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Abstract

This report attempts to constrain the emissive methane (CHy) flux from Milton Landfill using
a steady-state gaussian plume model to reconstruct emissions from methance concentration data
recorded at Microsoft Research Cambridge (MRC) in June 2024. Our model neglects the advection
time of CHy in favour of a steady-state statistical model which depends only on the wind vector and
atmospheric stability which we can reconstruct from the MRC data. Using the EPA’s ISC3 model’s
parameters, we find that the flux depends on whether we take the model to be a point, line or
area source. It is likely that the point source is the most physical model as the concentration seems
best reproduced from the onsite gas flaring plant’s emissions, though the areal source provides a
qualitiatively good fit at low concentrations. Other than three "spike" events, likely associated with
landfill collapse or methane release events, the background flux is between 7.75 g s~1and 2.65 g sL,

1 Introduction

Alongside CO,, methane (CHy4) emissions are a dominant contributor to anthropogenic warming and
climate risk. Limiting human-caused warming requires a strong reduction in CHy emissions (IPCC
2023). Waste disposal emits the second most CHy of any sector in the EU, of which landfill emissions
are the largest source (2.3% of total CO, equivalent) (EEA 2023). Globally, solid waste makes up 11% of
CH4 emissions (CCA 2022), and 24% of UK emissions (DESNZ 2024).

Land(fill waste emissions reductions have been the primary force in the reduction of UK CHy4 emis-
sions, but this may have stalled (ECCC 2024). Measuring these emissions is important to quantify their
impact.

1.1 Motivation

There is not currently good quality, high-resolution, local-scale data on methane emissions from landfill
sites. Landfill gas (LFG) emissions are generally estimated using gas generation models which often do
not hold up to verification. (Menster, Kjeldsen, and Scheutz 2019).

Temporal variability in LFG emissions is associated with changes in pressure (Kissas et al. 2022),
precipitation (Delgado et al. 2022), wind speed, temperature, moisture, surface cracking and animal
activity (Rachor et al. 2013). This provides difficulties in measuring a good range of data, so modelling
plumes may allow us to get longer timescale results with a variety of atmospheric conditions. Dispersion
modelling allows us to estimate emission from samplers outside the landfill, therefore we can leverage
existing datasets to analyse emissions without further measurements.

In this report, we use a Gaussian plume model to estimate a landfill’s methane emissions, and discuss
the trends in flux. Specifically, whether modelling the source as a point, line or area is more appropriate.
Additionally, we attempt to verify the relationships with precipitation and temperature predicted by
Kissas et al. 2022, Delgado et al. 2022 and Rachor et al. 2013.

1.2 StudyArea

Our area of interest spans from Milton Landfill, (52.246°N, 0.1436°E) to Microsoft Research in Cambridge
Science Park (52.237111°N, 0.144343°E). Anglian Water Cambridge Water Recycling Center (CWRC),
(52.2335 °N, 0.157 °E), likely also produces methane (Lyon 2012).

Milton Landfill occupies an area of 48.5 ha in 24 "cells", which are used and capped sequentially.
Cells 1-14B were capped as of 2022, and all cells were to be completed by 2025. The site is shown in
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Figure 3. Ages of cell burial likely provides a control on CH4 emissions (T.H. Christensen and Stegmann
2020).

The site generates CH4 and other landfill gases by anaerobic decomposition of organic waste. LFG
is extracted by a system of wells and piped to an on-site gas plant. Excess gas is flared, which releases
much more CHy than background emission. Liners on cells and progressive capping limit emissions.
The LFG measured by FCC is 41.4% Methane (ByrneLooby 2022).
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Figure 1: Map of the study area and meteorological overview. Note significant periods in
July and August where no data is present.
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1.3 Aims

e Use the provided dataset to explain methane concentration between June 2024 and October 2024.

¢ Create anumber of gaussian plume models for a statistical view of sampled methane concentration.

¢ Invert the gaussian plume model to estimate methane source flux from our landfill site.

2 Methods

2.1 Dataset

The dataset consists of hourly measurements of methane concentrations from a sampler located at Cam-
bridge Science Park, as well as co-located meteorological data: wind speed, wind direction, humitidy,
and temperature. The dataset features two large breaks in recording. Some values required filtering,

Explain the time series for emissive source flux.

described in Appendix A. A representative row from the dataset is reproduced in table 1.

Table 1: A representative row from the dataset. Data is taken from Fotherby 2024.

Date ALTM_hPa | temp | DEW_C | th | wd | ws nsec lat | lon
2024-05-31 13:00:00 1019.3 14 11 85 | 350 | 7 | 3926149200 | 52.42 | 0.57
altinmeters | nsec.licor co2_ppm h2o_ppm ch4_ppb

10 3926149200 | 529.343981189144 | 13012.0577874091 | 2309.41718939563

ch4_ppm latitude2 | longitude2
2.30941718939563 | 52.237111 | 0.144343
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Figure 2: Simplified diagram of Gaussian plume dispersion with concentration contours
plotted. o, and o, act in the the y and z directions respectively. Note that negative heights
have been visualised to show the effect of the second (reflective) exponential term.

2.2.1 Gaussian Dispersion

The Gaussian dispersion equation is commonly used to estimate contribution of a source to a pollutants’
concentration without modelling eddy turbulence and diffusion (Stockie 2011; Sutton 1947; Beychok
1994, p. 24; Manheim et al. 2023). It makes a number of assumptions:

Advection is much faster than downwind diffusion.

No crosswind advection.

Timescale of changing wind direction is longer than advection.
Advective transport by wind velocity is uniform in space.
Diffusivity is isotropic and only changes in the downwind direction.
All pollutants that reach the surface are reflected.

Variations in topography are negligible.
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Point Source

A Gaussian plume is an analytical solution for the advection diffusion equation (Stockie 2011). The
equation for Gaussian dispersion from a point source is given by:

0 _% _ y=Hp? _ (zy+Hp?
20 e 20% 25%

Clx,y,z) = ————¢ % —e
x,y,2) 10,027

M

where
Q = emissive flux at the point source. (kg/s)
u = wind speed. (m/s)
oy = standard deviationin the y-direction. (m)
0, = standard deviation in the z-direction. (m)
Hy = effective height of the plume above the ground. (m)

x,Y,z = distances from the ground at the base of the plume source (downwind, crosswind, and
vertical). (m)

The Standard Deviations are modelled by the ISC3 model using the Pasquill-Gifford (PG) stability
(Pasquill 1961; SCRAM 1995):

oy = ax’ )
o, = 465.11628x tan 0 3)
6 = 0.017453293(c — In d) 4)

The values of a,b,c and d are empirically determined; Here taken from the EPA’s ISC3 model.
Parameters used are tabulated in Table 2 for varying PG classes.

Stability Class a b c d

170.0 1.09 240 25
980 098 180 18
61.0 091 120 11

320 081 80 072
21.0 075 6.0 0.54
140 0.68 4.0 0.36

TEHT O X >

Table 2: ISC3 model parameters for the standard deviations of the plume. (SCRAM 1995)

Given the gas collection at the landfill, a point source flux seems likely; we can estimate the location
of the LFG emissions based on ByrneLooby 2022 and satellite imagery, shown in Figure 3. Additionally,
the difference in elevation (source height) is 9m.
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Figure 3: Image from Google Earth overlaid on map reproduced from ByrneLooby 2022
showing the location of the LFG plant, featuring three Jenbacher gas engines and a stack
for gas flaring. Landfill cells are marked on the base map.

Line Source

For a line we can simply integrate the above function in y from y — L/2 to y + L/2, where L is the source
width. We will also assume that the wind direction is perpendicular to the line source to simulate width.
This is similar to Carney and Dodd 1989, with the re-introduction of reflection.

5 2
Ql _(zy-i;(]) _(zy+hzlo) v+ L/2 Y- L/2
C v, — = 20% — 207 f - f 5
(x,v,2) = le e erf( s, ) —erf( V3, ) ®)

Note that Q in this case is a rate per unit length, i.e. (kg s~'m™).

Justification for using a line source over a point source comes from the observation that emission
will be more dispersed across the width of the landfill. If the LFG collection is ineffective, this diffuse
emission will be blown towards our sampler as if presenting a line segment cross section to the wind.

In our model we will therefore rotate the line source to face the wind. If we had a long thin source
we could instead rotate the wind grid, but rotating the source if valid for an equant source. (Nagendra
and Khare 2002).

Area Source

We could integrate the previous model in the x direction to get a rectangular area source. Unfortunately,
due to the complex dependence on X, this integral is impossible without numerical techniques (Stockie
2011). Approximations by multiple line sources multiplied by small thicknesses approach the value of
an areal source (Smith 1993, Carney and Dodd 1989). Their model involves n source widthstrips of 6 X.
Their width L, is varied for each strip to model non-rectangular areas.

n _ y—Hp _ (Gy+HpP L/2 _L/2
C(x,ylz):ZL e 26% —e 2g% erf(y+ / )_erf(y / ) 5X (6)
T u0.0,2V2n \/Ey \/Ey
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Figure 4: Geometry of a simulated areal source.

2.2.2 Estimating Source Flux
In order to invert the plume for source flux, we define the normalised concentration:

Clx,y,2)
Q

We divide our measured concentration by ® to get the source flux Q. Additionally, we account for the
atmospheric background as the C represents only the contribution due to the plume source. This was
done by adding the minimum measured value (1978ppb) to C.

O(x,y,2) = @)

2.2.3 Model Assumptions

Our model makes assumptions further than those of the Gaussian plume model, and so the data is
filtered. The main assumptions in this case are:

* The emissive flux at the source is constant (in section 3.2.1 only).
* The concentration is dominated by the landfill flux.
® The advection time is lower than our sampling rate.

We can estimate the constant emissive flux by using the average value of the emissions limits for
permanent and temporarily capped cells (EA 2010). This gives a value of Q = 0.0l mgm™s!, or a total
flux over the 48.5ha area of Q = 4.85gs™1.

To address the other assumptions, we perform two filtering steps on wind speed and direction,
outlined in appendix A.
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3 Results
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Figure 5: Methane concentrations from each wind direction measured at the MRC sampler
as a fraction of time from June to October 2024.

3.1 Dataset

Figure 5 shows the predominant wind comes directly from the landfill site. High concentrations of
methane are present for incoming wind bearings between (-10 and 110 degrees), dominantly from the
landfill site, but some areas of high concentration when there is an Easterly wind may either be from the
Water Recycling Plant or be due to a breakdown in the short timescale assumption for CHy transport
(i.e. landfill CHy is being transported to the East and then blown back to our sampler by a Westerly
wind).

Due to the relatively low frequency of Easterly winds, our assumption that the landfill dominates
the concentration is likely true.

3.2 Model
3.2.1 Constant Flux Assumption

Beginning with a constant flux assumption and modelling forward for sampler concentration does not
accurately produce a time series for concentration (Figure 6), but can inform our understanding of the
source. Firstly, the point source located at the LFG treatment plant displays more similarity with the data
than the point source at the centroid of the landfill. Additionally, when the magnitude of concentration
is high, especially in late June, a point source at the location of the gas plant has more explanatory
power. When the magnitude is low, such as in July, the area source produces a more accurate match to
our measured data.
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Figure 6: Constant flux model prediction for concentration based on weather data with
three source geometries. Inset figure shows plume contours at marked time of high con-
centration.

3.2.2 Flux Estimation

Inverting the model using the method in section 2.2.2, we can reproduce a perfect fit to the data while
the wind keeps the sampler close to directly downwind from the source. Outside of the that time, our
assumption that the landfill dominates the CHy concentration breaks down. The differing lengths of
lines in the area source results in inversion producing a range of unphysical values, therefore the use of
area source for flux estimation was abandoned.

There is a good fit between the line and point source models in shape, but their magnitude differs,
with the line source producing less total flux. The centroid model produced extreme values, which
confirms that the LFG source is more likely.

In both models, there is a low background (approximately 10 gs™!) emission, which is interrupted
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by 3 large events. The average total emission is 7.75gs™! for the line source (after multiplying by the
source width), and 2.65gs™! for the LFG plant point source.
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Figure 7: Estimated emissive flux from the landfill site for the line and point sources.
Dashed line shows an equal total flux of 50 gs~!

4 Discussion

4.1 Source Geometry

From figure 6, we can evaluate the differences between varying source geometries. It is clear that the
LFG plant point source has the best fit, which seems to indicate that the majority of methane comes
from the release of LFG after processing. This would agree with ByrneLooby 2022, which indicates that
the majority of the site is capped.

Additionally, the constant flux model indicates that the low concentrations are likely to be modelled
by a diffuse area source, which agrees with our intuition that the background production of methane
will produce a net flux across the site, but that there will be more "spikes" of methane concentration
from specific point sources.

The line source also provides a reasonable fit to the data, similar to the area source, while being less
computationally intensive.

4.2 Emission Events

In the flux, we find three large spikes in emission. These occur on the 18th June, 21st June, and 5th
September. There are a number of explanations for these events. One possibility is landfill collapse
events during which trapped bubbles of CHy are released. Another is that those dates are when the
LFG plant on the site was flaring or leaking gas, releasing excess CHy.

10
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4.3 Environmental Conditions

We find no strong correlation between our inverted flux the atmospheric parameters in the dataset.
Temperature seems to be qualitiatively associated with higher flux (Figure 8), which confirms the
findings of Rachor et al. 2013. Higher relative humidity may also be associated with higher source flux,
which may be as they are both associated with precipitation. Our data is of limited use for this, and a
longer time-scale study should be conducted.
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Figure 8: Atmospheric conditions and their effect on the estimated emissive flux.
5 Conclusions

A Gaussian plume model is able to reproduce some of the variation in methane concentration from a
landfill source. We find that it is likely that the majority of high methane fluxes come from a point

11
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source, roughly located by the LFG treatment plant, whereas the background fluxes are diffuse and
perhaps best modelled with an area source.

Sharp emission events punctuate the background flux, which may be associated with landfill collapse
events or gas flaring. Temperature and humidity both may contribute to higher source fluxes, though
our model cannot quantitatively confirm this.

5.1 Future Work & Improvements

In order to verify the accuracy of this method, chamber and pore fluid measurements could be obtained
from the landfill. Specifically, it would be useful to constrain the spatial distribution of emission on
active and passive cells, and how that emission varies as a function of time after burial. Having a good
spatial dataset would mean we could apply optimisation techniques such as a genetic algorithm or
gradient decent to fit a heterogeneous source as was done by Kormi et al. 2018.

Extra data from the landfill records would be helpful; Knowing if there were any gas flare events,
leaks in the gas collection or landfill collapse events on June 18th, 21st or Sept 5th would explain the
sharp CHy peaks. Additional data on cell age and activity would also be welcome.

With that data, it would be possible to model a series of area sources for each cell, with a varying
emission based on actual measurements. This would likely give us the best possible model for the
contribution from the landfill site. If more information was available about the providence of the
dataset (i.e. the instrument used for methane measurements, and its errors), we could better quantify
the uncertainty in our model and trends.

Additionally, time dependence could be added to the model by using a Gaussian puff style method
(Stockie 2011) with numerical integration (as outlined in appendix B), which would remove the reliance
on a short advection time assumption.
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Appendices

A Dataset Filtering
In interpreting the dataset, a number of values were found to be outside of a physically explicable range.

Therefore there must be some error with calibration or operation of the instruments. Specifically, relative
humidity, pressure and wind speed.
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A.1 Relative Humidity

Relative humidity was found to be outside of the range 0-100%, which is physically impossible. These
values were removed from the dataset. Additionally, a few instantaneous spikes took the values down
from over 50 to below 10. I also filtered these.

A.2 Pressure

Negative values were removed from the pressure data.

A.3 Wind Speed

Due to the lack of wind direction data and likely lack of transport, all wind speeds of 0 were removed.
Additionally, wind directions were sometimes recorded as 360 (presumably to differentiate from 0),
which had to be corrected. Our assumptions require we remove data where the wind speed is recorded
as 0, as this means we have no good wind direction data and the wind speed is likely too low for our
model to be accurate.

A.4 Wind Direction

We removed data when the sampler is not close to directly downwind of the source, as outside of
approximately 30° in each direction from downwind, the model produces extremely high source fluxes.
This is likely a sign that the first assumption is breaking down and other local sources are instead
contributing CHy.

B Time Dependent Model

Two approaches can be taken for time dependence. The first, (and simpler), is to simply assume that the
concentration forced by a given plume stays in the atmosphere for an exponential decay timescale after
the wind stops blowing in that direction. In that case:

C(x,y,2,t) = Clx,y,z)e"* ®)

Where 7 is the decay timescale, and f is time after wind direction change. This model has limited
physical justification, but does give us an estimate for CH4 removal by reaction and settling.
Mathematically, we can instead derive a "Gaussian Puff" model by providing a solution to the
advection-diffusion equation with time dependant boundary conditions with a instantaneous puff of
concentration at time 0. This solution can then be integrated or summed numerically. It has the form:

2,2
Or ,W (_ (z-H)? ) (_ (z+H)? )
C Y, ,t — 4r + 4r 9
(x,y,2,t) S(W)me e e 9)

C Model Dependencies

In producing this report, I defined a new class, PointSampler, whose code is available on my Github
(removed for anonymity). Additionally, the code to generate area source approximations is available on
my GitHub. The dependencies used are listed below:

* numpy

e matplotlib
® pandas

® scipy

¢ geopy

e shapely

e windrose
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D Visualisation Motivation

In this section, I justify choices made in the visualisation of the data above. The colour maps,
matplotlib.cm.Purples, was chosen as monochrome schemes are accessible to the colourblind, and it
is visually uniform so will not distort the interpretation of the data.

Figure axes have left large gaps in locations with gaps in the data, which could have been improved
by using axes breaks. Unfortunately, matplotlib does not have a robust solution for this. If I had more
time, I would treat the datetime objects as text, then index on number and plot a line to indicate an axis
break.

The use of the pollution rose in Figure 5 was chosen as it is a common visualisation for pollution
concentrations, despite the fact that the plotting of wind speed may have made it unclear.
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