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EXECUTIVE SUMMARY 

 

Validated measurement of landfill gas (LFG) emissions can quantify the effectiveness of landfill 

cover and LFG collection systems for the management and containment of gases, ranging from 

trace (< 1%) constituents, such as hydrogen sulfide (H2S), volatile organic compounds (VOCs), 

and volatile fatty acids (VFAs) to major constituents, such as methane (CH4) and carbon dioxide 

(CO2). When emitted into the surrounding area, each of these LFG compounds can threaten public 

health and safety as well as be a nuisance. For example, CH4 and CO2 are strong greenhouse gases 

(GHGs) and because their emissions from landfills are not insignificant, they can be serious 

contributors to global warming. CO2 and CH4 are strong GHGs because of their ability to absorb 

energy and the duration that they stay in the atmosphere. CO2 has a global warming potential 

(GWP) of 1, while CH4 has a GWP of 28 to 36 over a 100-year period. More, H2S, and some 

VOCs, gives off a potent “rotten-egg” odor that can be irritating. LFG can also contribute to heat 

generation and accumulation within landfills; this excess heat has several unwanted implications 

such as potential damage to gas collection, landfill cover, and landfill liner systems. On a more 

positive note, gas management and containment can have several benefits, as LFG can be turned 

into a valuable resource. For example, CH4 can be turned into usable electricity as well as 

converted into compressed natural gas (CNG), an eco-friendly vehicle fuel, just as CO2 could be 

captured and sold as compressed gas or dry ice.  

 

Landfill cover systems are designed to facilitate gas management and containment, as they retard 

the migration of LFG to the surrounding environment, reduce nuisance odors, and limit 

precipitation into the waste body. Such systems are low-permeability (less than 10-7 m/s) barriers 

at the top of the landfill and often consist of fine-grain, low-hydraulic conductivity soils and 
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sometimes geosynthetics, such as in a composite barrier. The properties of the barrier layer(s), 

especially those of the geomembrane (GM) used in a composite barrier, can influence gas transport 

(primarily diffusive flow) through the cover system. 

 

There are several techniques used to evaluate the emission rates through landfill cover systems, 

including indirect measurements, direct measurements, and laboratory simulations. The flux 

chamber (FC) technique – a direct measurement approach – has been a proven method of landfill 

emission measurements. Fundamentally, a FC seals a volume above a gas-emitting surface and, as 

gas diffuses through the surface, gas accumulates within the chamber and concentrations can then 

be measured over time. FCs can have either a static (closed flux) or dynamic (open flux) design: a 

static chamber technique does not involve air exchange throughout the chamber, while a dynamic 

chamber technique involves a clean sweep air. Whether static or dynamic, the FC method is a 

simple and cost-effective approach to determine emissions at a particular location; however, there 

are some disadvantages to FC use. Primary issues of FC implementation include the spatial 

variability and general heterogeneity of emissions at landfills as well as the temporal variability, 

as atmospheric conditions influence emission rates. These deficiencies tend to underestimate 

emissions determined from FCs. Another set of deficiencies surround the fact that many of the FC 

designs presented in literature lack supporting documentation on the methodology and design 

justifications. While there are some guidelines, there is not a single standard on FC design or FC 

approaches. 

 

The primary objective of this research was to design, construct, and protype a series of static FCs 

to evaluate very low flux rates of various gas species through a composite cover system. Very low 
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flux is assumed, due to the estimated diffusion coefficients of the cover systems being on the order 

of 10-13 m2 s-1. This design methodology started first with a constructive review of existing FCs 

and methods, with a focus on detailing the limitations and deficiencies of historical approaches of 

FCs; most FCs presented in literature were designed and employed to measure relatively higher 

rates of gas flux from porous media (e.g., LFG emissions through interim soil cover profiles at 

municipal solid waste (MSW) landfills). Second, a novel FC design was developed based on this 

review and the primary objective of low flux evaluation. The considerations in the FC design 

included the chamber materials, geometry, size, and volume. The final design was chosen to be a 

static FC, consisting of an acrylic dome stacked on top of layered washers of aluminum, ethylene 

propylene diene terpolymer (EPDM), and GM. Three different sized FCs of this basic design were 

developed, in which each FC size was chosen to vary in outer diameter, inner diameter, and height 

but also chosen to have relatively equal volume-to-area (VA) ratios (ranging between 0.112 m and 

0.127 m). These different sized FCs allowed for scale effects to be observed (in addition to flux 

evaluation). Third, a large-scale (1.0-m height, 1.2-m diameter) gas flux testing apparatus was 

designed and constructed to perform a series of FC validation tests in the laboratory. This apparatus 

consisted of a gas source, a soil column above the gas source, and a GM sealed above the soil 

column (to simulate a composite barrier system). The FCs could then be sealed on the GM and 

used to monitor the gas diffusion through the reproduced cover system. This apparatus was 

designed such that each variable of the system could be changed with relative ease, allowing for 

gas fluxes to be tested in a variety of scenarios. Variables of the system that could be adjusted 

include FC size, GM type, soil type(s), soil column thickness, soil moisture, soil compaction, gas 

source composition, and gas pressure. Fourth, a preliminary model of the large-scale testing 

apparatus was developed using a finite-element method (FEM) and used to validate the laboratory 
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testing of the FCs. Following the validation from the large-scale testing apparatus and 

supplemental model, the FCs could be implemented for field-scale evaluation. 

 

Overall, the FC presented in this thesis was designed to evaluate very low flux rates of various gas 

species through a composite cover system. While there are some deficiencies, the design 

methodology of the FC was well-detailed and supported through a review of FCs. Ongoing and 

future validation efforts, as described, will be used to support this FC design and its 

implementation for very low flux rate evaluation. 

 

Keywords: composite cover system; diffusion; geomembrane; flux; flux chamber; landfill gas  
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1. INTRODUCTION 

1.1. Research Motivation 

Landfill cover systems are designed to facilitate gas management and containment, as they retard 

the migration of landfill gas (LFG) to the surrounding environment, reduce nuisance odors, and 

limit precipitation into the waste body. The task of LFG containment is important, as LFG consists 

of a suite of constituents that can threaten public health and safety as well as cause problems for 

people living near landfills (Kim 2006; Xu et al. 2010). More specifically, LFG consists mostly of 

methane (CH4) and carbon dioxide (CO2) in addition to trace (< 1%) constituents like hydrogen 

sulfide (H2S) and non-methane organic compounds (NMOCs), including volatile organic 

compounds (VOCs) (Ham 1979; Eklund et al. 1998; Themelis and Ulloa 2007). 

 

The use of geomembranes (GMs) within these cover systems is ever increasing as they can 

improve the effectiveness of such cover systems, both in limiting gas migration and reducing 

nuisance odors. A series of laboratory column tests has shown the effectiveness of various GMs at 

retarding LFG constituents, like CH4, CO2, and H2S (Eun et al. 2016; Eun et al. 2018b; Yilmaz 

2018). The results of these simulated-landfill-cover-system laboratory tests show much lower 

diffusion coefficients (about 104 times lower) for the GMs, especially co-extruded ethylene-vinyl 

alcohol (EVOH), compared to sand, silt, and clay soils. When implemented in a composite barrier 

system, GMs can be superior barriers to gaseous transport. While these laboratory tests are 

valuable, field-scale evaluation of gaseous emissions through GMs in composite cover systems 

may provide more realistic measurements of flux. These field-scale emissions have not been well-

evaluated. An evaluation of field-scale emissions, coupled with the laboratory results, could be 

used to reach a conclusion regarding the effectiveness of certain GMs to control gas migration. 
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1.2. Research Objectives 

The main objective of this research is to evaluate very low gas flux rates through composite cover 

systems. Very low flux is assumed, due to the estimated diffusion coefficients of the cover systems 

being on the order of 10-13 m2 s-1. The results from this evaluation could then compared to results 

from previous laboratory-scale diffusion tests (conducted by other researchers). Supplemented by 

each other, the field-scale results and laboratory-scale results could then be used to reach a 

conclusion regarding the effectiveness of certain GMs to control gas migration, relative to other 

GMs and to cover systems without GMs. 

 

In addition to the main objective, there are several other objectives of this research. The first is to 

design and fabricate a novel flux chamber (FC) to be used to for the evaluation of the gas flux. The 

second is to validate the FCs (and FC technique and protocol) using a large-scale (1.0-m height, 

1.2-m diameter) gas flux testing apparatus in the laboratory. The third is to develop a finite-element 

method (FEM) model that can be used to validate (and be validated by) the large-scale gas flux 

tests. 

 

1.3. Hypotheses 

In terms of the diffusion through a landfill cover system, it is expected that the lowest gas fluxes 

would occur through composite systems consisting of co-extruded ethylene-vinyl alcohol (EVOH) 

GM, relative to the more-conventional GMs used, such as high-density polyethylene (HDPE) and 

linear low-density polyethylene (LLDPE). It is expected that implementing EVOH into a landfill 

cover system would reduce gas fluxes by several orders of magnitude (104 times lower) and odors 

relative to a system without a GM.  
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2. BACKGROUND 

2.1. Landfill Gas 

Biological, as well as physical and chemical, degradation of municipal solid waste (MSW) within 

landfills produces a variety of gases which can then be emitted into the atmosphere (Eklund et al. 

1998; Bareither et al. 2012). Landfill gas (LFG) consists mostly of methane (CH4) and carbon 

dioxide (CO2) in addition to trace (< 1%) constituents like hydrogen sulfide (H2S) and non-

methane organic compounds (NMOCs), including volatile organic compounds (VOCs) (Ham, 

1979; Eklund et al. 1998; Themelis and Ulloa 2007). The average concentrations of these major 

LFG compounds are presented in Table 1. 

 

Table 1. Typical landfill gas composition (by percent volume) in U.S. landfills, where methane and 
carbon dioxide are the main constituents. 
 

Compound Average Concentration (%) 

Methane (CH4) 45 to 55 

Carbon dioxide (CO2) 35 to 50 

Hydrogen sulfide (H2S) < 1 

Non-methane organic compounds (NMOCs) < 1 

 

Each of these LFG compounds can threaten public health and safety as well as cause problems for 

people living near landfills (Kim 2006; Xu et al. 2010). First, CH4 and CO2 are strong greenhouse 

gases (GHGs) and because their emissions from landfills are not insignificant, they can be serious 

contributors to global warming (Didier et al. 2000, U.S. EPA 2018). CO2 and CH4 are strong 

GHGs, because of their ability to absorb energy and the duration they stay in the atmosphere. CO2 

has a global warming potential (GWP) of 1, while CH4 has a GWP of 28 to 36 over a 100-year 

period. In fact, landfills were the third largest contribution of any CH4 source in the U.S. in 2016 
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and accounted for 16.4% of total anthropogenic CH4 emissions in the U.S.; these emissions 

translated to approximately 107.7 MMT CO2 Eq. or 1.6% of total U.S. GHG emissions in 2016 

(U.S. EPA 2018). Second, H2S is an odiferous gas present at landfills – as are some VOCs – that 

gives a potent, “rotten-egg” smell (Shin et al. 2002; Kim 2006; Eun et al. 2007, Xu et al. 2010). 

Not only does its odor present nuisances to areas and homes surrounding landfills (even at 

concentrations as low as 3 ppb), but H2S can also contribute to breathing disorders, nausea, 

dizziness, and even death (at concentrations above 1.5 ´ 105 ppb) (U.S. EPA 1993; Kim 2006). 

Third, LFG compounds can contribute to heat generation and accumulation in MSW landfills. 

Elevated temperatures can have several implications, including damage to the gas collection, 

landfill cover, and landfill liner systems and more, and generally require increased monitoring and 

management (Hao et al. 2017). Because of the potential for LFG to negatively impact people and 

the surrounding environment, controlling LFG emissions is of utmost importance. Beyond 

preventing potential problems, however, proper LFG management can also provide several 

benefits. For example, landfills have found ways to turn LFG into a valuable resource. Landfills 

have benefitted from trapping and collecting CH4 and turning it into usable electricity as well as 

converting it into compressed natural gas (CNG), an eco-friendly vehicle fuel. In the future, 

landfills could also start to capture and sell CO2 as compressed gas or dry ice. Not only does 

capturing these gases and converting them into valuable products generate revenue, but it also 

reduces GHG emissions. Managing LFG is important for both preventing problems and also for 

generating financial gain, and that is why it is a major aspect of proper landfill operations. 
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2.2. Landfill Cover Systems 

One of the principal tasks of landfills is to contain the disposed MSW and any resulting byproducts 

(and control infiltration into the waste area). This task is facilitated by landfill liner and cover 

systems. Landfill liners serve as low-permeability (less than 10-7 m/s) barriers at the base of the 

landfill and help retard the migration of waste/waste byproducts, primarily leachate, into the 

underlying environment and aquifers. Landfill cover systems (Figure 1), conversely, serve as a 

low-permeability (less than 10-7 m/s) barrier at the top of the landfill and have a variety of 

functions; more specifically, they retard the migration of LFG to the surrounding environment, 

reduce nuisance odors, limit precipitation into the waste body, and more (Xu et al. 2010; Albright 

et al. 2013; Eun et al. 2018b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example landfill cover system under construction in the U.S., in which sections of the 
landfill have exposed geomembrane, interim soil cover, and more. 
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Depending on the operational stage of the landfill, various types of cover systems are used, 

including interim covers, intermediate covers, and final covers. For modern landfills, cover 

systems often consist of fine-grained, low-hydraulic conductivity soils and sometimes 

geosynthetics, such as in a composite barrier (Albright et al. 2006, Albright et al. 2013). Each layer 

within a landfill cover system has a specific purpose. The grading layer provides separation from 

the overlying layers from the waste, grade control, and support for overlying layers. The low-

permeability (less than 10-7 m/s) barrier layer consists of compacted clay, and its primary functions 

are to minimize percolation and limit gas emissions. Geomembranes (GMs) can be used in 

conjunction with the barrier layer to form a composite barrier; composite barriers are even more 

effective at reducing percolation and gas migration than the barrier layer alone. The drainage layer 

consists of coarser-grain soils to facilitate drainage of the overlying layers, helping to prevent slope 

failures. The rooting and topsoil layers help to minimize erosion and facilitate native plant growth. 

A schematic of an example landfill cover system with its various layers is presented in Figure 2. 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of an example landfill final cover system, consisting of a grading layer, low-
permeability barrier layer, geomembrane, drainage layer, rooting layer, and topsoil layer. 
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The type and thickness of the cover soil influences the effectiveness of the cover system, as does 

the GM. There are several types of GMs, including polyethylene (PE), high-density polyethylene 

(HDPE), linear low-density polyethylene (LLDPE), very low-density polyethylene (VLDPE), 

polyvinyl chloride (PVC), and ethylene-vinyl alcohol (EVOH). Based on the chemical makeup 

and physical properties, each GM has its strengths for use in landfill cover systems. For example, 

co-extruded EVOH has been shown to be especially effective at controlling emissions of GHGs 

and odiferous gases as well as non-polar VOCs (Eun et al. 2016; Eun et al. 2018a; Eun et al. 

2018b). The reason why co-extruded EVOH is an effective GM is because it consists of an EVOH 

core surrounded by HDPE. EVOH, a polar copolymer, is effective at containing non-polar 

compounds (e.g., benzene, toluene, trichloroethylene, etc.) while HDPE, a non-polar polymer, is 

effective at containing polar compounds; together, the EVOH and HDPE form a superior barrier 

system for both non-polar and polar compounds. In addition to in landfill covers and liners, GMs 

are used in a variety of other geoenvironmental applications. While the type of landfill cover 

system and material used influence LFG emissions, there are other variables that affect emissions 

through the cover system. These include, but are not limited to, soil type, soil moisture content, 

soil nutrients, ambient temperature, atmospheric/weather conditions, and more (Kienbush, 1986; 

Schuetz et al. 2003; Abichou et al. 2015). In general, there are several parameters that influence 

LFG transport through a cover system. 

 

2.3. Landfill Gas Transport through Cover Systems 

The transport of LFG through soil can be described by the mechanisms of mass flow and diffusive 

flow (Didier et al. 2000). Mass flow describes the movement of gases due to differences in total 

pressure, while diffusive flow describes the movement of particles due to differences in partial 
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pressure or concentration (Didier et al. 2000). Mathematically, these phenomena are expressed by 

Darcy’s law for mass flow (Eq. 1) and Fick’s law for diffusion (Eq. 2). 

 

 ! = !
" = −$∇& Eq. 1 

where v = Darcy flux (L T-1), Q = volumetric flux (L3 T-1), A = cross-sectional area perpendicular 

to flow (L2), K = fluid conductivity (L T-1), and −∇& = hydraulic gradient (-) 

 

 ' = ( #$
#% Eq. 2 

where J = diffusion flux (M L-2 T-1), D = diffusion coefficient (L2 T-1), 
#$
#% = concentration gradient 

(M L-4), where dC = incremental change in concentration (M L-3), and dx = incremental change in 

distance of movement perpendicular to barrier surface (L) 

 

The transport of LFG through a non-porous membrane can be described by the mechanisms of 

diffusive flow (again, Eq. 2), convective flow (via small channels, cracks, or flaws), and a 

combination of the two simultaneously (Frisch 1956). Through GMs, diffusive flow (depicted in 

Figure 3) is the principle mechanism of gas transport (Frisch 1956; Eun et al. 2018b). 

 

 

 

 

 

 

 

Time 1 

 
Time 2 

 

Non-porous barrier (i.e., geomembrane) 

Figure 3. Representation of diffusion of particles through a non-porous barrier over time, in which 
the diffusion particles move from high-concentration areas to low-concentration areas. 
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The diffusion coefficient, as presented in Eq. 2, is a significant variable of diffusion flux through 

a gas-emitting surface, and there is a direct relationship between the two: the greater the diffusion 

coefficient, the greater the diffusion flux. Several studies have been conducted to estimate gas 

diffusion coefficients for a variety of materials – from porous media (soil and rock) to polymeric 

GMs – used in landfill cover systems; these results help to determine which materials in a landfill 

application are most effective at controlling LFG emissions. For example, column tests have been 

used to determine lab-scale CH4, CO2, and H2S diffusion coefficients (Eun et al. 2016; Eun et al. 

2018b; Yilmaz 2018). The results of these simulated-landfill-cover-system laboratory tests, 

summarized and presented in Table 2, show lower (up to 108 times) diffusion coefficients for the 

GMs compared to the soils. More, the diffusion coefficients for EVOH were up to 103 times lower 

than those for other GMs. When implemented in a composite barrier system, GMs, especially 

EVOH, can reduce gaseous emissions into the surrounding environment by orders of magnitude. 

 

Table 2. Landfill gas diffusion coefficients estimated from column tests in a laboratory setting. 
Adapted from Eun et al. 2016; Eun et al. 2018b; Yilmaz 2018. 
 

Type 

Diffusion coefficient (De for soils and Dg for GMs)  
estimated from column tests (x 10-11 m2 s-1) 

CH4 CO2 H2S 

Sand 160,000 - - 

Silt 72,000 - - 

Clay 25,000 - - 

0.01-mm PE-geofilm 3.43 8.43 11.4 

0.76-mm LLDPE GM 2.35 5.67 8.7 

0.76-mm PVC GM 2.61 3.65 10.6 

0.76-mm EVOH GM 0.012 0.08 0.11 
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Several factors can influence the diffusion coefficient, including, but not limited to, the size of the 

diffusing molecule, temperature, tortuosity, and moisture (of soils). More specifically, diffusion 

tends to occur more slowly when the diffusing molecule is large, when the tortuosity is greater, 

and when the moisture of the soil is higher. All of these factors impede on a molecule’s ability to 

flow through a certain material (e.g., soil). Increasing temperatures, however, increase the 

available energy and thus movement of the diffusing molecules, which in turn increases diffusion.  

Each of these factors can be present at a particular site; thus, understanding the site-specific 

conditions may help predict the relative rates of gas transport. 

 

2.4. Measuring Landfill Gas Emissions 

LFG emissions can be measured using a variety of techniques, which can be divided into three 

main approaches: indirect measurements, direct measurements, and laboratory simulations 

(Kienbush 1986; Eun 2004). Indirect measurements involve ambient air concentration 

measurements which are then related to the surface area of the source and local meteorological 

conditions with a dispersion model; direct measurements involve, for example, flux chambers 

(FCs) that directly measurement gas concentrations over time; and laboratory simulations involve 

a model of the field with an emission source (Kienbush 1986; Park and Shin 2001). Each of these 

approaches have advantages and disadvantages, but the direct measurement approach – more 

specifically the FC technique – is the “most promising” for measuring gas emission rates 

(Kienbush 1986; Park and Shin 2001). 

 

Fundamentally, a FC seals a volume above a gas-emitting surface and, as gas diffuses through the 

surface, gas accumulates within the chamber and concentrations can then be measured over time 
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(Kienbush 1986; Eklund 1992). A FC isolates the gas from the ambient environment, so 

measurement data are not subject to the same meteorological conditions as those outside the 

chamber, such as wind speed/direction, humidity, and temperature; this allows data to be compared 

easily from day to day (Eklund 1992; Eun 2004). This also means a series of FC measurements 

can provide spatial and temporal variability across the gas-emitting surface (Eklund 1992). In 

general, FCs are a simple, cost-effective method for obtaining emissions (Kienbush 1986; Eklund 

1992; Eun 2004; El-Fadel et al. 2012). There are, however, limitations and deficiencies in using 

FCs to measure LFG emissions. One of the primary issues is the spatial variability of landfills, as 

emission rates can vary up to seven orders of magnitude within just a few meters (Mønster et al. 

2019). Capturing these emission “hotspots” and general heterogeneity of emissions have proven 

difficult, especially over landfills with large areas (Mønster et al. 2019). Second, changes in 

atmospheric conditions – both pressure changes and absolute pressure – can cause emission rate 

fluctuations in a matter of hours (Mønster et al. 2019). Temporal changes can affect the accuracy 

of FC measurements. Third, landfill topography may hinder emission rate quantification (Mønster 

et al. 2019). These deficiencies tend to underestimate emissions determined from FCs (Reinhart et 

al. 1992; Eun et al. 2007; Mønster et al. 2019). With these deficiencies, FCs are not appropriate 

for whole-site emission; however, spatial distribution of emissions can still be estimated with FCs 

using the inverse distance weighting (IDW) method (Spokas et al. 2003; Eun et al. 2007).) Another 

set of deficiencies surround the design and sampling methodology of FCs. Many of the FC designs 

presented in literature lack supporting documentation on the methodology and justifications, 

making it difficult to reproduce. Regarding the literature on FCs and FC approaches, the question 

of “what” is typically answered, but the questions of “why” and “how” are left unanswered. While 

there are some guidelines, there is not a single standard on FC design or FC approaches. 
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2.5. Flux Chambers in Literature 

The typical FC is a dome superimposed on a cylinder (Figure 4), although there are several 

modified designs to suit a variety of applications; for each design, however, the most important 

factors include chamber design, materials, geometry, size, and volume (Eklund 1992). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.1. Design 

The FC can have a static (closed flux) or dynamic (open flux) design: a static chamber technique 

does not involve air exchange throughout the chamber, while a dynamic chamber technique 

involves a clean sweep air (Eun 2004; El-Fadel et al. 2012). Both of these techniques, while quite 

similar, have their own advantages and disadvantages. For example, static FCs are simple, 

portable, and cheap to operate; however, measuring emissions with static FCs is time consuming 

Figure 4. A cutaway diagram of the emission isolation flux chamber and support equipment, as 
presented by Kienbush (1986) and Eklund (1992). 
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and pressure buildup over time may distort gas flow and decrease emissions into the chamber (Eun 

2004; El-Fadel et al. 2012). (This pressure buildup can occur, because without a sweep air and as 

the chamber gas concentrations increase, the concentration gradient decreases, thus decreasing 

emissions.) On the other hand, dynamic FCs provide a more accurate method for determining 

emission rates, but they require more support equipment (including flow meter, gas tank, etc.) (Eun 

2004; El-Fadel et al. 2012). Furthermore, static FCs are better to deploy with low limits of 

detection for fluxes (although this depends on the analytical instrumentation), because the chamber 

gas within dynamic FCs are diluted with the carrier gas (Mønster et al. 2019). Given these 

advantages and disadvantages, deciding between a static or dynamic FC may depend on the 

application, site, detection limits, and more. In fact, both static and dynamic FCs have been used 

to measure LFG emissions. For example, static FCs have been used to measure CH4 emissions 

through cover soil at an MSW landfill in the U.S. (Bogner et al. 1997); CH4, CO2, and NMOC 

emissions through soils at permanently covered and temporarily covered locations at a French 

landfill (Scheutz et al. 2003; Scheutz et al. 2008); CH4 and CO2 emissions through soil and 

temporary HDPE covers at an MSW landfill in Italy (Capaccioni et al. 2011); CH4 and CO2 

emissions at an inactive MSW landfill in Lebanon (El-Fadel et al. 2012); and CH4, CO2, and H2S 

emissions through an interim soil cover at an active MSW landfill in the U.S. (Yilmaz 2018); 

dynamic FCs have been used to measure CH4 and NMOC emissions through cover soil at an MSW 

landfill in the U.S. (Reinhart et al. 1992); CH4 and CO2 emissions at an MSW landfill in South 

Korea (Park and Shin 2001); and H2S emissions through soil cover at a construction and demolition 

debris (C&D) landfill in the U.S. (Eun et al. 2007). Both static and dynamic FCs have proven to 

be a simple, yet effective, method for LFG emission evaluation. 
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2.5.2. Materials 

When selecting materials for a FC, there are a few main considerations, including adsorption or 

emittance of gas species from the material and net energy flux changes resulting from the chamber; 

material availability, material durability (especially when subject to a variety of weather events), 

ease of fabrication, and cost are also important considerations (Eklund 1992). Based on these 

considerations, the recommended FC design includes stainless steel, acrylic, glass, and Teflon 

materials (Kienbush 1986; Eklund 1992). These materials are also recommended for the 

supporting materials: gas samples from FCs should be extracted using a glass syringe with a Teflon 

plunger and transported using an appropriate mechanism (i.e., stainless steel SUMMA canisters, 

Teflon bags) (Eklund 1992; Bogner et al. 1997). Furthermore, gas mixing fans are recommended 

as they help homogenize the distribution of gas throughout the FC, leading to more accurate 

measurements (relative to no fan or headspace mixing with a syringe) (Christiansen et al. 2011). 

 

Each of the main considerations for FC material selection is important for their own reasons. 

Adsorption and/or emittance of gas based on material selection can skew results by decreasing or 

increasing chamber gas concentrations. While it is a potential concern, adsorption of various gas 

species onto the FC surfaces and emittance of gas can be addressed in the quality assurance. That 

is, if there is an issue, the issue should be observed prior to field implementation. More, it does not 

appear that adsorption or emittance of gas significantly affects test results under normal field 

conditions for FCs made of stainless steel, acrylic, and Teflon components. In fact, emittance of 

VOCs from a FC (designed for VOC flux measurements) constructed from stainless steel, acrylic, 

and Teflon components “has never proved to be a problem under field conditions” just as 

“absorption of VOCs has also not proved to be a problem” (Eklund 1992). Polytetrafluoroethylene 
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(PTFE) (also known by the trade name Teflon) polymers are chemical resistant, and thus can be 

used to minimize any possible gas adsorption. The permeability of the FC materials for various 

gas species is not well-documented, but best available information can provide a perspective. For 

example, the permeability properties of several polymers are described with respect to oxygen 

(O2), in which EPDM has the highest permeability when compared to PTFE, HDPE, and EVOH 

(in that order). In terms of availability, most materials used to construct FCs are readily available; 

the difficulties, however, arise when materials must be custom built to meet specifications. For 

example, made-to-order acrylic domes with specified diameter, height, thickness, etc. has proven 

difficult to find. The durability of the FC materials is a concern, as the FC may be subject to a 

variety of environmental conditions in the field. Materials should be strong and rigid, such that 

cracking and subsequent leaking does not occur. Furthermore, materials should not be prone to 

corrosion and/or rusting. Ease of fabrication and workability may influence if some materials are 

even usable; for example, some materials may crack or break when holes are drilled through them; 

some materials may not form to a particular, desired geometry; some materials are difficult to 

weld/bond with other materials; etc. Lastly, while it should not necessarily be a defining 

consideration, the reality is that cost is important in material selection. As strict budgets exist, high 

material costs (and accompanying fabrication) may prohibit the “best” materials from being used.   

 

2.5.3. Geometry 

As stated, the typical FC is a dome superimposed on a cylinder, but more generally, the desired 

FC geometry is one that facilitates the most mixing of the chamber gas (Eklund 1992). Rounded 

geometries, such as with a dome shape, minimize dead spaces (or areas where gas movement is 

limited) and thus allow efficient mixing, while square and rectangular geometries do not promote 
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adequate mixing, as illustrated in Figure 5 (Eklund 1992). This is especially relevant when gas 

mixing fans are implemented, as recommended. Having more efficient mixing allows for a more 

even distribution of gas concentrations, meaning gas samples taken from FCs with rounded 

geometries would be more representative of the chamber gas compared to FCs with 

square/rectangular geometries; therefore, rounded geometries are preferred (Eklund 1992). 

 

 

 

 

 

 

 

 

2.5.4. Size and Volume 

The size of a FC is an important parameter for several reasons. First, the size impacts potential 

biasing and boundary effects. To prevent these effects, the FC surface area should be large enough 

such that areas of unrepresentative emissions are relatively insignificant, and the areas perturbed 

by the FC edge are relatively small compared to the total area (limiting boundary effects) (Eklund 

1992). This means that ideally, FCs would be large enough to simultaneously enclose areas of low 

flux and high flux or more generally, capture representative emissions. In other words, it would be 

ideal if the FC could enclose the entire landfill surface area, but obviously, that is not obtainable. 

Instead, FCs should be small enough so that fabrication, transportation, cost, etc. are still feasible. 

 

Square/rectangular geometry Rounded geometry 

Figure 5. Schematic for example gas mixing in a square/rectangular geometry compared to a 
rounded geometry. The gas in the square/rectangular geometry may get "trapped" in dead spaces, 
while the rounded geometry facilitates more efficient gas mixing. 



 17 

Second, the volume-to-area (VA) ratio – or the ratio of the enclosed volume to the enclosed surface 

area – of a FC directly impacts determined emission rates (Matthias et al. 1978). As shown in Eq. 

3, the VA ratio is used to calculate emission rates (Rolston 1986; Scheutz et al. 2008; El-Fadel et 

al. 2012). In addition to directly affecting the emission rate calculation, the VA ratio also impacts 

the linearity of concentration change; more specifically, FCs with higher VA ratios show greater 

linearity of concentration change compared to FCs with smaller VA ratios, as demonstrated in 

Figure 6. When analyzing concentration change with a linear regression, this linearity effect can 

result in underestimating emissions when FCs with smaller VA ratios are implemented (Matthias 

et al. 1978). VA ratios for FCs used in literature range from about 0.1 to 0.3 m (Kienbush 1986; 

Eklund 1992; Reinhart et al. 1992; Schuetz et al. 2008; Capaccioni et al. 2011; El-Fadel et al. 

2012). 

 

 )& = '
" 	× 	

#$
#(  Eq. 3 

where Ei = gas flux at location i (M L-2 T-1), V = volume enclosed by flux chamber (L3), A = surface 

area enclosed by flux chamber volume (L2), dC = incremental change in concentration (M L-3), dt 

= incremental change in time (T-1) 

 

Third, the size of the FCs impacts the rate at which detectable gas concentrations can be reached. 

For example, when FCs with smaller VA ratios are used, the chamber gas concentrations increase 

more rapidly than when FCs with larger VA ratios are used, as demonstrated in Figure 6 (Matthias 

et al. 1978). This means that longer sampling durations and intervals are then required for FCs 

with higher VA ratios, although the gas concentration detection limits are dependent upon the 

analytical instrumentation. 
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2.5.5. Other Considerations 

Other factors that should be considered include leakage through the FC seals as well as back 

diffusion, which could result in calculated emission rates that are lower than reality. In the 

literature, these considerations have been modeled by considering a mass balance of the FC 

(Stefani et al. 2016). More specifically, Eq. 4 has been used to model transient radon (Rn) 

concentration in a closed flux chamber (Stefani et al. 2016). This equation considers back 

diffusion, leakage, ambient concentration, etc., and a variation of this equation could be applied to 
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Figure 6. Theoretical flux chamber gas concentration vs. time results for varying VA ratios. As the 
VA ratio increases, the linearity of concentration change decreases, but higher concentrations are 
reached in less time. Adapted from Matthias et al. 1978. 
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FCs designed for a variety of applications. In addition to modeling, these factors could be observed 

and thus accounted for in the FC quality assurance program. 

 

 
#$
#( = −,- − (- + )!"

' + *($!,$)
'  Eq. 4 

where C = radon concentration (Bq m-3), t = time (h), λ = decay coefficient (h-1), D = back diffusion 

coefficient (h-1), J0 = initial radon flux into the flux chamber (Bq m-2 h-1), A = flux area of the 

chamber (m2), V = volume of the chamber (m3), q = leakage coefficient (h-1), and C0 = background 

(e.g., ambient) radon concentration (Bq m-3) 

 

Overall, there are many considerations in the FC design. Realistically, a given material will not be 

able to satisfy all of the desired conditions for each of the considerations. Weighing the competing 

considerations (i.e., balancing the pros and cons) is a necessary aspect of FC design; even more 

so, the design decisions should be justified, preferably with supporting documentation and 

literature. 
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3. STATIC FLUX CHAMBER TECHNIQUE APPLIED 

This section presents a standalone paper describing a static flux chamber (FC) technique for 

evaluating landfill gas (LFG) emissions through various cover soils at a municipal solid waste 

(MSW) landfill in the U.S. in 2018. The effort was led by me, Brooke Marten, (now) Dr. Mehmet 

Yilmaz, and Dr. James Tinjum. The research presented in this section serves as a precursor to and 

facilitated the methodology of the research presented in the other sections of this thesis.  
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ABSTRACT 

 

The degradation of solid waste within landfills produces numerous gases (including CH4, CO2, 

H2S…) that cause potential threats to public health and safety (and aesthetics) as well as the 

environment. Construction of landfills includes cover soils and landfill gas (LFG) collection 

systems that are designed to control the migration of LFG to the surrounding environment, among 

other purposes. To measure emissions of LFG directly, flux chambers can be used in the field.  

 

To monitor the emission rates of LFG at the Dane County Sanitary Landfill in Madison, WI, nine 

custom flux chambers were constructed and placed over the interim cover soil. Gas samples were 

collected on a regular basis and then chemically analyzed. Furthermore, odiferous H2S gas 

emissions were monitored by using a portable hydrogen sulfide (H2S) analyzer. For analysis of 

flux rates, field data was compared with lab data using column tests. To supplement LFG flux rate 

analyses, soil characterization tests were performed at three testing locations. Additionally, two 

meteorological stations were installed at the landfill.  
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Results show that emission rates vary based on time and temperature in addition to location. H2S 

emissions were significantly more variable than those of CH4 and CO2. Overall, the fluctuation of 

the emissions observed could be associated with a variety of factors, including soil type, soil 

moisture content, temperature, wind speed, wind direction, weather conditions, existence of 

adjacent LFG collection wells, etc. 

 

INTRODUCTION 

There are several types of cover systems used in landfills, including interim covers, intermediate 

covers, and final covers. These cover systems are intended to serve a variety of functions, including 

moisture control, gas migration management, and reduction of nuisance odors. More specifically, 

they retard the migration of contaminations in leachate, such as volatile organic compounds 

(VOCs); additionally, they retard the migration of landfill gases (LFG), including greenhouse 

gases (GHGs), like CH4 and CO2, and odiferous gases, like H2S, to the surrounding environment. 

The CH4, CO2, and H2S emitted following waste degradation at landfills pose potential threats to 

health and safety and cause complications with odor for the people living near the landfills 

(Johnson 1986; Musick 1992; Flynn 1998; Townsend et al. 2000 2005; Xu and Townsend 2004; 

ATSDR 2004; Xu et al. 2010). Furthermore, CH4 and CO2 emissions from landfills, which are not 

insignificant, can be serious contributors to global warming (Didier et al. 2000). In general, there 

are numerous variables that influence LFG emissions. These include, but are not limited to, soil 

type, soil moisture content, soil nutrients, ambient temperature, weather conditions, and more 

(Schuetz et al. 2003). 
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The transport of LFG through an interim soil cover can be described by the mechanisms of mass 

flow and diffusion (Didier et al. 2000). Mass flow describes the movement of gases due to 

differences in total pressure, while diffusion describes the movement of particles due to differences 

in partial pressure or concentration (Didier et al. 2000). Mathematically, these phenomena are 

expressed by Darcy’s law for mass flow (Eq. 1) and Fick’s law for diffusion (Eq. 2). 

 

! = !
" = −$∇&          Eq. 1 

where v = Darcy flux (m s-1), Q = volumetric flux (m3 s-1), A = cross-sectional area (m2), K = fluid 

conductivity (m s-1), −∇& = hydraulic gradient (-) 

 

' = ( #$
#%           Eq. 2 

where J = diffusion flux (mg m-2 s-1), D = diffusion coefficient (m2 s-1), 
#$
#% = concentration gradient 

(-), C = concentration (mg m-3), X = distance of movement perpendicular to barrier surface (m) 

 

Flux chambers can be used for direct emission measurements (Park and Shin 2001). The purpose 

of these chambers is to seal a volume above a gas-emitting surface such that the diffused or 

transported gas cannot escape. Furthermore, the chambers isolate the gases from the ambient 

environment, meaning the measured data is not influenced by factors such as wind speed, wind 

direction, etc., helping to make more direct comparisons (Eklund 1992). Gases will accumulate in 

the volume and can then be monitored. Emission rates can then be calculated using the gas flux 

equation (Eq. 3) (El-Fadel et al. 2012). 
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)& = '
" × / × (

#$
#()          Eq. 3 

where Ei = gas flux (m-2 hr -1), V = volume of the flux chamber (m3), A = surface area of flux 

chamber (m2), U = unit conversion factor DC/Dt = change in the headspace gas concentration with 

time (mg m-3 hr-1)
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METHODS AND MATERIALS 

 
Dane County Sanitary Landfill Site Characterization 

Three locations at the landfill (denoted as L-1, L-2, and L-3) were analyzed. At L-3, the particular 

area of interest due to pronounced H2S odors in the area, a grid system was developed so 

measurements could be gathered in a consistent fashion across this area. An aerial view of the 

landfill containing L-1, L-2, L-3, and the grid system at L-3 is shown in Figure 1.  

 

Flux Chambers 

LFG emission rates from the landfill surface were determined using a static chamber technique, as 

gas flux chambers are widely used to monitor LFG emissions from the waste body to the 

atmosphere (< 1 m) (Abichou et al. 2006; Bogner et al. 1997; Reinhart et al. 1992). To measure 

LFG migration through the interim cover at the Dane County Sanitary Landfill, a total of nine 

custom-designed gas flux chambers were fabricated and equipped with various measurement 

devices. Three of the chambers were designed with one set of specifications (Design 1), and the 

other six chambers were designed with a different set of specifications (Design 2); these 

Figure 1. Aerial view of the Dane County Sanitary Landfill, showing L-1, L-2, L-3 locations (a) 
and the grid system at L-3 (b); source: ArcMap (2015). 

(a) (b) 
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geometries were determined using flux chamber designs recommended in the literature (Eklund 

1992). Having different flux chamber sizes provided insight into various diffusion mechanics of 

LFG for different geometries. Schematic designs of each set are illustrated in Figure 2. 

 

 

Each of the three chambers with Design 1 had a height of 0.6096 m and a diameter of 0.3556 m 

and contained a small fan to circulate the gas and a thermocouple to monitor the temperature inside 

the chamber. To install the fan and thermocouple, channels 2-mm in size were drilled on the cover 

lid and then sealed with silicone sealant. Threaded holes were also drilled on the cover lid, in order 

to insert the sampling ports. Grooves were machined on the surface of the cover lid to apply the 

rubber sealing ring. The other six chambers with Design 2 were constructed in a similar manner, 

but had a height of 0.3048 m and a diameter of 0.6096 m. Like those in Design 1, each chamber 

was equipped with a fan and thermocouple and sealed with silicone sealant. Sampling ports and a 

rubber sealing ring were also installed. 

 

Figure 2. Flux chamber schematic of Design 1 (a) and Design 2 (b). 

(a) (b) 
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After the chambers were constructed, a gas leakage test utilizing negative pressure was applied to 

ensure proper sealing. Each chamber was placed in a large water-filled tub and exposed to negative 

pressure to increase the water level inside the chamber. A constant negative pressure was applied, 

and then water level drop due to air leakage was observed. If the water level remained constant, 

leakage was not occurring and therefore, the chamber passed the leakage test. Once each flux 

chamber passed the leakage test, the chambers were ready to be installed in the field. 

   

The placement location of each flux chamber at L-3, the area of interest, was specifically chosen 

using the methods described in literature (Kienbusch 1986). To determine the number of sampling 

points, the inequality presented in Equation 4 was used. 

 

23	 ≥ 6 + 0.15:;<=;	>?	@>A= (Kienbush 1986)     Eq. 4 

where SP = number of sampling points, area of zone = total area of testing location [m2] 

 

With an area of zone equal to 9,800 m2 

at L-3, the number of sampling points 

was determined to be greater than or 

equal to 21. Consequently, 24 sampling 

point locations were determined at L-3, 

denoted by the intersection of solid 

lines in Figure 3. The nine flux 

chambers were then placed at the 

center of four sampling points, denoted 

by the circles in Figure 3.  

Figure 3. Flux chamber locations at L-3; 
source: ArcMap (2015). 
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Each flux chamber was inserted approximately 3 to 5 

cm into the ground over the interim cover, which varied 

from 15 to 30 cm in depth. The cover soils were 

representative of interim covers previously used at the 

Dane County Sanitary Landfill and were lightly 

compacted as in typical field conditions. Figure 4 

illustrates the field installation of one flux chamber over 

the interim soil cover. 

 

Landfill Gas Analysis 

The landfill gas concentrations were 

monitored at regular intervals from the 

sampling port installed on the flux chamber 

to evaluate the gas flux through the cover 

profile at L-3. Gas samples of 60 mL were 

extracted at each flux chamber by utilizing 

a plastic syringe and then transferred into 

Teflon® gas bags. Gas residuals were then 

flushed out after each sample collection. 

Sampling and equipment utilized are 

illustrated in Figure 5.  

 

Figure 4. Field installation of a 
flux chamber over interim cover. 

Figure 5. Sampling setup and equipment used 
(syringe, battery, thermocouple, etc.). 
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The collected samples were then transported to a Geoenvironmental Laboratory at UW-Madison 

and were chemically analyzed within 24 hours of collection. Organic and inorganic gas (including 

CH4 and CO2) were analyzed by Gas Chromatography with Flame Ionization Detector and 

Thermal Conductivity Detector (GC-FID, GC-TCD). Measurements were recorded in percent. 

 

In addition to CH4 and CO2 analysis, odiferous H2S gas emissions were also monitored. H2S was 

monitored at the field site by using a portable Jerome 631-X hydrogen sulfide analyzer, which 

recorded measurements in ppm. Measurements of H2S within the flux chambers and the ambient 

environment were taken. H2S concentration was monitored within the flux chamber and in the 

ambient environment separately. For consistent measurements of H2S in the ambient environment, 

one reading at each specific measurement location was taken per trip to the field. The specific 

measurement locations are illustrated by P1, P2, …., P12 in Figure 1 (b). 

 

Using the LFG and H2S measurements, emission rates for CH4, CO2, and H2S were determined 

using Equation 3. 

 

Soil Characterization 

To develop an accurate understanding of the area of interest and supplement the analyses of 

emission rates, the soils used for the interim cover at L-1, L-2, and L-3 were analyzed. Grid points 

at L-3, specifically P1, P3, P5, P7, P9, and P11 (as shown in Figure 1(b)), were also analyzed. At 

each of these points, two soil samples were gathered: one contained soil from a depth of 0-20 cm 

and the other from a depth of 20-40 cm. These 12 soil samples were then analyzed using soil 

classification tests based on ASTM standards, including Sieve Analysis (ASTM C136), 
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Hydrometer Analysis (ASTM D422), Specific Gravity (ASTM D854), and Density-Porosity 

(ASTM D7263). The results from these tests can be seen in Appendix A. Test results were then 

used to classify the 12 soil samples. 

 

Column Tests 

Column tests were conducted to experimentally determine the diffusion of CH4 and CO2 through 

the interim landfill soil cover soil and supplement the analyses of emission rates. Tests were 

conducted for the soil samples at L1, L2, and L3, at a volumetric water content of 25%. Soil 

preparation involved washing the soil by simultaneously running water over the soil in a #200 

sieve and collecting the particles finer than the #200 sieve. Both the fine soil material and the 

coarse soil material were oven dried (40 °C). After oven drying, the fine material was physically 

ground using a mortar and pestle. Then, fine material was once again combined with coarse 

material, mixed, and placed within the column. Figure 6 depicts the column setup.  

 

 

 

 

 

 

 

 

 

 

Figure 6. Column test set-up. 
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After the soil was placed inside the column, the column was sealed, and the gas being tested (either 

CH4 or CO2) was introduced into the column in the chamber below the soil. The gas samples were 

extracted from the chamber above the soil after the following amounts of time had been elapsed: 

40, 80, 120, 180, 240, 300, 480, 600 (minutes). Within 24 hours of collecting the gas samples (CH4 

and CO2) were then analyzed by GC-FID and GC-TCD. Measurements were recorded in percent. 

The results from the column tests can be seen in Appendix B.  These results were then compared 

to flux rates determined in the field. 

 

Meteorological Data 

An additional component of the analysis involved 

collection and examination of meteorological data. 

The field instrument used for gathering the 

meteorological data was AcuRite’s Pro Color 

Weather Station with Pro+ 5-in-1 Weather Sensor, 

PC Connect, Wind and Rain (Model # 02064CDI). 

The internal components are depicted in Figure 7. 

This instrument has the capability to record the 

following meteorological parameters every 12 

minutes: wind speed (current, peak, and average), 

wind direction, temperature, rainfall amount, humidity, heat index, wind chill, dew point, and 

barometric pressure. Table 1 outlines these parameters’ range and accuracy. 

Figure 7. AcuRite meteorological station 
internal components; source: AcuRite. 



 32 

Table 1. AcuRite meteorological station instrument parameters; source: AcuRite. 

 

 

A total of two devices were placed at the Dane County 

Landfill. One meteorological device was placed near the 

main entrance of the landfill in the south-central section 

of the landfill. The other was placed on top of the 

partially closed section of the landfill in the northeast 

section of the landfill near the currently open waste cell 

and L-3. The locations were selected to be on opposite 

sides of the landfill so that weather data representative of 

the entire landfill could be determined. Figure 1 (a) 

shows an aerial view of the two meteorological stations’ 

locations, while Figure 8 shows the devices setup at 

Stations 1 (a) and 2 (b). 

(a) 

(b) 

Figure 8. Meteorological station 
setup for Stations 1 (a) and 2 (b). 
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Per instrument manual instructions, the sensor device was mounted on a 1-inch diameter steel pole 

approximately 3 meters off the ground. For power, each station was connected to a solar-powered, 

portable station. The monitor component was stored inside of the portable solar station that the 

solar panel was mounted on to protect the monitor from the elements. Additionally, the device was 

placed away from potential heat sources, humidity sources, sprinkler heads, and wind and rain 

obstructions.  

 

The meteorological data was retrieved on a bi-weekly basis by connecting a laptop computer to 

the monitor via cable. The data was the transferred from the monitor to the laptop computer. After 

data acquisition, graphical representations of wind speed and temperature over time were 

developed on Microsoft Excel. These graphs can be seen in Appendix C.  
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RESULTS 
 

Landfill Gas Analysis 

The CH4, CO2, and H2S emission rates were calculated from the concentration difference of 

collected LFG samples. Figure 9 shows the LFG emission rate change as a function of time and 

temperature. Rates were calculated using concentration change within two sampling moments.  

 

The highest CH4 emission change was observed in flux chamber 3 (FC-3). The emission rate 

decreased from 53 mg m-2 h-1 to 0.8 mg m-2 h-1 within 90 days. The average CH4 emission rate 

was calculated as 13 mg m-2 h-1 in FC-3. The CH4 emissions from FC-1 and FC-2, on the other 

hand, were approximately 37 to 45 times lower in FC-1 (0.35 mg m-2 h-1) and FC-2 (0.29 mg m-2 

h-1), respectively. The CH4 emission trends of FC-1, FC-2, and FC-3 are highly correlated to each 

other at different magnitudes of rate.  

 

Similar to CH4, CO2 emission rates in FC-1, FC-2 and FC-3 gradually decreased from September 

6 to December 15 2017. Again, the highest emission decrease occurred in FC-3 (from 235 mg m-

2 h-1 to 14 mg m-2 h-1). Average emission rates of CO2 are 14 mg m-2 h-1, 48 mg m-2 h-1, and 62.6 

mg m-2 h-1 for FC-1, FC-2, and FC-3, respectively.  

 

The H2S emission rates were conspicuously lower compared to CH4 and CO2 in the FCs. The 

highest monitored H2S concentration was 0.032 ppm with 10-4 mg m-2 h-1 emission rate (detection 

limit for H2S is 0.001 ppm). Most of the time, concentration of H2S was below human nose sensing 

limit (~0.005 ppm) during the field measurements. However, very high concentrations (> 50 ppm) 

were recorded in the side near gas collection wells and along leachate monitoring pipes. 
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 Figure 9. Emission rates of landfill gases, including CH4 (a), CO2 (b), and H2S (c) at L-3 as 
of December 13, 2017. 
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Diffusion coefficients for CH4, CO2, and H2S for the interim cover soil were determined by 

analysis of the concentration data from each of the flux chambers using a numerical model solving 

Fick’s law (after Foose et al. 2001 2002). Table 2 summarizes the diffusion coefficient of LFGs 

through the interim cover soil. The test results show that the diffusion coefficient for FC-3 has 

higher magnitudes for CH4 and CO2. The H2S diffusion coefficient stays relatively stable in 

different locations.  

 

Table 2. Diffusion coefficients for interim cover soil with CH4, CO2 and H2S at L-3. 

  Diffusion Coefficients (m2/s) 

 CH4 CO2 H2S 

Flux Chamber 1 1.08 ⨉ 10-7 2.14 ⨉ 10-6 3.82 ⨉ 10-7 

Flux Chamber 2 1.01 ⨉ 10-7 2.29 ⨉ 10-5 3.83 ⨉ 10-7 

Flux Chamber 3 1.96 ⨉ 10-5 3.17 ⨉ 10-5 3.83 ⨉ 10-7 

 

 

H2S concentration was also monitored in the ambient environment.  Table 3 summarizes the grid 

measurements of the H2S. The concentration in the ambient environment varies from 0 ppm to 

0.110 ppm. Recorded data showed that the west portion of the grid has relatively higher H2S 

emission rates. Also, higher H2S concentrations were observed at the grid points located around 

gas wells and leachate pipes, especially during the summer months (from June to September). The 

highest emission value (0.110 ppm) was observed at grid point P1 on November 13, 2017, while 

the lowest emission value was observed at numerous grid points (0 ppm) on numerous dates. 

Overall, the average values for the grid points P1, P2, P3, P4, P7, P8, P10, P11, and P12 are above 

the (human nose) detection limit of 0.005 ppm, while those for grid points P5, P6, and P9 are 

below the limit. 
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Soil Characterization 

The results from the soil characterization tests can be observed in Appendix A. These results were 

used to classify the soil at L-1, L-2, and L-3 and the soil at six grid points (P1, P3, P5, P7, P9, and 

P11) of two different depths. Classification of each soil is shown in Table 4. The classification of 

soils at L-1 and L-2 were both determined to be CL. At L-3 and the grid points at L-3, the 

classification of soils were determined to be SC. 

 

Table 4. USCS classification of soil at landfill locations and L-3 grid points 

Location USCS Classification 

L-1 CL 

L-2 CL 

L-3 SC 

L-3 Grid Point (0-8’’) USCS Classification 

P1 SC 

P3 N/A 

P5 SC 

P7 SC 

P9 N/A 

P11 SC 

L-3 Grid Point (8-16’’) USCS Classification 

P1 SC 

P3 SC 

P5 SC 

P7 SC 

P9 N/A 

P11 SC 
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Column Tests 

Column test results were used to determine the rate at which CO2 and CH4 traveled through the 

interim cover in an experimental setting. Figure B1 in Appendix B illustrates the increase in CH4 

concentration in the upper chamber of the column over time for soil collected from L-1, L-2, and 

L-3 at 25% volumetric water content. Similarly, Figure B2 in Appendix B illustrates the increase 

in CO2 concentration in the upper chamber of the column over time for the same soil samples at 

the same volumetric water content. Using this data, experimental emission rates were calculated 

for both CH4 and CO2 at 25% volumetric water content. Results are depicted in Table 5. 

Additionally, experimental diffusion coefficients were calculated and are listed in Table 6.  

 

Table 5. Experimental emission rates of LFG, including CH4 and CO2, at L-1, L-2, and L-3. 

  Experimental Emission Rates (mg/m2/h) 

 CH4 CO2 

L-1 1.4 116.9 

L-2 1.0 118.3 

L-3 1.7 147.7 

 

 

Table 6. Experimentally determined diffusion coefficients for interim cover soil with CH4, CO2 
and H2S at L-3. 

  Diffusion Coefficients (m2/s) 

 CH4 CO2 H2S 

L-3 1.83 ⨉ 10-6 3.02 ⨉ 10-6 35.16 ⨉ 10-6 (predicted) 
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Meteorological Data 

Weather data provides insight as which environmental factors may be contributing to the 

movement of H2S. Parameters of particular interest are wind speed and temperature. Figures C1, 

C2, and C3 in Appendix C illustrate wind speed data for the months of January, February, and 

March, respectively. For Station 1, the average wind speeds for the months of January, February, 

and March were 2.39 m/s, 2.15 m/s, and 2.26 m/s, respectively. For Station 2, the average wind 

speeds for the months of January, February, and March were 3.96 m/s, 3.62 m/s, and 3.75 m/s, 

respectively.  

 

Figures C4, C5, and C6 in Appendix C illustrate temperature data for the months of January, 

February, and March, respectively. For Station 1, the average temperatures for the months of 

January, February, and March were -5.83 °C, -5.03 °C, and 0.62 °C, respectively. For Station 2, 

the average temperatures for the months of January, February, and March were -5.97 °C, -5.14 °C, 

and 0.75°C, respectively. 
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DISCUSSION 
 

To acquire an accurate understanding of the area of interest and to supplement the analysis of the 

landfill emission rates, soils from L-1, L-2, and L-3 were characterized. These soils were classified 

as CL, CL, and SC, respectively. Additionally, soil taken from six grid points at L-3 at depths of 

0 to 20 cm and 20 to 40 cm was classified as primarily SC.  These classifications show that the 

soil used for the interim cover at L-3 varied significantly from the soil used at L-1 and L-2, while 

the soil at L-1 and L-2 were similar in composition. The results also show, however, that the soil 

at L-3 was fairly constant in composition, as it appeared that the soil did not change significantly 

with depth at any given grid point or between grid points. In general, the soil at L-3 appeared to 

be coarser in composition relative to L-1 and L-2. 

  

Both emission rates and diffusion coefficients were established for the interim cover soil using 

field data collected September 6, 2017 through December 15, 2017 at the three flux chambers at 

L-3. The emission rates and diffusion coefficients determined using field data were validated by 

laboratory column tests. Average emission rates for the flux chambers were calculated to be 4.55 

mg m-2 h-1 for CH4, 41.5 mg m-2 h-1 for CO2, and 10-4 mg m-2 h-1 for H2S. Column test results were 

similar with resulting emission rates being 1.7 mg m-2 h-1 for CH4 and 147.7 mg m-2 h-1 for CO2. 

Although laboratory-generated and field values differ slightly, the CO2 emission rate was higher 

than that of CH4 in both scenarios.  

 

The average CH4, CO2, and H2S diffusion coefficients for interim cover soil were determined to 

be 6.603 x 10-6 m2/s, 1.891 x 10-5 m2/s, and 3.83 x 10-7 m2/s, respectively. Column test results 

varied slightly from the field values but are within an order of magnitude of the field 
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measurements. The column test diffusion coefficients were determined to be 1.83 x 10-6 m2/s for 

CH4 and 3.02 x 10-6 m2/s for CO2. Due to unforeseen circumstances, column tests have not yet 

been conducted with H2S, however the H2S diffusion coefficient was estimated to be 35.16 x 10-

6 m2/s. The column test results validate field measurements because although they are not exactly 

the same, the laboratory measurements resemble the field measurements. 

 

Future Work 

Thus far, the soil at L-3, the area of interest, has been classified and accurate emission rates and 

diffusion coefficients have been determined for the interim landfill cover soil. Ongoing efforts to 

collect meteorological data could be used to develop a fate and transport air model for the landfill. 

This meteorological data can be used to assess how weather patterns influence the migration of 

LFG.  
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APPENDIX A – SOIL CLASSIFICATION 
 

 
 
  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. Coarse and fine grain distribution from sieve analysis and 
hydrometer test for evaluated grid points and soil at a depth of 0-20 cm 

(ASTM C136 and D422). 

Figure A2. Coarse and fine grain distribution from sieve analysis and 
hydrometer test for evaluated grid points and soil at a depth of 20-40 cm 

(ASTM C136 and D422). 
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Table A1.  Specific gravities for evaluated grid points (ASTM D854). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Specific Gravity 

Grid Point 

Location 
0-20 cm 20-40 cm 

P1 2.50 2.52 

P3 2.66 2.66 

P5 2.56 2.52 

P7 2.68 2.60 

P9 2.47 2.57 

P11 2.55 2.63 

Figure A3. Coarse and fine grain distribution from sieve analysis and 
hydrometer test for locations L-1, L-2, and L-3 (ASTM C136 and D422). 
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Table A2. Summary of soil properties for locations L-1, L-2, and L-3 

Soil Properties L1 L2 L3 

Liquid Limit (ASTM D4318) (%) 30 37 19 

Plastic Limit (ASTM D4318) (%) 17 16 10 

Plasticity Index (%) 13 21 9 

Classification (ASTM D2487-11) CL CL SC 

Optimal Water Content (%) 21.5 19.9 12.4 

Specific Gravity 2.56 2.68 2.72 

Volumetric Water Content (%) 21 27 27 
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APPENDIX B – COLUMN TESTS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure B1. CH4 column test results for L-1, L-2, and L-3 at 25% 
volumetric water content. 

Figure B2. CO2 column test results for L-1, L-2, and L-3 at 25% 
volumetric water content. 
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APPENDIX C – METEOROLOGICAL STATIONS 
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4. MATERIALS AND METHOD OF STATIC FLUX CHAMBER DESIGN 

This section outlines the design and design methodology of the flux chamber (FC) used to measure 

landfill gas (LFG) emissions through a composite cover system, as well as the supplemental 

instrumentation and equipment; the large-scale laboratory testing and modeling used to verify the 

FCs; and the implementation of the FCs in the field. 

 

The FC was designed with its ultimate goal in mind: to measure very low flux rates through 

composite cover systems, both in a laboratory-scale and especially in a field-scale setting. The 

design, then, needed to 1) detect low limits of fluxes for several gas species (primarily the main 

constituents of LFG), 2) seal to the GM of the composite cover without harming the integrity of 

the cover system, 3) consider possible boundary effects, 4) be easily transportable between and 

within the laboratory and field sites, and 5) generally, be cost-effective. The design goals and 

application of this FC varied enough from other FC applications, as many of the FCs in literature 

(related to LFG emissions) measured emissions through porous cover soil and at generally higher 

emission rates. Furthermore, current literature lacks the supporting documentation on the 

methodology and design approach for constructing FCs for a specific application. Therefore, a 

novel design needed to be constructed. While the design was novel, it was bolstered by relevant 

literature on FC design and application, as aforementioned. The literature review facilitated the 

design methodology with respect to the design (static vs. dynamic), material selection, geometry, 

size, and volume of the FC as well as the gas sampling protocol. 
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4.1. Flux Chamber Design 

A static FC design was chosen instead of the dynamic FC design, and this decision was based on 

several factors. First, static FCs are more effective than dynamic FCs at detecting low limits of 

emission (again, due to the sweep air involved in the dynamic FCs, which dilutes the chamber 

gas). Second, due to required transportation between and within several laboratory and field sites, 

having the required support equipment (such as flow meter, gas tank, etc. used with the dynamic 

FCs) was undesirable. The general design of the static FC was chosen to be an acrylic dome stacked 

on top of layered washers of aluminum, ethylene propylene diene terpolymer (EPDM), and GM. 

An exploded view of the design is illustrated in Figure 7. Three different-sized FCs (which will 

hereby be referred to as, for simplicity, the smallest-, medium-, and largest-sized FC) were 

designed and fabricated, in which the enclosed volume and surface area varies between sizes 

(based on varying diameters and heights of the FC). 

 

4.1.1. Materials 

The material selection methodology for the FC components considered the absorption or emittance 

of gas species from the material and net energy flux changes resulting from the chamber as well 

as material availability, material durability, and ease of fabrication. Each material used to construct 

the FCs was specifically chosen to suit the application and goals of the FC, while accounting for 

these considerations. The materials used to construct the FCs include acrylic domes, aluminum 

sheets, bulkhead unions, EDPM sheets, epoxy, gas mixing fans, GM sheets, screws, O-rings, 

thermocouples, vacuum grease, washers, and weld nuts. More-detailed descriptions of these 

materials are presented in Table 3. Furthermore, the fabrication necessary and specifications of 

each FC component (for each FC size) are presented in Appendix A. 
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Hex cap screws 

Aluminum 

washer (top) 

EPDM washer 

Acrylic dome 

Sampling port 

O-ring 

Aluminum 

washer (bottom) 

GM washer 

Bolt plate 

Gas mixing fan 

Thermocouple 

Figure 7. Exploded view of the static flux chamber design and components. The flux chamber is 
constructed by threading the hex cap screws through the holes of each component and into the 
weld nuts of the bolt plate and then tightening to form a compression fit. 
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Table 3. List and description for materials used for static flux chamber construction. The materials 
were then fabricated to form the various flux chamber components. 

Material Description Vendor / Manufacturer 

Acrylic dome 1/4 in thick with 2-in flange EZ Tops World Wide Inc. 

Aluminum sheet 1/4 in thick, 3003-H14 grade Liebovich Steel & Aluminum Co. 

Bulkhead union Brass, 1/4 in with septa Swagelok 

EDPM sheet 1/8 in thick Rubber-Cal, Inc. 

Gas mixing fan 12V, 60x60x10 mm  WINSINN Technology Ltd. 

GM sheet X60BAL, 60 mil Absolute Barrier Raven Engineered Films 

Hex cap screws Stainless steel, 3/8 in, 16 tpi, 1 in Hillman 

O-ring Soft Viton®, 1/8 in McMaster-Carr Supply 

Thermocouple T-type [-] 

Washers Zinc-plated, flat, 3/8 in Everbilt 

Weld nuts Stainless steel, 3/8 in, 16 tpi McMaster-Carr Supply 

Note: Epoxy and vacuum grease also used. 

 

Acrylic Dome 

The acrylic domes and their properties were chosen for several reasons. First, acrylic is one of the 

preferred materials of FC design, as previously discussed. Second, the acrylic domes chosen were 

made-to-order by the manufacturer; that is, the diameter, height, thickness, and flange width of the 

acrylic domes could be chosen by the consumer. This allowed the acrylic domes to be shaped to 

the decided design specifications of the FCs. (Acrylic domes up to a 1.75 m (69 in) diameter can 

be constructed by this manufacturer.)  For this research, the thickness, 6.35 mm (0.25 in), was 

chosen compared to thinner acrylic domes so that 1) possible diffusion through the acrylic dome 

was minimized, and 2) the potential for cracking during the drilling of the holes was decreased. 

The flange, 50.8 mm (2 in), was chosen so that there was enough surface area for the holes to be 

drilled and for the FC components to compress together, but small enough to minimize potential 
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emission disturbances. One deficiency with the acrylic domes chosen is that they are constructed 

with Acrylite® FF, which is not chemically resistant to all chemicals. (However, gas adsorption 

or emittance of gas species from the acrylic dome is not expected to be an issue under the 

application conditions.) (For context, most acrylic dome manufacturers have limited size 

availability – the acrylic domes could not be custom-built – and the thicknesses of many of the 

acrylic domes on the market were 3 mm (0.125 in) or thinner.) (Note: The chamber gas will come 

into contact with the inner surface area of the acrylic dome.) 

 

Aluminum Sheet 

While stainless steel sheets may be preferred, the aluminum sheets and their properties were 

chosen for several reasons. The thickness, 6.35 mm (0.25 in), was chosen so that the aluminum 

washers and bolt plate (fabricated from the aluminum sheets) were more rigid than thinner 

alternatives. Because the aluminum was more rigid and less flexible, the aluminum components 

could maintain a flat surface and thus form a tighter seal with adjacent components (e.g., the acrylic 

dome, GM washer, etc.) compared to if there were undulations in the aluminum. The grade of the 

aluminum was chosen for similar reasons: This grade has good workability, excellent corrosion 

resistance, and increased strength (compared to commercially pure aluminum). Not only did this 

facilitate the aluminum’s durability in the field, but it also made the components easier to fabricate. 

Lastly, the aluminum sheet was less expensive compared to a stainless-steel counterpart. (Note: 

The chamber gas will come into contact with the inner edge of both the aluminum washer (bottom) 

and the bolt plate, made of aluminum.) 
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Bulkhead Union, Washers, Gas Mixing Fan, and Thermocouple 

These materials were selected to incorporate into the acrylic dome to serve as the ancillary 

components. In general, the bulkhead union and washers were used to construct the sampling port, 

the gas mixing fan was used to mix the chamber gas, and the thermocouple was used to measure 

the temperature inside the FC. 

 

Bulkhead union fittings were chosen to use as the sampling ports. These fittings have been used in 

FCs presented in the literature, as they allow gas to be sampled from the FC through the FC wall. 

Because the bulkhead fittings were installed on the rounded walls of the acrylic domes, both zinc-

plated washers and EPDM washers – both 9.53 mm (0.375 in) – were used in conjunction to seal 

the wall. Furthermore, rubber septa could be fitted into the bulkhead fittings to allow samples to 

be extracted with a syringe and needle, while maintaining a seal. The manufacturer of the bulkhead 

fittings, Swagelok, was chosen because this manufacturer has a great reputation for the quality of 

their fittings. 

 

The gas mixing fans were chosen to facilitate efficient gas mixing, as homogenizing the 

distribution of gas throughout the FC leads to more accurate measurements. The gas mixing fans 

(repurposed computer fans) were chosen as they were low cost and only require a 9 V battery to 

operate. (Note: The chamber gas will come into contact with the gas mixing fan.) 

 

The thermocouple was chosen as a relatively simple way to measure the temperature within the 

FC. The temperature can simply be read by inserting the thermocouple plug into a thermocouple 

readout. OMEGA was chosen as the manufacturer for the thermocouple readout because of their 
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positive reputation in the industry. Measuring the temperature may facilitate flux analysis, as 

changing temperatures can impact diffusion. Therefore, measuring FC and ambient temperature 

may be used to observe, for example, possible temporal variations. 

 

EPDM Sheet 

The EPDM sheet was chosen to form an elastomeric cushion between the acrylic dome and the 

aluminum washer (top). This rubber-like cushion helps prevent the acrylic dome from cracking 

when compressed between materials; without the EPDM washer, the acrylic dome would be 

compressed between two aluminum washers. Additionally, EDPM has excellent weathering and 

aging resistance, increasing the durability of the FC overall. (Note: The chamber gas will not come 

into contact with the EPDM washer.) 

 

Geomembrane Sheet 

The GM sheet was chosen as another means to seal the FC to the GM of the composite barrier 

being evaluated. The GM was designed to extend radially out from the FC and then be sealed with 

vapor seal tape. This (along with the double-sided butyl tape applied to the bottom of the bolt plate 

and the GM of the composite barrier) would improve the sealing of the FC and minimize leakage. 

The specific GM, co-extruded EVOH surrounded by HDPE, was chosen because EVOH is 

effective at containing non-polar compounds while HDPE is effective at containing polar 

compounds; together, the EVOH and HDPE form a superior barrier system for both non-polar and 

polar compounds. (Note: The chamber gas will come into contact with the inner edge of the GM 

washer.) 
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Hex Cap Screws and Weld Nuts 

The hex cap screws and weld nuts were chosen to facilitate the FC components compressing 

together. Stainless steel was chosen as the material for the hex cap screws to prevent possible 

rusting and corrosion. The 2.54 cm (1 in) length of the hex cap screws were chosen because this 

length can encompass the thicknesses of all of the FC components – which total 2.37 cm (0.935 

in) – and be able to screw into the weld nuts; this means that the FC components could be 

compressed together tightly. The weld nuts were chosen to be press-fitted into an aluminum washer 

to construct the bolt plate. The weld nuts served as the “anchor” (fixed in position) for which the 

hex cap screws could then be threated into. 

 

O-Ring 

The O-ring was chosen to form a seal between the acrylic dome and the aluminum washer 

(bottom). A soft Viton® O-ring was chosen because it is chemical-resistant and thus will help 

minimize possible gas adsorption. More, this O-ring is suited best in low-pressure applications. 

 

4.1.2. Geometry 

The geometry of the FC was chosen to ensure efficient mixing of the gas within the chamber and 

be practical for the intended application. The dome-shape with the layered washers minimizes the 

number of corners and dead spaces; this geometry, especially with a gas mixing fan installed, 

promotes more accurate measurements. While “typical” FCs include a skirt, this FC design did not 

include a skirt for a few reasons. First, the addition of the skirt would increase the volume, but not 

change the surface area enclosed by the FC; this would consequently increase the VA ratio. 

Because of the low flux application of the FC, it was desired to have a lower VA ratio. Second, a 
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skirt is typically used for emission evaluation over soil because the skirt can be pressed into the 

soil, allowing for the FC to be sealed into the soil cover. The application of this FC does not allow 

a skirt wall to be inserted into the surface, as emissions are to be evaluated over a composite system 

with a GM (that cannot be punctured). The geometry of this FC design was similar to the typical 

FC in literature but without the skirt. 

 

4.1.3. Size and Volume 

The size and volume of the FCs (and components) were specifically chosen for each of the three 

FC sizes. To vary each of the FC sizes, the outer diameter, inner diameter, and height were chosen 

to be different. These FC parameters (summarized in Table 4) were chosen such that the volume-

to-area (VA) ratio was nearly equal between each size. Furthermore, it was desired that the VA 

ratio resemble (the smaller) VA ratios for FCs used in literature, which range from about 0.1 to 

0.3 m. It was desired for the VA ratios to be on the lower side of that spectrum, because of the 

application of evaluating low flux; smaller VA ratios allow for detectable concentrations to be 

reached in a shorter period of time. 

 

Furthermore, the three FC sizes were chosen to observe potential scale effects. As the VA ratio is 

used for emission calculations (Eq. 3), the emissions determined from each FC size, which have 

relatively equal VA ratios, should be relatively equal for a given location. Therefore, if the 

emissions at a given location are evaluated using each FC size, scale effects could be observed. 

More specifically, it could be observed if there is a size threshold at which FCs are not evaluating 

representative emissions. (For example, it may be observed that the emissions calculated when 

using the smallest-sized FC are different – by more than the ratio between VA ratios – from those 
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calculated from the medium- and largest-sized FCs. This could mean that the smallest-sized FC is 

enclosing too small of a surface area to evaluate representative emissions.) Overall, the sizes of 

the FCs were chosen such that the VA ratio remained nearly constant (difference of 0.015 m), 

while scale effects – based on varying surface area enclosure – could be observed. 

 

Table 4. Flux chamber design parameters for each size flux chamber. While the volume and 
surface area enclosed by the flux chamber varied between each size, the VA ratios were relatively 
the same (0.112 m to 0.127 m). 

Parameter Smallest FC Medium FC Largest FC 

Outer diameter (m) 0.508 0.660 0.813 

Inner diameter (m) 0.292 0.445 0.597 

*Height1 (m) 0.146 0.184 0.197 

**Height2 (m) 0.014 0.014 0.014 

Volume enclosed by FC (m3) 7.48 ´ 10-3 1.98 ´ 10-2 3.55 ´ 10-2 

Surface area enclosed by FC (m2) 6.70 ´ 10-2 1.55 ´ 10-1 2.80 ´ 10-1 

VA ratio (m) 0.112 0.127 0.127 

 
*Height1 = Acrylic dome inner height 
**Height2 = Summation of aluminum washer (bottom), geomembrane washer, and bolt plate thicknesses 
 

The volume and area for each FC were calculated using Eq. 5 and Eq. 6, respectively. 

 

 C = .
/ × D × E. × F3 × H

01
2 I

2
+ E2J + (E2 × K) Eq. 5 

where V = volume enclosed by flux chamber (L3), H1 = height1 = acrylic dome inner height (L), 

ID = flux chamber inner diameter (L), H2 = height2 = summation of aluminum washer (bottom), 

geomembrane washer, and bolt plate thicknesses (L), and A = surface area enclosed by flux 

chamber volume (L2) 

 



 65 

 K = D × H012 I
2
 Eq. 6 

where A = surface area enclosed by flux chamber volume (L2), and ID = flux chamber inner 

diameter (L) 

 

4.2. Sampling and Analysis Method 

The sampling method of the FCs involves extracting gas samples from the FC at various times and 

analyzing the gas samples to determine the concentration of the gas species of interest. When the 

concentration of gas species is plotted vs. time, the change in gas concentration with time (dC/dt) 

can be determined, allowing emission rates to be determined (from Eq. 3). In general, the sampling 

method of FCs has not been standardized in literature; in fact, the sampling procedure of FCs 

(including sampling interval, sampling duration, volume of gas sample extracted, etc.) can vary 

significantly based on the application of the FC. While this is true, some “guidelines” can be used 

to develop a sampling method. Developed sampling methods should be tested and trialed and then 

modified if needed. Because the sampling method can vary between applications, documenting 

the sampling method used is an important aspect of the FC technique. 

 

Some guidelines for the FC sampling method are as follows. The sampling interval of typical static 

FCs is about 60 min, but sampling times as low as 10 min to 25 min and as long as 200 min have 

been used (Scheutz et al. 2008; El-Fadel et al. 2012; Mønster et al. 2019). In general, the sampling 

interval should be long enough to allow gas concentrations to reach detectable concentrations, but 

short enough to prevent gas concentration build-up (Scheutz et al. 2008). The volume of gas 

sample extracted should be large enough to be representative of the chamber gas as well as for the 

analytical instrumentation used to be able to accurately determine gas concentrations, but small 
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enough to not disturb the gas pressure within the FC. Volumes as low as 20 mL and as high as 50 

mL have been reported (Scheutz et al. 2008; Yilmaz 2018). Gas samples should be extracted with 

a preferably glass syringe with a Teflon plunger.   

 

Based on (albeit limited) literature, a preliminary sampling method was developed for this FC. The 

sampling period is 60 min, and the duration is 360 min (for a total of seven sampling points with 

the initial data point). The volume of gas sample to extract is 20 mL. This volume is on the low 

end of the range of sample volumes found in the literature; this volume is appropriate, because the 

analytical instrumentation used for this research requires 3 mL to 5 mL, and a lower volume 

minimizes disturbance of lower chamber gas concentrations. The preliminary sampling method 

developed for the FCs to be implemented in the laboratory and field can be found in Appendix C 

and Appendix D, respectively. These sampling methods are subject to change based on further 

testing and trials.  
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5. ONGOING AND FUTURE WORK 

The flux chamber (FC) and accompanying methodology presented in this thesis was designed to 

measure very low flux rates through composite cover systems, both in a laboratory-scale and 

especially in a field-scale setting. While the design is not without flaws, the approach and decision-

making involved in the FC development was supported by the literature and well-documented. 

 

The ongoing and future work involved with the FCs surround the validation and field 

implementation. Laboratory validation testing will include leak tests and a large-scale gas flux 

testing apparatus. Furthermore, the laboratory testing will be accompanied by a finite-element 

method (FEM) model. Once the FCs are validated through the laboratory tests and model, they 

will be implemented in the field to measure very low flux rates through a composite cover system.  

 

5.1. Flux Chamber Quality Assurance 

To test the quality of each FC, procedures for a series of quality assurance tests will be developed. 

The first set of tests will be pressure tests that will be used to assess the quality of the FC seals as 

well as their strength. The preferred pressure test method would be the hydrostatic test, in which 

water is used as the test medium. The second set of tests would be conducted to supplement the 

pressure tests but would be focused on the FC’s ability to retain gas. These tests would involve 

spiking each FC with a particular gas species (e.g., H2S) and measuring degradation over time. 

The development of the quality assurance testing procedures is ongoing. 
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5.2. Large-Scale Gas Flux Testing Apparatus 

To validate that each FC was testing correctly – and to trial the sampling protocol – a large-scale 

testing apparatus was designed and constructed. The apparatus was designed to have a constant 

gas concentration at the bottom, at pressures of 7 kPa or less (as realistic pressures observed within 

landfills range from about 0 to 7 kPa (Benson et al. 2012)) with a column of soil and a 

geomembrane (GM) on top. This design simulated the general design of a composite cover system. 

The FC was then sealed to the GM to collect gas emitted through the system. A schematic of the 

large-scale testing apparatus is presented in Figure 8. 
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Figure 8. Schematic of large-scale gas flux testing apparatus and supporting equipment. 
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The apparatus was designed such that each variable of the system could be changed with relative 

ease, allowing for gas fluxes to be tested in a variety of scenarios. Variables of the system that 

could be adjusted include FC size, GM type, soil type(s), soil column thickness, soil moisture, soil 

compaction, gas source composition, and gas pressure. Furthermore, the design includes four gas 

sampling ports to obtain gas samples directly below the GM and one sampling port within the gas-

filled compartment. For two of the four gas sampling ports below the GM, nylon tubing was added 

such that one tube extended to the center of the system and the other tube extended half-way to the 

center of the system. 

 

5.2.1. Materials 

The materials used to construct the large-scale testing apparatus include bulkhead unions, butyl 

tape (double-sided), gas tank, geocomposite, GM sheets, nylon tubing, plywood, polyethylene 

drum, pressure gauge, soil, and a wooden frame. More-detailed descriptions of these materials are 

presented in Table 5. Furthermore, the fabrication necessary to construct and set up the large-scale 

testing apparatus is presented in Appendix C. 

 

5.2.2. Methods 

The preliminary protocol for implementation of the FCs with the large-scale gas flux testing 

apparatus, including the gas sampling and analysis procedure, is presented in Appendix C. 
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Table 5.  List and description for materials used for large-scale column test apparatus 

Material Description Vendor / Manufacturer 

Bulkhead union Brass, 1/4 in with septa Swagelok 

Butyl tape Double-sided [Unknown] 

Gas tank [Various gas species]  Airgas 

Geocomposite Geotexitle-geonet [Unknown] 

GM sheet X60BAL, 60 mil Absolute Barrier Raven Engineered Films 

Nylon tubing 1/4 in [Unknown] 

Plywood 1/4 in [-] 

Polyethylene drum 
300 gal open top tank,  

48-in diameter, 39-in height 
Custom Roto-Molding 

Pressure gauge 0 to 5 psi, 1/4 in NPT Grainger 

Soil [Various soil type(s)] [-] 

Wooden frame Dimensional wood screwed together [-] 

 

5.3. Numerical Model 

Numerical modeling has been conducted to simulate gas flux through a landfill cover system (e.g., 

Bogner et al. 1997; Khire et al. 1997; Bogner et al. 2005; Rannaud et al. 2009; Xu et al. 2014; Eun 

et al. 2018). In this research, the large-scale gas flux testing apparatus used in the laboratory 

experiments was three-dimensionally modeled. This model was used to validate the large-scale 

gas flux testing results and the FCs as well as further evaluate the gas flux under various conditions. 

 

COMSOL Multiphysics®, a FEM software, was used for numerical modeling. As the literature 

(e.g., Kim and Benson 2004; Eun et al. 2018) describes, diffusion is the primary mechanism of gas 

flux through interim and final covers; therefore the ‘Transport of Diluted Species’ module based 

on Fick’s diffusion law was used in the modeling (Eq. 6). The governing equation is as follows: 
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34"
3( 	+ ∇ ∙ '& = M& Eq. 6 

where N& = concentration of gas species (mol m-3), O = time (s), '& = (&∇N&, (& = diffusion 

coefficient (m2 s-1), and M& = reaction rate expression for the gas species (mol m-3 s-1) 

 

Figure 9 (a) shows the model geometry that consists of a drum (radius = 60.96 cm, height = 68.58 

cm), soil in the drum (height = 30.48 cm), and a GM on top of the soil (thickness = 0.15 cm). In 

this modeling, any gas species, soil type, and GM can be used, as long as the material properties 

are known. While the gas was injected from a gas tank in the laboratory testing, the gas 

concentration was applied at the boundary between soil and tank to optimize computational effort. 

That is, the initial model setting assumes that the drum was fully filled with the gas generated from 

the cylinder (based on diffusion and advection), and diffusive transport of the gas was initiated 

from the boundary to the soil. The same parameters, such as soil and GM properties, were applied 

as those used in the laboratory testing. Model duration was 20,160 min (14 d), and dt was 15 min 

considering modeling effort. Mesh sensitivity was evaluated based on comparisons of preliminary 

modeling results that consisted of various mesh sizes (from loose to dense). Then, the mesh was 

optimized with various mesh sizes, as shown in Figure 9 (b). Specifically, the mesh was loosely 

generated in the drum and soil domains, while dense mesh was used in the GM domain and at the 

boundaries where properties, such as the diffusion coefficient, rapidly change. 
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Although COMSOL Multiphysics® provides visualized concentration variations in the entire 

model domains over time, concentrations at specific points were separately selected to compare 

the results to those from the laboratory testing. Measurement points were selected at the center of 

the gas chamber, center of the soil, gas chamber-soil boundary, soil-GM boundary, top of the soil 

(directly below the GM), and top of the GM. The measurement points could be examined at 

specific time points, which helped to observe the concentration changes over time at each point. 

The measurement point above the GM was specifically analyzed: Gas concentrations for this point 

were plotted over time, and dC/dt (the slope of the line) could then be determined. This dC/dt term 

was then compared to that determined from the large-scale gas flux testing apparatus and FCs in 

the laboratory. Conclusions could then be made regarding the validity of both the large-scale gas 

flux testing and the accompanying FEM model. 

Gas Concentration 

Drum 

Soil 

Geomembrane 

(a) (b) 

Figure 9. Large-scale gas flux testing apparatus three-dimensional FEM model (a) geometry and 
(b) mesh using COMSOL Multiphysics®. The model was used to validate the results from the 
large-scale gas flux testing and more generally, the flux chamber design and technique. 
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In the future, this model may be improved to include the FC in the large-scale gas flux testing 

apparatus. With an improved model, adsorption and/or emittance as well as leakage through the 

FC could be modeled, in which Eq. 4 – or some variation of Eq. 4 – is incorporated. (These 

potential effects could be simulated with a variety of gas species, including CH4, CO2, and H2S.) 

More, the gas concentrations within the FC could be simulated (rather than the gas concentrations 

just above the GM being analyzed). This improved model would be a more realistic representation 

of reality. 

 

5.4. Flux Chamber Field-Scale Evaluation 

Once the FCs were constructed and then validated by the large-scale gas flux testing apparatus and 

supplemental numerical model, they could be implemented in a field-scale evaluation. More 

specifically, the FCs could be implemented at landfill(s) to evaluate low flux rates through 

composite barrier systems. The preliminary protocol for field implementation of the FCs is 

presented in Appendix D. 

 

The field-scale flux measurements through composite cover systems, as determined by the FCs, 

are to be compared to the laboratory-scale diffusion column tests. Supplemented by each other, 

the field-scale results and laboratory-scale results could then be used to reach a conclusion 

regarding the effectiveness of certain GMs to control gas migration, relative to other GMs and to 

cover systems without GMs. More, the flux rates could be compared to a dispersion model, created 

from ambient air concentration measurements, surface area of the source, and local meteorological 

conditions at the landfill of interest. This comparison could be used as another means of FC 

validation. Even more, this indirect measurement approach could be another supplemental piece 
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used to assert the effectiveness of GMs in controlling gas migration. With this research effort, the 

data suite regarding gas flux through composite cover systems would include 1) laboratory-scale 

diffusion column tests, 2) large-scale gas flux testing in the laboratory, 3) field-scale gas flux direct 

measurements (as determined from the FCs), and 4) field-scale indirect flux measurements (as 

determined from a dispersion model).  
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6. NOTATION 

The following symbols are used in this thesis: 

CH4  = methane 

CNC  = computer numerical control 

CNG  = compressed natural gas 

CO2  = carbon dioxide 

C&D  = construction and demolition debris 

EPDM  = ethylene propylene diene terpolymer 

EVOH  = ethylene-vinyl alcohol 

FC  = flux chamber 

FEM  = finite-element method 

GC  = gas chromatograph 

GHGs  = greenhouse gases 

GM  = geomembrane 

GWP  = global warming potential 

HDPE  = high-density polyethylene 

H2S  = hydrogen sulfide 

IDW  = inverse distance weighting 

LFG  = landfill gas 

LLDPE = linear low-density polyethylene 

MSW  = municipal solid waste 

NMOC = non-methane organic compound 

O2  = oxygen 
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PE  = polyethylene 

PTFE  = polytetrafluoroethylene 

PVC  = polyvinyl chloride 

Rn  = radon 

SOP  = standard operating procedure 

VA  = volume-to-area 

VFA  = volatile fatty acid 

VLDPE = very low-density polyethylene 

VOC  = volatile organic compound 
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APPENDIX A: FLUX CHAMBER COMPONENT FABRICATION 

 
Materials were machined to become the various components of the flux chambers (FCs), including 

the acrylic domes, aluminum washers (top), aluminum washers (bottom), bolt plates, ethylene 

propylene diene terpolymer (EPDM) washers, and geomembrane (GM) washers. More-detailed 

descriptions of the fabricated materials and specifications for each of the three different-sized FCs 

are presented in Table 6 through Table 11. Machine work and fabrication was conducted in 

collaboration with the UW-Madison TEAM Lab (Madison, Wisconsin, USA), using a water jet, 

computer numerical control (CNC) router, and cordless drill. 

 

Note: The materials and component parts purchased as well the instrumentation lab and machine 

work instruments used the imperial system of units. Therefore, this appendix uses the imperial 

system of units to facilitate reproducibility in material acquisition and accompanying fabrication. 
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Acrylic Dome 

The machine work for the prefabricated acrylic dome includes drilling evenly spaced holes around 

the flange (“hole circumference”) to be used to secure the acrylic dome and the bolt plate as well 

as drilling one hole for each the gas mixing fan wires, the thermocouple, and the sampling port. 

The holes drilled around the flange have a diameter of 0.406 in (to have clearance for the 3/8 in 

bolts in the bolt plate). The hole drilled for the gas mixing fan wires has a diameter of 0.125 in and 

is located on the center of the top of the dome; the hole drilled for the thermocouple has a diameter 

of 0.125 in and is located off-center of the top of the dome; and the hole drilled for the sampling 

port has a diameter of 0.5 in and is located off-center of the top of the dome. After the machine 

work, wires were pulled through their respective holes (~1/3 of the height), which were then sealed 

with epoxy, and the bulkhead union (with EPDM washers) was installed as the sampling port. The 

machine work for the acrylic dome is summarized in Table 6. 

 

Table 6. Machine work for the acrylic dome. 

Machine Work Smallest Medium Largest 

*Outer diameter (with 2 in flange) 16 in 22 in 28 in 

*Inner diameter (without 1/4 in thickness) 11.5 in 17.5 in 23.5 in 

*Height (without 1/4 thickness) 5.75 in 7.25 in 7.75 in 

# Evenly spaced holes drilled around flange 8 12 16 

Location of evenly spaced holes Around circumference of flange 

Hole diameter for 3/8 in bolts 0.406 in 

Diameter of “hole circumference” 

(centered 1in from outer diameter) 
14 in 20 in 26 in 

Hole diameter for gas mixing fan wires (location) 0.125 in (center of top of dome) 

Hole diameter for thermocouple (location) 0.125 in (off-center of top of dome) 

Hole diameter for sampling port (location) 0.5 in (off-center of top of dome) 

*Acrylic domes, including specified size and thickness, are made-to-order 
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Aluminum Washer (Top) 

The machine work for the aluminum washer (top) includes cutting the aluminum sheet to the 

specifications needed and drilling evenly spaced holes around the circumference (“hole 

circumference”) to be used to secure the aluminum washer (top) and the bolt plate. The holes 

drilled around the circumference have a diameter of 0.406 in (to have clearance for the 3/8 in bolts 

in the bolt plate). The machine work for the aluminum washer (top) is summarized in Table 7. 

 

Table 7. Machine work for the aluminum washer (top). 

Machine Work Smallest Medium Largest 

Outer diameter 16 in 22 in 28 in 

Inner diameter 12 in 18 in 24 in 

# Evenly spaced holes drilled 8 12 16 

Location of evenly spaced holes Around circumference of washer 

Hole diameter for 3/8 in bolts 0.406 in 

Diameter of “hole circumference” 

(centered 1 in from outer diameter) 
14 in 20 in 26 in 
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Aluminum Washer (Bottom) 

The machine work for the aluminum washer (bottom) includes cutting the aluminum sheet to the 

specifications needed, drilling evenly spaced holes around the circumference (“hole 

circumference”) to be used to secure the aluminum washer (bottom) and the bolt plate, and making 

a groove to fit the 1/8 in O-ring. The holes drilled around the circumference have a diameter of 0.5 

in (to have clearance for the 3/8 in bolts and weld nut barrels in the bolt plate). The groove has a 

width of 0.160 in and a depth of 0.104 +/- 0.003 in. After the machine work, the O-ring was fit 

into the groove. The machine work for the aluminum washer (bottom) is summarized in Table 8. 

 

Table 8. Machine work for the aluminum washer (bottom). 

Machine Work Smallest Medium Largest 

Outer diameter 16 in 22 in 28 in 

Inner diameter 11.5 in 17.5 in 23.5 in 

# Evenly spaced holes drilled 8 12 16 

Location of evenly spaced holes Around circumference of washer 

Hole diameter for 3/8 in bolts 0.5 in 

Diameter of “hole circumference” 

(centered 1 in from outer diameter) 
14 in 20 in 26 in 

Outer diameter of groove 12.66 in 18.66 in 24.66 in 

Inner diameter of groove 12.34 in 18.34 in 24.34 in 

Groove width 0.160 in 

Groove depth 0.104 +/- 0.003 in 

O-ring diameter 12.5 in 18.5 in 24.5 in 
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Bolt Plate 

The machine work for the bolt plate includes cutting the aluminum sheet to the specifications 

needed, drilling evenly spaced holes around the circumference (“hole circumference”) and 

counterboring those holes to be used for press-fitting the weld nuts. The holes drilled around the 

circumference have a diameter of 0.466 in (to allow for press-fitting the 0.469-in weld nut barrels). 

The counterbore holes (superimposed on the bottom face of the holes drilled around the 

circumference) have a diameter of 1.0 in and a depth of 0.1 in (to allow for press-fitting the size 

of the 1.0-in length, 0.078-in height weld nut bases). After the machine work, 3/8 in hex cap screws 

could be threaded into the weld nuts (to compress each of the layers together). The machine work 

for the bolt plate is summarized in Table 9. 

 

Table 9. Machine work for the bolt plate. 

Machine Work Smallest Medium Largest 

Outer diameter 16 in 22 in 28 in 

Inner diameter 12 in 18 in 24 in 

# Evenly spaced holes drilled 8 12 16 

Location of evenly spaced holes Around circumference of plate 

Hole diameter for weld nut barrels 0.466 in 

Counterbore diameter for weld nut base 1.0 in 

Counterbore depth for weld nut base 0.1 in 
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EPDM Washer 

The machine work for the EDPM washer includes cutting the EPDM sheet to the specifications 

needed and making evenly spaced holes (using a hammer driven hole punch) around the 

circumference (“hole circumference”) to be used to secure the EPDM washer and the bolt plate. 

The holes punched around the circumference have a diameter of 0.375 in. The machine work for 

the EPDM washer is summarized in Table 10. 

 

Table 10. Machine work for the EPDM washer. 

Machine Work Smallest Medium Largest 

Outer diameter 16 in 22 in 28 in 

Inner diameter 12 in 18 in 24 in 

# Evenly spaced holes drilled 8 12 16 

Location of evenly spaced holes Around circumference of washer 

Hole diameter for 3/8 in bolts 0.375 in 

Diameter of “hole circumference” 

(centered 1 in from outer diameter) 
14 in 20 in 26 in 
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Geomembrane Washer 

The machine work for the GM washer includes cutting the GM sheet to the specifications needed 

and drilling evenly spaced holes around the circumference (“hole circumference”) to be used to 

secure the GM washer and the bolt plate. The holes drilled around the circumference have a 

diameter of 0.500 in (to have clearance for the 3/8 in bolts and weld nut barrels in the bolt plate). 

After the machine work, epoxy was applied on the cut edges of the GM in order to prevent gas 

migration between the layers of the co-extruded geomembrane. The machine work for the GM 

washer is summarized in Table 11. 

 

Table 11. Machine work for the geomembrane washer. 

Machine Work Smallest Medium Largest 

Outer diameter 20 in 26 in 32 in 

Inner diameter 11.5 in 17.5 in 23.5 in 

# Evenly spaced holes drilled 8 12 16 

Location of evenly spaced holes Around circumference of washer 

Hole diameter for 3/8 in bolts 0.500 in 

Diameter of “hole circumference” 

(centered 1 in from outer diameter) 
14 in 20 in 26 in 
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Flux Chamber (Complete) 

The  FCs could then be constructed by aligning the drilled holes and stacking each material in the 

following order, from bottom to top: bolt plate, GM washer, aluminum washer (bottom) with the 

O-ring, and acrylic dome followed by EPDM washer and aluminum washer (top) on top of the 

flange of the acrylic dome. Vacuum grease could be added between each layer to create a better 

seal. Then, the hex cap screws could be fit through each of the holes and threaded into the weld 

nuts on the bolt plate. (See Appendix B: Flux Chamber Preparation (SOP).)  
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APPENDIX B: FLUX CHAMBER PREPARATION (SOP) 

 
Materials Needed 
 

To prepare each flux chamber (FC), the following prefabricated materials are needed. 

 

o Acrylic dome (equipped with sampling port, gas mixing fan, and thermocouple) 

o Aluminum washer (top) 

o Aluminum washer (bottom) 

o Bolt plate 

o Ethylene propylene diene terpolymer (EPDM) washer 

o Geomembrane (GM) washer 

o Hex cap screws 

o O-ring 

o Vacuum grease 

 

 

Preparation of Flux Chamber 
 

1. Organize the materials in the following order, from bottom to top: bolt plate, GM washer, 

aluminum washer (bottom) with the O-ring, acrylic dome, EPDM washer, and aluminum 

washer (top) 

2. Place the bolt plate right side up 

3. Align the holes of the GM washer and stack on the bolt plate 

4. Align the holes of the aluminum washer (bottom) and stack on the GM washer 

5. Place O-ring into the groove of the aluminum washer (bottom) 

6. Align the holes of the acrylic dome and stack on the aluminum washer (bottom) 

7. Align the holes of the EPDM washer and stack on the acrylic dome 

8. Align the holes of the aluminum washer (top) and stack on the EPDM washer 

9. Fit hex cap screws through each of the holes, thread into the weld nuts of the bolt plate, and 

tighten with a wrench until all material layers are compressed together 

 

Note: Vacuum grease should be applied between each material layer to create a better seal. 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) 

(i) 

(j) (k) (l) 

Figure 10. Staged construction of flux chamber, in which the (a) bolt plate, (b) geomembrane 
washer, (c) aluminum washer (bottom), (d) O-ring, (e) acrylic dome, (f) EPDM washer, (g) 
aluminum washer (top), and (h) hex cap screws are layered together. These components form a 
complete flux chamber (i). Other ancillary components of the flux chamber include (j) sampling 
port, (k) gas mixing fan and battery, and (l) thermocouple and thermocouple readout. 
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APPENDIX C: LARGE-SCALE GAS FLUX TESTING (SOP) 

 

Materials Needed 
 

To prepare the large-scale gas flux testing apparatus in the laboratory, sample the gas, and analyze 

the gas, the following materials are needed. 

 

For Preparation of Large-Scale Gas Flux Testing Apparatus 

 

o Bulkhead union 

o Butyl tape 

o Duct tape 

o Gas source 

o Geocomposite 

o Geomembrane sheet 

o Nylon tubing 

o Plywood 

o Polyethylene drum 

o Pressure gauge 

o Screws 

o Soil 

o Wood 

 

For Preparation of Flux Chamber in the Laboratory 

 

o Flux chamber 

o Butyl tape 

o Plywood (with geonet fixed of the bottom surface) 

o Surcharge 

o Vapor seal tape 

 

For Gas Sampling and Analysis 

 

o Battery 

o Analytical instrumentation (i.e., gas chromatograph (GC), hydrogen sulfide analyzer) 

o Gas transportation mechanism, if applicable (i.e., SUMMA canisters, Teflon bags) 

o Syringe 

o Thermocouple readout 
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Preparation of Large-Scale Gas Flux Testing Apparatus 
 

1. Drill holes into the polyethylene drum for the sampling ports and gas inlet (Figure 10, a); install 

one sampling port ~10 cm from the bottom of the drum (opposite sides from gas inlet port) and 

four sampling ports ~8 cm from the top of the drum (evenly-spaced apart); install gas inlet port 

~10 cm from the bottom of the drum; install pressure gauge. 

2. Construct wooden frame using wood and screws and place within the polyethylene drum 

(Figure 10, b). (Note: The height of the wooden frame will impact the height/volume of the 

gas chamber and soil column.) 

3. Cut plywood into circular shape to fit within the polyethylene drum, drill holes to allow for 

gas migration, and secure to the wooden frame with screws (Figure 10, c). 

4. Cut geocomposite sheet into circular shape (where geonet and one side of geotextile is cut the 

same size and the other side of geotextile cut slightly bigger); put side with larger geotextile 

facing down, fold up extra geotextile, and seal geotextile skirt to polyethylene drum with duct 

tape (Figure 10, d). (This prevents soil from falling through the plywood.) 

5. Fill the soil (light compaction) into the volume above the geocompositie to the top of the 

polyethylene tank (Figure 10, e). The soil surface should be level. 

6. Add nylon tubing to two of the sampling ports on the top, such that one tube extends to the 

center of the soil and the other tube extends half-way to the center. (This allows samples to be 

taken right below the GM, in which two samples can be taken on the inner edge of the 

polyethylene tank; one sample can be taken in the center; and one sample can be taken half-

way to the center.) 

7. Apply the double-sided butyl tape to the flange on the top of the polyethylene tank (Figure 10, 

f). (Entire flange should be covered with the double-sided butyl tape.) 

8. Cut GM sheet into circular shape (same diameter as polyethylene tank), place on top of butyl 

tape, and press firmly down to bond materials (Figure 10, g). 

9. Cut plywood into a ring, with outer diameter the same as the diameter of the polyethylene tank, 

and fix geonet to the plywood ring (Figure 10, h). (This will be used to support a surcharge 

load that will help prevent the GM from “bubbling up” as a result from the applied pressure 

below.) 

10. Connect gas tank to gas inlet and implement a low-pressure gas regulator. (An “ultra-low 

delivery pressure model” regulator (Airgas) was implemented.) 

11. Construct the FCs to measure gas emissions through the modeled cover system. 

 

Note: Large-scale gas flux testing apparatus must be set up in a well-ventilated area, so that emitted 

gas is not accumulating in the area and posing safety and health risks. 

 

The staged construction of the large-scale gas flux testing apparatus is presented in Figure 11. 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) 

Figure 11. Staged construction of large-scale gas flux testing apparatus, specifically the 
polyethylene drum with (a) drilled sampling ports, gas inlet port, and pressure gauge, (b) wooden 
frame, (c) perforated plywood, (d) geocomposite, (e) soil column, (f) double-sided butyl tape 
around the flange of the drum, and (g) geomembrane laid on top of the flange of the drum. The 
plywood, geonet support (h) for the surcharge is to be laid on top of the geomembrane. 
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Preparation of Flux Chamber in the Laboratory 
 
1. Seal the bolt plate of the FC to the GM of the testing apparatus by applying double-side butyl 

tape to the bottom of the bolt plate and pressing the bolt plate firmly down on the GM. 

2. Construct the FC completely (see Preparation of Flux Chamber SOP). 

3. Apply vapor seal tape to the GM washer of the FC and the GM of the testing apparatus. 

4. Place plywood (with geonet fixed of the bottom surface) on the GM of the testing apparatus 

then place a surcharge on the plywood (to help prevent the GM from “bubbling up” as a result 

of any applied pressure below). 

 

Gas Sampling and Analysis Procedure 
 

1. Take an initial gas sample (20 mL) from both the FC and the four sampling ports directly below 

the GM using a syringe at time, t = 0 min. Gas samples can be transported using an appropriate 

mechanism (i.e., SUMMA canisters, Teflon bags) to be analyzed elsewhere or be analyzed 

immediately on-site with an appropriate gas analyzer (i.e., gas chromatograph (GC), hydrogen 

sulfide analyzer).  

2. Take a gas sample (20 mL) from both the FC and the four sampling ports using a syringe every 

60 min for 6 h, for a total of seven gas samples. Prior to gas sampling from the FC, run the gas 

mixing fan within the FC using a battery for 5 min, so that the gas within the FC is well-mixed. 

3. Measure the temperature within the FC using the thermocouple and thermocouple readout at 

each sampling time. 

4. Analyze gas samples using appropriate gas analyzer (i.e., gas chromatograph (GC), hydrogen 

sulfide analyzer) or transport gas samples using an appropriate mechanism (i.e., SUMMA 

canisters, Teflon bags) to be analyzed elsewhere. 

5. Plot gas concentration (for the gas species of interest) vs. time. 

6. Fit a linear trend line between data points and determine the incremental change in 

concentration over time (dC/dt) from the slope of the trend line from the plot. (The gas 

concentrations from the four sampling ports should stay constant over time and be relatively 

equal to each other, while the gas concentrations from the FC should increase over time.) 

7. Solve for the gas flux (or emission rate) using the equation (Rolston, 1986). 

 

 )& = '
" 	× 	

#$
#(   

where Ei = gas flux at location i (M L-2 T-1), V = volume enclosed by flux chamber (L3), A = surface 

area enclosed by flux chamber volume (L2), dC = incremental change in concentration (M L-3), dt 
= incremental change in time (T-1) 

 

An example plot of FC testing results is presented in the figure. 
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Example plot of flux chamber gas concentrations over time from laboratory testing. The dC/dt 
determined from this plot is used to calculate emission rates. 
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Date Sampler

Location

Flux Chamber Size (Smallest, Medium, Largest)

Gas Composition
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Soil Thickness(es)

Soil Moisture

Soil Compaction
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Analytical Instrumentation

Transporation Mechanism (or N/A)

Sample Sample Gas
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6

7
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FLUX CHAMBER LABORATORY DATA SHEET (EXAMPLE)

Chamber

(˚C)
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APPENDIX D: FIELD IMPLENTATION OF FLUX CHAMBERS (SOP) 

 
Materials Needed 
 

To prepare the flux chamber in the field, sample the gas, and analyze the gas, the following 

materials are needed. 

 

For Preparation of Flux Chamber in the Field 

 

o Flux chamber 

o Butyl tape 

o Vapor seal tape 

o (Grinder, sander, or similar, if necessary to remove texture on geomembrane (GM)) 

 

For Gas Sampling and Analysis 

 

o Battery 

o Butyl tape 

o Analytical instrumentation (i.e., gas chromatograph (GC), hydrogen sulfide analyzer) 

o Gas transportation mechanism, if applicable (i.e., SUMMA canisters, Teflon bags) 

o Syringe 

o Thermocouple readout 

o Vapor seal tape 

 

 

Preparation of Flux Chamber in the Field 
 
1. Smooth the field GM using a grinder, sander, or similar (if necessary) to remove the texture 

from the field GM and facilitate a better seal. Make sure to check with landfill operations 
first (or even ask for help) to not damage the integrity of the GM. 

2. Seal the bolt plate of the FC to the GM in the field by applying double-side butyl tape to the 

bottom of the bolt plate and pressing the bolt plate firmly down on the GM. (Note: Locations 

with flatter sections of GM will help facilitate a better seal and promote more accurate gas flux 

measurements.) 

3. Construct the FC completely (see SOP for Preparation of Flux Chamber). 

4. Apply vapor seal tape to the GM washer of the FC and the GM in the field. 

 

Gas Sampling and Analysis Procedure 
 

1. Take an initial gas sample (20 mL) from the FC using a syringe at time, t = 0 min. Gas samples 

can be transported using an appropriate mechanism (i.e., SUMMA canisters, Teflon bags) to 

be analyzed elsewhere or be analyzed immediately on-site with an appropriate gas analyzer 

(i.e., gas chromatograph (GC), hydrogen sulfide analyzer).  

2. Take a gas sample (20 mL) from the FC every 60 min for 6 h, for a total of seven gas samples 

from each sampling location. Prior to gas sampling from the FC, run the gas mixing fan within 
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the FC using a battery for 5 min, so that the gas within the FC is well-mixed. Measure the 

temperature both within the FC and the ambient environment using the thermocouple and 

thermocouple readout at each sampling time. 

3. Analyze gas samples using appropriate analytical instrumentation (i.e., gas chromatograph 

(GC), hydrogen sulfide analyzer) or transport gas samples using an appropriate mechanism 

(i.e., SUMMA canisters, Teflon bags) to be analyzed elsewhere. 

4. Plot gas concentration (for the gas species of interest) vs. time. 

5. Fit a linear trend line between data points and determine the incremental change in 

concentration over time (dC/dt) from the slope of the trend line from the plot. (The gas 

concentrations from the four sampling ports should stay constant over time and be relatively 

equal to each other, while the gas concentrations from the FC should increase over time.) 

6. Solve for the gas flux (or emission rate) using the equation (Rolston, 1986). 

 

 )& = '
" 	× 	
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#(   

where Ei = gas flux at location i (M L-2 T-1), V = volume enclosed by flux chamber (L3), A = surface 

area enclosed by flux chamber volume (L2), dC = incremental change in concentration (M L-3), dt 
= incremental change in time (T-1) 

 

An example plot of FC testing results is presented in the figure. 
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Example plot of flux chamber gas concentrations over time from field evaluation. The dC/dt 
determined from this plot is used to calculate emission rates. 
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Date Sampler

Location Grid Point

Surface Description

Weather

Flux Chamber Size (Smallest, Medium, Largest)

Gas Species of Interest

Analytical Instrumentation

Transporation Mechanism (or N/A)

Sample Sample Gas

Number Time Concentration Chamber Ambient

(min) [          ] (˚C) (˚C)

1 0
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