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Executive summary

This report presents the findings of work undertaken by Cambridge Environmental
Research Consultants Ltd (CERC), in association with Air Quality Consultants Ltd (AQC),
commissioned by and carried out in collaboration with the Environment Agency. The work
focuses on strengthening the understanding of methane emissions from landfill sites and
developing a practical, auditable framework for estimating those emissions using Inverse
Dispersion Modelling (IDM).

Methane is a major greenhouse gas, and landfill sites remain a significant anthropogenic
source within the UK. Although the importance of landfills in national methane inventories
is well established, the emission rates from individual sites are still poorly constrained,
limiting the accuracy and reliability of emissions reporting. The Department for
Environment, Food & Rural Affairs (Defra) and the Environment Agency have long
recognised this challenge and are working to improve quantification methods and standard
operating procedures across a range of measurement techniques, including the Tracer
Dispersion Method (TDM). However, no single approach is suitable for all landfill
configurations or survey conditions. A flexible toolkit of complementary methods is
therefore needed.

IDM reverses the conventional dispersion modelling approach: rather than predicting
downwind concentrations from assumed emissions, it infers emissions from measured
downwind concentrations. Earlier work (SC220012) demonstrated IDM’s potential for
landfill methane emission quantification, including practical advantages such as avoiding
the need for physical site access. Building on those foundations, this project aimed to
develop a fully auditable, step by step IDM protocol with defined uncertainties, that can
translate downwind methane plume transect concentration measurements into landfill
methane emission rates.

To support this development, Defra and the Environment Agency supplied extensive
datasets of downwind methane and tracer concentrations that had been collected for
fieldwork projects that undertook TDM surveys. These datasets, where tracer release rates
and TDM-derived methane emissions were known, enabled systematic testing and
refinement of the IDM approach, as described in this report.

Development of the IDM Method and Protocol

The report documents the development of the modelling method. It describes the available
datasets, sets out the preferred IDM calculation approach, and evaluates performance
using both methane and tracer emissions. Potential factors influencing uncertainty are
quantified including wind speed, wind direction, transect orientation with respect to wind
direction, and emissions distribution.

A major achievement of the project is a practical IDM protocol designed for use by landfill
operators and other practitioners. The protocol requires three main inputs: (1) downwind
methane transect concentration measurements, (2) meteorological data, and (3) a suitable
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dispersion model. It avoids the need for site access and does not require the tracer
component of TDM surveys.

The method compares measured and modelled crosswind integrated concentrations; this
minimises sensitivity to short term turbulence and wind meander. Emission rates are then
inferred by scaling a modelled emission based on the ratio of measured to modelled
concentrations. The protocol specifies detailed requirements for transect suitability, survey
planning considerations, uncertainty quantification procedures, and a reporting template
that standardises documentation across users.

Comparison with Tracer Dispersion Method (TDM) survey results

A key requirement was that IDM results should be comparable to TDM derived emission
rates. Testing was undertaken in three stages:

1. Initial model development: Emission rates for methane and tracer gases were
compared with TDM values and known values respectively. This testing
demonstrated the crucial role of accurate wind data, the benefits of onsite
meteorological measurements, and the importance of correctly specifying surface
roughness.

2. Protocol testing using existing data: Applying the protocol’s transect selection
criteria resulted in improved agreement with TDM (IDM:TDM ratios of 0.91 and 1.24
— an exact match would give a ratio of 1) compared with earlier results using a
broader set of transects.

3. Blind testing using new survey data: CERC staff not previously involved in the
project applied the protocol to new datasets. Only after results were submitted were
the corresponding TDM values revealed. IDM and TDM agreed well (survey
averaged IDM:TDM ratio 0.91; correlation also 0.91), and background methane
values used by both approaches were closely aligned.

Although only 22 out of 147 TDM methane transects met IDM suitability criteria, primarily
due to IDM requirements for higher wind speeds, the overall survey averaged emission
rates remained comparable between the two methods, even though the underlying
transects differed.

Uncertainties and Sensitivities
Uncertainty analysis showed that:

e Wind speed uncertainties were the dominant factor, with sensitivity of the calculated
methane emission rate to wind speed uncertainty decreasing as wind speed
increased. The protocol therefore requires wind speeds 23 m s™" and prescribes
additional simulations of windspeed +0.5 m s™ to quantify the sensitivity to wind
speed uncertainty.

e The orientation of the transect in relation to the wind direction was less influential
than expected, allowing relaxation of this transect suitability criterion to 50° offset.
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e Variations in the spatial distribution of emissions within the methane-emitting area
had limited impact on the result, supporting the use of a simplified uniform area
source where the emitting area is well constrained.

e Plume identification and the subsequent subtraction of the ambient methane
concentration introduced non-negligible uncertainty; the protocol therefore requires
sensitivity tests using plausible alternative ambient values.

e The largest contributor to uncertainty was variability between the transects in a
survey, therefore the protocol requires reporting the mean and standard deviation
across all modelled transects.

The protocol does not prescribe use of a particular dispersion model, but can be used with
any model that meets protocol requirements, although the quality of the model used will
affect the accuracy of the results. Specific modelling options (such as accounting for local
topography or spatially-varying surface roughness) may be beneficial in some contexts.
More sophisticated approaches are recommended where multiple nearby methane
sources complicate interpretation; SC220012 describes alternative methods which could
be used, including Bayesian-based inversion tools such as CERC’s ADMS-EIT inverse
dispersion modelling system.

Future Work
While robustly tested, the IDM protocol would benefit from the following further work:

e Application to additional landfill sites surveyed specifically under the protocol’s
requirements.

e Examination of whether the recommended number of suitable transects could be
reduced.

e Comparison with TDM emission rates for measurement surveys where results are
available from multiple providers.

e Expanded uncertainty analysis, particularly around surface roughness,
meteorological inputs from Numerical Weather Prediction models, and statistical
methods for plume identification and background estimation.

e Broader testing to determine applicability to other pollutants and sources.
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1. Introduction

This report describes work undertaken by Cambridge Environmental Research
Consultants Ltd, in association with Air Quality Consultants Ltd, commissioned by and in
collaboration with the Environment Agency.

Methane is a significant greenhouse gas and landfill sites are a major contributor to
methane emissions. However, the emission rates from individual landfill sites remain
poorly characterised. Gaining a clearer understanding of landfill methane emission rates is
essential for improving emissions inventories and informing regulatory decisions.

Defra and the Environment Agency have been working to understand landfill emission
rates and their variability (e.g. Environment Agency 2026). This work is also exploring
standard operating procedures for several quantification techniques, including the tracer
gas dispersion method (TDM). However, it is widely recognised that no single approach
will be suitable for every landfill or every set of conditions. Instead, a flexible ‘toolkit’ of
methods is needed, allowing different techniques to be applied as appropriate to specific
site conditions and quantification objectives.

Conventional dispersion modelling starts with a known or assumed emission rate and
predicts the resulting downwind concentrations. In contrast, inverse modelling uses
measured downwind concentrations to infer the emission rate needed to match those
observations. Previous work (SC220012) (Hood et al. 2023) has already explored the
application of inverse modelling for estimating landfill methane emissions, and the method
shows promise as part of a broader toolkit for landfill methane quantification. It offers
potential cost savings and practical benefits, for example, it can be carried out without
requiring physical access to the landfill site.

The aim of this project was to establish a practical protocol for applying inverse dispersion
modelling (IDM) to landfill methane emissions quantification in a fully auditable way, with
defined uncertainty, using downwind methane concentration transects.

Other Defra and Environment Agency landfill methane quantification projects have
generated many downwind transects through the methane plume as part of TDM surveys.
This has provided datasets of downwind methane and tracer concentration data with
known tracer release rate and calculated TDM methane emission rates. These have been
used to develop and test the IDM approach.

The development of the IDM approach is presented in Section 2, including a description of
the data provided, a description of the preferred IDM method, results from application of
the method to methane and tracer emissions and a discussion of the factors influencing
uncertainty in the results. Section 0 describes the development and initial testing of the
IDM protocol. Further testing of the protocol using new survey data not previously used in
the protocol development, and subsequent refinement of the protocol, is documented in
Section 4. The project findings are discussed in Section 5. Appendix A contains the IDM
protocol as a self-contained document; Appendix B contains the detailed IDM survey
reports referred to in Section 4.
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2. Modelling approach development

2.1 Introduction

The Tracer Dispersion Method (TDM) is widely used in mainland Europe for the calculation
of methane emission rates from landfill sites (Rees-White and Beaven 2022). A TDM
survey typically involves releasing a tracer gas as close as possible to the centre of the
methane emissions source. A vehicle equipped with a gas analyser is then driven along
roads downwind of the site which are as near to perpendicular as possible to the plume
trajectory (“plume transects”). Continuous sampling is performed at very high frequency
(e.g. one-second intervals) along the route, capturing concentrations of methane and the
tracer gas, along with the corresponding geographic coordinates of each sampling point
and the sampling time. By assuming that landfill methane emissions disperse in the same
way as the released tracer gas (whose emission rate is known), the landfill methane
emission rate can be calculated. However, the landfill is an area source, so its crosswind
and along-wind extent is greater than that of the tracer release, which is a point source,
and therefore there are differences in how the plumes disperse. The uncertainties in the
calculated emission rates that result from these differences are important for transects
close to the landfill but decrease with increasing downwind distance as the plumes from
the two different sources become more similar as they mix with the ambient air.

The obijective in this project was to develop an equivalent practical methodology for
estimating landfill methane emission rates using methane plume transect measurements
and inverse dispersion modelling (IDM) methods, without the requirement for a tracer
release. The study follows on from previous work reviewing and investigating available
methods for estimating methane emissions from landfill sites (SC220012) (Hood et al.
2023). Unlike TDM, the IDM approach does not equate the dispersion of a point source
and an area source, allowing use of transects closer to the landfill.

The first part of developing the IDM protocol was to select and refine a modelling approach
using existing transect measurements collected during TDM surveys. These datasets
provided the opportunity to test the modelling approach in two ways: firstly, to calculate the
tracer emission rate for comparison with known values; secondly, to calculate the methane
emission rate for comparison with existing TDM values. Although a large number of plume
transect measurements were provided, we know from previous work that the conditions
under which TDM surveys are typically conducted are often not ideal for modelling.
Therefore, the transects were carefully assessed and categorised and only those suitable
for modelling were selected for use.

The data provided for the development of the modelling approach is described in

Section 2.2. Section 2.3 presents the information that was used to develop selection
criteria for choosing which transects to model together with a list of the transects that were
selected. The modelling approach is then documented in Section 2.4, along with testing
results and a discussion of the factors influencing uncertainty.
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2.2 Downwind transect and other TDM data

Data to support the development of the modelling approach was provided by the
University of Southampton (UoS) and The National Physical Laboratory (NPL) for four
landfill sites. Both organisations collected these datasets as part of Tracer Dispersion
Method (TDM) surveys conducted for methane emission quantification. A general
description of the data provided is given below; detailed information on the surveys for
each site is provided in Sections 2.2.1 t0 2.2.3.

The 4 sites are anonymised within this report and referred to using the codes Y1, Y2, Z
and C1. At each site, multiple surveys were conducted on different days. During each
survey, a tracer gas was released as close as possible to the centre of the landfill
methane-emitting area. The tracer gases used were either acetylene or ethane. A vehicle
equipped with a gas analyser was driven along roads which were as near to perpendicular
as possible to the plume trajectory. Continuous sampling was performed at one-second
intervals along the route, capturing concentrations of methane and the tracer gas, along
with the corresponding geographic coordinates of each sampling point and the sampling
time. Each pass through the plume is referred to as a “transect”; each survey resulted in
multiple transects being recorded.

CERC received data for 372 transects over 24 TDM surveys over the 4 sites. 73 transects
were marked as unusable by the provider, leaving 299 transects for analysis. For each
transect, the data received included reading time, coordinates and the concentrations of
methane and the tracer for a series of points along the road.

Meteorological data from the test sites was also provided. This data was either from a
fixed onsite mast, or from a portable weather station, used for the duration of the survey.
This meteorological data provided either 1- or 5-minute readings.

Together with the raw sampling data, the TDM landfill emission rates for each transect
were provided, with comments on whether the data was considered suitable for emissions
calculation. The emission rates of tracer gas, with the coordinates of the release location
and the start and end time of the release were also given.

The following processing steps were carried out by CERC:

e Time series plots of methane and tracer measurements were produced for every
transect. This allowed an assessment of the data suitability, in terms of the amount
of noise in the readings and whether a distinct plume could be seen. The charts
also showed visually whether the methane and tracer peaks were aligned. See
Section 2.3.1 for examples.

e A descriptive summary of each site was written including data provided and
potential additional source locations (e.g. wastewater treatment plants).

e QGIS projects were created for each site showing the landfill, tracer release
location and transects.
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e The nearest appropriate Met Office site location was identified and meteorological
data in a format suitable for the ADMS dispersion model (CERC 2025) for the
appropriate time period was obtained.

e The surface roughness for each site was determined using ADMS recommended
values and maps of local land use.

e The ADMS meteorological processor was used to calculate atmospheric
parameters (e.g. boundary layer height, Monin-Obukhov length).
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2.2.1 Site Y1

The surface roughness value used for site Y1 was 0.3 m, which is the maximum value
recommended in ADMS for agricultural areas. There is a wastewater treatment plant 1 km
to the north-west of the landfill site which may affect methane readings.

Table 1 shows the site Y1 survey dates, times, number of transects used in TDM
calculations and general comments on data suitability.

Table 1: Site Y1 survey summary. In the comments column, ‘offset’ / ‘aligned’ refers
to the methane and tracer concentration peaks.

1 29/10/24 15525 to 19 Aligned peaks inlgeneral with slightly
17:45 noisy tracer readings
21:30 to Aligned peaks in general, some
2 29/10/24 23:06 17 transects show plumes from multiple
’ sources
3 10/12/24 19520 to 13 Quite noisy data with multiple
21:35 methane signatures along transects

A number of transects have offset

4 9/1/25 ;?(1)2 L% 17 peaks, the tracer data becomes noisy
' as the survey progresses
20:00 to Very clean data in the latter half of the
5 2712125 22j15 23 survey, with the first half showing

multiple methane signatures

Onsite 1-minute average meteorological data including temperature, wind speed and
direction was supplied for all surveys except survey 3. Average, maximum and minimum
wind speed readings were available from a Gill Instruments GMX 550 wind sensor
installed at a height of approximately 5 m on a high, exposed area of the landfill site. For
survey 3, similar 5-minute average data was provided from a Kestrel 5500 instrument,
which was mounted on a tripod with a height of approximately 2 m. The high, exposed
location of these instruments could lead to an overestimate of the effective wind speed.
Offsite hourly meteorological data was also available from a Met Office site 10 km to the
east of the landfill.
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Site Y2

Site Y2 is situated on the edge of a large urban area with a wastewater treatment plant
adjacent to the landfill site which may impact methane readings. An appropriate surface
roughness length for the area was 0.3 m, which is the maximum value recommended in
ADMS for agricultural areas.

Table 2 shows the site Y2 survey dates, times, the number of transects used in TDM
calculations and general comments on data suitability.

Table 2: Site Y2 survey summary. In the comments column, ‘offset’ / ‘aligned’ refers
to the methane and tracer concentration peaks.

1 5/12/24 | 07:10t0 09:45 |18 Clean data but with offset peaks

2 17/12/24 | 12:40to 14:45 |14 Noisy data with aligned peaks

3 14/1/25 | 13:27 0 15:32 | 19 Peaks offset and multiple
signatures in transects

4 4/2/95 0557 t0 08:10 | 16 Multiple methane signatures and
offset peaks

5 18/3/25 | 17:14 0 19:20 | 17 Some noisy transects, with offset
peaks and multiple signatures

6 21/3/25 | 10:30 to 12:31 | 14 Some noisy transects, with offset

peaks and multiple signatures

Onsite 5-minute meteorological data was supplied including temperature and wind speed
and direction. The wind data gave average readings and was from a small portable Kestrel
5000 instrument which was setup for the duration of the survey at a height of
approximately 2 m above the ground.

Offsite hourly meteorological data was available from a nearby airfield, however this data
had a low data capture for the survey periods, alternative data was available from a site 50
km to the south-east of the landfill site.
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2.2.2 Site Z

The surface roughness value used for site Z was 0.2 m, which is the minimum value
recommended in ADMS for agricultural areas. There is a wastewater treatment plant 4 km
to the north-east of the landfill site which may affect methane readings.

Table 3 shows the site Z survey dates, times, number of transects used in TDM
calculations and general comments on data suitability.

Table 3: Site Z survey summary. In the comments column, ‘offset’ / ‘aligned’ refers
to the methane and tracer concentration peaks.

Initially clean data at the start of the
survey with the tracer readings
becoming noisier with time. Peaks
are offset throughout.

1 20/1/25 | 12:51to 15:40 |18

Clean data, initially with offset
2 20/1/25 |19:2510 21:15 |23 peaks, becoming aligned in the last
few transects

Clean data with offset peaks
3 19/3/25 |17:20t0 19:20 |24 initially, the later transects show
multiple signatures

Clean data with aligned peaks
4 19/3/25 | 22:251t0 00:50 |15 generally, some transects are
through multiple plumes

The source of near-site meteorological data for site Z varied between surveys. The first
survey had one-minute average readings, measured onsite, with average wind readings
together with minimum and maximum values. The second survey had hourly average

data, which was from a nearby airfield due to issues with the meteorological instrument.
The third and fourth surveys had five-minute average readings, measured onsite, and
again the wind data was provided with the average and the minimum and maximum
values. The onsite weather station was a Gill Instruments GMX 550 wind sensor on a mast
5 m high on a high, exposed location on the landfill.
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2.2.3 Site C1

The surface roughness value used for site C1 was 0.2 m, which is the minimum value
recommended in ADMS for agricultural areas. No nearby activities likely to be significant
methane sources were noted. The data provided covered two time periods; one set from
June 2024 and the second from October of the same year.

Table 4 shows the site C1 survey dates, times, number of transects used in TDM
calculations and general comments on data suitability.

Table 4: Site C1 survey summary. In the comments column, ‘offset’ / ‘aligned’ refers
to the methane and tracer concentration peaks.

Quite noisy data, some transects

3 (Jun) | 27/6/24 | 14:06 to 14:51 |4 : .
show multiple signatures

Some transects are noisy, and

4 (Jun) | 27/6/24 | 16:391t0 17:36 |6 , .
some have multiple signatures

Multiple methane signatures,

1 (Oct) 28/10/24 | 16:03 to 16:36 | 1 .
aligned peak

A little noisy with multiple

2 (Oct) 29/10/24 | 11:38 t0 12:07 | 3 .
signatures

3 (Oct) | 29/10/24 | 12:17 t0 12:53 | 4 A little noisy with multiple

signatures
4 (Oct) | 29/10/24 | 15:29 to 16:03 4 Aligned peaks with clean data
5 (Oct) | 29/10/24 | 16:10t0 16:40 | 3 Clean data, one aligned peak

Quite clean data with aligned

6 (Oct) | 30/10/24 | 10:24 t010:58 |3
peaks

Multiple signatures with aligned

7 (Oct) | 30/10/24 | 10:55t011:35 |2
peaks
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Relatively clean with aligned
peaks

8 (Oct) | 30/10/24 | 11:30 t012:13 |3
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2.3 Selection of datasets for testing the modelling
approach

Before developing the modelling approach, it was necessary to select suitable transect
datasets for modelling. A transect categorisation process was developed and applied for
this purpose. The categorisation parameters used were:

1) Data suitability, individually for methane and tracer gas measurements, and
together
2) Orientation of the transect with respect to the site and the wind direction
3) Meteorological conditions
a. Wind speed (on site and nearest Met Office site)
b. Atmospheric stability
4) Distance from site to transect peak concentration

2.3.1 Data suitability

For each transect, a data suitability score of 1 to 5 was assigned separately to the
methane readings and tracer readings, with 1 being the best suitability. The transects were
also assigned a descriptor which summarised the readings: ‘Aligned’, ‘Offset’, ‘Noisy’ or
‘Multiple Signatures’. Data suitability scores were a subjective judgement by one person,
ensuring consistency across all the data considered. These terms were used to identify
the most suitable transects for modelling and should not be interpreted as a criticism of the
measurements.

Transect measurements can be noisy when concentrations are low and when other
sources are contributing to the reading: for example,

e Methane sources include wastewater treatment plants and farming
e C2H2 (tracer gas used by UoS) sources include old cars and motorbikes
e C2Hs (tracer gas used by NPL) sources include natural gas leaks

Most transects scored 2 for data suitability for both their methane and tracer readings
(Figure 1). Examples of transects with different data suitability scores and data descriptors
are given in Figure 2 and Figure 3 respectively.

18 of 146



200
180
160
140
o 120
o 100
80
60
40
20

Frequ

177

o Methane

B Tracer

Figure 1: Distribution of transect data suitability scores given to the methane and

tracer readings

19 of 146



Both transects score 1, descriptor
“aligned”.

Both transects score 3 due to noise,
descriptor “aligned”.
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Descriptor “aligned”

Descriptor “multiple signatures”
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Figure 3: Examples of transects with different data descriptors
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2.3.2 Orientation

An ideal transect for modelling is located directly downwind of the source and oriented
perpendicular to the wind direction (Figure 4). To characterise each transect in terms of
how well it met these ideal requirements, some bearings were calculated:

(a) the bearing from the tracer release location to the transect peak;

(b) the average bearing of the transect section within 100 m of the transect peak;

(c) the offset of the difference between (a) and (b) from 90 degrees; and

(d) the difference between the calculated release to transect bearing (a) and the
measured wind direction (both onsite and nearest Met Office station readings)

A transect is directly downwind of the site and perpendicular to the wind direction if (¢) and
(d) are both zero. While the majority of transects have low orientation and wind direction
offsets, a significant minority do not (Figure 5) and need to be excluded from modelling.

Site >
Wind =2

&-------200 m Transect --—--—>

Figure 4: Schematic diagram of the ideal orientation of site, wind direction and
transect

Transect offset from perpendicular Wind direction offset
120
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— 45 v 100 Onsite
g O
@ 40 2 Met Office
w35 c 80
= <
5% < 60
525 E
20
5 < 40
g_ 15 o
@ 10 I 220
= s [
W] I I | - - 0
0 5 1015202530354045505560657075808550 0 5 10 15 20 25 30 35 40 45
Offset (degrees) Offset (degrees)

Figure 5: Distribution of (c) transect offset (left) and (d) wind direction offset (right)
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2.3.3 Meteorological conditions
The following meteorological parameters were assessed for each transect:

e Onsite transect period-averaged wind speed and direction at heights of 2, 5 and 10
metres depending on the site and survey.

e Met Office hourly wind speed and direction at height 10 metres.

e Hourly atmospheric parameters calculated by the ADMS meteorological processor:
surface sensible heat flux, boundary layer height, Monin-Obukhov length and
incoming solar radiation. In order to calculate these parameters, values of cloud
cover from the nearest Met Office site, onsite temperature and an estimate of
surface roughness were input into the model.

Measured wind speeds were typically low, with the majority of onsite values below 3 m s’
(Figure 6). Met Office wind speeds were higher but this is partly accounted for by the
difference in wind speed measurement heights. Different averaging times will also have
resulted in differences: Met Office values were hourly; onsite values were averages over
the transect period (typically around 10 minutes). The vast majority of the transect data
was collected during stable atmospheric conditions (Figure 7).

140
B On site wind

‘ Met Office (hourly)
- I I o b 1

Otol 1to2 2to3 3tod4 4to5 5tob >6
Wind speed band (m/s)

=
o o M2
o o o

=
=

Frequency (transects)
[=)]
o]

]
[

Figure 6: Distribution of onsite and Met Office wind speeds. Met Office wind speeds
were measured at height 10 metres; onsite values were measured at heights of 2, 5
and 10 metres.
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Figure 7: Distribution of different atmospheric stability conditions during the
transect data collection periods

2.3.4 Distance from site to transect peak

In the TDM measurements, the distance from the site centroid to the peak transect
concentration varied between 0 and 2 km for Site C1 and between 0 and 6 km for sites Y1,
Y2 and Z (Table 5, Table 6). For Site C1, most transects were located between 1 and 2
km from the source; for sites Y1, Y2 and Z most were located between 3 and 4 km from
the landfill (Figure 8). TDM surveys typically look for a well-dispersed tracer plume,
therefore discarding transects that are too close to the landfill site being studied. For an
IDM approach, however, where only methane measurements are needed and the landfill
can be represented in the model as a polygonal area source, transects close to the site
can be used, provided that the transect fully captures the plume.

Table 5: Site C1 — Distribution of distance from site to transect peak and peak
methane and tracer concentrations averaged by peak distance band

0to1km 8 2.23 31.46
1to 2 km 26 2.21 16.64

Table 6: Sites Y1, Y2 and Z - Distribution of distance from site to transect peak and
peak methane and tracer concentrations averaged by peak distance band

0to1km 4 242 5.17
1to 2 km 59 3.80 31.8
2 to 3 km 54 2.49 8.39
3to4 km 102 2.36 5.39
4 to 5 km 40 244 5.50
5to 6 km 6 2.37 6.79
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Figure 8: Distribution of transect distance from site for Site C1 (left) and Sites Y1, Y2
and Z (right)

2.3.5 Selected transects for modelling

Sections 2.3.1 to 2.3.4 describe how the 299 transects were assessed and categorised to
enable suitable transects for modelling to be selected. The transects selected all had data
suitability values of 1 or 2 with aligned peak concentrations. The maximum allowed offset
of the bearings was 20 degrees. These conditions were chosen to allow the modelling
approach to be initially developed and tested, but some were eventually relaxed for the
protocol following the testing of factors influencing uncertainty in the results (Section
2.4.3). Applying the above requirements (Figure 9) resulted in a selection of 24 transects
(Table 7). An additional 5 transects were then included for site Z, to provide a range of
cases to examine. These transects had a lower data suitability, but were chosen in order
to include more examples of transects with higher wind speeds. Therefore 29 transects
were finally selected for testing the modelling approach.
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Starting point - all transects

Data suitability scores of 1 or 2 for both methane and tracer
Methane and tracer peaks described as "aligned”

Wind direction offset less than 20 degrees

Transect offset from perpendicular less than 20 degrees
Additional 5 transects for Site Z

Figure 9: Process for selecting suitable transects for modelling, with the number of
transects selected at each step.
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Table 7: List of transects selected for modelling. The additional 5 transects
considered for Site Z are indicated in italics. Meteorological parameters included are
Met Office hourly measured wind speed at height 10 m (U), calculated surface heat

flux (Ftheta0), calculated reciprocal of the Monin-Obukhov length (1/Lmo) and
calculated boundary layer height (H). H/Lmo values indicate atmospheric stability:
values below -0.3 indicate convective conditions, values above 1.0 indicate stable
conditions and values in between indicate neutral conditions.

C1_Octo 3 8 12241 4400 2.1 72| 892| 001500 07
ber :32

C1_Octo 4 12/ 19341 4000 45 22 328 038 500 192
ber :28

C1_Octo 4 13| 19431 4400 15 22 328 038 500 192
ber :58

C1_Octo 5 161926 4000 12/ 11 00 050 500 250
ber 42

C1_Octo 8 30 11931 600 24| 74 880| 001 187 12
ber 11 0

Y1 1 6 16% 2200/ 26 -152 00 0.02 12% 1.9
Y1 1 7 16% 2200 26 -152 00 0.02 1229' 1.9
Y1 1 8 16f]§ 2200/ 26 -152 00 0.02 12% 1.9
Y1 1 16 17528 22000 24| -93 00| 002 9.3 20
Y1 1 17 1751421 22000 24| -93 00| 002 93 20
Y1 1 18 175]1 22000 24| -93 00| 002 9.3 20
Y1 2 4 225(1)2 20000 15 -21/ 00| 050|500 250
Y1 2 7 2252; 20000 1| -0.6 00| 050 500 250
Y1 2 8 225;2 20000 1| -06 00| 050 500 250
Y1 2 9 225‘11113 2000 1| -06 00| 050 500 250
Y1 5 3 20%11 20000 15 -21 00| 050 500 25.0
Y1 5 4 203‘13 20000 15/ -21/ 00| 050 500 250
Y1 5 14 215% 1800| 24| 57| 0.0 049 500 24.4
Y1 5 15 21ij 1800 21| -57 0.0 049 50.0| 244
Y1 5 20 22528 1600 1| -06 00 050 500 25.0
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22:07

Y1 21 %00 1600 1 06 00 050 50.0 250
Y1 23 %%1% 1600 1 06 00 050 500 250
Y1 26 °%2° 1600 1 06 00 050 50.0 250
z 3/ 2901 1600 14 17| 00| 050 500 250
z 142039 4400 29| -147 00 000 %% 1.54
z 22/ °TT4 4400 43 284 00 000 %% 1.34
z 23 27:@? 4400 4.3 -284 0.0 0.00 2979 1.34
z 13 %%% 3000 10 06 00 050 500 250
z 14 %079 3000 10 -06 00| 050 500 250
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2.4 Preferred IDM method

Following on from the analysis of TDM survey data presented in the previous sections,
and from previous work reviewing and investigating available methods for quantifying
methane emissions from landfill sites (SC220012) (Hood et al. 2023), we chose an IDM
method as the basis for protocol development that meets the following criteria:

e Provides results which are comparable with TDM survey results

e Does not require the tracer gas element of the TDM survey, or any other onsite
measurements

e Does not favour any particular dispersion model: this rules out the Modified
Bayesian method developed in SC220012, which requires the ADMS Concentration
Fluctuations Module

e Does not require any additional software tools apart from a method of performing
calculations, e.g. Microsoft Excel, Python etc. and Geographical Information System
(GIS) for mapping. This rules out the Modified Bayesian method (SC220012)
because it requires CERC’s ADMS-EIT inverse dispersion modelling system.

The preferred modelling approach is described in Section 2.4.1, including the input data
and information required. It has been tested on the subset of TDM survey data described
in Section 2.3. The testing results are presented in Section 2.4.2. A discussion of the
factors influencing uncertainty in the results is presented in Section 2.4.3.

2.4.1 Description of the modelling approach

This section provides an overview of the inverse modelling approach used to determine
the methane emission rates from methane transects. A detailed description of the practical
steps which need to be taken is provided in Appendix A.

The chosen modelling approach is based on calculating transect integrated concentrations
from both the measured transect and an equivalent modelled transect (forward modelling)
and then using these to calculate an emission rate (inverse modelling). The transect
integrated concentration is used as a surrogate for the crosswind integrated concentration;
using this minimises the effect of turbulent fluctuations and wind meander in the horizontal
plane. Note however that some differences between the measured concentrations, which
are measured over short time scales, and the modelled concentrations, which are typically
ensemble averages representative of longer averaging times, will occur due to short term
fluctuations in vertical motion and wind speed. The crosswind integrated method was
proposed but not tested in SC220012 (Hood et al. 2023). The standard TDM survey
approach also uses crosswind integrated concentrations.

The required data for carrying out this process are:

e Methane transect data — including locations, times and concentration
measurements.
e Source geometry — the location and extent of the landfill site.
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e Meteorological data — all necessary meteorological data for the selected dispersion
model for the time of the transect. It is particularly important that the wind speed
represents local conditions correctly.

e Other site information — any other site information required to set up the dispersion
model, for example surface roughness. The site information required will depend on
which dispersion model is used.

The first step in the process is to set up a modelling run in the dispersion model of choice
for each transect: the landfill site is set up using an appropriate source type, e.g. an area
source, with an a priori emission rate of 1 g m? s*!; meteorological data is set up to
represent the most accurate data available for the time the transect was measured; the
wind direction for use in the forward modelling is calculated by determining the bearing
from the centre of the landfill site to the peak of the methane measurements in the
transect; and model receptors are set up corresponding to each of the individual
measurement locations for the transect.

The forward modelling should not include any background concentrations, i.e. the output is
just that of the landfill site being modelled. The measured concentrations will include a
background so the next step is to remove this from the measured concentrations. To
determine the background, the measurement transect is examined and the average
concentration over that part of the transect not containing the plume from the landfill
determined by inspection. This background is then removed from the measured
concentration values to obtain landfill-only concentrations.

The transect integrated concentrations are then calculated for each of the modelled and
measured cases using the following formula:
n-—1

Civs +C;
N N (CWEFALEICNEEAD

i=1

where Cint is the integrated concentration, and for each of the n transect points, (x;, yi) is
the location of that point and C; is the concentration at that point (concentration minus
background for measured data). Using the distance integrated concentration helps to
remove any effect of differing vehicle speeds along different parts of the transect.

Once the transect integrated concentrations have been calculated the emission rate,
Qcalculated, CAN be calculated:

Cmeasured

Qcalculated = 9modelled C
modelled

where Cmeasured is the measured transect integrated concentration, Cmodereq is the modelled
transect integrated concentration and gmodelied is the modelled emission rate (1 g m2s™).
This gives the emission rate qcaicuiated in g M2 s,

Where multiple transects are taken within the same survey, this process is applied to each
transect separately and an average taken. Differences in the q.qicuiatea Values calculated
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from the different transects can give an indication of the uncertainty in the calculated
average emission rate.

2.4.2 Application of the modelling approach to test datasets

The modelling approach described in 2.4.1 was applied to the selected transects (Table 7)
to calculate tracer emission rates for comparison with actual tracer release rates, and
methane emission rates for comparison with TDM values of methane release rates.

Table 8 and Table 9 present key meteorological parameters for both Met Office and onsite
meteorological data together with the corresponding calculated tracer emission rates
(Table 8) and methane emission rates (Table 9) for the transects listed in Table 7.

Note that the instruments used to collect the onsite wind speed and direction data vary
between sites: at C1 the readings were at a height of 10 m, for sites Y1 and Z the readings
were at height 5 m. The data presented in the tables have been adjusted to 10 m wind
speeds using vertical wind speed profiles calculated by ADMS using appropriate surface
roughness lengths and the atmospheric stability.

At site C1 the tracer emissions values show considerable underestimates ranging from a
factor of two for the higher wind speed cases to a factor of 10 for the lowest wind speed
cases. The results are very similar between the two different sources of wind speed as
there is good agreement between the two sets of wind speed measurements. Comparing
the methane emission rates to those from the TDM method showed a similar range of
results, with a strong correlation between the results for tracer and the methane. A brief
analysis of varying the wind speed for site C1 is given in Section 2.4.3.

At site Y1 the calculated emission rates for the tracer using the Met Office site data range
from underestimating by a factor of 10 to being approximately correct. Using the onsite
met data, which often contains higher wind speed values than the Met Office site data,
gives a range from underestimating by a factor of 2 to overestimating by a factor of 2.5.
Again, comparing the methane emission rates to those from the TDM method showed a
similar range of results, with a strong correlation between the results for tracer and
methane.

At site Z the emission rates for the tracer using the Met Office site data range from
underestimating by a factor of 2 to overestimating by a factor of 2.5. Using the onsite data,
for which the wind speed is much higher, the emission rate is overestimated by a factor
between 3 and 10. The onsite wind speeds are much higher than those from the Met
Office site, with values up to 11 m s at 5 m, whereas the Met Office site data only has
values up to 4.2 m s at 10 m. This emphasises the sensitivity of the results to the
modelled wind speed, and thus the importance of using accurate and representative wind
speed values.
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Table 8: Transect meteorological summary and calculated emissions data for the tracer

C1 3 8 1400 270 2.1 1.8 1.23 0.38 0.28 0.31 0.23
C1 4 12 1200 272 1.5 1.3 1.25 0.09 0.07 0.07 0.05
C1 4 13 1400 265 1.5 1.5 1.25 0.10 0.11 0.08 0.08
C1 5 16 1200 278 1.2 15 1.26 0.10 0.15 0.08 0.12
C1 8 30 600 002 24 2.3 1.26 0.69 0.63 0.55 0.50
Y1 1 6 2200 312 2.6 2.5 0.55 0.43 0.44 0.80 0.80
Y1 1 7 2200 307 2.6 2.5 0.55 0.41 0.43 0.76 0.79
Y1 1 8 2200 305 2.6 2.2 0.55 0.39 0.33 0.71 0.60
Y1 1 16 2200 314 2.1 1.9 0.73 0.58 0.56 0.80 0.76
Y1 1 17 2200 313 2.1 1.8 0.73 0.60 0.48 0.83 0.67
Y1 1 18 2200 313 2.1 24 0.73 0.76 1.10 1.04 1.51
Y1 2 4 2000 337 1.5 2.5 0.81 0.11 0.65 0.13 0.81
Y1 2 7 2000 337 1.0 2.1 0.81 0.10 0.71 0.12 0.88
Y1 2 8 2000 338 1.0 24 0.81 0.10 1.23 0.13 1.52
Y1 2 9 2000 335 1.0 2.3 0.81 0.13 1.39 0.16 1.71

" The onsite wind speeds are from either 10 m or 5 m heights. The values presented are those output from ADMS for a 10 m height for
comparison with the met office site data.
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Table 8: Transect meteorological summary and calculated emissions data for the tracer (cont.)

Y1 5 3 2000 330 1.5 29 0.80 0.12 0.88 0.14 1.09
Y1 5 4 2000 330 1.5 29 0.80 0.13 1.03 0.17 1.28
Y1 5 14 1800 331 2.1 24 0.80 0.43 1.82 0.54 2.27
Y1 5 il 1800 330 2.1 24 0.80 0.38 1.42 0.47 1.77
Y1 5 20 1600 330 1.0 2.6 0.80 0.20 1.94 0.25 242
Y1 5 21 1600 332 1.0 2.6 0.80 0.22 2.14 0.28 2.66
Y1 5 23 1600 332 1.0 24 0.80 0.15 1.47 0.19 1.84
Y1 5 26 1600 333 1.0 20 0.80 0.22 0.38 0.27 0.48
Z 2 14 4400 242 2.9 7.2 0.80 1.06 2.49 1.32 3.10
Y4 2 22 4400 238 4.3 13.4 0.80 2.07 6.31 2.57 7.85
Z 2 23 4400 240 4.3 13.4 0.80 1.58 4.86 1.96 6.04
V4 4 3 1600 224 1.4 2.5 0.75 0.44 2.65 0.59 3.53
Z 4 13 3000 215 1.0 3.3 0.75 0.61 7.37 0.82 9.82
Z 4 14 3000 213 1.0 3.2 0.75 0.52 5.64 0.69 52

2 The onsite wind speeds are from either 10 m or 5 m heights. The values presented are those output from ADMS for a 10 m height for
comparison with the met office site data.
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Table 9: Transect meteorological summary and calculated emissions data for methane

C1 3 8 1400 270 2.1 1.8 35.5 10.9 8.1 0.31 0.23
C1 4 12 1200 272 1.5 1.3 37.0 2.7 2.0 0.07 0.05
C1 4 13 1400 265 1.5 1.5 43.8 29 3.0 0.07 0.07
C1 5 16 1200 278 1.2 1.5 49.9 3.2 4.8 0.06 0.10
C1 8 30 600 002 24 2.3 24.5 15.5 14.2 0.63 0.58
Y1 1 6 2200 312 2.6 2.5 116.5 63.4 63.9 0.54 0.55
Y1 1 7 2200 307 2.6 2.5 98.6 721 74.6 0.73 0.76
Y1 1 8 2200 305 2.6 2.2 o5 50.0 421 0.52 0.44
Y1 1 16 2200 314 2.1 1.9 83.4 43.9 42.0 0.53 0.50
Y1 1 17 2200 38 2.1 1.8 93.4 47.8 38.4 0.51 0.41
Y1 1 18 2200 313 2.1 24 90.4 53.0 76.4 0.59 0.85
Y1 2 4 2000 337 1.5 2.5 106.2 15.4 94 .1 0.14 0.89
Y1 2 7 2000 337 1.0 2.1 110.3 13.9 101.7 0.13 0.92

3 The onsite wind speeds are from either 10 m or 5 m heights. The values presented are those output from ADMS for a 10 m height for
comparison with the met office site data.
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Y1 2 8 2000 338 1.0 24 90.8 11.0 127.2 0.12 1.40
Y1 5 3 2000 330 1.5 29 79.1 9.8 71.3 0.12 0.90
Y1 5 4 2000 330 1.5 29 66.9 8.0 60.1 0.12 0.90
Y1 2 9 2000 335 1.0 2.3 77.0 11.5 118.7 0.15 1.54
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2.4.3 Factors influencing uncertainty
2.4.3.1 General discussion

As the method uses a dispersion model, the emission rates calculated will be subject to
similar uncertainties to those which influence the calculation of uncertainty in standard
dispersion modelling. However, there is one key difference. With standard dispersion
modelling, concentration C is effectively calculated as

C=4qfp

where q is the source strength (emission rate) and f, is the dispersion factor calculated by
the model. This means that to produce a conservative, i.e. higher, estimate of
concentration then any assumptions made should be those that give the higher value of
the dispersion factor.

When calculating emission factors this equation is inverted, i.e.

_C
T
and therefore, to obtain a conservative (i.e. higher) value of emission rate then

assumptions should be made which reduce the dispersion factor.

2.4.3.2 Wind speed

One of the key sensitivities for dispersion models is wind speed; this is particularly true in
low wind speed stable cases. To investigate this further, Site C1 survey 4 (measured wind
speed of 1.5 m s*') was additionally modelled with wind speeds ranging from 1 m s to 3.5
m s-1. The concentrations along the transect are shown in Figure 10, which show around a
factor of 10 difference between the crosswind integrated concentrations for the 1 m s*! and
2 m s cases compared to only 1.6 between the 2.5 m s”"and 3.5 m s*' cases. This case
was also set up in the US EPA’s AERMOD dispersion model (U.S. EPA 2024), modelled
using single hours with the AERMET processor. These results are shown in Figure 11,
with around a factor of 5 difference in crosswind integrated concentrations between the 1
m s’ and 2 m s' cases and a factor of 1.8 between the 2.5 m s"and 3.5 m s cases.
Thus, determining an accurate wind speed is very important, irrespective of the dispersion
model used. Dispersion model sensitivity to wind speed reduces with higher wind speeds
and it is notable that the variability of the emission ratios in Tables 8 and 9 is lower for
higher wind speeds. For this reason, the protocol specifies a lower threshold of 3 m s
below which transects should not be used.

There can be significant differences in wind speed between the nearest Met Office site
and the dispersion site (Table 8 and Table 9). In these cases, more local data should be
used, provided there is confidence in its accuracy (i.e. collected using a high-quality well-
calibrated instrument).
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Figure 10: Transect concentrations from ADMS 6 for 6 different wind speeds for Site
C1 Survey 4.
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Figure 11: Transect concentrations from AERMOD for 6 different wind speeds for
Site C1 Survey 4.

2.4.3.3 Transect bearing

As noted in the methodology section (2.4.1), the transect integrated concentration is being
used as a proxy for the crosswind integrated concentration. In reality, as transects are
generally measured by driving along roads, the transects will not be perfectly
perpendicular to the wind direction and so will not measure true crosswind integrated
concentrations. This distinction will be important because dispersion models typically
calculate the 1 hour averaged concentrations rather than the near instantaneous
concentrations that are measured as part of the transect. This means that dispersion
models are applying a greater degree of wind meandering than is seen in the real
measurements and thus producing a plume which is more dispersed in the crosswind
direction. An example of modelled concentration plots for a point source for 1 hour and 1
second averaging times is shown in Figure 12.
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Figure 12: Modelled transect concentrations from a point source for 1 second and 1
hour averaging times.

To test the representativeness of the 1 hour transect-integrated concentration for different
transect bearings, an idealised case was set up in ADMS. For both a tracer (point source)
and landfill (area source) case, a straight transect was placed downwind of the source and
the transect integrated concentrations calculated for a range of transect to wind direction
angles. In each case, concentrations were calculated for two different averaging times,
one hour and one second, to respectively represent the typical use of a dispersion model
and the more near instantaneous concentrations typically measured. The resulting 1 hour
and 1 second transect integrated concentrations were then compared; Table 10 presents
the results in terms of ratios.

For both source types, very good agreement is retained up to around 40 degrees and
even at 50 degrees there is only a 5% difference. The differences increase after this point,
with the primary cause of the differences being that the furthest downwind edge of the
transect is no longer covering the plume out to the edge. This occurs for the landfill source
first because it is much wider. This shows that the 1 hour average transect integrated
concentration is representative of the 1 second equivalent provided that the angle between
the transect and the wind direction is less than around 50 degrees. For this reason, the
restriction on transect bearing was relaxed in the IDM protocol to allow offsets of up to 50
degrees.
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Table 10: Ratio of 1 hour averaging time transect integrated concentration to 1
second averaging time transect integrated concentration. The angle represents the
offset from perpendicular of the transect to the wind direction.

Point |1.00 1.00 1.00 1.00 1.00 0.99 0.95 0.85 0.67

Landfill | 1.00 1.00 1.00 0.99 0.98 0.95 0.88 0.77 0.73
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2.4.3.4 Emission distribution

A simplification which has been made is to model the emissions from the landfill as evenly
distributed across the whole methane-emitting area. To test the uncertainty associated
with this simplification, an idealised case has been set up using a square landfill site made
up of 4 equal sub-cells. Figure 13 shows a schematic diagram of this site.

Figure 13: Site configuration for the landfill emission location test case. The four
cells of the landfill site are shown as the peach squares and the transect by the
green line. The wind direction is 270°, shown by the arrow. Each of the grid cells is
225 m x 225 m and the transect is approximately 1,150 m from the downwind edge
of the source.

Different combinations of cells have been run, maintaining the same total emission across
the site. The transect integrated concentration for each configuration normalised by the
transect integrated concentration including all 4 cells is given in

Table 11. Any emission configuration which preserves the along wind distribution of
concentration produces the same transect integrated concentration. Changing the along-
wind distribution influences the transect integrated concentration, although for this case
this effect is still relatively small. Differences due to along wind positioning of emissions will
be larger closer to the source as the source dimension represents a larger portion of the
overall travel distance. In cases where the transect is not perpendicular to the wind
direction similar behaviour will be seen depending on if the distribution of emissions are
moved parallel to the transect or perpendicular to the transect. This shows that modelling
the emissions as evenly distributed over the methane-emitting area is a reasonable
approach in this context.
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Table 11: Ratio of this configurations transect integrated concentration to that
calculated from an even split across the whole site.

Ratio to

. 1.00 1.00 0.94 1.06 0.94 1.06 0.94 1.06
whole site
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3. Protocol development

3.1 Overview

The protocol provides an Inverse Dispersion Modelling (IDM) approach to quantify the
methane emission rates associated with landfill sites. This is presented in Appendix A. It
provides detail on how a combination of methane concentration values measured at
different locations downwind of the landfill site (i.e. transect data) and modelled
concentrations at the same locations can be utilised to infer methane emission rates. The
protocol uses the modelling approach developed and tested in Section 2.

Several criteria must be met to apply the protocol effectively; these were developed
following the testing and investigation of factors influencing uncertainty in Section 2.4. The
IDM approach requires the use of a dispersion model, relevant meteorological information
(particularly wind speed and direction) and site-specific data such as location, methane-
emitting area, and surface roughness. Details are presented in Appendix A.1.

Transect data constitutes another essential component in determining methane emission
rates. Appendix A.2 explains how to assess whether a transect is positioned appropriately
and outlines the criteria for evaluating data suitability (e.g. a well-defined background, a
concentration peak clearly attributable to the landfill, and the absence of other emission
sources). Only transects meeting these requirements should be used to calculate the
integrated concentration value.

Meteorological measurements at the landfill, accurate characterisation of surface
roughness, wind speeds of at least 3 m s™, and persistent wind direction, particularly
when multiple transects are collected during the same survey, are key factors in reducing
uncertainties in the calculated emission rates. Appendix A.4 provides a discussion of
factors which may influence uncertainty and strategies to minimise them.

All criteria and procedural steps required to apply the protocol are thoroughly described in
in Appendix A, which also specifies the information and plots that should be included in an
IDM survey report.

3.2 Protocol testing

The protocol was tested at this stage using TDM monitored methane concentrations from
site Y1 survey data that was received and assessed during the development of the
modelling approach. This dataset included 72 transects over 5 surveys. Only one site was
considered at this stage due to time constraints. Y1 was chosen in preference to
alternative sites due to the higher wind speeds during some surveys.
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Offsite hourly values of wind speed, wind direction, cloud cover and surface temperature
from a nearby Met Office site for the relevant day were input into ADMS, together with
surface roughness, to calculate the atmospheric boundary layer height for each hour of the
day. The boundary layer height value for the relevant hour was then combined with
calculated transect average onsite wind speed, wind direction and surface temperature
measurements to create a complete meteorological dataset for modelling. This was used
to calculate the atmospheric stability, the wind speed and the wind direction at a height of
10 m in ADMS, accounting for the wind measurement height. The majority of onsite wind
speed measurements at Y1 were measured at height 5 m, however the data available for
Survey 3 were measured at height 2 m.

The protocol steps were then followed to filter all the transects available at Y1 down to
those which met the protocol data requirements, resulting in 14 applicable transects which
were taken forward for the remainder of the testing. All transects were from either Survey 3
or Survey 4. Some of the transects showed high peaks in concentration which were clearly
not due to the landfill site; rather than eliminating these transects, the problematic readings
were removed from the transect data (typically a few seconds during the transect).

The protocol steps for calculating an emission rate were then followed with ADMS 6
chosen as the air dispersion model for the landfill site, with the landfill methane-emitting
area modelled as an area source with an a priori methane emission rate of 1 kg h™'. The
input meteorological data included a wind direction calculated as the bearing of the
maximum monitored transect concentration from the landfill site, and the onsite average
monitored wind speed for the transect travel time.

The emission rates calculated using the IDM protocol are compared to the TDM emission
rates in Figure 14, separated by survey. The results were more comparable for the survey
average than for individual transects, which is to be expected because the protocol was
designed to be applied to multiple transects and a survey average taken.

44 of 146



225
200 |(a)
175
150
125
100 o

75

50 o ©

CH, emission rate, IDM method (kg/hr)

°
55 Survey 3

Survey 4

0 25 50 75 100 125 150 175 200 225

CH, emission rate, TDM method (kg/hr)

CH, emission rate, IDM method (kg/hr)

225

= = = N
N wu ~ [=]
w o w o

=
o
o

(b)

~
w

(%4
o

M Survey 3 Average

N
Ul

Survey 4 Average

o

0 25 50 75 100 125 150 175 200 225
CH, emission rate, TDM method (kg/hr)

Figure 14: Comparison of TDM and IDM calculated landfill emission rates for
modelled transects in Survey 3 (blue) and Survey 4 (orange). In (a) each point
represents the results for a single transect. In (b) each point represents the survey
average and the error bars represent the standard deviation.

Further parameters are given in Table 12 and
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Table 13 for Survey 3 and 4 respectively. The values shown are the calculated wind speed
at a height of 10 m, the stability parameter boundary layer height (H) over Monin-Obukhov
length (Lmo), the difference between the wind direction and the bearing of the peak
transect concentration to the landfill site (wind direction difference), the acute angle
created by subtracting the transect bearing from the travel direction (acute angle), the
background concentration, the measured (Cmeasured) and modelled (Cmodelled)
integrated concentrations, the emission rates (ER) calculated using the TDM and IDM
methods and the resulting ratio of the two emission rates. Note that the value of
Cmodelled is the integrated concentration due to an a priori emission rate of 1 kg h™’,
whereas the value of Cmeasured will be due to the actual emission rate.

The average ratios of IDM to TDM calculated emission rates for Surveys 3 and 4 were
0.91 and 1.24 respectively, which gives confidence that the IDM protocol produces
comparable results to the TDM approach.
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Table 12: Survey 3 results. IDM emission rate (IDM ER) is equal to Cmeasured / Cmodelled, because the modelled emission rate
was 1 kg h-1.

3 4.66 1.092 7.43 74.21 2.00 38.68 0.334 77.87 | 115.72 1.49
6 5.03 1.029 2.53 85.51 2.00 25.29 0.255 73.66 | 99.21 1.35
7 5.03 1.029 25.71 83.29 2.00 42.53 0.300 80.58 | 141.76 1.76
8 5.03 1.029 9.66 47.54 2.00 50.31 0.587 102.58 | 85.70 0.84
9 5.03 1.029 39.30 48.22 2.00 33.72 0.676 103.36 | 49.88 0.48
10 5.03 1.029 8.76 47.49 2.00 42.94 0.613 92.83 | 70.02 0.75
11 5.03 1.029 3.30 48.28 2.00 32.33 0.614 125.11 | 52.65 0.42
12 5.03 1.029 1.70 47.33 2.00 31.01 0.498 80.28 | 62.27 0.78
13 5.03 1.029 5.89 48.02 2.00 39.32 0.476 97.61 | 82.53 0.85

Average over all transects | 92.65 | 84.42 0.914

4 This value is the ratio of the averages, not the average of the ratios
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Table 13: Survey 4 results. IDM emission rate (IDM ER) is equal to Cmeasured / Cmodelled, because the modelled emission rate
was 1 kg h-1.

8 3.18 2.184 9.47 55.98 2.1 92.77 1.13 89.70 | 82.13 0.92
9 3.18 2.184 4.92 54.23 2.1 115.07 0.91 94.35 | 126.76 1.34
10 3.18 2.184 4.35 54.26 2.1 103.87 0.81 98.30 | 128.64 1.31
11 3.18 2.184 4.31 65.26 2.1 112.24 0.59 99.82 | 189.23 1.90
14 3.18 2.184 3.09 50.64 212 49.40 1.23 7492 | 40.17 0.54

Average over all transects | 91.42 113.39 1.244
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4. Protocol testing

4.1 Introduction

During development, the IDM protocol was tested using methane measurements from the
TDM survey datasets described in Section 2, and the IDM results were compared with
those obtained by the TDM data providers using the TDM approach (Section 0). That was
an important step in developing the protocol. However, to have confidence that the
protocol provides comparable values to TDM in all cases, a further stage of protocol
testing was carried out using TDM methane concentration measurements from new
surveys, where neither the TDM tracer data nor the TDM methane emission rate values
were provided until after submission of the IDM emission rate values to the Environment
Agency. Following this testing, the protocol instructions were refined, resulting in the
version presented in Appendix A.

This section describes this stage of the project. The testing process is presented in
Section 4.2. The new TDM methane measurements received are described in Section 4.3.
Section 4.4 summarises the testing results and Section 4.5 compares IDM results with
TDM results.

4.2 Protocol testing process

The protocol testing process (Figure 15) was designed to provide results that were as
independent as possible both from the protocol development phase and from any
knowledge that would not be available during routine application of the protocol. This was
achieved as follows:

e During the testing, only the methane concentration measurements were available
from the TDM survey data providers, not the TDM methane emission rate values or
the tracer measurements.

e The testing was carried out independently by an experienced CERC air quality
consultant not previously involved in this project, who was provided with the
protocol document as a stand-alone document. This helped to mitigate for the sites
being the same as those previously studied during the modelling approach
development and during the previous protocol testing. It also ensured there was no
prior knowledge of the steps to carry out the protocol, thus determining if the
protocol contained all necessary steps in sufficient detail to allow it to be followed
correctly.

e TDM methane emission rate and tracer data were only provided after the IDM
calculated methane emission rates had been sent to the Environment Agency.

49 of 146



1. CERC submitted a first
draft of the protocol to the
Environment Agency, along
with initial testing results

2. TDM data providers
provided new methane
measurements from TDM
surveys not previously
studied during protocol
development

3. CERC consultant followed
the protocol to quantify
methane emission rates for
each survey; results were
submitted to the
Environment Agency

4. TDM data providers
provided the TDM methane
emission rate values and
tracer data for the new
surveys

5. CERC compared the
TDM and IDM methane
emission rates and
presented results to the
project steering group

6. CERC refined the
protocol following the testing
results and feedback from
project steering group
members

Figure 15: Flowchart of the protocol testing and refinement process.

4.3 Description of new data received

TDM methane concentration measurements were provided by University of Southampton
(UoS) and The National Physical Laboratory (NPL) for 6 surveys from 3 sites: 147
transects in total (Table 14). Sites C1 and Y1 were previously modelled during the
development of the modelling approach. Site Y2 was examined but not previously
modelled as none of the transect data received previously satisfied the modelling criteria
used in the development of the modelling approach.

Table 14: Details of the new TDM survey data provided for protocol testing and

refinement.

7 26/08/2025 |7 UoS

Y2
8 02/10/2025 |16 UoS
19/06/2025 | 47 NPL

C1
21/10/2025 |43 NPL
Y1 6 27/11/2025 |17 UoS
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7 28/11/2025 |17 UoS

4.4 Protocol testing results

A detailed IDM report was prepared for each of the 6 surveys based on the report structure
recommended in the initial version of the protocol. These reports are provided in Appendix
B, with site-identifying information redacted. They detail the transect and meteorological
data provided, the process followed to determine which transects to model, the modelling
results and the resulting methane emission rate values. Uncertainty in the emission rates
was calculated considering variations of the modelled wind speed of +/- 0.5 m s and
minimum/maximum background values.

Table 15 provides a summary of the results. 5 of the 6 surveys included transects that
were suitable for the IDM protocol; all the transects for site Y2 survey 7 failed the IDM
criteria due to the wind speed and atmospheric stability conditions. Of the 147 transects
provided across all sites and surveys, 22 passed the IDM criteria and were modelled.
None of the surveys had the recommended 10 transects passing the IDM criteria; this was
expected as these surveys were carried out for TDM analysis, which has different
requirements.

Table 15: Summary of the IDM methane emission rate results

All in stable
atmospheric
7 26/08/2025 7 7 conditions with 0
low wind
speeds

Not
calculated

Y2 :
Concentration

measurements

8 02/10/2025 16 15 unsuitable due 1 123.2

to multiple
peaks

Wind speed /

c1 19/06/2025 47 40 | Wind direction 7 22.1
/ atmospheric

stability /

51 of 146



concentration
measurements
unsuitable

Wind speed /

21/10/2025 43 g7 | concentration 6 27.7
measurements

unsuitable

Concentration
6 27/11/2025 17 14 measurements 3 146.1

unsuitable
Y1

Concentration
7 28/11/2025 17 12 measurements 5 141.5
unsuitable

4.5 Comparison between IDM and TDM methane
emission rates

Following submission of the IDM methane emission rates to the Environment Agency, the
TDM data providers issued the TDM methane emission rates and associated tracer data
for comparison. This comparison was done in two ways:

1. For each survey, the average IDM emission rate over modelled transects was
compared with the average TDM emission rate provided by the data providers. The
two approaches used different transects to calculate these averages, due to their
different requirements. This analysis therefore compared each approach’s best
estimate of the methane emission rate for a given survey. These results are
presented in Section 4.5.1.

2. The IDM and TDM transect results were compared for transects that were used in
the survey-average emission rate by both approaches. These results are presented
in Section 4.5.2.

4.5.1 Average survey results

The IDM and TDM approaches returned similar survey-averaged methane emission rates
for the surveys studied (Figure 16,

52 of 146



Table 16). Variability between transects was generally higher for the IDM approach. This is
to be expected as the IDM method is comparing real world dispersion measured over a
short timescale (few seconds) against the ensemble average dispersion predicted by a
model which is representative of a longer timescale (an hour in this case). The TDM
approach on the other hand uses the same real-world conditions for both the tracer and
the methane plume. For the IDM approach, although the use of the crosswind integrated
concentration helps to reduce the uncertainties to variations in horizontal motion,
fluctuations in vertical motion and wind speed will still cause differences between the
model and measurements. Some of the differences in transect variability between IDM and
TDM may also be explained by differences in how the transect statistics were calculated,;
for example, for Site Y1 Survey 6, UoS removed statistical outliers before calculating the
reported mean and standard deviation. Note also that the TDM approach is not without
uncertainty since the tracer gas plume is narrower than the landfill methane plume near
the landfill, meaning that the two plumes are dispersed by somewhat different wind and
turbulence.

The protocol testing included analysis of the sensitivity of the calculated emission rate to
uncertainty in the modelled wind speed and background value. This was calculated by
considering variations of the modelled wind speed of +/- 0.5 m s and using
minimum/maximum background values. The results are tabulated in the results sub-
sections of Appendix B. The graphs in Figure 17 compare these results: for each survey,
they compare transect variability in the IDM results with transect variability in the minimum
IDM values and transect variability in the maximum IDM values. The TDM survey-
averaged value is included for reference. These graphs show that the largest source of
uncertainty in the survey-averaged IDM emission rate is transect variability within the
survey; the sensitivity to wind speed and background uncertainty is smaller.

53 of 146



Comparing IDM and TDM mean
emission rates (kg/h)
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Figure 16: Comparison between IDM and TDM methane emission rates for the 5
surveys which were used in both approaches. TDM error bars represent the
reported uncertainty in the mean. IDM error bars represent standard deviation of
transect values, excluding any uncertainty due to wind speed and background
effects.
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Table 16: IDM and TDM survey-averaged values of methane emission rate (kg h-1):
mean and uncertainty over the transects included in each method. For IDM the
uncertainty was calculated as the standard deviation (SD) over all modelled
transects. For TDM the uncertainty values were calculated differently by the two
data providers: UoS (sites Y1 and Y2) calculated the standard deviation after
removing statistical outlier transects; NPL (site C1) provided the expanded
uncertainty (95% confidence level).

Y2S8 123.2 0 1[153.0 39 15 0.81 1
C1June| 221 11.2 7| 28.6 7.6| Not known 0.77 1
C10ct 217 7.0 6| 454 3.1| Not known 0.61 4
Y1S6 139.3 19.6 3/132.0 4.7 12 1.06 2
Y187 141.8 87.3 5/107.0 8.9 10 1.32 2
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Figure 17: Box plots for each survey comparing the range of transect methane emission
rates using the IDM method (blue) with the range of minimum IDM values allowing for wind
speed and background uncertainty (orange), the range of maximum IDM values allowing for
wind speed and background uncertainty (grey) and the TDM emission rate (yellow). Wind
speed and background uncertainty effects were assessed by considering variations of the
modelled wind speed of +/- 0.5 m s-1 and using minimum/maximum background values.
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4.5.2 Transect results

The previous section compared the survey-averaged results using the IDM and TDM
approaches. To further understand differences, this section compares the 10 individual
transects that were used in both approaches (Table 17). The IDM emission rate is within a
factor of 2 of the TDM emission rate in 7 cases (Figure 18). The 3 transects that show
larger differences are Site Y1 Survey 7 Transect 5 (factor of 2.6) and Site C1 October
Survey Transects 12 and 36 (factors of 2.5 and 2.1 respectively).

Table 17: Transect-specific results for the 10 individual transects used in both
approaches.

C1June 40 11 18.5 2.2211 2.2684
C10ct 11 29.5 26.3 2.1567 2.1924
12 27.6 69.0 2.1547 2.1900

36 14.3 30.5 2.1726 2.2104

37 29.6 50.1 21727 2.2120

Y1S6 3 140.1 130.0 2.1029 2.1020

13 119.3 138.8 2.1060 2.1000

Y1S7 5 278.6 108.7 21723 2.1550

6 171.8 116.0 21720 2.1560

Y2S8 5 123.2 189.0 2.2313 2.2280

5 NPL applied a water correction before calculating background values for site C1; this is
discussed in the text.

57 of 146



Comparison of IDM and TDM emission rates by

transect, excluding invalid transects
300 -

]
250 +
200 J ¢ Cllune
—_ e C10ct
< .
ao Y156
=< 150 -
= e Y157
=) .
e Y258
100 A
50 +
L L B
. ®
D T T T T T 1
] 50 100 150 200 250 300

TDM (kg/h)

Figure 18: Scatter plot of IDM versus TDM methane emission rate (kg h-1) for the 10
transects included in both IDM and TDM calculations of the survey-averaged
results.

The results for Site Y1 Survey 7 Transects 5 and 6 have been investigated further.
Comparing the methane and tracer measurements with the corresponding graph of
measurements from the IDM survey report in Section B.6.3 (Figure 19 and Figure 20) does
not immediately provide any clues to the reasons for the differences. The survey was
carried out in neutral atmospheric conditions when the wind speed was 4.2 m s™! at height
10 m. However, downwind of Site Y1 during Survey 7 and upwind of the transect location,
there is an old landfill site and wastewater treatment plant that has been undergoing
redevelopment since 2022. During Survey 6, when the wind direction was around 30
degrees clockwise from the Survey 7 wind direction, this source is clearly visible in the
transect as a separate secondary plume and was removed during the IDM analysis.
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Figure 19: Site Y1 Survey 7 Transect 5 — transect measurements graph from the IDM
survey report in Section B.6 (left) and the corresponding graph showing both
methane and tracer measured concentrations. This transect was 4.7 km from the
landfill edge.
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Figure 20: Site Y1 Survey 7 Transect 6 — transect measurements graph from the IDM
survey report in Section B.6 (left) and the corresponding graph showing both
methane and tracer measured concentrations. This transect was 4.7 km from the
landfill edge.

The high IDM emission rate for Survey 7 Transect 5 (and Transect 6 to a lesser extent)
could be caused by the plumes from both sources (Site Y1 landfill and secondary source)
coinciding and all the emissions being attributed to Site Y1. This could explain why the
tracer plume is narrower than the methane plume in both Survey 7 transects. It could also
explain why the measured crosswind-integrated concentration is higher for transect 5,
which is 4.7 km from the site, than it is for transect 15, which is 500 m from the site.
Crosswind integration normalises for horizontal dispersion of material, but not for vertical
dispersion, so near ground crosswind-integrated concentrations would be expected to
reduce as the plume travels downstream. That said, the tracer measurements show similar

59 of 146



behaviour to the methane measurements, which explains why the TDM result is not
impacted in the same way as the IDM result. This suggests an alternative explanation,
namely that the overprediction is caused by dispersion characteristics (e.g. large changes
in wind speed) not captured by the modelling, rather than a secondary source. Further
investigations are needed to explore this further.

The TDM and IDM approaches both require the calculation of a background methane
concentration which is subtracted from the methane measurements to obtain the
increment produced by the landfill site being studied. The background concentrations used
in the IDM analysis have been compared with the background concentrations provided by
NPL and UoS from their TDM analysis (Figure 21).

Comparing IDM and TDM background values
(valid datasets)
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Figure 21: Comparison of IDM and TDM background values for the 10 transects
used by both approaches.

The correlation between the IDM and TDM background values was 0.9999 for NPL
transects (site C1) and 0.9903 for UoS transects (sites Y1 and Y2). The mean bias was
0.0088 ppm for the UoS transects and -0.0391 ppm for the NPL transects. NPL provided
an explanation for this, which was that they applied a water correction to both their
methane and ethane data. To check the effect of this correction, they re-calculated the
background value for Site C1 October Survey Transect 12 using the raw methane data
and obtained 2.155096 ppm as the background, which was very similar to the IDM
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background of 2.1547 ppm. NPL applied the water correction to all their data (both
methane and ethane, background and plume) and the water concentration stayed fairly
consistent through the measurement, so it would therefore be reasonable to conclude that
the background concentrations used in the IDM and TDM approaches were very similar in
terms of their impact on the methane emission rate results. However, it does mean that the
methane concentration values used in the two approaches were not identical; a water
correction was applied to the values used by NPL, whereas the IDM analysis used the raw
values provided by NPL.
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5. Discussion

5.1 Introduction

A practical step-by-step inverse dispersion modelling (IDM) protocol has been developed
for use by landfill site operators and others for calculating methane emissions. The
protocol requires methane plume transect measurements, meteorological data and a
dispersion model, but does not require landfill site access. The landfill plume is modelled
using a uniform a priori emission rate and the modelled crosswind-integrated concentration
is calculated. The measured crosswind-integrated concentration is also calculated, after
removing the background methane concentration from the measurements, then the IDM
emission rate is calculated by dividing the measured crosswind-integrated concentration
by the modelled crosswind-integrated concentration and multiplying this by the a priori
emission rate. Use of crosswind-integrated concentrations minimises the effect of turbulent
fluctuations and wind meander in the horizontal plane, which is necessary because the
measurements are recorded at short time intervals (typically 1 Hz) and modelled
concentrations are typically ensemble averages representative of longer averaging times
(typically 1 hour). The protocol sets out clear requirements for plume transect
measurements to be suitable for use in this context and guidance to use when planning
measurement surveys for this purpose. Potential sources of uncertainty in the calculated
emission rate are described and instructions for accounting for these uncertainties are
given. Finally, the protocol provides a template IDM report with detailed guidance on the
information and results that should be included.

5.2 Testing outcomes

The protocol was required to provide results which are comparable to those from Tracer
Dispersion Method (TDM) surveys. IDM methane emission rates were therefore calculated
for four anonymised test landfill sites using TDM survey data at different points during the
project and compared with TDM emission rates.

During the initial development of the modelling approach (Section 2.4.2), both methane
and tracer emission rates were calculated for comparison with TDM emission rates and
known tracer release rates respectively. This showed the importance of using accurate
wind speed values in the modelling, of using onsite wind speed and direction
measurements wherever possible, and of using appropriate values for surface roughness.
This testing shaped the development of the IDM protocol, which was later tested using the
methane and meteorology measurements from the same TDM surveys for a single site
(Section 3.2). The principal difference between these two sets of results was that different
transects were used in the modelling. In the original testing, 18 transects across 3 surveys
were modelled. In the protocol testing, due to the protocol’s transect requirements, 14
transects were modelled across 2 different surveys; these produced results that were more
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comparable with TDM emission rates (IDM:TDM ratios of 0.91 and 1.24 for site Y1 surveys
3 and 4 respectively compared with 0.58, 1.15 and 1.49 for surveys 1, 2 and 5
respectively). The final stage of protocol testing (Section 4) used new survey data for 3 of
the same sites, but neither the TDM emission rates nor the tracer data were provided until
after the IDM emission rates had been submitted to the Environment Agency. This testing
was carried out by a CERC consultant not previously involved with the project, with only
the protocol document for guidance. The results from this testing (Section 4.5) showed that
the IDM and TDM approaches return similar survey-averaged methane emission rates for
the surveys studied (average IDM:TDM ratio 0.91, correlation also 0.91). An investigation
of background concentrations used in the two approaches showed that very similar values
had been used (IDM mean bias and correlation 0.0088 ppm and 0.99 respectively for UoS
surveys; -0.0391 ppm and 1.00 respectively for NPL surveys, where the negative bias was
identified to have been caused by an NPL water correction impacting methane and tracer
approximately equally).

5.3 Differences between IDM and TDM transect
requirements

The IDM protocol requires methane plume transect measurements but does not need a full
TDM survey to be carried out because the tracer component of a TDM survey is not used.
The criteria for methane plume transects to be suitable for use with the IDM protocol
include some requirements that are different to those for a typical TDM survey. For
example, the IDM protocol rules out transects measured in low wind speed conditions due
to increased uncertainties; however, of the 29 TDM survey transects selected for use in
developing the modelling approach (Section 2.3.5), 27 (93%) had wind speeds lower than
the protocol’'s 3 m s™! threshold and 16 (55%) had wind speed lower than 2 m s™'. TDM
surveys often rule out transects measured close to the site because the tracer and landfill
plumes need time to disperse so that the effects of differences in the source extent reduce
sufficiently for the method to be applied; such transects can, however, be used with the
IDM protocol, because the shape and size of the landfill and its effect on initial plume
dispersion can be accounted for in the modelling. For these reasons, of the 147 TDM
methane transects provided for protocol testing, only 22 passed the IDM criteria and were
modelled. However, although the IDM and TDM approaches used different transects in the
overall calculation of their survey-averaged emission rates, they produced similar survey-
averaged results as shown above.

5.4 Uncertainties

The following potential sources of uncertainty in the IDM calculated emission rate for an
individual transect were explored following the testing of the modelling approach (Section
2.4.3): uncertainties in the wind speed, transect bearing in relation to the wind direction,
and emissions distribution. Of these, sensitivity of the results to wind speed uncertainties
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was found to be the most significant, with sensitivity reducing with increasing wind speed.
It is for this reason that the protocol stipulates that transects are only suitable if the wind
speed at height 10 m is above 3 m s™', and stipulates that two additional simulations
should be conducted in which the wind speed is increased and decreased by 0.5 m s™' to
quantify the resulting variation in the calculated emission rates.

The calculated emission rates were found to be less sensitive to transect bearing than
originally expected, leading to a relaxation of the suitability criteria from less than 20
degrees offset in the original modelling (Section 2.4.2) to less than 50 degrees offset in the
protocol.

When the effect of modelling different spatial distributions of emissions was investigated,
the effect on the calculated emission rate was small enough to conclude that the
simplification of modelling emissions as evenly distributed over the methane-emitting area
is reasonable. However, the location and extent of the methane-emitting area is important,
so if this is uncertain then the protocol stipulates that additional simulations should be
carried out.

The protocol identifies an additional potential source of uncertainty not originally
investigated: the identification of the landfill plume from the measurements and the
subsequent calculation of the background concentration. It stipulates that additional
calculations should be conducted using multiple plausible background values.

During testing (Section 4.5.1), the most significant source of uncertainty in the calculated
emission rate for a survey was found to be the variability between different transects in
that survey. Therefore, the protocol stipulates that the calculated emission rate for a
survey should be reported as the average and standard deviation over all modelled
transects.

5.5 Limitations

The protocol was designed to not favour any particular dispersion model, or to require any
additional software tools other than a dispersion model and a method of performing
calculations. This ruled out the Modified Bayesian method developed in SC220012 (Hood
et al. 2023), which required the ADMS Concentration Fluctuations Module and CERC’s
ADMS-EIT inverse dispersion modelling system. The resulting protocol works well when
there are no other significant sources of methane nearby. However, where there are other
methane sources too close or too large to be redacted from transects, an approach more
sophisticated than either IDM or TDM is needed that can account for all potential methane
sources in order to isolate the landfill emissions. SC220012 describes alternative methods
which could be used, including Bayesian-based inversion tools such as ADMS-EIT.

The IDM protocol assumes that landfill methane emissions can be characterised as a
ground-based area source and simplifies emissions to be equally distributed across the
area (shown in Section 2.4.3.4 to be a reasonable simplification). The protocol

64 of 146



methodology would be expected to work equally well for point source emissions, or for a
combination of area and point source emissions where there is confidence in the
point/area emissions split; further testing would be needed to confirm this. Where the split
is not known, a more sophisticated approach is needed that can account for multiple
sources, for example ADMS-EIT.

The modelling guidance in the IDM protocol is not specific to any dispersion model and
therefore does not specify particular modelling options to consider. If ADMS is used then
the complex terrain option should be used to improve the representation of local dispersion
if the modelled area includes significant variation in terrain height and/or surface
roughness.

5.6 Transferability to other scenarios

The protocol has been developed and tested for calculating methane emissions from
landfill sites, however it could potentially be applied to other non-reactive pollutants and
sources, if transect measurements were available and provided there were no other local
emissions sources that could affect the measurements.

5.7 Future work

5.7.1 Testing

The protocol testing used new survey data for sites previously studied during the
development of the modelling approach and protocol, running the risk that previously
gained knowledge about these sites would influence the testing outcomes. While this was
mitigated to a certain extent by involving a CERC consultant not previously involved in the
project, a sensible next step would be to test the protocol on survey data for additional
sites, collected specifically for the protocol and following protocol guidance, and/or for the
protocol to be tested by an organisation other than CERC. This would also confirm
whether the protocol requirement for at least ten suitable transects is reasonable. Ideally
TDM emission rates from more than one data provider would be available for comparison.

5.7.2 Uncertainties

A number of sources of uncertainty were investigated during the project and included in
the IDM protocol, as discussed in Section 5.4 above. However, this was not an exhaustive
assessment of the sources of uncertainty and quantification of uncertainties remains an
important area for future work.

Surface roughness was identified during the development of the modelling approach
(Section 2) as an important parameter and the protocol stipulates that this must be
appropriate for the landfill and immediate surroundings. However, no sensitivity testing
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was carried out using different surface roughness values and the protocol does not
currently include surface roughness as a parameter to vary in the investigation of
uncertainties. Future work could include testing to assess the effect of uncertainties in
surface roughness on calculated emission rates.

In terms of meteorological data, some protocol users may wish to use meteorological data
from Numerical Weather Prediction (NWP) providers in place of meteorological
measurements. Previous work has investigated the suitability of NWP data for dispersion
modelling generally (Hood et al. 2024). Further testing would be needed to investigate how
using NWP meteorological data in this context would influence uncertainties in the
calculated emission rates.

The identification of the plume was discussed above as a source of uncertainty. The IDM
protocol stipulates that expert judgement should be used to identify the plume from the
measurements. Objective statistical methods may reduce this uncertainty, for example by
using signal-to-noise ratios. Further testing would be needed to confirm this. Similarly, the
protocol stipulates that the background concentration should be calculated as the mean
over the measurements identified as being outside the plume but not attributable to other
sources, and that the calculations should also be repeated with minimum and maximum
plausible background values. Statistical methods for calculating the background
concentration, for example using a low percentile of all the transect measurements, may
reduce the uncertainty associated with the background calculation. Further testing would
be needed to confirm this.

66 of 146



References

CERC (2025) ADMS Technical Specifications. Available at:
https://www.cerc.co.uk/environmental-software/technical-specifications.html (accessed
11th Feb 2026)

Environment Agency (2026). Landfill methane: measurement and metrics, Environment
Agency, Bristol.

Hood, C., Carruthers, D., O'Neill, J., Jackson, R., Jinks, D., Seaton, M., Mickech, J.,
Stocker, J., Strickland, S., Bedwell, P. & Wellings, J. (2024). Investigating the impact of
applying different grid resolutions of NWP data in atmospheric dispersion modelling,
Atmospheric Dispersion Modelling Liaison Committee, ADMLC-R15 Report.

Hood, C., Stidworthy, A., Johnson, K., Carruthers, D., McCosh, G., Hamilton, V. &
Clegg, A. (2023). Quantifying methane emissions using inverse dispersion modelling,
Environment Agency Chief Scientist’s Group research report: SC220012/R

Howes, N., Innocenti, F., Finlayson, A., Shaw, J., Connolly, J. & L. Nguyen (2023).
Methane from anaerobic digestion (mead) study, NPL REPORT (RES) 2282.

Rees-White, T. & Beaven, R.P. (2022). Measurement of methane and hydrogen sulphide
plumes from the Walleys Quarry Landfill, Staffordshire: Report commissioned by Defra
and managed by the Environment Agency under contract SC210019, University of
Southampton, 23pp.

U.S. Environmental Protection Agency (EPA) (2024). User’s Guide for the AMS/EPA
Regulatory Model (AERMOD), EPA-454/B-24-007, Office of Air Quality Planning and
Standards, Research Triangle Park, NC.

67 of 146


https://www.cerc.co.uk/environmental-software/technical-specifications.html

List of abbreviations

ADMS

AQC

CERC

Defra

ER

FEDS

GIS

IDM

NPL

NWP

TDM

UoS

US EPA

WD

WS

CH4

C2H2

C2He

Atmospheric Dispersion Modelling System

Air Quality Consultants

Cambridge Environmental Research Consultants
Department for Environment, Food and Rural Affairs
Emission Rate

Fugitive Emission Distributed Sampling
Geographical Information System

Inverse dispersion modelling

National Physical Laboratory

Numerical Weather Prediction

Tracer gas Dispersion Method

University of Southampton

United States Environmental Protection Agency
Wind direction

Wind speed

Methane

Acetylene

Ethane

68 of 146



Appendix A: Protocol for conducting IDM
exercise

This protocol provides an Inverse Dispersion Modelling (IDM) approach to calculate
methane emissions from landfill sites from sets of methane concentration values
measured offsite and downwind in ‘transects’ across the landfill plume. These measured
concentration values are used in conjunction with corresponding concentration values
generated using an atmospheric dispersion model to calculate the methane emission rate.
Each component of the protocol is described in a dedicated section.

e Section A.1 Data and tools requirements
e Section A.2 Transect requirements

e Section A.3 Emission rate calculations

e Section A.4 Uncertainties

e Section A.5 Report template

e Section A.6 Glossary

Where transect measurements have not already been undertaken and a transect campaign
is required, the criteria described in Section A.1.2 should be followed to ensure the transects
are suitable for this protocol.

A.1 Data and tools requirements
This section outlines the information, data and tools needed.

e A.1.1 Site information

e A.1.2 Transect data

¢ A.1.3 Meteorological data
e A.1.4 Dispersion model

A.1.1 Site information
The required site-specific information is:

— The location of the landfill source including its boundary, operational area and areas of
temporary and permanent caps, the location of any gas utilisation plant (GUP) or onsite
effluent treatment and other potential site-specific emission sources.

— Surface roughness length for the landfill and immediate surroundings.

— Topography of the surrounding area including local terrain and proximity to the
coastline if relevant.
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While site activity data is not needed for the determination of methane emissions, the site
activity data at the time of the transect measurements should be recorded and reported for
comparison to general site activity to determine the representativeness of the calculated
emission rate.

A.1.2 Transect data

The protocol requires a series of methane concentration values measured across the
landfill plume (transect data) during a measurement survey. These measurements are
expected to be collected with frequency around 1 Hz by an instrument mounted on a
vehicle travelling on nearby roads or tracks downwind of the landfill (BS EN 17628:2022
may contain relevant guidance). The measurement locations and times are required
alongside the concentration values. The measurement survey is expected to contain
multiple transects. The methane emission rate will be calculated separately for each
suitable transect and averaged; it is therefore recommended that surveys include at least
ten suitable transects.

Section A.2 provides a detailed description of the steps to be followed to determine if the
transect data is valid for use. An overview of the required criteria for the transect data,
along with guidance of the best meteorological conditions, are given below.

— Meteorological conditions:

o Weather forecasts should be used to identify in advance suitable periods for
collecting methane transect measurements.

o The wind speed values during the transect measurement period should be in
the range 3 to 6 m s at height 10 m (step 4 in Section A.2). Lower wind
speeds introduce greater uncertainty due to high model sensitivity to the
measured wind speed in low wind speeds and therefore cannot be used.
Higher wind speeds will reduce the likelihood of the landfill plume being
clearly distinguishable from ambient values; these are allowed but may lead
to a higher number of unusable transects.

o Both wind speed and direction should change as little as possible during the
transect measurement period. For this reason, care should be taken where
the landfill location could be subject to rapidly changing conditions, for
example in coastal areas around dawn and dusk.

o Near neutral stability conditions are optimum. Highly stable conditions
(usually associated with low wind speeds in the UK) will introduce greater
uncertainty into the dispersion modelling due to the possibility for complex
effects like katabatic winds to become important. Strongly convective
conditions will lead to increased vertical mixing, reducing the signal from the
landfill plume in the transect measurements.
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— Each transect must represent a single pass through the emission plume in one travel
direction (step 1 in Section A.2). The vehicle should travel at an approximately constant
speed along the transect.

— The landfill methane plume should be clearly distinguishable from ambient
methane concentrations within the measured concentration values (step 5 in Section
A.2).

— The transect should be downwind of the landfill site with the transect aligned as
perpendicular as practicable to the wind direction (step 10 in Section A.2).

— Transects should be no more than around 5 km from the landfill, due to the increased
width of the plume and likelihood of other methane sources contributing to measured
values at greater distances. Minimum distance depends on the certainty of the
location of the emissions. Within a measurement survey, a range of transect distances
is better than repeated transects in the same location.

— Where possible, the road or track used for the transects should not be closely bordered
by tall obstructions such as buildings, hedges or trees (i.e. features higher than the
measurement height). These may affect the methane concentrations near ground level
in a way not replicated by the dispersion model.

— Transects should be chosen to be as free as possible from other sources of methane
which may influence the measurements.

A.1.3 Meteorological data
Required meteorology related parameters for carrying out the protocol are:

— Wind speed at a known height above a surface with known or well estimated surface
roughness;

— Wind direction; and
— Atmospheric stability.

Wind speed and direction should be measured using a site local to the landfill at a height
representative of the near surface flow but high enough to be above surface features;
typically between 5 and 15 m. If it is not possible to use a local site, possible alternatives
are the use of the nearest representative Met Office site or numerical weather prediction
model (NWP) data, however use of such data will introduce additional uncertainty.

Where local meteorological data is used it should be ensured that the measuring
equipment is appropriately calibrated and maintained. It may be necessary to correct wind
direction data to ensure north aligns with the coordinate system used in the dispersion
model.
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The vertical wind speed profile is sensitive to the surface roughness, which therefore
needs to be as accurate as possible. Where wind speed is measured at more than one
height it may be possible to verify and optimise the surface roughness by comparing the
vertical profile generated by the dispersion model with the measured wind speeds at each
height.

Atmospheric stability requires an estimate of net radiation or surface heat flux together
with temperature and wind speed. For some dispersion models, net radiation and surface
heat flux can be calculated from cloud cover measurements together with the date and
time. Where this data is not available from the local measurements, additional data from a
representative Met Office site should be used.

A.1.4 Dispersion model

To calculate methane concentration values at transect measurement locations using an a
priori emission rate, an atmospheric dispersion model is required. The dispersion model
used should include the following features:

— Can explicitly represent a landfill-type source (i.e. using an area source);

— Can model spatial resolution sufficient to generate results for specific receptors rather
than only on a fixed grid;

— Can run simulations for a single meteorological condition using near surface
meteorological observations or equivalent meteorological model data;

— Can account for the effect of different surface roughness lengths of the landfill site
and the meteorological site on the vertical wind speed profile used in the dispersion
modelling.

— Has up-to-date science and has been validated for use in similar conditions to those
of the measurement survey.

The quality of the dispersion model will affect the accuracy of the protocol results.

This protocol was developed and tested using ADMS, with additional testing during the
development phase using AERMOD.
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A.2 Transect requirements

This section describes the procedure to determine which transects meet the criteria to be
suitable for calculating the methane emission rate of a landfill using this protocol.

1.

Prepare the transect data. Each transect dataset should represent a single pass
through the emission plume in one travel direction. If a transect contains multiple
passes through the plume, each pass should be treated as a separate transect,
labelled accordingly, and processed individually.

Check the transect coordinates. Use GIS software to map the locations of the
transect measurements and the landfill methane-emitting area; this should be the
area where most landfill methane emissions occurred during the survey period, if
known. Check these against a map to ensure the coordinates are correct.

Calculate hourly averaged wind speed at 10 m height. This is achieved by
selecting wind speed data at a 10 m height for the hours corresponding to the
transect measurements and computing the hourly mean values. When wind data at
10 m are unavailable, hourly mean values at the measurement height should be
calculated and then converted to 10 m height.

This requires determination of the vertical wind speed profile using an appropriate
surface roughness length and the atmospheric stability; some dispersion models
have the capability to output the vertical wind speed profile.

Determine if the wind speed is suitable. The wind speed must be above 3 m s’
at height 10 m; lower wind speeds and stability effects introduce greater uncertainty
due to high model sensitivity to the measured wind speed in low wind speeds.
Transects that do not meet this wind speed threshold are not suitable and should
not be used.

Determine if the transect concentration measurements are suitable. Generate
a graph of the methane concentration values associated with distance along the
given transect. Use professional judgment to assess concentration measurements
suitability, considering:

a. Clarity of the concentration peak compared with ambient levels;

b. Uniqueness of the concentration peak (i.e. absence of other emission
sources). Depending on the shape of the landfill site, the distribution of
emission within the landfill site and the distance the transect is measured
from the landfill the landfill plume may have multiple peaks. Knowledge of the
landfill and surrounding areas will help determine if multiple peaks are likely
to be a result of the landfill plume or other sources;

c. Clarity of the plume edges (ensuring the entire plume is captured);

73 of 146



d. Noise in the measurements.
Transects which are deemed not to be suitable should not be used.

Examples of suitable and unsuitable concentration measurements are shown in
Figure A1 and Figure A2, respectively.
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Figure A1: Measured methane concentration along an example transect, plotted as a
function of distance from the start of the transect, with a distinct concentration peak
attributable to the landfill (3 minutes travel time). This is an example of a transect
that can be used.
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Figure A2: Measured methane concentration along an example transect, plotted as a
function of distance from the start of the transect, with multiple peaks indicating the
presence of additional sources influencing the data, thus preventing the
identification of the concentration peak attributable to the landfill (6 minutes 48
seconds travel time). This is an example of a transect that cannot be used.
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6. Determine the transect bearing. Determine the location corresponding to the peak
methane concentration value in the transect. Compute the bearing of the centre of
the landfill from the identified peak location as defined by Line A. The centre of the
landfill should correspond to the centroid of the methane-emitting area, rather than
the geometric centroid of the entire landfill site.

Landfill site
Transec t
% Landfill centre
e Transect peak

Figure A3: Example map showing the landfill site (hatched in blue), transect
locations (light grey), and Line A connecting the transect peak location (red dot) to

the landfill centroid (red star).

7. Calculate the distance from the landfill to the transect peak. Calculate the
distance between the landfill and the transect peak (I;;,.4) as the length of Line A of
Figure A3. If this distance is greater than 5 km the transect should not be used.

8. Calculate wind speed and direction averaged over transect time, accounting
for advection time. To do this, follow these steps:

a. Estimate the time t;,4,; it takes for emissions to reach the transect using the

following formula:
lLineA
ttravel - U(l())

Where U(10) represents the wind speed value at 10 m height calculated in
Step 3 and [;;,,.4 is the distance from the landfill to the transect calculated in

Step 7.
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b. Determine the time period Ty;spersion affecting dispersion. This starts at a
time t;q4ve; Defore the earliest transect measurement and ends at the time of
the latest transect measurement time.

c. Calculate the mean values of the wind speeds and directions at the wind
measurement height for the time period, Ty;spersion. identified in the previous
step, or the best approximation to this time period allowed by the time
resolution of the meteorological measurements.

9. Check wind speed and direction persistence. If the meteorological data is
measured at sufficiently high frequency (at least 6 measurements per transect),
calculate the standard deviation of the wind speed and wind direction over the time
period affecting dispersion, Tg;spersion- The standard deviation of the wind speed
should be less than 1 m s™! and the standard deviation of the wind direction should
be less than 10°. If these criteria are not satisfied then the transect cannot be used.

10.Determine if the transect bearing is suitable. For the transect to be suitable, the
bearing of line A (calculated in step 6) should not deviate from the wind direction
(calculated in step 7) by more than 45°. If many transects show a similar deviation
of more than 45° then this may indicate that the landfill centre location is incorrect,
or that the wind direction data is not representative. If the deviation is greater than
45° then the transect should not be used.

11.Determine if the transect direction is suitable. Identify the two points located 100
m on either side of the peak location along the transect line and draw a straight line
connecting these points (Line B). For the transect to be suitable, the acute angle
between Line A and Line B must be between 40° and 90°. If the angle is outside
this range the transect should not be used.
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Figure A4: As Figure A3, but also showing Line B, which connects two points
located 100 m on either side of the transect peak along the transect line.

A.2.1 Transect requirement summary
Below is a summary of the criteria which a transect must meet to be considered suitable:

e 10 m wind speed greater than 3 m s

e Suitable concentration measurements

e Distance from landfill to transect less than 5 km

e Standard deviation of wind speed over the time of the transect (including dispersion
time) less than 1 m s if calculable

e Standard deviation of wind direction over the time of the transect (including
dispersion time) less than 10° if calculable

e Bearing from transect to landfill within 45° of the wind direction

e Angle between the transect and the line between the transect and landfill between
40° and 90°

77 of 146



A.3 Emission rate calculations

This section describes the procedure to calculate the landfill emission rate for each
individual methane transect in three steps:

1. Calculation of the measured transect integrated concentration due to the landfill
(Section A.3.1);

2. Calculation of concentration values at the transect locations, assuming an a priori
emission rate of the landfill methane-emitting area of 1 kg h-' and using an atmospheric
dispersion model, followed by calculation of the a priori modelled transect-integrated
concentration (Section A.3.2);

3. Calculation of the landfill emission rate by scaling the a priori emission rate by the ratio
of measured to a priori modelled transect-integrated concentrations (Section A.3.3).

Having applied these steps separately to determine the emission rate for at least 10
suitable transects within a measurement survey, the average and standard deviation
across all these transects should be calculated.

A.3.1 Calculation of the measured transect integrated concentration

This section describes the steps required to calculate the measured transect integrated
concentration value. The measured concentrations include a ‘background’ level, which is
the ambient level not caused by the landfill. Because the modelled concentrations do not
include the background level (see Section A.3.2), this must be subtracted from the
measured values to obtain landfill-only values before calculating the transect integrated
concentration.

The steps below require estimation of which parts of the concentration transect represent
the plume and which parts are either the background or show the effects of other local
sources. In most cases it will not be possible to define precisely the point at which a plume
starts and ends. The steps below therefore rely on professional judgement to interpret the
shape of the concentration graph and to estimate the edge points of the plume or plumes.
Knowledge of the location of other potential sources of methane in the vicinity of the landfill
being considered may aid in this determination.

1. Determine the background component:

a. Plot the measured concentration values.
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Figure A5: Measured methane concentration along an example transect, plotted as a
background concentration calculation.

function of distance from the start of the transect.
Figure A6: Transect data of Figure A5. The hatched area between the black dotted
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If additional methane sources are estimated to be present outside the plume
region, as shown in the left-hand side of Figure A6, the affected portion of

the data should be excluded to ensure an accurate determination of the

background value.
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Figure A7: Transect data of Figure A5. Due to the presence of the peak on the left-
hand side of the black hatched area, these data were also excluded from the
background value calculation.

2. Calculate the background value as the average concentration across the non-

excluded portion of the transect identified in step 1.b and 1.c.

3. Determine the landfill-only concentration values by subtracting the calculated
background concentration from the measured concentrations at each transect point.

4. Calculate the measured transect integrated concentration C,,.,..,.q USing the

following formula:

iend_1

Civ1+C;
Ceasured = z %\/((XHI - xi)2 + (yi+1 - yi)z)

i=istart

where i+ and i.,q correspond to first and last transect points indicated by the
black dotted lines in Figure A8, xi, yi is the location of point i and Ci is the landfill-
only measured concentration value at that point. Note that the transect point

coordinates must be in the same coordinate system as the dispersion modelling

(Section A.3.2).
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Figure A8: Transect data of Figure A5 illustrating the calculated background
concentration (red dotted line) and the integrated measured transect concentration
(blue shaded area).

A.3.2 Calculation of the modelled transect integrated concentration

This section describes the steps required to use a dispersion model to calculate the
modelled transect integrated concentration values.

1. Set up the dispersion model run:

a. Define the landfill source using an appropriate source type to represent the
landfill site (e.g. an area source). The source should cover any landfill site
emissions and, where known, accurately represent the specific areas of the
site that are emitting. It may be appropriate to use multiple sources to
correctly represent the methane-emitting area.

b. Determine the emission rate equivalent to 1 kg h-! in the appropriate units for
the source type (e.g. an area source). Depending on the dispersion model
used, this may require calculating the source area if emission rates are
specified in g m2 s, and then dividing the 1 kg h-' emission rate by that
source area. It is important that area-averaged emission rates are calculated
using the source as represented within the model rather than from a more
precisely drawn boundary.

c. Enter the wind direction as the bearing of Line A defined in Section A.2.

d. Enter remaining meteorological data (see Section A.1.3) as the most
accurate for the time the transect was measured, including advection time
(Taispersion - S€€ Section A.2 Step 7). These data should be configured
appropriately for modelling a single meteorological condition, ensuring that
all parameters influenced by conditions earlier in the day are correctly
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accounted for (e.g. boundary layer height). Use the wind speed
measurement height and the transect-specific wind speed calculated in
Section A.2 step 7.

Enter model receptors corresponding to each transect measurement location
in the model coordinate system and with the correct height.

Enter O for the background concentration.

Ensure the units of the modelled output concentrations are the same as
those used for the measured concentrations.

2. Run the dispersion model

3. Check that the modelled receptors fully contain the plume:

As dispersion models often model hourly averaged plumes, they may also take into
account wind meandering over one hour. This can result in the modelled plume
being wider than the measured plume. It is therefore necessary to check that the
modelled plume is fully contained within the receptors and if not, add additional
receptor points to capture the full extent.

a.

Plot the modelled concentration values
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Figure A9: Example of methane concentration values plotted against distance along
the transect from the start of the transect obtained by running the dispersion model
of choice. In this example the modelled points do not fully capture the plume.

b.

If the plume is not fully captured within the transect locations (concentration
values at the edge of the transect are greater than 0.1% of the peak value),
as illustrated in Figure A9, add model receptors starting from the last point
where the plume remains only partially contained, and projected
perpendicular to the modelled wind direction. Ensure the distances between
additional receptors are consistent with the rest of the transect, until the
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plume is fully contained in the newly defined model receptors domain, as
shown in Figure A10.
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Figure A10: Methane concentration values obtained by running the dispersion
model of choice with extended receptors plotted against distance along the transect
from the start of the transect.

4. Calculate the modelled transect integrated concentration C,,,4c11.4 USiNg the
following formula:

n—1

Ciy1+C;
Cmodelled = Z %\/((le — %)%+ Vir1 — ¥i)?)

i=1

where n is the number of modelled transect points (including any additional points),
x;, v; is the location of point i and C; is the modelled concentration value at that
point.

A.3.3 Calculation of the landfill emission rate

Once the measured and modelled transect integrated concentration values have been
calculated in Sections A.3.1 and A.3.2, respectively, the landfill emission rate can be
determined using the following formula:

_ Cmeasured
Qiandfilt = 9modelled C.

modelled

Where Qiangsin is the landfill emission rate, Cmeasured is the measured transect integrated
concentration value, Cmodeliea is the modelled transect integrated concentration value and
Qmodelied iS the modelled emission which should be 1 kg h™' as specified in the model setup
step (point 1.b in Section A.3.2). The units of g;gnqfu are kg h™.
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A.4 Uncertainties

This section describes sources of uncertainty that may influence the emission rate values
derived in Section A.3. The equation in Section A.3.3 incorporates both measured and
modelled concentration values. While transect measurements represent instantaneous
pollutant concentrations, dispersion models typically calculate temporally averaged
concentration values at each receptor location. The utilisation of distance-integrated
concentrations mitigates the discrepancies arising from this temporal difference.

The following sources of uncertainty should be considered and minimised where possible.
Where the effects of any of these are significant these should be included in the report. If
multiple aspects are significant then they should also be examined in combination.

1.

Dispersion model setup. Consideration should be given to which features of the
chosen dispersion model have been used and how they best represent the landfill
methane-emitting area and its environs. As the modelled concentrations appear in
the denominator of the equation of Section A.3.3, a more conservative (i.e. higher)
concentration value yields a lower calculated emission rate. Unlike with standard
dispersion modelling, it may be preferable to choose options which lower modelled
concentrations in order to obtain a conservative upper-bound emission rate value. If
the location and/or extent of the methane-emitting area is uncertain then different
source configurations should be tested.

Meteorological data. As noted previously in point 1.d of Section A.3.2, the
selection of appropriate meteorological data for running the model for a single hour
is critical. The modelled wind speed is a critical parameter affecting the modelled
concentration. Sensitivity to the wind speed should be investigated by conducting
two additional simulations in which the wind speed is increased and decreased by
0.5 m s to quantify the resulting variation in the derived emission rates. When
multiple meteorological datasets are available for the landfill site, it is also advisable
to determine the sensitivity to the choice of dataset.

Measurement-derived concentrations. Beyond the inherent uncertainty
associated with the instrumentation, the choice of which parts of the transect are
considered to be within the plume and the determination of background
concentrations as described in Section A.3.1 can significantly influence the
integrated concentration value Cmeasureq. The sensitivity to different choices
regarding which parts of the transect are considered to be within the plume should
be determined by testing different positions of the plume edge, this is particularly
important if portions of the plume have been excluded because they were
determined to originate from another source, as shown in Figure A7. Additionally,
sensitivity analyses using multiple plausible background values should be
conducted to assess their influence on the determination of Cmeasuread and,
consequently, of the emission rate. The wider the plume the more sensitive the
calculated emission rate will be to the choice of background value.
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As described in Section A.3.3, the emission rate should be calculated for each transect
separately and then the average and standard deviation calculated across all transects
This standard deviation provides an indication of the uncertainty range associated with the
final emission rate. Additional estimates of the uncertainty are determined by carrying out
the sensitivity tests described above and should also be reported.

A.5 Report template

This section provides a template for reporting IDM results for one methane survey with
multiple transects. It outlines the report structure and describes the information that should
be included in each section.

A spreadsheet containing the raw measured methane data, the meteorological data and
modelled concentrations should be provided to accompany the report.

A.5.1 Introduction

This section should present an overview of the landfill site and surrounding area. This
should incorporate a site map giving information on the landfill's location, boundary and
areas of activity. Relevant areas of landfill activity for methane emissions include the active
tipping area (uncapped waste), temporary capped areas, permanently capped areas with
gas extraction and GUP; the methane-emitting area should be identified. There should
also be information provided on the topography of the site and the surrounding area,
surface roughness length and details of other potential sources of methane which may
affect the transect measurements.

Details of site activity at the time of the survey should be included in this section alongside
details of the typical activity levels at the site.

A.5.2 Data description
This section should include three subsections:

1. Meteorological data description: This subsection should provide a description of
the meteorological station(s) used, including type, location, and measurement
height. If meteorological data is sourced from an external provider the source of the
data should also be specified. It should also specify the sources of the parameters
required to determine atmospheric stability, in accordance with Section A.1.3.

2. Transect data description: This subsection should provide a description of the
transect data, including details of the monitoring method and instrument used. It
should also include maps of each transect showing the measurement locations, the
peak concentration location and the boundary and centre of the landfill methane-
emitting area.
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3. Transect data: A table giving the following information for each transect:

Transect number;

Time of the measurements;

Hourly averaged wind speed at 10 metres;

Atmospheric stability;

Whether the wind speed and atmospheric stability conditions are suitable;

©® oo oo

If the wind speed and atmospheric stability conditions are suitable:
f. Whether the concentration measurements are suitable;
g. Comments on concentration measurements if unsuitable;

If the concentration measurements are suitable:

h. The bearing of Line A, defined as described in Section A.2;

i. Transect distance from the landfill;

j- Transect-specific wind speed calculated in Section A.2 step 7;

k. Transect-specific wind direction calculated in Section A.2 step 7;
I. Transect-specific wind speed standard deviation (if calculated);
m. Transect-specific wind direction standard deviation (if calculated);

If the transect wind speed and direction persistence is suitable (or could not be
calculated):
n. Whether the transect is downwind, i.e. is the bearing of Line A is suitable;

If the transect is downwind:

0. The angle between Line A and Line B;

p. Whether the transect is perpendicular, i.e. is the angle between Line A and
Line B is suitable;

For all transects:
g. Whether the transect meets the criteria to be applicable for taking forward to
the emission rate estimation.

A.5.3 Data processing

This section should be organised into two subsections:

1. Measured concentrations: This subsection should describe the procedure used to
determine the background concentration. It should include plots indicating the
region containing the landfill plume and any regions containing other potential
emission sources that were excluded from the calculations, as detailed in Section
A.3.1. Additionally, a summary table should be provided, including the following
information:

a. Transect number;
b. Background concentration value;
c. Transect-integrated concentration value.
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2. Modelled concentrations: This subsection should provide a detailed description of
the atmospheric dispersion model employed, including the model setup (e.g.,
source type, receptors, modelling options selected and other relevant parameters).
If the domain of modelled receptors needs to be extended, as discussed in Section
A.3.2, A map illustrating the locations of both the original and additional receptors
should be included, accompanied by a plot of modelled concentrations that clearly
differentiates between the original and additional receptors. A summary table
should also be provided, including:

a. Transect number;
b. Whether the receptors domain was extended;

C.

Transect-integrated concentration value.

A.5.4 Results

This section should summarize the emission rates calculated for each applicable transect
and present the results in a table containing the following information:

a.

xT T Q@ 0000

Transect number;

Distance from the landfill;

Hourly averaged wind speed at 10 metres;

Modelled wind speed;

Modelled wind speed height;

Atmospheric stability;

Background concentration value;

Whether the modelled receptors domain was extended;
Measured transect-integrated concentration value (Cmeasured);
Modelled transect-integrated concentration value (Cmogelied);
Calculated emission rate (q;qnariu)-

Additionally, a discussion of the uncertainties in the derived emission rates should be
included, considering the various sources of uncertainty described in Section A.4. This
should include a table of results showing the effects of the wind speed and plume edge
sensitivity tests for each transect.

Finally, the report should state the average and standard deviation of the emission rate
calculated over all applicable transects.

A.5.5 Appendix

This section should include plots of concentration against distance travelled for all
transects measured in the survey, including those which failed to meet the criteria in

Section A.2.
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A.6 Glossary

Atmospheric stability An indicator of the atmosphere’s tendency to enhance or suppress
vertical motion.

Background The concentration of a substance in the atmosphere originating from distant,
non-local sources.

Bearing The angle, measured clockwise from north, indicating the direction from one point
to another.

Boundary Layer The lowest layer of the atmosphere that interacts directly with the Earth’s
surface.

Dispersion model A mathematical simulation utilised to predict the spread in the
atmosphere of substances emitted from a source.

GUP Gas Utilisation Plant

IDM Inverse Dispersion Modelling.

Plume A column of substance that disperses into the surrounding atmosphere.
Source The location from which substances are emitted into the atmosphere.
Transect A defined path along which species abundance is systematically recorded.

Transect-integrated concentration The cumulative concentration value obtained by
summing measurements along a transect in which each value is weighted according to the
distance between sampling locations.

Wind direction The angle, measured clockwise from north, indicating the direction from
which the wind originates.
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Appendix B: Protocol testing reports

For the protocol testing described in Section 4, a report was prepared for each
measurements survey, following the report structure recommended in the initial version of
the protocol. This appendix contains those reports, but with site-identifying maps and
information redacted for reasons of anonymity. Note that these have not been updated using
the final version of the protocol.

B.1 Site C1 June survey

B.1.1 Introduction

Not included for reasons of anonymity.

B.1.2 Data description
Meteorological data

Onsite meteorological data were captured for the whole survey period, using the Fugitive
Emission Distributed Sampling (FEDS) System (Howes et al. 2023), with a 1-minute
averaging period. Measured variables included wind speed and direction recorded at a
height of 10 m, and air temperature recorded at 2 m.

To determine atmospheric stability, the onsite data were supplemented with observed
hourly cloud cover data from a meteorological station located 5 km to the south of the site.

Transect data

Map not included for reasons of anonymity.
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Table B1 summarises the meteorology recorded during each transect and its location with
respect to the landfill site. The suitability of the transect for use in the emission rate
calculation is also provided.
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Table B1: Summary of the site C1 June survey measured transects

1 | 16/06 13:25—- | 2.9 274 Convective No - - No
13:29

2 | 16/06 13:29— | 2.0 | 251 Convective Yes - - No
13:31

3 | 16/06 13:39— | 2.0 | 286 Convective Yes - - No
13:50

4 | 16/06 15:06— | 1.8 | 203 Convective Yes - - No
15:20

5 | 16/06 15:16— | 1.7 | 227 Convective Yes - - No
15:22

6 | 16/06 15:22— | 2.4 | 253 Convective Yes - - No
15:26

7  16/06 15:44— | 3.1 | 213 Convective No - - No
15:50

8 | 18/06 14:20— | 2.6 | 345 Convective Yes - - No
14:23

9 | 19/06 15:41— | 0.7 | 350 Convective Yes - - No
15:47

10 19/06 15:45- | 2.1 | 302 Convective Yes - - No
15:50

11| 19/06 15:49- | 1.7 1 337 Convective Yes - - No
15:54

12| 19/06 15:57—- | 1.6 | 18 Convective Yes - - No
16:04

13| 19/06 16:01— | 1.8 | 357 Convective Yes - - No
16:07

14| 19/06 16:07— | 3.2 | 36 Convective Yes - - No
16:11

15| 19/06 16:10— | 2.7 | 45 Convective Yes - - No
16:14

16| 19/06 16:13— | 2.2 | 41 Convective Yes - - No
16:17

17 | 19/06 16:16— | 2.1 | 16 Convective Yes - - No
16:23

18| 19/06 16:22— | 1.6 | 12 Convective Yes - - No
16:28

19| 19/06 16:32— | 1.9 | 30 Convective Yes - - No
16:36

6 Bearing of a line drawn from the source centre to the location of the transect peak
concentration
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20 | 19/06 16:36— | 2.6 | 42 Convective Yes - - No
16:39
21| 19/06 16:38— | 2.1 | 32 Convective Yes - - No
16:43
22 | 19/06 16:41— | 2.2 | 360 Convective Yes - - No
16:47
23 | 19/06 16:46— | 2.3 | 336 Convective Yes - - No
16:51
24 | 19/06 16:49— | 2.0 | 10 Convective Yes - - No
16:54
25| 19/06 16:54— | 2.7 | 20 Convective Yes - - No
16:57
26 | 19/06 16:57— | 2.8 | 25 Convective Yes - - No
17:01
27 | 19/06 16:59— | 2.4 | 36 | Convective/near | Yes - - No
17:04 neutral
28 | 19/06 17:03— | 2.2 | 44 | Convective/near | Yes - - No
17:06 neutral
29 | 19/06 17:07— | 4.4 | 74 | Convective/near | Yes Clear but 265 Yes
17:09 neutral narrow
plume
30| 19/06 17:13— | 5.3 | 90 | Convective/near| Yes | Noisy data - No
17:17 neutral
31| 19/06 17:16— | 5.2 | 91 | Convective/near | Yes Multiple - No
17:20 neutral peaks,
unclear
landfill
plume
32| 19/06 17:27— | 4.8 | 90 | Convective/near| No - - No
17:31 neutral
33| 19/06 17:30— | 4.7 | 103 | Convective/near | No - - No
17:34 neutral
34| 19/06 18:06— | 5.1 | 95 Neutral No - - No
18:09
35| 19/06 18:08— | 5.3 | 93 Neutral Yes | Clear plume 265 Yes
18:12 with
background
36| 19/06 18:15— | 5.3 111 Neutral Yes | Clear plume 248 Yes
18:20 with
background
37| 19/06 18:18— | 54 | 112 Neutral Yes | Clear plume 248 Yes
18:24 with
background
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38| 19/06 18:22— | 5.2 110 Neutral Yes | Clear plume 247 Yes
18:26 with
background
39| 19/06 18:25—- | 5.0 | 108 Neutral Yes | Clear plume 241 Yes
18:30 with
background
40| 19/06 18:31—- | 5.8 | 119 Neutral Yes | Clear plume 279 Yes
18:35 with
background
41| 19/06 18:34— | 5.1 | 113 Neutral Yes Noisy - No
18:38 background,
unclear
plume edge
42 | 19/06 18:43— | 4.9 | 106 Neutral Yes Plume at - No
18:48 edge of
transect
43 | 19/06 18:47— | 5.0 | 104 Neutral Yes Multiple - No
18:51 peaks, no
clear
background
44 | 19/06 18:50- | 5.1 | 107 Neutral Yes Unclear - No
18:55 edges of
plume
45| 19/06 18:54— | 5.0 | 109 Neutral Yes Not - No
18:59 captured
the full
plume
46 | 19/06 18:58— | 5.1 | 109 Neutral Yes | Notaclear - No
19:02 plume
47 | 19/06 19:03—- | 54 | 109 Stable/near Yes | Noisy plume - No
19:07 neutral and
background
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B.1.3 Data processing
Measured concentrations

Seven transects met the criteria for use in the emission rate calculation. The calculated
background concentrations and transect-integrated concentration values for these
transects are summarised in Table B2.

Table B2: Measured transect methane concentrations

29 2.1296 5.7
35 21716 89.2
36 2.1888 80.1
37 2.1941 72.0
38 2.1987 72.8
39 2.2008 82.8
40 2.2211 10.9

Background concentration values were determined from each transect by identifying the
plume region, excluding regions of potentially erroneous measurements, and averaging
over the remaining concentration values. These regions are shown for each transect in the
below plots (Figure B1 to Figure B7).
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Figure B1: Measured methane concentrations along transect 29, showing the
defined exclusion, background, and plume regions
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Figure B2: Measured methane concentrations along transect 35, showing the
defined exclusion, background, and plume regions
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Figure B3: Measured methane concentrations along transect 36, showing the
defined exclusion, background, and plume regions
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Figure B4: Measured methane concentrations along transect 37, showing the
defined exclusion, background, and plume regions
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Figure B5: Measured methane concentrations along transect 38, showing the
defined exclusion, background, and plume regions
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Figure B6: Measured methane concentrations along transect 39, showing the
defined exclusion, background, and plume regions
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Figure B7: Measured methane concentrations along transect 40, showing the
defined background and plume regions
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Modelled concentrations

The transect modelling was undertaken with the ADMS 6 (version 6.0.2.7) atmospheric
dispersion model.

The landfill site emissions were represented in the model by 14 area sources, covering the
full extent of the site boundary, as detailed in Table B3.

Table B3: Modelled landfill site source parameters

Area 0 0 Ambient 0.15 1.85x 10 Not included
for reasons of

anonymity

Map not included for reasons of anonymity.

The modelled receptors for the T40 transect had to be extended. The transect was
extended by 1 km at both ends, perpendicular to the bearing of the plume peak,
maintaining the average separation between points of 6.6 m.

A plot comparing the modelled concentrations over the original and extended receptors is
provided in Figure B8.
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Figure B8: Modelled methane concentrations along the T40 transect with the
original and extended receptors.
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A summary of the results for each modelled transect is given in Table B4.

Table B4: Modelled transect integrated concentrations

29 No 2.85
35 No 2.73
36 No 2.74
37 No 2.73
38 No 2.81
39 No 3.00
40 Yes 0.99
B.1.4 Results

A summary of the emission rates calculated for each applicable transect and other

relevant parameters used in the calculation is provided in Table B5.

Uncertainty in the calculated emission rate values was considered by investigating
sensitivity to the modelled wind speed, for the modelled transect-integrated concentration
(Cmodelled), and sensitivity to the determined background concentration value, for the
measured transect-integrated concentration value (Cmeasured). The uncertainty assessment is

detailed in
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Table B6.

The average calculated emission rate over all transects was 22.1 kg h™!, with an average
minimum and maximum emission rate of 20.0 kg h' and 24.2 kg h™', respectively,
calculated from the uncertainty assessment.
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Table B5: Summary of calculated emission rates for each applicable transect and associated measured and modelled
concentration and meteorological information

29 4.8 Convective/ 2.1296 247 No 4.4 5.7 2.85 2.0
near neutral

35 5.2 Neutral 2.1716 249 No 5.3 89.2 2.73 32.7
36 52 Neutral 2.1888 240 No 53 80.1 2.74 29.2
37 52 Neutral 2.1941 235 No 54 72.0 2.73 26.4
38 5.2 Neutral 2.1987 240 No 5.2 72.8 2.81 259
39 52 Neutral 2.2008 234 No 5.0 82.8 3.00 27.6
40 5.2 Neutral 2.2211 827 Yes 58 10.9 0.99 11.0

Average 221

7 Wind speed value used in the transect modelling
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Table B6: Considered background and wind speed uncertainty values for each transect, and resultant calculated emission

rates

Minimum | Maximum Minimum Maximum Minimum Maximum

29 2.1266 2.1301 3.9 4.9 1.8 2.3
35 2.1708 2.1749 4.8 5.8 29.6 35.8
36 2.1878 2.1900 4.8 5.8 26.4 31.9
37 2.1906 2.1963 4.9 5.9 23.9 28.8
38 2.1974 2.1996 4.7 5.7 23.4 28.4
39 2.1979 2.2029 4.5 5.5 24.8 30.4
40 2.2202 2.2216 5.3 6.3 10.1 12.0
Average 20.0 24.2
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B.2 Site C1 October survey

B.2.1 Introduction

Not included for reasons of anonymity.

B.2.2 Data description

Meteorological data

Onsite meteorological data were captured for the whole survey period, using the Fugitive
Emission Distributed Sampling (FEDS) System (Howes et al. 2023), with a 1-minute
averaging period. Measured variables included wind speed and direction recorded at a
height of 10 m, and air temperature recorded at 2 m.

To determine atmospheric stability, the onsite data were supplemented with archived
forecast hourly cloud cover data extracted from DTN’s Point-Forecast service® for a
location approximately 30 km to the north of the site.

Transect data

Map not included for reasons of anonymity.

8 Measured values for October 2025 were not available when the analysis was being
carried out in January 2026
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Table B7 summarises the meteorology recorded during each transect and the transect
location with respect to the landfill site. The suitability of the transect for use in the
emission rate calculation is also provided.
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Table B7: Summary of the site C1 October survey measured transects

1 21/1010:25- | 5.2 | 212 Neutral Yes | Peak at edge - No
10:29
2 | 21/1010:29- | 5.3 | 216 Neutral Yes No clear - No
10:32 peak
3 | 21/1010:32— | 5.3 | 207 Neutral Yes No clear - No
10:35 edge
4 | 21/1010:35- | 5.0 201 Neutral Yes No clear - No
10:37 edges
5| 21/1010:37- | 5.4 | 207 Neutral Yes No clear - No
10:40 edge
6 | 21/10 10:40- | 4.6 | 210 Neutral Yes No clear - No
10:42 edge
7 | 21/1010:43—- | 4.7 | 205 Neutral Yes No clear - No
10:45 edge
8 | 21/1010:47- | 4.3 | 201 Neutral Yes No clear - No
10:52 edges
9 | 21/1010:53— | 5.0 201 Neutral Yes | Clear plume, 26 No
10:57 but not
perpendicular
to wind
direction
10 21/1010:58- | 5.9 | 204 Neutral Yes | Clear plume 22 Yes
11:04
11| 21/10 11:04- | 6.0 | 211 Neutral Yes | Clear plume 30 Yes
11:09
12| 21/1011:09- | 5.6 | 211 Neutral Yes | Clear plume 23 Yes
11:14
13| 21/1012:01— | 5.4 | 217 Neutral Yes Noisy data, - No
12:03 no clear peak
14| 21/1012:03- | 5.7 | 218 Neutral Yes Noisy - No
12:06 background
15| 21/1012:07- | 6.5 | 215 Neutral Yes No clear - No
12:10 edge
16| 21/1012:10- | 6.5 | 213 Neutral Yes Noisy data, - No
12:12 no clear edge
17| 21/1012:12— | 6.4 | 215 Neutral Yes No clear - No
12:15 edge
18 | 21/1012:15- | 7.3 | 218 Neutral Yes - - No
12:19

9 Bearing of a line drawn from the source centre to the location of the transect peak
concentration
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19 21/1012:19- | 6.1 | 221 Neutral Yes Multiple - No
12:21 peaks
20 21/1012:22— | 5.8 | 220 Neutral Yes No clear - No
12:24 edges
21| 21/1012:24— | 5.1 | 220 Neutral Yes No clear - No
12:26 edge
22| 21/1012:26— | 5.0 | 215 Neutral Yes No clear - No
12:29 edges
23| 21/1012:29- | 4.9 | 219 Neutral Yes No clear - No
12:32 edges
24| 21/1012:32—- | 5.6 | 214 Neutral Yes No clear - No
12:34 edge
25| 21/1012:37- | 5.5 | 215 Neutral Yes No clear - No
12:39 edge
26 21/1012:39- 6.2 | 215 Neutral Yes No clear - No
12:44 edge
27 | 21/1012:45- | 6.1 | 217 Neutral Yes No clear - No
12:50 edge
28| 21/10 13:01- | 4.0 | 220 Neutral Yes Noisy - No
13:06 background
29| 21/1013:07- | 4.0 | 213 Neutral Yes Noisy data, - No
13:12 small peak
30| 21/1013:12— | 4.0 | 218 Neutral Yes Noisy data, - No
13:17 small peak
31| 21/1013:17— | 5.7 | 213 Neutral Yes No clear - No
13:22 edge
32| 21/1013:22— | 4.2 | 225 Neutral Yes Noisy data - No
13:26
33| 21/10 13:26— | 4.9 | 223 Neutral Yes | Peak at edge - No
13:29
34| 21/1013:27— | 4.8 225 Neutral Yes No clear - No
13:31 edge
35| 21/10 13:32— | 3.1 | 230 Neutral Yes No clear - No
13:36 peak
36| 21/10 13:37— | 3.6 | 228 Neutral Yes Clear peak, 54 Yes
13:42 slightly noisy
data
37| 21/1013:42— | 4.0 | 224 Neutral Yes Clear peak 64 Yes
13:47
38| 21/1013:47— | 4.9 218 Neutral Yes Clear peak, 59 Yes
13:54 slightly
unclear
plume edge
39| 22/10 09:43— | 1.8 | 215 | Convective Yes - - No
09:53
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40 | 22/10 09:55- | 1.8 | 205 | Convective Yes - - No
41 22/1100.1005:02— 2.0 |203| Convective Yes - - No
42 22/1100.1100:09— 1.8 | 193 | Convective Yes - - No
43 22/1102.1;0214— 1.5 1200 Convective Yes - - No

B.2.3 Data processing
Measured concentrations

Six transects met the criteria for use in the emission rate calculation. The calculated
background concentrations and transect-integrated concentration values for these
transects are summarised in Table B8.

Table B8: Measured transect methane concentrations

10 2.1574 28.8
11 2.1567 24.6
12 2.1547 27.0
36 21726 16.1
37 21727 31.5
38 21749 29.6

Background concentration values were determined from each transect by identifying (and
excluding) the plume region, excluding any other regions of potentially erroneous
measurements, and averaging over the remaining concentration values. These regions are
shown for each transect in the below plots (Figure B9 to Figure B14).
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Figure B9: Measured methane concentrations along transect 10, showing the
defined exclusion, background, and plume regions
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Figure B10: Measured methane concentrations along transect 11, showing the
defined exclusion, background, and plume regions
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Figure B11: Measured methane concentrations along transect 12, showing the
defined background and plume regions
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Figure B12: Measured methane concentrations along transect 36, showing the
defined background and plume regions
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Figure B13: Measured methane concentrations along transect 37, showing the
defined background and plume regions
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Figure B14: Measured methane concentrations along transect 38, showing the
defined background and plume regions
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Modelled concentrations

The transect modelling was undertaken with the ADMS 6 (version 6.0.2.7) atmospheric
dispersion model.

The landfill site emissions were represented in the model by 14 area sources, covering the
full extent of the site boundary, as detailed in Table B9.

Table B9: Modelled C1 landfill site source parameters

Area 0 0 Ambient 0.15 1.85x 10 Not included
for reasons of

anonymity

Map not included for reasons of anonymity.
None of the transects required modelling extended receptors.

A summary of the results for each modelled transect is given in Table B10.

Table B10: Modelled transect integrated concentrations

10 No 0.95
11 No 0.83
12 No 0.98
36 No 1.13
37 No 1.07
38 No 0.85
B.2.4 Results

A summary of the emission rates calculated for each applicable transect and other
relevant parameters used in the calculation is provided in Table B11.

Uncertainty in the calculated emission rate values was considered by investigating
sensitivity to the modelled wind speed, for the modelled transect-integrated concentration
(Cmodelied), and sensitivity to the determined background concentration value, for the
measured transect-integrated concentration value (Cmeasured). The uncertainty assessment is
detailed in
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Table B12.

The average calculated emission rate over all transects was 27.7 kg h™', with an average
minimum and maximum emission rate of 24.9 kg h-' and 30.8 kg h™', respectively,
calculated from the uncertainty assessment.
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Table B11: Summary of calculated emission rates for each applicable transect and associated measured and modelled
concentration and meteorological information

10 5.6 Neutral 2.1574 1215 No 5.9 28.8 0.95 30.4
11 5.6 Neutral 2.1567 1580 No 6.0 24.6 0.83 29.5
12 5.6 Neutral 2.1547 1232 No 5.6 27.0 0.98 27.6
36 4.2 Neutral 21726 1760 No 3.6 16.1 1.13 14.3
37 4.2 Neutral 21727 1522 No 4.0 31.5 1.07 29.6
38 4.2 Neutral 2.1749 1678 No 4.9 29.6 0.85 34.9

Average 27.7

0 Wind speed value used in the transect modelling
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Table B12: Considered background and wind speed uncertainty values for each transect, and resultant calculated emission

rates
Minimum Maximum Minimum Maximu | Minimu | Maximu
m m m

10 2.1571 2.1580 5.4 6.4 27.8 32.9
11 2.1565 2.1567 55 6.5 27 1 32.0
12 2.1529 2.1566 5.1 6.1 24.9 30.1
36 21724 2.1728 3.1 41 12.3 16.3
37 21723 2.1745 3.5 4.5 259 33.3
38 21732 2.1758 4.4 54 314 404

Average | 24.9 30.8
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B.3 Site Y2 August survey

B.3.1 Introduction

Not included for reasons of anonymity.

B.3.2 Data description
Meteorological data

Onsite meteorological data were captured for the whole survey period, using a Kestrel
5500 weather station, with a 5-minute averaging period. Measured variables included wind
speed, wind direction and air temperature, all recorded at a height of 2 m.

To determine atmospheric stability, the onsite data were supplemented with archived
forecast hourly cloud cover data extracted from DTN Point-Forecast API for a location
approximately 5 km to the south of the site.

For the purposes of assessing the meteorological conditions during the transect
measurement periods, the boundary layer model within ADMS 6 was used to calculate the
wind at a height of 10 m and the atmospheric stability. The onsite met data were averaged
over each hour and combined with the cloud cover data.

For the dispersion modelling, the meteorological data were averaged over the transect
measurement period, and combined with the most relevant hour of cloud cover data.

Transect data

Map not included for reasons of anonymity.
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Table B13 summarises the meteorology recorded during each transect and the transect
locations with respect to the landfill site. The suitability of the transect for use in the
emission rate calculation is also provided. None of the measured surveys were suitable
from this survey, so an emission rate could not be determined.
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Table B13: Summary of the site Y2 August survey measured transects

1 | 26/08 20:21— | 1.4 | 249 Stable Yes - - No
20:30

2 | 26/08 20:45—- | 1.4 | 274 Stable Yes - - No
20:53

3 | 26/08 21:00- | 0.8 | 213 Stable No - - No
21:04

4 | 26/08 21:32— | 0.8 | 248 Stable Yes - - No
21:50

5 | 26/08 21:57— | 0.7 | 264 Stable No - - No
22:06

6 | 26/08 22:06— | 0.7 | 241 Stable Yes - - No
22:17

7 | 26/08 22:24— | 0.7 | 289 Stable Yes - - No
22:30

" Calculated hourly average wind speed at a height of 10 m
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B.4 Site Y2 October survey

B.4.1 Introduction

Not included for reasons of anonymity.

B.4.2 Data description
Meteorological data

Onsite meteorological data were captured for the whole survey period, using a Kestrel
5500 weather station, with a 5-minute averaging period. Measured variables included wind
speed, wind direction and air temperature, all recorded at a height of 2 m.

To determine atmospheric stability, the onsite data were supplemented with archived
forecasted hourly cloud cover data extracted from DTN Point-Forecast API for a location
approximately 5 km to the south of the site.

For the purposes of assessing the meteorological conditions during the transect
measurement periods, the boundary layer model within ADMS 6 was used to calculate the
wind at a height of 10 m and the atmospheric stability. The onsite met data were averaged
over each hour and combined with the cloud cover data.

For the dispersion modelling, the meteorological data were averaged over the transect
measurement period, and combined with the most relevant hour of cloud cover data.

Transect data

Map not included for reasons of anonymity.

Table B14 summarises the meteorology recorded during each transect and its location
with respect to the landfill site. The suitability of the transect for use in the emission rate
calculation is also provided.
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Table B14: Summary of the site Y2 October survey measured transects

02/10 16:30- | 5.8 | 196 Neutral Yes Two No
16:42 distinct
peaks
02/10 16:45- | 5.8 | 219 Neutral Yes Multiple No
16:52 peaks, no
clear
background
02/10 16:52- | 5.8 | 199 Neutral Yes Multiple No
17:00 peaks, no
clear edge
02/1017:01- | 5.1 | 210 Neutral Yes Two No
17:09 distinct
peaks
02/10 17:09- | 5.1 | 186 | Stable/near Yes | Clear peak Yes
17:18 neutral
02/1017:18- | 5.1 | 192 Neutral Yes Unclear No
17:29 peak, noisy
background
02/10 17:30- | 5.1 | 202 Neutral Yes Multiple No
17:40 peaks,
noisy
background
02/1017:44- | 5.1 | 216 Neutral Yes Multiple No
17:52 peaks,
noisy
background
02/10 17:52- | 5.1 | 200 Neutral Yes Two No
18:03 indistinct
peaks

12 Calculated hourly average wind speed at a height of 10 m

3 Bearing of a line drawn from the source centre to the location of the transect peak
concentration
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10 | 02/10 18:03- | 5.6 | 202 Neutral Yes Two No
18:12 indistinct
peaks
11| 02/10 18:12- | 5.6 | 205 Neutral Yes Two No
18:22 indistinct
peaks,
noisy
background
12| 02/10 18:22- | 5.6 | 201 Neutral Yes Multiple No
18:33 peaks,
noisy
background
13| 02/10 18:33- | 5.6 | 192 Neutral Yes Two No
18:43 indistinct
peaks,
noisy
background
14| 02/10 18:43- | 5.6 | 197 Neutral Yes Two No
18:52 distinct
peaks
15| 02/10 18:52- | 5.6 | 206 Neutral Yes Two No
19:01 distinct
peaks,
noisy
background
16| 02/10 19:01- | 6.2 204 Neutral Yes Two No
19:09 distinct
peaks,
noisy
background
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B.4.3 Data processing
Measured concentrations

One transect met the criteria for use in the emission rate calculation. The calculated
background concentration and transect-integrated concentration value for this transect is
summarised in Table B15.

Table B15: Measured transect methane concentrations

5 2.2313 441

Background concentration was determined from the transect by identifying the plume
region and averaging over the remaining concentration values. These regions are shown
for the selected transect in Figure B15, below.
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Figure B15: Measured methane concentrations along transect 5, showing the
defined background and plume regions

Modelled concentrations

The transect modelling was undertaken with the ADMS 6 (version 6.0.2.7) atmospheric
dispersion model.
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The landfill site emissions were represented in the model by 18 area sources, covering the
full extent of the site boundary, as detailed in Table B16.

Table B16: Modelled landfill site source parameters

Area 0 0 Ambient 0.62 4.45 x 107 Not included
for reasons of

anonymity

Map not included for reasons of anonymity.

The modelled receptors for the T5 transect had to be extended. The transect was
extended by 2 km at the north-western end, perpendicular to the bearing of the plume
peak, maintaining the average separation between points of 10 m.

A plot comparing the modelled concentrations over the original and extended receptors is
provided in Figure B16.
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Figure B16: Modelled methane concentrations along the T5 transect with the
original and extended receptors.

The result for the modelled transect is given in Table B17.
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Table B17: Modelled transect-integrated concentration

5 Yes 0.36

B.4.4 Results

A summary of the relevant data and calculated emission rate for the applicable transect is
provided in Table B18.

Uncertainty in the calculated emission rate value was considered by investigating
sensitivity to the modelled wind speed, for the modelled transect-integrated concentration
(Cmodelled), and sensitivity to the determined background concentration value, for the
measured transect-integrated concentration value (Cmeasured). The uncertainty assessment
is detailed in Table B19.

The average calculated emission rate for the transect was 123.2 kg h-', with an average
minimum and maximum emission rate of 103.2 kg h-' and 144.2 kg h™', respectively,
calculated from the uncertainty assessment.
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Table B18: Summary of calculated emission rate for the applicable transect and associated measured and modelled
concentration and meteorological information

5 5.1 Stable/ 2.2313 3163 Yes 3.1 44 .1 0.36 123.2
near
neutral
Average 123.2

Table B19: Considered background and wind speed uncertainty values for the transect, and resultant calculated emission rate

Minimum | Maximum Minimum Maximum | Minimum | Maximum
2.2281 2.2323 2.6 3.6 103.2 144.2
Average 103.2 144.2

4 Wind speed value used in the transect modelling
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B.5 Site Y1 survey 6

B.5.1 Introduction

Not included for reasons of anonymity.

B.5.2 Data description
Meteorological data

Onsite meteorological data were captured for the whole survey period, using a Gill
Instruments weather station, with a 5-minute averaging period. Measured variables
included wind speed, wind direction and air temperature, all recorded at a height of 5 m.

To determine atmospheric stability, the onsite data were supplemented with archived
forecasted hourly cloud cover data extracted from DTN Point-Forecast API for a location
approximately 20 km to the north-west of the site.

For the purposes of assessing the meteorological conditions during the transect
measurement periods, the boundary layer model within ADMS 6 was used to calculate the
wind at a height of 10 m and the atmospheric stability. The onsite met data were averaged
over each hour and combined with the cloud cover data.

For the dispersion modelling, the meteorological data were averaged over the transect
measurement period, and combined with the most relevant hour of cloud cover data.

Transect data

Map not included for reasons of anonymity.
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Table B20 summarises the meteorology recorded during each transect and its location
with respect to the landfill site. The suitability of the transect for use in the emission rate
calculation is also provided.
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Table B20: Summary of the site Y1 survey 6 measured transects

12:10 - 53 | 21 neutral Yes Noisy 210 No
12:24 0
12:24 - 53 | 21 neutral Yes Noisy 209 No
12:31 1
12:31-12:38| 53 | 21 neutral Yes Plume 209 Yes
3 visible

12:38 - 53 | 21 neutral Yes Multiple 180 No
12:45 3 signatur

es
12:45 - 53 | 21 neutral Yes Multiple 213 No
12:51 0 signatur

es
12:52 - 59 | 21 neutral Yes Multiple 143 No
13:02 0 signatur

es
13:03 - 59 | 21 neutral Yes Multiple 151 No
13:13 1 signatur

es
13:13 - 59 | 21 neutral Yes Multiple 143 No
13:23 3 signatur

es
13:24 - 59 | 20 neutral Yes Multiple 208 No
13:33 8 signatur

es
13:34 - 59 | 20 neutral Yes Multiple 143 No
13:44 6 signatur

es
13:45 - 59 | 20 neutral Yes Multiple 208 No
13:55 8 signatur

es
13:55 - 53 | 21 neutral Yes Plume 208 Yes
14:02 1 visible

15 Bearing of a line drawn from the source centre to the location of the transect peak
concentration
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1 14:03 - 53 | 21 neutral Yes Plume 207 Yes
3 14:08 1 visible
1 14:09 - 53 | 21 neutral Yes Multiple 208 No
4 14:16 1 signatur
es
1 14:16 - 53 | 21 neutral Yes Multiple 208 No
5 14:23 2 signatur
es
1 14:23 - 53 | 21 neutral Yes Multiple 143 No
14:33 5 signatur
es
1 14:33 - 53 | 21 neutral Yes Multiple 249 No
14:44 5 signatur
es

B.5.3 Data processing
Measured concentrations

Three transects met the criteria for use in the emission rate calculation. The calculated
background concentrations and transect-integrated concentration values for these
transects are summarised in Table B21.

Table B21: Measured transect methane concentrations

3 2.1029 32.9
12 21014 29.9
13 2.1060 25.0

Background concentration was determined from the transect by identifying the plume
region and averaging over the remaining concentration values. These regions are shown
for the selected transects in Figure B17 to Figure B19, below.
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Figure B17: Measured methane concentrations along transect 3, showing the
defined background and plume regions. Note that the readings showed a signature
due to another source in the first 1500 m of the transect, this data has not been
used.
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Figure B18: Measured methane concentrations along transect 12, showing the defined
background and plume regions. Note that further readings were available after the 4500 m
point, but due to showing a signature due to another source, these points were not
included in the analysis
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Figure B19: Measured methane concentrations along transect 13, showing the
defined background and plume regions, the shaded region has been removed from
the background calculation

Modelled concentrations

The transect modelling was undertaken with the ADMS 6 (version 6.0.2.7) atmospheric
dispersion model.

The landfill site emissions were represented in the model by 8 area sources, covering the
full extent of the site boundary, as detailed in Table B22.

Table B22: Modelled landfill site source parameters

Area 0 0 Ambient 0.39 7.16 x 107 Not included
for reasons of
anonymity

Map not included for reasons of anonymity.

The results for the modelled transects are given in
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Table B23.
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Table B23: Modelled transect-integrated concentration

3 No 0.24
12 No 0.19
13 No 0.21
B.5.4 Results

A summary of the relevant data and calculated emission rates for the applicable transects
are provided in Table B24.

Uncertainty in the calculated emission rate value was considered by investigating
sensitivity to the modelled wind speed, for the modelled transect-integrated concentration
(Cmodelled), and sensitivity to the determined background concentration value, for the
measured transect-integrated concentration value (Cmeasured). The uncertainty assessment
is detailed in Table B25.

The average calculated emission rate over all transects was 139.3 kg h-!, with an average
minimum and maximum emission rate of 121.6 kg h-' and 151.7 kg h™', respectively,
calculated from the uncertainty assessment.
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Table B24: Summary of calculated emission rate for the applicable transect and associated measured and modelled
concentration and meteorological information

3 5.3 Neutral 2.1029 3400 No 5.3 32.9 0.24 140.1
1 5.3 Neutral 2.1014 3400 No 6.0 29.9 0.19 158.4
2
1 5.3 Neutral 2.1060 3400 No 54 25.0 0.21 119.3
3

Average 139.3

Minimum | Maximum Minimum Maximum | Minimum | Maximum
3 2.1027 2.1049 4.8 5.8 125.0 154 .1
12| 2.1006 2.1047 5.5 6.5 131.4 1711
13| 2.1060 2.1065 4.9 5.9 108.5 130.0
Average 121.6 151.7

6 Wind speed value used in the transect modelling

Table B25: Considered background and wind speed uncertainty values for the transect, and resultant calculated emission rate
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B.6 Site Y1 survey 7

B.6.1 Introduction

Not included for reasons of anonymity.

B.6.2 Data description
Meteorological data

Onsite meteorological data were captured for the whole survey period, using a Gill
Instruments weather station, with a 5-minute averaging period. Measured variables
included wind speed, wind direction and air temperature, all recorded at a height of 5 m.

To determine atmospheric stability, the onsite data were supplemented with archived
forecasted hourly cloud cover data extracted from DTN Point-Forecast API for a location
approximately 20 km to the north-west of the site.

For the purposes of assessing the meteorological conditions during the transect
measurement periods, the boundary layer model within ADMS 6 was used to calculate the
wind at a height of 10 m and the atmospheric stability. The onsite met data were averaged
over each hour and combined with the cloud cover data.

For the dispersion modelling, the meteorological data were averaged over the transect
measurement period, and combined with the most relevant hour of cloud cover data.

Transect data

Map not included for reasons of anonymity.
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Table B26 summarises the meteorology recorded during each transect and its location
with respect to the landfill site. The suitability of the transect for use in the emission rate
calculation is also provided.
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Table B26: Summary of the site Y1 survey 7 measured transects

08:49 - 3.2 | 17 stable Yes Multiple 170 No
08:56 9 signatur
es
08:57 - 42 | 18 neutral Yes Multiple 175 No
09:04 3 signatur
es
09:04 - 42 | 18 neutral Yes Multiple 177 No
09:17 5 signatur
es
09:17 - 4.2 18 neutral Yes Multiple 143 No
09:25 6 signatur
es
09:25 - 42 | 18 neutral Yes Plume 184 Yes
09:32 6 can be
seen
09:32 - 42 | 18 neutral Yes Plume 186 Yes
09:38 8 can be
seen
09:39 - 42 | 19 neutral Yes Multiple 143 No
09:46 1 signatur
es
09:47 - 42 | 19 neutral Yes Multiple 148 No
09:55 9 signatur
es
09:56 - 50 | 19 neutral Yes Multiple 198 No
10:06 7 signatur
es
10:11 - 5.0 19 neutral Yes Multiple 197 No
10:19 5 signatur
es
10:20 - 50 | 20 neutral Yes Multiple 195 No
10:23 0 signatur
es

7 Bearing of a line drawn from the source centre to the location of the transect peak
concentration

136 of 146




1 10:23 - 50 | 19 neutral Yes Multiple 197 No
2 10:28 6 signatur

es
1 10:31 - 50 | 19 neutral Yes Multiple 195 No

10:38 1 signatur

es
1 10:39 - 50 | 19 neutral Yes Multiple 187 No
4 10:45 3 signatur

es
1 10:55 - 50 | 20 neutral Yes Clear 189 Yes
5 10:58 7 plume
1 10:58 - 6.3 | 20 neutral Yes Clear 197 Yes
6 11:02 9 plume
1 11:03 - 6.3 | 21 neutral Yes Clear 208 Yes
7 11:09 2 plume

B.6.3 Data processing
Measured concentrations

Three transects met the criteria for use in the emission rate calculation. Two extra
transects (16 and 17) are in excess of the desirable wind band (3 to 6 m s™'), but have also
been considered, as the wind speed exceedance is small. The calculated background
concentrations and transect-integrated concentration values for these transects are
summarised in Table B27.

Table B27: Measured transect methane concentrations

5 2.1723 79.1
6 2.1720 52.9
15 2.1572 50.4
16 2.1531 86.1
17 2.1532 80.4

Background concentrations were determined for each transect by identifying the plume
region and averaging over the remaining concentration values. These regions are shown
for the selected transects in Figure B20 to Figure B24, below.
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Figure B20: Measured methane concentrations along transect 5, showing the
defined background and plume regions
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Figure B21: Measured methane concentrations along transect 6, showing the
defined background and plume regions. Note that the first 3 km of the transect
showed a large signature due to another source and these readings were not used
in the calculation.
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Figure B22: Measured methane concentrations along transect 15, showing the
defined background and plume regions
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Figure B23: Measured methane concentrations along transect 16, showing the
defined background and plume regions
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Figure B24: Measured methane concentrations along transect 17, showing the
defined background and plume regions

Modelled concentrations

The transect modelling was undertaken with the ADMS 6 (version 6.0.2.7) atmospheric
dispersion model.

The landfill site emissions were represented in the model by 8 area sources, covering the
full extent of the site boundary, as detailed in Table B28.

Table B28: Modelled landfill site source parameters

Area 0 0 Ambient 0.39 7.16 x 107 Not included
for reasons of
anonymity

Map not included for reasons of anonymity.

The results for the modelled transects are given in
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Table B29 .
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Table B29: Modelled transect-integrated concentration

5 No 0.28

6 Yes 0.31

15 Yes 0.94

16 Yes 0.87

17 Yes 0.76
B.6.4 Results

A summary of the relevant data and calculated emission rates for the applicable transects

are provided in Table B30.

Uncertainty in the calculated emission rate value was considered by investigating
sensitivity to the modelled wind speed, for the modelled transect-integrated concentration
(Cmodelled), and sensitivity to the determined background concentration value, for the
measured transect-integrated concentration value (Cmeasured). The uncertainty assessment is

detailed in
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Table B31.

The average calculated emission rate over the transects was 141.8 kg h™', with an average
minimum and maximum emission rate of 123.6 kg h"' and 158.1 kg h'', respectively,
calculated from the uncertainty assessment.
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Table B30: Summary of calculated emission rate for the applicable transect and associated measured and modelled
concentration and meteorological information

5 4.2 neutral 21723 4700 No 4.0 791 0.28 278.6
4.2 neutral 21720 4700 Yes 3.7 52.9 0.31 171.8

15 5 neutral 2.1572 500 Yes 4.4 50.4 0.94 53.7
16 6.3 neutral 2.1531 500 Yes 6.0 86.1 0.87 98.7
17 6.3 neutral 2.1532 500 Yes 6.5 80.4 0.76 106.0
Average 141.8

8 Wind speed value used in the transect modelling

144 of 146



Table B31: Considered background and wind speed uncertainty values for the transect, and resultant calculated emission rate

Minimum | Maximum Minimum Maximum | Minimum | Maximum
5 2.1702 2.1733 3.5 4.5 2447 312.3
6 2.1695 2.1748 3.2 4.2 149.3 194.1
15| 2.1444 2.1769 3.9 4.9 42.7 60.9
16 | 2.1445 21727 5.5 6.5 84.7 108.0
17| 2.1515 2.1640 6.0 7.0 96.8 115.2
Average 123.6 158.1
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Would you like to find out more about us or your
environment?

Then call us on:
03708 506 506 (Monday to Friday, 8am to 6pm)

Email: enquiries@environment-agency.gov.uk

Or visit our website
www.gov.uk/environment-agency

Incident hotline

0800 807060 (24 hours)

Floodline

0345 988 1188 (24 hours)

Find out about call charges (https://www.gov.uk/call-charges)

Environment first

Are you viewing this onscreen? Please consider the environment and only print if absolutely
necessary. If you are reading a paper copy, please don’t forget to reuse and recycle.
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