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1. INTRODUCTION TO GASSIM 
 

This chapter aims to describe the background behind GasSim, outlines the program, details how the manual is 

organised and informs you what you will need to run GasSim and where to obtain technical support.  This version 

of the manual has been issued to accompany GasSim2, which was launched in 2006.  

About GasSim 
 

The principal drivers behind the development of GasSim are concern over the potential health effects of living near 

and working on landfills, and the need to reduce the emissions of greenhouse gases to the environment.  UK 

Government sponsored research (Elliott et al, 2001) has indicated a statistical (but not necessarily causal) 

relationship between an adverse effect on human health, e.g. birth defects, and landfill proximity.  Additionally, 

under the Kyoto agreement, the UK is obliged to reduce emissions of greenhouse gases.  Methane is potentially 

the second most important anthropogenic greenhouse gas, after carbon dioxide, and is emitted from landfills in 

significant quantities. 

 

These concerns are reflected in the following European Union (EU) directives, which apply to the generation and 

management of landfill gas (LFG):  

 

• Waste Framework Directive (91/156/EEC, 1991 (as amended)); 

• Landfill Directive (1999/31/EC, 1999); and 

• Integrated Pollution Prevention Control (IPPC) Directive (96/61/EC, 1996). 

 

The European Union Waste Framework Directive requires that waste is recovered or disposed without using 

methods that could endanger human health or harm the environment.  The Landfill Directive requires waste 

operators to prevent or reduce negative effects on the environment and classifies landfills.  The Landfill Directive 

defines LFG as ‘all gases generated from landfilled waste’ and requires: 

 

• appropriate measures to control accumulation and migration of LFG; 

• collection of LFG from landfills receiving biodegradable waste and the treatment and use of LFG.  Where 

the gas cannot be used to produce energy, it must be flared; and 

• minimisation of damage to or deterioration of the environment and risk to human health by the collection, 

treatment and use of LFG. 

 

The Integrated Pollution Prevention and Control Directive requires that preventative measures be taken against 

pollution through flaring and utilisation of LFG.  The Landfill Directive is implemented in England and Wales by The 

Landfill (England and Wales) Regulations 2002.  Closed landfills that are still licensed are governed by The Waste 

Management Licensing Regulations 1994 (as amended).  
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The Environment Agency exercises its regulatory powers for LFG under The Pollution Prevention and Control 

(England and Wales) Regulations 2000 (as amended) (the PPC Regulations).  Landfills requiring active control will 

be regulated under PPC as ‘installations’ and the LFG management system can usually be regarded as part of this 

installation.  Landfills currently licensed under the Waste Management Licensing Regulations (1994) (as amended) 

or landfills currently unlicensed but which have a power generation plant where the plant is sized at > 3MWth input 

(approximately 1MWe output) have their combustion plant regulated under PPC.  The PPC Regulations cover the 

design, construction, operation and maintenance of the LFG management systems and require: 

 

• gas management systems to control the migration and release of LFG; 

• minimising the contribution to global warming; 

• management of odour; and 

• reporting of releases of named pollutants (Pollution Inventory), this will require monitoring of gas 

generation, surface emissions, and combustion plant emissions, including tracking and reporting the 

changes to these emissions through time. 
 

Therefore it has become Environment Agency (Agency) policy that gaseous emissions from permitted landfill sites 

will be regulated according to site-specific risk management practice to minimise the impact on: 

 

• health from trace components and combustion products; 

• the local environment by odour and vegetation stress; and 

• global atmosphere by ozone depletion and global warming through greenhouse gases. 

 

Closed landfills and landfills not requiring a PPC Permit will still be regulated under s35(3) and s42(1) of the 

Environmental Protection Act 1990 (as amended) with regard to the prevention of pollution; protection of human 

health; and prevention of serious detriment to amenity, as well as under s5 of the Environment Act 1995 (as 

amended), with regard to pollution control, prevention, minimisation and remediation. 

 

Prior to the Agency issuing a PPC Permit, a planning consent is required for the landfill.  The Local Planning 

Authority will control issues relating to the development of new landfills.  LFG and its management will be taken into 

account during the planning process for developments involving greater that 50 000 tonnes of waste input per year 

and / or occupying an area of 10 ha or greater, and some other sites requiring an Environmental Impact 

Assessment (EIA).  This EIA will be the starting point for the risk assessment required under PPC. 

 

The Environment Agency has published a series of guidance documents on the management of LFG and the 

monitoring of emissions (Environment Agency 2004 a-f). The overarching Guidance on the Management of LFG 

outlines the link between a systematic risk assessment and an on-going Gas Management Plan for the site.  This 

includes a gas monitoring plan to help the landfill operator and regulator quantify the parameters which the 

operator will need to know, through measurement or calculation.  These measurements are necessary for 

monitoring local pollution prevention gas management measures, and for the yearly reporting requirements of the 
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European Pollutant Emissions Register (EPER) known in the UK as the PI (Pollution Inventory) IPPC (Integrated 

Pollution Prevention Control) Inventory of Sources and Releases (ISR). 

It is under this framework of mainly new regulations and technical guidance that GasSim was originally developed 

from the HELGA framework (Gregory et al., 1999) for the Agency under a contract entitled Development of the 

Health and Environmental Risks from LFG.  A fundamentally important aspect of this approach is to quantitatively 

evaluate the risks of the main processes and the magnitude of the impacts, GasSim considers the uncertainty in 

input parameters using a Monte Carlo Simulation.   

GasSim provides a standard risk assessment methodology for the Agency, operators and consultants.  It is 

designed to aid LFG risk assessment, by enabling LFG generation, emissions, migration/dispersion and 

impact/exposure to be assessed in a reproducible manner by those familiar with the subject, but without the need 

to build multiple models.  

 

IPPC is a Pan-European regulatory requirement, and outside of IPPC, the use of GasSim as a resource estimation 

tool and as an impact assessment tool is widespread.   

The Conceptual Model 
 

The conceptual model (Figure 1.1) has a modular structure.  Each module incorporates the effects of additional 

processes.  Progression to successive modules is only necessary if this information is required, e.g. LFG 

generation and emissions can be determined without proceeding through subsequent modules to optimise time 

and data collection constraints. 

 

GasSim2 considers the landfill as individual cells, each with its own engineering and waste composition.  This 

approach has been implemented to enable the simulation of changes in landfill engineering designs and legislative 

requirements through time, and the changes in waste composition and characteristics that have resulted from both 

legislative and social changes.  The model is probabilistic with the exception of the atmospheric dispersion module.   
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Figure 1.1:  The GasSim Conceptual Model  

 

The model is divided into five key parts, i.e. the: 

 

• source term module; 

• emissions module; 

• atmospheric dispersion module; 

• lateral migration module; and 

• exposure/impact modules. 

 

The source term determines the generation of LFG for an individual cell, phase, or site based on the mass of waste 

deposited and the waste composition of the waste streams.  The waste is degraded following a first-order decay 

model that calculates the LFG generation for up to 200 years.  The emission module takes this output and uses it 

to calculate LFG emission of bulk and trace gases to the environment after allowing for LFG collection, flaring, 

utilisation (energy recovery), and biological methane oxidation.  This is undertaken by using information on the site 

gas collection system, flare, engine and engineered barriers (cap and liner), if present.  It is assumed that LFG 

generated and not collected is in equilibrium and will be emitted from the landfill cap or liner at a steady state, i.e. 

the model does not consider transient storage of LFG.  Additionally the model calculates the concentrations of 

other major and trace gases emitted from flares and engines following combustion.   

 

The environmental transport modules simulate the dispersion of emitted LFG via both atmospheric dispersion and 

lateral migration, and it is recommended that these modules are used as a screening tool with more complicated 

modelling being undertaken if required.   
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The atmospheric dispersion routines are split into a Tier 1 screening module, and a Tier 2 implementation of the 

USEPA’s AERMOD model.  This uses identical mathematics to the USEPA’s version of the software, but the Tier 2 

implementation is a simplification to allow for reasonable runtimes.  Terrain and building downwash are excluded 

from the model, the receptor types have been aligned to regulatory requirements, and a single year of sample 

meteorological data is included within GasSim for each Environment Agency Area in England and Wales, with the 

exception of those dominated by complex terrain.  It is possible to export the source and receptor  data should a full 

Tier 3 simulation be required following Tier 1 and Tier 2 assessment.  It is expected that this will only be required if 

building downwash or complex terrain is a factor, or if air quality objectives may be approached or exceeded. 

 

Lateral migration simulates the transverse migration of LFG through the unsaturated subsurface by advection and 

diffusion.  The geosphere has been simplified into one zone, which is simulated using a conservative 1-dimensional 

linear pathway to provide the maximum concentration at a given point.  A loss term is available, through 

atmospheric mixing in an unconfined migration pathway, if this can be justified.  The gas concentrations along the 

pathway can be used to determine the potential for vegetation stress and the effect of exposure to humans, 

including the migration of LFG and its component gases into buildings.  

 

Determining the global warming potential and ozone depletion potential of the emissions assesses the landfill’s 

impact on the global atmosphere.   

 

The exposure module simulates the impact for different critical groups using four exposure pathways: 

 

• residential without plant uptake; 

• residential with plant uptake; 

• allotments; and 

• commercial and industrial.  

GasSim General Assumptions 
 

GasSim has been developed to provide a standard risk assessment methodology that will aid a nationally 

consistent approach to the Agency’s statutory duty in respect of gaseous emissions from landfill sites.  The central 

conceptual model is a landfill containing biodegradable wastes, which generate bulk gases comprising mainly 

methane and carbon dioxide.  It may not be suitable for landfills where waste or gas composition do not fit this 

pattern, e.g. hazardous waste sites.  The default vales within GasSim will not be suitable for assessing sites taking 

unusual waste streams. 

 

GasSim has the following general assumptions: 
 

• GasSim can only be used to assess the risk of exposure from LFG and cannot be used to assess exposure 

from soils or groundwaters;  
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• the model operates at steady state with a minimum time period of 1 year for generation and emission 

forecasts;  

• migration of gas is not modelled in the saturated zone; 

• the model does not determine the pressure generated by the landfill and to simplify the model pressure has 

been excluded from all modules; 

• LFG can be collected from cells while filling with sacrificial or permanent gas collection systems, in the 

presence or absence of temporary or permanent caps to the cell in question.  Uncollected LFG is emitted 

directly to the atmosphere; 

• GasSim does not simulate acute time frame, low probability events, e.g. the rapid lateral migration of gases 

into buildings that could result in the development of an explosive atmosphere, as these events do not lie 

within the context of a long-term risk assessment model;  

• atmospheric dispersion uses a Tier 1 screening method compliant with Agency PPC guidance, and a Tier 2 

atmospheric dispersion model, AERMOD, which allows reporting of annual average concentrations and 

short-term concentrations using criteria embedded in the relevant European Directives, and Air Quality 

Regulations for individual countries; 

• lateral migration is determined using a conservative one dimension advection and diffusion equation.  The 

diffusivity is determined for the diffusivity of the gas in air, which is corrected for the porosity and moisture 

content of the medium.  Atmospheric mixing is considered as an optional loss term, but methane oxidation 

is not included in this module;   

• the exposure to humans, using a critical receptor approach, is simulated for four pathways, described 

above, using equations based on CLEA (CLR 10, Environment Agency, 2002), McKone TE (1993) and 

McKone et al. (1997).  This module determines the exposure, at the 95%ile, for each year for critical 

groups.  The cumulative effect of the build up of contamination in the soil is only simulated for dioxins and 

PAHs.  Short-term acute impacts are not simulated as these do not lie within the context of the long-term 

probabilistic risk assessment model; 

• the hydrogen sulphide module assumes that the production of hydrogen sulphide is controlled by the 

quantity of degraded organic material and the available calcium sulphate and iron; 

• the biological methane oxidation module assumes that all fissures/discrete features emit the same quantity 

of gas and that these emissions are not reduced by methane oxidation; 

• the impact of odour is assessed using AERMOD and comparing either the odour concentration expressed 

in odour units per cubic metre or a pure substance mass concentration with a corresponding odour 

annoyance threshold; 

• vegetation stress is only assumed to impact the environment where the concentrations of methane and 

carbon dioxide are above defined threshold; and 

• the global atmosphere risk model determines the tonnes equivalent carbon dioxide for global warming 

potential and tonnes equivalent fluorotrichloromethane for ozone depleting potential based on the UN 

FCCC approaches. 
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Improvements to the Original HELGA Framework 
 

In order for GasSim to provide a model to assess implication of different LFG management options on the 

environment, the following updates and modifications were made to the HELGA framework (Gregory et al., 1999):  

 

• the trace gas emissions calculations have been updated to relate them to the quantity of gas generated, 

their destruction and creation in engines and flares, and an exponential declining source term has been 

included; 

• hydrogen sulphide emission can be calculated using the H2S module to simulate the generation during the 

landfill life;  

• the methane oxidation potential in the cap is defined by a percentage reduction rather than related to a 

retention/travel time.  The GasSim module simulating this also includes discrete fractures; 

• an advection component has been added to the determination of the lateral migration; 

• the module relating to determining the probability of exceptional events has been removed as described 

above;  

• the new odour module includes the determination of the environmental impact using odour units; and 

• the exposure module has been updated to have a consistent approach with CLR10. 

 

Additional Functions going from GasSim v1.0-1.5 to GasSim2 
 

GasSim2 is a natural successor to GasSim versions 1.0- 1.5 and has a number of new features.  Whereas GasSim 

allowed only input of landfill characteristics for the landfill as a whole, in GasSim2 landfill characteristics, and 

therefore determination of the quantity of gas generated and fugitive emissions, can be calculated on a cell by cell 

basis.  Cells can exhibit different engineering, and the history of capping, sacrificial gas collection and permanent 

gas collection systems can now be represented.  Results can be displayed in terms of concentration versus 

distance graphs for individual cells of different engineering designs. 

 

Also new to GasSim2 is the inclusion of a fully Environment Agency compliant Tier 2 atmospheric dispersion model 

based on the USEPA’s AERMOD model, which simulates atmospheric dispersion of fugitive (surface) and 

combustion plant emissions.  Tier 1 has remained as a screening of atmospheric impacts based on the 

methodology described in the Agency’s Horizontal Guidance Note IPPC H1 ‘Environmental assessment and 

appraisal of BAT' Version 6 (July 2003) to identify which emissions are insignificant, and which may require 

detailed modelling.  Tier 1 screening provides an audit trail and justification for the choice of gases subsequently 

assessed in GasSim2’s Tier 2 atmospheric dispersion module.     

In addition to Landfills, GasSim2 now allows modelling of Landraise landforms.   

 

GasSim2 has the flexibility to simulate adjacent landfills and include or exclude impacts from these, to represent 

e.g. non-PPC Permitted cells providing fuel for utilisation plant.       
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GasSim2 can also assess the impacts at the ownership boundary even when this is not the boundary for the filling 

of waste.  This is important when assessing exposure of members of the public to emissions from the landfill. 

Uses of GasSim 
 

GasSim is designed to provide those concerned with the management of LFG (waste regulators, operators, Local 

Authority planners and others) with a means of assessing the risks to the environment and human health 

associated with LFG emissions. 

  

GasSim allows the user to: 

 

• assess LFG management options, to aid in landfill design and operation by identifying gas that is lost 

uncontrollably that could otherwise have been utilised, hence minimising the environmental impact; 

• simulate atmospheric dispersion to assess the potential exposure of neighbouring residents; 

• model the dispersion of odorous releases to air, to assess the impact of odour on neighbouring properties; 

• calculate the global impact, to determine the potential of the landfill to cause global warming and determine 

the emissions of gases with a global warming potential in accordance with the Guidelines for Company 

Reporting on Waste to Monitor Environmental Performance and / or CO2 trading;  

• report the emissions of gases covered by the European Pollutant Emissions Register (EPER), also known 

as the Pollution Inventory (PI) – in a suitable format; and 

 determine the limit of vegetation stress, to assess the impact of laterally migrating methane and carbon 

dioxide on vegetation adjacent to the landfill. 

Program Outline 
 

GasSim has been designed to be similar in design and layout to its sister applications LandSim Release 2 (Landfill 

Performance Simulation by Monte Carlo Method, 2001) and ConSim Release 2 (1999).  The model has been 

encoded using Microsoft’s Visual Basic and C++ programming language, therefore users with experience of 

Microsoft Windows will find the program easy to navigate.  The program follows all Windows conventions in terms 

of using the mouse, the appearance of input dialogue boxes and results screens. 

 

In short, GasSim enables LFG generation, emissions, migration/dispersion and impact/exposure to be assessed by 

those with no in-depth knowledge of programming. 

 

The main screen shows a cartoon, which guides you along the process of defining the source term (Landfill 

Characteristics), the gas management options, and details of the contaminant transport pathways (from the source 

to the various receptors).  At each stage along the pathway pop-up dialogue boxes are accessed by clicking on 

active areas of the cartoon or from drop-down menus.  These are used to enter data that enables GasSim to 

determine the LFG generation, the emissions from the landfill and combustion products, the lateral migration and 

atmospheric dispersion of these emissions, and the impact on human health, the local environment and the global 
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atmosphere.  The dialogue boxes are customised to the chosen landfill design and probability distributions for the 

default parameters are provided to prevent unnecessary data entry. 

 

GasSim is a probabilistic model, which uses the Monte Carlo simulation technique to select randomly from a pre-

defined range of possible input values to create parameters for use in the model calculations.  Repeating the 

process many times gives a range of output values, the distribution of which reflects the uncertainty inherent in the 

input values and enables you to ascertain the likelihood of the estimated output levels being achieved.  Whether 

you choose to display the GasSim output graphically or in statistical format, report quality printouts can be 

produced. 

How this Manual is Organised 
 

This section presents a brief introduction to GasSim2, its aims, structure and how it can be used. 

 

Chapter 2 gives a guide to installing GasSim2 and getting started.  The chapter also provides some background to 

the dialogue boxes, probabilistic risk assessment, and touches on quality assurance issues. 

 

Chapter 3 shows how to enter parameters in order to set up and run a GasSim2 assessment, looks at issues for 

landfill risk assessment (for odour, global impact, vegetation and human receptors) and describes the options for 

running a simulation.  The chapter also details simplifying assumptions behind the model that must be borne in 

mind when assigning input parameters values and ranges. 

 

Chapter 4 describes what GasSim2 predicts, how to interpret the statistical results and how the output graphs can 

be customised.  The chapter also describes the important elements of a performance assessment and how to deal 

with modelling errors. 

 

Chapter 5 contains suggested ranges of input parameters such as trace gases, engine and flare destruction 

efficiencies, etc. 

 

Chapter 6 is a reference chapter, which outlines the theory behind GasSim2 and presents equations used and 

assumptions made.  Although you will probably not need to consult this chapter regularly it is recommended that 

you familiarise yourself with the assumptions made.   

 

Chapter 7 presents a brief description of the verification and validation of the GasSim2 model.   
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Your Experience 
 

Don’t let GasSim2’s ease of use deceive you.  This program is intended solely for use by experienced 

professionals with a sound background in landfill engineering, LFG contaminant, transport and risk 

assessment. 

 

Your approach will be the key to obtaining useful results.  Crucial to their validity will be your thoroughness when 

developing models, assessing the input parameters and working out uncertainties in the system.  GasSim2 

requires that you justify all expressed uncertainties and the output and printed record are locked together with a 

filename/timestamp system.  Therefore you must be able to justify each input parameter.  Your justifications are 

held in these records for subsequent audit.   

What You Will Need 
 

To run GasSim2 you will need an IBM compatible PC or laptop with a Pentium 4 processor with a speed of at least 

1GHz with 512MB RAM.  GasSim2 was developed to operate under Windows XP Professional, with Service 

Pack 2.  Other earlier versions of Windows may be compatible but this has not been tested.  GasSim2 is not 

compatible with Windows NT.  Hard disk space for temporary files generated while running gas generation and 

emissions modules may vary from 10MBytes to 100MBytes or more depending on the complexity of the simulation.  

The AERMOD module within GasSim2 can easily generate 6GB of results files, so users should allow a minimum 

10GB free disk space on their C drives.  Some simulations may require more disk space than this.  It is possible to 

select other network drives for AERMOD output.  

 

GasSim2 runs at a screen resolution of 1024 x 768.  

Technical Support 
 

Golder Associates (UK) Ltd offer technical support for GasSim2 according to the terms of the licence agreement. 

Training packages for novice and experienced users can be purchased from Golder Associates (UK) Ltd. (see the 

GasSim web site www.gassim.co.uk for more details). 

 

For problems running the program or for technical enquiries, help files are available within GasSim either from the 

Main Menu or through buttons in each input window. 

 

If you have problems installing the program or getting the code running on your computer, please call the Help 

Desk (available from 9.30 to 5.00 Monday to Friday) or contact us by fax or e-mail. 

  

GasSim Help Desk 
Golder Associates (UK) Ltd 
Tel: +44 (0) 115 937 1111 
Fax: +44 (0) 115 937 1100  
or e-mail us at gassim@golder.com  
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2. GETTING STARTED WITH GASSIM2 

This chapter has two major sections: 

 

a) how to install and use the GasSim2 program, and  

b) a brief introduction to the philosophy of risk and risk assessment.   

 

This second section should be read even by those familiar with the concepts of risk assessment.  The 

advice on choice of input parameters is likely to be extremely useful. 

 

A. THE MECHANICS OF GETTING STARTED 

How to Install GasSim2 

GasSim2 is usually obtained by downloading from the website www.gassim.co.uk as a zip file.  If you cannot 

download the demonstration file, a CD may be provided.  To install the software, close any open applications and 

place the CD in the CD-ROM drive, or extract the files from the zip file. 

 

Click OK to start installing the program and follow the on-screen instructions.  If the installation does not start 

automatically and the Setup program is not activated, run the Setup program from the download or on the CD to 

manually start the setup process. 

 

You must use the Setup program to install GasSim2.  The files downloaded or those files on the installation CD are 

compressed and cannot be copied directly to your hard drive.  To uninstall GasSim2 you should use the 

Add/Remove Programs application in the Control Panel.  If you wish to install further updates to the GasSim2 

software that may be issued from time to time, it is essential that you uninstall the current version of the 

model prior to installing the update. 

 

The downloaded software, or that found on the CD, is a demonstration version.  You cannot load, save, save as, 

print, or otherwise record or retain any work performed on the demonstration version, although the full functionality 

is retained for users to explore GaSim2’s features.  To make the demonstration version fully functional, you should 

go to the Help>Licence function on the menu bar and follow the instructions provided there (and also on the 

website www.gassim.co.uk).  Registration involves assigning the software to a particular PC or laptop.  It is 

therefore recommended that you decide on the hardware on which you want to install GasSim2 before applying to 

Golder for a user license. 

 

Keying Convention, Mouse Use and Windows Standards 

GasSim follows the usual Windows conventions: 
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• mouse action; 

• drop down menus triggered by the <Alt> key with navigation by arrow keys; 

• drop down menus triggered by <Alt> key with navigation by key letters (which are capitalized and 

underscored on the menu names); and 

• accelerator key sequences (e.g. Ctrl + S to save a file, indicated on the drop down menu item). 

 

This manual has been written around mouse driven use, which is likely to be the most convenient way for most 

people.  However, an experienced user may find the keyboard short cuts faster.  In terms of mouse use, the 

standards used by Microsoft in developing Excel have been our guide, and if you are in doubt anywhere in 

GasSim, try an Excel mouse operation.  For example, double clicking on the scale of a graph will open a scale 

change dialogue.  We have also built in a number of pop-up features and in several instances you will find the 

appropriate menu items available with a single click of the right mouse button. 

 

To exit the dialogue boxes without making or saving changes use the Cancel buttons available.  It is not possible to 

damage the GasSim2 program by any combination of events with the program. 

 

Starting the Program 

To start the programme double click (two fast clicks) the GasSim2 icon, or select GasSim2 from the start menu.   

 

During loading GasSim2 will display a graphic showing the software version. 

 

 

 

To continue click the New Project or Open Project options.  
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Selection of the New Project option will open the project data file.  You will need to populate the data fields and 

eventually save this with a unique file name.  Open Project will request that you select an existing project file.  

These options are described in Chapter 3.   

 

Closing GasSim2 

To close down GasSim2 select the Exit option from the File menu.  You will be prompted to check that you have 

saved your work.  If you wish to close the program without saving select No, otherwise choose Yes, and GasSim2 

will save and close down. 

 

On-line Help 

GasSim2 is supplied with full on-line help, which can be accessed through either the main menu, through the 

buttons on each input window or by pressing the F1 key. 

 
B. THE PRINCIPLES OF RISK ASSESSMENT 

The key principles behind risk, risk assessment, performance assessment and the issues of uncertainty are 

described in this section.     

 

Hazard and Risk 

Before you use the program it is important that there is a common understanding of the purpose of an assessment, 

and the general philosophy behind risk and performance assessment.   

 

The term risk is the chance of something occurring – a loss, injury or untoward outcome.  We need to be clear on 

the definitions, which are based on those published by the DETR (2000): 

 

• Hazard: a property or situation that in particular circumstances could lead to harm; and 

• Risk:  a combination of the probability, or frequency, of occurrence of a defined hazard and the 

magnitude of the consequences of the occurrence. 

 
Risk Assessment 

The purpose of risk assessment is to make rational, transparent, justified (defensible) decisions.  If there are no 

decisions to be made, there is no point in carrying out a risk assessment.  For example, the decision may be about 

the acceptable standard of care or safety or about an investment strategy, but at some stage you will need to ask 

the basic question:  “What should we do?”  At this point you need to be aware of the fundamental points.  A risk 

assessment: 
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• is carried out in the context of the decision; 

• evaluates all alternative outcomes including both uncertainties and chance; and 

• has some criterion against which the results/outcomes are to be compared in arriving at a decision. 

 

The goal of the regulators is to protect human health and the environment from the detrimental effects of landfills.  

The overall principles of risk assessment applied to LFG are given in the Guidance on the Management of Landfill 

Gas (Environment Agency, 2004a). This describes the approach to hazard identification and prediction of risk as 

well as the Tiered approach that concentrates attention onto those factors that are significant.  GasSim2 is 

consistent with the systematic methodology made in this guidance.  It performs risk estimation by calculating the 

probability of contaminant concentrations in LFG exceeding the vegetation stress and odour threshold values, the 

exposure to humans and the impact on the global atmosphere.   

 

A complete LFG risk assessment involves 4 parts: 

 

• source term; 

• emissions module (the landfill characteristics and gas utilisation); 

• environmental transport by lateral migration and/or atmospheric dispersion; and 

• exposure/impact (exposure to humans, odour, vegetation stress and global impact). 

 

The source term, and to some extent the emissions module, defines the hazard component.  The emissions and 

environmental transport modules determine the potential for uncontrolled release and the outcome is assessed 

using the exposure/impact modules. 

 

The quantity of waste, the composition of the waste streams, the landfill engineering and the moisture content are 

defined in the ‘Landfill Characteristics’ dialogue box.  The source term supplies the concentrations of bulk gases 

(CH4, CO2, H2) by determining the LFG generated from the mass of degraded carbon, and the quantity of trace 

gases present within the landfill from the concentration of trace gas in one cubic metre of bulk gas.  The option is 

also available to allow the trace gas concentrations to degrade with time.   

 

The emissions module calculates the quantity of LFG that is utilised by engines and flares using the gas collection 

system specification defined in the ‘Gas Plant’ dialogue box.  The flares and engines burn the LFG resulting in 

reductions in the majority of the bulk and trace gas concentrations but also creating combustion products (e.g. 

NOx, CO, etc.).  The remaining LFG that is generated but not utilised is emitted uncontrollably through cap, liner or 

open/active areas of the landfill.  The proportion of LFG that migrates in each direction is determined by the cap 

and liner properties. 

 

The environmental transport mechanisms are divided into lateral migration and atmospheric dispersion.  The 

‘Lateral Migration’ module simulates the movement of LFG emitted through the liner in the geosphere.  The Tier 1 

screening module uses Environment Agency criteria from PPC guidance H1 to screen out insignificant impacts.  
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The Tier 2 ‘Atmospheric Dispersion’ module uses the USEPA’s AERMOD model to simulate the behaviour of 

pollutants and their odour.  It considers the impact of flare, engine and cap emissions, and determines the 

atmospheric concentrations and dispersion of pollutants and their odour impact under various atmospheric 

conditions. 

 

The ‘Exposure’ module determines the human exposure to selected contaminants.  The ’Global Impact’ module 

assesses the release of greenhouse and ozone depleting gases.  

 

Performance Assessment 

GasSim2 is designed to simulate landfills for risk assessments and EPER (PI) reporting.  The smallest time step 

has been defined as one year for gas generation and emissions, and the model assumes steady state conditions 

during each year, although the exact conditions for each year will change in each iteration, as influenced by the 

variability defined in the input parameters.  Screening using the atmospheric dispersion module can be performed 

at an hourly level.     

 

To keep the analysis in GasSim2 manageable within a Monte Carlo environment, steady state models are used.  

Necessarily, steady state models are for single scenarios.  In reality, situations change and a series of 

assessments, which represent different scenarios for the landfill, must be carried out.  In essence, this means that 

typically, GasSim2 assessments will not consist of a single scenario, but of several.  The terminology is that 

performance assessment is analysis of a single scenario.  

 

Performance assessment is the systematic consideration of those aspects of a situation that lead to the computed 

risk.  Performance assessment looks at the possible behaviours of a system, allowing for uncertainties in 

knowledge about the system being modelled.  This includes uncertainties about the processes occurring and 

uncertainties about the parameters controlling those processes.  The overall performance is expressed in terms of 

uncertainty in one area - the effect on the environmental impact.  

 

GasSim2 adopts a ‘top down’ approach to performance assessment, starting from a desired performance 

statement and identifying the factors that contribute to performance, with each factor broken down into greater 

detail where required.  This means that, for example, if you have detailed monitoring results and a well-defined 

conceptual model, the results can be used directly in GasSim2:  Your parameter assessment would be based on 

the detailed model. 

 

Time is an important factor to consider when developing scenarios for a landfill.  The impact of processes occurring 

in a newly constructed facility is likely to be quite different from the performance of the same facility, say, 50 years 

after closure.  Time can affect the infiltration (if the cap deteriorates for instance), the system parameters (such as 

the gas collection efficiency) and the LFG composition.  
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A reasonable estimation of how landfill risk may evolve can be obtained by analysing the system under three sets 

of circumstances: 

 

• prior to closure; 

• immediately after closure and restoration; and 

• 50 years after closure. 

 

In each set of circumstances, virtually identical analyses will be carried out, with the exception of a few changes to 

input parameters.  

 

The user must understand that the model has been developed to look at the long-term impacts of LFG and not 

necessarily short-term effects and impacts.  The model will not simulate the short-term transient risk of a low 

pressure system causing excessive LFG migration and subsequent explosive or asphyxiation risk.  Such a model 

would require a minimum time step of around 1 hour.  GasSim2 has a minimum time step of 1 year in the 

generation and emissions modules, and so is totally insensitive to transient effects of a duration of less than 1 year.   

However, on the basis of a known or modelled emission rate for a given year, the atmospheric dispersion module 

will give an assessment of air quality on a regional or local basis according to hourly meteorological data inputs.  

 

Representing Uncertainty 

The basic idea in all probabilistic assessments is that a probability can represent a judgement about uncertainty.  

This is often referred to as the Bayesian view, after the 19th Century mathematician, Bayes, who put forward the 

idea.   

 

It is easy to see that people in everyday life use Bayesian approaches by noting that betting is an exercise in 

judgmental probability.  Money is deliberately put at risk by the gambler on the expectation of gain based on the 

offered odds.   

 

This betting example illustrates the important point that assessing uncertainty cannot create a desired outcome.  

No risk assessment can create certainty where there is uncertainty.  Decisions based on risk assessment however 

maximise the opportunity for the desired outcome.  The key to probabilistic risk assessment is how we quantify 

chance.  The basic concept is that a number (or probability) between 0 and 1 is used to represent the chance of an 

event occurring.  An assertion that the probability = 0 implies absolute confidence that the event will not happen, 

and likewise, a probability of 1 implies absolute confidence that it will.  A judgement that there is an evens chance 

of the event occurring is simply represented as a probability of 0.5 (or 50%).  By expressing judgement as a 

number we can be sure of unambiguous communication and the ability to calculate consequences. 

 

In principle there are three types of uncertainty:   
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• Conceptual:  we are unsure of the process occurring; 

• Model:  we are using a simplified version of reality to allow us to apply equations and create a model; and 

• Parameter:  we are unsure of the values to use in the model. 

 

When using GasSim2, you are expected to deal with the first two types of uncertainty by ensuring that the 

conceptual model used and the assumptions made in the equations are representative of the environmental regime 

at your site, and by making decisions based upon an appropriate probability of outcome.  Parameter uncertainty 

(and to some extent model uncertainty) is dealt with by allowing specification of a range of values for each input 

parameter rather than a single number, as explained in the next section. 

 

Describing the uncertainties in input parameters in a risk assessment is different from design, in that it is essential 

to take an equal and unbiased account of both the ‘upside’ (positive) and the ‘downside’ or negative possibilities.  

This neutral approach would be regarded as unconservative in terms of design, but its importance cannot be 

overstated, since the purpose of risk assessment is to make rational, transparent, justified (defensible) decisions. 

 

Input Distributions 

In order to account for uncertainties in parameter values and for simplifications in the calculation method, GasSim 

allows you to use a range of values for each input parameter (although a single value is still an option if you wish).  

For clarity and ease of communication, each range is described based on the shape of its frequency or probability 

histogram. 

 

Imagine a soil with a porosity of exactly 0.3.  The probability of the porosity measured in any one test being 0.3 is 1 

(100%), and in a series of porosity tests, the result will be 0.3 every time.  The frequency of occurrence of any other 

value is zero.  Without actually attaching numbers to the axes, the frequency of occurrence and the probability can 

be plotted on a histogram, and will show as a single column. 
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Now imagine that you do not know what the porosity is, but you can state that it will be somewhere between 0.2 

and 0.3, and that there is an equal chance of it being any value in between.  In a series of porosity tests you would 

therefore expect any given result (for example 0.22) the same number of times as you would expect any other 

result (0.21, 0.23, 0.24 etc.).  The probability of each result is equal.  This can be plotted on a histogram as a series 

of columns of equal height and is called a uniform distribution. 
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Moving on to a more realistic scenario, some porosity values are more likely to occur than others (higher probability 

of occurrence, or greater frequency in a series of tests), and perhaps one value (say 0.22) is the most likely to 

occur.  This is reflected in the plot (a series of columns of increasing then decreasing height), and the distribution is 

termed a triangular distribution, for obvious reasons.   
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The process can continue for any number of distribution types, for example a normal distribution (which is bell-

shaped), where the probability or frequency of occurrence of any particular porosity may be described using a 

mean and standard deviation. 

 

You have a great deal of control over the input range (or distribution) in GasSim2 and the following points provide a 

description of the different distributions that can be selected. 

 

• Uniform Distribution.  Where it is possible to specify a minimum and maximum possible value for a 

parameter and where there is an equal chance of all the values in between (or where there is no further 

information), a uniform distribution is appropriate; 

 

• Triangular Distribution: Where, in addition to minimum and maximum values, it is possible to identify a 

value that is most likely to, a triangular distribution may be used; 

 

• Log Uniform or Log Triangular Distribution: When parameter values vary by orders of magnitude, the 

specification of a log uniform or log triangular distribution (uniform or triangular distribution of the logs of 

values) avoids skewing the distribution towards the upper or lower values; 
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• Normal or Log Normal Distribution: Many natural parameters follow a statistically normal/log normal 

distribution, that is described using a mean value and a standard deviation from the mean; and 

 

• Other Distribution Types: GasSim2 permits the definition of input distributions other than those specified 

above.  If there are sufficient available data fitting these distributions, then they are available to you, 

although it is anticipated that in the majority of cases the simpler distributions will be appropriate. 

 

The choice of input distribution may have a profound effect on the predicted results and it is important that the 

distribution type you use is justified based on the available data.  This not only involves the pattern of data values, 

but also is influenced to a great extent by the quantity of data available.  The issue of how much data provide a 

statistically correct source is complex, but the following points may prove helpful in defining distributions when few 

data values are available: 

 

• the data available defines both your knowledge of the system and your lack of knowledge.  When 

specifying the distribution type best fitting your data, it is necessary to be honest about what you know, and 

to use professional judgement to adequately describe the uncertainty associated with your data.  For 

example, if only two measured concentrations are available, it would be difficult to defend the choice of an 

exponential input distribution, even if the two points fitted this distribution.  A uniform distribution may best 

express your uncertainty; 

 

• in many instances there may be a theoretical reason for the data to follow a particular distribution, or the 

end points of some ranges may be set (e.g. minimum rainfall possible is 0);  

 

• eliciting expert opinion (i.e. obtaining the view of a recognised authority in a specific subject) is a perfectly 

reasonable and justifiable method of quantifying uncertainty - find out what the experts consider to be the 

highest possible value, or the most likely etc.  Remember though, expert opinion is no substitute for site-

specific data; 

 

• measured parameters that vary solely due to measurement error tend to follow normal distributions;  

 

• the data may not adequately describe actual conditions, but may be skewed (for example, cable tool drilling 

samples may not represent the full fines fraction).  The specified distribution may be adjusted to redress 

this; 

 

• ‘ranking’ may be possible.  Relative likelihoods (i.e. A is twice as likely as B) are usually easier to express 

than absolute probabilities, but are then simple to convert to a probability; and 

 

• data, even if sparse, may sometimes conform closely to a particular distribution. 

 



 - 22 - 

 

There will be instances where there is a large base of data, and a distribution may be defined that closely 

represents the data.  A number of commercially produced software packages (such as Palisade Corporation's 

"Bestfit" and Decisioneering's “Crystal Ball”) are available to help you determine the most appropriate distribution of 

a data set.  Further guidance on assessing appropriate PDFs for use in environmental risk assessments are 

provided in Environment Agency (2001).  

 

Uncertainty Versus Variability 

Many properties and processes are naturally variable.  You would expect, for example, trace gas concentrations to 

vary from place to place within the waste mass.  When looking at a range of monitoring data, it should be 

remembered that this data includes both true uncertainty (caused by test error, interpretation etc.) and true 

variability.  Variability is also important because it does not automatically follow that the average case realistically 

represents reality – sometimes the weakest point in the chain may be the controlling factor. 

 

In the case of landfills, there has been little investigation into the effect of variability on overall performance.  

Consequently, there is little guidance on how to use knowledge of variability even when variability can be 

distinguished from test uncertainty.  At this stage, therefore, you may want to allow your input distributions to 

include both uncertainty and variability.  This is the easiest course of action in any case.  Its effect is to overstate 

the true parameter uncertainty but it is entirely reasonable to do this because, in effect, doing this naturally includes 

the corresponding parameter uncertainties. 

 

Justifying Your Choice of Parameter Values  

The main element of a probabilistic risk assessment is expressing uncertainties in terms of probabilities.  Because 

probabilities are often subjective, it is essential to make a note of why particular judgements were made.  The 

process of obtaining and justifying probabilities and values is usually called elicitation. 

 

Human bias can distort the elicited probabilities and these possible distortions must be recognised and dealt with.  

Common biases are motivational (the individual has a personal stake in the action selected), availability (a greater 

amount of information unduly influences the judgement), timing (overall experience is undervalued in comparison to 

the most recent piece of information), and hidden assumptions.  Two good papers among a wide variety of 

literature covering biases and how they can be avoided are Tversky & Kahneman (1974) and Spetzler & Von 

Holstein (1975). 

 

Some people doubt that such a ‘soft’ process as elicitation can actually result in ‘hard’ numbers for mathematical 

use.  However, encoded probabilities have been tracked in the commercial business and reported results show that 

they correspond to the actual outcome frequencies (Balthasar et al 1978; Kabus 1976; Sander 1969).  GasSim2 

uses this same approach that has proven successful in other disciplines. 
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The quality of a risk assessment depends on the quality and quantity of data put into the assessment, which can 

range from a single person’s view to an evaluation by one or more groups of experts in a formal setting.  However, 

costs and time required increase as the assessment becomes more defensible. 

 

When deciding which level of probability assessment to employ, select the one that is most appropriate for the 

circumstances.  If it is a simple check, then a risk assessment based on self-assessment is reasonable.  If it is 

potentially contentious or the risks are high, then more defensibility should be used. 
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3. SETTING UP AND RUNNING A SIMULATION 
 

This chapter will explain how to input data into the model and run a GasSim2 program.  The theory and equations 

behind the model are described in Chapter 6.   

Entering Data – General Points 

 

Before starting to enter Project details a number of general points need to be made regarding the form of data 

entry. A large number of the individual inputs in the Landfill Characteristics, Gas Plant and Lateral Migration 

elements of the model can be entered as probability density functions (PDF’s).  There are a number of methods of 

entering these inputs.  Where a PDF can be entered as the input into a field, a small grey box with an arrow at the 

far right of the field will appear (as indicated by the arrow in the screen below).  You can, as in the example below, 

use a single number rather than a PDF if you so wish. 

 

 

 

The values of individual input parameter distributions may be edited in four ways: 
 

1. you can input parameter distributions in a structured manner through an input distribution window (select 

the input parameter you require and click on the grey box at the right hand end of the parameter space to 

get the input distribution window to appear). 
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You can then select the appropriate distribution type from a drop down menu, and type in the values required. 

 

 

 

2. you can type the PDF, in words and figures, into most of the parameter spaces.  (However, this function is 

not available when distributions are entered into GasSim input tables.)  You will find that if you type 'un', 

GasSim will automatically complete the word 'uniform', and you will only need to add the required values, 

separated by a comma.  Similarly, 'tr' brings up a triangular distribution, etc.  As you become familiar with 

the use of the model, you can select the input method that best suits you.  See below for a full list of the 

distribution types and abbreviations; 
 

3. in addition to the above, it is also possible in most cases to use the cut, copy and paste facility (Ctrl + X, 

Ctrl + C and Ctrl + V) on existing parameter distributions; 

 

4. tables can be cut or copied and pasted from Excel using Ctrl + X, Ctrl + C and Ctrl + V.  Templates are 

provided with the installation set for the fictitious example site Greendale, which can be modified for 

individual sites.  This is probably the fastest way to build a dataset and get data into the model; and 

 

5. when the full screen mode is running, and you cannot see the toolbar at the bottom of the window, you can 

toggle between applications using the Alt + Tab command. This is very useful when you are copying data 

from Excel to GasSim menus and the site plan is in view. 
 

Where input distributions are impossible (e.g. minimum value greater than maximum) or outside a defined range 

then GasSim will highlight the values in red and will not accept the input. 
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The following distributions are available:  
 
Distribution Abbreviation (and syntax) 
Single (value) None - just enter value 
Uniform UN (min, max) 
Triangular TR (min, most likely, max) 
Normal NO (mean, standard deviation) 
LogUniform LOGU (min, max) 
LogTriangular LOGT (min, most likely, max) 
LogNormal LOGN (mean, standard deviation) 
Binomial BI (No. of trials, Prob) 
Exponential EX (mean) 
Poisson PO (average) 
 

Within GasSim, you will be expected to input data in commonly accepted units (for example, infiltration as 

mm/year, trace gas concentrations as mg/m3).  Input fields indicate the units you should use. 

 

Many parameters will have a set of default parameters and default distributions. These are intended to allow 

simulations to run when there is little site-specific information available.  They are based on professional judgement 

of what has been found for “typical” MSW landfills.  Where site-specific data is available it should be used in 

preference to default data.  When default values are changed, the user is required to justify this in a record box. 

Retrieving (Opening) an Existing GasSim2 Model 

 

Previously saved models (files with extension .gss) can be retrieved using the 'Open' option under the 'File' menu 

on the main GasSim2 toolbar or by selecting Open Project from the GasSim2 start menu.  In order to find your 

previously saved file you should ensure that you browse to find the correct drive and directory.  Only files with the 

extension '.gss' in the current directory will be listed. 
 

Click on the name of the model you wish to retrieve and choose the 'OK' button.  The current simulation will then 

revert to that saved if no changes have been made to the model since it was last saved (i.e. you have selected 

‘Cancel’ rather than ‘OK’ when exiting from any input fields), otherwise you will be prompted to save the previous 

model before the model you wish to retrieve is opened.   
 

A productive way of using GasSim2 is to develop a model with the required configuration, which can then be saved 

with several file names.  Retrieving each of these files allows minor changes to be made, e.g. changing the flare 

and engine capacities to represent the effect of increasing or reducing gas utilisation, with other aspects of the 

model remaining intact.  Remember to change the notes about your simulation (if appropriate) through the 'Edit' 

and 'Project Details’ menus. 

 

Each simulation file stores its complete file path to ensure that the correct results are displayed.  If a *.gss file is 

renamed outside of the GasSim2 program, or used on a mapped drive, when you run a simulation you will get the 

error message "Either the Model name or time of last save has been changed.  Statistics cannot be reloaded."  To 

resolve this problem, save and rerun the simulation.  In addition to the *.gss file that is generated, when a model is 
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run, a subdirectory with the same name as the file is generated and intermediate result files used solely by GasSim 

are stored in this directory.  If you wish to load the results of a previously run model (Load Results in the File menu) 

access to the subdirectory that contains these intermediate results files is needed. 

Compatibility with GasSimLite and Earlier Versions of GasSim 

 

You will not be able to successfully read and use existing GasSimLite or GasSim v1 files into GasSim2.  GasSim2 

is designed to be able to read and convert GasSim v1.5 files.  Earlier versions of GasSim and GasSimLite files 

should be converted to functioning GasSim v1.5 files before attempting to read in as a GasSim2 file.  GasSim2 will 

create a single celled landfill of dimensions specified in GasSim v1.5.  It is then recommended that you use the cut 

and paste facility to create a new GasSim2 version with improved spatial representation to fully benefit from the 

features of GasSim2.   

 

It is strongly recommended that you check all the input parameters to ensure that errors have not occurred 

during the conversion. The file will normally report “data missing” errors on parameters that are new in GasSim2; 

e.g. temporary cap infiltration rate, biosphere moisture and porosity.  GasSim v1.5 did not have the spatial or multi-

-cell functions and so any converted files will show a very simple display in GasSim2.  To use the full capability of 

GasSim2 you will need to add the additional information such as mapping and cellular structure. 

 

Once a simulation has been run, GasSim2 will overwrite the .gss file and the model will not be reverse compatible.  

It may therefore be prudent to save the imported file under a different name so that the previous file retains its 

integrity. 

Menu System 

 

The data input boxes are opened by clicking the mouse button and by experimentation with the various menus and 

input screens you will find your optimum means of navigation around the model. 

 

To exit the dialogue box and save the information you should click OK.  To exit without saving the information can 

be carried out by clicking Cancel or clicking the top right hand corner of the box.  

 

Certain menu options and entry graphics will remain greyed out (e.g. ‘Tier 1 Screening’, ‘Tier 2 Atmospheric 

Dispersion’, ‘Lateral Migration’, ‘Global Impact’ and ‘Exposure’) until a gas generation and emission simulation has 

been performed. 

Project Details 

 

This window is accessed through Edit and Project Details on the main menu.  The ‘Project Name’. ‘Client’ and 

‘Comments’ will be printed on all hardcopy outputs.  The window also requires: 
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• the ‘Start’ year that waste deposition commenced in the landfill; 

• the ‘Operation Period’ (the number of years that waste deposition occurred); 

• the ‘Simulation Period’ (the number of years that the simulation will run after waste deposition has finished);  

• the number of ‘Iterations’ (the number of times that the model will be run using the Monte Carlo simulation.  

An increased number of iterations will provide greater confidence in the results); and 

• whether the model should simulate a land raise or a landfill.  

 

 

 

It should be noted that after the Project Details are set and you have started entering data in the source model, if 

you increase the number of operational years in the ‘Project Details’, this will have a knock-on effect and will 

automatically add years to the end of the Source table.  Therefore you cannot add or insert years to the model prior 

to the initial filling data inputs.  Conversely, reducing the number of operational years may lead to the loss of data 

for years at the end of the filling life. 

Landfill Characteristics 

Cell Layout 
 

Landfill characteristics can be entered by clicking the cartoon icon on the screen.  If a background map of the site 

to be modelled is available as a dxf file, this can be imported by clicking the ‘pencil’ icon in the top right of the 

screen and selecting the relevant file.  A grid is also available to help the user.  The required grid spacing can be 

altered within this domain box.   

 

There are a number of boundaries, which can be represented on the plan.   For simple sites, the boundary of waste 

filling is usually similar to the site boundary, and so one boundary will suffice for both the boundary of the waste 

and the boundary of the site.  For complex sites, the land ownership boundary may go beyond the waste boundary.  

In such instances, one boundary needs to be within the other.  A third scenario also exists, where there are two 

adjacent landfills modelled.  In this case, a boundary needs to be drawn around both landfill sites.  
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The site boundary can be defined by clicking the top left ‘polygon’ icon and then progressively clicking the mouse to 

draw the boundary shape.  The boundary shape can be adjusted by left clicking over the boundary.  This site 

boundary must be defined prior to adding any individual cells.   

 

Cells or phases of the landfill are defined within the boundary by a similar method, having clicked the define cell 

icon at the top of the screen.  Cells or phases may only be created within a landfill boundary.  The proximity of the 

cell boundary to the landfill boundary is used in GasSim2 to determine whether the cell edge is an internal or 

external edge, and consequently whether lateral emissions, surface emissions (at an open internal cell edge), or no 

emissions (if the cell boundary is in full contact with waste) are permitted from that boundary. 

 

The location of the gas plant can also be added to the domain by the ‘gas plant’ icon.  The flare icon is a circle, and 

the gas engine icon is a horizontal rectangle; both are coloured red and are relatively small symbols. You can zoom 

in and out of the large site picture (seen below) by using the icons on the top left of the screen. 

 

 

 

Cell Details 

 

Details for each cell can be entered via the drop down menu at the top of the screen or by left clicking over the 

specific cell on the cell layout domain. 

 

The dialogue box requires the selection of several modelling options: 
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• Simulation Calculations – this tick box determines whether the model should calculate gas generation from 

this cell. This function can be used to toggle on/off individual cells if analysis of the performance of an 

individual cell is required; 

 

• Combustion Emissions - this tick box determines whether the gas generated in this particular cell is 

available for the modelled gas combustion plant.  For example, this option (together with the option below 

deselected) enables the simulation of a neighbouring landfill which is not the purpose of the assessment 

but whose gas is pumped to the combustion plant; 

 

• Fugitive Emissions- this tick box determines whether the gas generated in this particular cell is available for 

fugitive release to the atmosphere.  For example, this option allows the fugitive impact of an adjacent 

landfill to be assessed in combination or separately from the landfill being studied; and 

 

• The dialogue box also requires the selection of whether the model will simulate the generation of hydrogen 

sulphide.  This is based upon the quantities of degraded carbon, iron and calcium sulphate in the waste.  

Leachability and concentration values are required for iron and carbon as well as the half-life for calcium 

sulphate.  This information can be entered as PDF’s, as described in the section above.    
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Cap and Liner Data 

 

Cap and Liner data is accessed via the drop down menu within the ‘cell layout’ window.  This allows you to define 

the engineered controls, installed during the construction of the landfill, to prevent the uncontrolled release of LFG.  

These are important inputs as GasSim2 assumes that any unutilised gas is lost uncontrollably via the cap and liner. 

 

 

 

Infiltration 

 

The infiltration option allows you to define the average rate of water entering the landfill through the capped and 

uncapped areas annually (mm/yr), per unit area.  The infiltration is effective rainfall entering the waste (i.e. rainfall 

less run off, evaporation and transpiration).  This information can be entered as a PDF, as described in the section 

above.  

 

When selecting an infiltration rate you should consider other fluid flowing into the landfill i.e. the inflow of 

groundwater or disposals of liquid waste.  The volume of leachate recirculated and the leachate head can be 

ignored at this stage, as this information can be input directly into the waste moisture content dialogue box. 
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The calculated infiltration rate for the site in any year will depend on the proportion of the cell that is capped, and 

that which is uncapped or temporarily capped.  

 

Cap and Liner Types 

 

You are required to select the cap and liner design that best represents the cell that is being simulated from a drop 

down menu at the far right of the field.   

 

Cap types that are represented include “single clay”, “single liner”, “composite” and “none”. Lateral liner types 

include “single clay”, “single liner”, “composite”, “double clay”, “double liner”, “double composite” and “none”.  The 

basal liner is assumed to be impermeable to gas due to the presence of leachate at the base of the landfill. 

 

GasSim2 will then require the ‘Thickness’ and ‘Hydraulic Conductivity’ for each layer to be defined.  Inputs that are 

not required will be greyed out.  The permeability of the cap and the liner are entered as hydraulic conductivities as 

this information should be readily available.  Note that the layers are numbered from top to bottom in all cases, e.g. 

for a Composite Cap, Layer 2 represents the membrane and for a Composite Liner, Layer 2 represents the clay.  

GasSim2 then determines the gas conductivity of each material using method detailed in Chapter 6.  GasSim2 then 

uses the cap and liner gas conductivity to model the uncontrolled release of gas, which is assumed to be limited by 

the least permeable layers. 

 

A temporary cap can be included in the model, again on a cell specific basis.  Thickness and Hydraulic 

Conductivity for this are also required.  GasSim2 then requires the timescales for when the temporary and 

permanent caps are installed along with associated sacrificial and permanent gas collection systems.   

 

The sacrificial or permanent gas ‘Collection Efficiency Estimates’, defined as a PDF, should be defined based on 

your experience of the particular landfill.  However the default values provided can be used if needed.  These have 

been determined from site measurements from a confidential client and site, where the various cap and collection 

systems were all found on a single large site, and the emission rates from the various cap and collection 

permutations were assessed against the amount of gas collected for flaring.  A value of 100% should not be used 

here, as it is unrealistic that any collection system will be 100% efficient.  

 

If a land raise is being simulated the depth of its base below ground level is required.   Data regarding the depth to 

water beneath the site and moisture content and porosity of the unsaturated zone are also input into the Cap and 

Liner dialogue box.  These data were previously entered in the lateral migration module.  They are now used to 

help GasSim2 determine the vertical thickness of the lateral emissions pathway. 

 

 

 



 - 34  - 

 

Biological Methane Oxidation 
 

Methane emissions can be reduced as they pass through the landfill cap by microbes.  The proportion of the 

methane that is converted to carbon dioxide by ‘Biological Methane Oxidation’ should be defined on a cell-specific 

basis, as the amount of methane oxidation is dependant on a number of factors including the cap thickness and 

permeability.  GasSim2 simulates the reduction of methane using two approaches.  The simplest is the reduction of 

methane by the proportion suggested in the Intergovernmental Panel on Climate Change (1996) (IPCC) guidelines, 

which is 10%.   

 

The second approach calculates the methane oxidation rates for the different cover materials.  This can be 

simplified to a methane oxidation range of between 10-46%, with a mean of 25%, occurring if the soil thickness 

above the cap (entered) is greater than 300 mm.  If the soil thickness is thinner, it is assumed that no methane 

oxidation will occur.  Additionally you are required to enter the percentage of fissures on the site.  GasSim assumes 

that LFG will pass through the fissures without methane oxidation occurring.  The default value for fissures is set at 

10%, based on the measurements obtained using the Environment Agency’s methane emissions measurements 

procedures (2004e).  To select this option click the ‘Simulate Fissures and Soil Cap’ under the cell it is required for.  

This will allow ‘Soil Depth’ and ‘% Of Area Occupied by Fissures’ to be defined.  

 

 

 

 

The photodegradation of chlorinated trace gases by sunlight in the atmosphere is not included in the calculation of 

biological methane oxidation.  Reactivity is not included in various other modules too, for example, oxidation of 

certain other VOCs in the cap or oxidation/conversion via lateral migration. 

Waste Inputs 

 

The ‘Waste’ input screen requires the quantity and composition of waste deposited for each operational year in 

each cell or phase defined in the model.  The year that waste deposition commenced and the number of 

operational years are defined in the ‘Project Details’ (reached via ‘Edit’ on the menu bar).   
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The ‘Waste Input’ rate (in tonnes) is required for each operational year.  If this value is not known precisely, then a 

PDF can be used to represent the uncertainty.  In most cases there will be a good record of the initial void space 

and current void available, so a reasonable estimate of the inputs can be made. 

 

 

 

The type of the waste (i.e. the percentage of the waste deposited that is domestic, commercial, industrial, inert etc.) 

is also entered for each year.  It should be ensured that percentages equal 100%, or if PDF’s are used, the most 

likely values approximate to 100%.  When PDF’s are used, to avoid losing or gaining mass unintentionally, 

GasSim2 ensures that the figures are normalised back to 100% on each iteration of the model.  If single values are 

used, you should ensure that all waste types sum to 100%, including inert waste types, or an overestimate of gas 

production could occur when GasSim2 performs the normalisation process. 
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‘Composition Data’ for each waste stream is defined by using the drop down menu under ‘project’.  This will display 

the default waste compositions.  Waste stream names and composition available can be edited within the 

‘Composition Editor’ dialogue box.      

 

The ‘Waste Composition’ defines the relative proportions of different materials within the waste streams along with 

percentages for ‘Water Content’, ‘Cellulose’, ‘Hemi-Cellulose’ and ‘Decomposition’ for each waste fraction/material 

(use the scroll bar to access these columns).  The proportion of the waste in different fractions has been 

determined from literature sources (see Chapter 5 for details).   However, the user can edit these using site-specific 

information by clicking on the percentage that they wish to change and then selecting the button with three dots, 

which brings up a PDF input screen.  The ‘Waste Composition’ is used to calculate the quantity of carbon that is 

available for slow, moderate and fast degradation and thus the quantity and rate of LFG production.   

 

It should be noted that changing the ‘Name’ of the composition in the ‘Waste Composition’ dialogue box will not 

cascade through and change the ‘Composition’ selected in the table.  Therefore the new composition will have to 

be selected as described below.  

 

The ‘Waste Composition’ screen also provides the user with the option to Export their own composition files and 

Import previously saved and other default compositions.  To do this you must change the name of the waste 

composition by clicking the Rename button at the top of the dialogue box and then export the file (which has the file 

extension .wst).  To exit the waste composition screen click the Ok button or the cross in the top right hand corner 

of the box.  If a PDF is used to describe uncertainty in one or more of the waste components then the percentage 

will no longer equal 100%.  To avoid losing or gaining degradable carbon unintentionally, the figures are 

normalised back to 100% on each iteration of the model.  As with waste type, if single values are used, ensure that 

the sum of single values in each column should be 100% or the normalisation process will introduce an error in the 

gas forecast. 

 

Once waste inputs and timescales with respect to capping for each phase have been input into the model, 

GasSim2 can determine the quantity of the LFG available for utilisation, as GasSim2 assumes that LFG generated 

in the uncapped/operational area will only be emitted to the atmosphere and not collected.   

 

GasSim2 can simulate landfills that are left uncapped or partly capped for a number of years prior to full capping by 

extending the operational life of the landfill, and entering zero tonnes of disposed waste each year.  Waste can 

recommence filling after such a period, simulating surcharging. If a temporary cap has been installed, GasSim2 

assumes the cap is removed and then reinstated once filling is complete. 

 

Waste compositions are defined for specific sites and years. If you wish to represent a particular waste stream, you 

do so in the waste composition editor.  Only one waste composition (comprising many waste streams) can be 

selected in any one year.  As waste compositions evolve, through changes in individual waste streams, this can be 

represented by different waste compositions.  You define which waste compositions apply for each year in the 
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waste composition screen.  The percentage fraction of which waste streams may be found in which cells is defined 

in the waste inputs which are on a cell by cell basis. 
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Waste Moisture Content and Waste Degradation Rates 
 

The ‘Degradation rates for waste moisture conditions’ for ‘Dry’, ‘Average’, ‘Wet’ and ‘Saturated’ waste, for ‘Slow’, 

‘Moderate’ and ‘Fast’ degrading carbon determines the rate of degradation of waste.  Clicking the Use Defaults 

button will set the simulated values to the default values provided on the right hand side of the table.  Alternatively, 

by clicking on the required box on the left hand side of the table and selecting the button containing an arrow allows 

user defined PDF’s of these values to be entered.  These values should be altered with care as they determine the 

rate of waste decay and thus the generation of LFG.  You should vary these degradation rates to calibrate the 

landfill model against reported abstraction data.  They need not be single values. 

 

You are required to select the ‘Moisture Content’ of the waste using the drop down menu.  You can select ‘Moisture 

Content’ as ‘Dry’, ‘Average’, ‘Wet’ or ‘Saturated’ moisture contents or specify ‘Calculate’ so that GasSim will 

calculate the moisture content based upon the input parameters you define.  However, the estimation of the waste 

moisture content should be carried out with care, as this is a key factor controlling the waste degradation and thus 

LFG production, by determining the waste degradation constants.  It is better to use observations of abstraction 

data to determine the most appropriate degradation rates.  In a few cases, such as in specially designed bioreactor 

landfill cells, degradation rates faster than those provided for GasSim2’s ‘Wet’ scenario may be required.  You 

should determine these degradation rates very carefully.  No defaults are provided for these conditions. 

 

 

 

Calculation of the waste moisture content requires inputs from the ‘Waste Density’, the ‘Effective Porosity’, the 

‘Leachate Head’, ‘Hydraulic Conductivity’ of the waste, Adsorptive Capacity’ and volume of ‘Leachate 

Recirculation’, along with the ‘Infiltration’ rate (defined from the cap and liner dialogue box).  GasSim2 assumes 

that the water is derived from infiltration, rate of leachate recirculation, the waste hydraulic properties, and the 

leachate level.   
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The ‘Effective Porosity’, ‘Adsorptive Capacity’ and ‘Leachate Recirculation’ are only used to calculate the waste 

moisture content and therefore these are disabled unless the ‘Calculate’ option has been selected.  The ‘Waste 

Density’, ‘Leachate Head’ and ‘Hydraulic Conductivity’ are required by other modules and therefore must be 

defined here. 

 

GasSim2 does not allow for daily or seasonal variations in infiltration or leachate head.  The model’s minimum time 

step is one year so all short-term variations can only be accounted for via selection of appropriate input PDF’s.  

Output values should never be used to interpret short-term effects.  For existing cells, the actual depth of leachate 

(or its range) should be entered.  For a new site, the leachate level will either be defined in the licence, or it can be 

calculated on the basis of the drainage blanket configuration using a model like LandSim.  The infiltration rate 

through the landfill cap is dependant on the effective rainfall and cap design.  The determination of this is also 

beyond the scope of GasSim2. 

Trace Gas Inventory 
 

Clicking the Trace Gases button within the ‘Waste Input’ dialogue box produces the following dialogue box:   

 

 

 

This allows trace gases of interest to be entered.  GasSim2 contains databases with default distributions of trace 

gas concentrations for PI (reporting requirements), Odour, and Global Impact.  The distributions of the default 

species have been determined from literature (see Chapter 5), which has resulted in a combination of log 

triangular, log normal, triangular, normal and single value distributions.  The source concentrations of trace gases 

can be edited by selecting the ‘Concentration [mg/m3]’ of the gas of interest and redefining the PDF by selecting 

the button with an arrow.  It should be noted that selecting ‘Reset List’ will reset trace gas concentrations to the 

GasSim default values, and overwrite any user-defined values. 

  

The species in the inventory can be viewed by scrolling up and down through the list.  The gases are listed in 

alphabetical order.  You are required to select the ‘Gas’ species that you wish to simulate, whether these are 
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species present within the LFG or present only as combustion products from flares and engines.  Some 

combustion products can be determined from their Parent Species within the LFG, i.e. HF from F and HCl from Cl.  

Where this is the case, the parent product should be selected.  To alter the trace gases to be included in the 

simulation, click on the ‘Select’ box to the left of the species to pick or remove a gas from the simulation.  A tick 

appears in the box to indicate that it has been selected.  Additionally all species displayed can be selected by 

clicking the Select All button, and all species can be deselected by clicking the Clear All button. 

 

Specifying which trace gas species are present in the LFG (which includes the Parent Species) is carried out by 

clicking the box to the right of the species required, in the ‘Raw Gas’ column, so that a tick appears.  These species 

will then require a ‘Concentration [mg/m3]’ to be input.  Species that are not selected as present in ‘Raw Gas’ will 

be defined as combustion products, the concentration of which will be defined in the Gas Plant dialogue box.  

When a parent product is used to define a combustion product you are also required to define the ‘Molecular Ratio’, 

i.e. the ratio of the Parent to the Daughter Species based on the molecular weights, e.g. total F to HF is 1.05. 

 

The GasSim2 trace gas inventory contains species frequently considered as important in LFG risk assessment.  

However, the list is far from comprehensive.  Therefore it is possible to add a new species by clicking the New 

button and entering the name of the new species in the dialogue box and clicking ‘OK’.  The new species will then 

appear at the bottom of the trace gas list.  

 

Species that you have entered can be deleted by clicking the Delete button.  However, default gases cannot be 

deleted; they can only be deselected by clicking on the box to the left of the species to remove the tick or clicking 

the Clear All button to remove all trace gases from the simulation.  

 

Site-specific data are preferable to default data and may be a requirement for assessment of existing sites.  The 

default data may not necessarily represent the range of concentrations found on the landfill you are simulating. 

Trace gas composition varies a great deal between sites and the default values cover a very wide range.  The 

concentration of trace gases at an individual site may be considerably lower or higher than the defaults.  

 

A further option on the ‘Trace Gas Inventory’ dialogue box enables you to define a declining source term for the 

trace gases by entering a ‘Trace gas Half-life [years]’.  This allows all the trace gases to decay at the rate defined 

by the PDF.  If you wish to run the simulation where the concentration of trace components effectively remains 

constant, you should enter a very large half-life i.e. 100,000 years. 

Hydrogen Sulphide Mode 
 

Selecting the box ‘Hydrogen Sulphide Simulated’ on the ‘Cell Details’ dialogue box, will force GasSim2 determine 

the generation and thus emissions of hydrogen sulphide from the quantities of carbon, iron and calcium sulphate in 

the waste, using iron as a sink to react with sulphate to form iron sulphide.  This module requires parameters within 

the ‘Cell Details’ dialogue box as well as the ‘Waste Composition editor’ dialogue box to determine the available 

iron and sulphate. 
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The ‘Cell Details’ dialogue box also requires the concentrations of ‘Iron in Leachate’ and ‘Calcium Sulphate in 

Leachate’ to define the quantity of available iron and sulphate in the acetogenic leachate.  This then acts as a sink 

for iron and sulphate that is not involved in the competing reactions to form hydrogen sulphate.  The ‘Composition 

editor’ dialogue box (accessed through the Project drop down menu within the landfill characteristics domain) 

requires the definition of the percentage of ‘Calcium Sulphate [%]’ and ‘Iron [%]’ for each waste stream to allow 

GasSim2 to determine the tonnages of sulphate that can react with the available carbon to form hydrogen sulphide 

and the quantity of iron that can compete with this reaction. 

 

Using this module overrides the default or user entered hydrogen sulphide concentration defined in the trace gas 

inventory, since GasSim2 is calculating the concentration instead. 

Gas Plant 

 

The ‘Gas Plant’ option allows the gas flaring and utilisation by engines details at the site to be defined.  GasSim2 

uses this information, along with the LFG source/generation results, to calculate the emissions from flares, engines, 

the cap and through the liner.  Clicking the words ‘Gas Plant’ on the splash screen or Edit ‘Gas Plant’ from the pull 

down menu allows access to this option and the following dialogue box will be displayed:  

 

 

 

The ‘Gas Plant’ dialogue box allows you to define the number and capacity of the flares and spark ignition engines.  

You enter engines and flares by clicking the Add button to add engines/flares, and Remove to remove them for 

each type of gas plant you should select whether it is a ‘Flare’, ‘Spark Ignition Engine’ or ‘Dual Fuel Engine’ by 

clicking the ‘Type’ box and using the pull down menu.  If a gas plant has already been drawn out on the cell layout 

domain, the coordinates will be shown.  You must then define the ‘Year Commissioned’ and ‘Year 

Decommissioned’ for each flare/engine, by clicking in the boxes and typing the year.  The cells from which gas is 
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received by the gas plant is determined within the ‘Cell details’ dialogue box where ‘combustion emissions’ can be 

checked if required.   

 

This table allows the ‘Downtime’ of the individual engines and flares to de defined to allow the yearly capacity to be 

calculated for PI reporting.  The ‘Downtime’ accounts for the percentage of time the engines/flares are not in 

operation due to routine maintenance and breakdowns.  Downtime should only be used in long-term atmospheric 

impact assessments.  Downtime should be set to 0 for short-term atmospheric impact assessments, since these 

will be assessed when the plant in question is operating at full capacity.  

 

The minimum and maximum capacity i.e. the operational range of the flare/engine needs to be entered in the 

subsequent columns.   

 

The next set of engine or flare-specific inputs required are the ‘Air to Fuel Ratio’, ‘Stack Height’, ‘Orifice Diameter’ 

and ‘Temperature’ of the relevant flare/engine.  The Flare ‘Orifice Diameter’ is the diameter of the flare stack, as 

GasSim assumes that all flares are enclosed to reflect best practice.  These parameters are used in the 

atmospheric dispersion model to calculate the release height and rate of release of the gases from each source.  

The air to fuel ratio is also used to determine the trace gas emissions of combustion products.   

 

Combustion within flares and engines results in the destruction of the bulk gases methane and hydrogen, and the 

creation of carbon dioxide.  You enter the ‘Destruction Efficiency’, i.e. the proportion of methane and hydrogen that 

are destroyed in the engine and the flare, by clicking the relevant input box and entering the values or the range 

using a PDF.  However, these should not be set at 100%, as it is unrealistic that any flare or engine will be 100% 

efficient.  The generation of carbon dioxide is determined from the destruction of methane and undifferentiated 

VOCs. 

 

There are various options that allow you to define the ‘Order’ that the engines and flares will be utilised, as 

described below: 

 

• commission the engine and flares in the order that they are displayed on the screen (‘User Defined’); 

• commission the engines first with GasSim2 determining the optimum order, with excess LFG being flared 

(‘Engines First’); 

• commission the flares first with GasSim2 determining the optimum order, with excess LFG being utilised by 

the engines (‘Flares First’); and 

• run the simulation without gas utilisation by selecting (‘No Flares or Engines’). 

 

However, it should be remembered that GasSim2 will only use engines and flares that are available each year.  

Care should be taken when selecting the ordering of engines and flares as GasSim2 uses the available gas 

utilisation capacity to determine the quantity of gas that is combusted and thus the quantity of gas that is emitted 

uncontrollably. 
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Where multiple flares/engines have been defined GasSim2 will commission additional flares/engines when 

sufficient LFG is available.  The decommissioning date determines the latest date that the flare/engine will be 

operated, however the model will remove the engine/flare if the LFG generation is below the minimum capacity.  

GasSim2 will also trim the flaring operation to follow the gas production curve.  

 

In this dialogue box you also determine the ‘Proportion to CO2 [%]’ (carbon dioxide) and ‘Proportion to CH4 [%]’ 

(methane), which allows the user to define the LFG composition anticipated over the simulation period.  These 

inputs can be entered (as percentages) either as single values or PDF’s.  The proportions are normalised to 100% 

for each iteration. These values are usually obtained from gas abstraction data.  If abstracted gas includes 

entrained air, you should normalise the concentrations and flow rates of LFG to only the LFG component, and you 

should exclude entrained nitrogen and oxygen (which are normally present in the ratio 5:1 or thereabouts). 

 

The ‘Gas Plant’ dialogue box has a link to the ‘Trace Gas Plant’ dialogue box.  Selecting this option will open the 

following box: 

 

 

 

Trace gases can be destroyed or created by the combustion process, with some trace gases like PAHs undergoing 

both processes, due the break down of PAHs entering the flare/engine and the formation of PAHs by the 

breakdown of other compounds.  Therefore the emissions of these species have to be calculated using different 

equations and parameters.  Emissions of species that are destroyed by the combustion process are determined in 

a similar way to methane and hydrogen.  However, the emissions of combustion products (those formed in the flare 

or engine) require the input of either the concentration of the species emitted to be monitored, or the concentration 

of the parent substance destroyed to form the daughter species, e.g. chlorine forms hydrogen chloride.   

 

The default species have been defined with equations depending on their behaviour during combustion, descried in 

Chapter 5.  Additionally the emissions of VOCs, hydrogen chloride, hydrogen fluoride and sulphur dioxide can be 

defined using different equations depending on the parameters entered (see Table 3.1).  If you enter additional 

species, GasSim2 requires you to determine the equation that will be used to calculate the emissions after 

combustion by selecting the relevant equations for each trace gas in the ‘Equation’ column.  The additional inputs 

that you require depend on the equation selected (a list of equations and parameters required) is provided in 

Table 3.1. 
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Table 3.1:   Combustion Equations and Input Parameters Required 

 
Equation Used Species Parameters Required 

‘non-combustion 
products’ 

All non-combustion products, i.e. not carbon dioxide, 
hydrogen chloride, hydrogen fluoride, dioxins & furans, 
nitrogen oxides, sulphur dioxide, nitric acid, total phosphates, 
carbon monoxide or PAHs.  This includes gases like vinyl 
chloride, hydrogen sulphide etc. 

Destruction efficiency, 
LFG concentration specified 
in the source model. 

‘carbon dioxide 
generation’ Carbon dioxide only. 

Destruction efficiency of 
methane and where present, 
VOCs, 
Methane and VOC 
concentrations specified in the 
source model. 

‘combustion 
products’ 

Combustion products, i.e. hydrogen chloride, hydrogen 
fluoride, dioxins & furans, nitrogen oxides, sulphur dioxide, 
nitric acid, total phosphates, carbon monoxide, PAHs and 
Total non methane VOCs.  

Engine and/or flare Air/Fuel 
Ratio  
Flare stack and/or engine 
exhaust concentration. 

‘combustion 
products from 
parent species’ 

Combustion products formed from Parent LFG species 
hydrogen chloride, hydrogen fluoride and sulphur dioxide. 

Destruction efficiency, 
Molecular weight correction,  
LFG concentration or Parent 
Species generated in the 
source model, i.e. chlorine, 
fluorine, sulphur. 

 

The source concentrations of the non-combustion product trace gases or the parent trace gases and the ‘Molecular 

Ratios’ are determined by the ‘Waste Input’, ‘Trace Gas Inventory’ dialogue box as described above.  This ratio 

correctly balances the mass of the ‘Parent’ and ‘Daughter’ species.  You are required to enter the ‘Destruction 

Efficiencies’ for these species, as PDF’s in the ‘Trace Gas Plant’ ‘Engine Destruction Efficiency’ and Flare 

‘Destruction Efficiency’ columns.  The destruction efficiency determines the proportion of the species that is 

destroyed in the flare/engine, which can be determined by on-site monitoring, or the proportion of a ‘Parent’ 

species that is converted into a ‘Daughter’ species. 

 

The ‘Destruction Efficiency’ should be defined for VOCs, when these are simulated, even if these species are 

defined as ‘Combustion Products’ to allow the quantity of carbon dioxide to be calculated.  

 

GasSim determines the emissions of trace gas combustion products using data from the ‘Engine Exhaust 

Concentration’ and/or ‘Flare Stack Concentration’ and the Air/Fuel Ratio.  Therefore if the ‘Combustion Products’ 

equation has been selected you will be required to enter the ‘Engine Exhaust Concentration’ and/or Flare Stack 

Concentration’, as a PDF in mg/Nm3, in the relevant column for each species.  These concentrations can be 

obtained from on-site monitoring and used to determine the emissions of ‘Combustion Products’ based on the 

quantity of exhaust leaving the flare or engines. 

 

GasSim2’s database is designed to work from normalised engine and flare emissions data.  These are the values 

collected for stack emissions reporting.  These values will have been collected at actual emission conditions (O2 

rich, wet, hot) but are normalised to dry gas, STP and 3% O2 (flares) or 5% O2 (gas engines) for intercomparison 

purposes with standards and other gas plant. 
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Environmental Transport 

Tier 1 Screening 
 

The Tier 1 screening module provides a list of gases whose emissions are low enough that detailed modelling is 

not required.  The ‘Tier 1 screening’ dialogue box is only active after the source and emissions modules have been 

simulated.  GasSim has been coded in this way to optimise the running time of the model and to prevent the 

requirement for excessive information for simple simulations.  It can be accessed either by the “Tier 1 Screening” 

text on the main screen, or by the option via the Simulate menu.  The module requires only minimal data in order to 

give a simple assessment of the likely risk of all of the modelled trace elements. 

An input screen is displayed, and the following inputs are required: 

 

• year of interest 

• use DXF map receptors or user defined distances to receptors; and 

• long-term background concentration for each gas. 

 

For short-term (hourly) impacts, the main areas of concern are those close to the site boundary, such as public 

footpaths.  The current Environment Agency interpretation of EU air quality limit values (such as short-term air 

quality objectives for nitrogen dioxide, from the year 2010 onwards) is that compliance is required at all off-site 

locations.  Therefore the shortest distance to the site boundary, as well as the distance to the nearest receptor of 

relevant public exposure, must be specified for: 

 

• the gas engine(s); 

• the flare(s); and 

• the operational area. 

 

However, pollutants whose Environmental Assessment Levels (EALs) are not driven by EU legislation may be 

considered screened out as insignificant provided that they are deemed so at the distance of the nearest receptor 

where there is relevant public exposure.  

 

Selecting the map receptors option allows the dispersion model to be used to define the distances between the site 

and the receptors automatically.  

 

The default Environmental Quality Standards (EQS) and Environmental Assessment Levels (EAL) values are 

provided as defaults in this module, although the user is able to enter their own.  If no EAL or EQS is known for a 

trace element, the value “0” can be entered; gases without an EAL/EQS cannot be screened by this model. Note 

that default EALs/EQSs are not provided for all gases. 

 

Non-zero background concentrations must be entered for those few pollutants, such as carbon monoxide, nitrogen 

dioxide and sulphur dioxide, which are normally present in the atmosphere at concentrations of a similar order of 
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magnitude to their EQSs or EALs. Note that it is the background for nitrogen dioxide, not total oxides of nitrogen 

that should be entered for nitrogen oxides. 

 

Pressing the Calculate button evaluates four sets of rules for each gas in the trace gas database, as described in 

the previous two sections.  The first pair of rules determines whether the impact is insignificant or not, over the 

short-term (1 hour) or long-term (annual) assessment period.  The second pair of rules determines whether the 

impact requires detailed modelling or if GasSim is sufficient. The rules are discussed in Chapter 6. 

 

The 95%ile emission rate for emissions from the flare, gas engine and surface emission rate are used.  The flare 

and gas engine height as entered in the Gas Plant module are used with the lookup tables (see below) to produce 

a concentration due to each process at the boundary or receptor in μg/m3.  

 

 

 

GasSim2 provides an emissions converter to allow the user to revert to actual conditions that are required for 

dispersion purposes in Tier 1 and Tier 2 modelling.  The user provides normalised data from the site (or relies on 

the defaults provided), and also provides the stack emission conditions that applied at the time of testing (or uses 

representative values).  The calculate function key determines a distribution of results, and the user chooses a 

percentile from that distribution (normally the 95th) to arrive at a single value which can be used in the Tier 1 and 

Tier 2 modelling.  Previously, GasSim users had to adjust normalised PDF’s to actual PDF’s, taking into account 

oxygen and moisture content differences, outside of GasSim, and overwrite the PDF’s manually.  GasSim2 now 

allows those PDF’s to be overwritten with actual site data using the overwrite function key. 
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Tier 2 Atmospheric Dispersion 
 

The ‘Atmospheric Dispersion’ module is only active after the source and emissions modules have been simulated 

(via Simulate – Source Gases).  Note, do not resave at any point within the source and emissions modules 

following a simulation as this will retime-stamp the files and inhibit you for loading the results.  If you are reopening 

an existing model then only the Landfill Characteristics and Gas Plant modules will appear active (white type).  If 

the source module has already been run then these results can be loaded via: File - Load Results from the main 

screen.  Once the statistics have loaded, all modules of GasSim2 become active.  GasSim has been coded in this 

way to optimise the running time of the model and to prevent the requirement for excessive information for simple 

simulations.  

 

GasSim simulates the atmospheric dispersion of the gases emitted from engines, flares and the cap (landfill 

surface – fugitive emissions) of the landfill using the USEPA’s AERMOD model.  AERMOD (American 

Meteorological Society and Environmental Protection Agency Regulatory MODel) is a Gaussian plume model and 

is described in Chapter 6.  The Tier 2 Atmospheric Dispersion module of the GasSim model is not probabilistic.  

The specific gas being simulated can however be modelled at one of a variety of confidence levels or percentiles 

taken from the emissions module.   

AERMOD Inputs - Receptors 

Clicking on the cartoon or selecting the option from ‘Simulate’ on the main menu bar accesses the ‘Tier 2 

Atmospheric Dispersion’ module.  A screen with the site plan of the landfill being modelled will be displayed.  In the 

first instance, this site plan is that displayed under the Landfill Characteristics module.  This screen can be used to 
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deploy the receptors to be considered within the atmospheric dispersion by using the eight interactive buttons 

below the menu bar.  

 

The first four buttons define receptor types: the first button to the far left is for a discrete receptor (a building, for 

example), the next is for a Cartesian Grid Receptor (these may be used for area coverage and for producing 

contour maps), the third is for a Polar Grid Receptor (these are commonly used for emissions from a point source), 

and the fourth is for Site Boundary Receptors (these follow the site boundary at a specified spacing).  The later 4 

buttons are to aid viewing and manoeuvring within the window being in turn from left to right, Zoom In, Zoom Out, 

Zoom All and Toggle Pan Mode.  Zooming out of the screen shot is often required in the deployment of grid 

receptors over a sufficiently wide area, as the screen does not actively scroll once in the process of placing grid 

receptors. 

 

 

 

Click on the receptor button of interest and then onto the map to place the receptor in its required location.  In the 

case of receptor grids the first click onto the map provides the starting point for the grid and you can drag the 

mouse to define the maximum extent.  A double click is required to deploy the grid receptors. 
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The insertion of any receptor type leads to the activation of the receptor table screen.  This can also be accessed 

directly via the menu – Options – Receptors.  As the details of receptors can be changed via this table it is often 

useful to initiate them via the map in approximate positions and then edit the finer positional details in the table.  

Receptors can be added and removed directly from the receptor table screen.  To delete a receptor take care to 

select only the receptor for deletion as there is no undo function.  Note, if the map does not update following edits 

of receptor positions via the table, close the map screen and reopen. 
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The Receptors table screen allows you to Describe/name all the receptors for ease of recognition.  Position, 

spacing of points for Grid receptors, and spacing of boundary receptors can all be edited.  The default spacing is 

set at 50 m following Environment Agency guidance.  Cartesian and Polar, can be turned On or Off via a click 

button adjacent to the Grid Receptors title.  Both grid receptor types also have independently the option for onsite 

receptors to be removed.  Again, this option is activated by click boxes this time below the grid receptor details of 

interest.  Two site boundary receptors are available for activation via click boxes under the Include column.  BR001 

tends to be the boundary around the landfill cells, and BR002 tends to be the landfill site boundary. 

 

Use of polar grids can significantly reduce run times, and is acceptable to the Environment agency, provided the 

receptor grid spacing is no more than about 50 m in the vicinity of the site boundary.  The use of discrete receptors 

or the disabling of on-site receptors is only considered advisable when you have sufficiently high level of 

confidence in your meteorological data.  If the prevailing wind direction is not precise, hot spots may not actually fall 

on receptors of interest. 

AERMOD Inputs - Emissions 

Investigation and selection of the emissions for simulation in the Atmospheric Dispersion module are viewed under 

the menu Options – Simulation Parameters.  Selection of this launches the following screen. 
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Substances of interest, year of interest, and percentile of the emission rate, can be viewed via the drop down menu 

at the top of the screen.  As changes are made to these options so the tables of Sources data will update.  The 

Source tables illustrate the emission rate and, if a point source, exit velocity for the chosen substance and year.  

Both the emission rate and exit velocity have been temperature corrected to the operating conditions of the plant.  

The inclusion of various point and fugitive sources are made via the click boxes under the include heading of the 

tables. 

 

The point sources available for selection in this screen are taken from those input within the Gas Plant module of 

GasSim2.  Fugitive emission sources are based on the number of cells making up the landfill site in the model.  

Any changes required to the number or type of sources requires the details in the Gas Plant (for point sources) 

and/or the Landfill Characteristics (for fugitive sources) to be edited and the Source Gases module rerun.  Similarly, 

it is within the Gas Plant that the list of species being considered is first illustrated (see click box for Trace Gases).  

If no trace gases, or those required, are not present then these need to be selected back in the Landfill 

Characteristics Module.  From the site layout plan screen either right click in a landfill cell to bring up the options 

list, or go to the Menu – Cells.  Within the Waste Inputs option there is a Trace Gases button which can be used to 

select either all trace gases, or those of interest.  Note, the selection of trace gases in one landfill cell is applied to 

all cells and so needs only to be undertaken once.  Again, if any changes are made to the trace gases then the 

Source Gases module will need to be rerun.  

 

Background concentration levels for a substance of interest in an area can be taken into account in the air 

dispersion modelling and associated results.  Background concentration levels should be added during Tier 1 

screening. 
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AERMOD Inputs - Meteorology 

Meteorological data for use in the Atmospheric Dispersion model are selected via the click box meteorology 

halfway down the Simulation Parameters screen.  The following screen is launched to allow selection of either a 

generic Area meteorology file (relating to one of the Agency Areas in England and Wales) or a site-specific, 

AERMOD compatible file.  The Environment Agency Area meteorology files cover 30 Areas (or parts of Areas).  

Site-specific files would usually have been pre- processed via AERMET (or equivalent).  GasSim2 is able to import 

site-specific surface (.sfc) meteorology files via the Browse option.  Note, the site-specific profile file (.pfl) must 

have the same name, just different suffix, and be in the same location as the surface file for GasSim2 to locate. 

 

 

 

The generic meteorological data sets that are provided for certain areas of England and Wales are unlikely to give 

as good predications as meteorological data that have been selected and processed (with appropriate surface 

roughness length, etc.) specifically for the site in question.  Hence, these should not be relied upon to predict 

concentrations at discrete receptor locations.  If one year of data is used (whether from generic data sets provided 

or Site-specific), the user is advised to apply a safety factor of 1.3 to all predictions (prior to adding on the 

background) in order to account for inter-annual variability.  This scaling factor is selectable on the Meteorological 

data screen. 
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Once a meteorological file is selected the station details are automatically imported along with the data period.  The 

data period for the simulation can be edited if required to specify a particular year within a multi year meteorological 

file. 

 

Finally, in the Simulation Parameters section the Air Quality Objectives to which the dispersion concentration 

results are to be compared must be selected via the click boxes.  

 

 At any time during the AERMOD inputs it is possible to save the model using the menu Options – Save.  This save 

option under the inputs screen does not retime-stamp the Source Gases files and so the results can still be 

reloaded.  If a model were closed and reopened following saving during the AERMOD inputs, the Source Gases 

results would have to be reloaded to activate the Air Dispersion module.  On entering the Atmospheric module 

screen the site plan would now include all the receptors previously added.  Note, these receptors do not appear on 

the site plan map within the Landfill Characteristics. 

AERMOD Inputs - Run 

To run the Atmospheric Dispersion module either select Run from the AERMOD inputs screen or Simulate Tier 2 

Atmospheric Dispersion from the main GasSim2 starting screen.  A dialogue box is launched which details the 

processing of data for the various days of the year selected for the simulation. 
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Following a simulation the air dispersion results are automatically shown on the site plan map using colour coded 

receptors.  Red receptors illustrate a breach in air quality standards at a particular location.  Grey indicates no 

standard applies, and black indicates compliance with the standard. Results can be viewed via a table or exported 

to a file (filename.csv) for plotting using a specialist graphics package such as Surfer.  All results options are 

accessed via the menu Results – Load Results/View Results/Export. 

 

To exit the Atmospheric module click the red cross in the top right hand corner of the screen.  Once back in the 

main GasSim2 screen DO NOT save at anytime before closing the model. 

 

The information and interpretation of the data within the air dispersion results are discussed in Chapter 4. 

Lateral Migration 
 

The ‘Lateral Migration’ dialogue box is only active after the source and emissions modules have been simulated, as 

discussed above.  GasSim2 simulates lateral migration using a 1-dimensional flow model, which is emitted 

uniformly from all external surfaces of the cell, using an advection and dispersion equation to simulate the 

migration of gas through the cell liner.  The model assumes that gas flow through geological material is governed 

by both advection and dispersion, while flow through a geomembrane is governed by diffusion only.  Clearly if the 

geomembrane has been significantly compromised and contains a large number of defects this assumption will no 

longer be valid and the user should amend the liner or capping details as appropriate.  The advection term is 

determined by the velocity in the geosphere, which calculated from the proportion of gas moving through the liner, 

discussed in more detail in Chapter 6.  The dispersion is calculated using the air diffusion coefficient and the 

effective porosity, which is determined from the geosphere porosity and moisture content.  

 

Clicking on the cartoon text or selecting the option under Simulate on the main menu accesses the ‘Lateral 

Migration’ dialogue box.  The information requested in this box contains all the information required to simulate the 

lateral migration of gases emitted through the cell liner.  You first have to select the ‘Cell’ you wish to simulate 

followed by the ‘Year to Simulate for’, using the pull down boxes.  ‘Year to simulate for’ must be after the cell 

temporary capped year.  You then need to indicate whether you want to select a specific receptor using the tick 

box.  If you choose to select a receptor, use the pull down menu to choose between those you have included in the 

model.  If a receptor is not selected, the ‘maximum distance’ over which you wish GasSim2 to simulate lateral 

migration is required.  This allows the model to cease its calculations at a defined point to optimise the running 

time.  It must be borne in mind that if lateral migration of gas is to be included in the human exposure assessment, 

then the maximum distance specified must be greater than or equal to the distance to the receptor.   

 

You also need to indicate whether you are interested in simulating ‘Trace Gases’ using the tick boxes.  This allows 

GasSim2 to access the information required for the simulation from the emissions module.  Including trace gases 

increases the run times considerably, but is only really required if you intend to run the Human Health exposure 

model.  
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The ‘Air Diffusion Coefficient’ comprising carbon dioxide, methane and hydrogen requires you to define the 

dispersivity of the bulk gases in air to allow GasSim2 to calculate the dispersivities in soil.   

 

If you are interested in the migration of trace gases you should click the ‘Trace Gases’ button.  This will open the 

‘Trace Gases’ dialogue box where all the trace gases simulated in the emissions module will be displayed and the 

dispersivity in air can be defined as PDF’s, to allow GasSim2 to calculate the dispersivities in soil.  Once the trace 

gas dispersivities have been entered click ‘OK’ to exit and save the data or ‘Cancel’ to exit without saving.  

 

The dialogue box also requires the selection of whether the model will simulate a confined migration pathway.  If 

confined, this will prevent air exchange at the surface via the geological formation and therefore plug flow only will 

be accounted for within the model.    

 

Soil breathing is considered to be mainly controlled by the variations of atmospheric pressure. When atmospheric 

pressure is high, air enters the soil.  The air forced into the soil will mix with the migrated gases.  In contrast, as the 

pressure becomes lower the mixture of air and migrated gases will be released to atmosphere.  The process will 

continue to dilute the initial concentration of migrated gases. After one year of soil breathing, approximately 16% of 

the initial concentration of migrated gases remains below the ground surface. 

 

To run a lateral migration simulation click on the ‘Simulate’ button, and then the ‘Results’ button to view the results, 

discussed in Chapter 4.  Selecting the ‘Clear Results’ option will remove the saved results from previous model 

runs.  
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If you do not have air diffusion coefficients for all of the trace gases then the model will still run, but those gases 

that are missing input data will not be simulated. 

Exposure/Impact Model 

Exposure 
 

The Exposure dialogue boxes are only active after the source and emissions modules have been simulated.  There 

is no need to run the lateral migration module if there is negligible impact from that pathway, but the lateral 

migration must have been run for the years in which exposure is to be assessed.  This option can be overridden by 

deselecting the ‘Include Lateral Migration’ check box. 

 

Clicking on the cartoon or selecting the option under Simulate on the main menu bar accesses the ‘Exposure 

Scenario Options’ dialogue box, which contains the information required to run the off-site exposure scenario 

option. 

 

 

Choosing the Exposure Scenario 
 

Four off-site exposure scenarios are available to the user.  These are defined as certain critical receptors set by the 

Department of Health and DEFRA, and are the same as those used in the CLEA model described in CLR10 

(DEFRA and Environment Agency, 2002).  

 

For all scenarios, the user is required to select the ‘Cell’, ‘Year’ and ‘Receptor’ of interest and contaminant 

‘Emissions to model’ from the pull down menus.  The ‘Gas Viscosity’ and dimensionless ‘Henry’s Law constant’ 

values are loaded automatically for most contaminants, and may be edited if required (and must be added if the 

species is user defined). 
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The soil type must also be specified for off-site scenarios using the pull down menu.  Where there is no information 

on soil type, sandy soil should be used, since this is a conservative assumption for screening purposes.  ‘Soil 

Organic Matter’, ‘Wind speed above ground surface in ambient mixing zone’, and ‘Depth below ground to 

contaminated source zone’ are also site-specific data requirements, although defaults are provided. 

 

The off-site exposure scenarios produce the 95%ile exposure rate, in mg.kg-1(body weight).day-1, for the year 

chosen.  When running the Residential (with or without plant uptake) and the Allotment scenarios, the critical 

receptor is defined as a child 0 – 6 years old, and the exposure should be the aggregate of the exposure rates over 

the assessment period.  The risk assessor must run simulations over six concurrent years to represent a growing 

child between 0 – 6 years in age.  Maximum exposure (the most conservative assumption) will probably be three 

years either side of the peak gas production year, but any six year period may be considered. 

 

To derive the aggregate exposure over the six year timeframe, we recommend the following approach:  When 

either the residential or allotment scenarios are selected, the ‘Receptor Age’ (which is greyed out for the 

commercial and industrial scenario) allows the user to pick one of the six age groups 0 – 1 year, 1 – 2 years, 2 – 3 

years etc.  The model uses look-up tables to link the age group selected with the appropriate exposure factor 

PDF’s (body height, respiration rates, etc.) for the critical group child.  To obtain the correct aggregate exposure 

over the six year scenario assessment period, the user runs the model for year x for a 0 – 1 year old child, for year 

x+1 for a 1 – 2 year old child, etc. and then sums the six 95%iles of the calculated exposure rates to obtain the 

aggregate exposure for the scenario.  Division by the total scenario period gives the exposure rate (in mg.kg-1(body 

weight).day-1) against which the toxicity assessment may be made. 

 

For the Commercial and Industrial scenario, the critical group is considered to be an adult female aged 16 – 59, 

and the critical group exposure factors (body height, respiration rate, etc.) remain the same for the 43 averaged 

years of exposure.  

 

When running the Commercial and Industrial scenario, the user should choose at least six (and ideally 43) years 

over the timeframe of the exposure window (age 16 - 59) including the peak filling year and calculate the aggregate 

exposure over the scenario timeframe.  We suggest six simulations at approximately seven year intervals (but 

including the peak filling year) as a compromise between operator fatigue and data quality when running scoping 

simulations.  Six simulations each assumed to be valid for between six and seven years will be a close 

approximation to the fully integrated aggregate exposure derived from summing 43 simulations from consecutive 

years. 

Building Characteristics 
 

For the Residential and Commercial & Industrial scenarios, the building characteristics of the receptor’s residence 

or workplace may be specified.  Two floor types are available; a slab floor design and a suspended floor with a 

subfloor void.  Most of the site-specific parameters are self-explanatory.  The air exchange rate, however, can have 

a significant effect on the calculated indoor inhalation exposure rate, and a factor of one air exchange per hour is 
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the agreed Department of Health, DEFRA and Environment Agency position (CLR10, DEFRA and the Environment 

Agency, 2002).  Any risk assessor wishing to vary this parameter should agree this with the regulator and other 

interested parties before changing the value of this parameter.  The air pressure inside the house should be less 

than the air pressure in the subfloor void or air will not flow into the building.  For buildings with subfloor voids, the 

aerodynamic problems of simulating two ventilated spaces are complex.  The complexities are discussed in Waitz 

et al, 1996, and Krylov and Ferguson 1998 (which documents the KF suspended floor model represented in the 

GasSim and CLEA2002 models).  Some parameters are derived from Orme et al, 1994. 

 

Within the building characteristics screen it is also possible, should the user so wish, to edit the building materials 

characteristics using the define materials key.  Defaults are provided for the construction materials represented in 

the building. 
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Global Impact 
 

The ‘Global Warming Potential’ (GWP) and ‘Ozone Depletion Potential’ (ODP) of the landfill are determined by 

summing the emissions of species of interest emitted from the landfill surface (cap), engines and flares, determined 

by the emissions module.  This information can be used to determine the impact of the landfill on the environment 

for the Guidelines for Company Reporting on Waste to monitor environmental performance (DETR) and CO2 

trading.   

 

Clicking on the cartoon or selecting the option under Simulate on the main menu bar accesses the ‘Global Impact’ 

dialogue box. 
 

 

 

The GWP and ODP can be determined for a number of percentiles (selected by clicking on the radio buttons) using 

the default or user defined ‘Global Warming Potential’ and ‘Ozone Depletion Potential’ for the bulk gases on the 

‘Global Impact’ dialogue box and for trace gases by clicking the ‘Trace Gases’ button to select the ‘Trace Gases’ 
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dialogue box.  The default GWPs (as tonnes carbon dioxide) and ODPs (as tonnes trichlorofluoromethane) are 

replaced by over typing user defined values.  The ‘Global Impact Trace Gases’ dialogue boxed is exited with saving 

by selecting the OK button and without saving using the Cancel button.  The ‘Global Impact’ dialogue box can be 

exited without saving by selecting Cancel or the results can be viewed by selecting Results, which accesses the 

‘Global Impact Results’ dialogue box.  

European Pollutant Emission Register (EPER) Pollution Inventory (PI) Reporting 

 

Since 1998, the Environment Agency has required the reporting of certain emissions from industrial processes 

regulated under Integrated Pollution and Control.  The reporting of annual emissions from most landfills become 

necessary under The Pollution Prevention and Control (England and Wales) Regulations, 2000 in early 2003 for 

emissions during 2002.  Additionally, newly permitted facilities will be required to report PI emissions annually.  

Reported data may derive from measurement, calculation or estimation techniques and GasSim2 provides the 

capability to calculate the annual releases and report them in a format suitable to meet PI requirements. 

 

The Environment Agency provides a standard list of substances to be reported based on operation during the 

previous year to reporting.  GasSim reports the gases and volatile compounds on the PI list, which are known to 

occur at reasonably measurable concentrations in LFG, as detailed in (Bradley et al, 2002).  This list includes forty-

five species, which are reported at the 25, 50 and 75%iles in the units required for PI purposes.  The 50%iles can 

then be used to complete the non-notifiable air emission section of the PI reporting form. 

 

The emissions of CFCs, HCFCs, HFCs, PFCs, Halons, VOCs are reported as sums of the groups of compounds. 

For the most up to date information on PI reporting refer to the Environment Agency web site..  GasSim simplifies 

the emission of PAHs and dioxins (PCDDs and PCDFs) by simulating these as naphthalene and 2,3,7,8-TCDD, 

respectively. 

Preparing to Run the Model 

 

If values are invalid or if there are still input parameters that GasSim2 needs before a model can be run, then a list 

of parameters where additional data inputs are required will be shown. 

 

Before running the source and generation module you should select or check the number of iterations required for 

the simulation in the ‘Project Details’ dialogue box, accessed by Edit on the main menu bar then selecting Project 

Details.  The number of iterations selected will affect the accuracy of the predictions made by GasSim and will also 

increase the time required to run the simulation.  The number of iterations used for the Monte Carlo simulation 

determines the numbers of times that the model is run and thus the number of scenarios that are tested.  The 

lateral migration module will be simulated for the same number of iterations as the source and emissions module. 
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If the results of the modelling are being examined at a specific confidence level, there are a theoretical minimum 

number of iterations that should be made.  For instance, if the results are being examined at a 95% confidence 

level, then for each output 10 values must occur above the 95% confidence level to ensure that these high values 

are representative. 

 

By definition, there will also have to be 190 values below the 95% confidence level.  To obtain reasonable results at 

the 95% confidence level, therefore, more than 200 iterations should be specified.  If the results are to be examined 

at the 99% confidence level then the same argument applies and the landfill should be simulated more than 

1000 times.  The following table gives the number of iterations required for other confidence levels:  

 
Confidence Level (%) Theoretical Minimum Number of iterations 

1 1001 
5 201 

10 101 
50 21 
90 101 
95 201 
99 1001 

 

To optimise running time it is recommended that the source and emissions results are reviewed before running the 

‘Lateral Migration’ and ‘Exposure’ modules.  In some cases it may be appropriate to run the generation and 

emissions module through a large number of iterations, but to reduce the number of iterations needed for lateral 

migration. 

Running the Model 

 

Once you have selected the options you wish you can then run the model by selecting Simulate from the main 

menu bar and then selecting the module that you wish to simulate: 

 

• Source Gases; 

• Tier 1 Screening; 

• Tier 2 Atmospheric Dispersion; 

• Lateral Migration; 

• Global Impact; and 

• Exposure. 

 

Alternatively, to simulate the source gases you can simply press the F5 key.  If the model has been recently edited 

and not yet saved you will be prompted to allow GasSim to save the file prior to running using the current file name.  

If you wish to change the file name you can abort the run process by pressing the ‘No’ button and use the File 

menu to save the file to a new name using the Save As option.  If you are happy to continue press the ‘OK’ button.  
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The message that appears gives a brief summary of the model run and gives details of the model's progress 

through the requested number of iterations for the simulated years.  On completion of the model run the Results 

menu will become available.  The type and extent of results available will depend on the options selected when the 

model was run.  Model output is discussed in a Chapter 4. 

Other Model Output 

 

As well as the graphical and statistical output that will be discussed in Chapter 4, there are other options relating to 

model output that need to be briefly discussed at this point.  It is possible to export certain results and import 

results from GasSim runs that you have previously carried out, these options are also discussed in Chapter 4. 

Printing Your Model 

 

GasSim2 has been developed around the concept that printed output should be suitable for immediate inclusion as 

an appendix to a risk assessment report or for attachment to a memorandum recording a decision.  To this end, 

considerable effort has been spent on print layout and quality assurance issues.  You can define the printer and its 

set up under the Printer Set-Up option.  

 

The Print Model option on the File menu allows you to send details of the model construction and the results of the 

landfill simulation to a printer.  Records of this type are essential to document your work and for quality assurance 

purposes.  

Traceability and Quality Assurance 

Approach 
 

Because GasSim has been designed for use in a quality assured environment, you will have to save a model 

before printing a record and save a record of your model before you can run a simulation.  By ensuring all your 

printed output is linked to the time and date stamp of the saved model, this feature provides an audit trail where 

output corresponds to input.  Obviously, once you have run a simulation for a decision you should not overwrite 

your saved data file and you should back it up securely. 

Project Information 
 

Information relating to the project should be entered in the ‘Project Details’ dialogue box described previously. 

Parameter Justification 
 

GasSim prompts for justification by displaying the ‘Justifications’ dialogue window every time a parameter is 

changed (this usually appears when the ‘OK’ button is selected on a data input).  This box allows the source of any 

parameter values entered into the model to be referenced.  Information entered into the justification text box will 

appear in the ‘Justifications’ section of the model summary report attached to the relevant parameter.  You should 

make your description clear.  Think of this text as a note to an auditor.  Rather than just giving the name of a report, 
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give a figure number, page number or reference to a table to facilitate review.  The parameter justifications can also 

be viewed and edited by selecting View and Justifications.  

 

 

 

Data Input 
 

During the initial stages of a GasSim desk study a considerable amount of site-specific data may be collected from 

a variety of sources.  It is recommended that the source of data is fully documented.  The justification boxes should 

assist you in this process. 

  



 - 64 - 

 

CHAPTER 4:  INTERPRETING THE RESULTS 
 
 

4. INTERPRETING THE RESULTS 65 

Getting to Your Results – Graphical Output 66 

Results Menu – Graphs- Generated Gases 66 

Other Results 72 

Results - Tier 1 Screening 72 

Results – Global Impact 74 

Results Menu – Exposure 75 

Loading (Importing) Results Without Running the Model 77 

Customising Your Results – Graphs 77 

Interpreting Your Results 79 

Confidence 79 

Understanding Modelling Errors 80 

 
 

 
 



 - 65 - 

 

4. INTERPRETING THE RESULTS 
 

This chapter will explain what GasSim2 predicts, the results and outputs formats available and gives some 

guidance on their interpretation. 

What GasSim2 Predicts 
 

The GasSim2 output can be split into eight groups: 

 

• carbon degradation and LFG generation (cell by cell or total site values); 

• engine and flare emissions (totals), and surface emissions (cell by cell or total site values); 

• Tier 1 Atmospheric Screening; 

• Tier 2 Atmospheric Dispersion (including odour); 

• lateral migration (including vegetation stress); 

• off-site human exposure; 

• global atmospheric impact (GWP and ODP); and 

• PI reporting. 

 

The type of graphical output of the model varies depending upon what is being examined (Table 4.1). 

 

Table 4.1:  Summary of Graphical Outputs Available 

 
Output Parameter Detail Probabilistic By Cell By Total Site Presentation 

Bulk Gas    Time Series (m3/hr) LFG Generation 
Trace Gas    Time Series (g/hr) 
Bulk Gas    Time Series (m3/hr) Emissions 
Trace Gas    Time Series (g/hr) 

Bulk Gas    Distance vs mg/m3 or  
Distance vs %  Lateral Migration 

Trace Gas    Distance vs mg/m3 
Vegetation Stress CO2 and CH4    Distance vs %  
Tier 1 Screening Trace Gas    Table only 
Tier 2  
Atmospheric 
Dispersion 

Trace or Bulk, 
 plus odour 
units 

   Tables, exportable data 
for plotting 

Exposure (Off-site) Trace Gas    Overall Value plus  
Pie Chart  

Global Atmospheric  
Impact 

All Gases    Table only 

PI Reporting All Gases    Table only 

 

Probabilistic output will only be available if a number of realisations or iterations has been run.  Running a single 

iteration should be avoided unless all of the inputs have been defined as single values. 
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The LFG generation outputs are intended to help you understand the behaviour of the waste degradation and thus 

the gas production within the landfill.  These results should be studied first to ensure that the simulation is 

responding correctly.  Only then should you use the pathway and receptor modules of the model. 

 

The emissions module outputs the gas concentrations from flares, engines, the cap, and laterally through the liner.  

The lateral migration, atmospheric dispersion and global impact modules then use these results.   

Getting to Your Results – Graphical Output 
 

When a simulation has been run, the results can be viewed by clicking the ‘Results’ option on the main menu 

GasSim toolbar.  The first option in the drop down menu is ‘graphs’ which allows you to view the results for a 

number of options in graphical form on a cell specific basis, or for the site as a whole.  A maximum of 8 items will 

be visible, depending on the options that have been selected during the simulation set up.  Other options will be 

greyed out and will not respond to the mouse, i.e. if the simulation has been run without engines and/or flares the 

emissions from these will not be visible.  The items available under ‘Graphs’ are: 

 

• generated gases; 

• residual gases; 

• spark ignition engine output; 

• duel fuel engine output; 

• other plant output; 

• flare output; 

• surface emissions; and 

• lateral emissions. 

 

Other items available under the ‘Results’ option are: 

 

• statistics; 

• lateral migration; 

• Tier 3 Export; 

• PI reporting; and 

• multiple graphs. 

Results Menu – Graphs- Generated Gases 

Available Carbon By Year  
 

This reports the quantity of carbon that is available to degrade from waste deposited in each operational year.  The 

amount will vary with the waste input rate and the waste characteristics.  GasSim reports the quantity of carbon 

available for degradation each operational year and the decline of this tonnage in subsequent years.  The 



 - 67 - 

 

degradation of carbon from subsequent years can be investigated by selecting any year of the operational life from 

the menu under Plot.  

Total Available Carbon  
 

This details the total carbon that is available to degrade per year.  This combines the available carbon for each 

operational year.  

Degraded Carbon by Year  
 

This reports the quantity of carbon that is degraded each year.  This will vary with the waste input rate and the 

waste characteristics.  GasSim reports the quantity of carbon available for degradation each operational year of 

each cell and the degradation of this can be investigated by changing the simulation years through the menu under 

Plot.  

Total Degraded Carbon 
 

This reports the total carbon that is degraded per year and this combines the degraded carbon for each operational 

year.  

Total Bulk LFG 
 

This reports the total amount of bulk gas (CH4, CO2, H2) that is generated in order to provide an indication of how 

much gas is available to be collected and flared/utilised.  Note that there are also three options under the 

‘Generated Gases’ results that report the total amount of CH4, CO2 and H2 individually, and the combine bulk LFG.  

These graphs show the amount of gas which should be managed/controlled to minimise the environmental impact, 

and viewing these graphs will allow engines and flare to be sized.   

Trace Gases 
 

Also listed within the ‘generated gases’ menu are a number of trace gases.  The rate of generation of each of these 

selected trace gases may be seen in graphical format by clicking on the arrows to scroll up and down and selecting 

the trace gas of interest. 

Results Menu –Graphs- Residual Gases 

 

The quantity of gas that is generated and not collected by engines and flares may be seen graphical by selecting 

‘Residual Gases’ results.  This is the quantity of gas that will be emitted through the surface and laterally. 

Results Menu – Graphs-  Engine Output and Flare Output  
 

The emissions of bulk and trace gases emitted from a particular engine or flare per year, depending on those types 

entered during simulation setup, are shown graphically by selecting the appropriate gas from the drop down menus 

under ‘Graphs’.  The quantity of gas collected is determined by the amount of waste in place, the degree of 

capping, the collection efficiency, the downtime and capacity of the gas plant.  The reported emissions have been 
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corrected for the destruction of non-combustion products and the formation of combustion products.  A comparison 

of the engines and flare emissions graphs with the generated gases allows an assessment of the quantity of gas 

that is generated and is not controlled (available via the ‘multiple graphs’ option).  If these graphs are blank then 

the engines or flares are not being utilised for some reason.  This may be due to a number of factors, but one of the 

most common is the collection efficiency.  The collection efficiency if controlled by the presence or absence of 

different degrees of engineered cap, and the presence or absence of gas collection systems, whether temporary or 

permanent. 

Results Menu – Graphs- Surface Emissions and Lateral Emissions 
 

Gas that is not collected and utilised by engines or flared, will be lost uncontrollably through the surface and/or the 

side of the cell (i.e. by allowing surface and lateral emissions).  These emissions are proportioned depending on 

the cap and liner construction.  Uncontrolled release of gas may be a result of insufficient engine and flare capacity.  

These results should therefore be examined before proceeding to the Impact/Exposure modules to ensure that the 

gas collection/management system has been optimised.  

Results Menu - Lateral Migration 
 

Plotting the concentration of bulk or trace gases for the selected cell, year and percentile against distance 

assesses the extent of lateral migration caused by the uncontrolled release through the liner.  These results are 

then used as one of the inputs to the human exposure module and are utilised in the assessment of vegetation 

impact.  The latter is determined using the ‘Vegetation Stress’ module where the vegetation stress limit defined is 

shown as a horizontal line on a graph of the sum of CO2+CH4  expressed as a percentage against distance.  The 

‘Lateral Migration’ dialogue box also has buttons which enable the user to plot a ‘Graph’ or ‘Print’ the results.  The 

dialogue box is exited by clicking ‘OK’. Additional screening levels of 1% methane v/v and 5% methane v/v are also 

plottable. 

Results Menu – Statistics 
 

The results for generated gases, emissions from engines and flares, surface and lateral emissions can also be 

viewed as statistics.  The statistics at the 5%ile, 20%ile, 25%ile, 50%ile, 75%ile, 90%ile and 95%ile can be viewed 

by selecting ‘Results’ – ‘Statistics’ and then selecting the cell and result of interest in the drop down menus.  The 

‘Statistics’ dialogue box also has buttons which enable the user to plot a ‘Graph’ or ‘Print’ the results.  The dialogue 

box is exited by clicking ‘OK’. 

Export Facility - Tier 3 Export 
 

Tier 3 Export is designed to be used if the site cannot be sufficiently accurately represented by the Tier 2 model. 

This will most likely be the case where either terrain is more complex than slopes less than 1 in 10 around the site 

(mountainous or hilly terrain) or where building downwash could influence the model results at the site boundary.  

The version of AERMOD built into GasSim2 has terrain and building downwash disabled.  The option to export 

data suitable for Tier 3 tools that can represent these features, such as AERMOD and ADMS, is available from the 
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results pull down menu once Tier 2 has been run.  The Tier 2 Model in GasSim2 has to be run to generate the data 

that can be used in a Tier 3 model. 

 

Selecting Tier 3 Export from the Results menu activates a dialog, which allows the export of data to two space-

separated files.  The data exported will be based on the settings chosen for emission rates from the surface, gas 

utilisation, and flaring.  Values can be exported for any simulated year. 

 

 

 

 

 

 

 

 

Clicking “Export” will then create two SSV (Space Separated Value) files, suitable for import to spreadsheet 

software, where they can be manipulated.  The SSV file filename.dat is created from an AERMOD input file (but 

cannot be run directly in AERMOD) and contains a list of parameters that are available.  These can be as complex 

as the model allows, for point and area sources, and receptors: 

 
• coordinates of the polygons for the modelled cells; 
 
• coordinates for the point source emitters; 
 
• coordinates for the receptors; 
 
• stack heights; 
 
• exit diameters; and 
 
• exit temperatures. 

 
Project: C:\Program Files\Golder Associates\GasSim2\greendale.gss - 21/01/2006 10:13:30
Pollutant: Nitrogen oxides
Biogas 1000 POINTSOURCE 754800.9 416038.6
Biogas 1000 0.01 8.2 1273 4.243611 1.1
Jenbacher 320 POINTSOURCE 754806.4 416040.1
Jenbacher 320 0.01 5.5 773 37.99153 0.35
DISCRETE "Jolly Taxpayer PH" 754127 416540
DISCRETE "Greendale Farm" 754520 415718
DISCRETE "Rose Cottage" 753921 416134
DISCRETE "Willow Farm" 755222 415766
GRID "cartesian no 1" XYINC 755143 5 50 415478 5 50
POLAR "polar grid no 1" ORIG 754806 416036
POLAR "polar grid no 1" DIST 50 100 150 200 250 300 350 400 450 500
POLAR "polar grid no 1" GDIR 16 0 22.5  
 

GasSim2 models emissions in AERMOD with a single emission rate (a hundredth) and scales all emitted 

substances according to their emission rates.  The CSV file filename_conc.dat contains a list of emission rates for 

each source for each trace gas available. 
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Trace Gas Biogas 1000 Jenbacher 320
1,1,1,2-Tetrafluorochloroethane 1.48E-05 3.44E-05
1,1,1-Trichlorotrifluoroethane 4.65E-05 1.04E-04
1,1,2-Trichloroethane 6.60E-05 1.49E-04
1,1-Dichloroethane 0.059483 0.132458
1,1-Dichloroethene 0.002391 0.005433
1,1-Dichlorotetrafluoroethane 3.98E-05 9.50E-05
1,2-Dichloropropane 0 0
1,2-Dichlorotetrafluoroethane 0.001389 0.003207
1-Chloro-1,1-difluoroethane 1.82E-04 4.08E-04
2-Chloro-1,1,1-trifluoroethane 2.19E-05 4.88E-05
2-Propanol 1.60E-04 3.61E-04
Acetalehyde (ethanal) 2.49E-04 5.67E-04
Acetone 1.45E-04 3.34E-04
Acrylonitrile 1.65E-04 3.77E-04
Benzene 3.07E-04 7.34E-04
Benzo(a)pyrene 3.02E-05 0.00598
Bromodichloromethane 0 0
Butadiene (modelled as 1,3-Butadiene) 5.75E-05 1.35E-04
Butane 0.002553 0.005966
Butene isomers 1.27E-05 2.78E-05
Carbon disulphide 5.62E-05 1.31E-04
Carbon monoxide 73.963468 238.047907
Carbon tetrachloride (tetrachloromethane) 3.60E-04 8.71E-04
Carbonyl sulphide 2.78E-05 6.41E-05
Chlorobenzene 0.022026 0.04956
Chlorodifluoromethane 0.018733 0.043906
Chloroethane 0.008181 0.017282
Chlorofluorocarbons (CFCs) (Total) 0.008139 0.017728
Chlorofluoromethane 4.02E-04 8.26E-04
Chloroform (trichloromethane) 2.08E-04 4.80E-04
Chlorotrifluoromethane 2.33E-04 5.10E-04
Dichlorodifluoromethane 0.00302 0.006681
Dichlorofluoromethane 0.001001 0.00255
Dichloromethane (methylene chloride) 0.00239 0.005772
Diethyl disulphide 1.21E-05 2.80E-05
Dimethyl disulphide 1.01E-04 2.40E-04
Dimethyl sulphide 1.46E-04 3.20E-04
Dioxins and furans (modelled as 2,3,7,8-TCDD) 1.42E-08 7.10E-08
Ethane 9.63E-04 0.002106
Ethanethiol (ethyl mercaptan) 1.20E-04 2.79E-04
Ethanol 0.001816 0.00398
Ethyl toluene (all isomers) 2.91E-05 7.04E-05
Ethylbenzene 9.85E-04 0.002231
Ethylene 1.24E-04 2.90E-04
Ethylene dibromide 0 0
Ethylene dichloride 0.00197 0.004499
Fluorotrichloromethane 0.001222 0.002853
Formaldehyde (methanal) 2.31E-04 4.91E-04
Freon 113 5.42E-04 0.001272
Halons 0 0
Hexachlorocyclohexane (all isomers) 0 0
Hexane 2.94E-04 6.87E-04
Hydrochlorofluorocarbons (HCFCs) (Total) 0.004258 0.009611
Hydrofluorocarbons (HFCs) (Total) 0 0
Hydrogen sulphide 0.013162 0.034815
Limonene 6.31E-04 0.001377
Mercury 0 0
Methanethiol (methyl mercaptan) 1.70E-04 3.83E-04
Methyl chloride (chloromethane) 4.76E-05 1.05E-04
Methyl chloroform (1,1,1-Trichloroethane) 0.006582 0.015268
Methyl ethyl ketone (2-butanone) 1.90E-04 4.15E-04
Methyl isobutyl ketone 4.40E-05 9.75E-05
Nitric acid 0 0
Nitrogen oxides 5.715989 131.400783
Odour Units (Predicted) 5.13E+03 1.13E+04
PAH (reported as Naphthalene) 7.13E-05 1.64E-04
para-Dichlorobenzene (modelled as 1,4-Dichlorobenzene) 1.35E-05 3.10E-05
Pentane 3.71E-04 8.54E-04
Pentene (all isomers) 4.49E-05 1.04E-04
Perfluorocarbons (PFCs) (Total) 0 0
Phenol 0 0
PM10s 0.771079 2.543256
Propane 7.47E-05 1.76E-04
Propanethiol 2.30E-05 5.21E-05
Sulphide, total simulations with H2S 0.009641 0.020247
Sulphide, total simulations without H2S 1.06E-05 2.43E-05
Sulphur dioxide 14.966708 26.180957
t-1,2-Dichloroethene 1.96E-04 4.29E-04
Tetrachloroethane (modelled as 1,1,2,2-Tetrachloroethane) 4.18E-04 9.69E-04
Tetrachloroethylene (Tetrachloroethene) 0.010025 0.023453
Toluene 0.0032 0.006921
Total chloride (reported as HCl) 7.081808 15.407163
Total fluoride (reported as HF) 1.26419 2.675761
Total non-methane volatile organic compounds (NMVOCs) 1.004887 4.223456
Trichlorobenzene (all isomers) 1.50E-06 3.15E-06
Trichloroethylene (trichloroethene) 0.00228 0.004823
Trichlorofluoromethane 9.36E-04 0.002096
Trichlorotrifluoroethane 1.35E-04 3.14E-04
Trimethylbenzene (all isomers) 4.05E-04 9.77E-04
Vinyl chloride (chloroethene, chloroethylene) 0.009331 0.021905
Xylene (all isomers) 0.043405 0.089912
Nitrogen monoxide (NO) 5.656306 44.686954
Nitrogen dioxide (NO2) 5.756147 82.105284
Total volatile organic compounds (VOCs) 0.946169 4.002577  
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Results Menu – PI Reporting 
 

The emissions for PI reporting from flares, engines and the surface, i.e. the whole landfill, are listed as 25%ile, 

50%ile and 75%ile for the selected year of the simulation.  The table also lists the PI reporting threshold for each 

species.  These results are viewed by selecting ‘Results’– ‘PI Reporting’ and then selecting the year of interest 

from the drop down menu. 

Results Menu – Multiple Graphs 
 

GasSim2 will allow up to three outputs of the gas generation and emissions modules to the plotted on the same 

graph.  There is a restriction that the selection should have the same units and users must specify a percentile to 

plot.  Selecting two or more outputs with different units will generate a warning message but a graph will still be 

generated but the units being plotted will not be applicable to all of the outputs.  It is not necessary to plot three 

outputs, plotting just two is a valid option.   
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Other Results 
 

Once the gas generation model has been run, the other pathways/receptor modules become accessible.  These 

modules rely on the existence of a valid results file.  For a model that has previously been run during an earlier 

session, it should be possible to re-load the results to avoid the need to re-run the model.   

 

The results of these additional modules are not made available through the results menu (with the exception of the 

lateral migration results).  Rather, they are available directly from the individual modules themselves (as is lateral 

migration).   

 

NOTE: if any changes are made to the model that might affect the LFG generation and emissions results (i.e. 

changing waste inputs, trace gas concentrations or landfill characteristics, etc.), it will be necessary to re-run the 

source term model prior to running any of the impact modules.  The model should warn you if this situation arises.   

Results - Tier 1 Screening 
 

This part of the model determines whether further modelling of the emission of a gas is required.   

 

The results screen’s “Print” button will produce a list of the inputs to, and outputs from, the screening module, as 

well as a list of the gases that were not modelled.  
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Results - Tier 2 Atmospheric Dispersion 
 

GasSim2 reports the predicted environmental concentration (PEC) at ground level.  For long-term emission results 

the PEC comprises the process contribution (PC) from the sources at the Site plus the long-term background.  For 

short-term emissions the PEC comprises the process contribution (PC) from the sources at the site plus the twice 

long-term background.  The methodology of comparing the PEC and not the PC to the relevant environmental 

standards may not be appropriate outside the UK.   
 

Several short-term air quality standards stipulate a number of times the standard can be breached within a year.  

For example the UK hourly NO2 standard is 200 µ g/m3, not to be exceeded more than 18 times per year.  GasSim2 

accounts for this number of exceedences by generating the modelled results at a number of different percentiles. 

 

In the example of NO2 above, the 18 highest hours are allowed to exceed, therefore the hour of interest is the 19th 

highest hour result.  It is this 19th highest hour result which needs to be directly compared the standard for NO2 of 

200 µ g/m3.   

 

The equivalent percentile to the 19th highest hour is calculated in the following way: 

 

As the NO2 emission standard has an hourly averaging period, first calculate the number of hours in a year (8760): 

 

Percentile required = 100-((18/8760) x 100) = 99.79% 

 

The same methodology can be applied to calculate the appropriate results percentile for other standards.  For ease 

of reference, Table 4.2  below contains the most commonly used standards, and the appropriate percentiles. 

 

Table 4.2:   Short-Term Air Quality Standards and Appropriate Percentiles 

 

Emission Short-Term 
Averaging Period Air Quality Standard Reference of Air 

Quality Standard 
Appropriate Results 

Percentile to Use 

NO2 1 hour 1 hour mean, 18 exceedences UK air quality 
objectives wall chart 

99.79 

SO2 1 hour 
1 hour mean not to be 

exceeded more than 24 times 
a year 

UK air quality 
objectives wall chart 

99.73 

SO2 24 hour 
24 hour mean not to be 

exceeded more than 3 times a 
year 

UK air quality 
objectives wall chart 

99.18 

PM10s (UK) 24 hour 24 hour mean, 35 
exceedences 

UK air quality 
objectives wall chart 

90.41 

PM10s 
(Scotland) 

24 hour 24 hour mean, 7 exceedences UK air quality 
objectives wall chart 

98.08 
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Results – Global Impact 
 

The ‘Global Impact Results’ can be viewed using the ‘Global Impact Results’ dialogue box, which reports the 

Global Warming Potential (GWP) and Ozone Depletion Potential (ODP) for each simulated gas for each year and 

the sum of all simulated years.  GasSim allows the reporting of: 

 

• ODP for each of the bulk gases (as tonnes of trichlorofluoromethane); 

 

• total ODP for the site (as tonnes of trichlorofluoromethane), which is the sum of the bulk and trace gases 

(reported to 3 significant figures); 

 

• GWP for each of the bulk gases (as tonnes of carbon dioxide); and 

 

• total GWP for the site (as tonnes carbon dioxide), which is the sum of the selected bulk and trace gases 

(reported to 3 significant figures), in line with the UK Green reporting guidelines (without CFCs, HCFCs, 

Halons and PFCs), by allowing the user to select the bulk and trace gases that they wish to include in the 

determination of the GWP.  This is carried out by the user selecting the trace gases by checking the 

individual boxes for each gas in the column ‘Included in GWP’, or using the ‘GWP Select All’, or ‘GWP 

Select Default’ options.  The ‘GWP Select Default’ option determines the GWP for the UK Green reporting 

guidelines. 
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Results Menu – Exposure  

Off-Site Exposure Results 
 

There are two screens of exposure results for each scenario and pollutant run.  The ‘Exposure Results’ dialogue 

box shows the frequency distribution of calculated exposure rates for the contaminant in question, and reports the 

50%ile value in mg.kg-1(bodyweight).day-1.  The ‘Exposure Pathways’ dialogue box shows the most significant 

pathways for a given component.  The pie chart shows the relative contribution of all the pathways considered in 

the scenario to the calculated 95%ile exposure rate. 

 

The results given are annual exposure rates for the selected scenarios, which should be averaged over a number 

of years using the method described in Chapter 3, to get an average exposure rate for the critical group individual 

over the timeframe of the scenario.  All the scenarios, exposure pathways and exposure factors represented in 

GasSim are those agreed between the Department of Health, DEFRA and the Environment Agency. 

 

When using exposure to assess risk, the 95%ile exposure rate is compared to the toxicity of the compound under 

assessment.  Most of the VOCs considered in GasSim will be carcinogens, and so the index dose and not the 

tolerable daily intake should be considered (carcinogens have non-threshold dose/response curves, while non-

carcinogens have a threshold dose below which no response is observed). 

 

The main reference document on how to assess risk using the UK approach is CLR9, Contaminants in Soil:  

Collation of Toxicological Data and Intake Values for Humans (DEFRA and Environment Agency, 2002) and its 

daughter reports in the TOX and SGV series.  CLR9 sets out the approach to the selection of tolerable daily intakes 

and Index Doses for contaminants, primarily to support the derivation of Soil Guideline Values in Contaminated 

Land Human Health Risk Assessment.  For information on the Index Dose (inhalation pathway) the risk assessor 

should consult CLR9, and then (in the following sequence) the Environmental Protection Air Quality Standards 

(EPAQS), or IRIS and other toxicological databases.  For information on the Index Dose (oral pathway) the risk 

assessor should consult CLR9, and then (in the following sequence) the Drinking Water Standards, or IRIS and 

other toxicological databases. 
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Loading (Importing) Results Without Running the Model 
 

After you have carried out a simulation once, the results will be saved and it is not necessary to re-run the 

simulation to view the results.  Therefore, assuming that you have not altered any of the input parameters, the 

results can be imported into the model by selecting ‘File’ – ‘Load Results’ from the main menu bar. 

 

If you have changed any input values (or exited input screens by clicking ‘OK’ rather than ‘Cancel’), GasSim will 

prompt you to save the file before closing the model.  If you save the file with the same name, by changing the 

input values, you will no longer be able to load results from previous model runs with the same name, due to 

GasSim2’s internal traceability and quality assurance system (see Chapter 3 for details). 

Customising Your Results – Graphs 
 

GasSim provides a number of options for viewing and printing your graphs.  These are accessed through ‘File’ on 

the menu bar, which is present in the top left hand corner of each graph. 

 

By clicking and holding the left mouse button on a graph, cross hairs appear and the co-ordinates of the cross point 

are displayed at the top of the graph.  This feature is extremely useful for determining the probability of particular 

values. 

Zoom 
 

Selecting ‘File’ – ‘Zoom’ – ‘Window’ allows you to specify a particular area of the graph to examine in more detail, 

by clicking and holding the left mouse button in the top left hand corner of the area you are interested in, dragging 

the window outline until you have covered the desired area, and then releasing the button.  You can return to the 

full graph using (‘File’ – ‘Zoom’ – ‘All’).  You can display the last view before the current view using ‘File’ – ‘Zoom’ – 

‘Previous’. 

 

You can also zoom in on a particular area, using ‘File’ – ‘Zoom’ – ‘Scale’.  This option allows you to change the 

scale of the graph axes.  This option produces an additional dialogue box: 
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You should type in the maximum and minimum axis values you require, and when each value has been set, click 

on the ‘OK’ button.  The graph will immediately be rescaled.  To exit the dialogue box without making changes you 

can click on ‘Cancel’ or click on the button marked ‘x’ in the top right hand corner of the box.  Built-in error checks 

prevent values being entered that are outside of the capabilities of the code. 

 

Individual axes can be altered, in the same way, by double-clicking (left mouse button) on the axis you wish to edit.  

 

You are also given the option to plot using a log scale, on the y-axis, which you can use if the results span a large 

range.   

  

This facility is useful for determining the emissions during the operational period or the years just after the 

operational period when the gas generation peaks. 

Options 
 

Under this sub-menu you can turn the graph grid lines on and off ‘File’ – ‘Options’ – ‘Grid’.   

Copy 
 

This option allows you to put a copy of the current graph on the clipboard as a bitmap so that it can be incorporated 

in another Windows application such as Microsoft Word or Excel.  You can also copy the current graph or active 

Window to the clipboard by pressing the Alt and PRINT SCREEN (PrtSc) keys together.  Older keyboards may not 

recognise Alt + PRINT SCREEN, so try Shift + PRINT SCREEN instead.  To paste information from the Clipboard 

into a Windows application, start the destination application and place the insertion point where you want the 

information from the Clipboard to appear.  Choose Paste from the destination application’s Edit menu, and 

Windows will copy the information automatically to the insertion point.  To capture the entire screen (not just the 

current graph or active window) press the PRINT SCREEN key on the keyboard.  Older keyboards may require you 

to use Alt + PRINT SCREEN or Shift + PRINT SCREEN.  Refer to your Microsoft Windows manual for more 

general tips on editing the clipboard contents. 

Print 
 

This option allows you to print the current graph. 

Export 
 

In some instances you may wish to retain your results in text format rather than in graphical or statistical format.  

‘Export Data’ allows results to be saved as a .csv file.     

Percentiles 
 

The percentile selection boxes on the right hand side of the dialogue box allows the option to show the curves for 

the calculations at different percentiles.  Selecting the desired percentile will draw the line on the graph for this 

percentile and a tick will appear in the box.  To deselect click the box again.   
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Exit 
 

Clicking ‘File – Exit’ closes the current graph. 

Interpreting Your Results 
 

Since some or all of the input parameters to the analytical equations are used in a probabilistic calculation it is not 

possible to provide a single value that truly represents all possible outcomes.  It may be suggested that it is 

appropriate to compute a ‘worst case’ outcome, or an ‘average’ by selecting values from within the input ranges, 

but this does not follow the philosophy of a risk assessment - taking full account of all outcomes, both positive and 

negative. 
 

The solution most commonly adopted, and which is employed within GasSim, is known as the ‘Monte Carlo’ 

approach (discussed in Chapter 2).  In this method, the calculations are carried out many times, and each time the 

value for each input parameter is selected randomly from within the specified range.  If the calculation (or iteration) 

is carried out 100 times there will be 100 results, and these 100 results may be represented on a frequency 

histogram, just like the input distributions. 

Format of the Results 
 

GasSim shows the calculated vales at the different percentiles and report these either as a written summary in the 

‘Statistics’ dialogue box or illustrates them as different coloured lines on the graphs, as described above.   

Confidence 

Confidence in the Results 
 

The output results from a GasSim assessment show the results for all iterations in a single simulation.  Results for 

subsequent simulations may be slightly different, particularly at extremely high or low percentiles.  This is due to 

the random number generator ‘seed value’ used in model runs.    

 

Using a large number of iterations and not concerning yourself with absolute extreme values will minimise any 

problems associated with the different random number seeds used in GasSim.  It is important to remember the 

percentiles available to view are determined by the number of iterations run (see Chapter 3 for details).   

Confidence in Decision Making 
 

GasSim generates result distributions, which incorporate the underlying uncertainties.  Typically, when making a 

decision most people will take account of these uncertainties by using the 95th percentile (for example, giving you 

95% confidence that contaminant concentrations will be lower than an acceptable maximum limit).  Demanding 

increased confidence over a 90% or 95% level is not free of additional risks or penalties.  Increased confidence 

means greater costs - increased spending on containment design, for example, and requires greater run-times to 

create stable (reproducible) results at the extremes of confidence limits.  However, the increased engineering 

required to meet more stringent performance criteria will also provide better environmental protection and a 
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reasonable balance should be found between an acceptable level of uncertainty in the risk assessment and 

attempting to engineer away hazards.  The Environment Agency commonly expects a 95%ile to be a reasonable 

assessment level in a GasSim2 assessment. 

 

Because it explicitly allows for uncertainties when estimating landfill performance, GasSim moves debate away 

from how the landfill will behave and on to questions about appropriate standards of care and management 

options, and so on.  You should be aware that while using GasSim is likely to focus debate, it will not provide a 

solution to contentious issues and is only a tool to aid in your deliberations. 

Understanding Modelling Errors 

Potential Causes of Error 
 

GasSim uses a variety of mathematical techniques to calculate ultimate gas concentration distributions over time.  

The program combines analytical and semi-analytical models of gas generation with analytical models of 

environmental (lateral and atmospheric) transport.  The latter in turn represent the movement of gas in the 

environment between the source and receptor.  Each of the models implemented in GasSim is derived from either 

established theory, or on empirical relationships that are based on analysis of field data. 

 

There are several reasons why model results may be erroneous.  In general these fall into the following groups: 

 

• the model is incorrect; 

• the mathematical implementation of the model is incorrect; 

• the model is inappropriate for the problem to which it is applied; and 

• the parameterisation of the model is inappropriate or wrong. 

 

For the specific models used in GasSim, the first of these potential problems is partially addressed in the chapters 

outlining the theory and use of equations and in the associated references.  Every effort has been made to ensure 

that the models used in GasSim are valid, although the best validation of a model arises from its widespread use 

and comparison with various datasets.  Equally, the mathematical and computational implementation in GasSim 

has been subjected to appropriate verification and validation – (see Chapter 7 for further details). 

 

The GasSim model actually consists of several individual calculations, which are computed in sequence.  Any one 

of the component calculations may be inaccurate because it is not a valid representation of your system.  In 

particular, some equations may have a limited range of applicability.  It is your responsibility to ensure that the 

models and equations used in GasSim are appropriate for your system.   

 

The final bullet point listed above relates to the parameterisation of the model.  GasSim checks that physical 

parameters are generally reasonable, but it allows a necessarily wide range of values.  You should therefore 
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recognise that it is possible for a well-constructed, physically sensible model to give absurd results if its parameters 

are assigned inconsistently. 

Approach to Model Checking 
 

Given the possibilities noted above (that a part of the model may be inappropriate or that the parameterisation may 

be inconsistent), it is important that you should make yourself aware of the results of each stage in the simulation, 

and check that they are reasonable when compared with known validation data and with prior expectations. 

 

Most importantly, the predictions of the source and emissions models should be checked before the lateral 

migration, atmospheric dispersion and exposure/impact calculations can be believed.  Both gas generation and 

emissions rates should lie within reasonable ranges; unrealistically high or low values are probably diagnostic of 

the model’s inapplicability or incorrect parameterisation.  While modelling checks may help with model verification, 

the ultimate responsibility for choosing the right model and checking against site-specific information rests with you. 
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5. DEFAULT VALUES AND SUGGESTED INPUTS 

Introduction 

 

Each time a new model is created in GasSim default values are assigned to certain parameters.  Adopted default 

values are saved as part of the model and are over-written when an existing model is retrieved.  This chapter 

explains the basis on which default values have been assigned to various parameters and also provides a 

reference source for other suggested input values. 

Assumptions and Limitations of Default Parameters 

 

Generally the defaults and suggested input values have been derived from UK and US sources.  Consequently, the 

uncertainty representing some of the suggested input ranges may extend over a number of orders of magnitude.  

The default and suggested input parameters are not intended to be mean values that may be applied to a site, but 

rather a range of values that may be narrowed (or even widened) with site-specific knowledge and data.  For these 

reasons, it is emphasised that wherever possible site-specific values should be used as input parameters.  

Default Values 

 

Broadly, there are three classes of defaults in GasSim: 

 

• values which are project-specific and which you will change in every instance; 

• values of chemical and physical constants that will rarely (if ever) need to be changed; and 

• values for which you are unlikely to have any better information. 

 

Examples from the classes are as follows.  Project-specific parameters include the landfill dimensions, the cap 

thickness and engine or flare capacities.  Properties such as molecular weights, gas densities and viscosities have 

been taken from reliable sources so there should be little need to change these.  Parameters for which you are 

unlikely to have better information might include deposition velocities and air diffusion coefficients. 

Project Details 

 

The ‘Project Details’ dialogue box requires information on the project and the client, the ‘Start’ date that the waste 

deposition commences, the ‘Operational Period’ of the number of years for which deposition continues, the 

‘Simulation Period’ of the number of years for which that you wish to run the simulation, and the number of 

‘Iterations’.  This information should also be changed for each new model using information obtained from the site 

operator and the task to be undertaken. 
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Cell Layout 

 

The landfill geometry including the geometry of each individual cell is defined by drawing out the shape of the 

landfill and the individual cells using the mouse on a plain scaled plotting screen or overlying an importing plan of 

the site (using Autocad™ dxf or drawing exchange files).  These are specific to each simulation and should 

normally be obtained from the site operator.  The area and depth of the landfill are calculated as described in 

Chapter 3.    

Landfill Characteristics  

Cap and Liner Details 

Infiltration 

 

Infiltration through the cap should be determined from the effective rainfall (obtained for the site) and the capping 

type and status.  This information on rainfall should be obtained from an on-site weather station, the Meteorological 

Office or literature sources.  GasSim2 allows uncapped and capped infiltration to be simulated.  A default 

assumption is that capped infiltration is 10% of uncapped infiltration. 

Cap and Liner Properties 

 

The design and construction of the engineered barriers including the ‘Cap Thickness’ and ‘Liner Thickness’ should 

be obtained from the site operator.  The ‘Cap’ and ‘Liner Hydraulic Conductivity’ should be defined on a 

site-specific basis depending on their age, level of compaction, the moisture content, and the level of engineering 

competence employed in construction, i.e. the use of CQA.  GasSim requires the definition of the hydraulic 

conductivities, i.e. the permeability of the strata to water, as currently very little research has been undertaken to 

determine the gas permeability of natural materials.  The gas conductivities are calculated from the hydraulic 

conductivities within the code, using the relative density and viscosity of gas and water. 

 

The hydraulic conductivity of mineral caps and liners should be fully characterised at the material source and 

placed to achieve a design specification, with subsequent in-situ testing.  A range of typical hydraulic conductivities 

for mineral liners have been obtained from LandSim version 2 (Environment Agency, 2001) and are listed in 

Table 5.1.  The hydraulic conductivities of welded membrane liner systems should be provided in the 

manufacturer’s specifications.  Where the liner is lapped, rather than welded, it is recommended that the influence 

of the liner is reduced, as gas will be emitted through the lapped areas. 
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Table 5.1:   Hydraulic Conductivities of the Cap and Liner  

 

Material Range of Hydraulic 
Conductivities (m.s-1) 

Clay is normally engineered to a specification of a maximum hydraulic conductivity of 1 x 10-9  
Bentonite Enriched Sand (BES) is normally engineered to a specification of 1 x 10-10 – 1 x 10-11 
Dense Asphaltic Lining (DAC) system is normally engineered to a specification of 1 x 10-11 – 1 x 10-14 
Geomembrane liner (without defects)  1 x 10-14 - 1 x 10-16 
Typical geomembrane 1 x 10-12 – 1 x 10-14 

Gas Collection Efficiency 

 

Details for the dates of installation for the capping of individual cells and their corresponding gas collection systems 

should be obtained from the site operator.  An estimate of the ‘Gas Collection Efficiency’ can be obtained from the 

site operator.  However, where this is not the case GasSim recommends default values from Table 5.2 below.  

These have been derived from a confidential full site surface flux survey of a large (>200Ha) landfill with various 

combinations of cap and gas collection infrastructure and the overall predicted surface flux has been validated by 

comparison with whole site gas generation forecasts (within GasSim) and site gas abstraction data.  The gas 

collection efficiency estimates are therefore internally consistent with GasSim gas generation and surface emission 

forecasts. 

 

Table 5.2:  Gas Collection Efficiency Estimates  

 
 No Cap Temporary Cap Permanent Cap 
Sacrificial Gas Collection 
System 

Triangular (10.30.50) Triangular (40,50,60) Triangular (55,65,75) 

Permanent Gas Collection 
System 

Triangular (50,60,70) Triangular (75,85,95) Triangular (90,95,97.5) 

Cell Details - Hydrogen Sulphide Module 

 

Checking the box to select ‘Hydrogen Sulphide Simulated’ on the ‘Cell Details’ dialogue box allows GasSim to 

simulate the generation of hydrogen sulphide within this particular cell.  This module requires a number of 

additional inputs within this box.  Where possible these additional inputs should be site-specific as these are used 

to determine the quantity of hydrogen sulphide generated.  However, GasSim provides default concentrations for 

the following terms: ‘Leachability of Iron [mg/mm/m2]’; Leachability of Sulphate [mg/mm/m2]’; ‘Iron in Leachate [t]’; 

‘Calcium Sulphate in Leachate [t]’; and ‘Half-life of calcium sulphate [yr-1]’, and in the ‘Composition Data’ dialogue 

box, ‘Calcium Sulphate [%]’ and ‘Iron [%]’ for most waste streams, but it is the ‘Commercial’ and ‘Industrial’ wastes 

which are likely to contribute most to the hydrogen sulphide generated  (Table 5.3).   

 

Leachability should be determined by testing.  The leachate concentrations should be obtained from site-specific 

monitoring during the acetogenic phase of the landfill and the percentage of iron and calcium sulphate should be 

determined from the waste streams.  The default percentages of iron provided can be used for all waste streams 

expect ‘Commercial’ and ‘Industrial’, where we recommend using site-specific information, available from the 
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operator or waste producer.  The default percentages of calcium sulphate in waste can also be used for all waste 

streams except ‘Commercial’, ‘Industrial’, ‘Inert’, ‘Liquid Inert’ and ‘Sewage Sludge’, where again we recommend 

inputs are defined using site-specific information.  The hydrogen sulphide module also uses a number of defaults in 

the mechanistic model, the values of which are provided in Table 5.4.  The user is advised that there is little 

quantified information on the mechanisms involved in hydrogen sulphide generation from landfills, and the user 

should ensure that the conceptual model used for hydrogen sulphide generation in GasSim is suitable. 
 

Table 5.3:  Default Inputs for ‘Cell Details’ and ‘Composition Data’ Dialogue Boxes for the Hydrogen 

Sulphide Module 

 
Percentages Input PDF 

Min Median Max 
‘Leachability of Iron’ [mg/mm/m2] Uniform 2200  22000 
‘Leachability of Sulphate’ [mg/mm/m2]  200  2000 
Available ‘Iron in Leachate [t]’ 
(acetogenic iron content) 

Logtriangular 1.2 1100 2300 

Available ‘Calcium Sulphate in Leachate [t]’ 
(acetogenic sulphate content) 

Loguniform 1.0  1080 

Available iron in waste,  
‘Iron [%]’ 

Triangular 0.3 4.8 8.2 

Calcium sulphate in waste,  
‘Calcium Sulphate [%]’ 

Triangular 0.2 0.35 2.3 

  

Table 5.4:  Default Inputs Hard Coded into the Hydrogen Sulphide Module (referenced to equations in 

Chapter 6) 
 

Range Parameter PDF 
Min Median Max 

Equation 6.9 percentage Uniform 30 50 70 
Equation 6.11 percentage Uniform 25 35 45 
Equation 6.12 percentage Uniform 25 35 45 
Equation 6.16 acid remaining in leachate 
percentage 

Triangular negative 
skew 

0 1 5 

Equation 6.17 hydrogen availability percentage Triangular positive 
skew 

95 99.9 100 

Biological Methane Oxidation 

 

Methane emissions can be reduced as they pass through the landfill cap by microbial processes.  The proportion of 

the methane that is converted to carbon dioxide in the cap is calculated by the ‘Biological Methane Oxidation’ term.  

This can be simulated without or without fissures.  Simulating this reduction without fissures requires a percentage 

of ‘Biological Methane Oxidation’, which should be defined on a site-specific basis, as the quantity of methane 

oxidation is dependant on a number of factors including the cap thickness and permeability.  Alternatively this can 

be defined using the default of 10%, which is based on IPCC guidelines. 

 

‘Biological Methane Oxidation’ can also be simulated with fissures and a soil cap by calculating the methane 

oxidation rates for different cover materials, based on the knowledge that caps generally have a maximum capacity 

for oxidation, and beyond that methane is released.  The maximum capacity is a PDF developed from lab and field 
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measurements.  This is moderated by an efficiency term, which is a default triangular PDF of between 10-46% with 

a mean of 25%.  This calculation method also requires further inputs by the user to define the ‘Soil Depth’ above 

the cap and the ‘% of Area Occupied by Fissures’.  Both of these parameters are site-specific and therefore 

information should be obtained from the site operator or by investigation.  Where site-specific information relating to 

the proportion of gas escaping from fissures is not available, this module should not be used and the PCC default 

should be used.   

Waste Inputs 

 

The dates on which the waste deposition commences and the number of years for which deposition continues for 

each cell are used by GasSim to produce a matrix in which the yearly ‘Waste Input’, i.e. deposition rate (in tonnes), 

must be defined.  These should be obtained from the site operator, and therefore no defaults have been provided.  

Where this information is not known, an estimate of the filling rate each year should be made even if this is simply 

dividing the total waste mass filled by the filling time (and making appropriate use of PDF’s to account for the 

uncertainty).  However, the use of estimations will affect the outputs and therefore should be taken into account 

when interpreting the data. 

Waste Composition 

 

The nature of the waste deposited should be defined by the proportion of the waste from each stream i.e. 

percentage of domestic, inert, industrial waste etc.  This influences the quantity of carbon available for degradation 

and therefore a default is not provided.  This information should be available from the site operator.   

   

Each waste stream is defined by the fractionation of material found within the waste, i.e. the amount of 

newspapers, card, garden waste etc.  GasSim contains default waste streams for commonly deposited waste 

materials filled between 1980 and 2010, from HELGA (Gregory et al., 1999) and an estimation of the changes in 

the composition of ‘Domestic’ and ‘Civic Amenity’ waste in the future with the implementation of the Landfill 

Directive (Table 5.5a to d).  The new waste stream compositions have been calculated assuming that the 

implementation of the Landfill Directive will reduce the biodegradable fraction on ‘Domestic’ and ‘Civic Amenity’ 

waste to 75%, 50% and 35% of its 1995 level, by 2010, 2015 and 2020, respectively.  Wherever possible, site-

specific data should be used.  As new national and regional data become available these will be posted to the 

GasSim website.  
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Table 5.5a:  Composition of 1980’s - 2010 Waste Streams 
 

Degradable 
Domestic Civic Amenity Commercial Industrial Inert Liquid Inert Sewage sludge

Composted
organic 
material 

Incinerator
ash 

Waste 
sorted
at MRF

Recycling
schemes 

Chemical
sludges 

Industrial
liquid 
waste 

Water content (%) Cellulose (%) Hemi-cellulose (%) Decomposition (%)

Paper/Card Newspapers 11.38 10 10           30 48.5 9 35 
 Magazines 4.87 11            30 42.3 9.4 46 
 Other paper 10.07  50.1           30 87.4 8.4 98 
 Liquid cartons 0.51             30 57.3 9.9 64 
 Card packaging 3.84             30 57.3 9.9 64 
 Other card 2.83             30 57.3 9.9 64 

Textiles Textiles 2.36 3.0            25 20 20 50 

Miscellaneous combustible Disposable nappies 4.35             20 25 25 50 
 Other misc. combustibles 3.6             20 25 25 50 
Putrescible Garden waste 2.41 22            65 25.7 13 62 
 Other putrescible 18.38  15           65 55.4 7.2 76 
Fines 10mm fines 7.11 15            40 25 25 50 
Sewage sludge Sewage sludge       100       70 14 14 75 
Composted organic material         100      30 Tri 0.5, 0.7,1.5 Tri 0.5, 0.7,1.5 57 

Incinerator ash          100     30 Un 
 7.47, 9.59 

Un 
 7.47, 9.59 

57 

Non-Degradable  Total 28.86 39 24.6 0 100 - 0 0 0     - - - - 
The proportion of different material in waste has been taken from the HELGA framework (Gregory et al., 1999). 
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Table 5.5b:  Predicted Composition of 2010 Waste Streams (Reduction to 75% of the Biodegradable Fraction in Domestic and Civic Amenity Waste) 
 

Degradable 
Domestic Civic Amenity Commercial Industrial Inert Liquid Inert Sewage sludge

Composted
organic 
material 

Incinerator
ash 

Waste 
sorted
at MRF

Recycling
schemes 

Chemical
sludges 

Industrial
liquid 
waste 

Water content (%) Cellulose (%) Hemi-cellulose (%) Decomposition (%)

Paper/Card Newspapers 8.5 7.5 10           30 48.5 9 35 
 Magazines 3.7 8.3            30 42.3 9.4 46 
 Other paper 7.6  50.1           30 87.4 8.4 98 
 Liquid cartons 0.4             30 57.3 9.9 64 
 Card packaging 2.9             30 57.3 9.9 64 
 Other card 2.1             30 57.3 9.9 64 
Textiles Textiles 1.8 2.3            25 20 20 50 
Miscellaneous combustible Disposable nappies 3.3             20 25 25 50 
 Other misc. combustibles 2.7             20 25 25 50 
Putescible Garden waste 1.8 16.5            65 25.7 13 62 
 Other putrescibles 13.8  15           65 55.4 7.2 76 
Fines 10mm fines 5.3 11.3            40 25 25 50 
Sewage sludge Sewage sludge       100       70 14 14 75 
Composted organic material         100      30 Tri  0.5, 0.7,1.5 Tri  0.5, 0.7,1.5 57 

Incinerator ash          100     30 Un 
 7.47, 9.59 

Un 
 7.47, 9.59 

57 

Non-Degradable  Total 46.2 54.3 24.6 - 100 - 0 0 0         
The proportion of different material in waste has been taken from the HELGA framework (Gregory et al., 1999).  
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Table 5.5c:  Predicted Composition of 2015 Waste Streams (Reduction to 50% of the Biodegradable Fraction in Domestic and Civic Amenity Waste) 
 

Degradable 
Domestic Civic Amenity Commercial Industrial Inert Liquid Inert Sewage sludge

Composted
organic 
material 

Incinerator
ash 

Waste 
sorted
at MRF

Recycling
schemes 

Chemical
sludges 

Industrial
liquid 
waste 

Water content (%) Cellulose (%) Hemi-cellulose (%) Decomposition (%)

Paper/Card Newspapers 5.7 5.0 10           30 48.5 9 35 
 Magazines 2.4 5.5            30 42.3 9.4 46 
 Other paper 5.0  50.1           30 87.4 8.4 98 
 Liquid cartons 0.3             30 57.3 9.9 64 
 Card packaging 1.9             30 57.3 9.9 64 
 Other card 1.4             30 57.3 9.9 64 
Textiles Textiles 1.2 1.5            25 20 20 50 
Miscellaneous combustible Disposable nappies 2.2             20 25 25 50 
 Other misc. combustibles 1.8             20 25 25 50 
Putescible Garden waste 1.2 11.0            65 25.7 13 62 
 Other putrescibles 9.2  15           65 55.4 7.2 76 
Fines 10mm fines 3.6 7.5            40 25 25 50 
Sewage sludge Sewage sludge       100       70 14 14 75 
Composted organic material         100      30 Tri  0.5, 0.7,1.5 Tri  0.5, 0.7,1.5 57 

Incinerator ash          100     30 Un 
 7.47, 9.59 

Un 
 7.47, 9.59 

57 

Non-Degradable  Total 64.1 69.5 24.6 - 100 - 0 0 0         
The proportion of different material in waste has been taken from the HELGA framework (Gregory et al., 1999). 
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Table 5.5d:  Predicted Composition of 2020 Waste Streams (Reduction to 35% of the Biodegradable Fraction in Domestic and Civic Amenity Waste) 
 

Degradable 
Domestic Civic Amenity Commercial Industrial Inert Liquid Inert Sewage sludge

Composted
organic 
material 

Incinerator
ash 

Waste 
sorted
at MRF

Recycling
schemes 

Chemical
sludges 

Industrial
liquid 
waste 

Water content (%) Cellulose (%) Hemi-cellulose (%) Decomposition (%)

Paper/Card Newspapers 4.0 3.5 10           30 48.5 9 35 
 Magazines 1.7 3.9            30 42.3 9.4 46 
 Other paper 3.5  50.1           30 87.4 8.4 98 
 Liquid cartons 0.2             30 57.3 9.9 64 
 Card packaging 1.3             30 57.3 9.9 64 
 Other card 1.0             30 57.3 9.9 64 
Textiles Textiles 0.8 1.1            25 20 20 50 
Miscellaneous combustible Disposable nappies 1.5             20 25 25 50 
 Other misc. combustibles 1.3             20 25 25 50 
Putrescible Garden waste 0.8 7.7            65 25.7 13 62 
 Other putrescible 6.4  15           65 55.4 7.2 76 
Fines 10mm fines 2.5 5.3            40 25 25 50 
Sewage sludge Sewage sludge       100       70 14 14 75 
Composted organic material         100      30 Tri  0.5, 0.7,1.5 Tri  0.5, 0.7,1.5 57 

Incinerator ash          100     30 Un 
 7.47, 9.59 

Un 
 7.47, 9.59 

57 

Non-Degradable  Total 74.9 78.7 24.6 - 100 - 0 0 0         
The proportions of different materials in waste have been taken from the HELGA framework (Gregory et al., 1999). 
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GasSim provides defaults for the percentages ‘Water Content’, ‘Decomposition’, ‘Cellulose’ and ‘Hemi-Cellulose’ 

for each waste fraction (Gregory et al, 1999).  Additionally GasSim is highly flexible and allows you to redefine or 

edit a waste stream, using site-specific data, by altering the PDF’s defining the fractionation of the material and 

percentages for the ‘Water Content’, ‘Decomposition’, ‘Cellulose’ and ‘Hemi-Cellulose’ for each waste fraction.   

 

GasSim contains six waste streams, which are not defined due to their site-specific nature and require defining 

using this process in order to use them in a simulation:  ‘Industrial Waste’, ‘Liquid Inert’, ‘Residues from a MRF’, 

‘Recycling Schemes’, ‘Chemical Sludges’, and ‘Industrial Liquid Waste’.  Three additional waste streams are 

available for site-specific uses, and the labelling of the waste streams can be modified by the user to suit site-

specific conditions. 

Moisture Content and Waste Degradation Rates 

 

The ‘Waste Moisture Content’ can be entered a ‘Dry’, ‘Average’, ‘Wet’ or ‘Saturated’, or can be calculated using the 

inputs of ‘Infiltration’, ‘Waste Density’, ‘Effective Porosity’, ‘Leachate Head’, waste ‘Hydraulic Conductivity’, 

‘Adsorptive Capacity’ and ‘Leachate Recirculation’.  These data are cell-specific.  

 

The volume of ‘Leachate Recirculation’ will be cell-specific and should be obtained from the site operator, if this 

operation occurs at the site.  GasSim assumes that this rate is constant for the simulation period. 

 

The depth of the ‘Leachate Head’ is cell-specific and therefore should also be obtained from the site operator.  

However, in practice the leachate head is normally maintained at 1m, therefore this value has been suggested as a 

default. 

 

‘Effective Porosity’, ‘Adsorptive Capacity’, ‘Waste Density ‘and waste ‘Hydraulic Conductivity’ should all be obtained 

on a cell-specific basis.  However, suggested ranges have been tabulated (Table 5.6). 

 

Table 5.6:  Source Model Default Input Parameters (from Gregory et al., 1999) 

 
Parameter Default Range 
Waste Density [t/m3] 0.8 – 1.2 
Effective Porosity [% (v/v)] 1 – 20 
Hydraulic Conductivity [m/s] 1 x 10-5 – 1 x 10-9 

Adsorptive Capacity [%(v/v)] 1 – 5 

 

In our experience it is difficult simulate a wet or saturated site by calculating the waste moisture content without 

having a high leachate head.  Therefore we recommend simulating a wet site by selecting the ‘Wet’ option. 

 

The default decay constants are used to determine the degradation of carbon for the three different waste moisture 

levels and the three rates of degradability (rapid, k1, moderate, k2, and slow, k3).  These values are listed in 

Table 5.7 and have been obtained from the HELGA framework (Gregory et al., 1999).  



 -  93 - 

 

Very wet (i.e. waterlogged or saturated) landfills where the moisture content is probably >80% are simulated with 

the same decay rate as a dry landfill because under such conditions, degradation is actually retarded and gas 

generation can be slowed significantly.  Similar retardation of degradation rates have been observed after capping 

but this mechanistic approach is not specifically considered in GasSim.  Recirculation of leachate can also enhance 

degradation rates and the user is recommended to calibrate the model with site-specific data in these cases.  

GasSim2 has been calibrated against ten UK landfills of varying sizes and we have found that varying the cellulose 

decay rates between the wet and dry extreme values allows the model to accurately represent all of the sites 

examined.  Anecdotal evidence in regard of managed bioreactor landfills or landfills where leachate recirculation is 

practiced efficiently suggests that the half-life could be as much half that represented in GasSim for a wet landfill. 

GasSim2 users should not feel constrained by the single values supplied as defaults. Uniform and other 

distributions are equally plausible and will help the user in calibrating the model. 

 
Table 5.7:  Degradation Rate Constants for the Three Fractions of the Degradable Cellulose in the Waste 
are Dependent on the Waste Saturation Level (from Gregory et al., 1999) 

 
Waste Moisture Level 
(water filled porosity) 

Degradation Rate 
Constant 

Degradation Half-life, 
t½ 

Dry. Less than 30% (v/v) moisture 
k1 = 0.076 
k2 = 0.046 
k3 = 0.013 

t ½ (1) = 9 
t ½ (2) = 15 
t ½ (3) = 53 

Average. Greater than 30% (v/v) and less than 60% 
(v/v) moisture 

k1 = 0.116 
k2 = 0.076 
k3 = 0.046 

t ½ (1) = 6 
t ½ (2) = 9 

t ½ (3) = 15 

Wet. Greater than 60% (v/v) moisture and less than 
80% (v/v) moisture 

k1 = 0.694 
k2 = 0.116 
k3 = 0.076 

t ½ (1) = 1 
t ½ (2) = 6 
t ½ (3) = 9 

Saturated. Greater than 80% (v/v) moisture 
k1 = 0.076 
k2 = 0.046 
k3 = 0.013 

t ½ (1) = 9 
t ½ (2) = 15 
t ½ (3) = 53 

Trace Gases Inventory  

 

Trace gas concentrations should be defined on-site by monitoring.  However, default concentrations have been 

defined for ninety species (Table 5.8).  Where it is expected that the trace gas is routinely found in LFG and is on 

the PI list, default data have been supplied.  Additionally default concentrations have been provided for substances 

that are likely to result in odour problems (Table 5.9), or impact the global atmosphere by global warming or ozone 

depletion (Table 5.10).  The default trace gas concentrations have been derived from performing statistical analysis 

on the data gathered by a number of authors (AERC draft database, 2001; Derwent et al., 1996; and Stoddart et 

al., 1999) and have been supplanted by data from Parker et al (2002).  These default concentrations are 

anticipated to vary on a site by site basis according to the age of the waste, the composition, and whether the site 

is capped or uncapped.  Therefore site-specific data should be used when available, rather than relying on 

assumptions based upon literature sources.  Hydrogen sulphide is problematic odorous species, and reported data 

may come disproportionately from investigative work on sites with high concentrations of this trace gas. Hence, the 

default values provided for this substance in particular, should be reviewed in the light of any site-specific 

information. 
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The ‘Trace gases Half-life’ has been derived by examining the emissions of VOCs in landfill gas from a number of 

studies, described in Chapter 6, which provide a normal distribution for the half life of 4.11 years with a standard 

deviation of 1.56 years.  However, the half-life is anticipated to vary with the LFG composition and the nature of the 

waste, so use site-specific information where available.  The source concentration of VOCs should be defined even 

when you are simulating the emissions of these as a ‘Combustion Product’ as GasSim simulates their breakdown 

to produce carbon dioxide.  

 

Table 5.8:  Trace Gas Default Values for General Components of Raw LFG (mg/m3) 

 
Species Distribution and Values 
1,1,1,2-Tetrafluorochloroethane LOGTRIANGULAR(2e-3, 0.2, 2) 
1,1,1-Trichlorotrifluoroethane LOGTRIANGULAR(5e-3, 0.4, 8) 
1,1,2-Trichloroethane LOGTRIANGULAR(4e-3, 1, 10) 
1,1-Dichloroethane LOGTRIANGULAR(1e-3, 0.1, 61800) 
1,1-Dichloroethene LOGTRIANGULAR(1e-3, 0.01, 1516) 
1,1-Dichlorotetrafluoroethane LOGTRIANGULAR(5e-2, 0.25, 6.4) 
1,2-Dichlorotetrafluoroethane LOGTRIANGULAR(1e-2, 9.8, 300) 
1-Chloro-1,1-difluoroethane LOGTRIANGULAR(0.04, 0.57, 31) 
2-Chloro-1,1,1-trifluoroethane LOGUNIFORM(5e-2, 1.5) 
2-Propanol LOGTRIANGULAR(5e-3, 2, 34) 
Acetaldehyde (ethanal) LOGTRIANGULAR(0.1,0.2, 52) 
Acetone LOGTRIANGULAR(5e-3, 0.1, 50) 
Acrylonitrile LOGTRIANGULAR(0.02, 0.4, 38) 
Benzene LOGTRIANGULAR(0.001, 0.1, 114) 
Butadiene (modelled as 1,3-Butadiene) LOGTRIANGULAR(5e-2, 1.45, 6) 
Butane LOGTRIANGULAR(0.19, 1.0, 709) 
Butene isomers LOGTRIANGULAR(0.001, 0.2, 1.8) 
Carbon disulphide LOGTRIANGULAR(1e-2, 0.1, 11) 
Carbon monoxide LOGTRIANGULAR(0.11, 1.1, 5000) 
Carbon tetrachloride (tetrachloromethane) LOGTRIANGULAR(2e-4, 0.2, 152) 
Carbonyl sulphide LOGTRIANGULAR(.006, 0.2, 4.4) 
Chlorobenzene LOGUNIFORM(0.002, 3000) 
Chlorodifluoromethane LOGTRIANGULAR(0.005, 0.1, 9900) 
Chloroethane LOGTRIANGULAR(1e-3, 0.01, 6146) 
Chlorofluorocarbons (CFCs) (Total) LOGTRIANGULAR(0.06, 102.3, 1230) 
Chlorofluoromethane LOGTRIANGULAR(8e-3, 0.2, 110) 
Chloroform (trichloromethane) LOGTRIANGULAR(0.001, 0.2, 70) 
Chlorotrifluoromethane LOGTRIANGULAR(0.1, 0.2, 49) 
Dichlorodifluoromethane LOGTRIANGULAR(1e-2, 9, 790) 
Dichlorofluoromethane LOGTRIANGULAR(1e-3, 0.01, 602) 
Dichloromethane (methylene chloride) LOGTRIANGULAR(0.001, .02, 1524) 
Diethyl disulphide LOGTRIANGULAR(0.001, 0.02, 2.6) 
Dimethyl disulphide LOGTRIANGULAR(0.001, 0.02, 40) 
Dimethyl sulphide LOGTRIANGULAR(1e-3, 0.01, 60) 
Ethane LOGTRIANGULAR(5e-3, 6.25, 200) 
Ethanethiol (ethyl mercaptan) LOGTRIANGULAR(0.01, 0.0 1, 41.9) 
Ethanol LOGTRIANGULAR(5e-3, 0.2, 810) 
Ethyl toluene (all isomers) LOGTRIANGULAR(0.001, 0.01, 8.3) 
Ethylbenzene LOGTRIANGULAR(1e-3, 0.001, 875) 
Ethylene UNIFORM(0.2,5.8) 
Ethylene dichloride LOGTRIANGULAR(0.006, 0.01, 1820) 
Fluorotrichloromethane LOGTRIANGULAR(.001, 0.01, 1000) 
Formaldehyde (methanal) LOGTRIANGULAR(0.2, 0.2, 52) 
Freon 113 LOGTRIANGULAR(0.013, 4.8, 125) 
Hexane LOGTRIANGULAR(.001, 9.6, 44) 
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Species Distribution and Values 
Hydrochlorofluorocarbons (HCFCs) (Total) LOGTRIANGULAR(0.02, 128.8, 916.2) 
Hydrogen sulphide LOGTRIANGULAR(0.00057, 2.4, 5570) 
Limonene LOGTRIANGULAR(0.001, 0.1, 240) 
Methanethiol (methyl mercaptan) LOGTRIANGULAR(5e-3, 0.01, 87) 
Methyl chloride (chloromethane) LOGTRIANGULAR(0.006, 0.2, 10) 
Methyl chloroform (1,1,1-Trichloroethane) LOGTRIANGULAR(0.001, 180, 1600) 
Methyl ethyl ketone (2-butanone) LOGTRIANGULAR(5e-3, 5E-3, 73) 
Methyl isobutyl ketone LOGTRIANGULAR(5e-3, 0.2, 9.9) 
Odour Units (Predicted) TRIANGULAR(50000, 125000, 250000) 
PAH (reported as Naphthalene) LOGTRIANGULAR(1e-3, 0.2, 17) 
para-Dichlorobenzene (modelled as 1,4-Dichlorobenzene) LOGTRIANGULAR(0.006, .05, 2.7) 
Pentane LOGTRIANGULAR (0.02, 0.3, 105) 
Pentene (all isomers) LOGTRIANGULAR(0.001, 0.2, 11) 
Propane LOGTRIANGULAR (0.001, 1.9, 12.9) 
Propanethiol LOGTRIANGULAR(0.2, 0.2, 2.1) 
Sulphide, total simulations with H2S LOGTRIANGULAR(1e-3,2.4,5575) 
Sulphide, total simulations without H2S LOGTRIANGULAR(5e-4,8e-3,3.5) 
Sulphur reduced (reported as SO2) LOGUNIFORM(30.8, 430.5) 
t-1,2-Dichloroethene LOGTRIANGULAR (0.006, 1.0, 41) 
Tetrachloroethane (modelled as 1,1,2,2-Tetrachloroethane) LOGUNIFORM(0.001,50) 
Tetrachloroethylene (Tetrachloroethene) LOGTRIANGULAR(0.001, 0.01, 7700) 
Toluene LOGTRIANGULAR(0.01, 0.1, 1250) 
Total chloride (reported as HCl) LOGTRIANGULAR(14.7, 79.5, 850) 
Total fluoride (reported as HF) LOGTRIANGULAR(5.6, 251.2, 735) 
Total non-methane volatile organic compounds (NMVOCs) LOGUNIFORM(5e-2, 1473) 
Trichlorobenzene (all isomers) LOGTRIANGULAR(.01, 0.01, 0.13) 
Trichloroethylene (trichloroethene) LOGTRIANGULAR(.01, 2.0, 608) 
Trichlorofluoromethane LOGTRIANGULAR(.001, 0.01, 1000) 
Trichlorotrifluoroethane LOGTRIANGULAR(1e-3, 4.8, 24) 
Trimethylbenzene (all isomers) LOGTRIANGULAR(0.001, .01, 187) 
Vinyl chloride (chloroethene, chloroethylene) LOGTRIANGULAR(0.001, 0.01, 7660) 
Xylene (all isomers) LOGTRIANGULAR(0.001, 0.001, 61784) 
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Table 5.9:  Trace Gas Default Inputs for Odorous Components of LFG (mg/m3) 

 
Species Distribution and Values 
Carbon disulphide LOGTRIANGULAR(1e-2, 0.1, 11) 
Diethyl disulphide LOGTRIANGULAR(0.001, 0.02, 2.6) 
Dimethyl disulphide LOGTRIANGULAR(0.001, 0.02, 40) 
Dimethyl sulphide LOGTRIANGULAR(1e-3, 0.01, 60) 
Ethanethiol (ethyl mercaptan) LOGTRIANGULAR(0.01, 0.0 1, 41.9) 
Hydrogen sulphide LOGTRIANGULAR(0.00057, 2.4, 5570) 
Limonene LOGTRIANGULAR(0.001, 0.1, 240) 
Methanethiol (methyl mercaptan) LOGTRIANGULAR(5e-3, 0.01, 87) 
Propanethiol LOGTRIANGULAR(0.2, 0.2, 2.1) 
Sulphide, total simulations with H2S LOGTRIANGULAR(1e-3,2.4,5575) 
Sulphide, total simulations without H2S LOGTRIANGULAR(5e-4,8e-3,3.5) 
Toluene LOGTRIANGULAR(0.01, 0.1, 1250) 
Xylene (all isomers) LOGTRIANGULAR(0.001, 0.001, 61784) 
Odour Units (Predicted) TRIANGULAR(50000, 125000, 250000) 

 

Table 5.10 Trace Gas Default Inputs for Global Impact Species of LFG(mg/m3) 
 
Species Distribution and Values 
Chlorofluorocarbons (CFCs) (Total) LOGTRIANGULAR(0.06, 102.3, 1230) 
1-Chloro-1,1-difluoroethane LOGTRIANGULAR(0.04, 0.57, 31) 
Chlorodifluoromethane LOGTRIANGULAR(0.005, 0.1, 9900) 
Chlorofluoromethane LOGTRIANGULAR(8e-3, 0.2, 110) 
2-Chloro-1,1,1-trifluoroethane LOGUNIFORM(5e-2, 1.5) 
Chlorotrifluoromethane LOGTRIANGULAR(0.1, 0.2, 49) 
Dichlorodifluoromethane LOGTRIANGULAR(1e-2, 9, 790) 
Dichlorofluoromethane LOGTRIANGULAR(1e-3, 0.01, 602) 
1,1-Dichlorotetrafluoroethane LOGTRIANGULAR(5e-2, 0.25, 6.4) 
1,2-Dichlorotetrafluoroethane LOGTRIANGULAR(1e-2, 9.8, 300) 
Hydrochlorofluorocarbons (HCFCs) (Total) LOGTRIANGULAR(0.02, 128.8, 916.2) 
1,1,1,2 Tetrafluorochloroethane LOGTRIANGULAR(2e-3, 0.2, 2) 
Trichlorofluoromethane LOGTRIANGULAR(.001, 0.01, 1000) 
Trichlorotrifluoroethane LOGTRIANGULAR(1e-3, 4.8, 24) 

 

GasSim allows the simulation of species that are produced by LFG combustion from parent species, e.g. fluorine 

(F).  Concentrations can be defined to determine hydrogen fluoride (HF) emissions using the ’Combustion Product 

for Parent’ equation.  This determination requires a ‘Molecular Ratio’, the ratio based on the molecular weight of the 

daughter species compared to the parent species, e.g. F to HF is 1.05.  A number of commonly used correction 

ratios are tabulated below (Table 5.11). 
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Table 5.11:  Molecular Weight Correction Factor 

 
Emission of Species Species Concentration in LFG Molecular Ratio 
Hydrogen chloride (HCl) Chloride (Cl) 1.03 
Hydrogen fluoride (HF) Fluoride (F) 1.05 
Sulphur dioxide (SO2) Sulphur (S) 2.00 

Gas Plant 

 

The ‘Proportion to CH4’ and ‘Proportion to CO2’ generated by methanogenic decay has been set at a default of 

50% for each.  However, this ratio is site-specific and therefore the ratio measured at the site should be used, if 

available.  It is recommend that this information is obtained from dynamic monitoring points, e.g. at the supply 

manifold to the gas plant, with the values obtained normalised to 100%, i.e. measurements should be taken from 

the gas collection system, and the composition corrected to exclude entrained air.  

 

To determine the volume of hydrogen produced GasSim assumes that 1% of the carbon deposited in the year of 

deposition undergoes acetogenic decay to produce hydrogen and carbon dioxide.  This assumed value has been 

validated during the HELGA framework (Gregory et al., 1999) and produces a maximum concentration of hydrogen 

in LFG of around 10%, which fits with the work of Farquhar and Rovers (1973).  Acetogenic decay will also slightly 

increase the CO2 generation. 

 

Information relating to the number of flares and engines, the ‘Year Commissioned’ and ‘Year Decommissioned’, 

and the ‘Order’ in which they are operated is site-specific and therefore GasSim does not provide any defaults.  

This information should be obtained from the site operator. 

 

The engines and flares are best entered directly on the plan of the site, to obtain the co-ordinates of the plant 

automatically.  The engine and flare input data should be obtained from the flare specification or the site operator.  

The specification and its operation will affect the ‘Minimum Capacity’ and ‘Maximum Capacity’ and therefore this 

information should be obtained from the site operator.  The ‘Engine Capacity’ will depend on a number of factors, 

including the type of engine used and the methane to carbon dioxide ratio of the LFG inputs.  Therefore these 

values should be obtained from the operator or the engine specification.  

 

Bulk gas ‘Destruction Efficiency’ (methane and hydrogen) should be determined on-site by monitoring the 

concentrations in landfill gas inputted and then emitted from the flare or engine.  Emissions from the flare and 

engine will depend on the age, capacity, temperature, air to fuel ratio, residence time, and the level of maintenance 

that has been carried out on the flare or engine during its operation.  Flares and engines often have high 

destruction efficiencies when installed but poor maintenance will cause their efficiency to decline.  Where site-

specific data is not available Table 5.12 provides recommended data.  The ranges have been obtained from the 

following studies:  Baldwin et al. (1993a and 1993b), Millican (1995), California State Air Resources Board (1986a 

and 1986b), and LQM (2002).   
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The Flare ‘Air to Fuel Ratio’, ‘Stack Height’ of flare, ‘Temperature’ and ‘Orifice Diameter’ should be obtained from 

the site operator or the flare specification.  GasSim suggests a default air to fuel ratio of 11 for flares and a flare 

temperature of 1000oC.  The Engine ‘Air to Fuel Ratio’, ‘Exhaust Height’ of the emission stack, engine 

‘Temperature’ and Exhaust ‘Orifice Diameter’ are also engine-specific and should be obtained from the site 

operator.  However, where this information is not available, defaults of the ‘Air to Fuel Ratio’ of 7 and a 

‘Temperature’ of 500oC are recommended. In these instances, the fuel is defined as the landfill gas as a whole, 

and not simply the methane component of the LFG.  The air to fuel ratios can be calculated for different combustion 

temperatures for flares using the information in Appendix 4 of the Guidance on Landfill Gas Flaring (Environment 

Agency 2002a). 

 

Table 5.12:  Recommended Destruction Efficiency for Flares and Engines 

 

Species Minimum reported value 
(%) 

Maximum reported value
(%) 

No. of  
samples 

Recommended 
destruction 
efficiency 

Benzene 4.6 99.6 12 99 
Benzyl chloride 
(chlorobenzene)  

92.8 92.8 1 99 

Carbon tetrachloride 
(tetrachloromethane)  

71.63 >99 5 99 

Chloroform  83.3 99.92 7 99 
Dichlorodifluoromethane  97.6 98.6 2 99 
1,2-Dichloroethane 93.8 99.99 5 99 
Dichloromethane  93.8 99.9 6 99 
Hydrogen    99 
Hydrogen sulphide 70.6 96.9 6 99 
Methane 96.0 99.6 8 99 
Tetrachloroethene  83.3 99.98 5 99 
Toluene  92.0 99.99 12 99 
Total VOCs    99 
1,1,1-Trichloroethane 74.8 >99.99 7 99 
Trichloroethylene 
(trichloroethene)  

97.8 99.97 10 99 

Trichlorofluoromethane  89.8 99.8 4 99 
Trichlorotrifluoroethane  95.2 99.5 2 99 
Trimethybenzene 99.1 99.9 7 99 
Vinyl chloride 
(chloroethene) 

89.3 >99.9 4 99 

Xylene (all isomers)  92.0 99.96 14 99 
Other Species    99 

 

Trace Gas ‘Destruction Efficiencies’ should be determined on-site by monitoring of the actual race LFG 

concentrations and the engine/flare emissions.  These are required where the emissions of these species are being 

simulated using the ‘Non-Combustion Products’, ‘Combustion Product from Parent’ or ‘Carbon Dioxide Generation’ 

equations.  However, where site-specific data is not available Table 5.13 provides recommended data.  

Additionally, when using the ‘Combustion Product from Parent’ equation, the ‘Destruction Efficiency’ relates to the 

destruction of the parent species and not the generation of the daughter species, i.e. Chlorine in LFG is destroyed 

by a 99% destruction efficiency to form hydrogen chloride. 
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Exhaust Concentrations are required for species that are generated by the combustion process, using the 

‘Combustion Product’ equation.  These concentrations should be determined on-site as the level of emissions will 

depend on the age, capacity, residence time, temperature, air to fuel ratio and level of maintenance.  If site-specific 

data is not available, a number of recommended values are listed in Table 5.13 - 5.15.  The ranges have been 

obtained from Valis (2000) and LQM (2002), and have been supplemented by Environment Agency research data. 

The data are given in normalised format.  To convert the data to actual emission conditions, site-specific stack data 

are required, and these data are input in the Emissions Converter screen.  When site-specific data or converted 

normalised data have been calculated, they can be pasted into the GasSim model overwriting the default values. 

 

The destruction efficiency and source concentration of VOCs should be defined even when you are simulating the 

emissions of these as a ‘Combustion Product’, as GasSim simulates their breakdown to form carbon dioxide.  

 

The flare and engine ‘Downtime’ is the percentage of time that the flare will not operate per year due to routine 

maintenance and breakdown.  This information should obtained from the site operator, alternatively where this 

information is not available a uniform distribution of 3-5% should be used as a default.   

 

Table 5.13:  Trace Gas Emissions for Enclosed Flares (mg/m3)  

 
Species Distribution and Values 
Dioxins and furans (modelled as 2,3,7,8-TCDD) LOGTRIANGULAR (9e-9, 3.1e-8, 3.6e-7) 
Total fluoride (reported as HF) LOG UNIFORM (0.4, 21) 
Total non-methane volatile organic compounds (NMVOCs) LOGUNIFORM(1,30) 
Carbon monoxide LOGTRIANGULAR (26, 294, 2178) 
Total chloride (reported as HCl) LOGUNIFORM (0.5, 36) 
Nitrogen oxides TRIANGULAR(43, 85, 149) 
Sulphur reduced (reported as SO2) UNIFORM (0, 482) 
Benzo(a)pyrene LOGUNIFORM(1E-6,0.0006) 
PM10s UNIFORM(1,10) 

 

Table 5.14:  Trace Gas Emissions for Spark Ignition Engines (mg/m3) 
 
Species Distribution and Values 
Dioxins and furans (modelled as 2,3,7,8-TCDD) LOG UNIFORM (7e-10, 2.3e-6) 
Total fluoride (reported as HF) LOG TRIANGULAR (0.0002, 7, 45) 
Total non-methane volatile organic compounds (NMVOCs) LOG TRIANGULAR(0.0118, 18.1, 90) 
Carbon monoxide LOG TRIANGULAR (508, 1311, 1969) 
Total chloride (reported as HCl) LOG TRIANGULAR (0.0005, 10, 584) 
Nitrogen oxides LOG UNIFORM (330, 2132) 
Sulphur reduced (reported as SO2) LOG UNIFORM (18,402) 
Benzo(a)pyrene LOG UNIFORM (1.1e-12, 9.6e-10) 
PM10s TRIANGULAR (1.2, 4.6, 12.5) 
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Table 5.15:  Trace Gas Emissions for Dual Fuel Engines (mg/m3) 
 
Species Distribution and Values 
Dioxins and furans (modelled as 2,3,7,8-TCDD) LOG UNIFORM (7e-10, 2.3e-6) 
Total fluoride (reported as HF) UNIFORM (1.04, 1.56) 
Total non-methane volatile organic compounds (NMVOCs) UNIFORM (52.8, 79.2) 
Carbon monoxide UNIFORM (1250, 2280) 
Total chloride (reported as HCl) UNIFORM (1.36, 2.04) 
Nitrogen oxides UNIFORM (1200, 1800) 
Sulphur reduced (reported as SO2) UNIFORM (432, 648) 
Benzo(a)pyrene LOG UNIFORM (1.1e-12, 9.6e-10) 
PM10s UNIFORM (26.4, 39.6) 

Tier 1 Screening 

 

GasSim2 uses as the basis for Tier 1 screening the data from the Environment Agency guidance “Screening 

method for emissions to air from landfill sites” (Environment Agency, 2004g).  This provides a number of tables that 

can be used to calculate a ground-level concentration of a gaseous emission at a receptor, based on the 95%ile 

emission rate from the process, its height, and the distance to the receptor.  Separate tables are provided for short-

term and long-term concentrations.  The look-up tables have been developed to be conservative: 

 

• the tables are not directional, so you do not need meteorological data; 

• the tables are essentially based on the 100%ile; 

• the tables are derived from a representative and not extreme wind rose; and 

• the tables evaluate the Environment Agency’s H1 assessment equations. 

 

The lookup tables (Tables 5.16-5.20) provide ground-level concentrations for discrete values of stack heights and 

distances.  GasSim allows the user to define any stack height within a reasonable range, and linearly interpolates 

between the receptor concentrations provided in the tables.  
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Table 5.16:  Maximum Hourly Ground Level Concentration Beyond a Given Distance from a Typical Landfill 

Gas Engine (μg/m3 per g/s emitted) 

 
Height of Gas Engine Stack (m) Shortest distance 

from engine to site 
boundary or 

nearest sensitive 
receptor 

3.5 4 5 6 7 8 9 10 15 20 25 30 

< 50 m 460 380 255 185 135 100 85 75 35 20 15 10 
50 m 330 300 240 185 135 100 85 75 35 20 15 10 

100 m 160 155 140 125 115 100 85 75 35 20 15 10 
150 m 100 100 95 85 80 75 70 60 35 20 15 10 
200 m 75 70 70 65 60 55 55 50 35 20 15 10 
250 m 55 55 55 50 50 45 45 40 30 20 15 10 
300 m 45 45 45 40 40 40 35 35 25 20 15 10 
350 m 40 40 35 35 35 35 30 30 25 15 15 10 
400 m 35 35 30 30 30 30 25 25 20 15 10 10 
450 m 30 30 30 25 25 25 25 25 20 15 10 10 
500 m 25 25 25 25 25 25 20 20 15 15 10 10 

 

Table 5.17  Maximum Hourly Ground Level Concentration Beyond a Given Distance from a Typical Landfill 

Flare Stack (μg/m3 per g/s emitted) 
 

Height of Flare Stack(m) Shortest distance 
from flare to site 

boundary or 
nearest sensitive 

receptor 

4 5 6 7 8 9 10 12 

< 50 m 715 400 285 195 140 105 75 55 
50 m 290 255 215 180 140 105 75 55 

100 m 125 120 110 100 90 80 75 55 
150 m 75 75 70 65 60 60 55 45 
200 m 55 50 50 50 45 45 40 35 
250 m 40 40 40 35 35 35 35 30 
300 m 35 30 30 30 30 30 25 25 
350 m 30 25 25 25 25 25 25 20 
400 m 25 25 20 20 20 20 20 20 
450 m 20 20 20 20 20 20 15 15 
500 m 20 20 15 15 15 15 15 15 
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Table 5.18:  Maximum Annual Mean Ground Level Concentration Beyond a Given Distance from a Typical 

Landfill Gas Engine (μg/m3 per g/s emitted) 

 
Height of Gas Engine Stack (m) Shortest distance from 

engine to site boundary or 
nearest sensitive receptor 3.5 4 5 6 7 8 9 10 15 20 25 30 

< 50 m 19 17 13 11 9.5 8 7 6 3.5 2 1.5 1 
50 m 19 17 13 11 9.5 8 7 6 3.5 2 1.5 1 

100 m 15 14.5 13 11 9.5 8 7 6 3.5 2 1.5 1 
150 m 10 10 9.5 9 8 7.5 7 6 3.5 2 1.5 1 
200 m 7 7 7 6.5 6.5 6 5.5 5.5 3.5 2 1.5 1 
250 m 5.5 5.5 5.5 5 5 5 4.5 4.5 3 2 1.5 1 
300 m 4 4 4 4 4 4 3.5 3.5 3 2 1.5 1 
350 m 3.5 3.5 3.5 3.5 3.5 3 3 3 2.5 2 1.5 1 
400 m 3 3 3 3 3 2.5 2.5 2.5 2 1.5 1.5 1 
450 m 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2 2 1.5 1 1 
500 m 2 2 2 2 2 2 2 2 1.5 1.5 1 1 

 

Table 5.19:  Maximum Annual Mean Ground Level Concentration Beyond a Given Distance from a Typical 

Landfill Flare Stack (μg/m3 per g/s emitted) 

 
Height of Flare Stack(m) Shortest distance from 

flare to site boundary or 
nearest sensitive receptor 4 5 6 7 8 9 10 12 

< 50 m 10.5 7.5 7 6 5.5 4.5 4 3 
50 m 10.5 7.5 7 6 5.5 4.5 4 3 

100 m 8.5 7.5 7 6 5.5 4.5 4 3 
150 m 6 6 5.5 5 5 4.5 4 3 
200 m 4.5 4.5 4.5 4 4 4 3.5 3 
250 m 3.5 3.5 3.5 3.5 3 3 3 2.5 
300 m 3 3 3 2.5 2.5 2.5 2.5 2.5 
350 m 2.5 2.5 2.5 2.5 2 2 2 2 
400 m 2 2 2 2 2 2 2 1.5 
450 m 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
500 m 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

 

Table 5.20 :  Maximum Hourly and Annual Mean Ground Level Concentrations Beyond a Given Distance 

from a Typical Landfill Area Source (μg/m3 per g/s emitted) 

 
Shortest distance from sensitive 

receptor to nearest edge of ground 
level area source 

Maximum hourly ground level 
concentration  

(μg/m3 per g/s emitted) 

Maximum annual mean ground 
level concentration  

(μg/m3 per g/s emitted) 
50 m 8000 165 

100 m 6000 80 
150 m 5000 45 
200 m 4000 35 
250 m 3500 25 
300 m 3000 20 
350 m 2500 15 
400 m 2000 15 
450 m 2000 10 
500 m 1500 10 

 



 -  103 - 

 

Gaseous emissions to air are considered insignificant, and are therefore considered not to require more detailed 

modelling, if: 

 

• long-term ground-level contributions at the considered receptor are below 1% of the long-term 

Environmental Assessment Level (EAL) or Environmental Quality Standard (EQS);  

• short-term contributions are below 10% of the short-term EAL or EQS; and 

• where the ground-level contributions are calculated using the lookup-table method.   

 

GasSim provides default values for EQSs/EALs for a number of gases, provided in Table 5.21, and the user is able 

to edit these values or add values to gases currently not attributed an EQS or EAL. 

 

Table 5.21:  Default EQSs/EALs used in GasSim2 

 
Gas Short-term (mg/m3) Long-term (mg/m3) 
Acetalehyde (ethanal) 9200 370 
Benzene 208 16.25 
Chlorobenzene 70200 2340 
Butadiene (modelled as 1,3-Butadiene) 1320 2.25 
Vinyl chloride (chloroethene, chloroethylene) 1851 159 
Chloroform (trichloromethane) 2970 99 
Methyl chloride (chloromethane) 21000 1050 
para-Dichlorobenzene (modelled as 1,4-Dichlorobenzene) 30600 1530 
Dichloromethane (methylene chloride) 3000 700 
Toluene 8000 1910 
Formaldehyde (methanal) 100 5 
Tetrachloroethylene (Tetrachloroethene) 8000 3450 
Methyl chloroform (1,1,1-Trichloroethane) 222000 11100 
Trichloroethylene (trichloroethene) 1000 1100 
Trimethylbenzene (all isomers) 37500 1250 
Xylene (all isomers) 66200 4410 
Total fluoride (reported as HF) 250 0 
Hydrogen sulphide 150 140 
Carbon monoxide 10000 350 
Carbon disulphide 100 64 
Carbon tetrachloride (tetrachloromethane) 3900 130 
Total chloride (reported as HCl) 800 20 
Nitrogen oxides 200 40 
Sulphur reduced (reported as SO2) 350 50 
Benzo(a)pyrene 0 0.00025 
PAH (reported as Naphthalene) 8000 530 
Ethanethiol (ethyl mercaptan) 520 13 
Methanethiol (methyl mercaptan) 300 10 
Dichlorofluoromethane 12900 430 
Chlorodifluoromethane 1077000 35900 
Trichlorofluoromethane 714000 57100 
Dichlorodifluoromethane 628000 50300 
1,1-Dichloroethane 165000 8230 
Acetone 362000 18100 
Acrylonitrile 264 8.8 
Butane 181000 14500 
Chloroethane 338000 27000 
Ethanol 576000 19200 
Ethylbenzene 55200 4410 
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Gas Short-term (mg/m3) Long-term (mg/m3) 
Hexane 21600 720 
Mercury 7.5 0.25 
t-1,2-Dichloroethene 101000 806 
Nitric acid 1000 52 
PM10s 50 40 
Phenol 3900 200 

Meteorological Data 
 

There are two options of meteorological data to use within GasSim, default data or user-defined data, which are 

discussed below: 

GasSim Default Meteorological Data 
 

The default data sets have been produced by the Environment Agency Air Quality and Modelling Assessment Unit 

(AQMAU) using AERMET.  A default dataset is available for most of the Environment Agency Areas in England 

and Wales.  Figure 5.1 below identifies the Environment Agency Areas.  Data are not provided for Areas where 

complex terrain makes a default wind rose difficult, so a number of the northern areas are not included, and the 

data for the Welsh Areas should only be used where simple terrain exists and the wind rose appears 

representative. 

 

The meteorological data is contained within two files, .sfc and .pfl files.  The user is only asked to identify which .sfc 

file is required.  The corresponding .pfl file is automatically loaded.  
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Figure 5.1:  Environment Agency Regions (England and Wales) 
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The windroses for each of the default meteorological datasets are shown in Figure 5.2 below. 
Anglian Region: Central Anglian Region: Eastern 

 
 
Anglian Region: Northern Midlands Region: Lower Severn 

 
 
Midlands Region: Lower Trent Midlands Region: Upper Severn 

 
 
Midlands Region: Upper Trent North East Region: Dales 

 
Figure 5.2:   Windroses for Default Meteorological Datasets 
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North East Region: Northumbria North East Region: Ridings (East) 

 
North East Region: Ridings (West) North West Region: South (West) 

 
 
Southern Region: Hampshire Southern Region: Kent 

 
 
Southern Region: Sussex South West Region: Cornwall 

 
Figure 5.2:   Windroses for Default Meteorological Datasets (continued) 
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South West Region: Devon (North) South West Region: Devon (South) 

 
 
South West Region: North Wessex South West Region: South Wessex 

 
 
Thames Region: (North & South) East Thames Region: West 

 
 
EA Wales: North (East) EA Wales: North (West) 

 
 
Figure 5.2:   Windroses for Default Meteorological Datasets (continued) 
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EA Wales: South East EA Wales: South West 

 
 
 
Figure 5.2:   Windroses for Default Meteorological Datasets (continued) 
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User Defined Meteorological Data 
 

In some cases it may not be appropriate to use the default data available within GasSim2.  For example if the 

windrose in the vicinity of the site is not adequately represented by the default windrose for the area, or if more 

appropriate site-specific data are available.   

 

GasSim2 can accept user defined meteorological data that has been pre-processed using the AERMOD 

meteorological pre-processor AERMET.  AERMET provides a meteorological pre-processor, which organises 

meteorological data suitable for import into GasSim.  In order for site-specific meteorological data to be used, 

hourly data are required for input into AERMET.  More information regarding AERMET can be found within the 

‘Users Guide for the AERMOD Meteorological pre-processor (AERMET)’, USEPA, November 1998. 

Background Air Quality Concentrations 

 

Background air quality data, required by GasSim2, can be obtained direct from local authorities.  Another useful 

source of air quality data is the NETCEN Local Air Quality Management website 

(http://www.airquality.co.uk/archive/laqm/tools.php?tool=background).  Other sources of background data may also 

be available.  The user must verify that the background data are suitable prior to use within GasSim.   

GasSim2 requires background air quality concentrations to be input in µ g/m3. 

Odour Modelling using the Atmospheric Dispersion Module 

 

GasSim can simulate the dispersion of odour in two ways, by atmospheric dispersion of 1) individual odorous 

species and 2) the overall odour concentration, expressed in odour units per cubic metre.  The odour threshold can 

be used to determine the point at which the odour is no longer detectable for the selected species.  Values of the 

odour thresholds of the species of odorous trace gases in GasSim are provided in Table 5.22 below.  These values 

have been taken from AEA Technology (1994), AERC (2000) and Devos et al. (1990).  It should be noted that 

there are combinations of compounds that may exhibit either synergistic or antagonistic effects on the overall odour 

unit value.  This factor has not been taken into account in the model, but is considered to be a relatively minor 

consideration with most landfill gas mixtures. 

 

Table 5.22:  Odour Thresholds for Odorous Trace Gases 

 
Compound Odour Thresholds* (mg/m3) 
Carbon disulphide 7.0×10-1 
Diethyl disulphide 3.0×10-4 
Dimethyl disulphide 4.0×10-3 
Dimethyl sulphide 3.7×10-3 
Ethanethiol 4.6×10-4 
Hydrogen sulphide 1.0×10-4 

Limonene   2.0×10-2 
Methanethiol 2.0×10-4 
Propanethiol 1.4×10-4 
Toluene 7.0×10-1 
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Compound Odour Thresholds* (mg/m3) 
Xylene 5.4×10-1 
Odour Units 1.0 (Ou) 
* Odour Thresholds Best Estimate Reported Value (AEA, 1994 and 1997) Manual on Odour Assessment - AEA Technology 1997.  Guidance on 
the emissions from different types of landfill gas flares.  Report No. CWM 142/94A and Odour Measurement and Control An Update – AEA 
Technology 1994 (AEA/CS/REMA-038).  Devos M., Patte F., Rouault J., Laffort P. & Van Gemert L.J.  (1990) Standardized human olfactory 
thresholds.  Oxford University Press. 

  

GasSim also allows the dispersion of odour units.  The source term contains an estimate of the quantity of odour 

units in LFG.  This is destroyed at 99% efficiency in the gas management plant, but is not destroyed through 

surface emissions.  An Odour Unit (as defined in the European standard:  Air Quality – Determination of odour 

concentration by dynamic olfactometry) is the amount of (a mixture of) odorants present in one cubic metre of 

odorous gas (under standard conditions), which can be detected by 50% of the members of an odour panel. 

Lateral Migration 

 

‘Lateral Migration’ is simulated using an advection-diffusion equation, with the advection term calculated from the 

lateral emissions from the landfill, and diffusion from the limiting permeability of the liner, coupled with the 

‘Geosphere’ ‘Moisture Content’ and ‘Geosphere’ ‘Porosity’ data inputted within the ‘Landfill Characteristics’ screen, 

and the ‘Air Diffusion Coefficient’ inputted on the lateral migration screen.  The first three parameters depend on 

the medium through which the gas is travelling and therefore should be determined on a cell-specific basis or 

should be obtained for a hydrogeological textbook.  The ‘Air Diffusion Coefficient’ for each of the default species 

simulated by GasSim2 is provided in Table 5.23.   

 

Table 5.23:  Air Diffusion Coefficients for GasSim Species  

Species Air Diffusion Coefficient (cm2/s) 
1,1,1-tricloroethane 0.0780 
1,1,2,2-tetrachloroethane 0.0710 
1,1-dichloroethane 0.0742 
1,2-dichloroethane 0.1040 
1,3-butadiene 0.1020 
1,4-dichlorobenzene (o-dichlorobenzene) 0.0690 
Acetaldehyde (ethanal) 0.1235 
alpha-Chlorotoluene (Benzyl chloride) 0.0775 
Benzene 0.0880 
Butene isomers (1-butene) 0.0977 
Carbon dioxide 0.1613 
Carbon disulphide 0.1080 
Carbon monoxide  0.2013 
Carbon tetrachloride 0.0780 
CFC (Total) 0.0856 
CFC-11 (trichlorofluoromethane) 0.0846 
CFC-112 (1,1,2,2-tetrachlorodifluoroethane) 0.0609 
CFC-113 (1,2,2-trichlorotrifluoroethane) 0.0720 
CFC-114 (1,1-dichlorotetrafluoroethane) 0.0778 
CFC-114 (1,2-dichlorotetrafluoroethane) 0.0778 
CFC-115 (chloropentafluoroethane) 0.0866 
CFC-12 (dichlorodifluoromethane) 0.0938 
CFC-13 (chlorotrifluoromethane) 0.1072 
Chlorobenzene 0.0730 



 -  112 - 

 

Species Air Diffusion Coefficient (cm2/s) 
Chloroethane (ethyl chloride) 0.1085 
Chloroethene (vinyl chloride) 0.1126 
Chloroform (trichloromethane) 0.1040 
Chloromethane (methyl chloride) 0.1724 
Dichloromethane (methylene chloride) 0.0990 
Dimethyl disulphide 0.0898 
Ethyl methylbenzene (Ethyl toluene) 0.0796 
Formaldehyde (methanal) 0.1591 
Halon (Freon 113B2) (1,2-dibromo-1-chlorotrifluoroethane) 0.0649 
Halon 1202 (dibromodifluoromethane) 0.0602 
Halon 1211 (bromochlorodifluoromethane) 0.0849 
Halon 1301 (bromotrifluoromethane) 0.0982 
Halon 2402 (1,2-dibromotetrafluoroethane) 0.0690 
Halons 0.0793 
HCFC (Total) 0.097 
HCFC-124 (chloro-1,1,2,2,-tetrafluoroethane) 0.0872 
HCFC-147 (1-chloro-1,1-difluoroethane) 0.0920 
HCFC-21 (dichloromonofluoromethane) 0.0976 
HCFC-22 (chlorodifluoromethane) 0.1102 
HFC-134a (1,1,1,2-tetrafluoroethane) 0.1000 
HFC-236fa (1,1,1,3,3,3-hexafluoropropane) 0.0876 
Hydrogen chloride 0.1763 
Hydrogen fluoride 0.2081 
Hydrogen sulphide 0.1623 
Methane 0.2192 
Naphthalene 0.0590 
Nitrogen dioxide 0.1190 
Nitrous oxide 0.2276 
PAH - benzo(a)pyrene 0.0430 
PCDDs (2,3,7,8 dibenzo-p-dioxin) 0.0642 
PCDFs  (dibenzofuran) 0.0672 
Pentene isomers (1-pentene) 0.1999 
PFC (perfluorobutane) 0.0680 
PFC (perfluorocyclobutane) 0.0741 
PFC (perfluoro-n-hexane) 0.0511 
PFC (perfluoropentane) 0.0592 
PFC-116 (perfluoroethane) 0.0952 
PFC-218 (perfluoropropane) 0.0787 
Sulphur dioxide 0.1289 
Sulphur trioxide 0.1205 
Tetrachloroethene (tetrachloroethylene) 0.0720 
Toluene  0.0870 
Trichloroethylene (TCE) 0.0790 
Trimethylbenzene (1,2,3-trimethylbenzene) 0.0619 
Xylene isomers (o-xylene) 0.0684 
 

The selection of a receptor or the ‘Maximum Distance’ determines the extent at which GasSim2 will simulate lateral 

migration; increasing the distance will increase the simulation time.  Should a receptor not be selected, we 

recommend that the maximum distance is initially set at 100 m and then refined once the initial simulation has been 

run.  
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Exposure/Impact Model 

Long-Term Off-Site Exposure 

 

The main role of the Exposure module in GasSim2 is to act as a screening tool for assessing long-term (chronic) 

off-site exposure of members of the public to landfill gas trace constituents arising from terrestrial lateral migration 

and atmospheric dispersion.  The exposure module takes the 95%ile concentration of the component in question 

(in mg/m-3) from the lateral migration module and the 100%ile from the Tier 1 screening module and applies the 

exposure rules (as set out in Chapter 6).  GasSim2 uses the Tier 1 values for several reasons.  Modelling requires 

many years to be considered, and so speed of processing the data is important. Because exposure is a chronic 

(long-term) assessment, and because there is little difference in GasSim between the 95% and 100%ile in terms of 

atmospheric dispersion, this small overestimate is considered reasonable for most purposes. 

 

The choice of critical receptor, together with related issues such as exposure duration and averaging time is a 

matter of policy as well as science, and varies from country to country.  It may also vary with the nature of the 

contaminant, for instance whether or not it has threshold or non-threshold effects.  In this release of GasSim, land 

use (exposure) scenarios, exposure factors and exposure pathways are fixed according to UK policy and are not 

therefore user editable.  Contaminants and environmental factors such as soil type and building construction 

methods are site-specific and therefore may be user defined. 

Exposure Scenario Options 
 

The Exposure Scenario Options screen offers four off-site Exposure Scenarios: 

 

• residential with plant uptake (this is the default residential conceptual model); 

• residential without plant uptake (this conceptual model typically applies to households with no private 

garden or nearby managed open space who do not grow their own vegetables, and should only be used if 

there are clear physical or administrative reasons for not using the (more conservative) default residential 

conceptual model); 

• allotment (for home consumption of produce); and 

• commercial and Industrial (this is the default office/factory conceptual model); 

 

These scenarios are fully described in the CLEA user manual (DEFRA and Environment Agency, 2002).  In 

GasSim, the user is required to specify the year(s) of interest for the exposure assessment.  

 

In the UK, the critical receptor for the residential and allotment scenarios is a child between the ages of 0 – 6 years, 

and so because landfill gas generation is time dependent, the most conservative assumption for the timeframe over 

which the exposure assessment should be made will probably be the period 3 years either side of the date filling is 

complete, as this will coincide with highest rates of gas production and most likely the periods of utilisation and 

flaring of gas.  Other exposure timeframes may also be chosen, e.g. to assess exposure in later years after gas 



 -  114 - 

 

control schemes have been decommissioned.  For the Commercial and Industrial scenario, the critical receptor is 

the female worker and the assessment period is the entire working life exposure, from 16 – 59 (i.e. 43 years).  In 

this case, the most conservative assessment of exposure will (for most landfills) be from the start of filling of the 

site for a period of 43 years.  Only landfills with a filling period greater than 30 years are likely to require a different 

assessment period – e.g. 22 years either side of completion of filling – but because fill rates may differ significantly 

in different years, this should be chosen according to the gas generation profile. 

 

The user selects the receptor of interest, which has been previously defined on the input screen for the 

atmospheric dispersion module or the Tier 1 screening module.  Both the distance and the direction are calculated 

within the model.  

 

The user has the choice of which component to assess for exposure.  All components in the GasSim trace gas 

component database may be constructively considered under Exposure Assessment with the exception of the 

following: 

 

• CFCs, HCFCs, halons etc., which have global environmental impacts rather than human exposure impacts; 

• bulk gases, i.e. carbon dioxide, methane, etc., which have known short-term physiological effects and 

which would cause acute symptoms (including asphyxiation) long before any long-term exposure effects 

might be recognised; and 

• bulk engine and flare emissions (NOx, SOx, HCl, HF), which would be controlled by air quality standards. 

 

Gas viscosity and dimensionless Henry’s Law constants are provided from the trace.dat database.  These can be 

overwritten if required. 

 

Soil type is a factor that can affect exposure from volatiles transported by lateral migration.   Four soil types are 

modelled and the type (sandy, loam, clay or organic) that most resembles their site conditions must be selected by 

the user.  The modelled soil parameters, which are agreed as policy in the UK (and therefore not user editable), are 

stated in Chapter 6.  It should be noted that if soil type is not known, then a sandy soil is the most conservative 

option available.  Soil organic matter can affect the behaviour of some species, and a default of 5% is 

recommended unless this is known.  

 

The wind speed immediately above the ground surface in the ambient mixing zone can affect vapour 

concentrations in the model.  A value of 12 cm s-1 is that recommended for consistency with the CLEA model.  

 

The depth below ground to the contaminated source zone is likely to be very shallow in most cases, and the model 

does not represent lateral migration in 2 dimensions (so flow in a particular geological medium is not represented).  

The depth below the ground to the contaminated source zone should, for the purposes of simulation of exposure, 

be set to 1 m if lateral migration occurs within the host geology, or 0.01 m if it takes place entirely in the soil zone. 
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Building Characteristics 
 

The Building Characteristics dialogue box allows the user to define the size and design of the building for the 

Residential and Commercial and Industrial scenarios.  This provides the user with more flexibility than the default 

buildings that are hard coded into the CLEA model (DEFRA and Environment Agency, 2002).  It should be noted 

that if the user wishes to use the same building characteristics as the CLEA model, these are given below 

(Table 5.24) and also in CLR10 (DEFRA and Environment Agency, 2002).   

 

Table 5.24:  Building Characteristics 

Building Characteristics Units Residential scenarios Industrial & Commercial 
scenarios 

Area of walls in living space m2 186 (solid floor) 
165.8 (suspended floor) 

379.5 (solid floor) 
350 (suspended floor) 

Area of windows/doors m2 20 40 
Area of floor m2 74.1 1000 
Height of living space m 5.4 (i.e. two storeys) 3 

Air exchange rate (total exchanges 
per hour in living area)* 

- 
1 (solid floor) 

0.564 (timber susp. floor) 
1 (concrete susp. floor)  

 
1 (all floor types) 

Perimeter of building m2 34.4 126.5 
Length over which suction flow is 
effective 

m 0.5 0.5 

Air pressure inside building Pa 101321.5 101321.5 
Subfloor air exchange rate (total 
exchanges per hour) 

- 2.638 (timber susp. floor) 
3 (concrete susp. floor) 

3 (all floor types) 

Area of house walls in cellar m2 6.88 0 
Height of subfloor void m 0.5 0.5 
Air pressure inside subfloor void Pa 101325 101325 
Temperature inside house** C 19 19 

Floor resistance to air flow *** Nh m-3 
27.8 (timber susp. floor) 

139 (concrete susp. floor and 
default for solid floor) 

27.8 (timber susp. floor) 
139 (concrete susp. floor and 

default for solid floor) 
Average height of all openings m 2 2 
Notes 
 *. Environment Agency research has recently suggested rates may lie between 0.21 – 1.04 (Ian Martin, personal communication, 2002). 
 **. External temperatures are assumed to be 10 C in winter, 19 C in summer. 
 ***. The floor resistance to air flow is used to calculate the linear resistance, which represents the relationship between pressure drop and 
laminar air flow through a floor that is observed at the small differential air pressures typical of natural ventilation. The value of linear resistance, 
R, can be calculated for different sized buildings using the relationship R = G/A where G is the floor resistance to airflow and A is the floor area. 
This, in turn (see Chapter 6) is used to calculate the winter and summer airflow rates through the floor, which are specified explicitly in CLR10 
for the default buildings in CLEA (DEFRA and the Environment Agency, 2002). Using the floor resistance to airflow term, we are able to specify 
different building footprints and therefore calculate building-specific airflow rates through the floor. 

 

The air exchange rate is a significant controlling factor on exposure and the default values given above should be 

used unless there are strong reasons not to use this (at which point agreement with the regulator over changing 

this variable should be obtained).  The temperature difference between indoor and outdoor air is typically 9 o – 12 o 

C in winter and 0o C in summer.  

 

The total porosity, air-filled porosity, and thickness of the possible building materials, which are used in the 

buildings, are provided as defaults in GasSim.  These values are presented below in Table 5.26.  It is unlikely that 

the user will want to change any of these parameters, except possibly that of thickness. 
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Table 5.25 :  Building Materials:  Porosities and Thicknesses  

Building Material Thickness (m) Total Porosity (cm3 cm-3) Air-filled Porosity 
(cm3 cm-3) 

Hardcore 0.1 0.5 0.25 
Blinding Sand 0.05 0.5 0.5 
Concrete 0.1 0.068 0.034 
Insulating layer (floors) 0.05 0.9 0.9 
Brick (external walls) 0.1 0.5 0.25 
Lightweight block 0.1 0.068 0.068 
Insulating layer (walls) 0.055 0.9 0.9 
Plasterboard (ceiling) 0.0125 0.068 0.068 
Insulating layer (roof) 0.1 0.9 0.9 
Screed 0.05 0.068 0.068 
Suspended timber floor 0.03 0.2 0.2 

 

Table 5.26 :  Log Kow and Henry’s Law Constant Values  

 

Species Log Kow Henry’s Law Constant (Dimensionless) 

Acetaldehyde (ethanal) -0.17 0.0032 
Acetone   
Acrylonitrile   
Benzene 2.13 0.23 
Benzo(a)pyrene 6.11  
Butadiene  
(modelled as 1,3-butadiene) 

1.99 7.3 

Benzyl chloride (chlorobenzene)  0.0021 
Butane   
Butene isomers (1-butene) 2.40  
Carbon disulphide  1.2 
Carbon monoxide  0.00139 
Carbon tetrachloride 
(tetrachloromethane) 

2.73 1.2 

Chlorodifluoromethane 1.08  
Chlorotrifluoromethane 1.65  
Chloroethane   
Chloroform (trichloromethane) 1.92 0.15 
para-Dichlorobenzene  
(modelled as 1,4-dichlorobenzene) 

3.42 0.1 

Dichlorodifluoromethane   
1,1-Dichloroethane 1.79  
1,2-Dichloroethane 1.47 0.04 
Dichlorofluoromethane   
Dichloromethane  
(methylene chloride) 

1.40 0.09 

Dimethyl disulphide 1.77 0.147 
Dioxins and furans  
(modelled as 1,1,2,2-tetrachloroethane) 

4.30  

Ethanethiol (ethyl mercaptan)   
Ethanol   
Ethylbenzene  0.318 
Ethyl toluene  0.526 
Formaldehyde (methanal) 0.35 0.0477 
Halons 2.18  
Hexachlorocyclohexane  
(all isomers) 

 0.00021 



 -  117 - 

 

Species Log Kow Henry’s Law Constant (Dimensionless) 

Hexane   
Hydrogen sulphide   
Mercury   
Methanethiol (methyl mercaptan)   
Methyl chloride (chloromethane) 0.91 0.98 
Methyl chloroform  
(1,1,1 trichloroethane) 

2.48 0.75 

Methyl ethyl ketone  
(2-butanone)  

  

Methyl isobutyl ketone    
Nitrogen oxides (except N2O) 

(reported as NO2) 
  

Pentene isomers (1-pentene) 2.66  
Phenol   
Polycyclic aromatic hydrocarbons 
(PAHs) (modelled as naphthalene) 

3.42 0.05 

2-Propanol   
Sulphur reduced (reported as SO2)  3.12E-06 
Tetrachloroethane (modelled as 
 1,1,2,2-tetrachloroethane) 

2.39  

Tetrachloroethylene 
(tetrachloroethene) 

2.67 0.014 

1,1,2,3-Tetraflourochloroethane 1.86  
Toluene 2.75 0.71 
Total chloride (reported as HCl)  0.137 
Total fluoride (reported as HF) 0.23  
Trichlorobenzene  
(all isomers) 

 0.27 

1,1,1-Trichloroethane   0.75 
Trichloroethylene 
(trichloroethene) 

2.71 0.058 

Trichlorofluoromethane 2.66  
Trimethylbenzene (all isomers) 3.42 0.42 
Vinyl chloride  
(chloroethene, chloroethylene) 

1.50 1.1 

Xylene  
(all isomers) 

3.15 0.3 

Global Impact 

 

The compounds used to determine the ‘Global Warming Potential’ (GWP) and ‘Ozone Depletion Potential’ (ODP) 

can be defined by the user.  However, a number of GWPs and ODPs for species commonly of interest have been 

included as defaults (Table 5.28).  The theory behind this is discussed in Chapter 6.  
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Table 5.27:  Ozone Depletion and Global Warming Potentials 

 

Species CFC/HCFC No. Ozone Depletion 
Potential 

Global Warming 
Potential 

Carbon dioxide   1 
Methane   21 
Chloroform    4 
Dichloromethane (methylene chloride)   9 
1-Chloro-1,1-difluoroethane HCFC-142b 0.065 2300 
Chlorodifluoromethane HCFC-22 0.055 1900 
Chlorofluoromethane HCFC-31 0.020  
2-Chloro-1,1,1-trifluoroethane HCFC-133a 0.060  
Chlorotrifluoromethane CFC-13 1.0 14000 
Dichlorodifluoromethane CFC-12 1.0 10600 
Dichlorofluoromethane HCFC-21 0.040  
1,1,1,2-Tetrafluorochloroethane HCFC-124 0.02-0.04 620 
Trichlorofluoroethane (freon 113) HCFC-131 0.007-0.050  
Trichlorofluoromethane CFC-11 1.0 4600 
Trichlorotrifluoroethane CFC-113 0.8 6000 
1,1,1- Trichlorotrifluoroethane CFC-113 0.80 6000 
Form DTER – Climate Change -draft UK Programme (2000), Stoddart et al 1999 and WMO (1998)  
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6. THEORY BEHIND GASSIM2 
 

This chapter contains the assumptions made, the equations used and any simplifications adopted in the 

development of GasSim2. 

Overview of the Model and Model Theory 

General 
 

A complete LFG risk assessment follows a source-pathway-receptor methodology that is simulated in GasSim2 by 

various modules (see Figure 6.1): 

 

• landfill characteristics (source term). 

 

o infiltration; 

o waste source term; 

o landfill cap and liner engineering; 

o cap oxidation of methane; and 

o gas management. 

 

• environmental transport (pathway). 

 

o Tier 1 screening; 

o Tier 2 atmospheric dispersion; and 

o lateral migration. 

 

• exposure/impact (receptor). 

 

o Global Impact; and 

o Human exposure. 

 

GasSim2 considers the uncertainty in processes, models and parameters, focusing on the impact of landfill gas on 

the identified receptors.  GasSim2 does not simulate the catastrophic impacts associated with inundation of 

floodwater, earthquake or collapse of underlying mine workings.  Additionally, GasSim2 has a minimum time step 

of one year and therefore cannot simulate lateral migration associated with sudden drops in atmospheric pressure 

or acute exposure resulting in asphyxiation or other acute health effects.  GasSim2 does, however, assess short-

term exposure by the atmospheric dispersion pathway. 

 

In this chapter we discuss the processes and models that produce the equations coded into GasSim2.  GasSim2 does 

not consider the movement of landfill leachate or LFG dissolved in water, only LFG generation, utilisation, movement 
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and impacts/exposure are considered in the model.  GasSim2 produces possible concentrations of species in LFG and 

simulates their transport. 

 

 

Figure 6.1:  GasSim Modules 

 

The GasSim2 modules are able to: 
 

• calculate the moisture content of the waste from the infiltration rate, leachate conditions, waste hydraulic 

properties and hydrogeological characteristics; 
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• calculate the LFG generation rate for bulk gases (CH4, CO2, H2) using the waste quantity, 

breakdown/composition, the rate of decay, moisture content and the emission ratio of CH4 to CO2;  

 

• calculate the trace gas concentrations by determining the volume of bulk gas generated, the concentration of 

trace gas monitored in 1 m3 of LFG and the half-life of trace gases; 

 

• calculate the volume of gas that is utilised by flares and engines, and thus determine the emissions from these 

processes and the uncontrolled emissions through the liner and cap;  

 

• simulate biological methane oxidation, including or excluding the presence of fissures in the cap; 

 

• calculate the migration of the gas from lateral emissions through the unsaturated pathway; 

 

• determine the potential for vegetation stress adjacent to the landfill; 

 

• calculate the atmospheric dispersion of flare, engine and surface emissions; 

 

• determine the potential for the emissions of odorous compounds and odour units and their atmospheric 

dispersion; 

 

• simulate the generation of hydrogen sulphide for the quantities of carbon, calcium sulphate and iron deposited; 

 

• determine the risk to the global atmosphere; 

 

• determine the exposure of the most sensitive receptor for four exposure pathways, including factors such as 

plant uptake and the migration of gas into buildings; and 

 

• estimate PI emissions.  

Model Operation 
 

GasSim2 considers the landfill as a series of cells.  These can exhibit different gas generation properties due to different 

waste types and rates of filling as different emissions characteristics dependent upon capping, gas collection, and the 

relationship between adjacent cells.  

 

The source term determines the generation of LFG for an individual site based on the mass of waste deposited and the 

waste composition of the waste stream or streams.  The waste is degraded following a first-order decay model that 

calculates the LFG generation for up to 200 years using multi-phase equations.  The emission model takes this output 

and uses it to calculate the LFG emission of bulk and trace gases to the environment after allowing for LFG collection, 

flaring, utilisation (energy recovery), and biological methane oxidation.  This calculation is undertaken by using 



 - 124 - 

 

information on the site gas collection system, flare, engine, and engineered barriers (cap and liner), if present.  It is 

assumed that LFG generated and not collected is in equilibrium and will be emitted from the landfill cap or liner at a 

steady state.  Additionally, the model calculates the concentrations of other major and trace gases emitted from the 

landfill surface, landfill sides, flares and engines.   

 

The environmental transport equations simulate the dispersion of emitted LFG via both atmospheric dispersion and 

lateral migration.  Atmospheric dispersion is modelled to determine the concentration of the species in the air for a given 

hour or for an annual average exposure.  GasSim2 simulates off-site dispersion using AERMOD, assessing the impact 

of emissions from engines, flares and the landfill  surface.   

 

Lateral migration simulates the transverse migration of landfill gas through the unsaturated subsurface by advection and 

diffusion.  The geosphere has been simplified into one zone, which is simulated using a conservative 1-dimensional 

linear pathway to provide the maximum concentration at a given point.  The gas concentrations along the pathway are 

then used to determine the potential for vegetation stress and the exposure to humans, including the migration into 

buildings.  

 

The impact to the global atmosphere is assessed by determining the global warming potential and ozone depletion 

potential of the emissions.  Human exposure from gases in the atmosphere and lateral migration is determined for 

critical groups using four pathways: 

 

• residential with plant uptake; 

• residential without plant uptake; 

• allotments; and 

• commercial and Industrial. 

Source Term 

Waste Moisture Content 
 

GasSim2 calculations begin with the determination of the waste moisture content.  GasSim2 assumes that the 

waste moisture content is derived from infiltration through the landfill cap or uncapped landfill surface, leachate 

conditions, the waste hydraulic properties and hydrogeological characteristics (as detailed in Chapter 3).  GasSim2 

assumes that the infiltration rates and leachate levels are cell-specific.  It is not necessary to allow for daily or 

seasonal variations in infiltration or leachate head because the effect of these will be smoothed out since the 

smallest time step of the model is one year.  The determination of the effect of infiltration and drainage systems on 

the depth of the leachate head is beyond the scope of GasSim2 and therefore this should be determined before 

running GasSim2, perhaps using a model like LandSim.  The infiltration rate through the landfill cap is dependent 

on the effective rainfall and cap design.  The determination of the infiltration rate is also beyond the scope of 

GasSim2. 
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Precipitation, and therefore, infiltration through the capped and uncapped area of the landfill generally follow a 

normal distribution, therefore a mean value and a standard deviation are required to define the distribution.  This 

information can be obtained from Meteorological Office records or the on-site meteorological station.  
 

The waste moisture content, free void space, and the effective saturation of the waste are determined by using a 

relatively simple water balance calculation (Figure 6.2).   

 

 

 

Figure 6.2:  Waste Moisture Content Calculation 

 

The model then defines different categories of the waste moisture content: 

 

• saturated - greater than 80% v/v moisture; 

• wet - greater than 60% (v/v) moisture;  

• average - greater than 30% and less than 60% moisture; and 

• dry - less than 30% (v/v) moisture. 

 

Alternatively, if the waste moisture content is known the moisture category can be entered directly.  However, the 

determination of the waste moisture content should be carried out with care, as this is a key factor controlling the 

waste degradation and thus LFG production, as it is used to determine the waste degradation constants used.  

 

This approach can be bypassed and the waste moisture content and hence waste degradation rates can be 

selected by the user.  This is the typical way in which a GasSim2 model is calibrated against site data. 
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Landfill Gas Generation 
 

Gas generation is determined using a multi-phase first order LFG generation equation, developed by the HELGA 

framework (Gregory et al., 1999) (Figure 6.3).  This was originally based on the model developed by Hoeks and 

Oosthoek (1981) and Zanten and Scheeps (1996).  However, the GasSim2 multi-phase equation is a significant 

improvement on these as it can: 

 

• define precisely the mix (breakdown), composition and moisture content of waste in the landfill site; 

• calculate LFG generation based on the degradation rates of the individual materials in the landfilled waste; and 

• calculate LFG generation on a cell-by-cell basis. 

 

These additions make the GasSim2 multi-phase equation highly flexible and allow it to be tailored to individual landfill 

sites, taking account of specific waste streams, filling/deposition rates and environmental conditions.   

 

The source model has two main processes that are initially identical, irrespective of the decay equation: 

 

• defining the waste in the landfill site; and 

• calculating carbon available for decay from a specified mass of waste. 

 
 

 

Figure 6.3:  Bulk Gas Source Term Model 

Defining the Waste Mass and Volume 

 

GasSim2 simulates the landfilling process by the user defining the year that deposition commenced, and then entering a 

mass of waste disposed for each operational year.  Simulating the gas generation using the multi-phase equation also 
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requires the breakdown of the waste using the various waste streams (described below) to be defined for each year of 

deposition.  

Defining the Waste 

 

The breakdown and composition of the waste within the landfill site will affect the rate of generation and total yield of 

LFG produced, which is determined by the mass and degradability of the cellulose and hemi-cellulose in the waste.  

However, the ultimate degradability of cellulose polymers differs between waste materials.  Different biodegradable 

materials have different quantities of cellulose and hemi-cellulose, and different waste streams have different 

compositions (as discussed in Chapter 3).  Therefore, GasSim2 uses the total waste composition of the different waste 

streams to determine the mass and degradability of cellulose and hemi-cellulose (discussed below). 

 

GasSim2 only models the decay of cellulose and hemi-cellulose, which are known to make up approximately 91% of the 

degradable fraction of non-source-separated MSW (Barlaz et al., 1989). It ignores other potentially degradable fractions 

that do not contribute significantly, e.g. protein and lipids that normally make up only a small proportion of MSW. 

 

The user characterises the waste deposited by defining the proportion/breakdown of the waste in different default waste 

streams or by defining their own waste streams, each year for the duration of filling.  

Defining the Emissions Ratio 
 

The ratio of methane to carbon dioxide in LFG is used to determine the quantity of methane and carbon dioxide 

produced by methanogenic decay, which is a site-specific parameter and therefore is user defined. 

Data Manipulation 

GasSim2 Multi-phase Equation 

GasSim2 uses the data above to calculate the: 

 

• percentage of each component in the waste; 

• dry weight of each fraction; 

• dry weight of the waste; 

• cellulose and hemi-cellulose content of the waste; 

• degradable carbon content of the waste; 

• fraction of rapidly, moderately and slowly degradable carbon in the waste; 

• conversion of carbon to LFG; and 

• LFG (methane, carbon dioxide and hydrogen) production from the waste (hourly, yearly and cumulatively). 

 

This calculation is undertaken by combining the waste streams into a yearly waste source.  Each waste stream is 

divided into components, i.e. the proportion of paper, garden waste and non-degradable waste.  The composition and 
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the waste moisture content of each fraction are then used to calculate the weight of each component and the total 

amount of waste deposited each year. 
 

The yearly cellulose and hemi-cellulose content of the waste is then determined, using the make up of the waste 

fractions along with the proportion of the waste that can degrade.  The waste is also partitioned into three fractions that 

are degraded at different rates (Table 6.1), depending on the degree of lignification of cellulose in the material: 

 

• waste that degrades slowly; 

• waste that degrades at a moderate rate; and 

• waste that degrades rapidly. 

 

The dry weight of carbon available for degradation for each fraction is determined for each year. 
 

The model then assumes the each fraction degrades by first order decay at a specific rate.  This allows putrescible 

waste to be degraded at a faster rate than wood or paper. 

 
Table 6.1:  Degradation Rate Assigned to Each Waste Fraction 
 
Degradability Fraction 

Rapid 

Incinerator Ash 
Sewage Sludge 
10 mm fines 
Other putrescibles 
Garden Waste 

Moderate 
Composted Organic Material 
Other misc. Combustibles 
Disposable Nappies 

Moderate/Slow 

Wood (75% / 25%) 
Other Card (25% / 75%) 
Card Packaging (25% / 75%) 
Liquid Cartons (25% / 75%) 
Other Paper (25% / 75%) 
Magazines (25% / 75%) 

Slow Newspapers 
Textiles 

Biodegradation 

 

GasSim2 simulates biodegradation during the aerobic (acetogenic) and anaerobic (methanogenic) stages.  This is 

carried out individually for each year of waste deposition with the results of all the deposition years aggregated 

before reporting. 

 

To allow the generation of hydrogen to be simulated aerobic (acetogenic) degradation has been included.  This is 

carried out by the rapid acetogenic decay of 1% of the waste deposited in the year.  The remaining 99% of the 

waste is degraded methanogenically, as discussed below.  In the second and subsequent years this waste is only 

degraded methanogenically.  The default value of 1% of the waste degrading acetogenically was validated using 
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the HELGA framework (Gregory et al., 1999), with this producing a maximum concentration of H2 in LFG of around 

10%, which fits with the work of Farquhar and Rovers (1973). 

 

Under anaerobic (methanogenic) degradation, GasSim2 assumes that the degradable cellulose and hemi-cellulose 

are converted to carbon available for degradation.   

LFG Production 

 

The production of LFG is determined from the mass of available carbon (1 mole of carbon produces 1 mole of 

carbon dioxide or methane).  The proportion of carbon dioxide to methane for methanogenic degradation is 

determined using the ratio of 1%, as described in Chapter 5.  The quantity of carbon dioxide and hydrogen 

generated acetogenically is determined by the equation below (Equation 6.1). 
 

 

223612 2426 COHCOOHCHOHC isAcetogenes ++⎯⎯⎯⎯ →⎯  
or 

DioxideCarbonHydrogenAcidAceticCarbon 2426 ++=  
(6.1) 

Calculating the Landfill Gas Generation 

 

The degradation and biodegradation of organic material is carried out by a multi-phase, first order decay equation 

(Equation 6.2) that deals with the three degradable fractions separately and aggregates the amount of carbon 

converted to LFG. 
 

( ) ( ) ( )( )tk
o

tk
o

tk
ot eCeCeCCC 321

3,2,1,0
−−− ++−=  

 
And  1−−= ttx CCC  

(6.2) 
 

where:  

Ct  mass of degradable carbon degraded up to time t (tonnes) 

C0  mass of degradable carbon at time t = 0 (tonnes) 

Co,i mass of degradable carbon at time t = 0 in each fraction (1, 2, 3, i.e. rapidly, moderately 

and slowly degradable fractions, respectively) (tonnes)  

Cx  mass of carbon degraded in year t (tonnes) 

t time between waste emplacement and LFG generation (years) 

ki degradation rate constant for each fraction of degradable carbon (per year)  
  

The rates of decay and degradation half-lives are dependant on the waste moisture content, as a wet waste will 

degrade at a faster rate than a dry waste.  The default decay constants used are discussed in Chapter 5.  
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Calculating the Trace Gas and VOC Source 
 

The concentration of trace gas species can either be entered by the user or using the defaults (discussed in 

Chapter 3).   

 

GasSim2 simulates the concentrations of gases as mg/m3.  However on-site gas concentrations are normally 

measured in ppm, these two units can be converted using the following equation (6.3): 

 
( )

( )Vm

MW1000

%100

C
C Pv/v%

P

⋅⋅=  

(6.3) 

where: 

Cp  concentration of species P (mg/m3) 

C%v/v  concentration of species P (%v/v) 

MWP  molecular weight of species P (g) 

Vm  molar volume (at STP) (2.241x10-2 m3/mol)  

 

Using a Declining Source Term 

 

Examination of total VOC emissions from landfills has indicated that the concentration of trace gases emitted from 

landfills reduce the over time.  Therefore, GasSim2 simulates the source of traces gases by assuming that these 

decline over time, following the decay equation (6.4).    

 
( )tk

gtg
tge.CC −=  

(6.4) 

where: 

Ctg  trace gas concentration t (tonnes) 

Cg  trace gas concentration at time t = 0 (tonnes) 

ktg  decay constant, trace gas half life 

t  time between waste emplacement and LFG generation (years) 

 

This declining source was defined by examining the emissions of VOCs in landfill gas from a number of landfills 

from studies by Knox (1990), Scott et al. (1988a, b), Allen et al. (1997), Young and Parker (1983), Emberton and 

Scott (1987), and Jones et al. (1988).  The data has been analysed using a FITCURVE directive using Genstat 5 

Release 4.1 (Third Edition) statistical package (Genstat 5 Committee, 1993) to fit a standard non-linear regression 

model (Figure 6.4).  This directive estimates the model’s only non-linear parameter, r, which defines the rate of 

exponential decrease of VOCs with time.  The other linear parameters (a and b) are estimated by linear regression 

at each stage of an iterative search for the best estimate of r. 
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This method provides the estimated parameter and error (standard error) values listed in Table 6.2 and the 

parameters used in Equation 6.7.  This fit is statistically significant (P<0.001). 

 

Table 6.2:  Fitted Parameter Values for the VOC Declining Source Term 

 
Parameter Estimate SE 
a (mg/m3) 0 0 
b (mg/m3) 3067 452 

R 0.8449 0.054 
k* (year-1) 0.1685 0.0639 

r2 = 0.21, r = 0.46, n = 48, df = 47, P < 0.001 
* k = - ln(r), Δk = Δr/r 
 

 

Figure 6.4:  Total VOCs Declining Source Term 

Simulating a Constant Source Term 

 

GasSim2 simulations can be undertaken using a conservative constant source term by limiting the rate of trace gas 

decay, i.e. by defining the decay half life as a large number of years (e.g. 100,000 years). 

Hydrogen Sulphide Generation Module  

Introduction 
 

Inorganic materials in waste are very varied in nature.  Many do not contribute to gas or leachate production.  

Alternative substrates (such as sulphates, nitrate and nitrite) from the inorganic pool may contribute to aerobic or 

anaerobic, non-methanogenic processes that yield carbon dioxide and hydrogen sulphide, as well as ammonia.  

Some, such as nitrate and nitrite, can be utilised as a substrate by micro-organisms degrading cellulose.  Others, 

such as sulphate, can be utilised by alternative microbial populations that can suppress methanogenesis, and 

produce hydrogen sulphide rather than methane.  This process is the most important competing process that takes 
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place in landfills, because of the potential scale of the hydrogen sulphide emissions and the concomitant health 

risks. 

 

This section of the GasSim2 model simulates hydrogen sulphide production pseudo-mechanistically, using 

simulated microbial degradation pathways derived from the AFRC (1988) report produced for ETSU, and from 

personal communications (Knox, 2001). 

 

The rate determining step for cellulose degradation is the hydrolysis stage, which is represented in GasSim2 by the 

half-lives for the various degradable waste components.  Similarly, a half-life has been attributed to the availability 

of sulphur to the hydrogen sulphide model.  All other reactions are considered to take place near-instantaneously, 

at least within the model time step of 1 year. 

 

Each year’s emplacement of waste yields as much hydrogen sulphide as is practicable given the amount of 

available inorganic iron, inorganic sulphate and acetic acid (all of which control the amount of hydrogen sulphide 

production). 

Processes Represented in the GasSim2 Hydrogen Sulphide Model 

Hydrolysis 
 

GasSim2 degrades waste according to the amount of degradable cellulose present in the landfill in any year.  This 

is the starting point for the hydrogen sulphide module.  Using this parameter, and others, the module calculates the 

amount of cellulose that is not converted to methane and carbon dioxide, but which is diverted to iron sulphide and 

hydrogen sulphide production.  This amount of diverted cellulose is subtracted from the LFG inventory, and 

replaced with the calculated quantities of carbon dioxide and hydrogen sulphide. 

 

The amount of degradable cellulose is derived from the hydrolysis of raw cellulose polymer in the waste.  This is 

calculated empirically in the main model. 

 

The hydrolysis reaction can be represented by the following relationship (Equation 6.5): 

 

(C6H10O5)n  +  nH2O   nC6H12O6    

(6.5) 

cellulose    glucose 
 

Acidogenesis 
 

The first population of anaerobes to dominate the degradation process are the acidogens, which mediate the 

breakdown of glucose to volatile fatty acids (VFAs), carbon dioxide and hydrogen.  The type and quantity of VFAs 

produced depends on the type of initial substrate and on the water content and other landfill conditions.  The major 

VFAs thought to be produced during refuse degradation are a mixture of acetic, propanoic and butanoic acids.  
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Pyruvic acid serves the role in this model as an additional intermediate substrate, but is considered representative 

of many long chain VFAs.  

 

The acidogenic processes represented in GasSim2 are shown below.  The relative proportions of each of the two 

processes are calculated using a uniform PDF ranging from 30 – 70% for the first acetogenic process, with the 

second process taking the balance to 100% (Equations 6.6 and 6.7).  

 

C6H12O6       +  2H2O   2CH3COOH  +  4H2  +  2CO2   

   glucose                     acetic acid   (6.6) 

 

C6H12O6       2CH3COCOOH  +  2H2   

   glucose                        pyruvic acid    (6.7) 

  

Depending on the micro-organisms present in the waste, both pyruvic acid and acetic acid may be further 

converted to butanoic acid (Equation 6.8): 

 

CH3COCOOH + CH3COOH + H2    C3H7COOH  +  H2O  +  CO2   

pyruvic acid acetic acid butanoic acid  (6.8) 

 

 

or the pyruvic acid may be hydrolysed to acetic or propanoic acid as shown below (Equations 6.9 and 6.10): 

 

CH3COCOOH  + H2O  CH3COOH  +  H2  + CO2   

(6.9) 

 pyruvic acid                              acetic acid 

 

 CH3COCOOH + 2H2   C2H5COOH  +  H2O    

(6.10) 

 pyruvic acid              propanoic acid 

 

Default PDF’s have been coded with a uniform distribution between 25 – 45% attributed to the first two of these 

reactions, with the third being the balance to 100%. 

Acetogenesis 
 

The next stage of waste degradation involves acetogenic bacteria that convert soluble VFAs produced by the 

reactions above to acetic acid, carbon dioxide and hydrogen (Equations 6.11 and 6.12). 

 

C3H7COOH  +  2H2O   2CH3COOH  +  2H2   

(6.11) 
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 Butanoic acid    acetic acid  

 

 C2H5COOH  +  2H2O   CH3COOH  +  3H2  +  CO2  

(6.12) 

 propanoic acid    acetic acid 

 

These reactions are driven directly by the products of acidogenesis. 

Methanogenesis 
 

The final stage of cellulose degradation occurs as the result of methanogenesis.  The methanogenic population converts 

acetic acid into methane and carbon dioxide, or hydrogen and carbon dioxide to methane (Equations 6.13 and 6.14). 

 

CH3COOH    CH4   +   CO2 

(6.13) 

 

4H2  + CO2   CH4   +   2H2O 

(6.14) 

 

The availability of acetic acid is one regulator in the production of hydrogen sulphide.  User input is required for the 

percentage of acetic acid remaining in the leachate and not being available for reaction with sulphide in the competing 

reactions below.  The default PDF is a triangular distribution with negative skew ranging from 0 – 5% with a median 

value of 1%. 

 

The availability of hydrogen to take part in other methanogenic process reactions is considered (empirically) to be 

between 95 – 100%, with a median value of 99%.  
 

The Competing Sulphate Reducing Process 
 

Methanogenesis may be affected by the presence of excess sulphate in the wastes.  This sulphate may come from 

plasterboard, sulphate enriched treatment sludges, flue gas desulphurisation residues or even sulphate enriched soils 

(either as cover materials or from contaminated soils). 

 

If sulphate is available in the waste, then hydrogen sulphide production by sulphate-reducing bacteria will occur at the 

acetogenic stage in preference to methane production.  It has been observed that some landfill sites that have accepted 

high sulphate loadings do not have hydrogen sulphide emission problems, and it has been proposed (Knox, personal 

communication, 2001) that the iron inventory is responsible for soaking up excess sulphate and producing insoluble iron 

sulphide.  There is much work to be done on the sulphur cycle in landfills, and so the reactions below represent an 

estimation of the processes and not necessarily the individual microbially-mediated reactions that take place.  Iron 
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sulphide precipitation appears to be thermodynamically favoured in the pH range pH4 – pH9 and in slightly reducing 

conditions (see Garrels and Christ, 1965) where iron is readily available (Equations 6.15 and 6.16). 

 

CH3COOH  +  Fe2+  + SO42-  FeS   +   2CO2  +  2H2O 

(6.15) 

 acetic acid   iron sulphide 

 

CH3COOH  +  2H+  + SO42-  H2S   +   2CO2  +  2H2O 

(6.16) 

   acetic acid    hydrogen sulphide 

 

GasSim2 assumes that quantity of iron and sulphate available for reaction within the waste is determined from the 

quantity of material that is present within the solid inventory, i.e. the quantity of iron and calcium sulphate filled and the 

leachate inventory (defined by the user).  The sulphate in leachate is most likely to be utilised by the available iron in 

leachate to form iron sulphide, and this is removed first.  Then the solid sulphate in the waste is made available by 

means of the half-life equation.  This “release” rate is a surrogate for all the processes (known and unknown) that control 

the competing reaction; these processes include (1) additional available iron in leachate; (2) competition between the 

amount of available carbon (acetic acid) and calcium sulphate; (3) rate of dissolution of sulphate; and (4) pH.  We 

believe that this should be a relatively rapid reaction, but have no data to confirm the default values chosen for the 

model. 

Emission Model 
 

The emissions from a landfill are normally, but not always, controlled by engineering measures, i.e. the installation of 

engineered barriers (cap and liner) and gas collection system (Figure 6.5).  The gas collected can then be flared or 

utilised by spark ignition engines to produce electricity.  GasSim2 uses the information provided on these engineering 

measures to determine the quantity of uncontrolled LFG releases through the surface, the cap, and/or lateral emissions, 

through the liner.  The model assumes that any LFG generated and not collected is in equilibrium and will be emitted 

through the landfill cap or liner at steady state conditions.  Additionally, GasSim2 estimates the surface and lateral 

emission of trace gases, using either default or user defined values, and the atmospheric emissions from flares and 

engines, using destruction efficiencies and/or flare/engine exhaust data. 
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Figure 6.5:  Bulk Gas Emissions Model 

 

GasSim2 simulates the LFG abstraction by determining the available engine and flare capacity per year and using the 

collection efficiency of the system and the engine/flare down time to determine the maximum quantity of gas that can be 

abstracted.  If this is greater that the gas generation rate all of the gas, except for the quantity that cannot be collected 

due to collection efficiency not being 100%, or the engine/flare not operating due to downtime, will be utilised or flared.  

When the maximum quantity of gas that can be abstracted is less that the amount of gas generated, residual gas will be 

lost uncontrollably. 

  

The emission model manipulates the data provided by the source model along with the information provided in the Gas 

Management dialogue box to determine the following for up to a 200 year assessment period: 

 

• volume of LFG that can be utilised by engines; 

• volume of LFG that can be flared; and 

• volume of LFG lost in uncontrolled emissions: 

 

o through the cap; and 

o through the liner. 

 

• methane oxidation in the cap. 
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Capped and Uncapped Areas 
 

The LFG generated by the source model is split into the proportions generated by the variously capped and uncapped 

cells of the landfill.  This is simulated by the user defining the dates for which each cell is temporarily and permanently 

capped, with or without sacrificial or permanent gas management systems, therefore allowing the calculation of the 

proportion of capped and uncapped areas for each year being simulated (Equation 6.17). 

 

This is a slight over simplification of the actual situation and assumes that all the LFG emitted form the uncapped areas 

is through the surface and open sides of the uncapped areas, i.e. the vertical sides of the modelled caps behave as their 

surfaces are defined, and that gas generated in the capped areas is not emitted through the uncapped sides of the 

adjacent operational area.   
 

dgenUncappegenCappedgen QQQ −=  

  
(6.17) 

where: 

Qgen  LFG generated by the source model (m3/hr) 

QgenCapped  LFG generated in the capped proportion of the landfill (m3/hr) 

QgenUncapped  LFG generated in the uncapped proportion of the landfill(m3/hr)  

 

Gas Collection 
 

The gas collection system will extract gas from those cells that the user has defined as emitting combustion gases within 

the ‘cell details’ dialogue box.  Collection efficiency within cells will vary depending on the system in place, defined within 

the ‘cap and liner data’ dialogue box.  GasSim2 allows the option for a sacrificial gas collection system, often put in place 

during operation of the landfill and whilst only a temporary cap has been placed on the waste.  A permanent gas 

collection system, installed after restoration of the site, allows for more efficient collection of gas.  The user has defined 

dates for installation of one or both of the gas collection systems for each cell.  

 

GasSim2 assumes gas is collected and then either flared or utilised for energy recovery using spark ignition or duel fuel 

engines for electricity generation at a set efficiency and within a maximum and minimum rate.  A fourth option for other 

gas management technology exists where for instance, gas turbines, microturbines, or Voxciboxes could be simulated. 

 

The gas collection system is set up to simulate normal operational practices using one of the following options: 

 

• commission the engine and flares in the order that they are displayed on the screen (‘User Defined’); 

• commission the engines first with  GasSim2 determining the optimum order, with excess LFG being flared 

(‘Engines First’); 

• commission the flares first with  GasSim2 determining the optimum order, with excess LFG being utilised by the 

engines (‘Flares First’); and 
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• run the simulation without gas utilisation by selecting ‘No Engines or Flares’. 

 

However, it should be remembered that GasSim2 calculates the available gas removal capacity using engines and flares 

that are operational, i.e. those that have been commissioned and have not been decommissioned. 

 

The maximum capacity of the gas collection system is then calculated using the above information along with capacity of 

each engine and/or flare and number of flares and/or engines, allowing for downtime.  It is assumed that where multiple 

flares and/or engines have been specified that new engines/flares will be brought on line when sufficient gas is available 

and removed when insufficient gas is available.  The minimum gas collection capacity is determined by the lowest 

abstraction rate for a flare or engine.  The concept of downtime determines the yearly operational collection rate for each 

engine or flare by accounting for the proportion of time that they are not operational due to routine maintenance and 

breakdown.  This involves a simple calculation of reducing the yearly capacity for each engine/flare by the downtime 

percentage, e.g. a 500 m3/hr engine with 10% downtime will remove on average 450 m3/hr.   

 

It is assumed when flaring, if gas is produced at a rate between the maximum capacity and reduced capacity allowing for 

downtime, the operation of the flare will be trimmed to follow the gas production curve.  This is a fairly good assumption 

as in reality it is trimmed to the point at which air is drawn into the system.  If gas is generated above this rate then the 

excess LFG will be released uncontrollably, and if gas is generated below the rate at which the flare will not operate any 

gas generated will be released.  It should also be noted that in practice no system is 100% efficient, and therefore a 

quantity of gas will always be emitted. 

 

The uncollected LFG that is emitted by uncontrolled emissions from the capped cells can then be determined by 

Equation 6. 18. 
 
 Qres  =  Qgencapped  -  ((Qflare  +  Qutilisation) x (1-CF/100) 

(6.18) 

where: 

Qres residual LFG production (m3/hr) 

QgenCapped  LFG generated in the capped cells of the landfill (m3/hr) 

Qflare LFG routed to flare system (m3/hr) 

Qutilisation  LFG routed to the energy recovery plant (m3/hr) 

CF LFG collection efficiency (%) 

  

Surface and Lateral Emission Routes 
 

The presence of uncollected gas in the capped area (Qres) will result in uncontrolled emissions from the cap and/or the 

liner.  The quantity of emission through both the cap and liner are determined by the permeability and thickness of the 

most impervious layer within each construction.  GasSim2 assumes that gas movement is via plug flow and that both the 

cap and liner are homogenous and isotropic, even through in practice poor cap/liner construction and maintenance can 

result in cracks and micro-fractures.  However, although these may be locally important their net effect on the emissions 
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will be averaged out across the site.  These emissions are calculated on a cell-by-cell basis.  The uncontrolled emissions 

are calculated in GasSim2 from the: 

 

• cap design; 

• cap hydraulic conductivity; 

• cap thickness; 

• waste thickness; 

• waste hydraulic conductivity; 

• liner thickness; 

• liner hydraulic conductivity; 

• cell dimensions; and 

• relative vertical height of adjacent cells. 

 

In some cases the most impervious layer could be the waste itself, which is also assumed to be homogenous and 

isotropic.  If this is the case then the waste thickness is assumed to be half the average total waste thickness.   

 

GasSim2 defines the proportions of surface emissions and lateral emissions from the landfill on a cell-by-cell basis.  

Commonly surface emissions will occur from the upper surface of the cap or directly from the waste if the cell is 

operational.  However, in addition surface emissions will occur along the capped or uncapped vertical face of the cells 

adjacent to an operational cell where void space remains.  

 

In cases where adjacent cells have differing geometries and waste input volumes and where one cell is filled to a greater 

height than an adjacent one, surface emissions can also occur from the vertical sides of the adjacent cell.  

 

Lateral emissions are calculated by GasSim2 considering that the gases can only migrate from a cell to outside of the 

landfill through the cell outer perimeters adjacent to the landfill site boundary. It is assumed that there is no lateral 

emission or movement between cell internal faces. 

 

The emissions of LFG can be calculated using Darcy’s law, for a homogeneous medium.  The emissions from the cap 

and the liner are calculated at the same time, as the excess gas (Qres) will be emitted at different proportions through 

each medium (Equation 6.19).  The equation has been modified from the original HELGA framework by the inclusion of 

the surface area.  
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(6.19) 

where: 

Qc   flux from cap (l = liner) (m3/hr) 

Qres residual LFG production (m3/hr) 

Kc effective permeability of cap (l = liner) (m/s) 

dc  thickness of cap in direction of flow (l = liner) (m) 

Ac surface area of cap in the direction of flow (l = liner) (m2) 

  

The surface area of the liner is determined from the cell perimeter and the depth of the unsaturated zone within the 

cell.  It is assumed that LFG is not dissolved in the landfill leachate. 

 

The depth of the unsaturated zone is determined by considering the cell leachate level and the water table level 

surrounding the landfill site, whichever the level that is closer to the ground surface is used in the calculation of the 

depth of the unsaturated zone.  It is assumed that the water table levels at all sides of the landfill are all the same.  

 

The gas produced from the uncapped area (QresUncapped) will all be emitted through the surface as it is assumed the 

open surface of the waste will be far more permeable that the landfill edge, which may or may not be engineered.     

Biological Methane Oxidation 
 

Any landfill gas that is not collected by the gas collection system has the potential to migrate through the cap and 

laterally through the liner of a landfill, no matter what the design of the lining system.  The lateral migration pathway 

does not simulate methane oxidation since the off-site conditions would be difficult to quantify and thus the model 

generates a conservative estimate of lateral methane migration.  The potential for methane oxidation in the cap is 

however much better understood, and this is a good secondary methane management system for the residual 

landfill gas for a site under abstraction, and also for a site generating sufficiently little gas that a gas abstraction 

system is not able to be used successfully due to the low rate of generation or low calorific value of the gas. 
 

The process is a four stage bacteriological conversion of methane into carbon dioxide (Equation 6.20): 

 
CH4  →  CH3OH  →  HCHO  →  HCOOH  →  CO2 

(6.20) 
methane  methanol               methanal                methanoic acid       carbon dioxide 

 

Methanotrophic bacteria use these reactions to gain energy and carbon for their growth (Hanson and Hanson, 

1996).  Methane oxidation has been linked to the two main types of methanotrophic bacteria (Borjesson at al., 

1998) but not in any easily interpreted mechanistic fashion.  There are data on field-based observations, which 

appear to show a seasonal relationship over many orders of magnitude.  Laboratory scale observations of 

conversion of methane to carbon dioxide, which are more likely to be at favourable conditions, i.e. close to the 

theoretical maximum which biological activity can attain in the soil medium.  There are also data on the estimates 

of the rate of methane oxidation in soil covers using 13C analysis, which gives a measure of the fraction of methane 

that is actually converted.  An empirical approach has to be derived from existing data.  Therefore, the best way to 
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represent methane oxidation in the GasSim2 model from a scientific perspective is to use known methane 

oxidation rates in different cover materials and in-situ conversion efficiencies in order to develop an empirical 

equation for the removal of methane from landfill gas emitted through the surface. 
 

Alternatively, the GasSim2 model provides for a default value based on the Intergovernmental Panel on Climate 

Change (IPCC) (1996) guidelines for methane oxidation.  The choice of which option is used for an assessment 

should be agreed with the regulator prior to commencement. 

 

Both approaches are described below. 

The Empirical/Scientific Method 

 

This method is based on laboratory estimates of methane oxidation and in-situ estimates of percentage methane 

oxidised.  It is considered that the combination of the two sets of data makes this approach conservative. 

 

Estimates of the fraction of LFG which could be oxidised by methanotrophic bacteria and which actually is oxidised 

range from 10 – 46% (Borjesson et al., 2000).  The GasSim2 model assumes a mean value of 25% and a normal 

distribution between 10 – 46% based on the data presented in that reference. 

 

In addition, it is believed that there must be a limiting rate of methane oxidation for a given soil thickness and type.  

Methane oxidation occurs predominantly in the upper 50 cm of soil cover where oxygen ingress is facilitated, and 

appears to be strongest in the zone 20 – 30 cm below the surface.  The default figures that are used in GasSim2 

will be suitable for a soil cover >30 cm thick overlying a single liner, clay or composite cap.  Below 30 cm thickness 

of soil on these engineered designs, or below 1 m thickness of soil if no engineered cap is present, the GasSim2 

model will switch off all methane oxidation, on the basis that the surface soil cover is insufficiently thick to permit a 

significant amount of methane oxidation to take place.  

 

It is also known that measured rates of soil methane oxidation capacity are remarkably consistent in their observed 

range.  However, the frequency per year at which the highest rates may apply is not known, and so the shape of 

the PDF for the oxidising potential is unknown.  These high values are probably summer conditions, and so the 

10 – 40% factor discussed above is applied to a normal distribution to give an estimate of the overall flux rate at 

which all the methane may be converted to carbon dioxide.  The range of values in both parameters is used to help 

account for seasonal variation in methane oxidation, which is highest in the summer months.  

 

At all landfill sites, some landfill gas will escape through cracks and fissures and joints in the landfill 

engineering/gas field infrastructure.  The GasSim2 default for this quantity of gas lost is 10% of the total landfill gas 

that could be lost through the surface in any given year.  This value can also be measured using the Environment 

Agency’s methane emissions measurement protocol (Environment Agency, 2001). 
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If potential landfill methane emissions (methane beneath the cap) are below the oxidising capacity of the cap under 

field conditions, then no methane (other than that lost through fissures etc.) is released to the atmosphere.  If 

potential landfill methane emissions exceed the oxidising capacity of the cap under field conditions, then only the 

methane lost through fissures and the excess methane flux through the cap is released, the remainder being 

converted to carbon dioxide.  Table 6.3 lists the typical ranges and means recorded in the literature, and converts 

them to standard units. 

 

The quantity (i.e. flux) of methane oxidised to carbon dioxide (Qox) and the calculated methane flux (Qmethane flux) in a 

given year, for >30cm soil cover above an engineered cap is defined below (Equations 6.21 to 6.23). 

 

If:   

Δfield efficiency . (Qoxidising capacity . 24 . 365) > (1-Δfissure).(Qbase of cap) 

(6.21) 

then: 

Qox  =   (1 – Δfissure).(Qbase of cap) 

Qmethane flux  =   (Δfissure .Qbase of cap) 

(6.22) 

otherwise 

Qox  =   Δfield efficiency . (Qoxidising capacity . 24 . 365) 

Qmethane flux  =   (Δfissure .Qbase of cap) + (1 –  Δfissure).(Qbase of cap  

     –  Δfield efficiency (Qoxidising capacity . 24 . 365)) 

(6.23) 

where: 

Qox total quantity of methane oxidised to carbon dioxide (m3/y) 

Qbase of cap total quantity of methane at base of cap for surface emission (m3/y) 

Qoxidising capacity soil oxidising capacity (m3m-2hr-1) 

Δfissure empirical correction factor for fraction of methane lost directly through fissures  

Δfield efficiency empirical correction factor for effectiveness of oxidation under field conditions 

 

The IPCC Method 
 

The recommended default value provided by the IPCC Expert Group on Waste is that 10% of methane passing through 

a landfill cap is oxidised.  It should be noted that the Kyoto agreements are based on IPCC (1996a) regardless of more 

recent IPCC or other work. 

 

It is clear therefore that the empirical scientific model will allow more residual methane oxidation than the policy model 

provided the engineering and gas collection systems are properly designed.  That proviso is the reason for the 

conservative value recommended by the IPCC Expert Group (1996b), and why agreement on which method is used 

should be sought with the regulator before performing an assessment. 
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Table 6.3:  Methane Oxidation Capacity of Cover Materials 

 
Conversion of methane oxidation measurements to standard terminology 
  Oxidation of Methane in Landfill Cover Materials 

Raw data from reference Standardised data 
Reference     Cap type and scenario   

g/m2/hr litres/m2/hr mg/m2/s m3/m2/hr 
max 0.23   6.39E-02 3.22E-04 Hoecks 

  
1983 
  

Field study 
  min 2.04   5.67E-01 2.86E-03 

Mennerich 1986 Lab study max 7.3   2.03E+00 1.02E-02 
Whalen et al 1990 Lab study, topsoil max 45   1.25E+01 6.30E-02 

max  5.6 1.11E+00 5.60E-03 Figueroa 
  

1993 Sand cap (lab) 
min  0.7 1.39E-01 7.00E-04 
max july 7.21   2.00E+00 1.01E-02 Jones and 

Nedwell 
1993 
  

Field study 
0-32cm min 1.34E-05   3.72E-06 1.88E-08 

Kightley et al 1995 coarse sand max 6.95  1.93E+00 9.73E-03 
max 2.36   6.56E-01 3.30E-03 Boeckx and 

van Cleemput 
1996 
  

soil 
  min 0.84   2.33E-01 1.18E-03 

max 6.3   1.75E+00 8.82E-03 Sand cap 
0 - 80cm min 1.9  5.28E-01 2.66E-03 

max 8.7  2.42E+00 1.22E-02 
Sandy loam 

min 0.14  3.89E-02 1.96E-04 
max 16.8  4.67E+00 2.35E-02 

Borjesson 
And 
Svensson 
  
  
  

  
1997 
  

Sewage sludge 
  min 1.6   4.44E-01 2.24E-03 

max  5.9 1.17E+00 5.90E-03 
min  0.3 5.95E-02 3.00E-04 0-30cm 
mean  3.0 5.95E-01 3.00E-03 
max  3.8 7.54E-01 3.80E-03 
min  1.0 1.98E-01 1.00E-03 

Scharff 
et al 
  
  
  
  

2001 
  

0-100cm 
  

mean   2.6 5.16E-01 2.60E-03 

Trace Gas Emissions 
 

In addition to the emission of bulk gases, GasSim2 also simulates the emissions of trace gases from surface and lateral 

emissions.  The influence of the waste source term on the emission of these trace gases is unknown.  Therefore the 

quantity emitted is determined by the concentration of the species per m3 of LFG and the LFG emission rate 

(Figure 6.6).   

 

The emissions from the surface can be determined by the Equation 6.24: 

 

pps GGR ⋅=  

(6.24) 

where: 

Rps  release of species by surface emissions (mg/hr) 

G  total landfill gas emitted via surface (Qc) or lateral emissions (Ql) (m3/hr) 

GP  concentration of species P within raw landfill gas (mg/m3) 
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This equation has been used for the surface and lateral emissions of all species, except for those created during 

combustion (HCl, HF, NOx, SOx, HNO3 and total phosphates), which will have zero emissions if flares and engines are 

not present. 

 

 

Figure 6.6:  Trace Gas Source Model and Emissions Model 

Engines and Flare Emissions 
 

Where gas is controlled by combustion (flaring and utilisation), this equation is modified to account for species that are 

assumed to be destroyed (as determined by the destruction efficiency) during the combustion process.  The destruction 

efficiency can be a user defined or default value.  Identical equations are used in GasSim2 to calculate the emissions for 

both flares and engines; therefore they have been discussed together here.  However, the destruction efficiencies and 

other inputs are defined individually for flares and engines.    

 

For the purposed of these equations, and subsequent dispersion modelling, GasSim2 assumes that all flares are 

enclosed with unimpeded vertical cowls.  Gas engine exhausts also have vertical unimpeded cowls.  This maximises 

plume rise, can be modelled and reflects current best practice.  
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The emissions are thus calculated by (Equation 6.25): 
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(6.25) 

where: 

Rpc  release of species by combustion (mg/hr) 

Qengine  landfill gas to engine (m3/hr)  

Qflare landfill gas to flare (m3/hr) 

DE%  destruction efficiency of the gas flare or engine 

GP  concentration of species P within raw landfill gas (mg/m3) 

 

This equation is used by GasSim2 to determine the atmospheric emissions from engines and flares of all species, 

except for those listed below that have modified equations.  

 

• Major Gases:  

 

o carbon dioxide (Equation 6.26); 

o hydrogen chloride (Equations 6.27 and 6.28); 

o nitrogen oxides (Equation 6.27); 

o sulphur dioxide (Equations 6.27 and 6.28); and 

o carbon monoxide (Equation 6.27). 

 

• Organic Carbon Groups: 

 

o dioxins and furans (Equation 6.27); and 

o PAHs (Equation 6.27). 

 

• Named Organic Compounds: 

 

o total non-methane VOCs (NMVOCs or VOCs) (Equations 6.26 and 6.27). 

 

• Other Individual Acid Forming Gases: 

 

o hydrogen fluoride  (Equations 6.27 and 6.28); 

o nitric acid (Equation 6.27); and 

o total phosphates (Equation 6.27). 
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Determination of Carbon Dioxide Engine and Flare Emissions 

 

GasSim2 assumes that emitted carbon dioxide arises from (1) the uncontrolled surface emissions of LFG (with methane 

oxidation) (discussed above), (2) the combustion of VOCs, and (3) the combustion of methane.  The determination of 

emissions from the combustion process is dependent on the quantity and quality of gas flared or utilised and the 

destruction efficiency.  Therefore, corrections are included to balance the mass of carbon dioxide produced per mole of 

methane combusted (44/16) or VOC (44/12, based on an average unit of VOC having a generic formula CnH2n).  The 

VOC composition has been set to be conservative and to simplify the equation, as other substituted groups would 

reduce the average molar carbon content.  The quantity of carbon dioxide emitted is therefore (Equation 6.26): 
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where:  

RCO2c  release of carbon dioxide by combustion (mg/hr) 

Qengine  landfill gas to engine (m3/hr)  

Qflare landfill gas to flare (m3/hr) 

GCH4 concentration of methane within raw landfill gas (mg/m3) 

GVOC  concentration of total VOCs (as organic C) within raw landfill gas (mg/m3) 

DE%  destruction efficiency of the gas flare or engine 
 

Determination of the Releases of the Major Combustion Products (Other than Carbon Dioxide and Carbon 
Monoxide) Using Post-Combustion Data 

 

Hydrogen chloride, hydrogen fluoride, dioxins & furans, nitrogen oxides, sulphur dioxide, nitric acid, total phosphates, 

carbon monoxide, PAHs and non-methane VOCs are produced by the combustion process.  Therefore the emissions of 

these species from engines and flares have been determined using a correction for the proportion of these species 

formed during the combustion process.  This has been undertaken by scaling up the observed emissions from engine 

exhausts and/or flare stacks according to an assumed air to fuel (landfill gas) ratio of 5:1, with releases increasing in 

direct proportion to the gas combusted.  Thus producing the following equation (6.27):  

  

( ) [ ] [ ]( )enginepflareppc QEQF1AFR ⋅+⋅⋅+⋅=  

(6.27) 

where: 

Rpc  release of species by combustion (mg/hr) 

Qengine  landfill gas to engine (m3/hr)  

Qflare landfill gas to flare (m3/hr) 

FP  concentration of species P within flare stack (mg/m3) 

EP  concentration of species P within engine exhaust (mg/m3) 
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AF  air to fuel ratio 
 

It is common to report emissions from flares and engines in a normalised format (at 273K, 101325 Pa, dry gas, 3% O2 

(flares) or 5% O2 (gas engines).  These data are not suitable for input to AERMOD for the dispersion routines.  

AERMOD requires engine and flare emissions data under stack conditions: hot, wet, and with excess O2, with the 

appropriate air fuel ratio.  GasSim2 has an emissions converter, which over-writes the default emissions with site-

specific ones for the parameters of most interest.   

 

The emissions converter takes the combustion emissions data most likely not to meet air quality standards (NO, NO2, 

NOx, CO, SO2, total VOCs and NMVOCs) and converts these from the normalised conditions reported for regulatory 

compliance purposes to actual emissions values. This uses the conversion factors for temperature, oxygen content and 

moisture content as set out in the Environment Agency’s guidance (Environment Agency, 2002; 2004a-g).  A distribution 

is generated from the PDF’s or single values used to populate the converter, and a single value is pasted into the 

trace.dat file at the percentile of interest (usually the 95th), overwriting the data and enabling the Tier 1 and Tier 2 impact 

assessments to be carried out at stack conditions. 

Alternative Methods for Determining the Emissions of HCl, HF and SO2 from Combustion   

 

If is often the case that flare and engine emissions of hydrogen chloride, hydrogen fluoride and sulphur dioxide, which 

are daughter species, are determined using parent species, i.e. total chlorine, fluorine, and an estimated reduced 

sulphur content in landfill gas.  The parent species are simulated as trace gas, as described above, and the emissions 

are determined using Equation 6.28, where a correction factor is applied for the molecular ratio, based on the molecular 

mass.  These equations are base on those presented in AP-42 (US EPA, 1998).  

 

( ) [ ]
%100

%DE
MMGorR PflareengineD QQ ⋅⋅⋅=  

(6.28) 

where: 

RD  release of daughter species by combustion e.g. hydrogen chloride (mg/hr) 

Qengine  landfill gas to engine (m3/hr)  

Qflare landfill gas to flare (m3/hr) 

GP  total concentration of parent species within raw landfill gas e.g. Chlorine (mg/m3) 

MM  ratio of molecular mass e.g. of HCl to Cl = 1.03 

DE%  destruction efficiency of the emitted from the gas flare or engine i.e. HCl (this value cannot be set 

to 0% and should not be set to 100%) 

 

Because there are limited published data on the total sulphur content of raw landfill gas the total concentration of 

reduced sulphur is calculated using sulphur dioxide. 
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Environmental Transport 
 

The environmental transport model has been divided into two discrete topics:  

 

• atmospheric dispersion (Tier 1 and Tier 2); and 

• lateral migration (advection and dispersion under steady state conditions). 

 

GasSim2 uses the outputs from the emissions model to provide the appropriate emission rates for the year of interest.  

 

The Environment Agency (England and Wales) recommends using a three-tier approach to the screening of emissions 

from landfill sites.  The summary below is based on current Environment Agency legislation, and as such will be subject 

to change based on any future changes in legislation. 

Tier 1 
 

The Tier 1 stage is designed as a screening process to eliminate those processes that predict ‘insignificant’ impacts on 

the environment.  The Tier 1 screening module within GasSim2 provides an assessment of the maximum short-term and 

long-term gas concentrations at the landfill/cell boundary and the closest receptor.  GasSim uses integrated ‘look up 

tables’, detailed within (Environment Agency, 2004g) to assess whether the emissions from the individual sources; the 

landfill engines, flares and the surface, are ‘insignificant’ or ‘not insignificant’ at a receptor based on the 95%ile emission 

rate from the source, its height, and the distance to the receptor.  The emissions from each source are summed so 

GasSim will report the results for all engines together and all flares together.   

 

If the engines and flares are co-located and neither group dwarfs the other in terms of magnitude of impact, their 

contributions should be summed before assessing significance.  GasSim2 does not do this for you automatically.  

 

The tables used in Tier 1 screening are not directional and so meteorological factors are not taken into account.   

 

Tier 1 screening can be considered in three parts: 

 

1. calculation of the contribution from each process (surface emissions, gas utilisation and gas flaring) to the 

concentration of gas at a receptor (defined as the Process Contribution);  

2. determining whether the process contribution is beneath a certain threshold, and therefore insignificant; and  

3. determining whether the process contribution is above a different threshold, so that more detailed modelling is 

required.   

 

Therefore Tier 1 screening assesses whether an emission is ‘insignificant’ or ‘not insignificant’ and if the emission is ‘not 

insignificant’ it determines whether detailed modelling (Tier 2) is required. 
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Gaseous emissions to air are considered insignificant, and are therefore considered not to require further detailed 

modelling, if: 

 

• the maximum long-term Process Contribution is below 1% of the long-term Environmental Assessment 

Level (EAL) or Environmental Quality Standard (EQS); and 

• the maximum short-term process contribution is below 10% of the short-term EAL or EQS. 

 

This is reported in GasSim by the emissions being either ‘insignificant’ or ‘not insignificant’.   

 

Compounds that are deemed to be ‘not insignificant’ are then screened in order to determine whether further 

detailed modeling (and hence Tier 2 assessment is required) using the following rules: 

 

Further detailed modeling is required if: 

 

• the long-term Process Contribution + background concentration > 70% of the long-term EAL or EQS; and 

• the short-term Process Contribution +0.2 x background concentration >20% of the short-term EAL or EQS. 

 

Note that the background concentration to be used in short-term assessment is typically twice the annual mean 

(long-term) background. 

 

When considering the GasSim screening results, an emission is deemed to require further detailed modeling if 

GasSim reports the following: 

 

• Is the emission rate insignificant? ‘No’ and Is detailed modeling required? ‘Yes’. 

 

If the benchmark is an EU air quality limit value (most notably long-term NO2, short-term NO2 and short-term CO), 

it also requires further assessment when the table reports: 

 

• Is the emission rate insignificant? ‘Yes (at receptor)’ and Is detailed modeling required? ‘Yes’. 

 

In this case the emission does not require further assessment because it is the high background concentrations 

that have triggered the “requirement” for detailed modeling rather than the emission.  In other words, if the process 

contribution is insignificant, the background is considered irrelevant within the risk assessment process. 

 

If a long-term and/or short-term emission is deemed to require further detailed modeling through the screening 

process outlined above, this typically means that a Tier 2 assessment comprising a GasSim2 assessment is 

required. 
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Tier 2 Atmospheric Dispersion 
 

Tier 2 screening of long-term and short-term emissions requires an assessment within GasSim2.   

 

A Tier 2 assessment within GasSim2 incorporates basic meteorological data, through the use of region-specific, or 

if appropriate site-specific windroses, in the Atmospheric Dispersion module within GasSim2 to assess the 

maximum ground level concentration of the pollutant. 

 

When carrying out the Tier 2 assessment process, there are various averaging periods that can be assessed; these fall 

into long-term and short-term periods.  While the long-term averaging period for all pollutants is a year, there are varying 

short-term averaging periods.  For example, the short-term averaging period for NO2 is 1 hour while for PM10s it is 24 

hours and for CO it is 8 hours.  Each long-term and short-term averaging period for each pollutant has its own EAL/EQS 

that are used in the Tiered screening assessments.  These averaging periods and EALs/EQSs are set out in IPPC H1, 

Environmental Assessment and Appraisal of BAT, (Environment Agency, July 2003). 

 

The Atmospheric Dispersion module allows the Process Contribution (PC), which is the concentration of the 

emitted pollutant, to be calculated at each receptor and site boundary.  To this PC the relevant background 

concentrations can be added to give the Predicted Environmental Concentration (PEC) of each pollutant.  If the 

long-term PEC is greater than the relevant air quality standard, then either further assessment (such as a BAT 

assessment), air quality monitoring or further detailed modeling is required at the Tier 3 level. 

 

It is considered that a Tier 2 assessment should be appropriate for the majority of landfill Site in the UK. 

 

GasSim2 calculates the atmospheric dispersion on-site and off-site from the surface of the landfill (or individual 

cells), engine and flare emissions using the AERMOD model algorithms.  The atmospheric dispersion module 

within GasSim2 calculates ground level concentrations of pollutants. 

 

A small number of equations can be used to estimate the concentration of a pollutant at a receptor from a single 

source, however at a typical landfill site where multiple sources and multiple receptors exist, a series of equations 

is needed in the form of an air dispersion model.  The atmospheric dispersion module within GasSim2 is based on 

the series of equations.  The AERMOD code was developed by the American Metrological Society 

(AMS)/Environmental Protection Agency (EPA) Regulatory Model Improvement Committee (AERMIC).  There is a 

wealth of material available from the USEPA website on the AERMOD model, and so the following sections are 

intended to set the scene only. 

 

The dispersion model utilised within GasSim2 is based on the Gaussian air dispersion model algorithms and the 

modern Planetary Boundary Layer (PBL) similarity theory. 
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Gaussian Plume Theory 
 

The plume distribution in the atmosphere is determined using the degree of mixing within the atmosphere, the 

height of which varies with changes in the temperature gradient.  This allows the introduction of reflections, heights 

at which the plume is reflected and effectively turned around, preventing the plume from continually expanding 

vertically.  Where allowances are not made for dry or wet deposition, or for plume rise, the mean concentration of 

a species (Cx(x,z)) in a sector of width α (radians), at a downwind distance x (m), and height z (m) from a point 

source is given equation 6.29: 
 

 
(6.29) 

where:  

Q0  release rate from the source (from the emissions model) (mg s-1 if Cx is required in mg m-3) 

σz standard deviation of the vertical Gaussian distribution (m) (the vertical dispersion 

coefficient) (determined below) 

us  wind speed at the effective release height (m s-1) 

he effective release height (m) (engine or flare stack) 

A  depth of the mixing layer (m) 
 

Planetary Boundary Layer (PBL) (similarity theory) 
 

Within GasSim2, the atmosphere is treated as consisting of two specific regions, the planetary boundary layer 

(PBL) and the free atmosphere.  The PBL typically represents the lowest 1-2 km of the atmosphere, and the free 

atmosphere represents the area above the PBL.  Note the PBL is generally synoptic with the ‘mixing layer’.  The 

thickness of the PBL commonly varies dependant on the time of day.  During the day the PBL will normally be 

larger due to the effect of solar radiation heating the surface of the earth.  In the absence of solar radiation, the 

surface cools and hence the PBL will generally be smaller during night time.   

 

The dispersion of pollutants within the atmosphere is dependant on (amongst other things) the degree of 

turbulence/mixing within the PBL.  There are three main categories of the PBL which reflect the magnitude of 

turbulence/mixing within the PBL: 

 

• convective (unstable) Boundary Layer (CBL); 

• stable Boundary Layer (SBL); and  

• neutral Boundary Layer (NBL). 

Within GasSim2 these categories are used to define the degree of turbulence/mixing within the PBL instead of the 

Pasquill stability categories. 
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It was noticed that a number of key features were similar in the PBL at different places and times, including vertical 

wind speed profiles and vertical temperature profiles.  Through application of a mathematical theory, ‘the similarity 

theory’, a number of key variables associates with the PBL were identified.  These key variables include: 

 

• surface sensible heat flux (H); 

• surface friction velocity (u); 

• convective velocity scale (w); 

• monin-Obukhov length (L); and 

• convective/mechanical mixing height (Zic) and (Zim).   

 

GasSim2 contains algorithms that calculate dispersion in both the convective and stable boundary layers.  

 

In practical terms, the default meteorological data within GasSim 2 have been previously processed, therefore 

includes the required PBL parameters.  If user defined meteorological data is used within GasSim2, this data must 

first be processed using AERMET, which will calculate the PBL parameters ready for processing within AERMOD.  

AERMET is not provided with GasSim2.  Data held within GasSim2 have been pre-processed.  Site-specific data 

must be pre-processed before use. 

Convective Boundary Layer (CBL) 
 

The CBL commonly occurs during the day, and has a thickness of 1-2 km.  The turbulence/mixing within the CBL is 

generated in the main by the thermal heating effect of solar radiation.  This typically produces large eddie currents 

that readily disperse pollutants within the atmosphere.   

 

The plume under CBL conditions is represented within GasSim by a Gaussian distribution in the horizontal and bi-

Gaussian (skewed) distribution in the vertical axis.  The dispersion of pollutants is modelled in the CBL using a 

probability density function (PDF) approach where the modelled concentrations are the sum of concentrations from 

three sources:  

 

• direct plume; 

• indirect plume; and 

• penetrated plume. 

The Direct Plume 
 

The direct plume is modelled to move directly to receptors.   
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The Indirect Plume 
 

GasSim2 locates the indirect plume above the CBL top to account for the slow downward dispersion of buoyant 

plumes that remain close to, but below the mixing height.  This is modelled through excess plume rise. 

The Penetrated Plume 
 

All or part of the plume may penetrate the upper limit of the boundary layer.  Part of the plume may re-enter the 

boundary layer and will therefore contribute to ground level concentrations. 

Stable Boundary Layer 
 

The plume is represented within AERMOD by a Gaussian distribution in the horizontal and vertical axis that reflects 

that there are no large eddy currents to create the need for a Bi-Gaussian distribution as in the case under CBL 

conditions.   
 

Stack Tip Downwash 
 

GasSim2 accounts for the effects of stack tip downwash.  Stack tip downwash occurs where a source exhaust or 

stack alters the surrounding air flow around it.  The air flow around an exhaust stack creates an area of increased 

pressure up stream of the exhaust/stack, and an area of lower pressure in the form of a slight vacuum on the 

downwind side of the exhaust/stack.  The effect of stack tip downwash only occurs: 

 

when: 

 

 v/u <1.5  (6.30) 

 

v = vertical exhaust/stack velocity (m/s) 

u = exhaust/stack-top wind speed (m/s) 

 

GasSim2 uses the following equation to modify the release height to account for stack tip downwash: 

 

 h’=h+2d(v/u-1.5) when v/u <1.5 (6.31) 

 

h’=adjusted release height (m) 

h=release height (m) 

d=stack diameter (m) 

v=vertical stack gas velocity (m/s) 

u=(stack-top wind speed) 
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Plume Rise and Buoyancy 
 

GasSim2 calculates plume rise and buoyancy effects of individual sources.  The rise of a plume above the release 

height of the source can be a significant contributing factor to the reduction of ground level concentrations (and 

hence concentrations at potentially sensitive receptors).  Typically plume rise can be 2-3 times the release height of 

the emission.  Plume rises from an emissions point due to two main factors, buoyancy and momentum.  Buoyancy 

is related to the density of the emission compared to the density of the surround atmosphere, and momentum is 

related to the mass of emissions and the exit velocity.  GasSim2 combines the effects of momentum and buoyancy 

using vectoral addition.   

 

The effective height of a source (H) is the plume centreline above the base of the source, when the plume has 

levelled off.  The effective height (H) of an emissions point can be defined by the following equation: 

 

 H = h + Δh (6.32) 

 

H = Effective height 

h = stack height  

Δh = plume rise 

 

Note where rain guards or flap valves have been fitted to a flare/engine exhaust stack, the plume rise due to 

momentum is severely reduced, which effects the effective height of the plume, which may significantly effect the 

predicted ground level concentrations. 

Building Downwash 
 

Buildings can affect airflow and create turbulent downwash.  Emissions from a source may be affected by this 

downwash effect, depending on the location and height of the stack.  Therefore building downwash may result in 

higher surface concentrations.  Modelling the effect of building downwash cannot be undertaken within GasSim2. 

 

The BPIP-PRIME algorithm relates to building downwash, therefore is also not utilised within GasSim2. 

Modelling Terrain 
 

It is widely acknowledged that terrain only has a significant effect on dispersion when the height of the terrain on 

which the receptor is located is significantly different relative to the stack source height. Within their 

“Intercomparison of the AERMOD, ADMS and ISC Dispersion Models for Regulatory Applications”, Hall et al. 

(2000) support the view of the commonly expressed rule of thumb that terrain with slopes below approximately 0.1 

has only limited effects on dispersion.  On this basis most of the UK is considered to be topographically flat and as 

such a terrain function has not been incorporated into GasSim2.   
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Tier 3 
 

Tier 3 is the most detailed level of assessment.  Using a new generation air dispersion model such as ADMS or 

AERMOD, the PC and PEC of a pollutant at any number of potential receptors is calculated using detailed site 

layout plans and typically 5 years of hourly meteorological data.  A Tier 3 model will incorporate appropriate 

meteorological data that has been processed using site-specific data, and will typically incorporate terrain data for 

the area in the vicinity of the Site.  GasSim allows the user to export data to allow a Tier 3 model to be used. 

Odour Emissions and Modelling of Odour Units 
 

Odour can be a particularly subjective matter.  There is little published information on the way odour detectability of 

a complex cocktail of compounds (as in landfill gas) relates to the individual concentrations of the substances in the 

gas mixture.  
 

Odour Sources 
 

The specific waste management activities on a landfill generate different sources of odour.  These are both 

advective sources such as escaping landfill gas, emissions from flares, gas engines and aerated leachate 

treatment plants, and diffusive sources such as waste surfaces, capped waste and leachate holding tanks.  

Uncontrolled landfill gas contributes most to the odour impact of a site and while point sources such as leachate 

tanks and lagoons have some local impact, these can be readily managed.  For this reason, GasSim2 only 

considers odours from landfill gas. 

 

Because odour is not straightforward to quantify and may be subjective in interpretation and perception, GasSim2 

handles odour in two ways.  Both sets of results should be interpreted by an odour specialist.  The OdourNet (Philip 

Longhurst, Pers. Comm. 2002) considers that a cocktail of odorous substances may have a synergistic or even an 

antagonistic effect on the perception of odorous compounds.  For this reason it is suggested that the dispersion of 

an individual odorous compound is considered if it is the prime cause of odour (e.g. hydrogen sulphide from the  

co-disposal of sulphate-rich wastes and household wastes), and odour units are used in other cases. 

Odorous Compounds and GasSim 
 

The first method considers the emission and atmospheric dispersion of the individual odorous components 

themselves.  The GasSim2 inventory of odorous substances is set out in Chapter 5.  Additionally odour units can 

be modelled using this technique by assuming that the odour units behave in a similar manner to odorous trace 

gases.   
  

GasSim2 stores these compounds in the trace gas component database, emits them via landfill surfaces, flares 

and engine emissions (with suitable destruction efficiencies) and disperses their emissions using AERMOD.  Odour 

units are assessed at the 98%ile using the approach set out in Environment Agency Horizontal Guidance for Odour 

(2002) and it is recommended that the odour impact is assessed in line with this guidance. 
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European odour units are empirical units for a particular gas mixture.  Odour units are calibrated by an odour panel, 

which has been exposed to an n-butanol standard.  The panelists should have individual n-butanol detection 

thresholds of between 20 – 80 ppb.  The n-butanol 40ppb standard is equivalent to 1 European odour unit (ouE) in 

a 1 m3 sample.  Against this calibration standard, other odours (e.g. landfill gas) are introduced in a diluted fashion 

to determine the degree of dilution at which 50% of the odour panel cannot detect the odour.  The number of 

dilutions required is equivalent to the concentration of odour in ouE.  

 

There is no simple relationship between ouE and substance concentrations.  This is probably related to the different 

odour thresholds of the cocktail of compounds found in landfill gas and the as yet unquantified synergistic and/or 

antagonistic effects of the cocktail of substances on odour detection of the gas mixture.  The values for the number 

of odour units in LFG in GasSim should be assessed on a site by site basis, and calibrated against data for surface 

emissions of odour from e.g. AERC (2000).   

Lateral Migration 

Background to Modelling Subsurface LFG Migration 

 

GasSim2 simulates the transverse migration of landfill gas through the subsurface as there is a potential for gas 

movement whenever the gas pressure in a landfill exceeds the pressure in the soil or rock surrounding it.  This is 

likely to be the case in any landfill that is actively generating gas.  The magnitude of gas leakage will then depend 

on the permeability of any subsurface pathway and the pressure gradient between the landfill and the potential 

receptor. 

 

There is limited data upon which to base models of landfill gas transport.  Ward et al. present data from Foxhall 

Landfill, and Williams et al. use a simple mathematical model to match the data.  Bognor et al. (1993) present data 

from a site in the USA. 

 

Precise modelling of gas migration through the geosphere from a landfill requires an extremely complicated model.  

A full ‘process’ model would need to include 3D geometry of heterogeneous rock/soil, multi-phase flow (gas/water) 

and multi-components within these phases.  Even a single phase model of gas flow would need to consider 3D 

geometry, transient pressure changes and interaction between different components (oxygen, nitrogen, CO2, CH4, 

VOCs, etc.).  These models are reasonably well developed (Bear, 1972) and have been applied to landfill gas 

migration by, amongst others, Moody et al. (1991), Bognor et al. (1993), and Tate & Rodwell (1995).  

 

Despite their sophistication, this style of modelling does not lend itself to implementation within a probabilistic 

performance assessment framework.  These models require numerical solutions and a number of site-specific 

input parameters that need to be determined experimentally.  Most importantly, there is little available data to 

constrain or validate the models.  
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The approach to modelling subsurface gas migration in GasSim2 has therefore been designed to be much simpler 

and is described in the following sections. 

Physics of Gas Migration 

 

Landfill gas migrates because of spatial variations in pressure, density, temperature, concentration, etc.  The conceptual 

model implemented in GasSim2 envisages gas migration through the subsurface occurring effectively in a horizontal 

plane.  This assumption is believed to be valid because: 

 

(i) the depth of the landfill is likely to be small compared with the length of a typical transport pathway (10s of 

metres compared with 100s of m); 

(ii) the geology is likely to comprise predominantly horizontal sedimentary bedding; 

(iii) gas will preferentially move through the largest pores or fissures (see Chapter 3.1.2), which are likely to 

correspond to sub-horizontal bedding plane fissures; and 

(iv) data from Foxhall Landfill (Ward et al.) appears to confirm that gas has migrated in a mainly horizontal direction. 

 

These assumptions mean that, for gas flow in the subsurface, our simplified conceptual model can neglect buoyancy-

driven flow (vertical flow due to density variations) and temperature-driven flow (convection).  

 

In GasSim2 we can constrain the plume to a confined migration pathway, or we can specify an unconfined pathway.   

 

GasSim2 considers the movement of gas molecules due to pressure gradients (advection) and concentration gradients 

(diffusion).  In reality, these processes are coupled to each other and to the composition of the gas.  For example, the 

coefficient of molecular diffusion for a particular gas species depends on the composition of the gas through which it is 

diffusing.  The composition is in turn determined by the rate of movement of the different components, driven by 

pressure and concentration variations.  

 

Despite this complexity, we have assumed that landfill gas migration can be simplified by separating the calculations of 

flow rate and concentration.  Broadly, this can be done by determining the proportion of gas emitted through the liner 

and the liner surface area to calculate a rate of gas flow.  The LFG is assumed to retain the same composition as the 

gas generated.  This rate can then be used to calculate the evolution of concentration with time by solving the advection-

diffusion equation.  This is the approach used by Williams et al. 

 

The approach to calculating lateral migration is therefore as follows: 

 

• calculate the advective gas flow rate from the boundary of the cell/landfill to the receptor, using the quantity of 

gas emitted through the liner; and 

• calculate the concentration of the components of the LFG at the receptor, by solving the advection-diffusion 

equation using the flow rate computed in Step 1. 
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Approach to Calculating Gas Migration through the Subsurface 

 

The gas pressure at the boundary of the cell/landfill is determined from the flow of gas from the cell/landfill (the emission 

rate) (Equation 6.33) using Darcy’s Law.  The emission rate is calculated from the emission of LFG through the 

cell/landfill liner and the liner surface area (Equation 6.34). 
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where: 

 

v the mean true velocity of flow (m s-1) 

Gn geosphere porosity  

Gm geosphere moisture content 

Er gas emission rate (m3/m2/hr), calculated using: 
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where: 

 

Qlat gas emitted through liner (m3/hr) 

Al unsaturated surface area of the liner (m2) 

  

If an artificial liner is modelled, it is assumed to contain no defects, and advective flow does not occur.  If a natural clay 

liner is modelled, the constraining emission rate is calculated on the basis of the engineered specification.   

 

The true flow regime is likely to be three-dimensional.  This is because the permeability is likely to be non-

homogeneous, resulting in differences in pressure surrounding the landfill, and also because of the real 3D geometry of 

the landfill.  For the purposes of GasSim2, this can be simplified to a 1D linear or radial flow field.  We consider the linear 

1D flow regime to be most appropriate for GasSim2 for three reasons: 

 

(i) gas is likely to flow along preferential, high permeability linear pathways; 

(ii) the flow rate along a 1D linear pathway will be higher than that for a radial flow regime given the same 

permeability and pressure gradient, and the assumption of a 1D linear pathway is therefore ‘conservative’ in the 

sense of providing the highest flow rate; and 

(iii) Williams et al. successfully model data from Foxhall Landfill using a 1D linear version of the advection-diffusion 

equation. 
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Capillary forces mean that, in the vadose zone, water wets the pore surfaces.  Gas (air or landfill gas) is trapped within 

the larger pores.  This is consistent with the common assumption that gas is static in the vadose zone.  Consequently, 

significant gas flow will occur through the largest interconnected pores, such as fissures.  This is in direct contrast to 

water flow in the vadose zone, which occurs primarily through the smallest pores.  GasSim2 will assume that 

permeability is constant along the pathway. 

 

The gas concentrations are determined using a 1D advection-diffusion equation (ADE), as provided in Equation 6.35. 

 

 We assume that the components of the gas behave independently and do not interact.  This means that we can solve 

the advection-diffusion equation separately for each component, to calculate concentration as a function of time.  As in 

Chapter 3 assuming that flow occurs along a one dimensional linear pathway is ‘conservative’ in that it will give the 

highest concentrations for a given source term.  

 

For each pathway, the one dimensional advection-diffusion equation is: 
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where:   

x the distance along the pathway in the direction of flow (m)  

t time (s) 

c (x,t) the concentration at a distance x and a time t (kg m-3) 

v the mean true velocity of flow (m s-1) 

γ the rate of decay of the gas.  Note that this only applies to contaminants that undergo first 

order decay, for example through biodegradation or radioactive decay (s-1) (not used in  

GasSim2 version 1.0) 

DL the longitudinal coefficient of dispersion (that is, parallel to the direction of gas flow) (m2s-1), 

this is determined from the dispersivity of gas in air using Equation 6.36.  
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where: 

 

Gn geosphere porosity  

Gm geosphere moisture content 

Ds air dispersion coefficient (cm2 s-1) 

 

In using the advection-diffusion equation to model gas concentrations, we assume that: 
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1) the diffusion coefficient for each component is constant; 

2) no partitioning occurs to any dissolved or solid phases present (partitioning to aqueous phase would be 

governed by Henry’s law); and 

3) movement of dissolved components is not included. 

 

The ADE is solved using the gas flux (given by Equation 6.68), the effective porosity Gn, the coefficient of 

dispersion D, together with boundary conditions describing the source term.  The equation allows the inclusion of 

decay constant.  However, this is not used in GasSim2 v1.0.  GasSim2 v1.0 uses the Laplace Transformation to 

solve this equation.  This approach is described in detail in Chapter 6 of the LandSim v2 manual (2001), which 

describes the theory behind the model. 

 

GasSim2 allows the user to consider soil breathing in the simulation of lateral migration in an unconfined migration 

pathway.  The more conservative confined pathway does not allow soil breathing to take place.  Soil breathing is 

considered to be controlled mainly by the variations of atmospheric pressure over the year.  When atmospheric 

pressure increases, air is effectively pushed into the soil through the ground surface.  The air that is forced into the 

soil will be mixed with the migrating gases. In contrast, as the pressure decreases a proportion of the air-gas 

mixture will escape into the atmosphere.  The processes will continue throughout the year to dilute the initial 

concentration of the migrating gases.  Golder examined three years of typical meteorological data and concluded 

that approximately 16 -18% of the initial concentration of landfill gases would remain below the ground surface after 

one year’s air exchange. 

Migration of LFG Through Engineered Barriers 

 

Gas is assumed to migrate laterally and upwards through the sides and top of the landfill.  Gas is unlikely to move 

downwards in significant quantities, because it is buoyant and the bottom part of the waste and engineered barriers 

are likely to be water saturated, which makes the permeability to gas effectively zero. 

 

The flow mechanisms through mineral liners are essentially the same as in the geosphere.  However, the 

geotechnics of liner emplacement are likely to be important in conditioning the permeability to gas, for example, the 

extent to which the emplaced mineral liner is water saturated.  There is little data on gas movement through 

geomembranes.  There are likely to be two flow mechanisms; molecular diffusion through the material of the 

membrane and flow through defects, but there is not enough data available to derive models of either of these 

mechanisms.   

 

In earlier versions of GasSim, the movement of gas through the liner was specified by the calculation of the 

emission rate; we assumed that the model operated at a steady state, thus implying that the emission rate 

represented this movement though the liner.  For current implementations in GasSim2 we have limited this to the 

engineered performance of a membrane liner (where present).  When simulating a clay liner, we use the 

engineering properties specified to control the rate of gas loss through the liner.  It is therefore possible to estimate 
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the performance under as built/as specified conditions, and with defects, by modifying the input values of the liner 

specification. 

  

GasSim2 assumes that there is no biological oxidation of methane, dispersion, retardation or other 

attenuation/reaction processes that reduce the concentration of any gas as it moves through the ground.  This will 

result in a conservative approach. 

Assessing Vegetation Stress  
 

GasSim2 determines whether carbon dioxide and methane will cause long-term vegetation stress in the root zone.  

The concentrations for methane and carbon dioxide at a given year and a given receptor point are taken from the 

lateral migration model.  Research has shown that vegetation stress can be caused by carbon dioxide at between 

5 and 10% (v/v) and methane at about 45% (v/v).  However, methane can be biologically oxidised to carbon 

dioxide in the soil.  Therefore, GasSim2 sums the carbon dioxide and methane concentrations.  This summed 

concentration is then compared to a vegetation stress threshold concentration, which GasSim2 has taken as a 

default of 7.5% (the mid point between 5 and 10 % limits), or another user defined threshold. 
  

Global Impact 
 

The risk to the global atmosphere from LFG emissions is determined by estimating the detrimental effect of two 

classes of compound (Figure 6.7): 

 

• greenhouse gases - mainly methane, chlorofluorocarbons (CFCs) and halocarbons (HFC)s; and 

• ozone depleting compounds – mainly CFCs and HFCs. 

 

The detrimental effect of greenhouse gases is determined using the Global Warming Potential (GWP), which 

compares the effect of each compound to carbon dioxide, for a specified timeframe, i.e. methane has 21 times the 

effect of carbon dioxide over a 100 year period.  GasSim2 provides the option for you to select the gases that you 

wish to use to determine the GWP, as the determination of the GWP for Environmental Reporting (DETR, 2000) 

does not include CFCs and HCFCs. 
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Figure 6.7:  Global Impact Module 

 

The effect of ozone depleting compounds is determined in a similar way using the Ozone Depletion Potential 

(ODP), which compares each species to a fixed standard compound, generally trichlorofluoromethane (CFCl3). 

Pollution Inventory (PI) Reporting 
 

Since 1998, the Environment Agency has required the reporting of certain emissions from industrial processes 

regulated under Integrated Pollution and Control.  The reporting of annual emissions from most landfills will 

become necessary under The Pollution Prevention and Control (England and Wales) Regulations, 2000 in early 

2003 for emissions during 2002.  Additionally, newly permitted facilities will be required to report PI emissions 

annually.  Reported data may derive from measurement, calculation or estimation techniques and GasSimLite 

provides the capability to calculate the annual releases and report them in a format suitable to meet PI 

requirements. 

 

The Environment Agency provides a standard list of substances to be reported based on operation during the 

previous year to reporting.  GasSimLite reports the gases and volatile compounds on the PI list, which are known 

to occur at reasonably measurable concentrations in landfill gas, as detailed in (Gillett and Gregory, 2002).  This 

list includes forty-five species, which are reported at the 25, 50 and 75%iles in the units required for PI purposes.  

The 50%iles can then be used to complete the non-notifiable air emission section of the PI reporting form. 

 

The emissions of CFCs, HCFCs, HFCs, PFCs, Halons and VOCs have been reported as sums of the groups of 

compounds as at the time of publication insufficient data was available on the individual species within these 

groups. 
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PI reporting also requires the emissions of PAHs, PCDDS and PCDFS as naphthalene and TEQs, respectively.  

Due to the lack of emissions data for these species, GasSim2 simplifies their emission by using surrogates:  

Benzo(a)pyrene for PAHs and 2,3,7,8-TCDD, for PCDDS and PCDFS. 

Exposure Module  
 

The exposure module is primarily concerned with calculating off-site exposure, i.e. human intake of pollutants 

arising from a landfill and its associated plant.  There are two important aspects of the exposure module.  These 

are the characteristics and behaviour of the people who are most likely to be affected by the pollutant (termed the 

critical receptors), and the calculation of concentrations of pollutants in the relevant media to which the critical 

receptors are exposed.  These aspects combined provide a conceptual model for the receptor site, and make it 

possible to calculate the likely total dose of the contaminant from the exposure pathways. 

 

The overall equation governing intake as described in CLR10 (DEFRA and Environment Agency, 2002) is given 

below: 

          (6.37) 

where:  

ADE average daily human exposure to a chemical from soil (mg kg-1 BW day-1) 

IR chemical exposure rate (mg day-1) 

EF exposure frequency (days yr-1) 

ED exposure duration (yr) 

BW  human body weight (kg) 

AT  averaging time (day) 

  

The subscripts ‘inh’ and ‘oral’ apply to the inhalation and ingestion contact routes respectively. 

 

The critical receptor differs according to the land use scenario considered.  A brief summary of the land uses 

considered in GasSim2 is given in the land use scenarios section below.  Some aspects of the characteristics of 

the critical receptor for a given land use scenario will relate specifically to that land use.  Examples include 

numbers of days of exposure to pathways and number of hours on-site.  Other characteristics may be common to 

the different exposure pathways.  Examples include body weights, respiration rates and exposure and averaging 

periods.  These characteristics are covered in the section on critical receptors.  Other characteristics may be 

specific to the individual pathways (for instance soil ingestion rates).  These aspects of the characterisation of the 

critical receptor are covered in the sections on each pathway. 

 

In addition, GasSim2 also allows evaluation of the inhalation exposure of site workers.  For screening purposes, 

GasSim2 calculates the air concentrations of pollutants generated by landfill surface emissions, flare emissions 
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and gas engine emissions.  These are a direct output from the atmospheric dispersion module, and a minimum 

dispersion distance of 1 m is simulated.  The receptor height is defined as that for an adult female worker (1.62 m; 

see Table 6.22).  The air concentration is compared with EH40 occupational exposure limit values (OELVs).  

Operators are advised that this approach can only give average exposures and does not account for confined 

spaces or proximity to exhausts, etc.  Operators are advised to make direct measurements and to follow Health 

and Safety Executive guidance if the estimates generated in  GasSim2 are more than 10% of the OELVs from 

EH40/2002 (HSE, 2002).  EH40/2002 is the means by which the first Indicative Occupational Exposure Limit 

Values (IOELV) Directive will be implemented in Great Britain. 

Land Use Scenarios 

Introduction 

 

The land use scenarios are those used in the Contaminated Land Exposure Assessment (CLEA) model, and a full 

description is given in the associated CLR documents published by DEFRA and the Environment Agency (2002).  

There are three land uses considered: 

 

• residential; 

• allotments; and 

• commercial and Industrial. 

 

The critical receptor for each land use is described in the section on critical receptors. 

Soil Type 

 

The soil types comprise four very broad types (sandy, clay, loam and organic-rich) as described in CLR10 (DEFRA 

and Environment Agency, 2002).  Where there is no information on soil type available, sandy soil is the default, 

because it is a conservative option suitable for screening purposes.  Table 6.4 below shows some of the soil 

parameters, which are automatically selected by the choice of soil type. 
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Table 6.4:  Default Soil Properties Used Within GasSim2 for Predicting the Fate and Transport of 

Contaminants (after CLR10, DEFRA and Environment Agency, 2002) 

 
Soil Type Parameter 

Sandy Loam Clay Organic 
Mean particle grain sizea (cm) 0.05 0.003 0.0002 0.05 
Total porosityb (cm3 cm-3) 0.3 0.5 0.6 0.7 
Air-filled porosityb (cm3 cm-3) 0.2 0.25 0.3 0.35 
Water-filled porosityb (cm3 cm-3) 0.1 0.25 0.3 0.35 
Dry bulk densityb (g cm-3) 1.6 1.4 1.6 1.0 
Enrichment factors (dimensionless) 6 3 1.5 1 
Notes 
A: Used to calculate air permeability factors for predicting vapour transport of contaminants in soil using the relationship derived by 

Rogers and Nielson (1991). 
B: Used to predict vapour transport, plant uptake and dermal absorption of contaminants in soil. 

Residential Land Use Scenario 

 

There are two subdivisions of this land use; residential with plant uptake, and residential without plant uptake.  The 

user is referred to DEFRA and the Environment Agency (2002) for guidance as to when each subdivision is 

applicable.  The pathways that are modelled for each subdivision are shown in Table 6.5  taken from CLR10.  

  

Table 6.5:  Default Exposure Pathways Included in the Conceptual Exposure Model for the Standard 

Residential Land Use 
 
Ingestion of soil ●  
Ingestion of household dust ●  
Ingestion of contaminated vegetables ❍ 
Ingestion of soil attached to vegetables ❍ 
Dermal contact with soil ●  
Dermal contact with household dust ●  
Inhalation of fugitive soil dust ●  
Inhalation of fugitive household dust ●  
Inhalation of vapours outside ●  
Inhalation of vapours inside ●  
Notes 
● Included in the default conceptual model. 
❍  Optional to include in the default conceptual model.    

 

The number of days for which exposure to each pathway is considered are shown in Tables 6.6 and 6.7, which 

have been adapted from CLR10 (DEFRA and Environment Agency, 2002). 
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Table 6.6:  Exposure Frequencies for Soil Ingestion and Consumption of Vegetables Used in  GasSim2 

(adapted from CLR10, DEFRA and Environment Agency, 2002) 
 

Age (yrs) EForal for Soil Ingestion (day yr-1) EForal  for Consumption of Plant Material 
Contaminated by Soil  (day yr-1) 

0–1 180a 250b 
1–2 365 365 
2–3 365 365 
3–4 365 365 
4–5 365 365 
5–6 365 365 

Notes 
A:  It is assumed that, for the first six months of life, a baby has limited contact with contaminated soils or household dust. 
B: It is assumed that babies are not introduced to solid foods until they are 16 weeks old. (Health Promotion England, 2001). 

 

Table 6.7:  Exposure Frequencies for Soil Ingestion and Indoor/Outdoor Dermal Contact with Soils and 

Household Dust Used Within  GasSim2 (adapted from CLR10, DEFRA and Environment Agency, 2002) 
 

EFdermal for Soil and Household Dust  (day yr-1) Age 
(yrs) Indoor Outdoor 
0–1 180 b 65 
1–2 365 130 
2–3 365 130 
3–4 365 130 
4–5 365 130 
5–6 365 130 

16–59 365 365 
Notes 
A: It is assumed that, for the first six months of life, a baby has limited contact with contaminated soils or 
 household dust. 
B: Based on the assumption that a baby will be actively playing and touching household items from six months. 

 

Table 6.8:  Exposure Frequencies for Indoor and Outdoor Inhalation of Soil Dust, Household Dust and 

Contaminant Vapours Used Within  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 
 

Exposure to Airborne Soil Dust and Vapours 
Outside the Home 

Exposure to Airborne Household Dust Inside 
the Home a 

Age 
(yrs) EFinh 

(day yr-1) 

Active 
Respiration 

(h day-1) 
 

Passive 
Respiration 

(h day-1) 

EFinh 

(day yr-1) 

Active 
Respiration 

(h day-1) 

Passive 
Respiration 

(h day-1) 

0–1 365 1 1 365 2 20 
1–2 365 2 1 365 3 18 
2–3 365 2 1 365 3 18 
3–4 365 3 0 365 3 18 
4–5 365 3 0 365 3 18 
5–6 365 2 0 365 2 16 

 

The number of hours spent indoors and outdoors for this scenario,, and the proportion of these which are assigned 

to active/passive inhalation are shown in Table 6.8.  The basis for the calculation of inhalation rates is given in the 

section on critical receptors. 
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Allotments Land Use Scenario 

 

The pathways that are modelled for the allotment scenario are shown in Table 6.9.  

 

Table 6.9:  Default Exposure Pathways Included in the Conceptual Exposure Model for the Standard 

Allotment Land Use Within  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 
 
Ingestion of soil ●  
Ingestion of household dusta ●  
Ingestion of contaminated vegetables ●  
Ingestion of soil attached to vegetables ●  
Dermal contact with soil ●  
Dermal contact with household dusta ●  
Inhalation of fugitive soil dust ●  
Inhalation of fugitive household dusta ●  
Inhalation of vapours outside ●  
Inhalation of vapours inside ❍ 
Notes 
● Included in the default conceptual model.  
❍  Not included in the default conceptual model. 
A:  Assumes tracking of soil contamination into the home  

 

The number of days for which exposure to each pathway is considered is shown in Table 6.10. 
 

Table 6.10:  Exposure Frequencies for Soil and Indoor Dust Ingestion Used Within  GasSim2 (adapted from 

CLR10 DEFRA and Environment Agency, 2002) 
 

Age (years) Exposure Frequency for Soil and Indoor Dust Ingestion (day yr-1) 
0–1 180a 

1–2 365 
2–3 365 
3–4 365 
4–5 365 
5–6 365 

Notes 
A:  Exposure frequency is further reduced on the assumption that direct soil contact is likely to be lower for a child in the first six months 

of life than in subsequent years. 

 

The number of hours outdoors on-site and indoors at home, and the proportion of these which are assigned to 

active/passive inhalation are shown in Table 6.11.  The basis for the calculation of inhalation rates is given in the 

section on critical receptors.  
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Table 6.11:  Exposure Frequencies for Outdoor Inhalation of Soil Dust and Contaminant Vapours and 

Indoor Inhalation of Indoor Dust Used Within GasSim 
 

Exposure to Airborne Soil Dust and Vapours 
on the Allotment Site Exposure to Airborne Indoor Dust at Homea 

Age (yr) 
EFinh 

(day yr-1) 

Active 
Respiration 

(h day-1) 

Passive 
Respiration 

(h day-1) 

EFinh 
(day yr-1) 

Active 
Respiration 

(h day-1) 

Passive 
Respiration 

(h day-1) 
0–1a 78 2 2 365 2 20 
1–2a 78 2 2 365 3 18 
2–3a 78 2 2 365 3 18 
3–4a 78 2 2 365 3 18 
4–5a 52 2 2 365 3 18 
5–6 52 2 2 365 2 16 
Notes 
A:  For these age classes it appears that there are more than 24 hours in a day.  However, this is an artefact of the conceptual model.  

The outdoor exposure hours apply only to the number of days on which the allotment is actually visited, while the indoor hours are 
used every day and therefore include days when no visit takes place (and where the longer hours from the standard residential land-
use apply). 

 

The number of days of dermal exposure to soil outdoors on the allotments site and of dermal contact with soil-

derived dust indoors at home are shown in Table 6.12. 

 

Table 6.12:  Exposure Frequencies for Outdoor and Indoor Dermal Exposure to Soil and Indoor Dust Used 

in  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 
 

Exposure to Contaminated Soil on the 
Allotment Site Exposure to Indoor Dust at Home Age (yr) 

EFdermal  (day yr-1) EFdermal  (day yr-1) 
0–1a 14b 180c 
1–2a 28 365 
2–3a 28 365 
3–4a 28 365 
4–5a 19 365 
5–6a 19 365 

Notes 
A: Based on a scaling factor for the ratio of the exposure frequencies for soil ingestion and dermal exposure for the residential scenario 

of 130/365. 
B: Based on the arbitrary assumption that a baby is unlikely to have extended soil contact for the first six months of life. 
C: Based on the assumption that a baby will be actively playing and touching household items from six months. 
 

Commercial and Industrial Land Use Scenario 
 

The pathways which are modelled for the commercial and industrial land use are shown in Table 6.13. 
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Table 6.13:  Default Exposure Pathways Included in the Conceptual Exposure Model for the Standard 

Commercial / Industrial Land Use Used Within  GasSim2 (after CLR10, DEFRA and Environment Agency, 

2002) 
 
Ingestion of soil ●  
Ingestion of building dust a ●  
Ingestion of contaminated vegetables ❍ 
Ingestion of soil attached to vegetables ❍ 
Dermal contact with soil ●  
Dermal contact with building dust a ●  
Inhalation of fugitive soil dust ●  
Inhalation of fugitive building dust a ●  
Inhalation of vapours outside ●  
Inhalation of vapours inside ●  
Notes 
● Included in the default conceptual model.   
❍  Not included in the default conceptual model. 
A: Assumes tracking back of soil contamination into the workplace from outside. 

 

The number of days for which exposure to each pathway is considered is shown in Table 6.15.  The number of 

hours spent indoors and outdoors for this scenario , and the proportion of these that are assigned to active/passive 

inhalation are also shown in Table 6.14.  The basis for the calculation of inhalation rates is given in the section on 

critical receptors. 

 

Table 6.14:  Exposure Frequencies Used for the Different Exposure Pathways Within GasSim2 for the 

Standard Commercial and Industrial Land Use 
 

Exposure Characteristics for Female Workers aged 16–59  
Inside Building Outside 

Exposure Frequency (day yr-1) 
Soil and dust ingestiona 230 
Inhalation of dust and 
vapours 

230 170 

Skin contact with soil and 
dust 

230 170 

Contact Hours (h day-1) 
Active respiration 2.0 0.66 
Passive respiration 5.5 0.33 
Notes 
A: Separate exposure frequencies are not used for soil and dust ingestion because of the difficulties in distinguishing the individual soil 

and dust components from existing studies. 

 

Critical Receptors 

Introduction 
 

The choice of critical receptors for each land use considered in GasSim2 is the same as used for the Contaminated 

Land Exposure Assessment (CLEA) model.  The choice of critical receptor, together with related issues such as 

exposure duration and averaging time is a matter of policy as well as science, and varies from country to country.  

It may also vary with the nature of the contaminant, for instance whether or not it has threshold or non-threshold 

effects.  In this release of GasSim, land use scenarios, exposure factors and exposure pathways are fixed and are 
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not user editable.  Contaminants and environmental factors such as soil type and building construction methods 

are site-specific and therefore user defined.  Table 6.16 summarises the critical receptors currently considered 

appropriate in the UK, as agreed between the Environment Agency and Department of Health, for each land use 

scenario.  The rationale behind the choice is given in the CLR documents published by DEFRA and the 

Environment Agency (2002).  In all cases the critical receptor has been taken to be female.  This is because 

women tend to have lower body weights (and thus the same intake of contaminant results in a higher dose per unit 

of body weight), and because in many cases the female is considered the more sensitive receptor in terms of 

toxicological end-point.  All exposure factors have been taken from the CLR documents published by DEFRA and 

the Environment Agency (2002).  A brief summary of the exposure factors is given below but the user is referred to 

this publication for a detailed explanation of the knowledge base behind the decisions. 

Exposure Duration and Averaging Time 
 

The choice of critical receptor dictates the exposure duration and averaging time.  The exposure duration is the 

period of time in the receptor’s life, which is considered the most critical, and for which an intake dose of 

contaminant is calculated.  It is usually cited in terms of years.  The averaging time is the period of time over which 

the calculated dose is averaged; it is usually expressed in terms of days.  The current UK exposure durations and 

averaging times for the critical receptor for each land use, as agreed between the Environment Agency and 

Department of Health, are given in Table 6.15 below. 

 

Table 6.15:  Default Values for Exposure Duration and Averaging Time for Each Standard Land Use Used 

Within GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 
 

Standard Land Use Exposure Duration (yrs) Averaging Time(day) 
Residential 6 (child aged 0–6) 2190 
Allotments 6 (child aged 0–6) 2190 

Commercial/Industrial 43 (working adult aged 16–59) 15,695 

Body Weights 
 

The body weights used in  GasSim2 are calculated probabilistically as they are in the CLEA model.  The underlying 

basis for the data is 1998 Department of Health data (DH 2000) ,with the exception of children in the first two years 

of life.  In this case the 1991 Department of Health data was used (DH 1991) because the 1998 data was not 

available in an appropriate form to support the calculations.  A summary of the body weight data is included in 

Table 6.16 below. 

 

Table 6.16:  Body Weight Data Used in  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 
 

Female Age 
(years) Mean (kg) Standard Deviation (kg) PDFa  (kg) 

0–1b 7.40 0.968 7.4 (5.9, 7.4) 
1–2b 10.65 1.344 10.7 (8.5, 10.6) 
2–3c 14.00 1.622 14.0 (11.4, 14.0) 
3–4c 15.90 2.201 15.9 (12.4, 15.9) 
4–5c 18.65 2.982 18.7 (13.9, 18.6) 
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Female Age 
(years) Mean (kg) Standard Deviation (kg) PDFa  (kg) 

5–6c 20.31 3.434 20.3 (14.8, 20.3) 
16–59c 68.53 13.870 68.5 (46.4, 68.5) 
A: Treated as a probabilistic parameter with a normal PDF truncated at +/- 2.5 standard deviations. Mean, 5th percentile and 50th 

percentile shown. 
B: Taken from Department of Health (1991). 
C: Taken from raw data from 1998 Health Survey for England (Department of Health 2000). 
 

Respiration Rates 
 

Respiration rates are related to body weight and vary according to the level of exertion required by the activity in 

which the receptor is engaged.  Equations 6.38 and 6.39 describe the relationships, and the default values are 

presented in Table 6.17. 

 

           (6.38) 

  
where: 
 

RR  respiration rate (m3 h-1) 

αact  breathing rate, which varies according to age and activity category (active or passive) (m3 

kg-1 BW h-1) 

BW  body weight (kg) 

 

 

           (6.39) 
 

Where 
 

RV daily respiration volume (m3 day-1) 

RRact respiration rate during active tasks (m3 h-1) 

Tact number of hours per day of active tasks (h day-1) 

RRpas respiration rate during passive tasks (m3 h-1) 

Tpas number of hours per day of passive tasks (h day-1) 

 

BWRR act ×α=

( ) ( )paspasactact TRRTRRRV ×+×=
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Table 6.17:  Respiration Rates Used in  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 

 

Breathing Rate (αact) 
Active Respiration Rates 

(m3 h-1) 
Passive Respiration Rates 

(m3 h-1) Age 
(years) 

Activea Passivea Femaleb Femaleb 

0–1 0.222 (0.222, 0.268) 0.081 (0.081, 0.098) 
1–2 0.320 (0.319, 0.384) 0.117 (0.117, 0.141) 
2–3 0.420 (0.420, 0.497) 0.154 (0.154, 0.182) 
3–4 0.477 (0.477, 0.582) 0.175 (0.175, 0.213) 
4–5 0.560 (0.559, 0.702) 0.205 (0.205, 0.257) 
5–6 

0.03 0.011 

0.609 (0.609, 0.773) 0.223 (0.223, 0.284) 
16–59 0.018 0.006 1.234 (1.233, 1.631) 0.411 (0.411, 0.544) 

Notes  
A: Taken from McKone and Daniels (1991). 
B: Treated as a secondary probabilistic variable as a function of body weight.  Mean (50%ile, 95%tile) values shown. 

Food Consumption Patterns 
 

Vegetable consumption rates are used within  GasSim2 in the residential with plant uptake and allotments 

scenarios in order to estimate exposure from the consumption of vegetables that have taken up contamination 

and/or have contaminated soil attached.  The total consumption rates for common home-grown vegetables have 

been estimated by the Food Standards Agency.  The consumption rates are estimated from body weights using a 

natural log normal probability density function as shown in Table 6.18.  Further details are available in CLR10 

(DEFRA and Environment Agency, 2002). 

 

Table 6.18:  Summary of Vegetable Consumption Rate (CRvegetable) used in  GasSim2 According to 

Vegetable Type and Age Class (after CLR10, DEFRA and Environment Agency, 2002) 

 
Consumption rate (g FW kg-1 BW  day-1)b 

Age 
(years) 

NDNSa 
Age 

Group 
Brussels 
sproutsc Cabbagec Carrotc Leafy 

saladsc 

Onion 
(shallots and 

leeks)c 
Potatoc 

0–1 Infant 0.61 
(0.46, 2.01) 

0.51 
(0.42, 1.37) 

1.30 
(1.14, 3.05) 

0.29 
(0.24, 
0.82) 

0.26 
(0.18, 0.95) 

3.08 
(2.54, 8.63) 

1–4 Toddler 0.44 
(0.30, 1.67) 

0.46 
(0.29, 1.84) 

0.62 
(0.45, 2.15) 

0.32 
(0.20, 
1.32) 

0.32 
(0.23, 1.13) 

3.63 
(3.20, 8.61) 

4–16 Young 
person 

0.28 
(0.22, 0.81) 

0.25 
(0.20, 0.75) 

0.36 
(0.26, 1.25) 

0.17 
(0.11, 
0.66) 

0.22 
(0.16, 0.77) 

2.95 
(2.66, 6.48) 

16–70 Adult 0.30 
(0.25, 0.82) 

0.27 
(0.21, 0.80) 

0.27 
(0.22, 0.77) 

0.16 
(0.11, 
0.61) 

0.19 
(0.15, 0.52) 

1.82 
(1.66, 3.81) 

Notes 
A: National Diet and Nutrition Survey, Food Standards Agency. 
B: FW – fresh weight. BW – body weight. 
C: A natural log-normal PDF. Mean (50%, 97.5%ile) values shown. 
 

Data from the National Food Survey has been used to estimate the fraction of the total vegetables consumed that 

are home-grown for each of the selected representative vegetables.  The home-grown fraction is calculated 

probabilistically within  GasSim2 using a beta shaped probability density function.  Following advice from the 
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Foods Standards Agency, only households that report growing a proportion of their own produce are included 

within the distribution.  Further detail is provided within CLR10 (DEFRA and Environment Agency, 2002). 

 

Table 6.19:  Parameters Used Within GasSim2 to Estimate the Daily Consumption Rate of Homegrown 

Vegetables Based on the National Food Survey (after CLR10, DEFRA and Environment Agency, 2002) 

 

Vegetable 
Average Home-
grown Fraction 

(All Households) 

Average Home-
grown Fraction 

(15% of 
Households) 

Upper Bound 
Home-grown 

Fraction 

Home-grown 
Fraction a 

Brussels 
sprouts 

0.06 0.39 0.94 0.39 (0.36, 0.87) 

Cabbage 0.06 0.38 1.00 0.38 (0.33, 0.92) 
Carrot 0.04 0.24 0.78 0.24 (0.17, 0.70) 

Leafy salads 0.02 0.12 0.64 0.12 (0.03, 0.51) 
Onion 

(including 
shallots and 

leeks) 

0.05 0.35 1.00 0.35 (0.27, 0.91) 

Potato 0.03 0.22 0.75 0.22 (0.14, 0.66) 
Notes 
a  A beta-shaped PDF.  Mean (50%, 95%ile) values shown. 

Body Height 
 

Body height is used within the calculation of outdoor vapour exposure.  Half of the height of the critical receptor is 

taken as the height in the breathing zone (see sections on inhalation in Exposure Pathways below). 
 

Table 6.20:  Body Height Data Used in  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002) 

 
Body Height (m) Age (years) 

Female 
0–1a 0.704 
1–2a 0.806 
2–3b 0.918 
3–4 b 0.979 
4–5 b 1.058 
5–6 b 1.115 

16–59b 1.623 
Notes  
a  Taken from Department of health (1991). 
b  Calculated from the raw data from the 1998 Health Survey for England (DH, 2000b) obtained from the UK Data Archive. 

Exposed Skin Area 
 

GasSim2 follows the approach taken in the CLEA model to estimating exposed skin area.  Further detail is given in 

the CLR documents.  Total skin area is related to body weight as shown in Equation 6.40 below, following the 

approach of ICRP (1975).  Note that because it is calculated from body weight, it is a secondary probabilistic 

variable.  The equation reflects an empirically fitted relationship between skin area and body weight and so the 

units of AT and BW are not intended to balance. 
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          (6.40) 

where:  

 

AT  total body skin area (m2) 

BW  body weight (kg) 

  

The percentage of the total skin area that is exposed with potential for contact with soil is then calculated.  It is 

recognised that because of activity patterns and differences in clothing, it is likely that a larger percentage of the 

total skin are of children may be exposed that for adults.  Table 6.21 shows the total and exposed skin area data 

used in  GasSim2 (after CLR10, DEFRA and Environment Agency, 2002). 
 

Table 6.21:  Total Skin and Exposed Skin Area Data Used in  GasSim2 (adapted from CLR10, DEFRA and 

CLEA, 2002) 
 

Female Age 
(years) Total Skin Area a (m2) Max. Fraction 

Exposed Skin 
Exposed Skin Area b 

(cm2) 
Notes 

0–1 0.38 (0.38, 0.43) 0.20 250 (234, 498) 
1–2 0.49 (0.49, 0.57) 0.22 361 (338, 715) 
2–3 0.61 (0.61, 0.69) 0.22 444 (416, 890) 
3–4 0.67 (0.67, 0.77) 0.23 510 (479, 1020) 
4–5 0.75 (0.75, 0.89) 0.24 599 (560, 1200) 
5–6 0.80 (0.80, 0.95) 0.24 637 (594, 1281) 

Assumes hands, 
forearms and lower 

legs exposed 

16–59 1.76 (1.77, 2.05) 0.05 293 (274, 589) Assumes only hands 
exposed 

Notes; 
a. treated as a secondary probabilistic variable as a function of body weight. Mean (50%tile, 95%ile) values shown. 
b. Treated as a probabilistic variable using a beta shaped PDF.   Mean (50%tile, 95%tile) values shown. 
 

It is likely that not all of the exposed skin areas will be in contact with soil during many activities.  Therefore the 

maximum area of exposed skin (Askin) is treated probabilistically using a beta-shaped PDF to find the average area 

of exposed skin.  The parameters of the PDF ensure that the average area of exposed skin is approximately one-

third of the maximum exposed area (Askin) calculated in Equation 6.41.  A summary of the total skin area (AT), the 

average exposed skin area and the fraction of exposed skin area (φexp), according to gender and age, is shown in 

Table 6.22 above. 
 

          (6.41) 

where:  

Askin  the exposed skin area (cm2) 

AT the total body skin area (m2) 

φexp the fraction of exposed skin 
 

4
expTskin 10AA ×φ×=

90BW

7)BW4(
AT +

+×=
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Exposure Pathways 

Introduction 
 

The exposure pathways modelled within  GasSim2 are as follows: 

 

• indoor inhalation of air from migration into houses; 

• outdoor inhalation of air; 

• outdoor inhalation of dust; 

• indoor inhalation of dust; 

• ingestion of soil and soil-derived dust; 

• consumption of plant contaminated by uptake and attached soil; and 

• dermal contact. 

 

The conceptual models for each of the various land uses described above in the land use scenarios section, 

explain which exposure pathways are used within which scenario.  Consumption of contaminated produce such as 

meat, poultry, dairy produce and eggs, has not been included within this release of GasSim. 

Indoor Inhalation of Air from Migration into Houses 
 

The exposure model estimates the pollutant concentrations of indoor air and the subsequent intake of the pollutant 

by the critical receptor.  The pollutant concentrations arise from atmospheric dispersion of emissions from the 

uncapped and capped landfill, flares and utilisation plant and from lateral migration of gases through the ground.  

This information is derived from the atmospheric dispersion and lateral migration modules.  The module uses the 

simple steady-state Ferguson equations (Ferguson et al., 1995) and the Modified Ferguson equations (Krylov and 

Ferguson, 1998).  

 

The equations from CLR10 for the term C2 have been simplified because in the context of land contamination, 

arising from contaminants originating on-site, it is reasonable to assume some partitioning of the contaminant 

between the solid, aqueous and gaseous phases of the soil.   Furthermore, the equation assumes that the ground 

is already contaminated, rather than there being a steady flow of contaminant onto the site.  The conceptual model 

in GasSim2 is somewhat different.  This is because there is assumed to be a constant flux of vapour migrating from 

the landfill though the soil in the gaseous phase, without partitioning to the solid or aqueous phases of the soil 

during transit.  This is probably a somewhat conservative assumption but is appropriate for a screening tool such 

as GasSim. 

 

The module enables the user to simulate two types of house design, slab bases and house with either suspended 

floors or cellars.  The building foundation is based on the construction details, the number of floor layers through 

which diffusion occurs e.g. hardcore, blinding sand, concrete and decking.  The model also uses this approach to 

determine the diffusion through walls and ceilings.   
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The slab based building option should be used to cover constructions where there is no void space between the 

soil and the living space i.e. modern houses or older houses with brick floors.  This module assumes advection as 

an entry mechanism, even through this is not specifically modelled, by using the soil permeability as the major 

control on the pressure driven flow.   

 

The second model includes a space beneath a suspended floor and therefore calculates the air concentrations in 

this lower, sub void, space and then uses this to determine the air concentrations in the living space.  The model 

incorporates stack effects within the living space and separately estimates the air pressure differences in the living 

space and sub void space.   

 

The indoor air concentrations for slab based buildings are determined using equation 6.42.  
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where: 
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and: 
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where: 

C1  concentration of contaminant in soil gas (input from migration module) (mg m-3) 

C2  concentration of contaminant in indoor air (mg m-3) 

C3 concentration of contaminant in outdoor air (from atmospheric dispersion module) (mg m-3) 

D12 coefficient of molecular diffusion between the soil and the living space (m h-1)  

D23(w) coefficient of molecular diffusion between the living space and outdoor air 
 through building walls (m h-1)  

D23(c) coefficient of molecular diffusion between the living space and outdoor air 
 through building ceiling (m h-1)  

Vs suction flow velocity (m h-1)  

P perimeter length of house (m)  

L character length over which suction flow is effective (m)  

Sa air filled soil porosity 

A ground area of house (m2)  

Awa area of house walls (m2)  
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Awd area of external windows and doors (m2)  

Ex air exchange rate in living space, the number of air changes in the living space per hour 

(h 1)  

h height of living space (m) 
 

The suction flow or pressure driven flow occurs when the pressure outside the house is greater than that inside the 

house.  This is determined using: 

 

( )dPP
k

Vs /)( 12 −−=
μ

 

(6.45) 

where: 

k air permeability of the medium (m2)  

μ gas viscosity (Nh m-2)  

P1 air pressure inside the house (Pa)   

P2 soil gas pressure, which is considered to be equal to atmospheric pressure (Pa) 

d the depth of foundations or floor thickness, the average path length between the two 

pressures (m)  
 

The coefficient of molecular diffusion between the soil or air and the living space (D12, D23(w), D23( c)) have been 

determined using:  
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where: 
Dc coefficient of molecular diffusion between the soil and air and the living space i.e. D12, 

D23(w), D23( c) (m h-1) 

Ds and Dss diffusion coefficient of each layer (m h-1)  

  

where: 

Ds and Dss  etc. are determined using: 

 

d

D
D eff

s =  

(6.47) 

where: 

d the thickness of the layer (m) 

Deff is determined by (m2 h-1)  
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(6.48) 

where:  

Da the molecular diffusion of the species of interest in air (m2 h-1)  

St total porosity of the medium (as a percent)  

Sa air filled porosity of the medium (as a percent)  

 

The equation for a building with a suspended floor is an extension of this equation, which calculates the diffusion 

between the air in the sub-floor space and the house ground floor (Equation 6.49).  
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where: 
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where: 
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(6.51) 

where: 

C1  concentration of contaminant in soil gas (mg m-3)  

C2  concentration of contaminant in indoor air (mg m-3) 

C3 concentration of contaminant in outdoor air (mg m-3)  

D01 coefficient of molecular diffusion between the soil and the crawling space/cellar space 
(m h 1)  

D12 coefficient of molecular diffusion between the sub void space and the living space (m h-1)  
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D13 coefficient of molecular diffusion between the soil and the crawling space/cellar space and 
outdoor (m h-1)  

D23(w) coefficient of molecular diffusion between the living space and outdoor air 
 through building walls (m h-1)  

D23(c) coefficient of molecular diffusion between the living space and outdoor air 
 through building ceiling (m h-1)  

Vs suction flow velocity (m h-1)  

P perimeter length of house (m)  

L character length over which suction flow is effective (m)  

Sa air filled soil porosity   

A ground area of house (m2)  

Ah area of air holes in the bricks = 0.0015x Awa2 (m2)  

Awa1 area of house walls in crawling space/cellar (m2)  

Awa2 area of house walls in living space (m2)  

Awd area of external windows and doors (m2)  

Ex1 air exchange rate in crawling space/cellar (h-1)  

Ex2 air exchange rate in living space (h-1)  

H1 height of crawling space/cellar (m)  

H2 height of living space (m)  

I12w  Winter floor leakage (m3 h-1) 

I12s Summer floor leakage (m3 h-1)  

 

where the leakage through the floor is determined by: 

 
( )[ ] 1232sw12 R/PPPI −+Δ=  

(6.52) 
( ) 1232s12 R/PPI −=  

(6.53) 

where: 

 P2 air pressure inside the sub floor void (Pa)  

P3 air pressure inside the house (Pa)  

R12 linear resistance (Nh m-1) 

ΔPs  the pressure difference due to the stack effect, which is calculated using: 

 
( )[ ]212avs T/TTghP −ρ=Δ  

(6.54) 

where: 

 T1 absolute temperature of outside air (K)  

T2 absolute temperature of inside air (K)  

hav the average height of all openings in the living space (m)  
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g acceleration due to gravity (m s-2) 

ρ mass density of outdoor air (kg m-3) 

ΔT  determined using T2 – T1 (normally 9o in the summer and 0o in the winter) 

 

The derivation of R12, the relationship between pressure drop and laminar flow through a floor, is covered more 

fully in Krylov and Ferguson (1998). 

 

Once the concentrations in the indoor air have been estimated, the intake of contaminated air by the critical 

receptor can be calculated according to Equation 6.55 below.  Respiration rates were discussed earlier in this 

chapter. 

 

  (6.55) 

where: 

 
IRvapour inhalation(indoor) the chemical exposure rate of a contaminant by inhalation of vapour (mg day-1) 
RV   the adult and child respiration volume (m3 day-1) 
Cindoor air   the average indoor air concentration of the contaminant in the breathing zone 

 calculated from the concentration in soil (mg m-3) 

   

Outdoor Inhalation of Air 
 

This part of the exposure module models the pollutant concentrations of outdoor air and the subsequent intake of 

the pollutant by the critical receptor.  The pollutant air concentrations result from atmospheric dispersion of 

emissions from the uncapped and capped landfill, flares and utilisation plant, and from lateral migration of gases 

through the ground, followed by migration to the surface of the soil.  Both atmospheric and lateral migration 

contributions to the outdoor air concentration will vary with the distance of the receptor from the landfill.  This 

information is derived from the atmospheric dispersion module and a combination of the lateral migration module 

and a simplified version of the equation used within the Contaminated Land Exposure Assessment (CLEA) model 

to estimate concentrations of contaminants in outdoor air arising from soil contaminated with volatile or semi-

volatile constituents (see equations 6.57 – 6.60).  The general equation is shown below (Equation 6.56). 

 

      (6.56)  

where: 

 
Coutdoor air the average outdoor air concentration of the contaminant in the breathing zone calculated 

from the concentration in soil (mg m-3) 

C1  the concentration of a contaminant in outdoor air contributed by 
 atmospheric dispersion (mg m-3) 

( )RVCIR airindoor)indoor(inhalationvapour ×=

21airoutdoor CCC +=
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C2  the concentration of a contaminant in outdoor air contributed by lateral 
 migration followed by migration to the surface (mg m-3) 

 

The calculation of the contribution from the atmospheric dispersion model is described earlier in this chapter.  The 

calculation of the contribution from the lateral migration module combined with subsurface migration is shown in 

Equations 6.90 – 6.92. 

(6.57) 

where: 
C2 the average outdoor air concentration of the contaminant in the breathing zone calculated 

from the concentration in soil air (mg m-3) 
 
Csoilair the concentration of a contaminant in soil air (mg m-3) 
 
DF  the predicted dispersion ratio from subsurface soil air to ambient air (dimensionless) 

assuming no partitioning of contaminant to aqueous or solid phases 
 

The vapour concentration in the gaseous phase is therefore taken directly from the lateral migration module and 

input into a simplified equation.  

 

(6.58) 
where: 

DF  the predicted dispersion ratio from subsurface soil air to ambient air (dimensionless) 
assuming no partitioning of contaminant to aqueous or solid phases 

Uair  wind speed above the ground surface in the ambient mixing zone (cm s-1) 
δair  the height of the ambient air mixing zone (cm) 

Ls  the depth below ground to the contaminated source zone (cm) 

W the width of the contaminated source zone in the direction of the prevailing  
 wind (cm) 

Deffsimp  the effective diffusion coefficient in soil in the vapour phase (cm2 s-1) 
 

DFCC soilair2 ×=

s

effsimp

airair L

D

U

W
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Table 6.22:  Defaults Used for Parameters Within Outdoor Vapour Algorithms Within  GasSim2  

 
Parameter Default Source/ Comments Units 

δair (Height of ambient air 
mixing zone) 

Half the body height 
for each age class 

Approach adopted in CLR10  
(DEFRA and Environment Agency 2002). 
Reflects the fact that some of time will be spent 
sitting, kneeling or crawling 

cm 

Uair (reference wind speed) 
in ambient air mixing zone 

300 

CLR10  
(DEFRA and Environment Agency 2002) 
Corresponds 8 m s-1, the lower end of UK 
measured wind speeds taken at 10 m  

cm s-1 

Ls (depth to contamination) 100 CLR10  
(DEFRA and Environment Agency 2002) 

cm 

W (width of source zone in 
direction of prevailing 
wind) 

1500 CLR10 (DEFRA and Environment Agency 
2002) 

Cm 

 

(6.59) 
where:  
 

Deffsimp  the effective diffusion coefficient in soil in the vapour phase (cm2 s-1) 

Dair   the diffusion coefficient in free air for the contaminant (cm2 s-1) 

θa   the volumetric air content in unsaturated soils (cm3 (air) cm-3 (soil)) 

θt   the total soil porosity (cm3 cm-3 soil) 

 

The intake of contaminant from outdoor air by the critical receptor is described by Equation 6.93.  Respiration 

volumes have been discussed previously in this chapter. 

 
 

(6.60) 
where:  
 

IRvapour inhalation (outdoor)   the chemical exposure rate of a contaminant by inhalation of 
   vapour (mg day-1) 
RV    the adult and child respiration volume (m3 day-1) 

Coutdoor air    the average outdoor air concentration of the contaminant in the 
   breathing zone calculated from the concentration in soil (mg m-3) 

 

Outdoor Inhalation of Dust 
 

This part of the exposure module models the concentrations of pollutant-bearing dust in the outdoor air and the 

subsequent intake of the pollutant by the critical receptor.  The principal pollutants involved are those in particulate 

form, such as polychlorinated dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and polyaromatic 

hydrocarbons (PAHs), such as benzo(a)pyrene, from the engine and flare emissions.  The element of the dust 

2
t

33.3
aair

effsimp DD
θ

θ×=

( )RVCIR airoutdoor)outdoor(inhalationvapour ×=
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which is of concern for human health exposure is the sub 10 micron fraction (often known as PM10).  This is 

because particles of this size and below can enter the lungs.  The air concentrations of pollutant-bearing dust result 

from two aspects of atmospheric dispersion of emissions, primarily from the uncapped flares and utilisation plant.  

Both contributions to the outdoor air concentration of pollutant-bearing dust will vary with the distance of the 

receptor from the landfill.  The first aspect (which would be expected to make the major contribution to exposure to 

polluted dust) is direct airborne emissions.  This would be expected to occur almost exclusively during the 

operational and post-operational gas management phases of the landfill.  It would be rather unlikely for dust 

emissions to occur once landfill operation and flaring has ceased.  

 

The second contribution to outdoor air dust concentration levels is the re-suspension of material deposited onto the 

surface of the soil.  The atmospheric dispersion module uses the wet and dry deposition rates to calculate the load 

per volume of soil at different distances from the landfill.  The deposition rates are determined using equations 

described in the atmospheric dispersion sections. 

 

The concentration in soil and soil-derived dust is then calculated using the assumption that the contaminants 

accumulate with time in the top 5 cm of soil in the following manner: 

 

The volume of soil per unit area of deposition (1 m2) is controlled by the soil depth. 

 

dsoil SV =  

 (6.51) 

where: 

 
Vsoil  volume of soil per unit area of deposition (m3) 

Sd  soil depth over which contaminant accumulates (5 cm) 

 

The mass of soil per unit area of deposition (1 m2) is calculated below: 

 

soilsoilsoil xVM ρ=   

(6.52) 

where: 

 
Msoil mass of soil per unit area of deposition over top 5 cm (g) 

ρsoil average soil bulk density over top 5 cm (g m-3) 

 

The soil concentration at time t can then be calculated, using the mass of soil and cumulative contaminant 

deposition between t=0 and t, as shown below: 
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( )

soil

t
soil M

D
C =  

(6.53) 

where: 

 
Csoil the contaminant concentration in top 5 cm soil due to atmospheric deposition (mg g-1) 
Msoil the mass of soil per unit area of deposition in top 5 cm of soil (g) 

D(t) the cumulative deposition per unit area of the contaminant to the soil surface up to time t 
(mg)  

  

The concentration of PM10 is then calculated according to Equation 6.54 below. 

 

(6.54) 
 

where: 
 

CPM10  the annual average air concentration of particles less than 10 μm in diameter (g m-3) 
(C/Q) the normalised annual average concentration (kg.m-3 per g m-2 s-1) 

Q the flux of respirable particles (g m-2 s-1) 

V  the fraction of the site with building or vegetative cover (dimensionless) 

Ut  the equivalent threshold value of wind speed at 7 m above ground (m s-1) 

Um the mean annual wind speed (m s-1) 

F(x)  the wind speed distribution function from Cowherd et al. (1985) (dimensionless) 

 

Table 6.23:  Default Values Used for Calculating the Annual Average Air Concentration of Particles Less 

than 10 μm in Diameter According to Standard Land Use 

 
Land Use Parameter Units 

Residential Allotments Commercial and Industrial 

C/Q kg m-3 / g m-2 
s-1 

0.011 0.014 0.016 

Q g m-2 s-1 0.00001 0.00001 0.00001 
V – 0.5 0.5 0.8 
Um m s-1  4.69  
Ut m s-1  11.32  
F(x) –  0.194  
Site area Ha 0.2 0.8 2 

 

Despite the fact that the re-suspension of dust from a surface implies that losses will occur, the conservative assumption 

is made that this flux is negligible compared to the deposition rate.  Thus no losses are modelled when calculating the 

soil concentration used in Equation 6.55 below.  Soil concentrations will thus increase with time over the active life of the 

landfill, and remain constant once the landfill is capped and the flares and plant have ceased to operate. 

 

The general equation is shown below: 

3
)x(

3

t

m
10PM 10F)

U

U
()V1(Q)Q/C(C ×××−××=



 - 185 - 

 

 

 
 

(6.55) 
where:  

IRdust inhalation(outdoor)  the chemical exposure rate of a contaminant by inhalation of outdoor  
  pollutant-bearing dust (mg day-1) 

 
Csoil    the contaminant concentration in top 5cm soil due to   
   atmospheric deposition (mg g-1) 
 
EF   the enrichment factor (dimensionless) 

Ccontaminant   the annual average air concentration of particles less than 10 
   μm in diameter due to atmospheric emission and dispersion (g m-3) 
 
CPM10   the annual average air concentration of particles less than 10  
   μm in diameter due to atmospheric deposition on the soil  
    surface followed by resuspension (mg m-3)  
RV   the adult and child respiration volume (m3 day-1) 

 

Indoor Inhalation of Dust 
  

 
(6.56) 

where: 
 

IRdust inhalation(indoor)  the chemical exposure rate of a contaminant by dust inhalation (mg day-1) 

Csoil  the contaminant concentration in soil (mg g-1) 

EF  the enrichment factor (dimensionless) 

CPM10   the annual average air concentration of particles less than 10 μm in 
  diameter (mg m-3) 

RV  the adult and child respiration volume (m3 day-1) 

Fdust  the fraction of locally derived soil in indoor dust (See Table 6.26) 

 

 

(6.57) 
where: 
 

CPM10 the annual average air concentration of particles less than 10 μm in 
 diameter (g m-3) 

(C/Q) the normalised annual average concentration (kg.m-3 per g m-2 s-1) 

Q the flux of respirable particles (g m-2 s-1) 

V the fraction of the site with building or vegetative cover (dimensionless) 

Ut  the equivalent threshold value of wind speed at 7 m above ground (m s-1) 

( ) ( )RVCEFCRVCIR 10PMsoilantminconta)outdoor(inhalationdust ×××+×=
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Um  the mean annual wind speed (m s-1) 

F(x)   the wind speed distribution function from Cowherd et al (1985) 

  (dimensionless) 

 

Table 6.24:  Default Values Used for Calculating the Annual Average Air Concentration of Particles Less 

than 10 μm in Diameter According to Standard Land Use 

 
Land Use Parameter Units 

Residential Allotments Commercial and Industrial 

C/Q kg m-3 / g m-2 
s-1 

0.011 0.014 0.016 

Q g m-2 s-1 0.00001 0.00001 0.00001 
V – 0.5 0.5 0.8 
Um m s-1  4.69  
Ut m s-1  11.32  
F(x) –  0.194  
Site area Ha 0.2 0.8 2 
 

Table 6.25:  Default Values Used within  GasSim2 According to Standard Land Use for the Contribution of 

Locally Derived Soil to Indoor Dust (after CLR10) 

 
Standard Land Use Fraction of Locally Derived Soil in Indoor Dust (Fdust) 

Residential 0.75 
Allotments 0.375 

Commercial and Industrial 0.75 
 

Ingestion of Soil and Soil-derived Dust 
 

This part of the exposure module determines the pollutant concentrations in soil and soil-derived dust to which an off-site 

receptor is exposed and estimates their consequent potential intake of the pollutant from ingestion of soil and soil- 

derived dust.  The pollutant concentrations in the soil and soil-derived dust result from atmospheric dispersion of 

emissions from the uncapped landfill, flares and utilisation plant.  This information is derived from the atmospheric 

dispersion modules.  The principal pollutants involved are those in particulate form, such as polychlorinated 

dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and polyaromatic hydrocarbons (PAHs), such as 

benzo(a)pyrene. 

 

The module uses the wet and dry deposition rates to calculate the load per volume of soil at different distances from the 

landfill, as described earlier in this chapter.  The concentration in soil and soil-derived dust is then calculated using the 

assumption that the contaminants accumulate with time in the top 5 cm of soil.  The conservative assumption is made 

that there will be no loss of the contamination within this layer (although in practice there are likely to be some losses 

from the site via erosion and further atmospheric dispersion).  The concentrations will thus increase with time during the 

operation of the flares and/or gas engines. 

 

The concentration in the top 5 cm of soil has already been calculated. 
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The intake of pollutant in soil and soil-derived dust is estimated using the approach described in CLR 10 (DEFRA and 

Environment Agency, 2002).  The approach combines the ingestion of soil and soil-derived dust because the science 

base used for the estimation of the rates is not adequate to distinguish between the two sources.  The approach 

assumes different ingestion rates for children and adults.  This is because children are likely to have a higher incidental 

soil ingestion rate due to the combination of high dermal contact between soil and hands, and behaviour such as nail-

biting, eating without hand-washing and sucking of pacifiers/ dropped sweets.  In addition, some young children may 

also go through a stage of exploratory mouthing of objects, which may have a significant impact on the soil ingestion 

rate.  There is a high degree of uncertainty in the choice of soil ingestion rate, both because of issues connected with 

experimental method, and because there appears to be a genuinely high level of variation in both inter- and intra-

individual behaviour.  This parameter is therefore modelled stochastically, in order to take account of this variation (See 

Table 6.26).  The user is referred to the CLR documents published by DEFRA and Environment Agency (2002) for a full 

explanation of the approach.  

 

Equation 6.58 calculates the intake of contaminant from soil and soil-derived dust: 

  

(6.58) 

 
where:  

IRdirect soil ingestion  the chemical exposure rate of a contaminant from direct ingestion 
  of soil and indoor dust (mg day-1) 

Csoil  the concentration of a contaminant in soil (mg g-1) 

SDR  the average daily soil and indoor dust ingestion rate (g day-1) 

 

Table 6.26:  Inadvertent and Exploratory Daily Soil and Indoor Dust Ingestion Rates and Exposure Frequencies 

used in GasSim2 According to Age and Standard Land Use 
 

Residential Allotments Commercial and Industrial Age 
(years) SDR 

(mg day-1) 
EF 

(day yr-1) 
SDR 

(mg day-1) 
EF 

(day yr-1) 
SDR 

(mg day-1) 
EF 

(day yr-1) 

0–6 100a 
(64, 303) 180 100a 

(64, 303) 180   

16–59     40 230 
Notes 
a:  Probabilistic parameter modelled by a natural log normal PDF.  Mean (50th, 95th percentile) values shown. 

 

Consumption of Plants Contaminated by Uptake of Landfill Gas Pollutants 

  

This part of the exposure module determines the pollutant concentrations taken up by garden vegetables growing in a 

residential or allotment garden at a distance from the landfill and estimates the consequent potential intake of the 

pollutant from ingestion of the vegetables.  The conceptual model for the accumulation of pollutants within garden 

vegetables is complicated and depends on the physiology of the vegetables and also on the physico-chemical properties 

of the pollutants involved.  There are a number of possible mechanisms involved.  The mechanisms considered within  

SDRCIR soilingestionsoildirect ×=
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GasSim2 are described below.  The approach taken in the CalTox model (McKone 1993) was adopted for  GasSim2 

because the conceptual model explicitly considered residents living near a landfill and because the model requires the 

minimum of information about plant physiology.  It should be noted that Department of Toxic Substances Control (DTSC 

1997) presents some elaborate additions to the fugacity model within CalTox, whereby vegetation is considered as a 

separate pathway for the purposes of mass-balance.  This approach has not been adopted within the  GasSim2 model 

because it is a screening tool that determines whether or not exposure is likely to occur, rather than a mass-balance 

model.  It was decided that it was inappropriate to adopt the plant-to-soil concentration factors exactly as they were used 

in CalTox, because some of the simplified equations included the dry weight conversion factors used for general 

vegetation.  As CLR10 includes dry weight conversion factors specific to each of the garden vegetables used within 

GasSim, it is considered more appropriate to use the fundamental equations that present a dry weight concentration 

factor. 

 

a) Uptake of contaminant from soil and soil-derived dust into both root and leafy vegetables resulting from 

atmospheric dispersion of emissions from the uncapped landfill, flares and utilisation plant.   

 

This information is derived from the atmospheric dispersion module.  The principal pollutants involved will be those in 

particulate form, such as polychlorinated dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and 

polyaromatic hydrocarbons (PAHs), such as benzo(a)pyrene. 

 

The module uses the wet and dry deposition rates to calculate the load per volume of soil at different distances from the 

landfill as described earlier.  The concentration in soil and soil-derived dust is then calculated using the assumption that 

the contaminants accumulate with time in the top 50 cm of soil.  This conceptual model is different from that used in that 

the ingestion of soil and soil-derived dust, and inhalation of dust pathways, where the top 5 cm are used.  This is 

because i) the likely depth of vegetable roots is likely to be greater than 5 cm, ii) gardeners are likely to mix the 

deposited contamination to this depth when tilling and planting vegetables.  The conservative assumption is still made, 

however, that there will be no loss of the contamination within this layer (although in practice there are likely to be some 

losses from the site via erosion and further atmospheric dispersion).  The concentrations will thus increase with time.  

 

The concentration in the top 50 cm of soil is calculated as follows, using the assumption that the contaminants 

accumulate with time in the top 50 cm of soil in the following manner. 

  

The volume of soil per unit area of deposition (1 m2) is controlled by the soil depth. 

   
 dsoil SV =  

(6.59)  

where: 
Vsoil  volume of soil per unit area of deposition (m3)  

Sd  soil depth over which contaminant accumulates (50 cm) 
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The mass of soil per unit area of deposition (1 m2) is calculated as below. 

 

soilsoilsoil xVM ρ=   

(6.60)  

where: 

Msoil mass of soil per unit area of deposition over top 50 cm (g) 

ρsoil  average soil bulk density over top 50 cm (g m-3) 

  

The soil concentration at time t can then be calculated, using the mass of soil and cumulative contaminant deposition 

between t=0 and t, as below. 

 

( )

soil

t
soil M

D
C =  

(6.61)  

where: 
Csoil the contaminant concentration in top 50 cm soil due to atmospheric deposition (mg g-1) 

Msoil the mass of soil per unit area of deposition in top 50 cm of soil (g) 

D(t)  the cumulative deposition per unit area of the contaminant to the soil surface up to time t 
(mg) 

 

b) Uptake of pollutant vapour from ambient air into leafy vegetables that have above-ground edible parts such as 

cabbages, lettuces, and Brussels sprouts.  

 

The pollutant air concentrations result from atmospheric dispersion of volatile and semi-volatile emissions from the 

uncapped and capped landfill, flares and utilisation plant, and from lateral migration of gases through the ground, 

followed by migration to the surface of the soil.  The concentration of the pollutant in the air at 10 cm above the ground is 

assumed to be a reasonable height at which vapour is absorbed by leafy vegetables. 

 

c) Deposition of dust from the ambient air, followed by adsorption onto the surface of leafy plants that have above-

ground edible parts such as cabbages, lettuces and Brussels sprouts.  

 

The particulate matter in the ambient air results from atmospheric dispersion of emissions from the uncapped landfill, 

flares and utilisation plant and the resuspension of dust deposited on the soil surface into the ambient air.  The section 

on inhalation of outdoor dust earlier in this chapter demonstrated how concentrations of particulate matter in ambient air 

and the concentration of contaminant within the dust are calculated.  The assumption has been made that it is the 

concentration of PM10 particles in dust that is important because it is the finer dust fraction that is most likely to adhere 

to the plant surface and subsequently be adsorbed. 
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The following mechanisms are not modelled:  

 

• uptake of vapour from the soil; and 

• rain splash.   

 

These mechanisms are not generally modelled by risk assessors at present. 

 

The general equation for consumption of vegetables that have taken up pollutant is given below: 

 

(6.62) 
 

where:   
IRvegetableconsumption  chemical exposure rate of contaminant from 
  consumption of garden vegetables (mg day-1) 

Csoil   concentration of contaminant in soil (mg g-1 DW) 

Cambient air   concentration of contaminant in ambient outdoor air (mg m-3) 

Cparticulate   concentration of contaminant in the dust phase of the ambient  
  outdoor air (mg m-3) 

CRvegetable   total daily consumption rate of each vegetable (g FW kg-1 BW day-1) 

BW  human body weight (kg) 

HFvegetable   fraction of each vegetable consumed that is assumed to be  homegrown 

CFvegetable:soil    calculated plant-soil concentration factor in (μg g-1 DW soil / μg g-1  FW plant) 

CFair:vegetable  calculated plant-air concentration factor in (m3air.kg-1 FW plant) 

CFvegetable:particulate  calculated plant-particulate concentration factor in (m3air kg-1 FW  plant) 

 

and: 

 
(6.63) 

where: 
 

Cparticulate  concentration of the contaminant in the dust phase of the ambient  
 outdoor air (mg m-3) 

Cdust  contaminant concentration in dust emission from the landfill (derived from atmospheric 
emission and dispersion module) (mg g-1) 

CPM10  annual average air concentration of particles less than 10μm in diameter (g m-3) 
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Soil to Plant Concentration Factors 
 

The soil to plant concentration factors used within GasSim2 depend upon the mechanisms involved in the uptake of the 

contaminant into the plant as discussed above. 

 

a) Uptake of contaminant from soil and soil-derived dust into both root and leafy vegetables resulting from 

atmospheric dispersion of emissions from the uncapped landfill, flares and utilisation plant.  

 

Two algorithms are used to model this mechanism.   

 

The algorithm used for plant uptake of root-zone soil into the edible portion above ground is presented in the work of 

Travis and Arms (1988).  This regression is used because it is based on measured concentrations in a range of different 

plants of 29 different chemicals, including dioxins, over a wide range of values of log Kow.  The original relationship was 

between the log of the concentration factor (CF) and log Kow (the octanol/water partition coefficient) and was based on 

dry weight. 

(6.64) 

Taking the antilog of both sides of the equation gives the following equation 

 

 (6.65) 

The concentration factor may then be converted into a fresh weight basis using the vegetable-specific dry weight 

conversion factors given in Table 6.28 below to give CF in fresh weight. 

 

The algorithm used for plant uptake of root-zone soil into the edible portion below ground was originally presented in the 

work of Topp et al (1986).  It was based on the uptake of 14 different radio-labelled chemicals 14C, including a number of 

chlorobenzenes and also ionic substances such as pentachlorophenol into barley and cress seedlings from soil.  As the 

work already had a fresh weight basis it is not necessary to use dry weight conversion factors. 

 

(6.66) 

where: 
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(6.68) 

In the draft CalTox guidance, McKone et al. suggest using the following relationship between Koc and log Kow (originally 

from Karrikhov (1981) : 

(6.112) 

! 

They rearranged these two equations to give a direct relationship between CF and Koc: 

 

 (6.113) 

 

b) Uptake of pollutant vapour from ambient air into leafy vegetables that have above-ground edible parts. 

 

This model applies to leafy vegetables with above ground edible parts such as cabbages, lettuces, and Brussels 

sprouts.  The basis of the equations used in CalTox is the work of Riederer (1990) who showed that: 
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(6.69) 

where: 

CFvegetable:air calculated plant-air concentration factor in (m3air.kg-1 FW plant) 

fpa fraction of the plant tissue volume that is air (unitless) 
 (fpa is estimated to be 0.5 according to the work of Paterson and 
 McKay (1989)) 

fpl  fraction of the plant tissue volume that is lipid (unitless) 

 (work by Bacci et al. (1990) has shown that fpl is in the order of 0.01) 

fpw  fraction of the plant tissue volume that is water (unitless)  
 (fpw is calculated on the assumption that the fraction of the 
 volume that is not lipid or air (0.49) must be either water or non-lipid  
 solids.  0.49 is therefore multiplied by the percentage of the plant mass 
 that is water.  This percentage is vegetable specific and is calculated  
 for each vegetable by dividing the dry weight conversion factors 
 shown in Table 6.28 below into 1.) 

ρvegetable  the density of plant tissue (kg m-3) (default is 1000) 

H the dimensionless Henry’s law constant (unitless) 

 

c) Deposition of dust from the ambient air, followed by adsorption onto the surface of leafy plants that have above-

ground edible parts. 

 

411.0K K ocow ÷=

622.0
soil:ableroot veget 273CF −= owK
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This model also applies to leafy plants with above ground edible parts such as cabbages, lettuces and Brussels sprouts.  

McKone and Ryan (1989) cited in McKone 1993 estimated that for contaminants attached to dust particles in the 

atmosphere the following default can be used for CFvegetable:particulate. 

 
300,3CF eparticulat:vegetable =  

(6.70) 

where: 

CFvegetable:particulate  the calculated plant-particulate concentration factor in (m3air.kg-1 FW 

   plant) 

 

Table 6.27:  Dry Weight Conversion Factors for Vegetable Types Used in  GasSim2 (After Alloway et al. (1988) 

cited in CLR10) 

 

Vegetable Dry Weight Conversion Factor 
(g FW g-1 DW) 

Brussels sprouts 0.095 
Cabbage 0.126 
Carrot 0.097 
Leafy salads 0.04 
Onion (including shallots and leeks) 0.156 
Potato 0.21 

Consumption of Contaminated Soil Attached to Garden Vegetables 

 

This part of the exposure module determines the pollutant concentrations in the soil that may be attached to garden 

vegetables growing in a residential or allotment garden at a distance from the landfill and estimates the consequent 

potential intake of the pollutant from ingestion of these vegetables.  This is because, in addition to the uptake 

mechanisms discussed earlier, consumption of plant material can lead to intake of contaminant by indirect ingestion of 

soil loosely attached to vegetables.  Soil may become deposited within the foliage of leafy of vegetables, such as 

lettuces and cabbages by processes such as rain splash.  It may also become loosely attached to the skin of vegetables 

such as potatoes and carrots where the edible parts are grown underground.  Some of this soil may be removed by 

preparation and cooking processes, but some individuals may choose to use minimal preparation, or may use vegetable 

water to make gravy.  The approach taken here is from CLR10 (DEFRA and Environment Agency, 2002) where it is 

described in greater detail. 

 

The principal pollutants involved will be those in particulate form, such as polychlorinated dibenzodioxins (PCDDs), 

polychlorinated dibenzofurans (PCDFs), and polyaromatic hydrocarbons (PAHs), such as benzo(a)pyrene. 

  

The module uses the wet and dry deposition rates to calculate the load per volume of soil at different distances from the 

landfill as described earlier in this chapter.  The concentration in soil and soil-derived dust is then calculated using the 

assumption that the contaminants accumulate with time.  The concentration in the top 5 cm of soil is considered for leafy 

vegetables.  This is because the most likely deposition mechanism is rain splash on the soil surface.  The concentration 
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in the top 50 cm of soil is considered for root vegetables as these are likely to lie a spade’s depth beneath the soil 

surface.  The conservative assumption is still made, however, that there will be no loss of the contamination within this 

layer (although in practice there are likely to be some losses from the site via erosion and further atmospheric 

dispersion).  

 

The general equation for ingestion of contaminated soil attached to vegetables is given below: 

 

(6.71) 
where: 

IRindirect soil ingestion chemical exposure rate of a contaminant from indirect ingestion   
 of soil in garden vegetables (mg day-1) 

Csoil  concentration of a contaminant in soil (mg g-1) 

CRvegetable  total daily consumption rate of each homegrown vegetable (g   
 FW day-1) 

HFvegetable    fraction of each vegetable consumed that is assumed to be   
  homegrown 

SLvegetable  amount of soil attached to each type of vegetable (g g-1 FW) 
  

Table 6.28:  Soil Loading Parameters Used Within  GasSim2 to Estimate Soil Ingestion via Vegetable 

Consumption (after CLR10) 

 

Vegetable Soil Loading 
(g g-1 FW) 

Brussels sprouts 0.001 
Cabbage 0.001 
Carrot 0.0001 
Leafy salads 0.001 
Leeksa 0.001 
Potato 0.0002 
Notes  
a: Leeks are specifically identified here (rather than grouped with onions and shallots) because attached soil is more likely to enter the 

food chain compared to onions and shallots where the outer skin is normally removed before cooking. 

Dermal Contact 

 

This part of the exposure module determines the pollutant concentrations in soil and soil-derived dust to which an off-site 

receptor is exposed and estimates their consequent potential intake of the pollutant from dermal contact with soil and 

soil derived dust.  As described above, the pollutant concentrations in the soil and soil-derived dust result from 

atmospheric dispersion of emissions from the uncapped landfill, flares and utilisation plant.  This information is derived 

from the atmospheric dispersion modules.  The principal pollutants involved are those in particulate form, such as 

polychlorinated dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) and polyaromatic hydrocarbons 

(PAHs), such as benzo(a)pyrene.  The concentration in soil and soil-derived dust is again calculated using the 

assumption that the contaminants accumulate with time in the top 5 cm of soil and that there is no loss of contamination.  

The concentrations will thus increase with time.  The concentration in the top 5 cm of soil has already been calculated. 

( )∑ ×××=
typevegetable

vegetablevegetablevegetablesoilingestionsoilindirect SLHFCRCIR
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Dermal contact may occur both by direct contact with soil and soil derived dust outside the home and by contact with soil 

derived dust inside the home.  Initial exposure depends on area of skin exposed  and on the skin loading.  Subsequent 

absorption of the chemical though the skin depends on the physico-chemical properties of the contaminant.  The 

approach taken in  GasSim2 is that described in CLR10 (DEFRA and the Environment Agency, 2002). 

 

( ) ( )indoordustskinoutdoorskincontactdermal FAAADAAADIR ××+×=  

 (6.72) 
 

where: 

IRdermal contact chemical exposure rate by dermal contact (mg day-1) 

AAD average absorbed contaminant dose per unit area of skin (mg cm-2 day-1) 

Askin the exposed skin area (cm2) 

Fdust the fraction of locally derived soil in indoor dust (dimensionless) 
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 (6.73) 
where: 

 
DAevent the average absorbed contaminant dose per unit area of skin 

(mg cm-2 per event) 

C0soil the initial contaminant concentration in soil (mg g-1 DW) 

EF the enrichment factor (dimensionless) 

ρsoil the density of soil (g DW cm-3) 

Kpsoil the skin permeability coefficient for a contaminant in soil (cm h-1) 

ksoil the rate constant for loss of contaminant by absorption per hour (see 
 (6.119) 

kvol the rate constant for loss of contaminant by volatilisation per hour (see  
  (6.120) 

tevent  the duration of exposure event (h) 

 
 

   

where: 

 
ksoil  rate constant for loss of contaminant by absorption per hour 

Kpsoil skin permeability coefficient for a contaminant in soil (cm h-1) 

ρsoil density of soil (g DW cm-3) 

AF soil loading per unit area of skin (mg DW cm-2) 
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(6.75) 
where: 

 
kvol rate constant for loss of contaminant by volatilisation per hour  

H dimensionless Henry’s law constant for the contaminant 

Dair contaminant’s molecular diffusivity in air (cm2 s-1) 

AF soil loading (mg DW cm-2) 

Kd soil–water partition coefficient (cm3 g-1 DW) 

l thickness of the boundary layer at the air–soil interface (cm) 

 

Table 6.29;  Default Values Used Within  GasSim2 (after CLR10) for Estimating Dermal Exposure to Soil and 

Indoor Dust Contamination 
 

Parameter Default Value 
Boundary layer thickness (l) 0.5 cm as used by US EPA (1992) from work by McKone (1990) 
Soil loading (AF) 1 mg cm-2 from reasonable worst case proposed by US EPA (1992) 

Duration of skin contact (tevent) 
12 h chosen from the suggested range of 8 to 24 h reported by US 
EPA (1992)  
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7. VALIDATION 

Overview 
 

Verification has been undertaken using the theory in the previous chapter and carrying out code checking, input 

distribution checks, checks on the calculation of percentiles, and a comparison of the results with equivalent 

spreadsheets.  Verification is not intended to prove the validity of the theoretical framework behind the equations.  

Therefore to confirm that GasSim2 simulates reality and thus can be used with confidence, a series of validation 

trials have been undertaken.  However, research on the theories used in GasSim2 is continuing and man’s 

interaction with nature rarely behaves ideally, therefore what matters to the user is the reliability with which 

GasSim2 represents reality. 

 

A substantial amount of validation was undertaken in support of the initial versions of GasSim. For GasSim2, the 

validation case studies have been retained from GasSim version 1.0-1.5 with the exception of the dispersion 

module case study, which is no longer valid.  No independent validation of the AERMOD model has been 

performed, as this software has already been accepted by the Environment Agency as suitable for atmospheric 

dispersion modelling.  The implementation of AERMOD within GasSim2 has been independently checked, 

however.  New to this chapter for GasSim2 are additional validation checks of the spatial cellular filling approach 

implemented in GasSim2.  This validation was performed on ten landfills for a commercial client for resource 

assessment purposes, and as such, these validation trials cannot be reproduced in full.     

Method 
 

To assess if GasSim2 represents reality, the ‘predicted’ results will be compared to the ‘measured’, field, results, as 

no single site provides sufficient data to test all the modules.  The case studies (Table 7.1) have been chosen to 

validate the source and key environmental transport modules.  These case studies include the landfill used to 

validate the HELGA framework (Gregory et al., 1999) and additional sites.  No direct validation of the AERMOD 

dispersion model has been undertaken.  Rather, the implementation of AERMOD in GasSim2 has been compared 

and checked against the stand-alone version of AERMOD using input data generated by GasSim2 and exported 

from the model, to ensure that both approaches achieve broadly similar, if not identical, results.   

 

GasSim2 outputs of concentrations and travel times (that use Laplace Transforms) have been compared with 

previously verified code that uses Laplace Transforms e.g. LandSim version 2, which was produced for the 

Environment Agency.  
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Table 7.1:  Summary of Validation Case Studies  

 

1.  These case studies are not provided in full as the data for the sites could be considered to be of a commercial nature.  Summary data 
for 2005 are provided in this manual.  

Validation of Source Term Model 

Case Study:  Auchencarroch Test Cells 

Introduction 

 

The Auchencarroch test cells were used to validate the gas generation module of the HELGA framework 

(Gregory et al., 1999), the source of the GasSim gas generation equations.  Therefore GasSim has been validated 

against this data to ensure consistency.  The test cells are shallow (approx 10 m or less depth), filled within 1 year, 

and were monitored on an hourly basis for gas generation.  The cells have received a range of treatments, and the 

HELGA framework was validated against the sum of all the emplaced waste for the gas produced 2 and 3 years 

after filling. 

Input Values 

 

The input values are summarised in Table 7.2.  Where site-specific data was not available, default values, reported 

in Chapter 5, have been used.  

 

Landfill Site  
(UK sites unless 
otherwise stated) 

Module(s) Evaluated Description 

Auchencarroch Test Cells Source Term Module – bulk 
gas generation 

Well monitored test cells used to validate the HELGA 
framework gas generation module. 

Brogborough Test Cells Source Term Module – bulk 
gas generation 

Well monitored test cells. 

Unnamed 
Buckinghamshire Landfill 

Source Term and Emissions 
Modules – bulk gas 
generation and methane 
emissions 

Data for a well characterised site in 
Buckinghamshire, which had been used previously to 
validate the HELGA gas generation and emissions 
module. 

Unnamed Quarry Landfill Source Term Module – bulk 
gas generation 

Data for characterised landfills in the United 
Kingdom. 

Unnamed Berkshire 
Landfill 

Emissions Module – bulk gas 
generation 

Data for characterised landfills in the south of 
England. 

Ten  Unnamed Landfills  

Source Term Module, Landfill 
Characteristics, Cellular filling 
routines- bulk gas generation 
and gas utilisation potential 

These ten landfill models were prepared for gas 
utilisation potential assessments and validated 
against well characterised abstraction data.1 

Green Valley Landfill (US)  Surface Emissions – VOCs The monitoring data of VOC surface emissions from 
a well characterised landfill. 

Foxhall Landfill Lateral Migration Module 

This site has been monitored and modelled the 
lateral migration of off-site carbon dioxide, methane 
and VOCs.  The simulated data was compared to the 
observed concentrations along the plume. 

Skellingsted Landfill 
(Denmark) 

Lateral Migration Module 

This site has been monitored and modelled the 
lateral migration of off-site carbon dioxide and 
methane.  The simulated data was compared to the 
observed concentrations along the plume. 
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Table 7.2:  Summary of Site-Specific Inputs for Auchencarroch Test Cells 

 
Input Parameter Value Units Distribution Justification 
Infiltration 676 ± 67.6 mm/y Normal Gregory et al. (1999). 
Filling Time 1 years - Gregory et al. (1999). 
Waste Input 3,500 t Single Gregory et al. (1999). 
Waste Breakdown Dom 100 % Single Gregory et al. (1999). 
Composition 1980 - 2010 - - Gregory et al. (1999). 
Capping 100 % Single Gregory et al. (1999). 
Waste Density 0.75 tm-3 Single Gregory et al. (1999). 
Effective Porosity 10 % Single Default. 
Leachate Head 0.5 m Single Gregory et al. (1999). 
Hydraulic Conductivity 1x10-7 m/s Single Default. 
Adsorptive Capacity 10 % Single Default. 
Leachate Recirculation 0.5 m3h-1 Single Gregory et al. (1999). 
Carbon Dioxide to 
Methane Ratio 

50:50 - Single Default. 

Landfill Area 625 m2 Single Gregory et al. (1999). 

Validation Results 

 

The range of LFG production reported by the cells for years 2 and 3 (Table 7.3) has been compared to the 

predicted results, demonstrating that these lie within the observed range (Figure 7.1).  The simulation has 

calculated the waste moisture content within the cells as wet, which will lead to rapid degradation.  The results 

show that the experimental ranges overlap the model results, indicating that the model produces realistic results. 

 

Table 7.3:  Measured and Predicted LFG Production, Auchencarroch Test Cells (m3h-1) 

 
Year Cell 1 Cell 2 Cell 3 Cell 4 GasSim Simulation 
2 8.47 5.8 5.68 5.48 6.89 
3 5.27 3.67 3.52 5.51 4.82 
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Figure 7.1:  Auchencarroch Test Cells:  Modelled Data Overlain by the Observed Range  

Case Study:  Brogborough Test Cells  

Introduction 

 

The Brogborough test cells were constructed to demonstrate and compare the effects of selected pre and post 

placement techniques on methane production.  The test cells are 40 m long, 25 m wide and 20 m deep, thus each 

cell contains approximately 20000 m3 or 15000 t of waste.  The cells were constructed and filled over a two-year 

period and have a 2 - 3 m thick clay cap.  The methane and carbon dioxide production has been regularly 

monitored.  

Input Values 

 

The input values are summarised in Table 7.4.  Where site-specific data was not available, default values, reported 

in Chapter 5, have been used. 

 

Table 7.4:  Summary of Site-Specific Inputs for Brogborough Test Cells 

 
Input Parameter Value Units Distribution Justification 

Infiltration 50 ± 5 mm/yr Normal Not required as the moisture content will be 
entered rather than calculated. 

Waste Input 15,000 t Single Croft et al. (2001). 
Waste Breakdown Dom. 100 % Single Croft et al. (2001). 

Composition 1980 - 2010 - - Domestic waste assumed to have a default 
composition. 

Capping 100 % Single Croft et al. (2001). 
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Input Parameter Value Units Distribution Justification 
Waste Density 0.8 tm-3 Single Croft et al. (2001). 

Effective Porosity 1, 20 % Uniform Not required as the moisture content will be 
entered rather than calculated. 

Leachate Head 3.3, 3.3, 8.5 m Triangular Croft et al. (2001). 
Hydraulic 
Conductivity 

1x10-9, 1x10-5 m/s Log Uniform Not required, as the moisture content will be 
entered rather than calculated. 

Adsorptive Capacity 1, 5 % Uniform 
Not required, as the moisture content will be 
entered rather than calculated Brogborough 
data. 

Leachate 
Recirculation 

0 m3h-1 Single Croft et al. (2001). 

Carbon Dioxide to 
Methane Ratio 

40:60 - Single Calculated from data provided. 

Landfill Area 1,000 m2 Single Croft et al. (2001). 

Validation Results 

 

The reported range of LFG production from the cells has been compared to the predicted results (Figure 7.2).  The 

simulation has calculated the waste moisture content within the cells, and thus determined the rate of LFG 

generation.  The results show that the experimental ranges lie within the model results.  The shape of the modelled 

and predicted results are slightly different due some of the test cells receiving liquid or air injection between 1992 

and 1994, part of the experimental trails.  These enhanced the gas production in test cells and may also have 

affected the gas generation in both the injection and surrounding cells.  This would result in the enhanced gas 

production in years 1992 to 1996.   
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Figure 7.2:  Brogborough Test Cells:  Modelled Data Overlain by the Observed Range 

Case Study:  Buckinghamshire Landfill (Unidentified) 

Introduction 

 

A Buckinghamshire Landfill (otherwise unidentified) was validated against by the HELGA framework.  Therefore 

GasSim source and emissions modules have been validated against the data provided.  

Input Values 

 

The input values are summarised in Table 7.5.  Where site-specific data was not available, default values, reported 

in Chapter 5, have been used. 

 

Table 7.5:  Summary of Site-Specific Inputs for Buckinghamshire Landfill 

 
Input Parameter Value Units Distribution Justification 

Infiltration 50 ± 5 mm/y Normal Not required as the moisture content will be 
entered rather than calculated. 

Moisture Content Wet - - Gregory et al. (1999). 

Waste Input 2x106 t Single 

Waste filled over 8 years: 
78/79 - 200,000 ± 10,000 ty-1 
80/81 - 200,000 ± 10,000 ty-1 
82/83 - 260,000 ± 10,000 ty-1 
84/85 - 333,000 ± 10,000 ty-1 
Gregory et al. (1999) with some uncertainty 
added. 

Waste Breakdown Dom 100 % Single Gregory et al. (1999). 
Composition 1980 - 2010 - - Gregory et al. (1999). 

Surface Capping 

1 m clay at 
1x10-11, 
1x10-10 , 

1x10-9 

m and 
ms-1 

Log Triangular Gregory et al. (1999). 

Liner Construction 1 m clay at 
1x10-9 

m and 
ms-1 

Single Assumed to be the same design as the 
surface capping. 

Gas Collection 700 - 1,000 m3h-1 - Gregory et al. (1999). 
Carbon Dioxide to 
Methane Ratio 

50:50 - Single Assumed. 

Landfill Area 70,000 m2 Single Gregory et al. (1999). 

 

The surface emissions were modelled using the same scenarios as the HELGA framework: 

 
• Scenario 1:  85% LFG collection efficiency and 70% biological oxidation of fugitive methane in the 

   cap; and 
• Scenario 2:  95% LFG collection efficiency and 90% biological oxidation of fugitive methane in the 

   cap. 
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Validation Results 

 

The monitored gas productions have been overlain on the simulated gas production curve and the range of LFG 

production reported for years 18 to 20 (Figure 7.3).  The simulation has simulated the waste moisture content 

within the cells as wet, which will lead to rapid degradation of the waste.  The results show that the simulated gas 

production curve lies within or very close to the monitoring data.  This simulation has been undertaken mainly using 

single values, due to the lack of published data on this site.  However, increasing the uncertainty in the inputs 

would increase the percentile range and therefore it is anticipated that the observed values would lie within this 

range.   

 

 

 

Figure 7.3:  Buckinghamshire Landfill:  Modelled Data Overlain by the Observed Range 
 

The model predicts that the average net surface emissions after allowing for LFG collection and biological methane 

oxidation to be between 10-1 mg m2s-1 and 10-3 mg m2s-1 for both Scenario 1 and Scenario 2.  The values are 

slightly higher that those reported in the HELGA framework, which is a reflection of the incorporation of the landfill 

surface area into the equation determining the average net surface emissions.  However, these values are within 

the range observed for similar sites reported in the HELGA framework depending on the methodology used to 

determine the emissions, 10-4 to 1 mg m2s-1- Gregory et al. (1999). 
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Case Study:  Quarry Landfill (Unidentified) 

Introduction 

 

The bulk gas generation module, with a flaring scenario implemented, has been validated against data provided 

from an unidentified landfill site.  The landfill site is situated within a former quarry covering a total area of nearly 

10 Ha.  Waste emplacement began in 1990 and is planned to have totalled 1.5 million tonnes by completion in 

2006. 

Input Values 

 

The input values are summarised in Table 7.6 – 7.7.  Where site-specific data was not available, default values 

reported in Chapter 5 have been used. 

 

Table 7.6:  Summary of Site-Specific Inputs for Quarry Landfill (Unidentified) 

 
Input Parameter Value Units Distribution Justification 
Infiltration 32.5 mm/y Normal Operator value provided. 
Moisture Content Calculated - - Moisture content is calculated. 
Waste Density 1.0 tm-3 Normal Operator value provided. 

Waste Input 1,478,292 t Single Total waste emplaced over 17 years, 
variation with time shown in Table 7.7. 

Waste Breakdown 
See Table 
7.7 

% Single 

Assumed domestic waste is as 1980's – 
2010 waste stream, and 75% of commercial 
and industrial waste is as commercial waste, 
remainder is inert (Operator values 
provided). 

Composition 1980 – 2010 - - Assumed GasSim default. 
Carbon Dioxide to 
Methane Ratio 

45 ± 10:55 
± 10 

- Triangular Within the range of operator's records from 
the site. 

Capped Various - Single Progressively capped from 1997 to 87% 
capped at 2006 (Operator data). 

Cap Design Single  - - Operator information. 

Cap Thickness 0.0020 – 
0.0025 

m Uniform Estimated for a HDPE cap. 

Cap Hydraulic 
Conductivity 

1x10-14 - 
1x10-12 

ms-1 Log uniform Estimated for a HDPE cap. 

Liner Design Composite   Operator information.   

Layer 1 Thickness 0.0020 – 
0.0025 

m Uniform Estimated for a HDPE liner. 

Layer 1 Hydraulic 
Conductivity 

1x10-14 -
1x10-12 

ms-1 Log uniform Estimated for a HDPE liner. 

Layer 2 Thickness 1 – 1.5 m Uniform Estimated for a clay liner. 
Layer 2 Hydraulic 
Conductivity 

1x10-10 – 
1x10-9 

ms-1 Log uniform Estimated for a clay liner. 

Leachate Head 1.0, 0.5 m Normal Operator information. 

Landfill Length N/S 312 m 
Single 
 

Derived from operator information. 

Landfill Length E/W 309 m Single Derived from operator information. 
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Table 7.7:  Summary of Site-Specific Annual Waste Inputs and Waste Breakdown for Quarry Landfill Site 

 
Year Total Waste (t) Domestic (%) Commercial (%) Inert (%) 
1990 30,000 100 0 0 
1991 30,000 100 0 0 
1992 30,000 100 0 0 
1993 30,000 100 0 0 
1994 30,000 100 0 0 
1995 30,000 100 0 0 
1996 30,000 100 0 0 
1997 140,500 72 9 19 
1998 193,372 77 9 14 
1999 226,045 74 11 15 
2000 255,550 75 11 14 
2001 148,700 54 24 22 
2002 104,700 53 27 20 
2003 69,425 58 27 15 
2004 55,000 55 34 11 
2005 45,000 67 25 8 
2006 30,000 100 0 0 

Validation Results 

 

Bulk gas emissions simulated using GasSim (Figure 7.4) indicate that the total landfill gas production for the site 

peaks over the period 2002 - 2007, with peak landfill gas production between 425 and1,150 m3h-1 (5% and 

95%iles, respectively).  Using monitoring data provided by the site operator, the quantity of landfill gas collected by 

the gas transmission pipework (corrected by removal of air ingress) was quantified at 570 m3h-1 in February 2000 

and at 770  3h-1 in December 2000.  These data lie between the 75% and 90%iles of the simulated landfill gas 

profile (Figure 7.4). 

 

Using flare manifold monitoring data (bulk gas concentrations and delivery pressures) and calibration of the flare 

pressure gauges provided by the operator, gas flow rates were calculated for the year 2000.  Over the period 

January to August 2000, gas flows were estimated to vary between 430 and 960 m3h-1 (with no particular trend with 

time).  These values lie within the 25% and 95%iles of the simulated gas profile.  Therefore, the model predicts 

landfill gas production for the site within the observed range of data provided by the site operator over the period of 

the year 2000. 
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Figure 7.4:  Gas Production Curves for Quarry Landfill 

Case Study:  Berkshire Landfill (Unidentified) 

Introduction 

 

A Berkshire Landfill (otherwise unidentified) has been monitored for surface emissions, using flux boxes, for 

validation with the surface emissions module of the model.   

Input Values 

 

The input values are summarised in Table 7.8 – 7.9.  Where site-specific data was not available, default values, 

reported in Chapter 5, have been used. 

 

Table 7.8:  Summary of Site-Specific Inputs for Berkshire Landfill 

 
Input Parameter Value Units Distribution Justification 

Infiltration 63, 6.3 mm/y Normal Site-specific data, supplied by the 
operator. 

Moisture Content Calculate - - Site-specific data, supplied by the 
operator. 

Waste Density 1.0 tm-3 Single Site-specific data, supplied by the 
operator. 

Waste Input - T Single Site-specific data, supplied by the 
operator: (Table 7.8a). 

Total LFG
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Input Parameter Value Units Distribution Justification 

Waste Breakdown Varies % Single 

Varies from 100% commercial, with 
quantities of domestic to inert and 
civic amenity wastes. 
Site-specific data, supplied by the 
operator. 

Composition 1980 - 2010 - - Default. 
Carbon Dioxide to 
Methane Ratio 

42.86: 
57.14 

- Single Site-specific data, supplied by the 
operator. 

Capped 100% in 2002 - Single Site-specific data, supplied by the 
operator. 

Cap Design 0.65 m clay at 1x10-9, 
1x10-10, 1x10-11 

m and 
ms-1 

Single and Log 
triangular 

Default values. 

Liner Design 1.5 m clay at 1x10-9, 
1x10-10, 1x10-11 

m and 
ms-1 

Single and Log 
triangular 

Site-specific data, supplied by the 
operator. 

Landfill Length N/S 490 m Single Default values. 

Landfill Length E/W 490 m Single 
Assumed that the landfill is a cube, 
with a total area as defined in 
Bogner et al., 1997. 

Flare Capacities 3 x 50 - 500 and 1 x 
50 - 1500 

m3hr-1 Single Site-specific data, supplied by the 
operator. 

Engine Capacity 450 m3hr-1 Single Site-specific data, supplied by the 
operator. 

 

Table 7.9:  Summary of Site-Specific Annual Waste Inputs and Waste Breakdown for Quarry Landfill Site 

 

 

The surface emissions were modelled assuming 90% collection efficiency and 0% biological oxidation of fugitive 

methane in the cap. 

 

Year Total Waste (t) 
1978 87,860 
1979 107,000 
1980 10,500 
1981 71,000 
1982 63,000 
1983 72,000 
1984 75,000 
1985 78,000 
1986 80,000 
1987 88,000 
1988 114,000 
1989 125,000 
1990 141,000 
1991 109,000 
1992 38,000 
1993 58,000 
1994 26,000 
1995 30,000 
1996 30,000 
1997 30,000 
1998 30,000 
1999 30,000 
2000 20,000 
2001 10,000 
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Validation Results 

 

The model predicts that the average net surface emissions (after allowing for LFG collection and biological 

methane oxidation) were between 2x10-2 and 6x10-2 mgm2s-1.  These values were within the range of methane 

emissions reported in the field from the different capping types, which ranged from 2x10-4 mgm2s-1 to  

4x102 mgm2s-1, very close to the measured net average emission of 9x10-2 mgm2s-1. 

Case Study:  Green Valley Landfill 

Introduction 

 

The trace surface emissions module has been validated against Green Valley Landfill Site (USA), which has been 

monitored for the emissions of a number of trace gas species (Bogner et al., 1997).  GasSim has been validated 

against the emission rates for benzene, tetrachloroethene, trichloroethene and vinyl chloride in a similar way to the 

HELGA framework.  

Input Values 

 

The input values are summarised in Table 7.10.  Where site-specific data was not available, default values, 

reported in Chapter 5, have been used. 

 

Table 7.10:  Summary of Site-Specific Inputs for Green Valley Landfill 

 
Input Parameter Value Units Distribution Justification 

Infiltration 10 ± 1 mm/y Normal 
Assumption.  However, this parameter is 
not used as the moisture content is defined 
as dry. 

Moisture Content Dry - - Gregory et al., (1999). 
Waste Density 0.8 - 1.2 tm-3 Single Default. 

Waste Input 322,262 T Single Assumed 146,454.5 ty-1 for 22 years, 
Bogner et al., (1997). 

Waste Breakdown Dom 100 % Single Gregory et al., (1999). 

Waste Hydraulic 
Conductivity 

1x10-5 – 
1x10-7 

ms-1 Log uniform 
Default value - increased to 1x10-7 to 
1x10 5, to reflect the permeability of the 
waste at the landfill sides. 

Composition 1980 - 2010 - - Assumed that USA and UK waste streams 
are similar. 

Carbon Dioxide to 
Methane Ratio 

50:50 - Single Default. 

Capped 100% - Single Bogner et al., (1997). 

Cap Design 1 m clay 
at1x10-9 

m and 
ms-1 

Single Bogner et al., (1997). 

Liner Design None - - Assumed that no liner was present. 

Landfill Length N/S 894.4 m Single 
Assumed that the landfill is a cube, with a 
total area as defined in Bogner et al., 
(1997). 

Landfill Length E/W 894.4 m Single 
Assumed that the landfill is a cube, with a 
total area as defined in Bogner et al., 
(1997). 

Flare Capacity 2 x 3,541 m3hr-1 Single Bogner et al., (1997). 
Engine Capacity 2 x 2,354 m3hr-1 Single Bogner et al., (1997). 
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Input Parameter Value Units Distribution Justification 
Trace Gas 
Concentrations 

- mgm-3 - Default values. 

Validation Results 

 

The model simulation undertaken using the default trace gas concentrations indicated that the observed range of 

benzene, tetrachloroethene and vinyl chloride matched the default range that GasSim simulates (Table 7.11).  

GasSim overestimates the emissions of VOCs with the 5%ile emissions occurring at a similar order of magnitude 

as the maximum observed emission.  This is due to the fact that GasSim does not simulate the reduction of VOCs 

in the soil cap by microbiological and other processes, as discussed by Bogner et al., (1997) and that the observed 

data is limited and may not have detected high emissions sources, e.g. fissures.  

  

Table 7.11:  Green Valley Simulated and Observed Trace Gas Emissions 

 
GasSim Outcome Bogner et al., (1997) Reported Range Species 
5% (mgm-2s-1) 95% (mgm-2s-1) Min (mgm-2s-1) Max (mgm-2s-1) 

Benzene 4.1x10-5 4.3x10-2 - 5.37x10-5 
Tetrachloroethene 1.6x10-5 9.0x10-1 3.99x10-7 1.23x10-5 
Trichloroethene 6.8x10-5 1.6x10-1 4.50x10-10 3.10x10-6 
Vinyl Chloride 5.9x10-5 6.2x10-2 9.61x10-6 3.18x10-5 

Case Study:  Ten Unnamed Landfills  
 

Validation of ten unnamed landfills was performed in the summer of 2005 using GasSim2.  The general 

characteristics of the landfills are given in Table 7.12 below, to show that the sites were quite varied in terms of 

their current masses of waste in place, waste compositions, and the sizes of gas plant used to manage emissions.  

The gas plant abstraction data was very accurately known, and this was used as the benchmark against which the 

sites were calibrated.  The recommended process for calibrating a GasSim model against real site data is to tailor 

the waste degradation rates to achieve a modelled abstraction rate similar to the known value.  This was done 

without varying other default parameters such as gas collection efficiency, to see how realistic the other defaults in 

the gas management module were.  Calibration was achieved for all ten sites while keeping the waste degradation 

rates within the normal range of default parameters supplied with the model (dry site – average site – wet site).  

Well managed bioreactor landfills may exhibit degradation rates faster than those supplied for a wet site, and these 

landfills require site-specific waste degradation factors. 
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Case Study:  Foxhall Landfill  

Introduction 

 

The Lateral Migration module has been validated against Foxhall Landfill Site, which is well characterised and has 

bulk gas and VOC monitoring data for the lateral emission plume (Williams et al., 1999).  This landfill was also used 

to validate the HELGA framework. 

Input Values 

 

The input values are summarised in Table 7.13.  Where site-specific data was not available, default values, 

reported in Chapter 5, have been used. 

 

Table 7.13:  Summary of Site-Specific Inputs for Foxhall Landfill Site 

 
Input Parameter Value Units Distribution Justification 

Infiltration 50 ± 5 mm/y Normal Assumed, as most cap are designed to 
allow around 50 mm/yr infiltration. 

Moisture Content Calculated - - Calculated using default values. 
Waste Density 0.8 - 1.2 tm-3 Single Default Values. 
Leachate Head 1.5 m Single Williams et al., 1999. 

Waste Input - t Single 

Waste filled over 6 years: 
1982 - 1987 133,333 ty-1 
1988 – 1990 0 ty-1 
(Williams et al., 1999). 

Waste Breakdown 
60% Dom., 
30% Inert, 
20% Com. 

% Single 

It has been assumed that proportions of 
waste entered represent the breakdown of 
domestic, commercial and industrial 
waste deposited. 

Composition 1980 – 2010 - - Assumed. 

Carbon Dioxide to 
Methane Ratio 

40:60 - Single 
Assumed proportion outside the liner and 
inside are the same (Williams et al., 
1999). 

Capped 100% - Single 100% capped at the end of the 
operational period. (Williams et al., 1999). 

Cap Design 1x10-9, 1x10-

2, 1.0 
m/s Log triangular 

HDPE cap, assumed to be 0.005 m thick 
with a hydraulic conductivity of range to 
account for the passive pipe works and 
venting wells (Williams et al., 1999). 

Liner Design None  - Williams et al., 1999. 
Landfill Length N/S 180 m Single Measured from (Williams et al., 1999). 
Landfill Length E/W 350 m Single Measured from (Williams et al., 1999). 

Ground Porosity 25, 25, 30 % Triangular 

The most likely has been obtained for 
Williams et al., (1999) and a typical value 
within the range provided by a 
hydrogeological text book (Freeze and 
Cherry, 1979). 

Moisture Content 1.0, 5.0 % Uniform Assumed to be well drained. 
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Validation Results 

 

Bulk gas lateral migration simulated using GasSim (Figures 7.5 and 7.6) indicate that the emission curves broadly 

follow those observed at Foxhall, with the observed data lying within the predicted range.  The GasSim 5% or 

10%ile values slightly over predict the distance over which the 60% and 40% methane and carbon dioxide 

concentrations extend, respectively.  This results in the gas concentrations declining slightly faster after 40 m than 

was observed in the field and thus potentially slightly under predicting the extent of the plume (which extended 

80 m before methane reduced below 1% and over 100 m for carbon dioxide to reduce to below 1%).  It should also 

be noted that the GasSim 50% and 95%iles over predict the extent of the gas migration.  These differences may be 

accounted for by the assumptions that have made when creating the model, e.g. the waste breakdown and 

composition etc., may have increased the quantity of gas generation and thus lateral emission.  Also GasSim does 

not allow the methane to oxidise to form carbon dioxide, assumes no losses, and also assumes that the gas 

migrates in all directions from the landfill, which may not be the case.   

 

The lateral migration of traces gases has been simulated using the same model to predict the concentration of 

three trace gases at 40 m from the landfill.  The HELGA framework also undertook this validation exercise.  

Comparison indicates that the observed values are within the range of the predicted concentrations (Table 7.14). 

 

Table 7.14:  Observed and Predicted VOC Concentrations 40 m from the Site Boundary 

 
Measured Concentration at 40 m 

Distance and 5 m Depth 
Predicted Concentration at 40 m 

(mgm-3) Species 
(ppm) (mgm-3) 5%ile 95%ile 

Vinyl chloride 15.4 42.9 1.0x10-1 80.9 
Dichlorodifluromethane 13.7 16.2 3.2x10-1 236.6 
Chlorodifluromethane 3 54.7 9.1x10-2 157.4 
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Figure 7.5:  Predicted Range of Laterally Migrated Methane from Foxhall Landfill 

 

 

 

Figure 7.6:  Predicted Range of Laterally Migrated Carbon Dioxide from Foxhall Landfill 
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Case Study:  Skellingsted Landfill (Denmark) 

Introduction 

 

The Lateral Migration module has also been validated against Skellingsted Landfill, which is well characterised and 

has bulk gas monitoring data for the lateral emission plume (Christophersen and Kjeldsen, 2001).   

Input Values 

 

The input values are summarised in Table 7.15.  Where site-specific data was not available, default values, 

reported in Chapter 5, have been used. 

 

Table 7.15:  Summary of Site-Specific Inputs for Skellingsted Landfill 

 
Input Parameter Value Units Distribution Justification 

Infiltration 50 ± 10 mm/y Normal Not required as the moisture content is 
assumed be to average. 

Moisture Content Average - - As above. 
Waste Density 0.8 - 1.0 tm-3 Uniform Default. 
Waste Input 22,105.25 t Single Waste filled at per year for 19 years: 

Waste Breakdown 

60  
CA, 
30  
Inert, 
10 
Sewage 
sludge.   

% Single 

Assumed soil municipal waste is Civic 
Amenity 1980 - 2010 waste and the 40% 
bulky industrial waste and sewage sludge 
using 10% sewage sludge and 30% inert 
1980 - 2010 waste. (Christophersen and 
Kjeldsen, 2001).   

Composition 
1980 – 
2010 

- - Assumed. 

Carbon Dioxide to 
Methane Ratio 

40 - 45: 50 
– 55 

- Uniform 
Assumed proportion outside the liner and 
inside are the same (Christophersen and 
Kjeldsen, 2001).   

Capped 100% - Single 100% capped at the end of the operational 
period (Ward et al., 1996). 

Cap Design None  - - Soil cap (Christophersen and Kjeldsen, 
2001).   

Liner Design None   (Christophersen and Kjeldsen, 2001).   
Leachate Head 1.0 m Single Assumed. 

Landfill Length N/S 190 – 380 m 
Uniform 
 

Measured from (Christophersen and 
Kjeldsen, 2001).   

Landfill Length E/W 170 – 360 m Uniform Measured from (Christophersen and 
Kjeldsen, 2001).   

Ground Porosity 25 – 40 % Uniform Generic gravel (L Sanders, 1998). 
Moisture Content 5.0 - 21 % Uniform (Christophersen and Kjeldsen, 2001).   

Validation Results 

 

Bulk gas emissions simulated using GasSim (Figures 7.7 and 7.8) indicate that the methane emission curve 

broadly follows those observed at Skellingsted.  The model initially predicts that the methane emissions will be 

approximately 50 to 56%, with the observed range between – 50 and 80%.  This model then predicts that this 

reduces to between 20 - 60% after 15 m, with the observed range between 0 - 50%.  The plume extended over an 
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observed range of 15 – 35 m which lies within the range that the model predicts that the emissions reduce to zero 

at between 30 and 100 m.  These slight differences may be accounted for by the fact that GasSim does not allow 

the methane to oxidise to form carbon dioxide and also assumes that the gas migrates in all directions from the 

landfill, which may not be the case.  In addition, assumptions that we made when creating the model, e.g. the 

waste breakdown and composition etc., may also have contributed to the difference between the predicted and 

observed results. 

 

 

 

Figure 7.7:  Predicted Range of Laterally Migrated Methane for Skellingsted Landfill (1997) 

 

 
 

Figure 7.8:  Predicted Range of Laterally Migrated Methane for Skellingsted Landfill (1998) 
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CHAPTER 8:  GLOSSARY 
 
Acetogenic degradation  The aerobic degradation of waste resulting in the generation of carbon 

dioxide, hydrogen and fatty acids.  
Adsorptive capacity  Capacity for the waste to adsorb water before generating free leachate. 
Air diffusion coefficient Rate at which a gas will move through air solely due to molecular movement.  
Air:fuel ratio  Ratio of air to LFG (fuel) used by an engine or flare. 
Atmospheric density Ratio of the proportion of atmosphere mass to the volume it occupies. 
Atmospheric deposition - wet Deposition of species contained within the atmosphere as a result of 

rainfall/washout. 
Atmospheric deposition - dry Deposition of species contained within the atmosphere during dry conditions. 
Atmospheric dispersion  Mechanism for distribution of species within the air around the landfill.  The 

atmospheric dispersion module incorporates the USEPA’s latest version of 
AERMOD, developed by the American Meteorological Society (AMS) and the 
USEPA Regulatory Model Improvement Committee, AERMIC. AERMOD is 
thus the AERMIC Model. 

Atmospheric temperature Average temperature of the atmosphere. 
Available carbon  Quantity of carbon that is available to undergo decay to form LFG. 
Biological methane oxidation  Conversion of methane to carbon dioxide in the soil as a result of micro-

organisms. 
Breakdown (of waste)  Definition of the waste mix by waste stream, e.g. 50% domestic, 40% 

commercial and 10% inert.  
Bulk gas Gases that make up the majority of the LFG volume, i.e. methane, carbon 

dioxide and hydrogen. 
Cap  Engineered barrier used to cover a landfill. 
Capped area  Area of a landfill that has been covered by an engineered barrier.  Within 

GasSim it is also assumed that the gas control system is only active in the 
capped area. 

Cellulose decay constants  Half-life values for the degradation of carbon and thus generation of LFG. 
CFCs  Chlorofluorocarbons. 
Co-disposal  The combined deposition of hazardous and non-hazardous waste.  
Combustion   Burning of LFG. 
Composition (of waste)  Fractionation or make up of the waste streams, i.e. the amount of paper, 

fines, putrescibles, etc. 
Conceptual model  A simplified representation of how a real system is believed to behave based 

on qualitative analysis of field data.  A quantitative conceptual model includes 
preliminary calculations for key processes. 

Conductivity  See Hydraulic conductivity. 
Daughter species  Species formed during combustion from a parent species in LFG, e.g. 

hydrogen fluoride (HF) is formed during the combustion process from fluorine 
(F).  

Decay – rapid, moderate, slow  Decomposition of available carbon to generate LFG.  GasSim simulates 
waste fractions degrading at three different rates – rapid, moderate and slow.  

Decomposition  Decay of available carbon to generate LFG. 
Default values Generic information provided with GasSim that may be used where site-

specific data is unavailable.  
Degradable carbon  The quantity of carbon that is degraded to generate LFG. 
Degradation rate  A constant that defines the rate at which waste decomposes and thus LFG is 

generated. 
Destruction efficiencies  The ratio of a species removed from the ‘raw’ LFG by the process of 

combustion (by either flaring or engines). 
Deterministic model  A model where all elements and parameters of the model are assigned 

unique values. 
Discrete feature An anisotropic area of the cap, e.g. fissures, passive venting wells, etc. 
Downtime The proportion of time that engines and flares are not operating as a result of 

routine servicing and maintenance. 
Effective porosity  Volume of void space in a solid that is available for fluid (liquid or gas) 

movement. 
Effective rainfall  Total rainfall less evaporation, evapotranspiration, run-off and storage. 
Emissions  Release of gas from a landfill surface, side, or from an engine/flare exhaust. 
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Engine  A spark ignition machine which generates electricity from the combustion of 
LFG. 

Engine capacity  The volume of gas that an engine uses at the defined methane to carbon 
dioxide ratio.  

Engine output The bulk and trace gas emissions from the engines.  
Engineered barrier system  A containment structure designed and constructed to inhibit the migration of 

landfill leachate and/or gas from operating or closed landfills. 
Environmental transport  The movement of LFG through the geosphere and the atmosphere. 
Engineering controls  Operational measures for the management of emissions of LFG. 
EPER European Pollutant Emission Register.  The EU equivalent of the PI for IPPC 

processes. 
Exhaust height The distance above ground level of an engine exhaust. 
Expected value  Most likely  value of a forecast.  
Exposure module Assesses the risk of LFG impacting human health from atmospheric 

dispersion and lateral migration to off-site receptors. 
Flare  Equipment used to combust LFG.   
Flare capacity Operational range of the flare in terms of a minimum and maximum quantity 

and quality of LFG that may be combusted. 
Flare output Bulk and trace gas emissions from the flares. 
Flaring  Combustion of methane and other LFG components by burning in an 

enclosed flare. 
Flux Emissions from an area measured as mass per unit time. 
Gas collection  Removal of gas from a landfill by vertical and horizontal gas wells and sent to 

a flare or engine. 
Gas collection efficiency  Percentage of gas generated within a landfill that is removed by the gas 

collection system.  
Gas conductivity  This is a measure of the ability of a geological unit or engineered barrier to 

transmit a unit volume of gas through a unit cross-sectional area under a unit 
gradient in a unit time.  The parameter is a function of both the properties of 
the fluid and the properties of the geological unit through which the fluid is 
transmitted.  

Gas plant module Part of the model which includes the specification of the LFG collection and 
utilisation options for conversion to energy using spark ignition engines, or 
flaring.  

Gas production curve  Graph of LFG volume (generated or emitted) against time. 
Gas viscosity  The resistance of a gas to flow.  
GasSimLite  A simplified version of GasSim, designed to allow Pollution Inventory (PI) 

reporting to be carried out.  This model is available free on the internet, but 
has limited functionality.   

Generated gas The amount of bulk or trace gas simulated, used as the source term for the 
rest of the model. 

Global impact  The effect on the earth’s environment from ozone depletion and global 
warming. 

Global warming potential 
(GWP) 

Contribution to climate effects by contaminant emissions. 

Half-life  Time for the concentration of a species to decay to 50% of its original mass.  
Half-lives are used in GasSim to define decay of trace gases and cellulose 
degradation rates.  

HCFCs  Hydrochlorofluorocarbons. 
Head  A measure of fluid potential (either groundwater or leachate) where flow 

occurs from regions in which potential is high to those in which it is low.  Head 
is commonly expressed in metres of fresh water and is the sum of both an 
elevation and a pressure term. 

HELGA framework  The initial Environment Agency project that produced the majority of the 
equations that have been coded in GasSim (Reference: Gregory RG, Revans 
AJ, Hill MD, Meadows MP, Paul L and Ferguson CC. (1999).  A Framework 
to Assess the Risks to Human Health and the Environment from Landfill Gas, 
Environment Agency Technical Report P271 (CWM 168/98),  ISBN 1 85 
705254 4). 

Histogram  Chart showing frequency distribution of parameter values on an interval 
scale. 
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Infiltration (net)  The volume of water per unit area which passes into the waste mass.  In 
GasSim this parameter includes both effective rainfall and any other source of 
water that may affect the water balance of the landfill under consideration, for 
example lateral inflows, leachate re-circulation and co-disposal of liquids. 

IPCC Intergovernmental Panel on Climate Change. 
IPPC Integrated Pollution Prevention and Control. 
Iteration  A single run of the model, using one randomly selected value (within the 

constrains of the probability distribution function) for each input parameter 
and generating a single realisation. 

Landfill characteristics  The landfill geometry and cap/liner characteristics. 
Landfill gas (LFG)  Volatile species produced by the decomposition of waste. 
Landfill geometry  The landfill length (north-south) and width (east-west).  These are used to 

calculate the surface area and depth, along with the waste density. 
Lateral emissions  Uncontrolled release of LFG below ground from the sides of a landfill. 
Lateral migration  The movement of LFG from the sides of a landfill transversely through the 

unsaturated zone of the geosphere. 
Leachate  Contaminated water generated within a landfill as a consequence of the 

reaction between decomposing waste materials and infiltration. 
Leachate head  Height (head) of leachate above the base of the landfill. 
LFG management systems  Processes used to limit uncontrolled emissions of LFG. 
Liner  Engineered medium installed in the base and sides of a landfill, primarily to 

prevent the release of leachate. 
Log normal (probability) 
distribution  

A probability distribution defined by the logarithm of the mean and the 
standard deviation expected for a given parameter.   

Log triangular (probability) 
distribution  

A probability distribution defined by the logarithm of the minimum, most likely 
and maximum values expected for a given parameter.  

Log uniform (probability) 
distribution 

A probability distribution defined by the logarithm of the minimum and 
maximum values expected for a given parameter. 

Maximum flare capacity  Greatest amount of gas that a flare can use at a defined methane to carbon 
dioxide ratio. 

Mean  An arithmetically-derived value calculated by dividing the sum of all of the 
values by the total number of values.  More commonly referred to as the 
average and may be differentiated from both the mode (most frequent value 
in a distribution) and the median (central value in a distribution). 

Membrane  A synthetic material manufactured and installed in the base of a landfill cell to 
reduce the rate of leachate and gas egress (and groundwater ingress).  Can 
also be used as a capping system.  In GasSim, membrane refers only to a 
synthetic (HDPE type) containment layer. 

Methanogenic degradation  Decomposition of waste under anaerobic conditions principally to produce 
carbon dioxide and methane. 

Minimum flare capacity  Smallest amount of gas that a flare can use at a defined methane to carbon 
dioxide ratio. 

Moisture content Ratio between the mass of water present in a sample and the dry mass of the 
solids.  

Molar volume of a gas  Volume a gas occupies per mole of molecules.  This value is the same for all 
gases at equal temperature and pressure.  Molar volume (at STP) is 
2.241x10-2 m3mol-1. 

Molecular ratio  The ratio of a Parent to its Daughter Species, based upon molecular weights, 
i.e. F to HF is 1.05.  

Monte Carlo simulation  A system that uses random numbers to repeatedly sample from within a 
probability distribution to measure the effects of uncertainty. 

Non co-disposal  The disposal of non-hazardous waste, without the disposal of hazardous 
waste. 

Normal (probability) 
distribution  

A probability distribution defined by the mean and the standard deviation of 
the mean expected for a given parameter. 

Odour threshold value Point at which the odour is no longer considered to be detectable.   
Operational area  Area of a landfill that is uncapped and/or receives waste. 
Operational period  Total number of years for which a landfill site is being filled.   
Orifice diameter Size of an engine exhaust or flare stack. 
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Ozone depletion potential 
(ODP) 

The ODP is the ratio of the impact on ozone of a chemical compared to the 
impact of a similar mass of CFC-11. Thus, the ODP of CFC-11 is defined to 
be 1.0. Other CFCs and HCFCs have ODPs that range from 0.01 to 1.0. 
The halons have ODPs ranging up to 10. Carbon tetrachloride has an ODP 
of 1.2, and methyl chloroform's ODP is 0.11. 

PAHs  Poly Aromatic Hydrocarbons. 
Parameter  A variable used in calculations performed by GasSim. 
Parent species  Species destroyed during combustion to generate a daughter species in LFG, 

i.e. fluoride (F) is destroyed during the combustion process to from hydrogen 
fluorine (HF). 

Pasquill stability constants  A function of different stabilities and mixing depths occurring in the air column 
at the site. 

PI reporting  Information on the Pollution Inventory release of gases as required by the 
Environment Agency. 

Porosity  Ratio of the volume of voids in a porous geological medium to the volume 
occupied by matter.   

Potential temperature gradient Potential temperature gradient:  The change in temperature of the 
atmosphere with height that would exist for dry air if brought adiabatically 
from its initial state to the standard pressure (selected arbitrarily) of 1000 mb. 

PPC Pollution Prevention and Control. Applies to facilities regulated under the 
Pollution Prevention and Control (England and Wales) Regulations 2000 (as 
amended). 

Pressure Force applied to a unit area of surface. 
Project details The dialogue box that contains information on the model run along with the 

initial set up parameters, e.g. operational period, project name and number of 
iterations.   

Realisation  Forecast generated by a single iteration of the model. 
Residual results Amount of gas remaining after collected (flared or utilised) gas has been 

removed. 
Roughness length A measure of the mechanical turbulence introduced into the atmosphere by 

the roughness of the underlying surface, which is roughly 10% of the average 
height of the surface protrusions. 

Simulation  Predictive model of the conditions at a site, which incorporates uncertainty in 
the input parameter values. 

Simulation period The time period for which the modelling will be undertaken.  
Single Value  The case where a single value is used instead of a PDF within a probabilistic 

assessment. 
Soil cap Soil that is either placed directly on the waste or on the engineered cap. 
Source depletion The decline of a source as a result of releases or deposition. 
Source term The module used to determine the degradation of waste and thus the 

generation of bulk and trace gas.  
Species  Term describing elements, ions or molecules. 
Stack height The distance above ground level of the flare stack. 
Standard deviation  A measure of the spread of a series of values from the arithmetic mean of 

that series. 
Surface emissions  Uncontrolled release of gas from capped and uncapped areas of a landfill. 
Terrain type A description of the characteristics of the ground surface over which the 

plume is dispersing. 
Thermal buoyancy  The floating of the plume as a result of heat convection. 
Time slices  Time series defining points in time, after the commencement of landfilling at 

which forecasts are made. 
Trace gas  Minor species contained within LFG, e.g. benzene. 
Trace gas inventory  The list of trace gases to be simulated. 
Triangular (probability) 
distribution  

A probability distribution defined by the minimum, most likely and maximum 
values expected for a given parameter. 

Uncapped area  An open area of the landfill not covered by an engineered cap, but which may 
be covered by daily cover.  This area is normally the operational area of the 
landfill in which filling is taking place. 

Uniform (probability) 
distribution  

A probability distribution defined by the minimum and maximum values 
expected for a given parameter. 
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Unsaturated zone  Portion of a porous permeable geological unit that lies above the water table 
but below the ground surface. 

Utilisation (energy recovery)  Generation of electricity from LFG using spark ignition engines. 
Vegetation stress  The inhibition of vegetation growth as a result of methane or carbon dioxide 

displacing oxygen from the soil around roots. 
Vegetation stress limit The threshold at which methane and carbon dioxide will cause vegetation 

dieback.  
VOCs  Volatile Organic Compounds. 
Volume of leachate 
recirculated  

The quantity in m3 of leachate that is recycled through the waste, normally by 
removing the leachate from the base of the landfill and reinjecting it near the 
top.  

Waste breakdown See Breakdown. 
Waste component Type of material contained within a waste stream, e.g. newspaper, cardboard, 

etc. 
Waste composition file File containing information on the composition of various waste streams. 
Waste density  Mass of the waste per unit volume. 
Waste deposition  Placement/filling of waste within the landfill during the operational period. 
Waste fraction A group of materials within waste components that decay at a similar rate, i.e. 

rapidly, moderately or slowly. 
Waste hydraulic conductivity  The hydraulic conductivity of waste.  This will be dependant upon the depth of 

waste and other waste characteristics.   
Waste input  Tonnage of waste deposited each year. 
Waste moisture content  Ratio between the mass of water present in the waste and the dry mass of 

the waste solids. 
Waste streams  The breakdown of the waste mixture, i.e. domestic, commercial, inert, etc. 
Water balance  An assessment of the volume of (water) recharge, storage and discharge 

within a system. 
Water content  Ratio between the mass of water present and the dry mass of the solids. 
Year commissioned  The time that an engine or flare is made available. 
Year decommissioned  The time that an engine or flare ceases to be available. 
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