
The Landfill Methane Balance: Model and Practical Applications 

Jean Bogner and Kurt Spokas 

Energy Systems Division 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, Illinois 60439 

submitted to 

, International Landfill Conference 
Cagliari, Sardinia (Italy) 

October 1995 

by a contractor of the U. S Government 
under contract No. W-31-104ENG-38. 
Accordingly, the U. S Government retains a 
nonexclusive, royalty-free lkense to Publish 
or reproduce the publirhed form of this 
contribution, or allow others to do OD, for 

DISCLAIMER 

This report was prepaid as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thaeof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



THE LANDFILL METHANE BALANCE: MODEL AND PRACI'ICAL APPLICATIONS 

J. Bogner and K. Spokas 
Argonne National Laboratory 
Argonne, Illinois 60439 USA 

SUMMARY A rational mass-balance framework is described for improved quantification of landfill 
methane processes at a given site. The methane balance model examines the partitioning of methane 
generated into lnethane recovered (via extraction systems), methane emitted, methane oxidized, 
mthane migrated, and methane storage. This model encourages use of field-based data to better 
quantify rates of methane recovery and emissions. 

1. BACKGROUND 

Methane is the terminal product of anaerobic microbial decomposition of landfilled =fuse. This paper 
discusses a current Argonne project which is developing a rational mass-balance framework based on 
methane to better quantify landfill methane processes at specific field sites. The methane generated in a 
landfill is partitioned into: 

1. methane recoverable by pumped gas recovery systems; 
2. methane which migrates laterally; 
3. methane emitted into the atmosphere; and 
4. methane oxidized to carbon dioxide by indigenous aerobic bacteria in the upper portion of 

the landfill 

The resulting methane balance (Figure l), normalized on a rate basis, can be written as follows: 

Methane Generated = Methane Recovered + Methane Migrated + 
Methane Emitted + Methane Oxidized + A  Methane Storage 

At a given field site, rates for certain methane pathways are well-quantified while others are poorly 
known, estimated, or based on modeled output. The methane recovered by pumped systems is 
typically well-quantified Likewise, lateral migration of methane is often moNtored and intercepted by 
complementay migration control systems. Field measurement of methane emissions is not standard 
practice, even though techniques are available; existing data suggest that rates may range over six 
orders of magnitude (Bogner and Scott, 1995). Methane oxidation in soils is the subject of intense 
investigation in non- landfill settings, but it is not sufficiently understood to assign rates relative to 
major controlling variables; however, extremely high capacities for methane oxidation in landfill soils 
have been demonstrated (Mancinelli et al., 1981; hhncinelli and McKay, 1985; Whalen et al., 1990, 
Knightley et al., 1995). The resulting rates encompass at least four orders of magnitude. Methane 
generation rates are frequently estimated using one of several kinetic models requiring refuse quantity, 
age, and composition as input data; these are combined with assumed rates for a given refuse quantity 
of a specific age and composition. Typically, kinetic approaches are applied to optimized systems; 
thus their applicability to landfills may be questionable. In addition, the resulting rates often reflect 
incomplete base data and inaccurate assumptions regarding rates at a given site. Because laboratory 
incubation of landfilled refuse under controlled anaerobic conditions can demonstrate rates ranging 
over two orders of magnitude at a given site (Bogner, 1990), the variability in field rates would be 
expected to be much greater. Alternatively, methane generation rates can be estimated from field 



pumping tests which measure the sustainable volume of methane that can be pumped from a given 
landfill volume per unit time; this quantity is equated with gas generation for the specified volume. 
This approach does not account for net residual emissions during methane recovery, which may vary 
spatially and temporally (Bogner et al., 1993). Finally, even though it is not a long-term reservoir for 
methane, the internal landfill porosity provides a large volume for tempmy gas storage that should be 
considered in landfill methane calculations. 

The major objective of the methane balance approach is to organize the various landfill 
methane processes into a logical framework (Bogner and Spokas, 1993). This framework permits 
recognition of wellquantified vs. poorly-quantified pathways, thus providing a tool for constraining 
raws that may be individually unclear. It also points to pathways which require the more rigorous 
applidon of existing methods or the development of new methods to achieve improved 
quantification. We are in the process of developing a user-friendly PC-based methane balance model 
for transfer to the landfill gas industry. Model development has been occuning over the last year 
(Bogner et al., 1994). Our purpose in this paper is to discuss the model framework, describe the 
curzent version and future goals for this model, indicate the types of field data needed for model 
verification, and solicit landfill industry comments regarding this model. 

Carbon Dioxide Methane 
Emissions Emissions Methane 

Recovery 
' 7  

Methane 
oxidation by 
methanompic 

Methane Generation 

Migration 

Methane Generated = Methane Recovered + Methane Emitted + 
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A Methane Storage 

Figure 1. Landfill methane balance 

3. DESCRIPTION OF THE MODEL 

3.1 Preliminary EXCEL 5.0m Model 

The first methane balance model was developed using EXCEL 5.0m on the PC. This model consists 
of a simple mass balance on methane for a given landfill setting. A detailed model description is given 
in Bogner et al., 1994. As initially configured, rates of total methane production, recovery, and lateral 
migration are required as input values for a given landfill geometry, while the cover is more fully 
differentiated to address methane transport, oxidation, and emissions via one-dimensional, non-steady- 
state finite diffenmce calculations. Thus, methane oxidation and net methane emissions can be 
considered in detail, including expressions for methane oxidation rates as a function of gas 
concentrations (methane and oxygen), temperature, and gas-med porosity. Net methane emissions 
over the landfill surface are summed. The landfill geometry is simply described using the landfill 
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cover area (length X width), thickness of cover, and thickness of underlying refuse. The model can be 
run for a portion of a given landfill or an entire landfill of uniform geometry with uniform rates for 
various methane processes. Help screens are embedded in the model to assist the user through the 
modeling process. 

The landf3l cover model is primarily based on the equations of Hoeks (1972). In particular, 
his finite difference equations for transport of methane in soils (due to leakage of natural gas) were 
extensively modified to address methane transport and oxidation through landfill covers. The 
solutions are based on one-dimensional non-steady state equations describing diffusion. These 
equations are implemented only within the landfill cover. The boundary conditions consist of 
atmospheric gas concentrations at the top of the landfill cover and a conmlled flux rate at the base of 
the cover. The flux rate of methane to the base of the cover is governed by the dif€erence between 
methane generated and the sum of [methane removed by wells + methane migrated + methane storage]. 
No Configuration for gas recovery or migration control systems is implied; rather, a total rate of 
methane flux is required as input. 

The solutions are implemented through a PC-based model that runs under Microsoft EXCEL 
5.0. A principal feature of the model is the Graphical User Interface (GUI). This interface is made 
possible by the advanced graphical features of Excel 5.0, as implemented through its Visual Basic 
macro language. The user is prompted through menus and can automatically display graphical output. 
The Main Menu consists of a graphic of a landfill illustrating the landfill methane balance. Figure 2 
shows the initial screen with user-activated buttons for input of rates for the various methane pathways 
and control of program execution. The input buttons activate windows that allow the user to supply 
values relating to the specific components of the methane balance. Each input box has a HELP button 
that allows the user to determine the proper units, suggests default values, and discusses pertinent 
points relating to a particular input value. Figures 3 and 4 give examples of input and associated help 
screens for portions of the model. The figures illustrate the user-friendly graphical interfaces which 
are possible in EXCEL 5.0 and which are retained in the final C++ version (discussed below). 

The EXCEL version of this model provides a simple user interface and was pursued initially as 
the most user-friendly programming environment for simple model development. However, several 
deficiencies became apparent during the initial stages of model evaluation. These included: (a) model 
too slow for long simulation times due to necessity to paste numbers from various spreadsheets in the 
EXCEL workbook; (b) no true mass-balance at various nodes for methane being transported and 
oxidized due to use of relative concentrations (mole %) for gases of interest; and (c) resulting 
emissions calculations yielding unrealistic values compared to measured values at field sites. 

Soilf Gas Properties 

Figure 2. User interface for EXCEL model 
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Figure 3. Input box and partial help screen for concentration profile through cover 
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Figure 4. Input box and partial help screen for soil gas and soil parameters 

Various SoilIGas interact ion parameters can 
be edited i n th is  dialog box. 

Porosity (gas - fil led) - fract ion o f  
gas-fi l led pore space i n  a given 
uni t  volume (v/v) 

Diffusion: The movement o f  
gas molecules f r o m  the influence of  
a concentration gradient. The 
program i s  designed to accept 
f ree-a i r  diffusion coefficients f o r  

3.2 Transitional Quick-Basic Transport Model 

An interim software tool was developed to model one-dimensional bi-directional diffusion pIus 
methane oxidation in landfill cover soils. Past models (de Wit and van Keulen, 1972; Campbell, 
1985) have focused strictly on relative concentrations, instead of the total amount of gas present in the 
system. Our quick-basic model was a first attempt at modeling via a true mass basis, and this was 
accomplished by accounting for each component of interest (CH4, C02, 02) independent of the 
mixture. The more advanced features of this model include: (a) simulation of development of 



methanotmphic microbial populations, (b) graphical display of zones of methane oxidation (as % of 
total oxidation), and (c) improved diffusional model using a one-dimensional bidirectional diffusion 
algorithm. 

3.3 C++ Model in Progress 

Advancements made in the quick-basic version were then carried over to the C++ programming 
language for faster execution times. The C++ program achieves true mass balance simultaneously 
with modeling the gas flow via a modified diffusion transport mechanism. A summary of major 
improvements in the current C++ model include: (a) the supply rate of methane to the base of cover can 
change with respect to time, (b) true mass dependency is achieved through simulation of individual 
gas particles and associated interactions with surfaces of soils (both dry and moist), other gas particles, 
and microorganisms; (c) 2D diffusion modeling accounts for vertical as well as horizontal movement 
of gas through cover soil (a) step closer to finite-element modeling); (d) pressure and temperame 
effects are accounted for on a node-by-node basis; and (e) additional graphical interfaces are available. 

4. SUMMARY AND RECOMMENDATIONS 

This paper has described the development and current status of a landfill methane balance model. 
Because individual rates may vary by several orders of magnitude, this software tool provides a user- 
friendly framework to constrain rates for poorly-quantified pathways based on closure of the mass 
balance relationship. In particular, methane generation cannot exceed the sum of measured recovery 
and measured emissions plus l a n e  storage and any lateral migration; this approach, which implies 
increased measurement of emissions, should yield more accurate rates for actual methane generation at 
field sites than are currently available from various kinetic models. Moreover, for sites with 
commercial systems, this approach can provide improved quantification of the methane recovery 
efficiency (% methane recovered/methane generated). The cover transport portion of this model also 
begins to address controlling variables for net methane emissions through consideration of soil gas 
transport and methane oxidation. 

More broadly, this type of model encourages "what if?" runs pertinent to altered site conditions 
or site management practices. Further model improvements are planned to address specific design 
features of interest, including geomembrane covers. Caution, however, is urged in applying this 
model to "generic" site conditions for regulatory decisions. We view this model primarily as a tool for 
improved site-specific methane management with potential for the transport model to be expanded to 
address other gases of interest in landfill settings. Ultimately, a series of linked PC-based models for 
landfill gas management is planned; for example, a wellfield model could be coupled to the input box 
for methane recovery in the methane balance model. 

The current C++ model stili requires development, sensitivity analysis, and extensive field 
verification before its release for general use. Validation will consist of using various wellcontrolled 
data sets (our own and those supplied by others in the landfill industry). We actively solicit comments 
on this model and plan for eventual widespread availability of the model at modest cost. 
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