Appendix E: Gas Generation Modeling Methodology
E.1 Introduction to Landfill Gas Generation Modeling
Landfill gas (LFG) generation modeling is a critical tool for predicting future gas production rates and compositions at landfill sites. These models are essential for designing appropriate gas management systems, evaluating environmental impacts, and planning for long-term site management. This appendix details the modeling approach used for Stormy West Landfill, including the theoretical basis, UK-specific adaptations, and site-specific considerations.
E.2 First-Order Decay Model Framework
E.2.1 LandGEM Model
The Landfill Gas Emissions Model (LandGEM) developed by the US Environmental Protection Agency is the most widely used model for estimating landfill gas generation. LandGEM uses a first-order decay equation to estimate methane generation:

Where: -  = estimated methane generation flow rate (m³/year) -  = methane generation rate constant (1/year) -  = potential methane generation capacity (m³/Mg) -  = mass of waste disposed in the  year (Mg) -  = age of the  section of waste mass disposed in the  year (decimal years)
This equation models the exponential decay of gas production over time, which aligns with the biological processes of waste decomposition. The model assumes that methane generation is at its peak shortly after initial waste placement (after a short lag when anaerobic conditions are established) and then decreases exponentially as organic material is consumed by bacteria.
E.2.2 Key Model Parameters
The accuracy of first-order decay models depends heavily on the selection of appropriate values for two key parameters:
1. Methane Generation Rate Constant (k): This parameter describes the rate at which waste placed in a landfill decays and produces LFG. The k value is expressed in units of 1/year or yr⁻¹. Higher k values indicate faster decay rates, resulting in more rapid gas generation initially but also a steeper decline over time. The k value is primarily influenced by:
· Waste moisture content
· Availability of nutrients for methane-generating bacteria
· pH conditions
· Temperature
1. Potential Methane Generation Capacity (L₀): This parameter describes the total amount of methane potentially produced by a metric ton of waste as it decays. L₀ is expressed in units of m³/Mg (cubic meters per megagram or tonne of waste). The L₀ value depends almost entirely on the type and organic content of the waste present in the landfill.
E.3 UK-Specific Adaptations
While LandGEM was developed in the United States, it requires adaptation for use in the UK context due to significant differences in climate, waste composition, and landfill design practices.
E.3.1 Climate Considerations
The UK generally experiences: - Higher annual precipitation than many parts of the US - More consistent rainfall throughout the year - Cooler average temperatures - Less extreme seasonal temperature variations
These climatic factors affect waste decomposition rates and consequently the k value. The higher moisture content in UK landfills due to greater precipitation can enhance decomposition, but cooler temperatures can slow biological processes. Research by the Environment Agency has suggested that k values for UK landfills typically range from 0.038 to 0.057 year⁻¹, compared to the default LandGEM values of 0.04 to 0.70 year⁻¹.
E.3.2 Waste Composition Differences
Historical UK municipal waste has differed from US waste in several ways: - Different packaging practices and materials - Varying proportions of organic kitchen and garden waste - Different industrial waste streams - Changes in waste management practices over time
These differences affect the L₀ value, which represents the methane generation potential. Studies of UK landfills suggest L₀ values typically range from 80 to 120 m³/tonne for municipal waste from the 1980s and 1990s.
E.3.3 Dilute and Disperse Landfill Considerations
Stormy West Landfill was designed and operated as a dilute and disperse site, which was common practice in the UK before the implementation of the EU Landfill Directive. These sites have several characteristics that affect gas generation and collection:
1. Absence of Engineered Liner: Unlike modern containment landfills, dilute and disperse sites lack engineered liner systems, allowing greater interaction between the waste mass and surrounding geology.
1. Leachate Movement: Leachate can move more freely through the waste and into surrounding strata, affecting moisture distribution within the waste mass.
1. Gas Migration Pathways: Gas can migrate laterally through permeable strata rather than being contained within the waste mass, potentially reducing the amount available for collection.
1. Interaction with Groundwater: Fluctuating groundwater levels can interact with the waste mass, affecting degradation processes and gas production.
Research by Caine et al. (2019) on dilute and disperse landfills in the UK has shown that these sites often exhibit different gas generation patterns compared to modern engineered facilities, with potentially: - Lower overall gas collection efficiency - More variable methane concentrations - Greater influence of seasonal factors on gas production
E.3.4 Limestone Geology Considerations
The limestone geology beneath Stormy West Landfill presents additional factors that must be considered in gas generation modeling:
1. Fracture Networks: Limestone often contains fracture networks that can serve as preferential pathways for both leachate and gas migration.
1. Karst Features: The potential presence of karst features in limestone can create complex migration pathways that are difficult to predict.
1. Buffering Capacity: Limestone has a natural buffering capacity that can help maintain optimal pH conditions for methanogenic bacteria, potentially extending the gas generation period.
1. Groundwater Interaction: The interaction between groundwater moving through limestone strata and the landfill waste mass can influence degradation rates and gas production.
E.4 Model Calibration for Stormy West Landfill
E.4.1 Parameter Selection
Based on the considerations outlined above, the following parameters were selected for modeling gas generation at Stormy West Landfill:
1. k value: 0.04 year⁻¹
· Justification: This value is at the lower end of the typical range for UK sites (0.038-0.057 year⁻¹) and accounts for:
· The site’s age (closed since 1996)
· The cooler, wetter Welsh climate
· The presence of a low permeability cap and solar panel installation since 2016 (reducing infiltration)
1. L₀ value: 100 m³/tonne
· Justification: This value reflects:
· The lower end of the typical range for UK municipal waste from the 1985-1996 period
· The mixed waste composition (household, industrial, commercial)
· The dilution effect of the unlined site
1. Collection Efficiency: 75%
· Justification: This value accounts for:
· The presence of a final cover with low permeability clay cap
· The active extraction system with four manifold legs
· The potential for lateral migration in an unlined site
· The age and settlement of the waste mass
E.4.2 Model Validation
The model was validated using:
1. Historical Data: Comparison of model predictions with historical gas collection data from the site.
1. Current Baseline: Calibration against the current (2025) operational data showing:
· Average methane concentration: 20.93%
· Average operational flow rate: 180-185 m³/hr
· Current operational pattern: 3 days on/4 days off (approximately 50% duty cycle)
1. Operational Observations: Alignment with observed operational patterns, particularly the need for batch operation to maintain effective flaring.
E.4.3 Sensitivity Analysis
A sensitivity analysis was conducted to assess the impact of varying key parameters:
1. k value: Testing values from 0.035 to 0.045 year⁻¹
· Impact: A 0.005 change in k value resulted in approximately 5-8% difference in projected gas generation by 2035.
1. L₀ value: Testing values from 90 to 110 m³/tonne
· Impact: A 10 m³/tonne change in L₀ resulted in approximately 10% difference in projected gas generation.
1. Collection Efficiency: Testing values from 70% to 80%
· Impact: A 5% change in collection efficiency resulted in approximately 5% difference in collected gas volumes.
The sensitivity analysis confirmed that the selected parameters provide a reasonable basis for projections while acknowledging the inherent uncertainty in long-term forecasting.
E.5 Projection Methodology
E.5.1 Methane Generation Potential
The methane generation potential was calculated using the first-order decay equation with the selected parameters. For a site that has been closed for nearly 30 years, the equation can be simplified to focus on the remaining waste mass as a single cohort:

Where: -  = methane generation rate in year t (m³/year) -  = 100 m³/tonne -  = 800,000 tonnes (estimated waste in place) -  = 0.04 year⁻¹ -  = current year -  = average waste placement year (approximately 1990)
E.5.2 Collected Gas Flow
The collected gas flow was calculated by applying the collection efficiency to the methane generation potential:

Where: -  = collected methane flow rate (m³/year) - Collection Efficiency = 75%
E.5.3 Methane Concentration Projection
Methane concentration in the collected gas was projected using a slightly modified decay function to account for increasing air infiltration over time:

Where: -  = projected methane concentration in year t -  = 20.93% (2025 baseline) -  = 0.035 year⁻¹ (air infiltration rate constant) -  = projection year -  = 2025
The air infiltration rate constant () was calibrated based on observed trends in methane concentration at similar aged UK landfill sites.
E.6 Comparison with Linear Projection
To illustrate the importance of using an appropriate decay model, a comparison was made between:
1. First-Order Decay Model: The exponential decay approach described above
1. Linear Projection: A simple straight-line decline based on extrapolating recent trends
The comparison (shown in Figure 1 in the main report) demonstrates that a linear projection would significantly underestimate gas generation in the early years and potentially overestimate it in later years. By 2035, the first-order decay model projects: - Flow rate: 120 m³/hr (compared to 80 m³/hr in the linear model) - Methane concentration: 13.6% (compared to 9.9% in the linear model)
These differences have important implications for gas management planning, particularly regarding the timing of transitions between different management approaches.
E.7 Limitations and Uncertainties
While the modified first-order decay model provides a scientifically sound basis for projections, several limitations and uncertainties should be acknowledged:
1. Historical Data Limitations: Limited historical data on waste composition and quantities introduces uncertainty in model parameters.
1. Geological Complexity: The limestone geology beneath the site creates complex pathways for gas and leachate movement that are difficult to model precisely.
1. Climate Change Impacts: Potential changes in precipitation patterns and temperatures due to climate change could affect future degradation rates.
1. Solar Panel Effects: The long-term impact of the solar panel installation on infiltration and waste degradation rates is not fully understood.
1. Operational Factors: Changes in gas extraction operations, well performance, and system maintenance can affect collection efficiency over time.
1. Model Simplifications: All models involve simplifications of complex biological, chemical, and physical processes.
E.8 Monitoring and Model Refinement Recommendations
To address these limitations and improve the accuracy of future projections, the following monitoring and model refinement approach is recommended:
1. Regular Data Collection:
· Monthly monitoring of gas flow rates and composition
· Quarterly assessment of system performance
· Annual review of gas generation trends
1. Model Recalibration:
· Annual recalibration of model parameters based on observed data
· Adjustment of projections to reflect actual decline rates
1. Comprehensive Review:
· Biennial comprehensive review of gas management strategy
· Reassessment of the timeline for transitioning between management approaches
This adaptive approach will ensure that gas management decisions are based on the most accurate and up-to-date understanding of gas generation at Stormy West Landfill.
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