test pads. Due to the high precipitation characterizing the 
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location of testing, the third test pad, which could represent a daily cover, was lost because of 

erosion. 18.88 and 19.28 tons of CH4 were injected into test pads 1 and 2 respectively during the 

testing period. Oxidation occurred within the two layers of the test pads. 14.7 and 14.6 tons of CH4 

were consumed within the first gravel layer in test pads 1 and 2 respectively. 2.87 and 2.62 tons of 

methane were consumed in the soil layer for test pads 1 and 2 respectively. Results of test pads 

have shown that top oxidation percent varies from 5 to 99%, deep oxidation percentage varies from 

35 to 100% and total oxidation percentage varies from 63 to 100%. The mass balance approach 

leads to conclude that 1.32 and 2.01 tons of methane were emitted from test pads 1 and 2 

respectively. These overall values could lead to a conclusion that within the testing period 77% of 

deep methane oxidation capacity occurred at the gravel layer and 68% and 56% of top methane 

oxidation capacity occurred within the soil layer for test pad 1 and 2 respectively. Thus, a huge 

quantity of methane was consumed within the gravel layer due to the presence of oxygen and then 

some of the remaining was consumed within the soil cover. A total oxidation capacity, which 

englobe the top and deep oxidation, could be developed and it is 92% and 89% for test pad 1 and 

2 respectively. This is another evidence that oxidation is not a constant as given by regulations and 

it should be dependent of site specific conditions, bottom methane loading flux and climate 

conditions.  

Finally, a new site specific model was developed to better estimate landfill gas emissions. 

The new model has the same structure than the old models which is incorporated into three moduli 

that represent the phases that gas goes through within the landfill. First the generation, then the 

collection and finally the oxidation. The new model incorporated all the existing generation 

equations which will give the user the freedom to choose between any of the existing equations 

depending of the regulations. Then, the new model fulfills the weaknesses of the existing models 

by replacing the default values stated by regulations for the collection and oxidation module by a 

site specific modules that encourage landfill owners to collect more aggressively as a purpose to 

reduce emissions.  

The collection module is based on the best management practices issued from the industry 

which are effective processes to achieve a desired collection efficiency. Those practices aim to 

improve gas collection systems for the purpose of minimizing gas emissions from landfills. The 

user is asked to respond to a sheet depending on the practices used within a landfill. Using a box 

score, a ratio is developed for both active and post closure phases to determine the collection 
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efficiency for each cover type. A chart of cover distribution curves is developed through the life 

time of a landfill for each cover type depending on the waste acceptance rate. This chart and the 

already developed collection efficiencies for each cover type are combined to produce the final 

weighted collection efficiency. Finally, the escaped gas that escaped the gas collection systems is 

calculated using the generated gas and the final weighted collection efficiency. This calculated 

escaped gas represents the output of the collection module. 

The escaped gas is then distributed for each cover according to the diffusive aspect of the 

gas which means that the gas will try to escape from the easiest path into the atmosphere which 

leads to a higher loading flux for the daily thin covers than the thick final ones. Depending on the 

area expansion of the landfill, cover distribution curves and cover thicknesses, the fluxes going 

through each covers are determined through the lifetime of the landfill. Then, using LandSEM, a 

numerical model developed by our research team at Florida State University that combined water 

and heat flow with a gas transport and oxidation model, and the calculated loading fluxes, the 

percent oxidation is determined for each cover type through the lifetime of the landfill.  

Finally, the emitted gas from each cover type is calculated by subtracting the consumed 

gas by oxidation within the landfill cover from the calculated escaped gas through each cover type. 

The total emissions are then calculated by summing all the calculated emissions from each cover 

type. 

This new developed model is tested using a case study where data from a Landfill located 

in the Midwest were used to assess how the modeled methane generation, collection and emissions 

compare to field obtained data. The results show that the modeled methane collection and 

emissions using the new model are very close to the field measured data than the results given by 

regulations. Also, this model motivates to collect more and shows how emissions could be 

improved by improving the gas collection systems and by improving the oxidation which other 

models didn’t do. 
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7 APPENDIX A 
 

8 GENERATION MODELS’ PARAMETERS 

 

A.1 Regulatory calculation method 

 

Table A.1: Subpart HH of Part 98—Emissions Factors, Oxidation Factors and Methods 

Factor 

Default 

value Units 

DOC and k values—Bulk waste option 

DOC (bulk waste) 0.20 Weight fraction, wet 

basis. 

k (precipitation plus recirculated leachatea <20 

inches/year) 

0.02 yr−1 

k (precipitation plus recirculated leachatea 20-40 

inches/year) 

0.038 yr−1 

k (precipitation plus recirculated leachatea >40 

inches/year) 

0.057 yr−1 

DOC and k values—Modified bulk MSW option 

DOC (bulk MSW, excluding inerts and C&D waste) 0.31 Weight fraction, wet 

basis. 

DOC (inerts, e.g., glass, plastics, metal, concrete) 0.00 Weight fraction, wet 

basis. 

DOC (C&D waste) 0.08 Weight fraction, wet 

basis. 

k (bulk MSW, excluding inerts and C&D waste) 0.02 to 

0.057b 

yr−1 

k (inerts, e.g., glass, plastics, metal, concrete) 0.00 yr−1 

k (C&D waste) 0.02 to 0.04b yr−1 

DOC and k values—Waste composition option 

DOC (food waste) 0.15 Weight fraction, wet 

basis. 

DOC (garden) 0.2 Weight fraction, wet 

basis. 
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DOC (paper) 0.4 Weight fraction, wet 

basis. 

DOC (wood and straw) 0.43 Weight fraction, wet 

basis. 

DOC (textiles) 0.24 Weight fraction, wet 

basis. 

DOC (diapers) 0.24 Weight fraction, wet 

basis. 

DOC (sewage sludge) 0.05 Weight fraction, wet 

basis. 

DOC (inerts, e.g., glass, plastics, metal, cement) 0.00 Weight fraction, wet 

basis. 

k (food waste) 0.06 to 0.185c yr−1 

k (garden) 0.05 to 0.10c yr−1 

k (paper) 0.04 to 0.06c yr−1 

k (wood and straw) 0.02 to 0.03c yr−1 

k (textiles) 0.04 to 0.06c yr−1 

k (diapers) 0.05 to 0.10c yr−1 

k (sewage sludge) 0.06 to 0.185c yr−1 

k (inerts e.g., glass, plastics, metal, concrete) 0.00 yr−1 

Other parameters—All MSW landfills 

MCF 1.  

DOCF 0.5  

F 0.5  

 

A.2 USEPA GHG Inventory Calculation method 

 

Table A.2: Values for the Methane Generation Rate (k) 

Landfill Type K value (yr-1) 

Conventional  0.04 

Arid area 0.02 

Wet (bioreactor) 0.7 
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Table A.3: Values for the Potential Methane Generation Capacity (L0) 

Landfill Type L0 value (m3/Mg) 

Conventional  100 

Arid area 100 

Wet (bioreactor) 96 

 

A.3 Other Methods 

 

TNO-Single phase 

 

Table A.4: Organic Carbon Content Used in the TNO Single-Phase Model 

Waste Category Organic Carbon Content [KgC.Mg-1] 

Contaminated Soil 

Construction and Demolition waste 

Shredder waste 

Street Cleansing Waste 

Sewage sludge and compost 

Coarse household waste 

Commercial waste 

Household waste 

11 

11 

130 

90 

90 

130 

111 

130 

 

TNO-Multi phase (Afvalzorg) 

 

Table A.5: Organic Carbon Content Used in the TNO Multi-Phase Model 

Waste Category 

Minimum organic matter 

content [kgOM.Mg-1] 

Maximum organic matter 

content [kgOM.Mg-1] 

Rap Mod Slow Total Rap Mod Slow Total 

Contaminated Soil 

Construction and demolition 

Shredded waste 

Street cleansing waste 

Sewage sludge and compost 

Coarse household waste 

0 

0 

0 

9 

8 

13 

2 

6 

6 

18 

38 

39 

6 

12 

18 

27 

45 

104 

40 

44 

60 

90 

150 

260 

0 

0 

0 

12 

11 

19 

3 

8 

11 

22 

45 

49 

8 

16 

25 

40 

48 

108 

42 

46 

70 

100 

160 

270 
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Commercial waste 

Household waste 

13 

60 

52 

75 

104 

45 

260 

300 

19 

70 

54 

90 

108 

48 

270 

320 

 

Table A.6: Afvalzorg Multi-Phase Model ξ and k Values Per Case Study Object 

Landfill 
Dissimilation factor 

(ξ) 

Rapidly 

degradable 

(k1) 

Moderately 

degradable 

(k2) 

Slowly 

degradable 

(k3) 

Nauerma 

Braambergen 

Wieringermeer 

0.7 

0.8 

0.7 

0.187 

0.231 

0.187 

0.099 

0.116 

0.099 

0.030 

0.030 

0.030 

 

EPER Model (France) 

 

Table A.7: Fractions and k Values of the ADEME Multi-Phase Model 

Category 

Fraction 1 

(k = 0.500 yr-1) 

(%) 

Fraction 1 

(k = 0.100 yr-1) 

(%) 

Fraction 1 

(k = 0.040 yr-1) 

(%) 

Overall k 

value [yr-1] 

1 

2 

3 

15 

15 

0 

55 

55 

0 

30 

30 

0 

0.120 

0.120 

0.000 

 

Table A.8: Waste Categories and Methane Generation Capacity of the ADEME Model 

Category 
Methane 

generation 
Waste category 

1 

2 

3 

100 [m3CH4.Mg-1] 

50 [m3CH4.Mg-1] 

0 [m3CH4.Mg-1] 

MSW, Sludges, Yard waste 

Industrial, commercial and biologically 

pre-treated waste 

Inert and non-biodegradable waste 
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9 APPENDIX B 

10  

11 TEST PADS GRAPHS 
 

 

 

Figure B.1: Top and Bottom Fluxes in Test Pads 1 Station 1 
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Figure B.2: Top and Bottom Fluxes in Test Pads 1 Station 3 

 

Figure B.3: Top and Bottom Fluxes in Test Pads 1 Station 4 
 

 

Figure B.4: Top and Bottom Fluxes in Test Pads 1 Station 5 
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Figure B.5: Top and Bottom Fluxes in Test Pads 2 Station 1 
 

 
Figure B.6: Top and Bottom Fluxes in Test Pads 2 Station 2 
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Figure B.7: Top and Bottom Fluxes in Test Pads 2 Station 3 

 

 
 

Figure B.8: Top and Bottom Fluxes in Test Pads 2 Station 4 
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Figure B.9: Top and Bottom Fluxes in Test Pad 2 Station 5 

 

 

 
 

Figure B.10: Top Oxidation Rate and Capacity in Test Pad 1 Station 1 
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Figure B.11: Top Oxidation Rate and Capacity in Test Pad 1 Station 3 

 

 

Figure B.12: Top Oxidation Rate and Capacity in Test Pad 1 Station 4 
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Figure B.13: Top Oxidation Rate and Capacity in Test Pad 1 Station 5 
 

 

Figure B.14: Top Oxidation Rate and Capacity in Test Pad 2 Station 1 
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Figure B.15: Top Oxidation Rate and Capacity in Test Pad 2 Station 2 
 

 

 
Figure B.16: Top Oxidation Rate and Capacity in Test Pad 2 Station 3 
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Figure B.17: Top Oxidation Rate and Capacity in Test Pad 2 Station 4 

 

 

 
 

Figure B.18: Top Oxidation Rate and Capacity in Test Pad 2 Station 5 
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12 APPENDIX C 

13  

14 BMPS AND CASE STUDY 
 

 

C.1 Best Management Practices 

 

 Use of horizontal collectors: 

In the early life of a landfill, horizontal collectors are the best practice to control surface 

emissions. They are installed across the landfill surface in trenches within the refuse. They are 

usually comprised of perforated pipe laid horizontally in a trench and surrounded by gravel or 

other permeable substrate. Once buried, those collectors are sufficiently protected to collect gas 

while the landfill is in active phase. However, vacuuming will be proceeded only when placed 

refuse above them reach a certain level (may be up to 30 feet of waste thickness) to limit air 

infiltration into the landfill. Once properly used, horizontal collectors are expected to have a 

medium relative greenhouse gas emissions reduction benefit. 

 Use of surface collectors: 

Surface collectors can be used to collect gas from a wet landfill where horizontal and 

vertical wells fail due to water infiltration. They are installed above the waste across the landfill 

and they are usually composed of perforated pipe covered by an impermeable geomembrane. 

Once used properly, surface collectors are expected to have high relative GHG emissions 

reduction benefit. 

 Tighter spacing of vertical LFG wells: 

The spacing of vertical wells depends on various parameters, including the water content, 

the thickness of waste, cover type, length and placement of perforated wells, diameter of wells, 

distance between the top of perforation to the landfill surface, and the vacuum available. 

The design of wells is based on the estimation of the expected radius of influence and uses 

generally some degree of overlap of the radii of influence. However, this estimation is uncertain 

and some wells can fail for many reasons, therefore, there may be place to reduce the spacing of 

wells to increase the overlap of the radii of influence. 

Once applied properly, tighter well spacing would increase the gas recovery and reduce air 

infiltration due to the lower vacuum level. LFG designs for tighter well spacing are expected to 

have a medium relative GHG emissions reduction benefit.  
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 Mixed horizontal/vertical well system: 

Because of the high permeability of the refuse horizontally than vertically, vertical 

collectors are more efficient collecting LFG. However, once installed in an active zone, they 

interfere with filling operations and they are at risk of damage. In the other hand, horizontal 

collectors provide the benefit of early gas collection. Thus, a hybrid system including vertical and 

horizontal wells will provide a better collection through the whole lifetime of a landfill.  

Once properly used, the combination systems will provide better LFG collection. They are 

expected to have a medium relative GHG emission reduction benefit. 

 Connection of LCRS Layer to LFG Collection system: 

In order to collect LFG beneath the refuse along the bottom of the landfill, the LFG 

collection system is connected to the leachate collection and removal system (LCRS) using a 

lateral pipe connection with corresponding wellhead to an LCRS. 

This is an effective way to capture additional LFG from beneath waste. It has a medium to 

high relative GHG emission reduction benefit during cell construction and low after the cell 

completion. 

 Deep Multi-Depth Vertical Wells: 

As a well is deeply imbedded in refuse, a greater vacuum could be applied. A multiple 

nested well pipes in the same borehole or adjacent wells of varying wells could lead to a better gas 

collection by operating the deep zones of a landfill at a greater vacuum than the shallow zones. 

Thus, the influence zone of deep wells will be greater than the shallow ones. 

This practice management could reduce both GHG emissions and air infiltration. The 

estimated amount of GHG emissions reduction is rated as low. 

 Maximize borehole and well diameters: 

Increasing the pipe diameter and installing a well in a larger borehole will help to maximize 

production and life of each well. In fact, larger diameter wells will provide greater amount of LFG 

flow that can be achieved in the well, will be more resistant to pinching and can facilitate the 

insertion of pumps for liquids removal. On the other hand, larger diameter boreholes will provide 

greater surface perimeter area to apply vacuum and more protection for the well against settlement 

and plugging of piping perforations due to fine material passing through a thin gravel pack layer. 
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Using larger pipe and borehole diameters is an effective way to enhance GHG collection. 

However, compared to the other management practices, this method has a low methane reduction 

potential. 

 Enhance Seals on LFG wells/boreholes: 

The amount of vacuum that can be applied is limited by the seal between the perforated 

collection zone and the nearest source of air infiltrating the landfill. One of the main sources of air 

infiltration is through the well borehole for vertical collection system and the well trench for 

horizontal ones.  

Well connecting pipes are sealed using a bentonite clay seal or a compacted clay seal or a 

plastic well bore seal. Often, multiple seals are used to have a good seal on the well. A minimum 

of two seals is recommended because of the critical nature of seals. Additional seals will provide 

and additional security against failure.  

In arid landfills, alternate seals are preferable in addition to the bottom bentonite seal 

because of the arid conditions that could cause the bentonite to desiccate and crack.  

This management practice has a medium to high GHG emissions reduction potential.  

 Dewater gas wells: 

Keeping well screens free of liquid is a critical task to ensure good performance of the well. 

Several methods can be used to avoid this problem. One of the methods is based on installing a 

bentonite seal opposite perched water in the refuse. However, identifying the perched liquid levels 

is a problem for this method (best done by using a down-hole camera). Another method is to make 

field investigation of liquids levels in waste and avoid those areas before installation. Another 

alternative is to use solid pipe at depths where liquid levels are suspected. Methods for flushing 

out the screen and filter pack are also available. Installing a leachate pump is also a way to avoid 

the problem, however, the process is typically slow. 

In case of flooded well, gas collection is blocked. So, GHG emissions reduction would be 

high for this management practice. 

 Maximize capacity of gas mover equipment: 

The blower system is designed so it does not limit the gas collection. Sufficient blower 

capacity should be given to collect all gas generated and available for collection. 

This management practice has a high relative GHG emissions reduction potential when gas 

capacity exceeds the blower capacity and low otherwise. 
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 Early installation of LFG systems: 

System installation is considered early if it precedes the schedule mandated by regulation. 

Early system installation requires LFG collection in the active portion of landfilling areas. To do 

so, the use of horizontal collectors is preferable, or extraction wells should be protected and raised 

with waste filling. 

The relative GHG emissions reduction potential for this type of practices is high for new 

LFG systems and low to medium for early expansion of an existing system depending on site 

conditions. 

 Enhanced surface emissions monitoring: 

Under the NSPS rule, monitoring is conducted quarterly with emissions levels compared 

to a standard of 500 parts per million by volume (ppmv) above background of total organic 

compounds (TOC) measured as methane at two to three inches above the surface of the landfill. 

Surface emissions monitoring (SEM) is conducted by walking a serpentine pathway across the 

surface of the landfill with an instantaneous testing with maintaining a pattern of less than 100 feet 

apart for each successive pass along the surface.  

The enhanced SEM should be conducted monthly rather than quarterly. The serpentine 

pathway should include a monitoring route with successive passes that are no less than 25 feet 

apart with a provision to increase the spacing back to 100 feet after one year’s monitoring without 

exceedances. The instantaneous SEM threshold should be 100 ppmv of TOC above the 

background as methane and also measurements should be standardized to two inches above the 

surface of the landfill. 

Enhanced monitoring will ultimately reduce surface emissions of methane by maintaining 

a stricter emission standard. It is expected to have a low to medium effect on GHG emissions 

reduction, generally higher for sites that do not conduct SEM. 

 Closure and Post closure management practices: 

A good management practice of a landfill at closure and post-closure will keep an effective 

and efficient LFG collection system. During this phase, the landfill is no longer active and LFG 

systems usually get enhancements and replacements of aged or damaged systems to last during 

this phase. This best management practice has a high effect on GHG emissions reduction. 

Cracking and erosion can occur due to fluctuations in air temperatures and precipitation or 

due to earthquakes or settlements occurring within the waste. Those penetrations will lead to a 
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LFG leaking. Seals should be installed for all the penetrations. This practice has a high effect on 

GHG emissions reduction.  

Cover thickness is important to protect the cover barrier layer from installation and 

maintenance activities. However, its effect on GHG emissions reduction is medium compared to 

the other management practices. 

The use of automated and remote monitoring is a key practice to respond to system 

problems and downtime. This best management practice has a low effect on GHG emissions 

reduction compared to the other management practices during the closure phase.  

Proper operation and maintenance in the post closure phase is important to the LFG system. 

Adequate attention should be paid to the LFG systems even though the landfill is not active 

anymore.  

 

C.2 On site Collection Practices (case of study) 

 

The initial phase of the active gas collection system was installed in 1993 and included a 

series of landfill gas extraction wells and associated piping routing the landfill gas to a utility flare. 

Enhancements to the gas extraction and collection system have occurred as the landfill expanded. 

The on-site gas to energy facility was constructed in 2008, and gas collected in the landfill gas 

wells is routed to this on-site gas to energy facility. 

A brief review of the landfill gas extraction improvements over the years is provided below 

with more details available in corresponding construction certification reports: 

 2008 – Waste Management (WM) Renewable Energy Landfill gas-to-energy plant was 

constructed. Two gas extraction slip wells were installed in Phase 7 bioreactor. 

 2009 – One slip well was constructed in Phase 7 bioreactor. 

 2010 – Two slip well were constructed in Phase 7 bioreactor. A fourth engine was added 

to the gas-to-energy plant. 

 2011 - Vertical gas wells, EW-40, EW-52, EW-53, and EW-56 were raised and the slip 

well casings were taken off to install bentonite seals to minimize air intrusion. The 12” 

header that runs over the top of Phase 1, 2, and 3 was regraded due to settlement. Eight 

additional vertical gas wells (EW-49 through EW-56) and corresponding laterals and 

connections were installed in Phase 7 of the bioreactor and one (EW-57) was installed in 

Phase 4 of the Landfill. 
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 2012 - Gas wells EW-58, EW-59, EW-60, and EW-61 were constructed in Phase 3. 

 2013 - The gas extraction system expansion included the construction of seven vertical 

landfill gas extraction wells in Phase 7, and the installation of header and lateral collection 

piping and associated connections and control valves. The vertical extraction wells were 

installed in mid-August in the lined MSW disposal areas. The gas collection piping for the 

system expansion consisted of the installation of over 3000 feet of new pipe, and extension 

and relocation of an existing header pipe. The majority of piping lies above ground to allow 

for flexibility to move the line as needed as operating areas reach grade and gas wells are 

extended. 

 2014 - Six horizontal collectors and five vertical gas slip wells (EW-69, EW-70, EW- 71, 

EW-72, and EW-73) were installed in Phase 8A of the bioreactor; however, EW-69 is not 

active yet. In addition, one gas header from Phase 7 was moved to Phase 8A and four 

sections of lateral gas headers were added in Phase 7. 

 2015 - One gas well was abandoned (EW44). Slip wells in the Phase 8A area were raised 

as necessary to accommodate operations. Minor piping improvements were completed as 

part of a 9.2-acre closure project. A section of header was relocated from Phase 3 in an 

area near EW-59 to an area near EW-62. Two sections of new header were installed in 

Phase 7 and in Phase 8A. A new condensate drip leg was installed and tied into the header 

in Phase 8A. 
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