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METHANE EMISSIONS FROM LANDFILL STESIN THE UK EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

UK methane emissions from landfill have been estimated using national assessments since the
early 1990s. The latest assessment model (Brown et a., 1999) is based on the International
Panel on Climate Change (PCC) Tier Two model, with UK specific modifications. This
project evaluates the current methodology, assesses data quality, considers the impact of
methane in the operational phase of landfilling, develops a revised methodology, and
produces emission forecasts based on the effect of the Landfill Directive ad the new Waste
Strategies of the Devolved Administrations. In addition, the balance of methane flared or
utilised has been ascertained from industry sources, and a methodology to update these
sources has been developed.

The evaluationof the methodology produced the following modifications:

New waste inventory data for 1999 was added to the model, and eight scenarios for
municipal solid waste (MSW) and five scenarios for commercial and industrial waste
(C&I) were developed by ERM for projecting emissions.

The degradable organic carbon (DOC) and fraction dissimilated (DOCg) were
considered by Brown et al. (1999) to have wide error limits, and these parameters
were tailored in the 1999 model to alow the model forecasts and site measurements
made by Milton & al. (1997) to converge (calibration of the model). Following
calibration LQM found that the gas yield from the model was too low, and a new set
of DOC and DOCk parameters, as well as methane generation rate constants, were
built into the model using the approach developed for the Environment Agency’s
GasSim modd.

A new methane oxidation model has been developed here, again using an approach
first employed in GasSim. This model estimates that for the period 1980 — 2025 nearly
6 times as much methane oxidation may have taken place within the landfill cap, as
that predicted using the IPCC default value recommended for well managed sites
(10% for residual methane oxidised). The mechanistic model developed by LOQM,
based on field and laboratory measurements of methane oxidising capacity by many
authors, allows much higher residual oxidation to take place in the capping layers,
while alowing no oxidation in fractures. This model reconciles UK emissions from
landfills to alevel approaching the estimate of Miltonet a. (1997), based on measured
data

The onset of methanogenesis has not been specifically implemented in the model. New and
ongoing research suggests a much shorter period for this process to develop in engineered
landfills. So any improvement to the national emissions inventory from alowing the aerobic
degradation in the early stages of landfilling is likely to be negligible.

A significant part of the project involved the identification, in co-operation with industry
stakeholders, of amounts of methene utilised and flared, and how the determination of how
many flares sold were actually used as standby units. This information shows that currently
63% of the landfill gas generated is flared or utilised, and this is forecast to rise to 72% by
2005. Even accounting for uncertainties in the forecasts, utilisation and flaring is the largest
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factor in mitigating methane emissions, far outweighing landfill diversion or recycling
scenarios from the Waste Strategies over the time periods considered here. This is because of
the quantities of methane generating wastes already landfilled.

The emission projections are based on eight Municipal Solid Waste (MSW) and five
Commercial and Industrial (C&1) scenarios. MSW scenarios included achieving the Waste
Strategy 2000 and Landfill Directive targets with current growth rates plus current material
recycling rates, emphasis on paper/compost recycling; emphasis on paper recycling only;
emphasis on recovery (using energy from waste, combined heat and power or anaerobic
digestion (EfW/CHP/AD)); or emphasis on glass metals and plastics recycling. The MSW
scenarios also considered higher growth rates with current material recycling rates and excess
recovery; or excess material recycling rates. Current trends in diversion rates were considered
as the base case or business as usual (BAU) case. C&| Scenarios included the current position
as the base case (BAU); 15% diversion based on food wastes, paper & card and other general
biodegradables to AD, EfW) and recycling; 15% diversion based on general biodegradable
wastes to combustion; 15% diversion based on general biodegradable wastes to recycling; or
15% diversion through construction and demolition (C&D) and mineral wastes recycling.

All the MSW strategies considered shared some benefit in methane emissions reduction
compared with the base cases (BAU), but the effects were not as significant as the impact on
emissions reduction due to flaring or gas utilisation. The impact of any of the C&| scenarios
compared to the base case were negligible in terms of methane emissions abatement. The
most significant reduction in a MSW scenario involves paper recycling, which in 2005 shows
a reduction of 2% of residual landfill methane emissions (8 kt methane abated), growing to a
reduction of 19% of residual landfill methane emissions by 2025 (31 kt methane abated). The
least effective MSW scenario involves glass, metal and plastics recycling and gives a forecast
residual methane emissions reduction of 11% by 2025 (19 kt methane abated). Both sts of
figures are, however, small when compared with the amount of methane abated by flaring or
utilisation, which was 1750 kt in 2000, rising to a forecast level of 2465 kt in 2005 and
remaining constant in this model to 2025. The role of flaring and utilisation technologies in
managing methane emissions, recognised in the Landfill Directive as a key emissions
management tool, should not therefore be underestimated.
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1 INTRODUCTION

Policy and Technical Background to the Project

Under the requirements of the UN Framework Convention on Climate Change (UNFCCC),
the UK produces annual national inventories of anthropogenic emissions of all greenhouse
gases (GHGs) not controlled by the Montreal Protocol. These are disaggregated by sector and
are compatible with the IPCC 1996 guidelines (IPCC, 1996) and the IPCC Good Practice
Guidance (IPCC, 2000). These inventories are produced by the UK National Atmospheric
Emissions Inventory (UK-NAEI) at NETCEN. The most recent publication was in April 2002
(Salway et a., 2002).

The GHG inventory includes estimates for methane emissions from UK landfills. The current
estimates were produced by AEA Technology in collaboration with the National Physical
Laboratory (NPL) using a first order exponential decay model compatible with IPCC
guidelines. This model, reported in Brown et al. (1999), made projections up to 2010, taking
into account waste management policies and measures known or proposed at the time of the
report.

The principal driver tending to reduce UK landfill methane emissions is at present the EU
Landfill Directive (Council of the European Union, 1999). The reductions will partly reflect
the implementation of the waste strategies of the devolved administrations. (DETR, 2001,
SEPA, 1999; National Assembly Wales, 1999; DoE(NI), 2001). These strategies will help
reduce landfill emissions on new landfills but landfills currently operational will continue to
emit gases to atmosphere in potentially more significant quantities than post-Directive
landfills and these emissions can only be reduced by flaring and utilisation.

The UK’s National Assessment Model has been updated and revised to produce new
modelling estimates of national emissions and forecasts under a number of waste management
scenarios. The approach has been designed to be consistent with IPCC Guidelines and IPCC
Good Practice guidance (IPCC, 1996; 2000), taking account of the flexibility allowed in the
IPCC guidance for site/country specific data/information and sound scientific principles to be
accommodated into the assessment model.

The Project Specification and Objectives

Environmental Resources Management (ERM), with Land Quality Management Ltd (LQM)
as a mgjor subcontractor, have been commissioned by the Department for Environment, Food
and Rural Affairs (DEFRA) to produce reports on two related topics:

Impact of EU Landfill Directive and National Strategies on UK Greenhouse Gas
Emissions— EPG 1/1/144 (performed by ERM); and

Methane Emissions from UK Landfills — EPG 1/1/145 (performed by LQM, this report).
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Both projects were let as a single contract, managed by ERM, since both projects shared a
commonality in waste arisings data, which were collated and produced by ERM for use in the
LQM project, which in turn has fed back methane and carbon dioxide inventories from
various waste management scenarios to the ERM project.

The aim of the project on Methane Emissions from UK Landfills is to provide DEFRA with
an estimate of annual emissions of methane from UK landfill sites for the period 1990 — 2000
and projected emissions from 2001 — 2025, based on the latest available waste data, generally
from the period 1995 — 2000. In the short contract time available, LQM considered the best
approach was to revise (where required) the existing spreadsheet model. This was done by
using certain algorithms, data and functional relationships already developed and validated in
the GasSim model (Environment Agency, 2002a) and its precursor HELGA framework
(Gregory et a., 1999). GasSim (the Environment Agency’s new risk assessment tool for
landfill gas emissions) and GasSim Lite (the Agency’s proposed tool for calculating
individual landfill site Pollution Inventories) were developed by Golder Associates (UK) Ltd
and LQM using the most recent scientific research available. These models were used to
develop add-on calculation modules for the National Assessment Model and to revise key
parameters (such as the amount of degradable carbon in waste) according to current best
practice and scientific thinking.

There are four objectives to the Methane Emissions from UK Landfills project.

1. To review the methodology currently used in the UK-NAEI to estimate annual emissions
of methane from landfill sites.

The methodology currently used in the UK National Atmospheric Emissions Inventory (UK -
NAEI) to estimate annual emissions of methare from landfill sites is based on IPCC
Guidelines and Good Practice Guidance. Any revisions would therefore arise from new
scientific state-of-the-art knowledge within the context of the Good Practice Guidance and/or
UK specific waste management practice such as the practical level of implementation of
methane emission control measures on UK landfills.

2. To develop the most appropriate and up-to-date methodology for estimating the annual
emissions from the UK taking account of the type of data in waste arisings, landfill site
characterigtics, and landfill gas recovery currently available.

While the research reviewed al the parameters in the IPPC Tier Two methodology, it was
clear from the start that the key drivers for the revision of the methane emissions estimate
were going to be:

an improved understanding of the fraction of degradable carbon available in waste for
generation of landfill gas;

improving knowledge on the proportion of landfill gas recovered and flared/utilised;
and

an improved understanding of the proportion of residual methane not collected and
flared or utilised which is oxidised in the capping layers of the landfill.
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3. To provide national emission estimates for 1970, 1980, and each year from 1990 to 2025
using the recommended methodol ogy, together with an estimate of the uncertainties.

Once the drivers for the revision of the methane emissions estimate had been updated and the
new methodology coded into the spreadsheet model, the National Assessment Model was
used to generate the national emissions estimates, with uncertainty bands at the agreed
confidence intervals, for the periods required.

4. To advise on annual updating of emissions estimates, including the most appropriate use
of collected/planned waste statistics and data on landfill sites.

This objective required a documented approach to updating the assumptions and data used to
drive the National Assessment Model.

The updated methodology and model has taken account of:

latest research results on measured methane emissions from landfills;
latest statistics on waste arisings and compositions;

likely effects of the Waste Strategies and EU Landfill Directive; and
actual quantities of methane collected for energy recovery and flaring.

Structur e of the Report

Section 1 of the report sets out the policy and technical background to the research. Section 2
sets out the basic IPCC Tier Two methodology used in the National Assessment Model, and
the AEAT/NPL modifications to the IPCC methodology. Section 3 reviews the methodol ogy
adopted, and mnsiders the research used to support changes in the current revision of the
National Assessment Model. Section 4 provides the latest statistics on waste arisings and
composition, and the likely effects of the Waste Strategies and the Landfill Directive.
Section5 of the report shows how data on actual quantities of methane collected for energy
recovery and flaring were derived, and what approach may be used for regularly updating
these data. Section 6 shows the results of running the National Assessment Model against
previous forecasts and against some of the potential future waste management scenarios.
Section 7 is a complete reference list for the report.

Appendix 1 gives the baseline waste composition data used for the various scenarios
described in the report, and Appendix 2 the contact details for updating the flare and gas
utilisation inventory data on a yearly basis.
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2 BASISOFTHE IPCC TIER TWO METHODOLOGY

Background to the model

The Revised 1996 |PCC Guidelines for National Greenhouse Gas Inventories (IPCC, 1996)
outlines two methods to estimate methane emissions from solid waste disposal sites. The Tier
1 method (the default method) assumes that all the methane is released from the waste in the
year of disposal, while the Tier 2 model is a first order decay (FOD) model which produces a
time dependent emissions profile that better reflects the true pattern of the degradation process
over time. IPCC (2000) states that the default nodel will give a reasonable annual estimate
where waste composition and quantity vary little with time. In the UK, however, where both
waste composition and quantity are changing more rapidly, due to legidative drivers
impacting on the landfill chemistry, the IPCC Tier 2 methodology is likely to give the more
accurate trend, and is therefore the basis of the UK’ s National Assessment Mode.

To be consistent with good practice, as defined by the IPCC (2000), inventories should
neither over nor underestimate, so far as can be judged, and the uncertainties in these
estimates should be reduced as far as practicable. Addressing these uncertainties is, in part,
performed by review of the model approach and, in part, by review of model parameters and
other data drivers. These evaluations are in Sections 3 — 5 of this report.

Defining equations

The Tier 2 methodology is described by the Equations 2.1 — 2.3 below (replicating Equations
5.1 (including supplementary explanation of Lo term) and 5.2 from IPCC (2000)). The
generation equation is defined as:

CH, generated in year t (Gglyr) = SX[ (A . k.MSWr(X) . MSWE(X) . Lo(X)) . €]

for x = initia year to year t Equation 2.1 (5.1 in IPCC 2000)
where
t =  year of inventory
X =  yearsfor which input data should be added
A =  (1-€%); anormalisation factor which corrects for summation
Kk =  methane generation rate constant (1/yr)
MSW+(x) =  total municipal solid waste (MSW) generated in year x (Gglyr)
MSWg(x) =  fraction of MSW disposed to solid waste disposal sites (SWDS) in year X
Lo(X) =  methane generating potential (defined in Equation 2.2 below)

The methane generating potential, Lo(x), is defined as:

Lo(X) = [ MCF(x) . DOC(x) . DOCkg. F. 16/ 12] (Gg CH4/Gg waste)
Equation 2.2
LAND QUALITY MANAGEMENT FOR 5 FINAL REPORT

DEFRA JANUARY 2003



METHANE EMISSIONS FROM LANDFILL STESIN THE UK IPPCTIER TWO METHODOLOGY

where
MCF(XX) =  methane correction factor in year x (fraction)
DOC(x) =  degradable organic carbon (DOC) in year x (fraction) (Gg C/Gg waste)
DOCk =  fraction of DOC dissimilated (constant)
F =  fraction by volume of CH, in LFG
16/12 =  conversion from C to CHy

The methane emitted in any year t is defined as:

CH, emitted in year t (Gglyr) = [ CH, generated inyear t —R(t) | . (1 —OX)
Equation 2.3 (5.2 in IPCC 2000)

where
R(t) =  recovered CHy in inventory year t (Gglyr)
OX =  oxidation factor (fraction)

These equations are essentially those which drive the National Assessment Model.

Brown et a. (1999) implemented the basic IPCC methodology as follows:

Three methane generation rate constants, k, were adopted for different types of waste.
This approach follows that first used by Manley et d. (1990a; 1990b) to represent the
differential degradation rates for the different cellulose-rich components of the waste.

Commercial and Industrial (C&l) waste streams were introduced alongside municipal
solid waste (MSW). C&I wastes represent a much larger inventory in mass terms but
much of the C&I waste is not methane generating.

Different methane generating potential terms were used for MSW and C&| wastes.

Four different landfill site types were simulated, each with different degrees of
engineering and gas collection, to represent the evolution of landfill engineering and
landfill gas management in the UK since 1945. These are:

Type 1. waste emplaced from 1980-99 inclusive, with no gas collection.

Type 2. waste emplaced from 1980-99 inclusive, with limited gas collection.

Type 3. waste emplaced from 1986-99 inclusive, with comprehensive gas collection.
Type 4. waste emplaced from 1945-79 inclusive, with no gas collection.

Gas recovered in an inventory year (by flaring or gas utilisation) was represented by
scaling factors: for example, for the base case, it was assumed that 85% of LFG generated
in type 3 landfills, and 40% of LFG generated in type 2 landfills was collected and flared
or utilised. No gas was collected or utilised in type 1 or type 4 landfills.

A number of additional data handling routines enabled the data to be set up as different
uploadable scenarios for comparative data assessment purposes.

Implemented in this manner, the IPCC defining equations in the National Assessment Model
can be used to generate the emissions projections. The parameters and data used to drive the
model are reviewed in Sections 3 — 5 below.
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3 REVIEW OF METHODOLOGY
Introduction

A significant part of the contract brief was to review all the model parameters and to
determine whether recent research could be used to refine the model and reduce uncertainty.
The IPCC model remains the core of the National Assessment Model, but following Brown et
d. (1999), LQM has improved the scientific basis of the model and reduced uncertainties in
emission projections. The waste-independent parameters are reviewed and discussed in this
section. The total municipal solid waste (MSW) generated in a year, and the fraction which is
disposed to ladfill (the waste composition derived terms MSWr(x) and MSWe(x) in
Equation 2.1 above) are discussed in Section 4 below. The calculation of the quantity of
recovered methane via flaring or utilisation (the term R(t) in Equation 2.3 above) is discussed
in Section 5.

Model Parameters
Methane generation rate

This is the term k in Equation 2.1 above. IPCC (2000) proposed a single value of 0.05 per
year corresponding to a half life of 15 years. Manley et a. (1990a; 1990b) were the first to use
three rate constants for sowly degradable, moderately degradable, and rapidly degradable
waste, and Brown et a. (1999) introduced three rate constants to the National Assessment
Model. Short half-life values for readily degradable waste introduces an unredlistic and
unobserved peaks in gas forecasting models, so for consistency with the Environment
Agency’s GasSim Model (Environment Agency, 2002a), the three rate constants have been
replaced with GasSim defaults (see Table 3.1). These have been validated against UK
landfills and are considered appropriate in most UK cases (Environment Agency, 20023). The
GasSim defaults are on professional experience of UK landfill sites with varying degrees of
saturation. There has been very little research to quantify the rate of gas gereration, although
it is known that the initial hydrolysis step from the cellulose polymer to the glucose monomer
is the rate determining step. GasSim users are encouraged to use Site-specific rate constants.
LQM considers these default rate constants are suitable for use in the National Assessment
Model, since this model integrates degradation from many different landfills, and so will be
less sensitive overall to potentialy different waste degradation rates at different landfills due
to site specific differences.

The rate constants used by Manley et a. (1990a; 1990b), Brown et d. (1999), GasSim and the
current implementation of the National Assessment Model are given in Table 3.1 below. It is
interesting to note that in al cases, the slowly degradable half life is consistent with the IPCC
default value, and there has been a trend to increase the half-life period of readily and
moderately degradable wastes over the last decade, to avoid immediate peaks corresponding
to short haf livesin smulations.

IPCC (2000) indicate that the default rate constant has an uncertainty of —40% +300%. Since
the GasSim rate constants have been successfully calibrated against UK sites, it is considered
that these values will reduce the uncertainty in this parameter significantly, and an uncertainty
estimate of +25% is considered more appropriate.
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Table 3.1. Waste Degradation Rate Constants

Rate constant, k (per year) also expressed as a half life, ty;, (years)

GasSim (Environment Agency
Manley et al. Brown et al. (1999) 20022), and .the current data set
i for the National Assessment
(1990a; 1990b) Model
K ty2 K ty2 K ty2
Rapidly degradable waste 0.69 1 0.185 3.75 0.116 6
Moder ately degradable waste 0.14 5 0.1 6.9 0.076 9
Slowly degradable waste 0.05 ~15 0.05 ~15 0.046 15

Methane Correction Factor

Thisis the term MCF(x) in Equation 2.2 above and accounts for the fact that unmanaged solid
waste disposal sites (SWDS) produce less methane compared to managed SWDS, because a
larger fraction of waste decomposes aerobically in the top layers of unmanaged SWDS. IPCC
(2000, see Table 5.1 of this document) states that the MCF for a managed solid waste disposal
site should be 1.0. Values less than 1.0 may be adopted for developing countries or countries
with unmanaged sites. It is considered that in the UK, all sites are managed and therefore
MCF(x) = 1.0. A default uncertainty range of —10%, + 0% is proposed by the IPCC for
managed sites (Table 5.2 of IPCC, 2000).

Fraction of methanein LFG

This is the term F, the fraction by volume of methane in LFG, in Equation 2.2 above. This
fraction can be affected by a number of processes, and it is how these processes are
considered in the moddl which governs the value of F.

The decomposition of cellulose in landfilled waste gives rise to both methane and carbon
dioxide, in approximately equal quantity by volume. The mechanics of this process are a
number of different biochemically mediated reaction schemes (AFRC, 1988), and so the
actual quantity of methane or carbon dioxide produced by decomposition will vary according
to the dominant microbiological processes. For a single site, the ratio of methane to carbon
dioxide may differ from the typical 50:50 ratio observed. However, in a situation where the
entire UK LFG inventory is being simulated (as in the National Assessment Model), these
differences will tend to even out. For the purposes of modelling this process, a value of F of
0.5 has been used.

Field observations of LFG composition will often indicate air intrusion into the landfill, either
by the action of a gas collection scheme drawing air through the cap, or in older sites where
the generation rate is lower, by natural diffusion into the landfill site, thus reducing the
observed concentrations of both methane and carbon dioxide in both cases. The former
process is external to the biochemical degradation process and does not therefore alter the gas
generation ratio significantly, although as identified by the IPCC, estimates of gas recovery
will usually not consider entrained air in the gas collected for utilisation or flaring. Since
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entrained air may be up to 5% oxygen (and hence 20% nitrogen), the quantity of LFG
recovered may be an overestimate by up to 25%, with a consequential and proportional effect
on the modelled F term. The latest flaring survey has probably underestimated the installed
capacity by 10 - 20% (see Section 5), and so these factors are currently considered to cancel
each other out. The underestimate was accounted for in the AEAT 1995 model by the
efficiency term, no longer used in the LQM model.

In older uncapped sites, natura diffusion of air through the cover materials led to a greater
degree of aerobic degradation, and thus the proportion of methane produced changed from
50:50 reflecting the increased carbon dioxide and reduced methane production. Consequently,
it is considered that for Type 1, 2 and 3 landfills (the more modern designs) the model should
be run with a methane content in LFG of 50%, and so F = 0.5. For Type 4 landfills (the old
unengineered design), a methane content in LFG of 30% has been used, and so F = 0.3. These
settings are identical to those used by Brown et al. (1999).

Uncertainty inF is estimated to be no more than £ 10% if the effect of entrained air is
considered in the model. Other related uncertainties (such as the quantity of landfill gas flared
or utilised) are likely to be much larger in magnitude.

Degradable Organic Carbon (DOC) and Fraction Dissimilated (DOCk)

These are the terms DOC(x) and DOCk in Equation 2.2 above. IPCC (2000) states (Equation
5.4) that the degradable organic carbon (DOC) accessible to biochemical decomposition can
be calculated using the default carbon content values found in the IPCC Guidelines (Table
6-3, Reference Manual). Given the IPCC recommendation that national values should be
used, Brown et a. (1999) adopted figures for the DOC of the three different waste fractions
(SDO, MDO and RDO) using data derived from the NPL study (Bellingham et al., 1994). The
DOC that Brown et al. (1999) used br slowly, moderately and rapidly degradable waste
fractions were 3.5, 12 and 9.2%, respectively.

IPCC (2000) states that the fraction of the DOC that actually degrades to release methane and
carbon dioxide should by default be 0.77 (if lignin is excluded from the DOC value) or
between 0.5-0.6 if lignin is included. Brown et a. (1999) used a value of 0.6, though they do
not state if lignin was included in this assumption.

Brown et a. (1999) explain that the degradability of the waste was thought to ke poorly
understood, and this factor was therefore scaled in the National Assessment Model to alow
the modelled forecast to converge with NPL field observations (Milton et al. 1997). This is
considered to be calibration of the model with field data, but @nnot be considered to be
validation of the model. The modelled gas generation forecast in the 1999 model is now
known to be an underestimate, since the amount of known installed flare and gas utilisation
capacity from our current survey (see Section 5 below) exceeds the quantity of generated
landfill gas forecast in the 1999 model in the year 2000, even though emissions are much
more comparable. These degradation factors, which are believed to be the main reason for the
National Assessment Model’s underestimate, have been thoroughly reviewed and the current
approach is described below.
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LQOM have updated the degradable carbon input parameters with values based on well-
documented US research for the USEPA’s life-cycle programme, which has been adapted to
UK conditions and incorporated into (1) the Environment Agency’s WISARD life cycle
assessment model (WS Atkins, 2000); (2) the HELGA framework model (Gregory et a.,
1999) and (3) GasSim (Environment Agency, 2002d). International peer review of the
GasSim model has shown that similar degradation factors are used in the Netherlands (Oonk,
Pers. Comm. 2002).

Cellulose and hemi-cellulose are known to make up approximately 91% of the degradable
fraction, whilst other potential degradable fractions which may have asmall contribution
(such as proteins and lipids) are ignored. The amount of degradable carbon that produces
landfill gas was determined using the mass (expressed on a percentage dry weight basis) and
degradability (expressed as a percentage decomposition) of cellulose and hemi-cellulose using
data provided by Barlaz et d. (1997). The default input values for these parameters are
provided in Table 3.2 and 3.3 below for each of the waste fractions for both municipa
(MSW) and commercia and industrial (C&1) waste categories, respectively. Also included
are the proportions of individual waste streams which are considered to be rapidly,
moderately or slowly degradable.

This information was used within the model to determine the amount of degradable carbon
that decays at the relevant decay rate. This process requires complete disaggregation of the
waste streams into their component parts, followed by the allocation to each component a
different degradability and rate of decomposition, and application of the IPCC model at this
disaggregated level.
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Table 3.2. Waste degradable carbon model parametersfor MSW waste

Waste category Fraction Moisture | Cellulose Hemi- | Decomp-
content cellulose | osition
RD | MD | SD | Inert (%) (% DW) (% DW) (%)
Paper and card 0 25 75 0 30 61.2 9.1 61.8
Dense plastics 0 0 0 100 5 0.0 0.0 0.0
Film plastics (until 1995) 0 0 0 100 30 0.0 0.0 0.0
Textiles 0 0 100 0 25 20.0 20.0 50.0
Misc. combustible (plus| O 100 O 0 20 25.0 25.0 50.0
non-inert fines from 1995)
Misc. non-combustible | 0 0 0 100 5 0.0 0.0 0.0
(plus inert fines from
1995)
Putrescible 100 O 0 0 65 25.7 130 62.0
Composted putrescibles 0 50 50 0 30 0.7 0.7 57.0
Glass 0 0 0 100 5 0.0 0.0 0.0
Ferrous metal 0 0 0 100 5 0.0 0.0 0.0
Non-ferrous metal and Al 0 0 0 100 10 0.0 0.0 0.0
cans
Non-inert fines 100 O 0 0 40 25.0 25.0 50.0
Inert fines 0 0 0 100 5 0.0 0.0 0.0

Notes: RD — readily degradable . MD — moderately degradable. SD — slowly degradable

[Data sources: Barlaz et al. (1997), Bellingham et al. (1994), Environment Agency (2002a), Department of the

Environment, 1994a,b]
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Table 3.3. Waste degradable carbon model parametersfor C& | waste

Waste category Fraction Moisture Cellulose Hemi- | Decomp-
content cellulose | osition
RD [ MD | SD | Inert (%) (% DW) (% DW) (%)
Commercial 15 57 15 13 37 76.0 8.0 85.0
Paper and card 0 25 75 0 30 87.4 8.4 98.0
General industrial waste 15 43 20 2 37 76.0 8.0 85.0
Food solids 79 10 0 11 65 55.4 7.2 76.0
Food effluent 50 5 0 45 65 55.4 7.2 76.0
Abattoir waste 78 10 0 12 65 55.4 7.2 76.0
Misc processes 0 5 5 0 20 10.0 10.0 50.0
Other waste 15 35 35 15 20 250 250 50.0
Power station ash 0 0 0 100 20 0.0 0.0 0.0
Blast furnace and steel 0 0 0 100 20 0.0 0.0 0.0
slag
Construction/demolition 0 5 5 0 30 85 8.5 57.0
Sewage sludge 100 O 0 0 70 14.0 14.0 75.0

Notes: RD — readily degradable . MD — moderately degradable. SD — slowly degradable

[Datasources: Barlaz et al. (1997), Bellingham et al. (1994), Environment Agency (2002a), Department of the
Environment, 1994a,b]

Using the parameters listed in Tables 3.2 and 3.3 the term DOC(x).DOCk from Equation 2.2
above, for each waste category and degradability fraction, is defined as:

(DOC(X).DOCE)ij = M(X)i . (%C; + %HC;) . %DC; . (1-%MC;) . 72/162

(Gg C/Gg waste)
Equation 3.1
where

Mi, =  mass of waste category i in year X, degradability fraction j (Gg waste)
%C; =  cdlulose content of waste category i (fraction) (Gg cellulose/Gg waste)
%HC; =  hemi-cellulose content of waste category i (fraction)

(Gg hemi-cellulose/Gg waste)
%DC; =  degradability of the cellulose and hemi-cellulose of waste category i

(fraction)
%MC; =  moisture content of waste category i (fraction)
72/162 =  conversion from cellulose/hemi-cellulose to carbon (Gg C/Gg cellulose

and hemi-cellulose)

The total degradable organic carbon that is dissimilated, within each waste fraction (rapidly,
moderately or slowly degradable), was summed across all waste categories using Equation 3.1
above. This estimate was then used to derive the specific methane generation potential for
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each waste fraction, using Equation 2.2 above. This provides the input to Equation 2.1 above,
to obtain the value of the methane generated per year. The moisture content of the waste is
required to covert from parameters provided by Barlaz et d. (1997) in dry weight to wet
weight of waste, as used within the model. Such an approach assumes that the cellulose and
hemi-cellulose contents, moisture contents and degradability fraction of individual waste
categories does not vary with time. However, the term DOC(x).DOCk does vary with time as
a function of the mass of each individual waste category, which is a realistic assumption for
the National Assessment Model.

The approach outlined above is numerically and mathematically consistent with the
Environment Agency's GasSim Model (Environment Agency, 2002a). The uncertainty in Lo,
which incorporates MCF, DOC and DOCk is estimated to be similar to that stated for the
Netherlands, namely £15% (Oonk and Boom, 1995).

Methane in the operational phase of landfilling

Until recently there has been no research on the onset of methanogenesis in operational
phases of landfills, or on the effectiveness of gas collection in the operationa phase.
WS Atkins has been carrying out research since 2000 on a project funded through the Landfill
Tax Credit Scheme entitled Minimising methane emissions from municipal landfills. This
project has yet to complete and report findings. For practical purposes, the onset of
methanogenesis is defined here as:

concentrations of carbon dioxide and methane characteristic of established methanogenic
conditions are seen (at least 40% methane v/v and 40% carbon dioxide); and also

methane generation (i.e. flux) is measurable and exceeds the Environment Agency’s draft
methane emissions protocol threshold (i.e. > 1 x 10° mg.m2.st) (Environment Agency,
2002c).

Prior to these conditions being achieved, the gas generated from within the fresh waste will be
hydrogen and carbon dioxide rich (from aerobic, acidogenic, and acetogenic degradation
processes), and therefore of little consequence to the methane budget. Once the process has
entered the fully methanogenic phase of waste degradation, methane emission rates greater
than the Agency’s draft protocol (Environment Agency, 2002c) are taken to indicate that
proper methanogenic gas generation is taking place.

Manley et al. (1990a,b) estimated that the onset of methanogenesis took place within 32-52
weeks (7—12 months). The WS Atkins study (in progress) looked at two sites (probably only
onein sufficient detail) to ascertain the onset of methanogenesis within a cell unaffected by
other waste beneath it. At site A, some methane was detected in 4 week old waste, athough
no flow was observed until 1.3 months. Some pressure was indicated in landfill gas which had
reached a gas composition of up to 50% methane after 3.85 months at this site. At site B,
again, methane was detected aimost immediately, but no pressures until after 3 — 4 months
after waste placement. These data seem to suggest that the anset of stable methanogenic
conditions may be as little as four months (16 weeks) (Schwarze, pers. comm., 2002).

For modelling purposes, it is not considered that there is sufficient information to reduce the
guantity of methane forecast by the model in year 1 to account for early degradation
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processes, since the time frame for achieving methanogenesis appears to be (a) site-specific;
and (b) relatively short in modern engineered landfills, compared to the estimates from 1990.

Methane oxidation

This is the term OX in Equation 2.3 above. IPCC (2000) states that the oxidation factor for
well-managed landfills at a national level should be 0.1, based on available information. This
factor should only be applied to the residual methane - i.e. the amount generated less that
recovered.

LOM have developed a new mode for this contract which involves updating the oxidation
factor with values based on well-documented research. Methane oxidation is generaly
accepted to follow afour stage bacteriological conversion of methane into carbon dioxide:

CH;® CH3;OH ® HCHO ® HCOOH ® CO,

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. Field and laboratory based observations exhibit variation of the conversion of
methane to carbon dioxide over many orders of magnitude, some of which may be explained
by a seasonality relationship for the field data (Table 3.4). The laboratory scale observations
of conversion of methane to carbon dioxide are likely to be at favourable conditions (i.e. close
to the theoretical maximum for biologica activity within the soil medium). Data on the
estimates of the rate of methane oxidation in soil covers using 3C analysis gives a measure of
the fraction of methane which is actually converted. An empirical approach has been derived
using the known range of methane oxidation rates (Table 3.4) in different cover materials and
insitu conversion efficiencies to develop a series of empirical equations for the removal of
methane from landfill gas emitted through the surface. The data supplied in Table 3.4 has
been standardised to units of n? CH4/nf/h from the units provided in the publications listed
(either as g or | CHa/nm/h).

The model is built on a number of simple underlying concepts. methane oxidation within the
soil cap is only assumed to occur if the soil cover depth is greater than 0.3m if an engineered
barrier is present (modern lined landfills), or for caps with a soil cover depth greater than
1.0m if an engineered barrier is not present (old unlined landfills). If either of these conditions
are not met then no methane oxidation will take place, on the basis that the surface soil cover
is insufficiently thick and/or the flow of methane (the methane flux) is too fast to permit a
significant amount of methane oxidation to take place within the cap.
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Table 3.4. Methane oxidation ratesfor cover materials (laboratory and field studies)

Study type Cap type and Value Standar dised Reference
scenario Oxidation rate
(m® CHa/m?/h)
Field study 0-80cm Max 3.22x 10" Hoecks (1983)
Min 2.86 x 10°
Laboratory columns - Max 1.02 x 10° Mennerich (1986)
Laboratory columns Topsail Max 6.30 x 10° Whalen et a. (1990)
Laboratory columns Sand cap Max 5.60 x 10° Figueroa (1993)
Min 7.00 x 10*
Field study 0-32cm Max (July) 1.01 x 10° Jones and Nedwell
Min 1.88 x 10°® (1993)
Laboratory columns Coarse sand Max 9.73x 10° Kightley et a. (1995)
Laboratory columns Topsoil Max 3.30x 10° Boeckx and van
Min 1.18 x 10° Ceemput (1996)
Field study Sand cap 0-80 cm Max 8.82x 10° Borjesson and
Min 2.66 x 10° Svensson (1997)
Sandy loam Max 1.22 x 10°
Min 1.96 x 10*
Sewage sludge Max 2.35x 102
Min 2.24x 10°
Field study 0-30cm Max 5.90 x 10° Scharff et al. (2001)
Min 3.00 x 10*
0-100 cm Max 3.80x 10°
Min 1.00 x 10°

The methane oxidising capacity of the soil cover (Soiloxd cap) represents the size of the ‘sink’
for methane conversion to carbon dioxide. Thisis defined as:

. M., A
Sl o = Dy o (SOC24.365)A 1077 [kt CHay]
Equation 3.2
where
Soil xdegp = mMaximum methane that can be oxidised in year x by the soil cover (kt
CHaly)
SOoC =  woil oxidising capacity of landfill (n?® CH4/ nf landfill/ h)
D field eff = effectiveness of methane oxidation under field conditions (fraction)
Asfce =  cumulative surface area of the landfill type under consideration (nf)
(see Equation 3.3)
My = molar volume (at STP) (0.02241n7 CH,/ mole)
M m =  molecular mass of methane (16g CH4/ mole)
The factor 10 converts from g CH, to kt CHa.
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The cumulative area of the landfill in year x is defined as:

5T Wastelnput (X).,
A X) = 10
surface( ) 21 r (X)dsite(x)

Equation 3.3
where
Wastelnput(x) =  total waste input to landfill for year x (Mtly)
I waste =  average density of waste emplaced within landfill type for year x (t/nt)
dsite(X) =  average depth of waste within landfill site type (1-4) for year x (m)

The factor 10° converts from millions of nt landfill surface areato n?.

Within this module (for the purposes of national projections of methane oxidation) the values
of site depth, waste input density, soil oxidising capacity of the landfill cap and effectiveness
of methane oxidation under field conditions are assumed to remain constant over the entire
landfilling period. The input values for the soil oxidising capacity of the landfill cap and
effectiveness of methane oxidation under field conditions were determined as the median
values obtained from the probability density functions (pdf) defined for these particular
parameters (see Table 3.5 below).

The actual methane that is available for potential oxidation in the cap (Availoxd cap) t0 carbon
dioxide is determined after the quantity that is utilised or flared (i.e. recovered) is subtracted
from the generated methane. The available methane for oxidation (kt/y) is defined as.

Avall (x) = (1- D, )(CH ,generated (x) - R(t)) [kt CHa /y]

oxd cap
Equation 3.4

where
Avall oxdcep =  methane available for oxidation in year x (kt/y)
Drissure =  fraction of methane lost directly through fissures (fraction)
CHa generated(x) = methane generated in year x (kt/y)
R(t) =  methane recovered in year X (kt/y)

The actua fraction of generated methane that is oxidised (OX) after energy recovery is
calculated after determining whether oxidation is limited by the sink capacity of the soil
(Soiloxd cap) OF the source or quantity of methane available for potential oxidation (Availoxd cap)-
The two situations are defined as:

For Soiloxd cap > AValiloxd cap (SOUrce limited oxidation), under these circumstances the
oxidation factor is:
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)aECH Jgenerated (X) - R(t) 9

fissure CH,generated (x)

Equation 3.5

For Availoxd cap > SOiloxd cap (SINK limited oxidation), under these circumstances the oxidation
factor is:

e ol o)
OX = (1_ Dfismre)(\ o _
gCH Jgenerated (X)
Equation 3.6
where
SOil oxdcap = maximum methane that can be oxidised in year x by the soil cover
(kt CHaly)

CH, generated (x) = methane generated in year x (kt/y)
R(t) =  methane recovered in year x (kt/y)
Drissure =  fraction of methane lost directly through fissures (fraction)

The inputs for this methane oxidation module in the National Assessment Modedl are
associated with a high degree of uncertainty and/or variability. Subsequently, a number of
input parameters have been assigned probability density functions (pdfs) to account for this
variation, based upon the literature review and expert judgement. The °‘best-estimate
(median) default input parameters (derived from 1001 iterations using Decisioneering’s
Crystal-Ball software package, version 5.0) are presented in Table 3.5, along with their pdf
(type and critical values), for each type of landfill considered in the National Assessment
Modd.
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Table 3.5. Inputsrequired for methane oxidation module and associated pdf

I nput Landfill Best- PDF Source
Type estimate

Soil oxidising capacity 1 0.00415 LN (0.00798, 0.01383) See Table 3.4
(SOC) 2 0.00425
[MPCH,/nT/h] 3 0.00379

4 0.00389
Field oxidation efficiency 1 0.75 Single input value Based on relative
(Drigideft) > 075 proportion of field (Drigq
[fraction] 3 0.75 ?;1) an:dol ggt)brda;gy

ieid eff =0.

4 0.75
Fraction through fissures 1 0.10 Single input value Expert judgement
(Drssure) 2 0.10
[fraction] 3 0.10

4 0.10
Soil cover depth (above cap) 1 1.0 U (0.5, 1.5) Expert judgement
[m] 2 1.0 U (0.5, 1.5)

3 1.0 U (0.5, 1.5)

4 0.65 U (0.15, 1.5)
Landfill site depth 1 11.3 T(5.00, 7.00, 25.00) Expert judgement
(dste(X)) 2 25 T (10.0, 25.0, 40.0)
[m] 3 pis T (10.0, 25.0, 40.0)

4 10 T (5.00, 7.00, 20.00)
Waste density 1 1.00 Single input value Expert judgement
(r (x)) 2 1.00
[t/nT] 3 1.00

4 1.00
Note: Log Normal distribution = LN (mean, standard deviation)

Triangular distribution =T (minimum, likeliest, maximum)

Uniform distribution = U (minimum, maximum)

Of the oxidation module parameter listed in Table 3.5, the model output is most sensitive to
the values for field oxidation efficiency and the fraction through fissures. These sersitivities
are explored in more detail in Section 6 of the report.
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4 WASTE COMPOSITION DATA AND WASTE MANAGEMENT SCENARIOS

I ntroduction

Brown et d. (1999) compiled waste arisings data from 1945 to 1995, and produced forecasts
to 2010. LQM have used these waste arisings as the baseline for the 2002 assessment (see
Appendix 1), and have updated the waste arisings data and forecasts with the current 1999
estimates of municipa solid waste (MSW) and commercial and industrial (C&1) wastes from
the companion study by ERM. Waste management scenarios also developed by ERM have
been used to examine the effect of different scenarios on methane generation and emission,
and these data have been passed back to ERM for use in their study.

Landfill types

As described in Section 2 above, Brown et al. (1999) introduced four types of landfills, which
were considered differently in terms of their waste composition, engineering and gas
collection in the National Assessment Model. Although not strictly part of the IPCC FOD
model, this was considered at the time to allow some resemblance of the distribution of
landfill site types as recorded in the WRc Landfill Database. It is considered that with current
landfill engineering requirements, all new waste arising will be emplaced in landfill Type 3
(with comprehensive gas collection) and no waste has been partitioned to the other landfill
types since 1999.

Municipal Solid Waste Arisings

The National Assessment Model uses the MSW arising data as provided by Brown et d.
(1999) from 1945 to 1994 inclusive (Appendix 1 Table A1.1). The MSW arisings for 1995 to
2025 have been provided by ERM (2002), with values from 1995 to 1998 back-calculated
from the 1999 figures.

ERM have retained, as far as possible, compatibility with the break down of MSW as defined
by Brown et a. (1999) (Table 4.1) for the purposes of the updated National Assessment
Model. The most significant change is in putrescibles, to include composted putrescibles after
1994. This accounts for the greater emphasis on the composting of organic materials and a
redefinition of this waste stream after this time in accordance with current national waste
management strategies. This change from putrescibles to composted organic materia is
associated with a corresponding decrease in the amount of degradable carbon for producing
landfill gas (Table 3.2).
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Table 4.1. Breakdown of Municipal Solid Waste Arisings (MSW)

Updated National Assessment Model

Brown et al. (1999)

Paper and card Paper and card
(weighted paper & card based on the GasSim default waste stream,

1980s-2010)

Dense plastics Dense plastics
Film plastics (until 1994 only) Film plastics
Textiles Textiles

Misc. combustible (plus non-inert fines from 1995)

Misc. combustible

Misc. non-combustible (plusinert fines from 1995)

Misc. non-combustible

Putrescible (GasSim garden waste) Putrescible
Composted putrescibles (GasSim composted organic) Not included
Glass Glass
Ferrous metal Ferrous metal

Non-ferrous metal and Al cans

Non-ferrous metal

Non-inert fines (GasSim 10mm fines) Non-inert fines

Inert fines Inert fines

Commercial and Industrial waste arisings

The National Assessment Model uses the CIW arising data as provided by Brown et d.
(1999) from 1945 to 1998 inclusive (Appendix 1 Table A1.10). The CIW arisings for 1998 to
2025 have been provided by ERM (2002) and are derived from the Strategic Waste
Management Assessments (SWMAS) produced by the Environment Agency (2001).

ERM have retained, as far as possible, compatibility between the breakdown of CIW wastes
reported in the SWMASs and that as defined by Brown et al. (1999) (Table 4.2), for the
purposes of the updated National Assessment Model. The arisings figures for sewage sludge
defined by Brown et a. (1999) have been retained in the updated Natiorel Assessment Model,
in the absence of more up to date data.
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Table 4.2. Breakdown of Commercial and Industrial Waste Arisings (CIW)

Updated National Assessment Model Brown et al. (1999)

Commercial Commercial

ERM general commercial from 1995 (treated as GasSim commercial mix:
10% newspapers,; 50% other papers; 15% other putrescibles; 25% inert)

Paper and card Not included

ERM Paper & Card and Paper Pulp wastes from 1995 (treated as GasSim

Other Paper)

General industrial waste General Industrial waste

ERM general industrial & conmercial from 1995 (treated as GasSim
commercia mix: 10% newspapers; 50% other papers; 15% other
putrescibles; 25% inert)

Food solids Food solids

10% of ERM food wastes from 1995 (treated as GasSim other putrescible)

Food effluent Food effluent
80% of ERM food wastes from 1995 (treated as GasSim other putrescible)

Abattoir waste Abattoir waste
10% of ERM food wastes from 1995 (treated as GasSim other putrescible)

Misc. processes Misc. processes

ERM chemical and other wastes from 1995 (expert judgement)

Other waste Other waste
ERM other general and biodegradable from 1995 (expert judgement)

Power station ash Power station ash

ERM Pulverised Fuel Ash (PFA) and Furnace Bottom Ash (FBA) wastes
from 1995 (treated as Inert)

Blast furnace and steel slag Blast furnace and steel slag

ERM blast furnace, basic oxygen and electric arc furnace slags from 1995
(treated as I nert)

Construction/demolition Construction/demolition

ERM Inert C&D, metals and scrap, contaminated general, mineral wastes
and residues, construction and demolition from 1995 (treated as GasSim
incinerator ash)

Sewage sludge Sewage sludge
AEAT default input values

Scenario Development

Eight MSW scenarios have been developed by ERM to investigate the various waste
management options available, which are described below. Future waste arisings have been
modelled using anticipated levels of growth as set out below to reflect the Government’s
commitment to waste minimisation, in accordance with waste minimisation programmes
outlined in both the Waste Strategy 2000 and the Landfill Directive. ERM provided UK
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MSW waste data to landfill from 1995/1996 until 2025/26. These data are given in
Appendix 1, TablesA1.2-A109.

M SW scenarios

1. Achieving the Waste Strategy 2000 and Lardfill Directive targets with current material
recycling rates

2. Achieving the Waste Strategy 2000 and Landfill Directive targets with emphasis on
paper/compost recycling

3. Achieving the Waste Strategy 2000 and Landfill Directive targets with emphasis on paper
recycling

4. Achieving Landfill Directive targets with emphasis on recovery (EfW/CHP/AD)

5. Achieving the Waste Strategy 2000 targets with emphasis on glass metals and plastics
recycling

6. Higher growth rate, achieving the Waste Strategy 2000 and Landfill Directive targets with
current material recycling rates and excess recovery

7. Higher growth rate, achieving the Waste Strategy 2000 and Landfill Directive targets with
excess materia recycling rates

8. Current trends in diversion continued (Base case)

The detailed assumptions for each of the above MSW scenarios and sources of data are
provided by ERM (2002).

In addition, five C&| scenarios have been developed (by ERM) to investigate the various
waste management options available, which are described below. ERM provided UK C&l|
waste arisings from the SWMASs and the breakdown of methods of disposal/treatment for
1999/2000, taken from the DEFRA Municipal Waste Management Survey 1999/2000.

C&| Scenarios

These are:

1. Baseline- current landfill

2. 15% diversion based on food westes, paper & card and other general biodegradables to
digestion, EfW and recycling (lose readily degradables from total C& | excluding C&D)

3. 15% diversion based on genera biodegradable wastes to combustion (lose readily and
moderately degradable organics)

4. 15% diversion based on general biodegradable wastes to recycling (lose readily and
moderately degradable organics)

5. 15% diversion through C&D and mineral wastes recycling (lose inerts)

The detailed assumptions for each of the above C&| waste scenarios and sources of data are
provided by ERM (2002) and are given in Appendix 1 Table A1.11.
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5 FLARING AND ENERGY RECOVERY

Representation of Flaring and Energy Recovery in Previous Assessments

Flaring and energy recovery constitutes the method likely to reduce methane emissions from
landfills by the largest amount, and is probably the most readily auditable management
method for achieving actual (as opposed to modelled) methane emissions reductions. As set
out below, it is estimated that in 2002 at least 63% of the total landfill gas generated in the
UK was flared or utilised, and that this rises to approximately 72% by 2005 (beyond which it
becomes impracticable to forecast future trends with any accuracy).

Aitchison et d. (1996) carried out the first National Assessment under the IPCC methodol ogy
(the ETSU 1996 study). This 1996 assessment included utilisation data from 1988 — 1994 and
a survey of flare manufacturers to ascertain the quantities of landfill gas controlled in this
fashion for the period 1984 — 1995. The quality of this historical data is considered to be very
good, and the information has been retained and used in this 2002 update. It is not clear,
however, from the Aitchison et a. (1996) report exactly how the utilisation and flaring data
was used in the modelling forecast.

Brown et al. (1999) carried out the second National Assessment under the IPCC methodol ogy
(the AEAT 1999 study). This assessment does not appear to have updated the flare and
utilisation data collected in the ETSU 1996 study, but rather has applied “recovery
effectiveness’ terms to the gas generated by the different landfill categories represented in the
model. This modelling approach therefore appears not to use actual information on utilisation
and flaring, but to assume that the flaring and utilisation term in the IPCC is proportiona to
the amount of gas forecast in any year. This approach is considered unsuitable for two
reasons. Firstly, it is dependent upon the ability of the model to estimate gas generation
accurately, and it has aready been demonstrated in Section 3 of this report that the waste
degradation factors used in the 1999 model are well below accepted levels of gas generation
per tonne of waste. Secondly, the derivation of the proportionality constants is rot clearly set
out, and so while these may be accurate, it is difficult to independently validate these against
actual figures for gas utilisation and flaring.

This survey (the LQM 2002 survey) has used the approach adopted by ETSU 1996, as this
was considered to be both a robust and auditable approach. If additional information becomes
available, then the data can be readily revised to account for new or missed data sources.

Gas Utilisation
I nformation sources

The utilisation data, below, is mainly based on comparison of information from the trade
association (the Biogas Association (Gaynor Hartnell, Pers. Comm. 2002))* and current DTI

! The Biogas Association was formerly the Landfill Gas Association. The Biogas Associ